


	  

	  

ABSTRACT 

Carbon Nanotube Doping Procedures for Three-Dimensional Macro-
Structures and Gallium-Nitride Functionalization 

by 

Daniel Paul Hashim 

 

Carbon nanotubes (CNTs) in all of their forms are considered 

“gamechanger” materials that will revolutionize the modern world through many 

diverse applications. Over 20 years of research has gone into CNT materials, yet 

we still see their limited use in feasible real-world applications. Part of the reason 

is because it still remains a challenge for materials scientists to engineer these 

extraordinary nano-scale building blocks into covalently interconnected three-

dimensional (3-D) structures, and to realize macro-scaled sizes via a bulk 

synthesis process. Another challenge is being able to create CNT-semiconductor 

hybrid materials by covalently joining other useful semiconductor compounds 

with CNTs in order to harness their value for electronics applications.  

The experimental research compiled in the first part of this thesis pioneers 

an innovative approach to synthesize 3-D macro-structured forms of CNTs by 

utilizing a heteroatom doping strategy via chemical vapor deposition (CVD). The 

importance of substitutional doping effects of boron on CNT structural 



	  

	  
morphology is characterized experimentally and theoretically for the first time so 

as to create a robust, solid, 3-D networked, CNT “sponge” form. The CNT 

“sponge” was characterized to exhibit an exotic combination of multifunctional 

properties including high porosity, high surface area, low density, 

superhydorphicity, oleophilicity, ferromagnetism, and good elastic mechanical 

performance. It was also demonstrated that 3-D porous CNT “sponges” could be 

used for environmental needs as reusable oil spill sorbent materials in seawater.  

In an effort to combine group III–V semiconductors with CNTs, the second 

part of this thesis involve a simple solution-based technique for gallium 

functionalization of nitrogen-doped multi-wall carbon nanotubes. With an 

aqueous solution of a gallium salt (GaI3), it was possible to form covalent bonds 

between the Ga3C ion and the nitrogen atoms of the doped carbon nanotubes to 

form a gallium nitride–carbon nanotube hybrid at room temperature. This 

functionalization was evaluated by x-ray photoelectron spectroscopy, energy 

dispersive x-ray spectroscopy, Raman spectroscopy, scanning electron 

microscopy, and transmission electron microscopy.
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Chapter 1 

Introduction 

1.1. Carbon Nanotube Materials 

The element carbon is one of the most versatile elements in nature as it 

can form many different allotropes exhibiting dramatically different properties. 

Until the 1980s the only known carbon ordered structures were graphite and 

diamond [1]. The properties of these two forms are very different; graphite is soft, 

black, and conducts electricity meanwhile diamond is very hard, transparent, and 

electrically insulating. The strong in-plane covalent bonds of the hexagonal 

structure of graphite (Figure	  1.1 (a)), and weak inter-planar bonds (called van der 

Waals forces) between the stack planes are a direct result of the sp2 orbital 

hybridization. As a result of the weak inter-planar bonding, graphite planes can 

be easily sheared (exfoliated) making it a soft material. At the same time, 

electrons are easily delocalized and are free to travel, or conduct, within the 
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stacked planes and can also absorb photons resulting in its black color. Diamond 

on the other hand has only sp3 bonding configuration resulting in a tetrahedral 

bonded structure as shown in Figure	  1.1 (b). The electrons in diamond are tightly 

locked into place within the sp3 sigma bonds causing photons to be reflected 

resulting in transparency and preventing them from conducting freely. In 1985, 

the discovery of the C60 buckyball by Richard Smalley, Bob Curl and Harold Kroto 

[2], opened up a new era for nano-scaled allotropes of carbon. In order to form a 

buckyball, the most famous being 60 carbon atoms large (hence, C60), one would 

have to ball one single atomic layer of graphite, called graphene, into a seamless 

sphere as shown in Figure	  1.1 (c). The only geometrically possible way to make a 

purely hexagonal lattice seamlessly curved into a hollow sphere is to introduce 

pentagons into it. The buckyball is considered a zero-dimensional (0-D) material 

because electrons are confined in all three spatial dimensions. One can also 

imagine taking a single graphene layer and folding it into a seamless cylinder, 

which is called a carbon nanotube (CNT) depicted in Figure	  1.1 (d). The CNT on 

the other hand, would behave as a one-dimensional (1-D) system as the 

electrons are confined in two spatial dimensions but can travel freely along the 

tube axis dimension. Graphene simply left stand-alone as one single atomic layer 

of carbon atoms arranged in a hexagonal “honeycomb” lattice (Figure	  1.1 (e)) is 

considered a two-dimensional (2-D) material with electrons being confined only in 

one spatial dimension perpendicular to the graphene plane meanwhile electrons 

can move freely within the graphene plane. 
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Figure 1.1 – The allotropes of carbon (a) Graphite, (b) Diamond, (c) 0-
D buckyball, C60, (d) 1-D Single-Walled Carbon Nanotube, (e) 2-D Graphene 

[1]. 

1.1.1. Discovery of CNTs 

The first reported discovery of carbon nanotubes (CNTs) is an arguable 

topic, but many believe it was by A. Oberlin and M. Endo [3] in 1976. In hindsight, 

we are able to go back and accredit the work of P. and L. Schultzenberger [4] 

who observed the formation of filamentous carbon during experiments involving 

the passage of cyanogen over red-hot porcelain. Probably the first electron 

micrographs showing tubular carbon filaments appeared in a 1952 paper by 

Radushkevich and Lukyanovich in the Russian Journal of Physical Chemistry [5]. 

However, the field of carbon nanotube (CNT) research did not explode in 

popularity until the published work of S. Iijima in 1991 [6] because this work was 

really the first to recognize the significance of the CNT structure and was able to 

capture strong evidence of the structure with high quality transmission electron 



	   4	  

microscopy (TEM) characterization. Since then, engineering and controlled 

synthesis of these nanomaterials had been thoroughly investigated.  

1.1.2. Properties of CNTs 

CNTs had been characterized to exhibit superior material properties that 

make them exotic future materials to be used in advanced technological 

applications. They have mechanical tensile strength (> 100 GPa) and elastic 

modulus (~ 1 TPa) [7], greater than any known material, with a strength-to-weight 

ratio of almost 74 000 kN·m/kg, which is 30 times that of Kevlar and 117 times 

that of steel [8]. The thermal properties of CNTs are roughly double that of its 

tetrahedrally bonded metastable allotrope diamond, having a thermal conductivity 

theoretically reported to be as high as 6,600 Wm-1 K-1 along the tube axis [9], but 

only 1.52 Wm-1 K-1 in the radial direction [10]. Depending upon the orientation of 

the rolled up graphene lattice with respect to the tube axis, defined by a chirality 

vector (Ch) illustrated in Figure	  1.2 (a), an individual CNT can be either metallic or 

semiconducting. Each carbon atom on the graphene lattice can be indexed (n,m) 

to define Ch = na1 + ma2 in order to map out the possible ways to seamlessly curl 

the graphene into a hollow cylinders of CNTs (Figure	  1.2 (b)). When there is an 

“armchair” arrangement of the carbon atoms perpendicular to the axis as 

depicted in Figure	  1.2 (c) the behavior is metallic, and when there is a “zigzag” 

arrangement of the atoms it behaves semiconducting.   
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Figure 1.2 – (a) Schematic plot of the chiral vector (Ch) in a graphene 
2-D lattice. (b) The relationship between integers (n,m) and the metallic or 

semiconducting nature of nanotubes. (c) The structure of “armchair”, 
“zigzag” and “chiral” nanotubes [11]. 

The electrical conductivities of CNTs are superior to that of copper, having 

electric current carrying capability estimated to be 1 × 109 amp/cm2, whereas 

copper wires burn out at about 1 × 106 amp/cm2 [12]. CNTs boast extremely high 

thermal stability around 2800 oC in vacuum and about 750 oC in air, whereas 

metal wires in microchips melt anywhere between 600 –1000 oC [12]. The most 

remarkable feature of these materials is their extremely small size and high 

aspect ratios; having diameters as low as 100,000 times smaller than the width of 

a human hair and length to diameter ratios as high as 132,000,000:1 [13] giving 

rise to specific surface area as high as 1315 m2/g [14]. Because of the nano-

scale dimension of the diameter and very high aspect ratio, electrons are 

confined to travel in one-dimensional (1-D) space rendering CNTs intrinsically 1-
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D materials as mentioned previously. Unlike most polymers and metals, CNTs 

have great chemical resistance. They don’t have environmental or physical 

degradation issues common to metals or polymers – thermal expansion, 

contraction, corrosion, or sensitivity to radiation – all of which result in system 

failure in many performance sensitive applications across many industries 

including: aerospace and defense, aviation, automotive, environmental, and the 

oil and gas industries. In addition, CNTs offer biocompatible surfaces to promote 

cell proliferation and growth [15], [16], [17], [18] which can be promising for 

biomedical tissue engineering scaffolds for synthetic bone and/or muscle growth. 

1.2. Common CNT Macro-Forms 

Today, single-walled (SW), double-walled (DW), and multi-walled (MW) – 

CNTs alike, Figure	  1.3, can be developed or processed into many raw forms at 

the macro-scale: loose powder, buckypapers, thin films and sheets, aligned 

arrays (on a substrate or freestanding), or spun into fibers, yarns, and ropes. 

Brief descriptions along with some images are helpful to physically understand 

these forms. 
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Figure 1.3 – (a) Single-walled CNT (SWCNT), (b) double-walled CNT 
(DWCNT), and (c) multi-walled CNT (MWCNT) [19]. 

1.2.1. Powder 

CNT powder describes the 1-D CNT materials in a random arrangement 

fluffy flyaway form, which can be produced directly via chemical vapor deposition 

(CVD) or the famous high-pressure carbon monoxide process (HiPCO) method 

developed at Rice University. Carbon Nanotechnologies Inc., founded by Rice 

University Prof. Richard Smalley, merged with Unidym Inc., to manufacture these 

CNT powders at mass quantities for commercialization. The powder form has no 

“macro” structure, and is practically unmanageable as stand-alone materials in 

macro-world applications, but is useful for academic research or may be for 

future electronics and semiconductor devices. Figure	  1.4 depicts how Unidym 

manufactures this powder form in the bulk scale of 10 grams filled large bucket 

containers.  
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Figure 1.4 – A bucket full of 10 grams of single walled CNTs in the 
form of a loose powder as produced from the HiPCO method by Unidym 

Corporation. 

1.2.2. Buckypapers 

This form of CNTs can be described as a densely packed 2-D planar 

random aggregate that has a black paper-like appearance and texture. It’s made 

by wet chemistry techniques by dispersing the CNT powder form in various 

solution and drop casting onto filtration paper. The resulting “paper” can be 

macro-scaled in size and is self-intact and held together mechanically by weak 

van der Waals forces and the residual surfactants from the solution. Buckypapers 

formed simply by compression of dry powders and aligned carpets show to be 

mechanically unstable and easily crumble back into powder form to the touch. 

Figure	  1.5 shows a good example of the buckypaper form. 
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Figure 1.5 – Buckypaper example as demonstrated by K. Ando et al. 
[20]. 

1.2.3. Thin Films and Sheets 

This form can be described as a 2-D planar alignment of CNTs stacked on 

top each other. They are synthesized directly via CVD. It relies on the van der 

Waals forces to keep its delicate web-like structure, which is what makes it easily 

fold and stick onto itself. These films are very frail and can even appear slightly 

transparent when thin enough, but can easily be dismantled, collapsed, or folded 

upon itself – again due to the van der Waals forces – and appear very black. 

Please see images below for an example of the CNT thin films. 
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Figure 1.6 – Films produced via floating catalyst CVD using ethanol 
and ferrocene mixtures. 

These 2-D films may be infiltrated with epoxy for strength and 

manageability, and companies like Nanocomp Technologies, Inc. located in 

Concord, New Hampshire have this manufactured with industrial large-scale CVD 

processes. Today, Nanocomp Technologies, Inc. fabricates sheets of carbon 

nanotubes in large closed systems capable of producing panels that are 52 

inches wide by about 8 feet long which is a testimony to the feasibility of mass 

manufacturing of CNTs (Figure	  1.7 below). Nanocomp Technologies’ application 

interests include lightweight conductors/cables, EMI shielding, ground planes, 

lightning protection, microwave reflectors, and even high-strength and lightweight 

vest as military armor.  
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Figure 1.7 – Large-scale  produced sheet of CNT films infiltrated with 
epoxy by Nanocomp Technologies, Inc. [21]. 

1.2.4. Vertically Aligned Carpets/Forests 

CNTs that grow directly off a substrate (most commonly silicon) containing 

the proper metal catalysts (most often Fe, Co or Ni) and are very aligned. Yet 

these forests are delicate and can easily form bundles & collapses, again due to 

strong van der Waals forces (see Figure	  1.8 below). 
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Figure 1.8 – Aligned Forest at around 8 mm tall grown directly off a 
silicon substrate. The SEM image shows how the CNTs are well aligned 
parallel to eahother which is why van de Waals forces dominate in these 

structures. 

1.2.5. Fibers/Yarns/Ropes 

CNTs spun into a macro-scaled bundle, which can be continuously 

collected on a spool. Fibers / yarns / ropes can be spun directly from CVD 

synthesis process or afterwards using one of the previous forms (thin films or 

aligned carpets). The fiber / yarn / rope tensile strength is again due to strong van 

der Waals forces as CNTs are aligned and tightly spun around each other. 

Please see images below that demonstrate images of the fiber spinning process. 

The electrical conductivity of CNTs also allows it to be used as a substitute for 

copper braid in single- or multiple-conductor shielded cables in aerospace and 

other weight-sensitive applications. Spooled CNT yarns represent these primary 

conductors. The key benefit is the weight saving of the CNT materials versus the 

heavier copper metal wiring. Therefore this is a very enticing feature for use in 

≈ 8 mm  
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aircrafts for saving on fuel costs by utilizing lightweight alternatives, which may 

need miles in length of cabling (see Figure	  1.9 below).  

 

Figure 1.9 – Fibers can be pulled and spun from aligned forests as 
shown in (a) the SEM images [22] and (b) later be wrapped around a 

spindle [23]. Nanocomp Technologis is manufacturing these fibers to be 
used as commericalized high strength and electically conductive cables 

such as (c) USB and Coax cables [21]. 

1.3. Chemical Vapor Deposition (CVD)  

CVD is a widely used process used to form thin solid films of a material on 

a heated substrate formed by a chemical reaction. A lot of R&D interest picked 

up in the time period between year 1970 and 2000 especially due to all the 

progress of thin film deposition technology driven by the semiconductor industry. 

This is proven by all of the publications and patents documented during those 

years as plotted in Figure	  1.10.  
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Figure 1.10 – Annual publications and patents in CVD R&D between 
year 1970 and 2000  [24]. 

The CVD process involves a reaction chamber where chemical precursor 

molecules are transported to the heated substrate (placed inside the chamber) by 

use of an inert carrier gas such as nitrogen or argon, or under vacuum. This 

facilitates the formation of a stable solid material on the substrate by a sequence 

of reactions of gaseous precursor molecules that can occur either in the gas 

phase or on the surface of the substrate and are initiated with an activated 

environment (e.g. heat, light, plasma) [25]. There are many different variations to 

the CVD method that can be classified according to Figure	  1.11 below.  
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Figure 1.11 – Classification of the CVD method [26]. 

The actual deposition process can occur either by a reaction in the gas 

phase, near the heated substrate or on the surface of the substrate itself, starting 

with the transport of precursors into the reactor allowing weak physisorption of 

precursors onto the surface. Decomposition of the precursor molecules occurs, 

generating atoms and unwanted by-products on the surface. Transport of the 

atoms across the surface then allows for adsorption of atoms and subsequent 

nucleation of the atoms leads to film growth. Desorption and migration of the 

remaining fragments finally gives clean, thin films of the desired material. This 

series of events are illustrated in Figure	  1.12 below [25].  
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Figure 1.12 – Schematic diagram showing the physical process 
involved during chemical vapor deposition (CVD): (a) gas phase reaction of 

precursors; (b) diffusion of precursors to substrate surface; [c] surface 
reaction of adsorbed precursors; (d) desorption and diffusion of by 

products; (e) diffusion of adatoms to lowest energy substrate sites; (f ) 
nucleation and film growth [25]. 

1.3.1. Fundamentals of CVD 

The fundamentals of understanding a CVD reaction involve several 

scientific and engineering disciplines including thermodynamics, kinetics, fluid 

dynamics, and of course chemistry. Also, a deep understanding of the 

interconnecting relationships involving these disciplines is vital to successfully 

produce any product at all let alone quality.  

1.3.1.1. Thermodynamics 

When a CVD system of chemical reactants is proposed for consideration 

for the first time, the first task is to evaluate the possibility of the desired chemical 

reaction. If this reaction is thermodynamically impossible, an alternative system 

of chemicals should be selected and considered. This feasibility can be 

determined by calculating the Gibbs free energy, ΔGr, of the reaction under given 
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conditions. A negative ΔGr means that the reaction is possible, whereas a 

positive ΔGr indicates that the reaction would not take place. If several possible 

reactions are proposed and all are thermodynamically feasible, the reaction with 

the most negative Δ Gr should be ideally selected since it leads to the most 

stable products [26]. The next selection is to determine the other processing 

parameters, such as depositing temperature, pressure, concentration and so 

forth [26]. One must calculate the Gibbs free energy of a chemical reaction by 

working out the Gibbs free energy of each reactant and product. The Gibbs free 

energy ΔGf (T) for a given species at a given temperature can be calculated 

using Equation	  1.1 where ∆𝐻!!(298) is the enthalpy of formation, ∆𝑆!(298) is 

standard entropy and 𝐶!(𝑇) is the heat capacity. 

∆𝑮𝒇 𝑻 = ∆𝑯𝒇
𝟎 𝟐𝟗𝟖 + 𝑪𝒑𝒅𝑻− 𝑻𝑺𝟎

𝑻

𝟐𝟗𝟖
𝟐𝟗𝟖 − 𝑪𝒑/𝑻 𝒅𝑻

𝑻

𝟐𝟗𝟖
 

 
Equation 1.1 – Gibbs free energy calculation for a given species at a 

given temperature [26]. 

When the free energy of all species is known, the Gibbs free energy of 

chemical reaction, Δ Gr, can be calculated from Equation	  1.2: 

 

∆𝐺! = ∑∆𝐺! 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − ∑∆𝐺! 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠  

Equation 1.2 – Gibbs free energy of a chemical reaction. 
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The thermodynamic data (G, Cp, S, H) for a number of substances are 

available from some standard sources such as JANAF tables [26]. Entropy and 

heat capacity can be calculated theoretically and measured by experiments. By 

contrast, the standard enthalpies of formation are less well known and 

sometimes must be estimated. Due to the fact that CVD is a non-equilibrium 

process, the investigations indicate that thermodynamic calculations and 

predictions are sensitive to the accuracy and quality of the original 

thermodynamic data calculated, which may contain errors and inaccuracies due 

to system complexity and theoretical assumptions [26]. Therefore, 

thermodynamic calculations can only provide some indicative information and the 

final phase diagram should be modified by the experimental results [26]. 

