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Carbon nanotubes (CNTs) possess exceptional material properties, making 

them desirable for use in a variety of applications.  In this work, CNTs were grown 

using two distinct catalytic chemical vapor deposition (CVD) procedures, floating 

catalyst CVD and thermal CVD, which differed in the method of catalyst introduction.  

Reaction conditions were optimized to synthesize nanotubes with desired 

characteristics, and the effects of varying growth parameters were studied.  These 

parameters included gas composition, temperature, reaction duration, and catalyst and 
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substrate material.  The CNT products were then examined using several approaches.  

For each CVD method, nanotube growth rates were determined and the formation and 

termination mechanisms were investigated.  The effects of reaction parameters on 

nanotube diameters and morphology were also explored to identify means of 

controlling these important properties.    

In addition to investigating the effects of different growth parameters, the 

material properties of nanotubes were also studied.  The floating catalyst CVD method 

produced thick mats of nanotubes, and the mechanical response of these samples was 

examined using in-situ compression and tension testing.  These results indicated that 

mat structure is composed of discontinuous nanotubes, and a time-dependent response 

was also observed.  In addition, the electrical resistance of bulk CNT samples was 

found to increase for tubes grown with higher catalyst concentrations and with 

bamboo morphologies.  The properties of nanotubes synthesized using thermal CVD 

were also examined.  Mechanical testing was performed using the same in-situ 

compression approach developed for floating catalyst CVD samples.  A second 

characterization method was devised, where an optical approach was used to measure 

the deflection of patterned nanotubes exposed to an applied fluid flow.  This response 

was also simulated, and comparisons with the experimental data were used to 

determine the flexural rigidity of these CNT arrays.   

In this work, two potential applications for carbon nanotubes were also 

considered.  Using the experimental method employed for flexural rigidity 

measurements, a carbon nanotube-based fluid flow sensor that offered fast response 
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and repeatability was demonstrated.  There is also great interest in CNTs for high 

strength applications, and the growth of nanotubes for the spin-processing of CNTs 

into micron-scale fibers was also investigated.    
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1. Introduction 

Carbon nanotubes are an exciting form of carbon, which, despite their 

relatively recent discovery, have generated tremendous interest within the materials 

science community.  Much effort has focused on the understanding of the synthesis 

and formation of these structures, and on the measurement of their impressive 

properties.  This work has directly led to the discovery and demonstration of numerous 

applications that utilize the unique aspects of this material.  The structure of carbon 

nanotubes resembles a graphene sheet rolled upon itself, forming tubes with diameters 

in the nanometer range.  The synthesis of this material is relatively straightforward, 

and well-aligned forests of nanotubes can be grown using simple chemical vapor 

deposition techniques.  Continuing refinements to the nanotube synthesis process have 

resulted in a steady progression of the lengths of these structures, which can currently 

reach centimeter-scales, and commercial production of bulk nanotubes has brought the 

cost of these tubes down significantly.   

Ultimately, the import of this material beyond the field of nanotechnology will 

be determined in part by the use of nanotubes in applications.  Whether these 

applications take advantage of the mechanical, electrical, or other properties of carbon 

nanotubes, the ability to understand and carefully control their growth will be critical.  

In this work, carbon nanotubes were grown using several variations of a catalytic 

chemical vapor deposition process, and the effects of different reaction parameters 

were examined.  The nanotube products were characterized using a combination of 

approaches, including scanning and transmission electron microscopy, atomic force 
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microscopy, Raman spectroscopy, and several novel methods of mechanical and 

optical testing.   

This paper begins by providing an extensive review of carbon nanotubes.  

Their discovery and material properties are explained, and their physical structure is 

described.  The growth mechanism of carbon nanotubes is presented, including 

descriptions of the roles of the carbon source, the catalyst, and the substrate.  The 

processes by which aligned growth and growth termination occurs, as well as the 

formation of different structure is also explained.  Chemical vapor deposition, the 

most commonly used method for carbon nanotube synthesis, is described in detail, 

along with several modifications to this growth process and some alternate synthesis 

methods.  The background section concludes by detailing some common 

characterization techniques in addition to a number of potential applications and 

industries in which carbon nanotubes may be used.   

While all the nanotubes studied in this work were grown using chemical vapor 

deposition (CVD) techniques, three distinct variations to this process were used, which 

differing primarily in the methods of reactant introduction.  Catalyst material was 

either introduced in solution with the carbon source (floating catalyst CVD) or 

deposited prior to growth (thermal CVD, usually as a thin film), and either liquid or 

gaseous carbon sources were used.  After these methods for nanotube synthesis have 

been described, the results are presented, and have been separated into several 

sections.   
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The first experiments done in this work were focused on the optimization of 

various growth parameters for each other CVD variations.  These parameters included 

reactant gas composition and flow rate, reaction temperature, and reaction duration.  

Significant differences were observed between nanotubes produced using these 

methods, and for each approach, growth rates were determined and nanotube growth 

mechanisms identified using electron microscopy.  The effects of catalyst metal, 

thickness, and substrate material were then investigated, specifically to discover the 

influence of these parameters on nanotube diameters.  These reaction variables, in 

addition to carbon introduction rate and temperature were all found to significantly 

impact catalyst particle sizes and corresponding nanotube diameters, and method to 

manipulate these parameters to control diameter were explored.   

One additional parameter, the reaction gas composition, was found to play a 

very significant role in nanotube synthesis.  In particular, thermal CVD growth using 

liquid carbon sources was found to significantly improve (through a reduction in 

amorphous carbon deposition) upon the addition of ammonia to the reaction.  The 

mechanism for this improvement was investigated, and an additional effect of the 

ammonia addition, the formation of nanotubes with bamboo morphology, was also 

identified.  Two mechanisms have been proposed to explain the growth of nanotubes 

with bamboo morphology, and a series of experiments were performed to determine 

which mechanism was acting in this work.  Several variations to the standard nanotube 

growth conditions were identified as methods to provide control over nanotube 

morphology (for the formation of either straight-walled or bamboo tubes).   
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In addition to exploring the effects of different reaction parameters on the 

growth of carbon nanotubes, several approaches were used to characterize the material 

properties of these tubes.  The nanotubes studied in this work were divided according 

to the synthesis method used for their growth, and specific aspects (such as longer 

mats with floating-catalyst growth or patterning with thermal CVD) made some of the 

characterization techniques better suited for certain tubes.  For longer mats of floating-

catalyst nanotubes, an apparatus was designed to perform compression and tension 

testing in-situ inside a scanning electron microscope.  The results form this work 

provided modulus values for these samples, and also led to the discovery of a time-

dependent response.  In particular, the tensile response indicated that the structure of 

the long nanotube mats produced using this synthesis method was similar to that of 

nanotube yarns or strands (rather than continuous nanotubes spanning the mat height).  

Due to the large quantity of nanotube product obtained using the floating catalyst 

synthesis method, bulk nanotube samples were also produced and simple electrical 

resistance measurements were performed.  This work was focused on the effects of 

impurities and different tube morphologies on their electrical properties.   

Nanotubes grown using thermal CVD were also characterized, using some 

techniques similar to those used for floating catalyst nanotubes, as well as some new 

approaches.  These nanotubes could not be grown to the same heights as those 

produced using floating catalyst methods, and as a result, only limited tests could be 

performed with the in-situ straining apparatus in the SEM.  Difficulties in sample 

attachment excluded tensile tests; however, compression testing was performed and 



5 

 

the responses of tubes grown using various CVD methods were found to differ 

significantly.  In addition to direct compression testing, the optical properties of these 

samples were studied, and from this work a novel mechanical characterization process 

was developed which used variations in transmitted laser intensities to measure 

deformation.  In this approach, nanotube deflections under applied fluid flows were 

measured, and these results were correlated with simulations of the fluid flow and tube 

deformations.  An extension of this experiment led to the demonstration of a 

nanotube-based device for fluid flow and shear force sensing applications.   