1.3.1.2. Reaction Kinetics and Mass Transport 

The kinetics of a CVD system involves many steps, which determine the 

rate of the deposition process. Deposition products are slightly affected by the 

fact that the gas flow velocity profile in the tube is not uniform. Near the walls of 

the tube the gas flow is slower and the presence of a sample in the tube also 

disrupts flow creating a boundary layer. While this effect exists in most 

experiments it is generally not significant enough to be taken into account 

because of the high gas flow rate [27]. An example of what a gas flow velocity 

boundary layer looks like across a substrate in the tube reactor is depicted in 

Figure	  1.13. 
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Figure 1.13 – Definitino of the velocity boundary layer [28]. 

1.3.2. A Brief History of CVD of Carbon Materials 

The history of CVD for the synthesis of carbon filaments dates back to 

nineteenth century [29]. As reviewed in the pioneering book by Powell, Oxley and 

Blocher, the first practical use of CVD was developed in the 1880’s for improving 

the strength of the filaments in the production of incandescent lamps by 

deposition of carbon or metal [30]. In 1890, French scientists observed the 

formation of carbon filaments during experiments involving the passage of 

cyanogens over red-hot porcelain [4]. By mid-twentieth century, CVD was an 

established method for producing carbon microfibers utilizing thermal 

decomposition of hydrocarbons in the presence of metal catalysts. In 1952 

Radushkevich and Lukyanovich published a range of electron micrographs 

clearly exhibiting tubular carbon filaments of 50–100 nm diameter grown from 

thermal decomposition of carbon monoxide on iron catalyst at 600 oC [5]. They 

observed iron carbides encapsulated in the filament tips; accordingly, they 

proposed that, at first, carbon dissolution in iron resulted in the formation of iron 

carbide, and then, subsequent carbon deposition over iron carbide led to the 
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formation of graphene layers [29]. In the same year, another Russian group, 

Tesner and Echeistova, also reported similar carbon threads on lampblack 

particles exposed to methane, benzene or cyclohexane atmospheres at 

temperatures above 977 oC [31]. In 1953, Davis et al. published detailed electron 

micrographs and XRD spectra of carbon nanofibers grown from the reaction of 

CO and Fe2O4 at 450 oC in blast furnace brickworks [32]. They postulated that 

the catalyst for the reaction, either iron or iron carbide, formed on the surface of 

the iron oxide as a speck, which in turn gave rise to a thread of carbon [29]. They 

suggested that, at the time of carbon deposition, the catalyst particles were 

located on the growing ends of the threads [29]. The threads were described as 

layered carbon, varying in thickness from 10 to 200 nm. Similar findings were 

reported by Hofer et al. (1955) [33], Walker (1959) [34] and Baird et al. (1971) 

[35], [36]. In the 1970s extensive works were carried out independently by Baker 

and Endo to synthesize and understand tubular nanofibers of multi-layered 

carbon [37], [38], [39], [40], [3]. Thus, today’s most popular CNT growth 

technique, CVD, may probably be the most-ancient technique of growing CNTs in 

the name of filaments and fibers [29]. More detailed reviews of the early works 

have been written by Baker, [41], [42], Endo, [43], [44], and Dresselhaus [45], 

[46].  

As for the more recent history of the CVD of carbon, Figure	  1.13 shows a 

random sample of 750 journal articles published in year 1999 categorized 

according to the material studied. Not surprisingly, the results indicate a huge 
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increase in the interest of carbons especially due to the contribution of the CNTs 

synthesis research boom.  

 

Figure 1.14 – CVD publications in 1999, categorized by the material 
being deposited, (MOx, MNx are metal oxides and nitrides) [24]. 

1.3.3. CNT Growth Theory via CVD  

CVD is a popular materials deposition technique used in the 

semiconductor industry. The CVD process also happens to be the most 

promising synthesis method for large-scale fabrication of CNT materials towards 

commercialization. For CNTs, this process generally involves having a 

hydrocarbon liquid or gas feedstock as a carbon source that gets controllably 

injected into a high temperature (700 – 1200 oC) quartz tube furnace carried by 

some inert gas flow (vacating oxygen within the chamber) such as argon or 

nitrogen which may sometimes contain a mixture of hydrogen to act as a 

reducing / etching agent. The hydrocarbon gets decomposed into a vapor phase 

of carbon atoms and eventually diffuse into metal nanoparticles, which act as to 
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catalyze the growth of CNTs. Nanometer-sized transition metal particles, such as 

nickel, iron, molybdenum, and cobalt, or their oxides, are widely used as a 

catalyst for the CVD synthesis of CNTs [47] while iron is the most common. It has 

been shown that the nature of catalyst particles is a carbide phase and that they 

are probably molten supersaturated carbon–metal particles during the CNT 

growth [48]. These metal catalyst particles can either be deposited directly onto a 

substrate before synthesis, upon which the CNTs will grow off of, or in situ in the 

vapor phase via a floating catalyst approach by metellocene compounds (most 

notably ferrocene and nickelocene).  

Two widely accepted growth mechanisms for CNTs are the tip growth 

model and the base growth model as illustrated in Figure	  1.15 below.  In both 

models, growth stops, labeled as step (iii) in Figure	  1.15, when the metal catalyst 

particle is too heavily coated with an access amorphous carbon layer, due to an 

over supply of carbon in the system, which acts a diffusion barrier of fresh carbon 

source to the catalyst. Parameters such as temperature, pressure, and carrier 

gas flow rates, liquid or gas feedstock flow rates, catalyst concentration etc. are 

adjusted to control the carbonization rate and yield desirable outcome of the 

products controlling the density, number of walls, tube length, and overall mass-

yields.  
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Figure 1.15 – Schematic illustration of (a) tip growth mechanism 
versus (b) base growth mechanism [29]. 

The high temperature serves two purposes; it decomposes the various 

gases into its atomic constituents and it allows catalyst atoms to diffuse on the 

surface of the substrate to form the particles around which the CNTs will grow. 

Ideally CNT growth is limited only by how much carbon is injected into the system 

because new carbon atoms will be able to react with catalyst particles and 

lengthen the nanotube. In reality, that is not a simple state to achieve. An 

excessive amount of carbon or the presence of contaminants can quickly 

terminate growth by deactivating the catalyst particles. For example if too much 

carbon is injected amorphous carbon can begin to form on the substrate and 

eventually cover the catalyst particles as stated above and illustrated in step (iii) 

of Figure	  1.15 above. If the density of the CNTs is too high the diffusion rate of 

carbon atoms to the surface, where the catalyst particles are, decreases 

dramatically nearly stopping the growth. If the ratio of reactant gases is not 
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correct the hydrocarbons might not completely decompose leaving a shortage of 

carbon. In order to understand how to achieve continuous growth each variable 

in the experiment must be carefully considered.  

Due to the complexity of CVD phenomenon, a complete and accurate 

theoretical modeling of a CVD reaction is, at this stage, still very difficult to 

achieve. There are two main facilitators for CNT growth in particular; the nature 

of catalyst particle nucleation on the substrate and the deposition of carbon 

atoms onto the catalyst particles. All of the parameters in CVD experiments for 

CNT synthesis are meant to manipulate these two processes in a particular way. 

This section will review several of the variables that have proven to be important. 

Past studies that have examined these variables will be compared but 

unfortunately they do not always agree due to differences in reactor geometries, 

impurities in carbon feedstock, catalyst deposition methods, etc. This overview 

will briefly discuss the role of these parameters as they apply to CNT growth.  

1.3.3.1. Substrate Effects 

Growing CNTs on different substrates is important because many different 

materials are used in modern technology. Optimal interaction between the 

substrate and the catalyst particles is vital to a successful growth. Surface 

roughness influences the diffusion and growth of catalyst particles and the 

orientation of grown CNT [49]. Surfaces can even be treated so that CNT only 

grow in specific regions on the substrate [50]. Another important factor is how 
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well the catalyst particles can diffuse on the substrate surface. 

Quartz is one of the most common substrates used in CNT growth [49], 

[51]. It is so common because it requires very little preparation time and it is 

commonly used to make the reactor tubes for CNT growth. Silicon is also a 

common substrate perhaps because of its widespread use in technology. Silicon 

generally requires a barrier layer, which is usually a thin (nanoscale) layer of SiO2 

(~ 500nm) due to thermal oxidation. In fact Zhang et al. from Professor Ajayan’s 

group reports that CNTs will not grow on pure silicon [50]. 

Metals are very difficult substrates for CNT growth. The problem is that the 

catalyst particles diffuse into the substrate rather than nucleate on the surface of 

the metal substrate. This diffusion prevents any reaction between the carbons 

and the catalyst particles and inhibits the growth of CNTs on most metal 

substrates. For example, iron atoms can diffuse 35 nm into a copper substrate in 

1 second at 700 ºC [52]. This rapid diffusion provides little time for iron atoms to 

form catalyst particles. A common solution to this problem is to use a diffusion 

barrier (similar to the SiO2 on silicon). Several different barrier layers have been 

tested for copper such as titanium nitride (TiN), silicon nitride (SiNx), and indium 

tin oxide (ITO). Of those three only TiN has been shown to grow aligned CNT 

[52]. Al2Ox has also been considered as a possible diffusion barrier. Surface 

conditions such as cleanness, smoothness, and surface chemical reactions at 

the high growth temperature can also affect the catalyst particle nucleation and 

subsequently, CNT growth. 
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1.3.3.2. Reaction Temperature 

The reaction temperature for growing CNTs is paramount for several 

reasons. It is the high temperature that breaks down hydrocarbons and allows 

catalyst atoms to diffuse on the surface of the substrate to create suitably sized 

catalyst particles. Several key characteristics of CNT growth are affected by 

those factors. Catalyst particle size (which is most likely important in determining 

the CNT diameter), density of CNT growth, and CNT growth rate are all affected 

strongly by the growth temperature [27], [53], [54]. CNT growth usually occurs in 

the range of 700 – 1200 oC. Tapaszto et al. found that average CNT diameter 

increased with temperature until approximately 850°C and then average diameter 

began to decrease [55]. This affect was attributed to the formation of single-

walled CNTs – which have a much smaller diameter than multi-walled CNTs – 

above 850°C. Zhu et al. also suggests that temperature could determine whether 

CNT growth is reaction-rate controlled or diffusion-controlled [56]. In these 

experiments it was found that temperatures that are too high could enhance 

polymerization of the carbon feedstock and create black carbon soot at the end 

of the tube furnace and may even coat your CNTs with amorphous carbon 

byproducts. It is understood that temperature not only has effect on the CNT 

growth rate but also the crystallinity, therefore these two conditions need to be 

taken into account when considering a growth temperature. It has been found 

that high temperature leads to more efficient growth, but in doing so facilitates 

more extensive defect formation [57]. Researchers have succeeded in bringing 
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down the CNT growth temperature to ~ 400 oC in low-pressure CVD [58].  

1.3.3.3. Ferrocene Concentration 

Ferrocene dissolved in xylene is a common catalyst precursor for injection 

CVD. Low ferrocene concentration means that there will be fewer iron atoms to 

form catalyst particles on the substrate. This could mean that catalyst particle 

size will decrease with lower ferrocene concentrations; as is confirmed by the 

experimental work of Singh et al. who found that, CNT diameters and total 

carbon yield decrease with decreasing ferrocene concentration [27]. However, an 

overabundance of carbon atoms may deposit on the catalyst or form other 

undesirable carbon structures at a given growth temperature if the concentration 

is too low. 

1.3.3.4. Precursor Injection Rate and Duration 

The nature of the injection of the ferrocene/xylene precursor strongly 

controls the growth of CNT. Injection rate determines how many particles are in 

the chamber at a given time reacting with each other. Injection duration controls 

how long the CNT will be, assuming that the catalyst particles are not deactivated 

during the growth process. The carbon concentration in the tube is also highly 

dependent on the carrier gas flow rate and will be discussed below. While 

injection duration is important in determining CNT length there is not always a 

linear relation between the two. The growth rate of CNT tends to decrease as 

reaction time increases. 
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Several studies have provided evidence that this effect is due to the need 

for the hydrocarbon source to diffuse through the array of CNT that have 

previously grown and that the decay of the growth rate can be fit with a square 

root diffusion law [27], [56], [59].  Other studies have called that result into 

question and attribute the decreased growth rate to gradual deactivation of the 

catalyst particles [54]. 

Prolonged injection stages can cause overgrowth material to deposit on 

the CNTs. Singh et al. suggests that this effect might be due to the continuous 

influx of iron atoms that deposit onto the CNT already present and provide 

catalyst particles for new growth [27]. Pinault et al. refutes this claim and 

attributes what appears to be overgrowth to an initial layer of entangled CNT that 

appears at the top of any CNT film [60]. 

1.3.3.5. Carrier Gas Flow Rate 

The flow rate of the carrier gas mixture needs to be optimized to gain 

maximum growth. Similar to the injection rate, the flow rate is partly responsible 

for the carbon concentration in the tube, which is one of the two main factors in 

CNT growth. Carbon concentration (Cci) in the tube can be calculated using 

Equation	  1.3 where Qc denotes injection rate of the feed solution (mL/min), QIH is 

flow rate of the carrier gas (mL/min), ρc is density of the liquid solution (g/mL), nc 

is the number of carbon atoms in one molecule of the carbon source in 

feedstock, and Mcs is molecular weight of feedstock (g/mol) [61].  
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Equation 1.3 – Carbon concentration in the CVD chamber with 
respect to solution feed rate, Qc, and carrier gas flow rate, QIH. 

Malek et al. found that there is an encapsulation concentration, Cci, 

associated with growth termination. If Cci exceeds that value the CNT yield 

decreases significantly because of catalyst particle deactivation due to the 

formation of amorphous carbon as shown in Figure	  1.16 [61].  

 

Figure 1.16 – Effects of carbon concentration in gas phase on 
product yield of CVD (T = 1053 K, carrier gas flow = 475 sccm, total 

ferrocene 2.88 g) [61]. 

The carbon product yield equation is as follows:    



	   30	  

𝑦! =
𝑊! .𝑀!"

12.𝑄! .𝜌! .𝑛!
 

Equation 1.4 – Carbonatious Product yeild for a CVD reaction. 

where yc weight ratio of carbonaceous products to the total carbon feed, Wc total 

mass of collected products (g), Mcs molecular weight of carbon source (g mol−1), 

Qc injection rate of liquid solution (mL min −1), ρc density of carbon source 

(g mL−1) and nc is the carbon number in the hydrocarbon feedstock. 

1.3.3.6. Reactant Gases  

The mixture of different gases in the growth chamber has proven itself to 

be an important parameter in the quality of CNT growth. Generally an inert gas is 

used as the principal carrier gas. Other gases are included to perform tasks like 

etching the sample surface, improving CNT purity, or providing additional 

carbons for CNT growth. For example Li et al. observed that injecting a small 

amount of air into the reaction chamber dramatically increased the lifetime of 

catalyst particles and allowed for extremely long growths.11 Other groups have 

found that when water vapor is injected into the system they obtain significantly 

longer growth and higher purity CNT [53], [56], [62]. 

Hydrogen is commonly used in spray pyrolysis CVD along with argon as 

the primary carrier gases. It has been proposed that hydrogen prevents the 

formation of amorphous carbon on the substrate surface and thereby extends 
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catalyst particle lifetime [63].  However there is conflicting evidence that shows 

hydrogen inhibits CNT growth [27]. Zhang et al. even found that the role of 

oxygen in CNT growth is to provide a higher carbon to hydrogen ratio [64].  

1.3.4. Aerosol Assisted Chemical Vapor Deposition (AACVD) 

For a standard template based CVD growth on silicon substrates, thin 

films of metal layers are deposited on top of the substrates as the catalyst source 

using physical vapor deposition (PVD) techniques such as e-beam evaporation, 

thermal evaporation, or sputter coating. An alternative approach is to have a 

continuous feed of catalyst source into the CVD reactor in a method referred to 

as floating catalyst CVD. This approach shows more promise towards bulk scale 

production of CNTs because the catalyst poisoning issues associated with 

template based growth is not an issue being that it is continuously supplied. In 

the floating catalyst approach, the catalyst source chemical is dissolved in a 

hydrocarbon liquid and that liquid is pyrolyzed within the CVD chamber. The 

catalyst containing hydrocarbon liquid precursor can be delivered by a nozzle 

where the tip is heated to a specified evaporation temperature in order to 

vaporize the liquid which is then transported into the high-temperature synthesis 

reaction zone via the inert carrier gas flow.  

The AACVD process is useful as a floating catalyst alternative to this 

spray nozzle evaporation pyrolysis technique. The AACVD process does not rely 

on evaporation of the liquid in order to transport the precursor into the reaction 

zone, but instead, utilizes a fine mist generation of the precursor liquid into 
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micron sized droplets that can easily be carried away by a carrier gas flow into 

the main high temperature reaction zone. In this case, the liquid phase is directly 

injected into the reaction zone. This is favorable and advantageous in many ways 

regarding the kinetics of the reaction and the volatility of precursor components 

offering more versatility to the CVD process. This is critical to maximize the 

probability of successfully doping when using multicomponent precursors 

compositions including the proper doping source chemicals. In particular a wide 

range of precursors can be used since volatility is no longer crucial, offering more 

versatility to multicomponent chemical sources and more possibilities to produce 

high-quality CVD products at low cost. Another key advantage of AACVD is the 

potential for high deposition rates due to an improved mass-transport to the 

substrate. The physical process is illustrated in the schematic of Figure	  1.17.  

 

Figure 1.17 – Schematic illustrating the physical process involved 
with the AACVD method [25]. 
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Recently, AACVD has attracted more attention for the synthesis of CNTs, 

due to its versatility and the quality of the nanotubes obtained [65], [66]. In the 

AACVD process for making CNTs, the active catalysts (most commonly iron) are 

formed in situ, by H2 balanced carrier gas (usually nitrogen or argon) or by the 

hydrogen atoms native to the precursor molecules as the reducing agent for 

creating the metal ions [67]. The process involves pyrolysis of a mixed liquid 

aerosol consisting of both a liquid hydrocarbon and the catalyst precursor. 