The final set of experiments performed in this work involved the adjustment of 

synthesis parameters to produce nanotubes that were more well-suited for processing 

into macroscopic nanotube-based materials.  This post-growth processing can be used 

to produce nanotube ropes and sheets, and has been reported by several groups in the 

literature.  An optimization of our growth procedure was performed in order to more 

closely match the characteristics of our tubes (length, diameter, and morphology), to 

those reported in these other studies, and several devices were constructed to attempt 

the processing of these tubes into ropes and sheets.   

This dissertation concludes with a summary of the main discoveries in this 

work, and some thoughts on potential avenues of future research.   
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2. Background 

Even though carbon nanotubes were only discovered fairly recently, they have 

generated great interest within the materials science community, and there has been an 

extensive amount of research performed in this area.  The focus of this work has 

ranged from studying the properties and formation mechanisms of nanotubes to 

optimizing growth methods and investigating numerous potential applications.  

Accordingly, this background Section will explain the catalyst-assisted formation 

mechanism of carbon nanotubes and describe common nanotube synthesis techniques 

and some nanotube-based applications.  For the latter portion, the most emphasis will 

be placed on the chemical vapor deposition (CVD) synthesis method used in this work 

and the specific applications researched; other growth methods and applications will 

be briefly mentioned.  Additionally, for some of the results and discussion Sections in 

this dissertation, a brief background summary will be included when necessary, 

providing a review of information particularly relevant to each specific topic.   

2.1 Discovery 

Until the early 1980’s, elemental carbon was known to exist in only three 

forms, as amorphous carbon and in crystalline forms of diamond and graphite.  In 

1985, Kroto et al. observed a large number of clusters of sixty carbon atoms in the 

soot generated by the laser vaporization of a graphite target [1].  This new, stable form 

of carbon, called C60, or buckminsterfullerene, existed in the form of a hollow carbon 

cage.  In addition to C60, a number of other stable fullerenes were discovered, and a 
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large amount of research was performed in this new field.  An improved method for 

the production of these molecules was proposed in 1990, which created fullerenes 

from carbon vaporized by an electric arc between two graphite electrodes [2].   

In 1991, while performing research on fullerenes grown using this new arc 

discharge technique, fibrous soot deposited on the cathode of the apparatus was 

analyzed by a group led by Sumio Iijima [3].  Figure 2-1a-c shows these filamentary 

structures, and this report is widely referred to as the first published images of carbon 

nanotubes.  Following this article, the level of interest and the amount of research 

conducted on carbon nanotubes has increased steadily (Figure 2-1d).   

 

Figure 2-1: (a)-(c) Transmission electron microscope images of carbon nanotubes 
published by Iijima in 1991 [3], (d) progression of approximate number 
of carbon nanotube-related journal article publications annually (data 
from inspect article database).   

 
While this 1991 report sparked the explosion of interest and research in these 

nano-structures, nano-scale carbon filaments and tubes had been reported previously.  

Carbon nanotubes had been produced as early as 1952 during research into carbon 

filament formation [4].  Bacon reported on the growth of carbon filaments with 
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diameters less than 100nm and proposed a growth mechanism in 1960 [5], and Baker 

et al. produced metal-catalyzed carbon filaments as small as 15 nm diameter starting 

in 1972 [6-10].  Oberlin et al. reported hollow carbon filaments with diameters 

ranging from 2nm to 50nm in 1976, including what could possibly be the first 

published image of single-walled nanotubes [11].  The first confirmed reports of 

single-walled nanotubes did not occur until 1993, when they were synthesized using 

the arc discharge technique and independently reported by Bethune et al. [12] and 

Iijima et al. [13].   

These structures are also naturally occurring and carbon nanotubes and other 

fullerenes have not only been found on earth, but have actually existed for millions 

and millions of years.  Fullerenes have been observed in pre-Cambrian rock [14], 

glassy rocks formed by lightning strikes [15], and in a 1.85 billion year old meteorite 

impact crater [16].  Carbon nanotubes have been found in the soot deposited by 

burning pine wood [17], in 400 year old Damascus steel sword blades [18], and in 

10000 year old ice [19].   

2.2 Description 

Carbon nanotubes can be classified using several different methods, but the 

most common distinction made between nanotubes is in regards to the number of 

walls in the tube.  By this criteria nanotubes can fall into two main categories; they are 

either single-walled nanotubes (SWNTs) consisting of a tube with a wall thickness of 

only one carbon atom, or multi-walled nanotubes (MWNTs) composed of many 

concentric tubes or shells.  In either case, the walls of the tubes are made of sheets of 
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carbon atoms arranged in a hexagonal lattice, with a carbon atom sitting at each corner 

of each hexagon, the same as in a graphite sheet.  Figure 2-2 illustrates a model of two 

short lengths of carbon nanotubes and an atomic resolution scanning tunneling 

microscopy (STM) nanotube image, showing the hexagonal graphitic structure of the 

tubes.  Nanotubes typically have extremely high aspect ratios, and in some situations 

can be considered as essentially one-dimensional molecules.   

 

Figure 2-2: Representations of short lengths of single-walled carbon nanotubes and 
atomic resolution STM image of a carbon nanotube [20, 21] 

 

2.2.1 Dimensions 

Many of the interesting properties of carbon nanotubes stem from the fact that 

they are essentially one-dimensional molecules.  Single-walled carbon nanotubes 

range in diameter from 0.4nm to as high as 6.0nm [22, 23], and diameters of multi-

walled nanotubes, which can be composed of numerous of concentric tubes, can grow 

as large as roughly 100nm [24, 25].  The distance between these layers is equal to 

0.34nm, the same as the spacing distance between graphite sheets [26].  The carbon-

carbon inter-atomic spacing in nanotubes is also equal to that in graphite, or 0.142nm 

[27].  While very high aspect ratio carbon structures can form with diameters larger 
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than 100nm (diameters approaching millimeter scale [28]), these tend to exhibit 

different structures than multi-walled carbon nanotubes (such as a scroll-like structure 

[5] or a hollow core with an amorphous or graphitic sheath [29]), and are typically 

called carbon filaments or carbon fibers [6, 9, 10].  Depending on growth conditions, 

carbon nanotubes have been grown to significant lengths, and the record for the 

longest nanotubes reported has been broken and re-broken many times [30, 31].  The 

current “record” length is 18mm [32-34] for mats of aligned tubes (as shown in Figure 

2-3), and 4cm and 10cm for individual single- and multi-walled tubes, respectively 

[35, 36].   

 

Figure 2-3: (left) Carbon nanotubes with 12mm length, uniformly grown over a 4” 
diameter substrate, (right) Current record 18mm long carbon nanotube 
array, grown at the University of Cincinnati [32] 

 
With additional refinements in growth techniques, the maximum length of 

nanotubes is likely to continue to increase.  Nanotubes can also be grown in alternate 

morphologies, including a bamboo structure and in branched structures; these are 

discussed in Section 2.4.5.   
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2.2.2 Chirality 

The dimensions of a carbon nanotube, as well as the absence of defects in its 

structure are the most critical factors for potential mechanical applications.  However, 

with regards to the electrical properties of a nanotube, the chirality of the tube is 

perhaps the most important property.  Chirality describes the orientation of the 

hexagonal lattice of the graphite sheets relative to the axis of the tube, and this has 

many implications to the electrical properties of the nanotube.  These differences in 

the orientation of the lattice can be noted in terms of two vectors, which describe how 

a graphene sheet could be rolled to form a nanotube, as shown in Figure 2-4.   

 

Figure 2-4: (left) Illustration of Chiral vectors and Chiral angles on a two 
dimensional graphite sheet, (right) semi-conducting and metallic 
nanotubes [27] 

 
In the example depicted in Figure 2-4, a carbon nanotube would be formed by 

rolling the graphite sheet to connect point A to the origin (“O”) and point B’ to point 

B.  The chirality of a tube is determined by the direction of the vector connecting the 

origin to point A and is defined as a sum of integer multiples of the lattice vectors a1 

and a2.  This can be written in short as the integers, (n,m), as shown in Equation (2-1) 
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[27, 37], and these constants can also be used to calculate the diameter of the resulting 

nanotubes as well as the chiral angle (Equation (2-2) [37] and Equation (2-3) [27], 

respectively).  In these Equations, αC-C is equal to the inter-atomic carbon-carbon 

spacing (1.421 Ǻ in graphite), or the length of the unit vectors a1 or a2 divided by the 

square root of three.   
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Carbon nanotubes can be split into three classes based their chirality as 

determined by the values of the integers n and m; this is summarized in Table 2-1.  