Ferrocene, cobaltocene, cobalt nitrate, nickelocene, iron pentacarbonyl, etc., 

have been used as both catalysts and carbon sources. In addition, acetylene, 

benzene, toluene, xylene, mesitylene, tetrahydrofuran (THF), n-hexane, etc., are 

used as solvents for the catalyst precursor and act as additional carbon sources 

[68] [67], [65], [66], [69], [70], [71]. Aligned multiwalled nanotubes (MWNTs) are 

the typical products produced by AACVD, while single-walled nanotubes 

(SWNTs) can be obtained in certain instances [68], [66]. Highly branched, Y-

junction nanotubes have also been produced using iron (II) acetate as the 

catalyst precursor and water as the solvent [72]. Aligned MWNTs multilayers can 

be synthesized by AACVD through sequential injections of aerosol containing 

both carbon and catalyst precursors [60]. In order to determine this, a carbon 

source enriched in 13C isotope labels was used to trace the different sequences. 

It was found that the growth of a new layer always occurred directly on the 

substrate surface, under the pre-existing layers by lifting them up, giving 

definitive evidence of a base-growth mechanism [68]. 
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AACVD can provide good control over the nanotube diameter through 

varying a number of solution or processing parameters such as the concentration 

of the catalyst precursor, the hydrogen content in the gas flow, or the ultrasonic 

frequency producing the aerosol droplets [69]. The size of catalyst particles 

determines the diameter of the growing nanotubes. The diameter of MWNTs 

produced by AACVD ranges from less than 10 nm, to several hundred 

nanometers [71], [73]. Compared to conventional CVD, there are several 

advantages of AACVD for the synthesis of CNTs [67], [73]: 1) the catalyst particle 

size can be controlled via the aerosol droplet size and the concentration of 

catalyst precursor in the solution; 2) it allows the use of a multitude of organic 

solvents and catalyst precursors, e.g., metal salts and metal complexes; and 3) it 

can be operated continuously, which makes large scale synthesis feasible [68]. 

Therefore, AACVD offers more possibilities for synthesizing high-quality 

nanotubes in mass production. 

1.3.4.1. Aerosol Droplet Size 

Ultrasonic aerosol generation is the most common method for the AACVD 

process. An ultrasonic aerosol generator has a piezoelectric transducer placed at 

the bottom of a reservoir containing the liquid precursor. When a high-frequency 

electric field is applied, the transducer vibrates and instigates the formation of 

fine droplets [74]. The diameter d of the droplets can be described using Equation	  

1.5 [75], 
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Equation 1.5 – Diameter of a droplet generated from a liquid 
precursor by an ulrasonic aerosol generator. 

 
where f is the excitation frequency of the transducer, k is a constant, and ρ and γ 

are the density and surface tension of the liquid, respectively. Equation	  1.5 

suggests that when the physical characteristics of a precursor liquid are known, 

the diameter of the aerosol droplets is only an inverse function of the ultrasonic 

frequency f. A higher ultrasonic frequency will be needed to obtain finer droplets. 

Finer droplets can facilitate the vaporization of the precursor and the creation of 

smaller catalyst clusters in the vapor reaction, which is desirable for the 

deposition of high quality products by AACVD. In particular for the diffusion-

limited mass-transport dynamics of the atmospheric pressure CVD system, the 

finer droplets will make the deposition more efficient and allow for a more 

simultaneous volatilization at the substrate. It is important to note that droplet size 

is not affected by the power setting of the transducer. However, the volumetric 

feed rate of aerosol produced is altered by the transducer power together with 

the carrier gas flow rate. Ultrasonic generation offers advantages in terms of 

providing a suitable droplet size for AACVD process, [76], [77], [78] with atomized 

droplet sizes mainly in the range 1–10 μm. Further, finer and uniform droplets are 

always important for the precise control of processing and synthesis of better 

quality CVD products. 
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1.3.4.2. Aerosol Droplet Evaporation Dynamics 

The atomized precursor droplets are transported to a heated zone where the 

evaporation of the solvent and vaporization of the precursor occur. During the 

evaporation or vaporization of a neutral droplet, the diameter of the droplet, d, 

changes with time, t, as described in Equation	  1.6 [79]. 

𝒅𝟐 = 𝒅𝟎
𝟐 − 𝟖𝒕

𝑪𝑨𝑫
𝑪𝒑

𝒍𝒏
𝟏− 𝒙𝑨!
𝟏− 𝒙𝑨𝒔

 

 
Equation 1.6 – Change in droplet size with respect to evaporation 

time. 

d0 is the original droplet diameter at time t = 0, CA is the molar concentration of 

species A in the vapor phase, Cp is the molar concentration of species A in the 

liquid phase, D is the binary diffusivity of vapor A in gas B (note that this is 

temperature dependent), and xAs and xA∞ are the mole fractions of species A at 

the droplet surface and far from the droplet, respectively. The condition for 

complete evaporation can be estimated by considering the time required for 

evaporation of droplets and comparing it with the appropriate residence time in a 

deposition system [80]. The characteristic time, τsat, for the evaporation process 

of a droplet is given by Equation	  1.7: 

𝜏!"# =
1

2𝜋𝑑𝐷!𝑁!
 

Equation 1.7 – The characteristic time to saturate a gas with vapor 
from evaporating droplets proposed for an AACVD process.  
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where τsat is the characteristic time to saturate gas with vapor from evaporating 

droplets, DV is the diffusivity of the vapor, and N∞ is the droplet concentration 

(number per volume). Equation	  1.7 shows that the time required to saturate the 

gas is influenced by the droplet concentration and size. Larger droplets and 

higher droplet concentrations (simply higher volume concentration of liquid) lead 

to a faster saturation. Hence, it is important to generate smaller aerosol droplets 

in the atomization step.  

Some aerosol generators are equipped to electrostatically charge the 

aerosol by applying an electrical potential to a spray nozzle, which causes the 

atomization of a liquid into fine charged droplets. For a charged aerosol droplet, 

when evaporation occurs, as the droplet shrinks the electric charge density on 

the droplet surface increases until the so-called Rayleigh limit is reached at which 

point the repulsion of electric charges overcomes the surface tension cohesive 

force, ultimately leading to the disintegration of the droplet into finer fragments 

[81]. The instability that results from exceeding the Rayleigh limit tears the droplet 

apart, produces smaller droplets that also evaporate [68]. This phenomenon is 

repeated until evaporation of the solvent is complete. Thus, the evaporation of 

precursor droplets can be enhanced significantly by an electric charge[68]. The 

schematic diagram in Figure	  1.18 shows the dynamic evaporation process of the 

droplets converting into reactive species and the deposition phenomenon at the 

heated substrate surface.  
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Figure 1.18 – Electrostatic nozzle aerosol generation process 
showing the evaporation stage and the intermediate reactants that 

eventually lead to deposition of the products at the heated substrate [68], 
[82]. 

1.4. Doping CNTs 

The word doping is simply used to explain the process of introducing 

impurities into intrinsic (pure) materials with an intentional purpose to alter the 

properties of the pristine or intrinsic material. Doping multi-walled (MW) and 

single-walled (SW) CNTs is most commonly achieved with nitrogen and boron 

because they are easily substituted with carbon in the CNT graphitic lattice due 

to the simple fact that boron (B) and nitrogen (N) are the nearest neighbors to 

carbon (C) in the periodic table and both B and N have atomic radii similar to that 

of C. Theoretical [83] and experimental studies [84], [85] and [86] have shown 

that it is possible to tailor the electronic properties of the nanotubes by replacing 
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some of the carbon atoms with heteroatoms [87]. Doping with boron and nitrogen 

had been strategies used for altering their electronic properties for specific 

applications [88], [89], [90], [91], [92], [93], [94], [95], [96]. Furthermore the 

incorporation of these heteroatoms also changes the nanotube structure [97], 

[98], chemical reactivity [99] and mechanical properties [100], offering the ability 

to control nanotube properties. For example, B acts as a p-type dopant, while N 

is n-type [87]. It has been reported that B promotes nanotube growth [101], whilst 

N inhibits growth [102] and additionally that B increases the oxidation resistance 

[103], as N decreases it [104]. Therefore, it appears that B and N possess 

complementary properties with regard to controlling nanotube morphology and 

properties. It was found that temperature could effect the concentration of 

nitrogen in the tubes [105] synthesized via a CVD method using a mixture of 

ethane (50 sccm), ammonia (50 sccm) and argon (50 sccm).  

 

Figure 1.19 – The effects of temperature on the nitrogen content of 
CVD grown CNx NTs. The synthesis time, catalyst mass and gas total flow 

rate were kept constant at 2 h, 0.6 g and 150 sccm, respectively [105]. 
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Using dopants not only modifies the electronic properties, but it could also 

manipulate the morphology of the CNTs. For example, nitrogen is known to form 

a bamboo type structure [102], [106], [107] as shown in Figure	  1.20 below.  

 

Figure 1.20 – TEM micrographs of typical CNx-NT morphologies (a) 
bamboo-like (compartmentalized); (b) bamboo-like (bridged) [107]. 

AACVD has also been used for the growth of N-doped and metal-filled 

CNTs [69], [108]. Tang et al. used dimethylformamide (DMF) as the precursor to 

synthesize N-doped CNTs [109]. The CNx nanotubes obtained exhibited the 

same bamboo-like structure made of numerous tubular compartments as 

mentioned above. To increase the loading rate of the N element in the 

nanotubes, Glerup et al. used a mixture of acetonitrile and tetrahydrofuran 

containing dissolved FeIII (acetylacetonate)3 to generate an aerosol for AACVD 

[108] . This method allowed for the production of CNTs with high concentration of 
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nitrogen (ca. 20%). Carpets of aligned MWNTs partially filled with iron were 

synthesized using a liquid hydrocarbon/metellocene aerosol [110]. These carpets 

mainly consisted of one phase (c-Fe) encapsulated inside the nanotubes, which 

showed a preferred orientation (110) axis along the nanotube. Single-crystal 

FeCo nanowires encapsulated inside multiwalled CNTs were also reported [111]. 

The encapsulation inside the CNTs made the FeCo nanowires mechanically 

robust and prevented them from oxidation, thus considerably enhancing their 

mechanical and magnetic properties. 

It was also found that dopant atoms of sulfur can also induce dramatic 

tubule morphology changes in CNTs, including covalent multi-junctions [112], 

[113], [114]. Theoretical studies had predicted that significant structural 

reorganization generates stable bends in CNTs due to the presence of pentagon-

heptagon defects [115] that could accommodate foreign atoms besides carbon 

within the sp2-hybridized carbon lattice [114]. In addition, it was found that boron 

doping acts as a “surfactant” during growth to significantly increase the aspect 

ratio of nanotubes by preventing tube closure – allowing longer tube lengths to be 

synthesized (~ 5–100 µm) and favoring the zigzag (or near zigzag) chirality [101]. 

Boron-doped MWCNTs (BxCNTs) could be synthesized by chemical vapor 

deposition (CVD) using various hydrocarbons and boron sources [116], [117], 

[118], [119]. Theoretical and experimental research had demonstrated that boron 

interstitial atoms located between double-walled CNTs act as atomic “fusers” or 

“welders” under high temperature annealing (1400–1600°C) [120]. An abundance 
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of localized and topological defects, including extreme tubular morphologies, are 

impactful features for many applications requiring further CNT functionalization 

chemistry, or anchor-sites for molecular or nanoparticle adsorption (decoration) 

within the 3D porous solid. Furthermore, substitutionally doped CNTs provide 

enhanced chemical reactivity. For example, nitrogen doped [121], boron doped 

[122], and co-doping with both nitrogen and boron [123] have shown to be very 

promising for oxygen reduction reactions without the need of a metal catalyst. 

This is important for applications such as fuel cells, where the use of CNTs as a 

catalyst support can potentially reduce expensive platinum (Pt) catalyst usage by 

60% compared to carbon black [124] or may even eliminate Pt catalyst entirely 

[121], [125].  

Different doping concentrations may exhibit dramatic different property 

changes and therefore, the use of CNTs for future technological applications 

requires a precisely controlled introduction of dopants to yield a desirable 

property change.  

1.5. Mass Production and Commercialization of CNTs 

Since CVD is a well-known and established process common to 

semiconductor industry, CNT production by CVD is easy to scale up. Large-scale 

synthesis methods had been adopted from the small-scale laboratory designs of 

research groups from around the World. Smalley’s group of Rice University 

developed the high-pressure carbon monoxide decomposition technique (known 
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as HiPco) for mass production of SWCNTs [126]. In this technique, iron 

pentacarbonyl is used as the catalyst source of iron particles in-situ at high 

temperature, whereas the high pressure (∼ 10 atmosphere) of carbon monoxide 

is meant to significantly speed up the disproportionation of CO molecules to 

enhance the overall C atom production and thus accelerate the SWCNT growth 

[29]. Reported yield of HiPco process is ∼ 0.45 g/h [127]. The product was 

commercially available by Carbon Nanotechnologies Inc. (USA) [21], which was 

reported to have a production capacity of 65 g/h [128], then merged with Unidym 

which was then acquired by Wisepower (listed company in KOSDAQ). Carbon 

Nanotechnologies Dai’s group has also scaled up SWCNT production from 

methane pyrolysis over Fe–Mo bimetallic catalyst supported on sol–gel derived 

alumina-silica multicomponent material [29]. Their process yields ∼ 1.5 g 

SWCNTs over 0.5 g catalyst hybrid as a result of 30 min CVD [129], [29]. 

Maruyama’s alcohol CVD technique [130] is also adopted by Toray Industries 

Inc. (Japan) with a reported capacity of 15 g/h; while Hata’s technique [131] at 

AIST (Japan) can produce ∼ 100 g/h [128], [29]. As for MWCNTs, Endo’s group 

developed his method of benzene pyrolysis on iron catalyst into a continuous 

process for mass production [29]. In his process metal catalyst, benzene, and 

Ar/H2 gases are fed from the upper end of a vertical furnace, and the resulting 

CNTs are collected from the lower end. CNT growth occurs while the catalyst 

particles are falling down (floating) through the furnace at 1100 oC [132], [29]. 

The product is commercialized by Showa Denko KK (Japan) which is reported to 
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have a production capacity of 16 kg/h [128], [29]. Nagy’s technique of acetylene 

CVD on various porous materials was also brought up to industrial level by 

Nanocyl (Belgium) producing ∼ 1 kg/h MWCNTs [29], [133], [134], [135]. Fei’s 

group developed a nano agglomerate fluidized-bed reactor (1 m long and 25 cm 

Ø quartz cylinder) in which continuous decomposition of ethylene gas on Fe–

Mo/vermiculite catalyst at 650 oC can yield up to 3 kg/h aligned MWCNT bundles 

[136], [29]. Apart from these university-venture-business associates, many other 

companies are also there in CNT business [29]. To name some, Hyperion 

Catalysis International, Inc. USA (8 kg/h), Nano Carbon Technologies Co. Ltd. 

Japan (5 kg/h), Sun Nanotech Co. Ltd. China (0.6 kg/h), Shenzhen Nano-

Technologies Port Co. Ltd. China (5 kg/h) [128], [29]. As per WTEC year 2007 

survey report [128], the consolidated CNT production capacity of the world is ∼ 

300 tons MWCNTs and ∼ 7 tons SWCNTs per year, while their expected demand 

would exceed 1000 tons/year in the near future. The present price of 

commercially available MWCNTs is ∼ $1/g, while that of SWCNTs is ∼ $100/g. At 

this rate, CNT-based products would be about 10 times costlier than prevalent 

products [29]. Hence the scientists and engineers have a great responsibility to 

develop more cost-effective production techniques to bring down the prices to 

$100/kg and $10,000/kg for MWCNTs and SWCNTs respectively [29]. 
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Chapter 2 

Three-Dimensional CNT “Sponge” 
Macro-Structures  

2.1. Research Challenge and Motivation 

Porous carbon networks are of great importance in many areas of science 

and technology including catalysis, energy storage, chromatography, gas and 

liquid purification and molecular sieving [137], [138]. Of all the aforementioned 

macro-forms of CNTs, the ‘state of the art’ in the field is lacking progress in 

realizing 3-D interconnected sp2-hybridized structures. The common CNT forms 

are limited to 1-D and 2-D arrangements in space at all length scales. These 

forms rely simply on the dominant van der Waals’ attractions between individual 

CNTs, which prevent their porous 3-D macrostructure arrangement and cause 

them to crumble or bundle densely together into a mere powder form. In such a 

3-D porous structure, the stacking of the nanotubes can be very sparse with 
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minimum tube-to-tube contact, which is in contrast to the conventional CNT 

buckypaper paper fabricated by vacuum filtration where the nanotubes are 

typically densely packed or piled up. The ‘common’ forms lack mechanical 

strength and isotropic flexibility as macro-scaled structured solids. The 

establishment of covalent junctions between individual CNTs and the 

modification of their straight tubular morphology into negative curvature surfaces 

are two strategies needed to successfully minimize the van der Waals attractive 

forces and extend the exceptional properties of the 1-D nanoscale building blocks 

into 3-D space – even into the macro-scale. Simply dispersing CNTs in solution 

from a loose powder form mixed with polymers and/or surfactants causes the 

tubes to collapse onto one another and deters the magnificent properties that 

CNTs have to offer yielding poorer performance in regards to many applications. 

Keeping the CNTs in their intrinsic form by not interrupting the unique π-system 

will be advantageous for superior efficiency and improved performance having 

maximum mechanical strength to weight ratio, electrical conductivity, porosity, 

and accessible surface area. Locking CNTs in 3-D space via covalent junctions 

minimizes the dominance of strong van de Waals forces and prevents CNTs from 

bundling – a common problem and limitation of CNTs’ practical usefulness for 

many technologies. This allows for an intrinsic self-intact structure with open pore 

volume, and optimizes the accessible surface area to serve various 

functionalities including catalysis and non-woven filtration applications. Therefore 

there is a need to find a mass-production method for producing this 3-D porous 
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form of CNTs in bulk directly in a simple synthesis process. 

2.1.1. Carbon Schwarzite Structures 

Can a crystalline or amorphous carbon structure share stiffness 

comparable to that of diamond-like carbon with the functional properties typical of 

an sp2-bonded structure [139], [140], [141]? While fullerenes, nanotubes, and 

graphite layers aggregate through comparatively weak van der Waals forces, 

spongy carbon constitutes a fully covalent highly-connected three-dimensional 

(3D) form of sp2 carbon, which combines many valuable properties of fullerenes, 

nanotubes and graphene with a robust 3D architecture [142]. Fullerite, nanotube 

bundles, and graphite can be viewed as assemblies of zero-, one- and two-

dimensional sp2-bonded objects held together by van der Waals’ forces, which 

considerably limits their mechanical robustness [139]. To overtake this drawback, 

three-dimensional sp2-coordinated carbon networks have been suggested [140] 

and a number of theoretical predictions and conjectures have been made, in 

particular about negatively curved graphite-like structures in the form of infinite 

triply periodic minimal surfaces [139], [141], [143] and [144]. These hypothetical 

structures have been termed schwarzites after Hermann .A. Schwarz, a 

mathematician who first investigated, more than a century ago, the differential 

geometry of this class of surfaces [145], [139]. Total energy calculations carried 

out with ab initio methods [143] and [144], as well as with classical [146] and 

tight-binding [147] simulations, have shown that carbon schwarzites are 

energetically more favorable than fullerenes of comparable absolute Gaussian 
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curvature [139]. This suggests that negatively curved carbon networks may be 

formed during the CNT synthesis [143], [144], if not in an ordered periodic 

schwarzite or “superstructure” form, as in Figure	  2.1, at least as random 

(amorphous) schwarzites [143], [144]. Nevertheless schwarzite-like materials 

have not been observed during carbon-arc synthesis or CVD of fullerenes and 

nanotubes, suggesting that a new strategy should be implemented for the 

production of such exotic carbon structures [142].  