The chirality of a carbon nanotube also determines whether it behaves as a metallic 

material or a semi-conducting material, and the conditions required to determine this 

behavior are also listed in Table 2-1 and depicted graphically in Figure 2-4.   

Table 2-1: Summary of types of carbon nanotubes and their electrical behavior as 
determined by their chirality and chiral vectors [27, 38]. 

CNT Type Condition Notation Chiral 
angle 

Metallic Semi-
conducting 

“Zigzag” 0=m  (n,0) θ=0° (n/3) is an 
integer 

(n/3) is not an 
integer 

“Chiral” mn ≠  (n,m) 0°<θ<30° (2n+m)/3 is 
an integer 

(2n+m)/3 is 
not an integer 

“Armchair” mn =  (n,n) θ=30° All armchair CNTs are metallic 
 

 
The magnitude of the semi-conductor band gap, especially for cases of small 

diameter single-walled nanotubes, is inversely proportional to the tube radius, as 

illustrated in Equation (2-4) [38, 39].  The terms zigzag and armchair describe the 
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appearance of an open end of the respective nanotube, and examples of both a zigzag 

and an armchair carbon nanotube are shown in Figure 2-5. 

 

R
Gap

1
∝  

(2-4) 

 

Figure 2-5: Schematic diagram of two of the main chiralities of nanotubes showing a 
nanotube with (a) zigzag chirality and (b) armchair chirality [40] 

 

2.3 Material Properties 

Due to their strong carbon bonds, unusual geometry, and nanometer-scale size, 

carbon nanotubes exhibit interesting material properties that make them desirable for 

many potential applications.  While other materials may share some comparable 

properties with carbon nanotubes, such as size and shape (inorganic nanowires) or 

mechanical strength (carbon fiber), no other material possesses the combination of 

properties found in carbon nanotubes.   

2.3.1 Mechanical Properties 

The bonding in carbon nanotubes is very similar to that found in graphite, 

where carbon atoms are arranged in a hexagonal lattice.  Graphene has recently been 

shown to have excellent mechanical properties (E≈1 TPa, σ=130 GPa [41, 42]).  

While the in-plane bonding in the lattice of bulk graphite is very strong (E = 1/S11 = 
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1.02 ± 0.03 TPa [43]), the out-of-plane bonding in the c-direction is much weaker; as a 

result graphite is a very soft material (G≈0.18-0.35 GPa [43], τmax≈4.8 MPa [44]).  In 

single-walled carbon nanotubes, the only bonding present is the strong in-plane 

bonding, found along the length of the nanotubes, making them extremely stiff and 

strong, and thought to be the strongest material known [45] (although defects can be 

found at the ends of tubes).  Out-of-plane bonding can be found in-between concentric 

tubes in multi-walled nanotubes, and this can affect their mechanical response, as 

described below.   

As a result of this extremely strong carbon-carbon covalent bonding, nanotubes 

are able to withstand large elastic deformations under very high stresses and yet still 

return to their original shape.  For individual, single-walled nanotubes, the accepted 

value of the elastic modulus is roughly one TPa [46-55].  This has been determined by 

both theoretical and experimental means; an example of the latter is shown in Figure 

2-6, where tensile tests were performed on nanotubes by bonding the tubes directly to 

AFM probe tips [56, 57].  While this modulus value is generally accepted (and in good 

agreement with the in-plane modulus of graphite [43]), there has been some discussion 

about how to accurately obtain the wall thickness of a single-walled nanotube [58, 59].  

Published wall thickness values used in various computer simulations have differed by 

up to one order of magnitude (centered around 3.4Ǻ, the sheet spacing in graphite) 

leading to a wide range in reported modulus values in some cases [59-61].   
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Figure 2-6: Determination of the elastic modulus of a carbon nanotube by tensile 
testing using an AFM [57]. 