Researchers had hypothetically designed monolithic interconnected 3-D 

sp2-hybridized covalent networks of CNT “superstructures” or “carbon schwarzite 

structures”, and had theoretically characterized them to exhibit superior electrical, 

thermal, and mechanical properties [148], [149], [150], [151], [152], [153], [154]. 

Such hypothetical monolithic structures composed of CNTs are still a materials 

science fantasy of the future. Therefore, this prior theoretical work was a 

motivation to the current work of this thesis. The image in Figure	  2.1 below 

depicts such an ordered schwarzite superstructure of orthogonally ordered sp2 

carbon monoliths.  
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Figure 2.1 – Hypothetical 3-D CNT “superstructures” or CNT 
“schwarzites” composed of graphene and covalently bonded CNTs 

ordered in an orthogonal array geometry depicting the large accessible 
surface area for molecular absorption  [155]. 

It has been a materials science challenge to experimentally realize a true 

three-dimensional (3-D) solid form consisting purely of the 1-D CNT building 

blocks. ‘True’ in a sense as to create covalent junctions between individual 

nanotubes. Yet there has been no promising experimental result that has ever 

hinted towards such a hypothetical carbon nanotube schwarzite structure based 

upon curved carbon surfaces. The ultimate goal is to have a continuously 

interconnected networked solid monolith in all three dimensions of space. Having 

a continuous interconnected network of covalent nanojunctions between 

individual CNTs that will not interrupt the graphitic sp2-hybridized pi-system is 

essential to harness the superior nano-scale properties as we build up to the 
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macro-scale. Achieving an ordered schwarzite network may seem daunting, and 

achieving a random schwarzite network may be a first step (milestone) to 

realizing such macro-scaled porous superstructures of CNTs. The first and only 

hope of a production technique to date for random carbon schwarzites was found 

to be a bottom-up approach based on the assembling of sp2 nano-metric 

clusters. This was achieved by means of supersonic cluster beam deposition 

(SCBD) of carbon clusters produced by a Pulsed Microplasma Cluster Source 

(PMCS) [156] and assembled onto a substrate [142]. This production method 

only produced nano-scaled films and is obviously not an ideal scale-up synthesis 

method for macro-scaled products as compared to the previously discussed CVD 

method. 

2.1.2. Other Background Literature Motivation  

Although dopant atoms such as sulfur had been used during CVD to 

create dramatic tubular morphology changes containing negative curvature 

surfaces in CNTs, never were these morphologies exploited to create 3-D macro-

scale architectures. Boron-doped MWCNTs (BxCNTs) could be synthesized by 

chemical vapor deposition (CVD) using various hydrocarbons and boron sources 

[116], [117], [118], but none of these works yielded 3D solid structures, or were 

able to confirm the distinct negative curvature surface morphologies induced by 

boron discovered in this thesis work. Theoretical and experimental research had 

demonstrated that boron interstitial atoms located between double-walled CNTs 

act as atomic “fusers” or “welders” under high temperature annealing (1400 – 
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1600°C) [120], thus establishing covalent tube-tube interconnections, but neither 

did this work produce macro-scale solids.  

Chemical reactions may be used to induce carbon-carbon bonds and 

possibly crosslinking between CNTs. Suzuki–Miyaura (SM) cross-coupling is 

arguably the most widely-applied transition metal catalyzed carbon–carbon bond 

forming reaction to date. Its success originates from a combination of 

exceptionally mild and functional group tolerant reaction conditions, with a 

relatively stable, readily prepared and generally environmentally benign 

organoboron reagent [157]. The outer shell bonding electrons (2s2, 3p1) in neutral 

boron can engage in three sp2 hybridized bonds, resulting in a trigonal planar 

geometry, with the resulting non-bonding vacant p-orbital orthogonal to the plane 

[157]. This empty p-orbital dominates the reactivity patterns and physical 

characteristics of all neutral sp2 boron compounds and renders them susceptible 

towards electron donation from Lewis bases [157]. This work hints towards the 

feasibility of boron chemistry to possibly cross-link CNTs via a boron doping 

strategy during a CVD experiment.  

Macro-scaled 3-D solids of straight entangled non-doped CNTs were 

recently reported by others to create compressible sponges [158] and 

temperature-invariant viscoelastic solids [159]. However neither of these works 

show promise towards any degree of covalent bonding established between 

CNTs; nor do they possess negative curvature surfaces or dramatic defect sites 

within the CNT network. 
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2.1.3. Research Goal, Objective, and Focus 

The goal of this thesis work was to pioneer experimental results for 

realizing the theoretically predicted new class of 3-D sp2-hybridized carbon 

allotrope form, called carbon schwarzites, with 1-D CNT building blocks utilizing 

an in-situ bulk synthesis process such as CVD. The objective is to induce 

covalent interconnections between individual CNTs and generate negative 

curvature surfaces in CNTs during the CVD synthesis method to facilitate the 

creation of macroscaled sizes of 3-D CNT porous solids. The focus was on 

utilizing a boron-doping strategy during the growth process to promote covalent 

cross-linking and negative Gaussian curvature surfaces. The resulting materials 

were then mainly characterized mechanically and by other techniques to 

demonstrate the material’s multifunctional properties.  

2.2. Experimental Procedure 

The novel 3-D CNT “sponge” form was created directly via AACVD in 

attempt to synthesize boron-doped carbon nanotubes (BxCNTs). The AACVD 

system was carried out under atmospheric pressure conditions and comprises a 

horizontal hot-wall quartz tube (I.D. = 46 mm) reactor chamber heated by a 

furnace (30 cm heating zone). Solutions were prepared mixing toluene (Aldrich, 

anhydrous, 99.8%) and ferrocene (Fe(C5H5)2 ) (Alpha Aecer 99%) at a 

concentration of 25 mg/mL, and triethylborane (TEB) ((C2H5)3B) (Aldrich >95%) 

at Fe:B ratio 5:1, followed by 30 minute sonication. The TEB was added while in 
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a glove box under an inert nitrogen atmosphere. The precursor solution was 

placed in a glass vessel with an ultrasonic piezoelectric transducer film (diameter 

= 40 mm) at the bottom (Pyrosol 7901 type manufactured by RBI 

instrumentation). The piezoelectric frequency and amplitude was controlled by an 

external generator source providing a resonant frequency at 800 kHz. The 

solution feed rate was varied 0.4 to 0.8 ml/min for a total synthesis time of 30 

minutes. The aerosol, or micro-droplet size mist cloud, generated above the 

solution was transferred into the reactor chamber by the argon carrier gas at a 

flow rate of 2.50 slm (standard liters per minute). The furnace temperature was 

860°C in the chamber reactor zone where the precursor solution was vaporized.  

 

Figure 2.2 – Photograph of the AACVD quartz tube furnace equiped 
with a piezoelectric aerosol generator which delivers the liquid precursor 

in the form of a mist. 

2.2.1. Chemical Boron Source Selection & Safety of Handling 

Some of the initial boron sources attempted unsuccessfully were boron 

oxide and boric acid (Borax). It is believed that the oxygen content in these 
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molecules prevented the incorporation of boron into the CNT lattice structure. 

This is because of the thermodynamic stability of boron bonded to oxygen as 

identified by the large magnitude of the negative Gibbs free energy of oxide 

formation. Triethylborane (TEB) was chosen because it was an organoborane 

source (a molecule free of oxygen atoms) and was a molecule that could deliver 

boron atomically. Also, it was a cheaper chemical than some of the other boron 

sources that can potentially deliver boron atomically and was one of the few 

sources that would be soluble with toluene. The density is 0.677 g/mL and the 

molecular weight is 97.99 g/mol. One of the disadvantages of TEB is the safety 

consideration one must take if attempting to do this experiment. WARNING: It is 

extremely moisture sensitive and is pyrophoric (ignites spontaneously in air) 

burning with an apple green color flame and is extremely corrosive. TEB was 

used to ignite the JP-7 fuel in the Pratt & Whitney J58 turbojet/ramjet engines 

powering the Lockheed SR-71 Blackbird spy plane [160]. For this reason the 

chemical had to be managed under accurately monitored glove box environment. 

It is recommended to work under 100 ppm of oxygen and 100 ppm moisture 

levels to avoid quenching of the TEB precursor. It is recommended to avoid TEB 

concentrations above 1 mmHg partial pressure or 2 mol% in solution. Once it is 

injected into a soluble hydrocarbon fluid such as toluene, benzene, or heptane at 

low concentrations it becomes safe to remove from the solution from the glove 

box environment and be exposed to air. However, it is recommended not to store 

this solution for too much time, as the partial pressure of TEB is greater than that 
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of toluene (28 vs. 50 mmHG @25) and may generate a high partial pressure 

above the empty space of the container before reopening. This could be 

dangerous if the vapor pressure ever exceeds 1 mmHg  (or 2 mol%) in air, which 

may be too close to the pyrophoric threshold. It is recommended that extreme 

caution be taken while handing this precursor even being safe to remove oxygen 

from the CVD chamber with a good purge before heating to be safe that the 

vapors do not ignite. The safest way to dispose of the precursor is to firstly 

greatly dilute with the hydrocarbon feedstock (toluene) and then gradually 

quench the precursor using ethanol than methanol and eventually small amounts 

of water before dumping into organic waste container. A molecule of TEB is 

depicted in Figure	  2.3.    

 

Figure 2.3 – The organoborane molecule triethylborane (TEB) was 
chosen as an ideal boron source chemical which can deliver boron 

atomically and contains no oxygen molecule. This is favorable to achieve 
substitutional doping within the CNT lattice. 
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2.3. Characterization Results & Discussion 

Simply adding a “dash” of boron to the CVD process created a 3-D 

networked macrostructure composed entirely of the carbon nanotube building 

blocks. The boron induced dramatic tubule morphology defects including some 

covalent junctions between individual nanotubes to promote the heavily 

entangled random interconnected 3-D network. Unlike the other straight un-

doped aforementioned ‘common CNT forms’ that require high purity and low-

defect CNTs for optimal properties, the high defect density in these BxCNTs are 

desirable and add functional value and novelty to CNTs. Precise experimental 

conditions are necessary to yield the novel 3-D bulk solid form. Some crucial 

parameters need to be met with skillful understanding of their relationships. One 

must have knowledge and experience with modifying the synthesis temperature, 

pressure, carrier gas flow rate, heteroatom dopant concentration in the precursor, 

catalyst concentration, solution feed rate, and even size of the aerosol droplets. 

All of these experimental parameters can have an effect on the outcome and 

overall quality of the product. An additional reason for the outcome of solid form 

using a boron doping strategy, could be due to the findings that boron doping 

acts as a ‘‘surfactant’’ during growth to significantly increase the aspect ratio of 

nanotubes by preventing tube closure – allowing longer tube lengths to be 

synthesized and favoring the heavily entangled random network. 

The nano to macro structure and morphology of the BxCNT sponge is 

evident from the images seen in Figure	  2.4 below. Deposition and growth 
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occurred directly onto the 1-inch diameter quartz tube walls taking on the shape 

of the tube yielding between 2–3 grams of BxCNT material per 30-minute 

synthesis (66–100 mg/min). Remarkably, the bulk densities of the porous solids 

were measured to be in the range of 10 to 29 mg/cm3 (compared to low density 

carbon aerogel of 60 mg/cm3). Control of the density and overall stiffness 

(resilience) of the sponge is achievable by changing the precursor solution feed 

rate during growth; lower feed rate yielded a lower density material that was more 

soft and flexible. The sample can be bent to a dramatic degree without breaking 

and will return to original position after released (see Figure	  2.4 (b) below). It was 

found that the TEB content in the precursor had a direct relationship with the 

growth temperature required for yielding the solid structure. The successful 

growth conditions for the sponges were very sensitive to the TEB concentration. 

During growth optimization, it was noticed that the presence of too much TEB 

(Fe:B ratio < 1) resulted in no growth at all temperatures under 900oC. It should 

be noted that the TEB concentration in the solution showed a direct relationship 

with increase in the reaction temperature. This observation may be explained by 

the possibility that boron atoms could be starting to strongly react with the iron 

catalyst particles to a degree that may alter the carbon diffusion, saturation, and 

precipitation growth kinetics of BxCNTs. It was found that the ideal Fe to B ratio 

ranges from 2 to 6 within the temperature range 900 to 850°C respectively. 

Therefore, the possible role of the catalytic effects of atomic boron on the iron 

catalyst particles during BxCNT growth should not be ignored and opens 
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opportunity for further research in order to control nanotube 3-D architectures. 

Using boron as a dopant in carbon nanotube synthesis is a strategy for producing 

“elbows” which contribute to the elasticity of these networks. The structural 

integrity of the BxCNT 3-D solid foam-like material is maintained due to the boron 

induced defects – promoting tube-tube bonding, entanglement, and nanoscale 

covalent multi-junctions (see Figure	  2.4 (e)). In this respect, the doping route 

seems to be more advantageous, over non-doped CNT entangled networks, 

holding more promise as a strategy to realize true (covalent) 3D solid networks 

with CNT.  

Characterization is done to answer the questions: why did boron induce a 

“sponge” form? What was the apparent role of boron on tubule morphology and 

structure of the CNTs? Where is the boron? How much of boron is there? What 

are the boron bonding states? The characterization will include: SEM, TEM, XPS, 

EELS, Raman Spectroscopy, XRD, TGA, density, porosity, surface area, 

electrical, thermal, static mechanical analysis and dynamic mechanical analysis 

(DMA).  
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Figure 2.4 – Physical structure and morphology of 3-D network. (a) 
Photograph of 3-D macroscopic solid “NanoSponge” material as-

produced; (b) shows photograph of the flexibility and mechanical stability 
upon bending the sample (a) by hand; (c) SEM image after ion beam ‘‘slice 
and view’’ feature showing the interior porous structure of the entangled 
nanotube network; (d) closer look at the ‘‘elbow’’ defects found within the 
solids; (e) STEM image showing two, four-way covalent nanojunctions in 

series; (f) TEM image showing two overlapping CNTs welded together 
assisted by boron doping. 
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2.3.1. Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM) 

The nanotube diameters ranged from 40 to 150 nm, as measured from 

electron microscopy images in Figure	  2.5. The synthesized 3D architectures are 

entirely made up of randomly orientated and entangled CNTs with little to no 

amorphous carbon as depicted from SEM. Many other fascinating nanotube 

morphologies, including covalent multi-junctions such as Y-junctions and four-

way junctions, were found within the entangled network structure. The most 

abundant of the morphologies were the stable “elbow” bends (exhibiting positive 

and negative curvature), which were found to be continuous and somewhat 

periodic along the tube length. The morphology and structural properties were 

extensively studied by SEM (FEI-field emission SEM - XL30 operated at 1–15 

keV), TEM/STEM (JEOL 2010 F instrument equipped with a Gatan Enfina 

energy-loss spectrometer. Dramatic curvature was found in the BxCNTs as 

shown in TEM and SEM images of Figure	  2.5 and Figure	  2.6 respectively.  
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Figure 2.5 – High resolution transmission electron microscopy 
(HRTEM). Some more images of the “elbow” defects and extreme lattice 

curvature witnessed in the BxCNTs. 
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Figure 2.6 – More SEM characterization of “elbow” and junctions. 
More SEM images of the elbow nanojunctions (indicated by white arrows) 

found in BxCNT’s. Inset (B) shows a computer generated model of different 
views of the pentagon-heptagon pair (in red) induced by the presence of 

boron in the nanotube lattice (note the change in chirality of the tubes). (D) 
Elbow defects occur continuous and somewhat at periodic distance 

intervals along the tube length of an individual BxCNT. 
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2.3.2. X-Ray Diffraction (XRD) 

The X-ray powder diffraction pattern shows that BxCNT sponges are 

indeed crystalline and showed sharp (002) diffraction peaks, but no evidence of 

B4C phases was found (see Figure	  2.7). The (002) peak location and width 

corresponds to the interlayer spacing of the concentric graphitic multi-walls. For 

the pristine (un-doped) MWCNTs (black) the (002) peak is at 2θ = 26.40º, which 

calculates to a lattice spacing, d = 3.37 Å. For our samples, the (002) peak 

seems to downshift to a lower angle for the BxCNT’s spectrum (blue) to 2θ = 

25.84º corresponding to a lattice spacing, d = 3.34 Å. This data shows the doped 

sample to have a more accurate spacing to the theoretically correct value of 3.4 

Å and corresponds to a ∆d = 0.07 Å. This may be a result of the presence of 

boron within the lattice, which is known to enhance crystallinity [161], [162]. The 

(100) peak is related to the in-plane crystallinity of the layers. Certainly some 

peak broadening of the (002) planes appeared for B-doped samples. However, 

as compared to the pristine MWCNTs (black) there is no evidence of B4C phase. 
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Figure 2.7 – XRD Patterns of Pristine vs. BxCNT Sponge. 

2.3.3. Raman Spectroscopy 

Raman spectra of the sponges are compared to those of pristine 

MWCNTs (see Figure	  2.9). In this context, we noted an intense D-band, which is 

expected considering the contribution of boron atoms embedded in the 

hexagonal sp2 hybridized network of CNT sponges.  Comparison of pristine 

MWCNT with BxCNT “sponge” were made using 514nm and 633nm wavelength 

laser. There is evidence of a stronger D-peak intensity (~ 1300-1360 cm-1) 



	   65	  

compared to the G-peak intensity (~1590 cm-1) due to the dramatic structural 

defects formed by the presence of boron in the hexagonal carbon network. The 

splitting in the G peak is indeed due to the introduction of boron and this peak is 

known as the D' peak. Once boron is added within the lattice of graphene sheets, 

the perfect hexagonal symmetry of the sheets is broken and also the D band is 

increased, as well as the presence of the D', which is seen as the splitting of the 

G band. Thus, the strong defect-induced peaks (D- and D'-bands) originate from 

the substitutional boron atoms in graphene. These results are similar to those 

previously reported for boron doping in graphite, SWCNTs and MWCNTs [163], 

[164], [165], [166], [167]. The Raman features of the boron-doped sample are 

also similar to that of the defective graphene prepared by ion bombardment, at 

1013 Ar+/cm2 [168]. The Raman spectroscopy was done using a Renishaw 

system with laser excitation line of λ = 514 nm (Figure	  2.8) and λ = 633 nm 

(Figure	  2.9). 