 
A number of studies have found that the mechanical properties of carbon 

nanotubes vary significantly with their diameter.  Some early reports compared very 

small diameter nanotubes grown via arc discharge to larger diameter tubes grown 

using catalytic CVD techniques and attributed the roughly 10-fold drop in modulus to 

higher defect concentrations in the CVD-grown tubes [62, 63].  However, more recent 

reports have measured high (~1 TPa) modulus values for small (5nm) multi-walled 

carbon nanotubes grown using CVD methods.  Both experimental [64] and simulation 

[65, 66] results have shown reduced modulus with increasing tube diameter (Figure 

2-7), suggesting that nanotube dimensions, rather than growth process, can contribute 

significantly to variations in reported mechanical properties.   
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Figure 2-7: (left) Experimental and (right) simulation results showing modulus 
reduction with increasing carbon nanotube diameter [64, 66] 

 
Small diameter nanotubes have stiffness, strength, and density advantages over 

today’s common steels and aluminums.  Even some of the hardest materials available, 

such as ceramics and carbides, have elastic modulus values only about half that of 

nanotubes.  The only material known, which has comparable properties to carbon 

nanotubes, is diamond at roughly three times the relative density.  The average 

accepted mechanical properties of single-walled carbon nanotubes are presented in 

Table 2-2, along with the modulus values, tensile strengths, and densities of some 

other materials for comparison. 

Table 2-2:  Comparison of modulus,  tensile strength, and density of carbon 
nanotubes and other selected materials 

Material Modulus of 
Elasticity 

Maximum Tensile 
Strength 

Density 

CNTs 1000 GPa [46-51] 11-150 GPa [53-57] 1.34 g/cc [26] 
Carbon Steel 200 GPa [67] 0.4-0.8 GPa [67] 7.87 g/cc [67] 

6061 Al Alloy 69 GPa [67] 0.24-0.46 GPa [67] 2.7 g/cc [67] 
Titanium Carbide 448-451 GPa [67] 0.2-0.3 GPa [67] 4.94 g/cc [67] 

Carbon Fiber 170-830 GPa [67] 2.1-5.45 GPa [67] 1.7-2.1 g/cc [67] 
Diamond 700-900 GPa [67] 10 GPa [67] 3.52 g/cc [67] 
Graphite 4.8 GPa [67] 0.08 GPa [67] 2.25 g/cc [67] 
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Under tensile stresses exceeding the yield stress, carbon nanotubes will begin 

to plastically deform, and have been reported to survive high strain levels before 

failure.  This process occurs through the formation and movement of pentagonal and 

heptagonal defects in the graphitic lattice (called Stone-Wales defects, see Section 

2.4).  Pairs of these defects can move in a helical path away from the original defect 

location, resulting in a region of reduced tube diameter and an overall lengthening of 

the nanotube in the tensile direction [68].  Maximum tensile strain at failure for single 

walled nanotubes has been reported as roughly 15% at room temperature, although 

some simulations have suggested the elastic limit could be as high as 40% strain [61].  

At elevated temperatures, however, the movement of these defects is fully activated, 

and nanotubes have been shown to survive strains as high as 280% at 2000°C before 

failure, as shown in Figure 2-8 [69].  In multi-walled nanotubes, relatively weak 

bonding forces hold concentric tubes together, and tensile failure can sometimes occur 

by the sliding of concentric tubes past each other.  This failure method is referred to as 

“sword-in-sheath”, and in these situations the mechanical properties for a multi-walled 

nanotube are altered and reduced; this, along with variations in properties with 

diameter, has  resulted in a range of reported modulus values varying from 270 GPa to 

1100 GPa for multi-walled tubes [57, 62].   
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Figure 2-8: (a-d) Superplastic behavior of SWNT under tensile loading at 2000°C 
[69] (e) motion of Stone-Wales defects (shaded region) as mechanism for 
plasticity [68] 

 
In both compression and bending, the very high aspect ratio of carbon 

nanotubes makes them susceptible to high localized strains due to buckling.  For 

nanotubes, the local critical buckling strain, critical curvature, and bending modulus 

decreases as tube diameter increases [68, 70-74], as tube wall thickness decreases [73], 

and as tube length increases [75].  Both bending and torsion stiffness increase with 

increasing tube diameters [68], and a series of kinks can form in the tube walls as 

bucking occurs [61].  These types of deformations are shown in Figure 2-9.  