 

Figure 2.8 - Raman Spectroscopy comparison of prisitine CNT vs. 
BxCNTs using 514 nm laser. 
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Figure 2.9 – Raman Spectroscopy comparison of prisitine CNT vs. 
BxCNTs using 633 nm laser. 

2.3.4. Dynamic Mechanical Analysis 

Dynamic mechanical analysis is a common test method to study 

viscoelastic polymers. It involves applying a sinusoidal stress (strain) and 

measures the phase lag of the strain (stress). In this way, one can learn the 

damping properties of a material. Some of the mechanical energy is stored in the 

elastic modulus (E’) and some of the mechanical energy can be lost in the Loss 

Modulus (E”) due to internal molecular motions or heat loss due to internal 

friction.  The tan delta is defined as the ratio of the loss modulus to the storage 

modulus (tan delta = E’/E”) and is a unit-less number used to define the damping 

capability of a material. is provided to better understand the origin of 

viscoelasticity and the loss modulus.  
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Figure 2.10 – The DMA and viscoelasticity is determined by the 
phase lag of the stress and straing response.  

Due to the randomly orientated entangled CNT network, isotropic behavior 

is not surprising as compared to conventional anisotropic MWCNT aligned arrays 

as depicted in the model drawing of Figure	  2.11. The elbow defects aid in 

reversible elastic recovery via spring-back loading mode, shown in steps 1-3 of 

Figure	  2.11, to overcome the vdW ‘sticking’ force of contacting tubes upon 

compression which give rise energy dissipation and high tan δ values. The 

isotropic behavior is shown in Figure	  2.12 by the stress strain curves measured 
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by compressing a cubic sponge sample along three orthogonal directions (X: 

length, Y: width, Z: thickness) showing nearly equivalent responses.  

 

Figure 2.11 – This is a computer graphics model depicting the 
loading behavior of the entangled random network as compared to 

conventional CNT arrays.  
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Figure 2.12 – The isotropic mechanical stress-strain behavior 
demonstrated by compression testing in the x-, y-, and z-directions of a 

sponge sample of density ~ 19 mg/cc. 

The BxCNT solid exhibited robust flexibility and good isotropic elastic 

mechanical behavior. At 60% compressive strain the complex modulus is E* = 

1.26 MPa and tan δ = 0.058 (see Figure	  2.13). The high tan δ value (ratio of the 

loss modulus E”, to storage modulus E’) is indicative of the materials ability to 

absorb energy with rubber-like damping capability. Only 18% plastic strain 

deformation was observed from the as-grown, unmodified state of the sample 

after dynamic compression of 100 cycles at 60% strain shown in Figure	  2.13. 
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Further DMA results gave tan δ ≈ 0.11 at 9% strain as shown in Figure	  2.14. At a 

dynamic strain of 10% for over 11,000 cycles, shown in Figure	  2.15, a gradual 

increase in damping was observed, from tan δ ≈ 0.11 to tan δ ≈ 0.13, along with 

increasing stiffness and stress levels. These tests confirm that the structure is 

indeed self-intact, and a good candidate as ultra-lightweight materials with 

mechanical damping properties.  

 

Figure 2.13: Mechanical Characterization of the stress-strain 
behavior up to 60% strain at 0.5 Hz and room temperature for cycles 
1(blue), 2 (red), 50 (green) and 100 (purple) on a sample with ρ = 27 

mg/cm3. 
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Figure 2.14 – The DMA on sponge with density ≈ 25 mg/cm3 using 
multi-strain mode at 1 Hz for 250 cycles. 

 

Figure 2.15 – The DMA on sponge with density ≈ 20 mg/cm3 over 
11,000 cycles.  
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The DMA equipment by TA instruments was limited to stay within the 

perfectly elastic regime of the sponge sample, limiting our analysis to minimal 

strain levels. It was noticed that the higher density samples resulted in higher 

stress levels, as expected, being that denser samples have more network 

elements in the structure. Strain amplitude on the DMA instrument was limited to 

the perfectly elastic regime of the material, therefore, above 10% strain, samples 

would start to plastically deform and the instrument would end the test as to 

confirm full strain recovery during testing. As a comparison, viscoelastic polymers 

have E* ~ 20 MPa and tan δ ≈ 1.0 while most hard plastics have E* ~ 1 to 10 

GPa and tan δ range from 0.01 to 0.10. In a stiffness-loss map, the BxCNT 

viscoelastic solids may be categorized with rubber foam. Although the 

mechanical data suggests the degree of covalent bonding in these solids to be 

fairly low, it was enough to yield perfectly self-intact elastic solids (after only 30 

minutes of growth) up to 10% strains before seeing any loss in volume; and only 

18% plastic strain deformation after 100 cycles at 60% strain. The increasing 

stiffness, seen in Figure	  2.15, with sequential compression cycles may indicate 

some CNT alignment in the structure along the compression axis.  

To better understand how the stress levels of the BXCNT sponge relate to 

other common materials, a comparison to common polyurethane (PU) kitchen 

sponge of similar density is insightful. The samples are depicted in the DMA 

compression clamps in Figure	  2.16. The same test procedure was performed on 

both materials starting with an initial preload force of 0.01 N and then 
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compressed to a total static force of 0.1 N for 10 cycles shown in Figure 2.17. 

The cycling was done to show to visualize the reversible strain response and 

hysteresis loop character of each material to indicate the damping ability, or 

expected tan delta value comparison as discussed above. The static elastic 

moduli of the BXCNT sponge and the PU sponge from this test was ~ 17 kPa and 

~ 19 kPa respectively calculated as the slope of the initial stress-strain curve on 

the first cycle up to 1% strain (keeping in mind that the preload force before strain 

was 0.01). Therefore, in compression, they have very similar stiffness behavior 

considering the slight difference in the densities. It should also be noted that the 

strain recovery appears to be much better for the BXCNT sponge materials as 

indicated by the smaller deviation of the stress with each consecutive cycle. 

          

Figure 2.16 – The BxCNT sponge (10 mg/cc) and polyurthane 
“kitchen” sponge (14 mg/cc) samples used in the DMA comparison testing.   
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Figure 2.17 – The cyclic stress-strain behavior comparison of the BXCNT 
sponge (~10 mg/cc) and a common PU kitchen sponge (~14 mg/cc) under 

dynamic force of 0.10 N and static preload force of 0.01 N. 
 

2.3.4.1. Stress Relaxation… or not? 

A stress relaxation test is a static mechanical analysis that involves 

applying a set strain and measuring the stress change in the material while 

maintained at that set strain over a period of time. Most polymer materials will 

relax (or soften up) in a sense that it will begin to exert less stress over time to 

maintain that strain. It was found that the BXCNT sponge shows no relaxation 

and maintains its stress response and relaxation modulus (green curve in Figure	  

2.18) over 300 minutes as observed by the nearly constant modulus. Figure	  2.18 

indicates there is no change in the modulus over the 300 minutes of compression 
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which stays somewhere around 7 kPa at 20% strain (sample density = 10 

mg/cc). This modulus might seem inconsistent with the previous mentioned 

modulus of 17 kPa of the aforementioned stress-strain curve plot of Figure 2.17, 

but one should consider that these tests were performed at different preload 

conditions. The stress-strain test of Figure 2.17 had a two times (2x) greater 

preload force, and the test had taken the initial sample height measurement at 

that preload force which had significantly strained the sample from its natural 

height and therefore results in higher modulus values. 

This is a very interesting mechanical phenomenon in the BXCNT sponge, 

which differs from that of most polymers in a sense that there is no stress 

relaxation witnessed and 100% strain recovery is virtually immediate upon 

releasing the applied force (blue curve in Figure	  2.18). The strain recovery is a 

measure of the percentage of the set strain (20% in this comparison) recovered 

after the force required maintaining that set strain (20%) is released. The strain 

recovery was measured over a period of 60 minutes to give the material time to 

return to its original height. The preload force was maintained at 0.005 N to keep 

the contact on the top surface as the material recovers. A delayed recovery is 

expected for most viscoelastic materials. Apparently this is not the case for the 

BXCNT sponges, which had previously shown viscoelastic response in DMA 

modes. The BXCNT material recovers impulsively and virtually instantaneously. 

In fact, it appears that the preload force of 0.005 N used during this test was not 

sufficient enough to maintain contact with the top of the BXCNT sponge sample 
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due to the impulsive elastic response as observed by the 65% overshoot in the 

strain recovery response (blue curve in Figure	  2.18). This physically means that 

the clamp had been “pushed off” the top surface of the BXCNT sponge sample as 

it recovers 100% of the strain virtually instantaneously. It is unique to have such a 

low-density porous material that behaves so elastically without having a visco-

response during the strain recovery process. Therefore, it was found that the 

BXCNT sponges don’t relax under static force. It was almost as if the BXCNT 

sponge ‘fights back’ instead of relaxing like most polymers do.  

 

Figure 2.18 – The stress relaxation and strain recovery of a sponge 
sample with density ~ 10 mg/cc held uner 20% strain for 300 minutes and a 

preload force of 0.005 N. 
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To support the significance of this phenomenon, a comparison was made 

with a common (commercial) polyurethane kitchen sponge with a similar density 

(~ 14 mg/cc) to the BXCNT sponge demonstrated in Figure	  2.19. Notice the 

modulus decreases over time while being held under 20% change and, after 

being released, the time it takes to recover the stain only recovering up to 86% 

after 60 minutes under a mere preload of 0.005 N. The BXCNT sponge shows no 

such delay in recovery in Figure	  2.18.  

 

Figure 2.19 – The stress relaxation and strain recovery of a 
commercial PU kitech sponge sample with density ~ 14 mg/cc held under 

20% strain for a duration of 300 minutes and a preload force of 0.005 N. 

This test is the same as the strain recovery of the previous slide, but at 

increasing set strain values to study any limits to the material. It seems that it 

behaves the same even at large strains up to 85% and the material maintains 
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100% reversible elastic behavior. Note that the sponge tested was stabilized by 

compressing many times before the test from the as-produced state so as to 

prevent any yielding. Once the as-produced samples are squeezed many times 

from their initial state, their density is slightly increased but they become stable 

and completely reversible thereafter at strains up to 85%. 

2.3.4.2. Temperature-Invariant Viscoelasticity 

It is common to polymeric materials that the viscoelastic mechanical 

properties change with temperature. This is because the motion of polymer 

chains will be affected significantly once passed through their characteristic glass 

transition temperature, Tg. The Tg can be specified by three different methods: (1) 

monitoring the onset of the storage modulus E’, (2) the peak in the loss modulus 

E”, or (3) the peak in the tan delta. An example of how a typical viscoelastic 

polymer behaves under DMA with extreme temperature sweep though the Tg is 

depicted in the plot of Figure	  2.20.   
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Figure 2.20 – DMA example of how a typical viscoelastic polymer 
mechanically behaves under a extreme teperature sweep. The glass 

transition temperature Tg may be identified by one of three methods by 
observation of the storage modulus, loss modulus, or tan delta curves 

[169]. 

However, the crystalline form of individual CNTs is not mechanically 

sensitive to temperature and we should therefore expect the same for the macro-

scale ensemble of CNTs that compose the BXCNT sponge materials. To prove 

this assumption, a temperature sweep was performed on the material from –150 

oC to 200 oC at a rate of 1 oC/min under a dynamic mechanical deformation at 1 

Hz frequency and preload of 0.05 N. The storage modulus, loss modulus and tan 

delta values were monitored under these conditions as shown in Figure	  2.21 that 

there is little to no change at all over this temperature range. The results prove 

there is no Tg for the novel BXCNT sponge materials. This temperature-invariant 

viscoelasticity property may be useful in applications requiring a material to 
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maintain a high level of robust elasticity at both elevated temperatures where 

polymers may start to decompose and/or in Arctic temperature conditions where 

polymer materials show glass transition temperatures and stiffen up. The small 

increase in the loss modulus between – 50 oC and 0 oC was not expected and is 

assumed to be due to some instrument artifact. If it is from the instrument, the 

deviation is so small; it would not otherwise be noticed if testing was performed 

on other materials showing significant changes in viscoelastic response under 

such extreme temperature conditions. 

 

 

Figure 2.21 – Temperature-invariant viscoelasticity of a BXCNT 
sponge sample of density ~ 27 mg/cc identified by DMA under an 

oscillation amplitute of 100 µm cycled at 1 Hz frequency and preload force 
of 0.05 N during a temperature sweep from -150 oC to 200 oC at a ramp rate 

of 1 oC / min.  
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2.3.5. Theoretical Calculation Results 

Theoretical studies had predicted that significant structural reorganization 

generates stable bends in CNTs due to the presence of pentagon-heptagon 

defects that could accommodate foreign atoms besides carbon within the sp2 

hybridized carbon lattice and induce this curvature. Adding dopant atoms such as 

nitrogen or sulfur had been done before experimentally and proved also that it 

can induce dramatic tubule morphology changes in CNTs; including covalent 

multi-junctions. The theoretical calculations suggest that boron is most 

energetically favorable in the negative curvature sites of kinked carbon nanotube 

such as the ones we are witnessing experimentally via boron doping. 

The mechanism driving these stable “elbow” formations might be 

explained by the high stability of boron atoms on negative Gaussian curvature 

sites, thus present in rings with more than six carbon atoms (heptagons or 

octagons). In order to confirm the effect of boron on negatively curved sites, first 

principles calculations based on the Density Functional Theory (DFT) were 

carried out (using a plane wave basis code (VASP) under the GGA/PBE 

approximation[170], [171] to simulate doped “elbow” shape nanostructures (see 

boomerang-type tube in Figure	  2.22). A plane-wave basis with a 400 eV energy 

cut-off was employed, and each structure was relaxed to 0.001 eV/A for each 

dopant position. According to our calculations the substitutional energy, for boron 

doping the boomerang-type structure, is the lowest at heptagonal rings (negative 

Gaussian curvature; K<0), whereas nitrogen atoms are favored at the pentagonal 
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sites (positive curvature which causes closure of the structure; K>0). However, 

sulfur can be accommodated at both, heptagons and pentagons, thus promoting 

branching of multi-walled carbon nanotubes [112], [113]. It is therefore clear that 

the selective preference for negative Gaussian curvature (K<0) of boron, and its 

influence in inhibiting the formation of pentagons that avoid tube closure (e.g. 

continuous growth of opened tubes), make boron a unique dopant which is able 

to catalyze the growth of these long, entangled and novel BxCNT sponge-like 

structures. 
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Figure 2.22: Relative substitutional energies for B, N, and S dopant 
are shown for various positions along a (5,5)/(9,0) nanotube (boomerang-

type structure). The short dashed lines correspond to substitutional 
energy in a straight (9,0) and (5,5) tube, respectively. The table shows the 
energy average over the substitutional sites located at the pentagonal and 
heptagonal knee position (the energy is relative to that in a periodic (5,5) 

nanotube). Boron does not promote any type of closure but rather strongly 
favors structure with a large number of regions exhibiting negative 

curvature.
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2.3.6. Electron Energy Loss Spectroscopy (EELS)  

The location of boron within the CNTs was experimentally mapped using 

high-angle annular-dark-field (HAADF) imaging and electron energy loss 

spectroscopy (EELS) line-scans using a 0.7 nm STEM probe. Line-scans were 

recorded along the edges of the tube in the region of the “elbow” defects (Figure	  

2.23). The regions of highest B concentration were found to be at the location of 

the “elbows”, suggesting that boron plays a key role in the formation of negative 

curvature areas inducing the formation of “elbow” junctions. Linescans across the 

tube diameter failed to reveal the presence of boron within the inner tube or 

catalyst particles, thus confirming that the B atoms were incorporated mostly 

within the walls of the CNTs. This trend was clearly observed in other line scans 

Figure	  2.23 (c)-(f). Additional EELS linescans made along localized regions of 

high positive and negative curvature all showed a stronger boron signal 

compared to that of the straight tube length regions and the artifact 

measurements from the “vacuum region” as seen in Figure	  2.24. The EELS 

survey spectrum (see Figure	  2.25) revealed the characteristic B and C K-shell 

peaks, which further confirms the presence of B atoms at concentrations well 

within the EELS detection limit. The C K-edge shows maximum peaks at 287.2 

and 295.4 eV which correspond to the 1s π* and 1s σ* resonance respectively. 

Meanwhile, the B K-edge shows maximum peaks at 193.2 and 202 eV 

corresponding to the 1s π* and 1s σ* resonance respectively. The 1s π* 
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resonance is indicative of sp2 hybridization, which indicates that boron is bonded 

to carbon within the carbon nanotube lattice. 

 

Figure 2.23: EELS boron mapping in regions of high curvature. High 
angle annular dark field (HAADF) images of the BxCNT elbow defects and 
their corresponding EELS line scans; (a) linescan path (red arrows) along 

the negative curvature of elbow defect profiles for elemental boron counts; 
(b) along the path marked by the corresponding red arrows. The highest 

density of boron was found at the onset of the negative curvature; (c) 
HAADF image shows linescans performed on different locations (red, blue, 
and green arrows) mapping both elemental B (red, blue, and green) and C 

(black boxes) profiles; (d)–(f) seem to follow the same trend as further 
evidence of boron incorporation into the lattice; (f) Line scan across tube 
diameter (green arrow) where boron seems to be more easily detected at 

the outer layers near the regions of high negative curvature. The scale bar 
in (a) and (c) is 50 nm.  
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Figure 2.24 - SEM image showing EELS linescans a-e (green arrows) 
performed along the positive (blue arrows) and negative (red arrows) 

curvature regions on the “elbow” defect side. The corresponding B:C ratio 
from the EELS linescans a-e are labeled and represented by the green data 

points. The red arrows point to the peaks near the negative curvature 
regions surronding the positive curvature regions along the “elbow” bend. 
The orange circles indicate where the linescans extend into the “vacuum 

region” representing artifacts from the measurement. 
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Figure 2.25: EELS Elemental Survey Scan.  

2.3.7. X-Ray Photoelectron Spectroscopy (XPS)  

  XPS of boron (B1s) bonding state was performed as well as an atomic 

quantification. It is well known that boron doping enhances the oxidation 

resistance of CNTs [171], [122]. For this reason, the EELS elemental survey data 

(Figure	  2.26) shows higher energy boron bonding states to be dominant, thus 

indicating the accumulation of the glassy boron oxide layer coating the CNTs 

surface [122]. The XP spectrum in Figure	  2.26 revealed five underlying B1s 

bonding states located at peak positions 187.6, 188.8, 190.1, 191.9, and 193.4 

eV marked as peaks I, II, III, IV, and V respectively. The lower energy peaks are 

associated with the B–C bonding, such as that in B4C (187.8 eV), and B-

substituted-C (188.8 eV) within the graphite crystal structure as proposed by 

Cermignani et al.[172] and reported by others [117], [173], [174], [175], [176], 
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[139]. The higher energy components represent the more oxidized species 

corresponding to BC2O (190.0 eV), BCO2 (192.0 eV), and B2O3 (193.2 eV) 

respectively. It was found that the main bonding state of boron in the sponges, 

consist of sp2 hybridization of B-substituted-C, which supports our theoretical 

calculations. Quantitative elemental analysis of the boron content in this structure 

was revealed to be ca. 0.7 at%. 

 

 

Figure 2.26 – XPS characterizing boron bonding states and content. 
Five deconvoluted B1s bonding states are revealed, after argon ion-etch, 
at peak positions 187.6, 188.8, 190.1, 191.8, and 193.4 eV corresponding to 
the B-C bonding in B4C (187.8 eV), B-substituted-C within the hexagonal 
lattice (188.8 eV), BC2O (190.0 eV), BCO2 (192.0 eV), and B2O3 (193.2 eV). 
The majority bonding state is B-substituted-C and BC2O on the BxCNT 

surface, and the boron content is ca. 0.7 at%. 
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2.3.8. BET Surface Area and Pore Volume 

The porosity was obtained by recording the N2 gas absorption isotherm 

using the Brunauer-Emmett-Teller (BET) analysis technique. The results show a 

type-II adsorption isotherm (Figure	  2.27) exhibiting a negligible concave section, 

which is attributed to microporous volume uptake, and a rapid rise in total volume 

near P/P0 = 1; a macroporous material (pore diameters >50 nm). If we assume 

that the density of individual MWCNTs to be around 2.1 g/cm3 (according to 

cheaptubes.com, a commercial vendor of MWCNTs and others [178]), any 

sample with a density < 19 mg/cm3 would have a porosity > 99% (thus meaning 

that > 99% of the volume is air). The BET surface area, SBET, was found to be 

360.42 m2/g shown in Figure	  2.28. 

 

Figure 2.27 – The BET N2 absorption isotherm shows a type-II 
adsorption isotherm that exhibits a negligible concave section, which is 
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known to be attributed to microporous volume uptake, and a rapid rise in 
total volume near P/P0 = 1 indicating a macro-porous material. 

 

Figure 2.28 – The BET surface area, SBET, shows to be 360.44 m2/g. 

2.3.9. Bulk Thermal Properties  

Bulk thermal properties were assessed by infrared (IR) microscope 

measurement technique by applying a heat source (~ 120 oC) to the bottom of 

reference fused silica layer below a BXCNT sponge sample (having bulk density 

~ 6 mg/cc) in series and monitoring the heat dissipation with an infrared (IR) 

temperature sensor. The IR temperature sensor generates a high-resolution two-

dimensional temperature map to determine the thermal conductivity, k. The 

temperature map also provides a good visual of how well the material dissipated 

heat across the entire thickness of the sample. The fused silica reference layer 

(kref = 1.4 W/m-K) used between the heat source and the sample was chosen due 
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to its stable thermal conductivity over a wide range of temperatures. The spatial 

resolution of this technique was 2 µm and the temperature resolution was 0.1o C. 

The sample setup and temperature map can be visualized in Figure	  2.29.  

 

Figure 2.29 – Thermal Characterization setup with the IR temperature 
map 

The temperature distribution profile across the sponge was ~ 80 oC 

gradient as shown in Figure	  2.30. The thermal constant, k, was determined by 

plotting the heat flux, q’’ versus the temperature gradient dT/dx across the 

sample and determining the value of the slope to find k as dictated by Fourier’s 

Law for heat conduction expressed in Equation	  2.1: 

𝒒 = 𝒒!!𝑨 = 𝒌𝑨
𝒅𝑻
𝒅𝒙 

Equation 2.1 – Fourier’s Law for thermal heat conduction.  

Despite the fact that carbon nanotubes have high thermal conductivity, the 

BxCNT Sponge, as a bulk solid at the macro-scale, has super low thermal 
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conductivity. Being that the material is mostly air, the contribution of the CNTs is 

not significant when measured as a bulk material. Individual CNTs can have 

thermal conductivity up to 3000 W/m-K [179]. Here we see the thermal 

conductivity of the bulk BXCNT sponge sample of density ~ 6 mg/cc to be ksample 

= 0.15 ± 0.1 W/m-K; four-orders of magnitude less than an individual MWCNTs. 

 

Figure 2.30 – Temperature distribution profile across the BXCNT 
Sponge sample of density ~ 6 mg/cc. 

Generally, boron is known to protect carbonaceous materials by carbon 

active sites poisoning (for low percentages of boron) or by forming a B2O3 film at 

the surface of the carbonaceous material (for high percentages of boron), [172], 

[180], [181]. Previous work had shown boron oxide coated graphite specimens to 
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be impervious to oxygen at temperatures below 815 °C [182]. The BXCNT 

sponge samples in this work show oxidation resistance ~ 692 oC according to the 

derivative of the weight % versus temperature curves of the TGA data of Figure	  

2.32. As compared to pristine MWCNTs the BXCNT sponge form takes more time 

to burn as observed by the more gradual slope of the TGA curve in Figure	  2.33. 

 

Figure 2.31 – The heat flux, q” plotted versus temperature gradient 
across the BXCNT Sponge sample of density ~ 6 mg/cc for two different 

measurements. The slope of the fitteted line is the k value as dictated by 
Fourier’s Law for heat conduction of Equation 2.1.  
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This observation may be an indication of the role of boron on the oxidation 

resistance properties. Another reason for this property may be do to the porous 

structure of the BXCNT sponge form, being a thermally insulating bulk material as 

shown in Figure	  2.31 it would take more time for the heated environment of the 

TGA chamber to elevate the temperature of the bulk sample as a whole, thus 

making the TGA curve more gradual. Therefore, a more gradual slope may be an 

indicator of successfully obtaining a more porous BXCNT structural form. It may 

be an interesting study for the future to relate the slope of this curve with respect 

to sample density and define the structure property relationship. The BxCNT 

Sponge of density ~ 26 mg/cc shows a residual iron content of ca. 17 wt%, 

meanwhile the pristine CNTs show ca. 4 wt% iron catalyst content. 

 

Figure 2.32 – Thermogravimetric Analysis (TGA) on BxCNT Sponge 
sampel (density ~ 26 mg/cc) in air environment at heat rate of 10oC/min 

shows oxidation at ~ 692 oC. 
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Figure 2.33 – TGA comparison of BxCNT Sponge (density ~ 26 mg/cc) 
vs. that of the pristine MWCNTs in air environment at heat rate of 10oC/min.  

 

Figure 2.34 – The different contributions to the weight loss of the 
BxCNT sponge sample of density ~ 26 mg/cc. 
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2.3.10. Bulk Electrical Properties 

Four-probe electrical resistivity and magnetic moment measurements 

were done using a physical properties measurement system (PPMS; Quantum 

Design). The PPMS four-probe electrical resistivity measurement was taken 

versus temperature of the bulk sponge material. Resistivity, ρ = 2.15 Ω-cm at RT. 

The resistivity measurement is to show it is a candidate material as a good 

flexible porous 3D electrode material. 

 

Figure 2.35 – The Electrical Resistivity vs. Temperature of bulk 
BxCNT Sponge. 
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2.3.11. Bulk Magnetic Properties  

The room temperature magnetization curve (M (H)) in fields up to 60 kOe 

(see Figure	  2.36) indicates a very high coercive field of (~ 400 Oe) compared to 

bulk iron (~ 0.9 Oe) and a saturation magnetization around 2 emu/g. The 

magnetization curve suggests that the BXCNT sponge is ferromagnetic. Although 

the origins of such magnetism may be thought to come from the iron catalysts 

trapped within the core of the CNTs, others have been able to prove the pure 

carbon framework and it’s intrinsic structure plays the significant role [183], [184]. 

This ferromagnetism and coercive field is in agreement with work done by A. V. 

Rode et al. who report strong paramagnetism and possible ferromagnetism in 6 

nm sized clusters of pure carbon nanofoam containing hyperbolic “schwarzite” 

layers produced by laser ablation [183]. Their reported coercive field strength of ~ 

420 Oe [183] is in close proximity to the value discovered in the bulk macro-

scaled BXCNT sponge materials presented in this thesis. They suggest the 

presence of ferromagnetic domains in a predominant paramagnetic matrix. They 

attribute the ferromagnetic properties to the hyperbolically curved sheets in the 

foam providing a unique mechanism that both localizes the spins and preserves 

them from chemical attack. The origin of this magnetism in carbon nanofoam had 

also been investigated theoretically by ab initio modeling of a structure containing 

these “schwarzite” negative Gaussian curvature surfaces [184]. Therefore, this 

strong ferromagnetic property found in the macro-scaled BXCNT sponge material 

acts as strong evidence and confirms the structure of having negative 
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“schwartzite-like” curvature as reported in this thesis by a simple in situ boron 

doping technique via AACVD. There is also a magnetoresistance effect, however 

the change in resistance doesn’t seem to be so significant (0.65% change). 

 

Figure 2.36 – Magnetization curve of bulk BxCNT Sponge and 
Magnetoresistance Effect. 

2.4. Applications 

Many applications are expected for the BxCNT Sponges. Some 

applications may include: 
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• Oil Spill absorbent materials 

• Water treatment for unconventional fuels such as shale gas and oil sands 

• Lightweight oil storage tanks 

• Oil-in-water emulsion separation 

• Catalysis (catalyst support scaffolds) 

• Water purification membranes to filter out organic solvents and 
hydrocarbons 

• Capacitive Deionization (CDI) / Reverse Osmosis Desalination of 
Seawater 

• Sorbents for air pollution control 

• Toxic gas sensor (ppm, ppb, ppt?) 

• Gas and carbon capture / storage (CCS) 

• Hydrogen, hydrogen sulfide, methane, carbon dioxide etc. 

• Liquid natural gas (LNG) storage tanks 

• LNG refining process materials 

• Porous electrodes for supercapacitor, battery devices, & Fuel Cells 

• Electro-mechanical strain sensors 

• Infiltrate polymers to form robust lightweight composites for airplane and 
auto industry (efficient load transfer at the CNT-matrix interface) 

• High velocity impact resistant materials (bullet proof vests) 

• Solar thermal power plants – to drive steam turbines 

• Electrolysis or alternatively heat-driven water splitting scaffold  

Today, a strict and demanding global concern surrounds the oil & gas 

industry regarding responsibility for environmental oil contaminated water and oil 

spill cleanups. It is understood that a global challenge exists for a sustainable 

clean water supply and will be vital for humanity today and for generations to 
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come. Aside from this, the oil & gas industry uses a lot of water and has a lot of 

crucial separation needs on a daily operation basis that demand cutting-edge 

advanced materials technology. These operations can be oil-in-water emulsion 

separations, desalination, and other hydrocarbon contaminated water 

purification. This thesis explores the potential use of BxCNT Sponges as an oil-in-

water separation technology.   

These exotic nanomaterials possess a unique combination of multifunction 

properties – discovered to be superhydrophobic, yet exhibit superior oil (solvent) 

absorption capacity. Oils and organic solvents are selectively absorbed from 

water with efficiency as high as 100 times original weight in engine oil. The 

absorbed oil (solvent) can be easily salvaged by squeezing and/or gently heating, 

as done in a traditional oil refinery distillation process, and can be reused 

potentially thousands of times. Exploiting the super-hydrophobic nature of CNTs 

[185] and the low-density 3D porous framework, the sponge-like solid is 

demonstrated as a reusable oil sorbent material in seawater. The BxCNT sponge 

had a contact angle ca. 150° with a 2 mm water droplet depicted in Figure	  2.38 

(a) and (b), but readily absorb many organic compounds and hydrocarbons, 

including alcohols and oils. Strong oleophilic behavior was thus observed for the 

sponge material with very high absorption capacity. Weight-to-weight absorption 

capacity, (defined by W (wt/wt), the ratio of the final weight after absorption to the 

initial weight before absorption) for common solvents, was measured on sponges 

with three different densities: 10.8 mg/cm3, 17.3 mg/cm3, and 24.3 mg/cm3, and 
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plotted for a comparison. With BxCNT sponges of density, ρ = 10.8 mg/cm3, as 

high as W = 123 for chloroform is achieved. Based on the oil absorption property, 

we performed the sequence of events for its possible use to clean environmental 

oil contamination in seawater.  

 

        

Figure 2.37 – Oil absorption application. (d)-(g) demonstration using 
BxCNT sponge to clean up used engine oil spill (0.26 mL) in seawater; 
sample (m ≈ 4.8 mg, ρ ≈17 mg/cm3); (d) photograph shows the sponge 
dropped into the oil at t = 0 min, inset shows sponge before use; (e) 

sponge sample absobing the oil at t = 2 min, inset shows t = 5 min; (f) by 
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burning or squeezing (inset) one can salvage the oil; (g) the sponge can 
then be reused repetitively. By using a magnet one can track or move the 

oil; inset shows sponge after burning and before reuse. 
 

 

Figure 2.38 – Oil absorption application. (a) Photograph of 
superhydrophobic surface with; (b) a 150o contact angle measurement of a 
2 mm diameter water droplet resting on the sponge surface; (c) weight-to-
weight (g g-1) absorption capacity plot for common solvents measured with 

samples of density 24 mg/cm3 (green), 17 mg/cm3 (red), and 10 mg/cm3 
(blue). 
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Solvent absorbed 

 Sponge  

ρ = 24 ± 0.5 
mg/cc  

Sponge 

ρ = 17 ± 0.3  
mg/cc 

Sponge 

ρ = 10 ± 0.8 
mg/cc 

Hexanes (0.6548 g/ml) 26.0 29.6 44.4 
Ethanol (0.789 g/ml) 30.7 33.1 62.6 
Kerosene (0.81 g/ml) 32.0 36.8 59.3 
Toluene (0.867 g/ml) 37.4 48.5 65.5 
Used Engine Oil (0.913 g/ml) 41.1 54.5 78.9 
Ethylene Glycol (1.1132 g/ml) 53.0 74.4 79.5 
Chloroform (1.483 g/ml) 62.3 76.9 122.9 

Table 2.1 – Absorption efficiency (g g-1) for various solvents using 
sponge samples of decreasing density. Experimet was performed by 

submerging samples in solvent till samples saturated and settled to the 
bottom and then measured on mass balance. 
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Figure 2.39 – Absorption capacity comparison with some common 
commercial sorbent materials. 

After it becomes saturated, the oil can be burned out, and the sponge can 

be reused in this way time and time again. One extraordinary observation is the 

fact that when oil saturated BxCNT “sponges” are burned, the CNTs are not 

significantly consumed. Adiabatic flame temperature of common fuels is ~ 2100 

oC, meanwhile the oxidation of the BXCNTs sponge is merely as high as ~ 692 oC 

(Figure	  2.32); so why do the “sponges” survive after the burning process? The 

answer to this can be for multiple reasons. In practice, there are a number of 

reasons why the actual flame temperature will be lower than the value predicted 

by this procedure. The most significant of these is that at the high temperature 
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achieved in flames, the combustion products will “dissociate” back into reactants 

or other higher reactive species: this process is accompanied by an absorption of 

energy, hence reducing the actual flame temperature. Another fact to mention is 

the incredible thermal conductivity of individual CNTs allows the ability to 

dissipate the heat rapidly enough to prevent localized elevated temperatures 

causing CNT oxidation. Also, since the CNT surface is coated by a more volatile 

substance (oil/solvent), the effects of oxidation are delayed temporarily allowing 

more time for thermal dissipation to occur before finally being exposed to fresh 

air. As the solvent/oil vanishes, the CNTs would then have less protection against 

oxidation, and the rate of CNT oxidation would then begin to increase only before 

it rapidly cools below the oxidation temperature. Thus, minimal depletion of the 

sponge material occurs during the burning process. 

Alternatively, the oil can be salvaged by means of squeezing it out by 

mechanical compression. The sponge can be used to ‘mop-up’ the surface oil out 

of the water as demonstrated by using a permanent magnet (field strength ~2000 

Oe) to move it around as a means to tracking the oil spills. The ferromagnetic 

properties of the sponge arise due to the iron catalyst particles used in the growth 

process that remains trapped in the CNT core. The very high coercive field of the 

BxCNT sponge (~400 Oe) due to the Fe catalyst nanoparticles compared to bulk 

iron (~0.9 Oe), and low field of saturation open up new avenues for magnetic 

tracking of oil, even with small fields. 
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Figure 2.40 – Various approaches for oil spill cleanup using 
nanomaterials nanotechnologies [186]. 
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Figure 2.41 – Oil absorption capacity of various candidate 
nanomaterials (different types of oils studied with each material: activated 

carbon – diesel oil, CNT sponge – various organic solvents and oils, PU 
foam – paraffinic and napthenic oils, CF3 functionalized aerogel – crude oil, 
silica aerogel – crude oil, EG – different grades of heavy oil, NW – various 

types of oils, ambient pressure dried silica aerogel – diesel oil, TEGO – not 
known, cotton towel – not known) [186]. 

2.5. Incomplete Work and Future Ideas 

This work merely pioneers the initial experimental results to realize such 

hypothetical 3-D monoliths of CNT materials that are theoretically imagined to 

have superior properties. Simply reaching the goal of having a 3-D “sponge” form 
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of CNTs is novel in its own right, but it’s still just a starting point – as this can be 

achieved by merely having a low density entangled network containing minimal 

covalent interconnections and not necessarily being “monolithic”. Now, much 

more experimental research will be needed in the future to accomplish this 

daunting task more fully. Future work is needed to improve the degree of 

covalent bonding sites within the 3-D framework, which would cause a dramatic 

increase in mechanical, electrical, and thermal performance closer to theoretical 

calculations as a superior material. The findings of covalent bonding here in this 

thesis is minimal and between randomly arranged and entangled CNTs. 

Achieving a 3-D geometrically ordered array of CNT “superstructures” is an 

entirely separate and challenging task in itself. In this case, a more uniform 

porosity can be realized which would have major advantages in applications for 

hydrogen storage tanks and catalyst support scaffolds for example. 

2.5.1. Chemical Cross-linking: Benzoyl Peroxide Treatment 

The overall goal is to enhance the three-dimensionality of the internal 

network of the BxCNT “sponge” structure. This is desirable because the more the 

nanotubes are linked the better the mechanical, electrical and thermal 

performance will be. The strategy is to inducing covalent junctions via post-

synthesis physical and chemical cross-linking strategies. If nanotubes are 

covalently joined in 3-D space, there can be more conduction channels for 

electrical and thermal transport as well as enhanced mechanical durability.  
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The idea here is to utilize the thermal decomposition of benzoyl peroxide 

(BP) via single-electron transfer initiated by contact with the CNTs. Other 

researchers had been successful to realize 3D solids composed purely of CNTs 

using BP slurry mixtures with CNTs followed by heat treatment at 60 degrees 

Celsius for 24 hours [187] (Figure	  2.42). 

 

Figure 2.42 – Benzoyl Peroxide Chemical Cross-linking to form CNT 
solids [187]. 

Inspired by the aforementioned literature reference, BP was used to cross-

link BxCNT sponges in a similar process. The experimental procedure for BP 

cross-linking of BxCNT Sponge is depicted in Figure	  2.43. The mechanical 

properties were studied and compared afterwards to prove the effects of covalent 

linking with both static tension and dynamic mechanical analysis. Figure	  2.44 

depicts the reflux reaction of BP dissolved in Benzene solution containing the 

BxCNT Sponge films. 
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Figure 2.43 – Experimental Procedure for the BP cross-linking 
experiemnts. 

 

Immerse 
NanoSponge in 50 
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Heat solution to 
70oC in oil bath 
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BP at 300oC for 20 
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Measure Density 
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Static Tension testing 
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Figure 2.44 – Benzoyl Peroxide molecules depicted with two 
crossing CNTs. Sponge films were synthesized and cut into rectangles and 

placed into solutions of BP in Benzene under reflux reaction vessel at 70 
degrees Celsius. 

NanoSponge	   
Film,	  t	  ≈	  100	  μm 
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It was vital to rule out the possible density factor being the reason for 

enhanced mechanical performance. For that reason the density must be 

measured to be within a reasonable error. Also, the goal is not to make a 

composite with the BP, therefore it is important to burn out any excess unreacted 

BP that may remain trapped within the sponge sample after the desired reaction 

time is complete.  

 

Figure 2.45 – As seen from the SEM images, there is an obvious 
cross-linking effect similar to that observed by Lalwani et al. [187] due to 

the BP reactions. 

2.5.1.1. Static Mechanical Analysis 

Static tension testing is the paramount method to characterize the 

mechanical strength and mode of failure for materials. Plotting the stress vs. 

strain curve can reveal insightful evidence to the strengthening effects of cross-

linking within BxCNT Sponges. All samples tested were from the same growth run 

Before After 
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yielding a sample density ≈ 0.20 ± 0.04 g/cm3 meanwhile the static tension 

testing conditions consisted of a preload force of 0.05 Newton and a strain rate of 

10 % / min. 

A rather small linear elastic regime at the beginning of the stress-strain 

curve is expected for the non-cross-linked entangled network structure. The 

Young’s modulus and UTS are increased after benzoyl peroxide (BP) 

modifications seen in Figure	  2.46. This indicates CNT cross-linking and enhanced 

mechanical properties of the BxCNT Sponges. Table	  2.2 quantifies the stress-

strain behavior of the samples tested in Figure	  2.46. 

         

Figure 2.46 – Comparison plot of As-produced vs. BP Cross-linked 
Sponges. 
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Sample Average 
Young’s, E 
(MPa) 

Average 
UTS (MPa) 

Average               
Strain-to-failure (%) 

As-Produced 81 1.7 4.5 

20 hr BP @ 50 mg/mL 155 3.4 2.4 

2 hr BP @ 100 mg/mL 252 3.4 1.1 

22 hr BP @ 100 mg/mL 412 4.9 1.1 

Table 2.2 – Comparison table of As-produced vs. BP Cross-linked 
Sponges. 

To summarize the preliminary static mechanical results, an increased 

linear elastic regime indicates the possibility of cross-linking. Young’s modulus 

increased greater than 500% with BP concentrations as high as 100 mg/mL, 

greater than 285% increase in UTS with increased BP RxN time to 22 hours, and 

up to 416% decrease in Strain-to-Failure indicating a more brittle failure.  

2.5.1.2. Dynamic Mechanical Analysis 

The dynamic testing conditions were force controlled tension mode. 

Preload was 0.005 Newton, ramp force 1.125 N/min to 0.15 N at which 

point the force was ramped back down to 0.005 N at a rate of 1.125 N/min 

for a total of ten cycles. The samples were treated for 20 hours in 50 

mg/mL BP-Benzene solution.  
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Figure 2.47 – The stress-strain curve of the As-Produced sample 
shifts significantly to the right after each cycle, indicating plastic 

deformation via CNT slippage. The larger hysteresis indicates more lost 
mechanical energy than the Cross-linked sample.  

 

Figure 2.48 – Comparison of DMA promerties complex modulus, E*, 
and tan delta value for As-produced vs. Cross-linked Sponge. 



	   116	  
	  

 

Table 2.3 – Tabulated values of the DMA properties of As-produced 
vs. Cross-linked Sponges. 

Cross-linking significantly increases the elastic (storage) modulus, E’. As a 

result the complex modulus, E* is increased and the tan delta (E”/E’) is 

decreased. It is evident that the Benzoyl Peroxide chemically modified BxCNT 

Sponges have enhanced mechanically robust characteristics that could not be 

found in the as-produced NanoSponges, making them optimal for use in 

advanced composites. The enhanced mechanical qualities create an ideal 

candidate as carbon-fiber composites. This conclusion is based on the modified 

BxCNT Sponge’s: high strength-to-weight ratio, high rigidity, high UTS and high 

elastic moduli. 

To summarize the preliminary dynamic mechanical results, the samples 

become less absorbing and more elastic in response.  ≈ 336% increase in 

storage E’ and complex E* moduli ≈ 242% decrease in tan δ (damping). 

Decreased plastic deformation due to sliding of CNTs  
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2.5.2. Physical Cross-linking: CNT Welding Techniques 

Nanoparticle assisted microwave welding or high temperature furnace 

welding treatments may be another feasible route to induce covalent junctions 

between individual CNTs. Nanoparticles may lower the energy required to break 

carbon-carbon bonds within the CNT lattice causing them to recombine with 

other neighboring CNTs.  This can be thought similar to how nanotubes can be 

flash ignited by high power camera flash and recombined [188]. High 

temperature furnace treatments up to 1500 degrees Celsius may be enough to 

cause the bonds to break and weld back together as discovered by Endo et al. 

[120] using boron as an interstitial atomic welder between double walled CNTs. 

Perhaps other elemental nanoparticles such as boron, iron, platinum, titanium, 

silver can be used to facilitate covalent interconnections of CNTs. Microwave 

irradiation treatments had been used before to weld nanotubes successfully 

since it is well know that CNTs strongly absorb microwave radiation energy [189], 

but never before was this done on such a 3D macro agglomerate of CNTs. 

Inspired by this work, the proposed idea is to further cross-link or weld the BxCNT 

Sponge and compare the mechanical performance before and after welding.  

2.6. Recent Literature on Three-Dimensional (3-D) Carbon 

Nanomaterials 

Assembling 1-D CNTs and 2-D Graphene based nanomaterials into 
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macroscopic 3-D porous structures has very recently become a topic of 

popularity since the Author of this thesis had published a paper titled “Covalently 

Bonded Three-Dimensional Carbon Nanotube Solids via Boron Induced 

Nanojunctions” in April 2012 [190]. Many scientists had started to recognize that 

3-D porous forms of 1-D and 2-D carbon nanomaterials are suitable architectures 

for a wide range of applications: oil water separation [190], [191], supercapacitors 

[192]  

Constructing a 3-D porous form of carbon nanomaterials is of special 

relevance for the realistic development of any of the above-cited applications 

because the resulting materials would offer a desirable combination of high 

internal reactive surface area to compete with amorphous activated carbons, yet 

at the same time, add improved electrical conductivity intrinsic to the sp2 

crystalline structure. In addition, the porosity provides a straightforward molecular 

transport through broad ‘‘highways’’ leading to such a surface [193], [194]. These 

morphologies are also obtained in monoliths exhibiting hierarchical structures 

that combine micro-, meso-, and macropores—so that the micro and 

mesoporosity provide high surface areas while the macroporosity guaranties 

accessibility to this surface [193]. 
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2.7. Concluding Remarks 

By proper manipulation of the experimental parameters, along with the 

careful introduction of boron impurities, their structural properties were altered to 

create a novel 3-D networked CNT “sponge” form. This CNT “sponge” material is 

the first demonstration to exploit the theoretical effects of heteroatom 

substitutional dopants on CNT morphology to create elastic 3-D macro-

structures. The importance of substitutional doping effects of boron on CNT 

structural morphology was characterized experimentally and theoretically for the 

first time, and shown to exhibit a variety of multifunctional properties. This 

contribution to the field of CNT engineering provides a step towards realizing this 

novel 3-D class of sp2-hybridized carbon materials predicted by theory, and 

allows for new avenues in the feasible use of CNTs among diverse applications. 

The discovery of the BxCNT “Sponge” pioneers the experimental result of 

realizing covalent architectures of CNT materials in 3-D macro-scale forms.  This 

CNT form offers a solution to the aforementioned limitations of the common CNT 

forms. The work described in this thesis pioneers the innovative breakthrough to 

achieving this 3-D networked solid form of CNTs by using heteroatom dopants 

(impurities), such as using the element boron, directly in the CVD growth 

process. The impurity dopant atoms can initiate positive and negative curvature 

in the graphitic lattice, as proven by both theory and experiment, and can 

generate “elbow” defects, the formation of branches, and covalent 
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interconnections between the 1-D nanotube building blocks. The covalent 

interconnections / junctions allows for macro-scaled strength and flexibility and 

extends the amazing properties of CNTs into 3-D space while simple van der 

Waals forces cannot achieve this. This discovery finally allows CNT materials to 

be used with more versatility towards many future technologies for macro-world 

applications. The 3-D CNT “sponge” form is demonstrated as a useful material 

for environmental oil spill cleanup applications. It was characterized to exhibit an 

exotic combination of multifunctional properties that will certainly have an impact 

in the field of CNT technology and nanotechnology as a whole. 
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Chapter 3 

GALLIUM-NITRIDE FUNCTIONALIZED 
NITROGEN DOPED CNTs 

3.1. Introduction 

Group IIIB nitrides, with the exception of boron nitride (BN), are some of 

the most important high-energy direct bandgap semiconductors, with physical 

and chemical characteristics superior to silicon (Si), gallium arsenide (GaAs) and 

other group IIIB/group V compounds. Some examples of these characteristics 

are physical and chemical stability, high-temperature stability, and strong 

optoelectronic properties. Most of the group IIIB nitride compounds crystallize in 

the thermodynamically stable hexagonal wurtzite phase under ambient 

conditions. The group-III nitrides, gallium nitride (GaN), aluminum nitride (AlN) 

and indium nitride (InN), have bandgap energies of approximately 3.4 eV, 6.2 eV 
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and 0.64 eV, respectively, in the wurtzite phase at room temperature [195], [196], 

[197]. These characteristics make the group IIIB nitrides promising 

semiconductor materials for applications such as light emitting diodes (LEDs), 

which have been fabricated successfully with emission ranging from green to 

ultraviolet. These materials are also finding use in electronics that operate at high 

temperatures. Of these nitrides, gallium nitride (GaN) has generated the greatest 

amount of interest, with some researchers claiming that it is the most important 

semiconductor material since silicon. Despite the large number of investigations 

regarding optoelectronics, the development of GaN has not been solely centered 

on light emitter applications but also extends to other applications like high speed 

transistors, such as those used for wireless communications [198]. 

 An area of great interest that has generated a significant number of 

diverse results is the synthesis of controlled nanostructures and the development 

of related nanotechnology. The applications of such nanostructures extend to 

almost all fields of scientific research and have found many industrial 

applications, representing a technological revolution. Nanostructured GaN has 

the possibility of increased efficiency and power compared to conventional bulk 

GaN, with numerous applications ranging from diodes to transistors. There have 

been several theoretical efforts since 1999 to establish the physical properties of 

single wall GaN nanotubes, despite the fact that such single wall GaN nanotubes 

have not been synthesized to date [199], [200], [201], [202], [203], [204], [205], 

[206]. The structure and predicted properties of nanotubes of GaN have been 
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one of the motivations for the development of methods to synthesize GaN 

nanostructures. However, these methods have not produced single wall GaN 

nanotubes, but rather nanowires and nanocylinders of GaN, that exhibit a wide 

variety of crystallinities, ranging from mono-crystalline material to amorphous 

[207], [208], [209] [210], [211], [212]. These techniques have primarily employed 

a sacrificial template method to create GaN nanostructures, which involves 

removal of the template either during or after GaN deposition. 

 Carbon nanotubes have been used in combination with the processing of 

nanostructured gallium oxides and nitrides in several studies [209], [211], [213]. 

Previous works have employed these carbon nanotubes as templates, reaction 

substrates and even as reactants. One form of carbon nanotube that seems to be 

of obvious relevance in regard to GaN formation would be nitrogen-doped multi-

wall carbon nanotubes (CNx -MWCNTs). These nanotubes have been 

extensively studied by researchers and have unique chemical, electrical and 

mechanical properties [88], [107] [214], [215], [216]. Considering the presence of 

covalently bonded nitrogen atoms in these carbon nanostructures, they are 

promising materials for possible combination with GaN. This combination can 

allow for direct covalent linkage between one of the most exciting allotropes of 

carbon (nanotubes) and what has been called the most important semiconductor 

since silicon, gallium nitride. 

 In this work CNx-MWCNTs are functionalized with gallium (Ga3+) by 

reacting with an aqueous solution of GaI3. Rather than using the carbon 
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nanotubes as sacrificial templates or nanoscale reaction vessels [209], [211], 

[213], [217], this technique combines gallium with carbon nanotubes in a simple 

non destructive manner, to yield a novel hybrid nanomaterial, gallium–nitrogen-

doped MWCNTs (Ga-CNx-MWCNTs). 

3.2. Experimental Procedure 

3.2.1. Materials 

Both pristine MWCNTs and CNx -MWCNTs were synthesized in-house via 

a floating catalyst aerosol-assisted chemical vapor deposition (AACVD) method, 

under atmospheric pressure conditions. The chemical precursors used were 

mixtures of 22 mg ml –1 of ferrocene in xylene at a growth temperature of 775 oC 

for pristine MWCNTs and a xylene (25 vol%)–acetonitrile (75 vol%) solution with 

ferrocene (22 mg ml –1) at a growth temperature of 850 oC for CNx -MWCNTs. 

For both pristine MWCNTs and CNx -MWCNTs, argon/hydrogen (15% balance) 

gas was used to carry the nebulized precursor at a flow rate of 1.00 standard 

liters per minute and a precursor feed rate of 0.4 ml min –1 through a 46 mm 

internal diameter quartz tube furnace where the MWCNT materials were 

deposited onto Si wafers and collected after synthesis. The total nitrogen content 

of the CNx -MWCNTs was estimated at approximately 2.0% ± 0.5% based on x-

ray photoelectron spectroscopy as shown in Figure	  3.1. 
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Figure 3.1 – The XPS data for as-produced CNx-MWCNTs, showing 
atomic percentages of key elements, C 97.7%, N 2.0%, and O 0.3% 

Fresh aqueous solutions of gallium iodide (Ga(III)I3 99.999%, Aldrich) 

were prepared with deionized water at 0.1 wt% (2.2 mM) and used immediately 

to prevent undesirable hydrolysis reactions of the Ga3+ ions in solution. 

Ammonium hydroxide solution (27% in H2O, Aldrich) was used as delivered. 

3.2.2. Sample Preparation 

CNx -MWCNTs and MWCNTs were added to aqueous GaI3 solutions at 

0.05 wt% (10 mg per 20 ml solution) and then sonicated in a Branson R bath 

sonicator for 30 min at room temperature and pressure. It should be noted that 

the MWCNTs were significantly more hydrophobic than the CNx -MWCNTs and 

that significant agitation was required to submerge and partially disperse the 
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MWCNTs in the aqueous solution. The resultant solutions were then allowed to 

sit at room temperature overnight. To prepare the samples for scanning electron 

microscope (SEM) observation, the nanotube material was removed from the 

supernatant solution of both the CNx -MWCNT and MWCNT samples, and 

washed thoroughly by combining with deionized water in a low molecular weight 

(3 kDa) cutoff centrifuge tube subjected to 9000 r.p.m. for 10 min. This procedure 

was repeated several times to ensure that any unreacted salts (e.g. GaI3 ) were 

removed along with the HI acid produced by the dissolution of GaI3  in water. 

Some samples were subsequently washed with ammonium hydroxide by adding 

100 ml of concentrated ammonium hydroxide and heating the solution to 80 oC 

for 30 min, then washing thoroughly with deionized water. In all cases the 

samples were dried on polytetrafluoroethylene membranes, transferred to 

adhesive carbon microscopy tape and observed with scanning electron 

microscopy (Phillips UHRSEM FEI XL30 SFEG). The same techniques were 

employed to clean nanotube samples prior to being deposited onto a 

degeneratively doped silicon wafer for Raman and x-ray photoelectron 

spectroscopy, and onto a carbon coated copper grid for transmission electron 

microscopy (JEOL 2100, field emission, 200 kV from a LaB6 source). X-ray 

photoelectron spectroscopy (XPS) data collection and analysis was performed 

with PHI MultiPak 7 software (ULVAC-PHI, Inc.). 
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3.3. Characterization Results and Discussion 

The nitrogen atoms in CNx -MWCNTs typically reside in one of two 

common positions—substitutional or pyridinic. Other positions are possible for 

nitrogen, but the two mentioned are the key doping sites [215]. The substitutional 

nitrogen atoms form four bonds and carry a positive formal charge, and they 

effectively substitute the carbon atoms in the sp2 –hybridized graphitic lattice of 

carbon nanotubes. The pyridinic nitrogen atoms form three bonds and maintain a 

lone pair with no formal charge as a result. These pyridinic nitrogen atoms form 

defects in the sp2 -hybridized graphitic lattice, and the present work exploits 

these defect sites. The addition of Ga3+ ions to a solution of CNx -MWCNTs 

allows for the lone pairs of the pyridinic nitrogen atoms to form covalent bonds 

with the gallium atoms analogous to the bonds present in gallium nitride (GaN). 

While ideally these pyridinic nitrogen atoms would be in groups of three for 

optimal bonding with Ga3+ (as shown in Figure	  3.2), there also exist sites where 

1, 2 and 4 (porphyrin-like sites) pyridinic nitrogen atoms are found together. The 

structure shown in Figure	  3.2 is the same basic structure suggested by Shang et 

al. with spin-polarized density functional theory for the functionalization of CNx –

MWCNTs by transition metals [218]. 
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Figure 3.2 – Schematic diagram of CNx-MWCNT with Ga-
functionalization. Only the outermost wall of a CNx-MWCNT is shown as 

this is the only site of functionalization by Ga atoms. 

The presence of nitrogen creates disorder in the sp2 -hybridized carbon 

structure, and it is possible that the addition of Ga atoms into these defect sites 

would restore some degree of order to the sp2 lattice. This is supported by 

Raman spectroscopy (see Figure	  3.3), which showed that the ratio of the G-band 

(ordered graphitic carbon lattice) to the D-band (disordered carbon structure) 

increased after functionalization with GaI3(aq). 
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Figure 3.3 – Raman spectra for CNx-MWCNTs show increased order 
(increased G:D peak ratio) for both wavelengths of laser used. The G:D 
peak ratio for the as-produced CNx-MWCNTs is 2.03 for the 514 nm laser 

and 0.79 for the 633 nm laser. The G:D peak ration for the Ga-CNx-MWCNTs 
was 2.53 for the 514 laser and 1.06 for the 633 nm laser. 

 

3.3.1. X-Ray Photoelectron Spectroscopy 

The Ga–N bonding in the Ga-CNx -MWCNTs was examined by XPS 

(Figure	  3.4). All of the XPS data contain a large carbon peak that is characteristic 

of the sp2 -hybridized graphitic carbon atoms that constitute the majority of 

carbon nanotubes (284.5 eV) [219], [220]. Since the carbon constitutes the bulk 

of the samples, this peak allows for the reliable calibration of the XPS data 

collected. 

The key spectral regions shown in Figure	  3.4 are the gallium Ga 2p, 

nitrogen N 1s and gallium Ga 3d. The CNx -MWCNTs were evaluated in pristine 

‘as-produced’ condition (1), after functionalization in GaI3(aq) solution (2), and after 
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a post-treatment washing with concentrated ammonium hydroxide at 80 oC for 30 

min (3). While the Ga 2p peaks (left) clearly suggest that gallium is present in the 

sample after functionalization, they also confirm that the majority of the gallium is 

washed away in the final post-treatment washing. This is also similar to what can 

be seen in the Ga 3d (right), where only a small shift of the original background 

from the CNx -MWCNTs (from 1 ! 3) can be observed. To further understand the 

interaction of Ga3+ ions in solution, inspection of the XPS spectra with attention to 

the N 1s region is necessary. The presence of nitrogen in the CNx -MWCNTs is 

seen in a region centered about 400 eV (Figure	  3.5), which corresponds to the N 

1s binding energies. Careful examination of the various peak locations reveals 

the changes that occur in the nitrogen-bonding environment as a result of Ga3+ 

functionalization. 

 

 

Figure 3.4 – Selected regions of XPS profiles of: (1) as-produced 
CNx-MWCNTS, (2) Ga-CNx-MWCNTs, and (3) Ga-CNx-MWCNTs after 

ammonium hydroxide wash. These data was obtained using a mono Al K_ 



	   131	  
	  

x-ray source with an energy of 1486.6 eV, power of 50.3 W and a 45_ angle 
of incidence. The step size resolution was set at 0.1 eV. 

Carbon nitride (CNx) films studied in previous works exhibit nearly identical 

bonding character as their curved CNx -MWCNT cousins, and both show 

characteristic peaks for the N 1s around 398 and 401 eV, with the peak at about 

401 eV typically being the strongest [220], [221], [222], [223]. The peak at about 

398 eV is generally attributed to pyridinic nitrogen (three covalent bonds and one 

lone pair) while the 401 eV is attributed to substitutional nitrogen (four covalent 

bonds and a formal positive charge). Unfortunately, this spectral region is also 

precisely the region where GaN has its major N 1s peaks, with XPS data showing 

peaks around 397 eV and electron energy loss spectroscopy showing 401 eV 

[224], [225], [226]. This presents a significant problem for the unambiguous 

identification of gallium atoms bound to nitrogen atoms in CNx -MWCNTs. One 

observation that supports the assertion that newly formed Ga–N bonds change 

the nitrogen bonding environment of the CNx -MWCNTs is the fact that the ratio 

between the peak at approximately 401 eV and the peak at approximately 398 

eV changes noticeably between samples 1 and 3. If gallium–nitrogen bonding is 

present in these GaI3 treated samples, it could be the cause of such peak ratio 

changes. The mild low-temperature reaction conditions used during the GaI3(aq) 

functionalization process alone are unlikely to significantly change the bonding 

environment of the nitrogen atoms in the CNx -MWCNTs as observed, and 

therefore it seems very likely that the Ga3+ ions are responsible. Another key 
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feature of the N 1s spectral region is the presence of a peak at approximately 

405 eV in the functionalized samples. The CNx -MWCNTs starting material 

contains a broad peak centered at 404.0 eV which is typically assigned to pyrrolic 

nitrogen positions, while the final material (3) shows a much more pronounced 

peak at 405.2 eV. This higher binding energy peak has been typically attributed 

to azide-like nitrogen bonding, which is when nitrogen forms four bonds and has 

a formal positive charge [227]. Interestingly this four-coordinated nitrogen peak 

has also been identified as the high binding energy peak for both cubic and 

hexagonal GaN [228], [229]. Furthermore, this peak has shifted to significantly 

higher energy (C 1: 2 eV) from samples 1 to 3. This shift toward the reported 405 

eV of c-GaN and h-GaN is indicative of the increase in the four-coordinated high-

energy binding character of the surface nitrogen atoms. To provide a 

counterpoint, some researchers have suggested that this peak around 405 eV 

can be attributed to diatomic molecular nitrogen encapsulated within the CNx –

MWCNTs [230], [231]. It is the opinion of the authors of the present work that this 

assumption is not applicable in this case. It is highly unlikely that the character of 

such encapsulated N2 would change both peak position and intensity as seen 

from sample 1 to 3. It is far more likely that surface interactions with the GaI3(aq)  

solution have resulted in a change in the local bonding environment of surface 

nitrogens by the addition of gallium atoms to the pyridinic nitrogen positions as 

illustrated schematically in Figure	  3.2. 
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Figure 3.5 – The Deconvolution with symmetrical Gaussian–
Lorentzian curve fitting of the N 1s regions seen in Figure 3.4, with: (1) as-

produced CNx-MWCNTS, (2) Ga-CNx-MWCNTs, and (3) Ga-CNx-MWCNTs 
after ammonium hydroxide wash. The peak positions in eV are given next 

to the relevant images. 
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 The presence of gallium in the samples was further evaluated with the 

observation of several peaks in Figure	  3.4, which are the gallium Ga 2p at both 

1146 eV (2p1/2 ) and 1119 eV (2p3/2 ), and the Ga 3d5/2  at approximately 20 eV 

[232], [233]. The Ga 2p peaks can be clearly observed for sample 2 in Figure	  3.4. 

After the ammonia wash these peaks are reduced considerably and only small 

downshifted peaks are observed. This behavior confirms that gallium is present 

in sample 2, and that the majority of this gallium is removed in the ammonia 

washing. The XPS estimation of the atomic percentage of gallium based on the 

Ga 3d peak in sample 2 was 1.0% ± 0.5%, and this would equate to as much as 

a 1:2 ratio of Ga:N, as the nitrogen content of the as-produced CNx -MWCNTs 

was approximately 2% with carbon at 97.7% and oxygen at 0.3%. It is suspected 

that the large increase in the gallium signal is disproportionate to the small 

amount of gallium, which would be functionalized at the pyridinic nitrogen sites on 

the CNx -MWCNT surfaces. The explanation is that the strong gallium signals 

seen in sample 2 of Figure	  3.4 are the result of gallium oxide, anchored to the 

CNx -MWCNTs by the bonding of gallium atoms to the pyridinic nitrogen atoms 

on the surface. It is known that Ga2O3 is soluble in alkali solutions such as 

ammonium hydroxide, while GaN is not [232], [233], and for this reason an alkali 

washing step was necessary. It was found that after an ammonia wash the Ga 

presence was approximately 0.2%, reducing the Ga:N ratio from 1:2 pre-wash to 

1:10 post-wash. To further investigate the presence of gallium and gallium oxides 
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in the CNT samples, energy dispersive x-ray spectroscopy (EDX) was combined 

with electron microscopy. 

3.3.2. Scanning Electron Microscope  

Field emission SEM was carried out at 5–10 kV with an accelerating 

current of 12.0 µA. Imaging revealed that the MWCNT sample contained a large 

amount of what appeared to be nanoscale clusters or crystals, while the CNx –

MWCNTs showed no such nanoparticles. These nanoparticles are not soluble in 

water, as both samples had been thoroughly washed with an excess of deionized 

water after the GaI3(aq) treatment. Any GaI3 or other water-soluble salts would 

have been removed in these washes. The SEM micrographs shown in Figure	  3.6 

demonstrate the clear difference in the two CNT samples after reaction with 

GaI3(aq). 

 

Figure 3.6 – The Scanning electron microscope images of MWCNTs 
(left) and CNx-MWCNTs (right) after reaction with GaI3 in water. The CNx-

MWCNTs are free of obvious precipitates, while the MWCNTs contain large 
numbers of precipitate particles. The alignment of the CNx-MWCNTs and 
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the disorder of the MWCNTs are artifacts of their synthesis and are not 
related to the gallium functionalization. 

Although both the MWCNTs and the CNx –MWCNTs grow in a vertically 

aligned fashion (CVD synthesis), the MWCNTs were processed in a way that 

disrupts this alignment. The CNx -MWCNTs were not subjected to post-synthesis 

processing. The composition of the particles found amongst the MWCNTs was 

evaluated by EDX, which showed strong gallium and oxygen signals (see Figure	  

3.7), consistent with gallium oxide. The fact that these nanoparticles were not 

removed in the ammonia wash removes the possibility that they are Ga2O3  

(gallium oxide), as this material is highly soluble in concentrated alkali solutions 

such as ammonium hydroxide [232]. 

 

Figure 3.7 – The SEM-EDX spectrum from a GaOOH crystal present 
in the MWCNTs sample after exposure to a GaI3(aq) solution in a sonicator 

bath for 30 minutes and then sitting at room temperature overnight. 
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3.3.3. Formation of GaOOH versus Ga2O3  

When GaI3 salt is dissolved in water, it results in Ga3+ and I– ions in 

solution. The Ga3+ ions interact with water resulting in three hydroxide groups 

surrounding the Ga3+ to form gallium hydroxide (Ga(OH)3), while the I–  ions 

interact with H+ ions to form iodic acid. If the Ga3+ is left unreacted in water it will 

begin to undergo hydrolysis and form gallium oxide hydroxide (GaOOH). In the 

MWCNT solution, the Ga3+ ions do not have a room temperature reaction 

pathway with the sp2 -hybridized carbon atoms in the MWCNTs, and instead form 

GaOOH as a precipitate through a metathesis reaction of Ga(OH)3. This reaction, 

shown schematically in Figure	  3.8, removes hydroxide anions from solution and 

contributes to a lower final pH of the MWCNT solution. The initial pH of the 

MWCNT containing GaI3 solution was pH = 3.40 and the observed final pH after 

30 min of sonication at room temperature and sitting overnight was pH = 2.75. 

 

 

Figure 3.8 – The GaI3 forms Ga.OH/3 in solution, which subsequently 
undergoes a metathesis reaction in aqueous media with acidic pH. This 
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results in nanometer and micron scale precipitates of GaOOH and a lower 
solution pH. 

 
 

 
 

Figure 3.9 – the (left) Aqueous solution of 2.2 mM GaI3 and CNx-
MWCNTs after reacting at room temperature overnight. The supernatant 

solution was examined by UV-Vis spectrometry (performed with a Perkin-
Elmer Lambda-900 spectroscope), which confirmed the presence of 

significant amounts of [I3]- in the CNx-MWCNTs supernatant solution, and 
showed only a small trace of [I3]- in the supernatant from the MWCNTs 

control sample (right). The two peaks observed at approximately 285 nm 
and 350 nm correspond to the [I3]- triiodide ion [234].  

 
 

The shapes and sizes of the precipitates (seen in Figure	  3.6) were 

consistent with previously reported GaOOH structures obtained from the 

hydrolysis of gallium salts [235], [236], [237]. The lack of GaOOH precipitates in 

the CNx -MWCNT samples, along with the facile removal of the majority of 

gallium from the CNx -MWCNTs with ammonium hydroxide, are strong evidence 
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that Ga2O3 was formed rather than GaOOH. Ga2O3 is highly soluble in 

concentrated ammonia, while GaOOH is not soluble and routinely precipitated 

from solution with ammonia solutions [238]. This is due to a unique interaction of 

the GaI3(aq)  solution with the CNx -MWCNTs. Gallium atoms bonding covalently 

with surface nitrogen atoms of CNx -MWCNTs also form bonds with hydroxide 

groups in solution. The oxygen atoms of these groups then bond with other Ga3+ 

ions in solution that then bond to other hydroxide groups in a continuous process. 

This nitrogen anchoring of the gallium results in an amorphous layer of Ga2O3 on 

the CNx -MWCNTs. This reaction is shown schematically in Figure	  3.10. 

 

 

Figure 3.10 – Proposed reaction mechanism for the formation of 
nitrogen anchored Ga2O3 on the surfaces of the CNx-MWCNTs. 

3.3.4. Energy dispersive x-ray spectroscopy study of ammonia washing 

EDX was performed within the SEM sample chamber. The EDX spectrum 

obtained from the MWCNTs and CNx -MWCNTs, as-produced (1), post-
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functionalization (2), and post-functionalization with an ammonium hydroxide 

wash (3) are shown in Figure	  3.11. 

All of the spectra show the characteristic carbon Kα peak at approximately 

0.277 keV. The EDX technique is rather insensitive to the presence of nitrogen, 

and accordingly this element was not observed for the CNx -MWCNTs. The data 

for both samples at stage 2 show significant gallium Lα peaks centered at 

approximately 1.098 keV, along with smaller oxygen Kα peaks at approximately 

0.525 keV. Iron, which exists as entrapped catalyst particles within the MWCNTs 

and CNx -MWCNTs [84], was also observed but is not shown. The gallium Lα 

peak remains in the MWCNT sample after the alkali wash (Figure	  3.11 (3, left)), 

while the gallium is significantly reduced for the CNx -MWCNT sample after the 

alkali wash (Figure	  3.11 (3, right)). This supports the assertion that the gallium 

present in the MWCNT sample is GaOOH and that the CNx -MWCNT sample 

contains Ga2O3 anchored by nitrogen atoms on the nanotube surface. While the 

Ga2O3 is removed by the ammonia wash, the Ga–N bonding is not affected. 
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Figure 3.11 – The SEM–EDX study at 20 kV of both MWCNTs (left) 
and CNx-MWCNTs (right) as-produced (1), after exposure to GaI3.aq/ (2), 

and after a post-functionalization ammonium hydroxide washing treatment 
(3). The carbon (C) and gallium (Ga) peaks are labeled, along with silicon 

(Si) peaks from the substrate used in (2). 

3.3.5. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy was used to examine the CNT samples 

more closely and to identify the presence of the gallium oxide presumed to be in 

the CNx -MWCNT sample. Again, the two samples showed a clear difference. 

While the MWCNTs had no noticeable surface coating, the CNx - MWCNTs were 

covered in a conspicuous amorphous layer (Figure	  3.12). It should also be noted 

that the CNx –MWCNTs exhibit a common bamboo structure; this is due to the 

defects introduced to the graphitic lattice by the dopant nitrogen atoms. 
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Figure 3.12 – The Transmission electron microscope images of 
MWCNTs (left) and CNx-MWCNTs (right) after exposure to aqueous GaI3 

solution. The MWCNTs have clean surfaces while the CNx-MWCNTs have 
visible amorphous material on their surfaces. 

 

This surface coating of amorphous Ga2O3 on the CNx -MWCNTs explains 

why no nanoparticles were observed in the CNx -MWCNT sample in the SEM 

studies. To confirm that the surface coating of the CNx -MWCNTs was a gallium 

compound, a scanning transmission electron microscope (STEM) equipped with 

an EDX detector was employed to examine the CNx -MWCNTs. The scans did 

confirm that the surface deposits observed on the CNx -MWCNTs was indeed a 
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gallium compound (see Figure	  3.13).  

 

Figure 3.13 – The STEM-EDX of Ga-CNx-MWCNT before ammonia 
washing at 200 kV, showing the presence of heavier elements in the dark 
field TEM image at top of figure. The STEM-EDX line scan (diagonal path 

across red box) shows that there is gallium present on the tube surface but 
no iodine. 

Considering the surface layer of Ga2O3 present on the CNx-MWCNTs and 

the absence of such a layer on MWCNTs, it is clear that the presence of the 

dopant nitrogen atoms in the CNx-MWCNTs is directly involved in the formation 

of this layer. 
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3.4. Concluding Remarks 

In this work we have shown, for the first time, compelling evidence for the 

hybridization of CNx -MWCNTs with trivalent gallium ions in solution. This is an 

important first step toward merging these two fast growing technologies to create 

a new class of hybrid materials. Carbon nanotubes have the ability to act as 

electron carriers in the form of Ohmic contacts, which has been shown previously 

[239], and this could provide for GaN materials with lower electrical resistance. In 

addition to the possibility of improved current injection into the direct bandgap 

semiconductor GaN, the dissipation of thermal energy by CNx –MWCNTs acting 

as a heat-sink would also be favorable. This may potentially allow for lowered 

electrical resistance, lowered operating temperatures, and improved performance 

in high temperature environments. Nitrogen-doped carbon nanotubes are 

thermally stable in air up to approximately 500 oC or higher, while GaN is stable 

up to and beyond 1000 oC, suggesting that these materials will perform well in 

harsh conditions. The consequences of the direct covalent bonding of gallium to 

nitrogen-doped carbon nanotubes is not fully understood at this time, and unique 

phenomena are likely to be observed in future works. 

 Future efforts will focus on elucidating the various properties of these Ga-

CNx -MWCNT hybrid materials, as well as attempting to grow GaN directly to the 

Ga-CNx -MWCNT structures with molecular beam epitaxy and atomic layer 

deposition techniques. It may also be interesting to attempt to convert the Ga2O3 
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layer present on the Ga-CNx -MWCNTs to GaN through the careful addition of 

NH3 gas at elevated temperatures, leaving multiple layers of GaN on the surface 

of the Ga-CNx -MWCNTs. Additionally, other group IIIB elements such as indium 

and aluminum will be explored as solution phase moieties for CNx –MWCNT 

functionalization, and the possibility of using other carbon nanotube dopants such 

as phosphorus to create group-III phosphide like hybrid nanomaterials will be 

explored. 
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Appendix A – XPS Peak Fitting  

 

 

Equation 3.1 - Deconvolution curve fitting of the XPS spectra was 
performed by the PHI MultiPak version 7 software with the Guassian-

Lorentzian curve fitting calculation seen here. 