Simulations have also suggested that critical bending curvatures are independent of 

tube aspect ratio, provided the tube is not very short (L/d<10) [73].  Due to the strong 

carbon-carbon bonding, nanotubes can withstand significant bending and buckling 

elastically, without any bond breaking or switching [53, 61, 76].  At increasing strains 

(and decreasing radius of curvature), the response can vary depending on the structure 

and quality of the nanotubes.  Multi-walled tubes with good graphitization can 

undergo substantial plastic deformation via wall folding and other mechanisms, while 

nanotubes with high defect concentrations can fracture with little to no plastic 

deformation [76].   
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Figure 2-9: (a) Simulated SWNT deformations under bending [66, 73] and twisting 
[61], (b-d)TEM images of localized deformation in MWNTs [68] 

 
The mechanical response of structures containing many nanotubes, such as in 

aligned mats or ropes is also of interest.  Arrays of aligned multi-walled nanotubes 

have shown high fatigue life under cyclical compressive loading (>106 cycles) [77] 

and sequential buckling under increasing compressive strains [78].  This buckling 

continues until a critical compressive strain of roughly 60%, at which the mat has 

densified significantly.  At this point the tubes begin to collapse and the effective 

modulus increases significantly, similar to the response observed in the collapse of an 

open-cell foam [77, 78].  In these bundles, the mechanical properties are a function of 

not only the strength of the individual nanotubes but also of van der Waals forces 

which exist between neighboring tubes.  Van der Waals forces arise due to dipole-

dipole and other intermolecular interactions, and the energy associated with these 

forces drops rapidly with the sixth power of the distance separating atoms or 

molecules.  The van der Waals energy between two bodies can be calculated using the 

Lennard-Jones potential, and is given by Equation (2-5).  This energy is a function of 

V1 and V2 (the volumes of each body), ρ1 and ρ2 (the number of atoms per unit volume 
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in each), r (the distance between atoms), and C (the atom-atom pair potential 

coefficient) [79, 80].  This atom-atom pair potential is related to the Hamaker constant 

(A=π2Cρ1ρ2), which is estimated as 2.38x10-19 joules for the interaction between two 

carbon nanotubes [79].  With very small separation distances these forces can be quite 

significant, van der Waals forces of ~1.35nN per nm are estimated for a carbon 

nanotube on a graphite surface (with the graphite interlayer spacing of 0.34nm taken 

as the separation distance) [81].  These forces drop considerably (to ~6.8pn/nm) if the 

tube is separated from the graphite surface by “peeling” rather than all at once [82].  

While these values were found for nanotubes on flat surfaces, the forces between two 

adjacent tubes (such as nanotubes within a bundles or mat) can also be calculated [83].  

The properties of ropes and bundles of carbon nanotubes are also of interest for many 

applications [84], and the response of these materials is discussed in more detail in 

Section 2.7.2.2.   
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2.3.2 Electrical Properties 

As introduced in Section 2.2.2, nanotubes can exhibit either conducting or 

semi-conducting behavior, depending on their diameter and chirality (the orientation 

of the graphitic lattice relative to the tube axis).  Metallic nanotubes have shown very 

high current carrying capacity and electrical conductivity, and the properties of semi-

conducting tubes can vary with dimensions and doping.   
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Theoretical predictions have surmised that defect-free metallic nanotubes 

could show ballistic conductance due to lack of scattering, where the resistance would 

not vary with the length of the nanotube [85, 86].  This has been verified 

experimentally with relatively short tubes [87-89], with momentum mean free paths as 

high as 30µm [90].  The ballistic resistance in metallic single-walled tubes has been 

estimated to be 6.45 kΩ [91-93], while the resistance of multi-walled tubes is slightly 

higher at 12.9 kΩ [94, 95].  Electrical resistivity has been estimated as low as 10-6 

Ωcm for single-walled tubes [92, 96] and 3x10-5 Ωcm for multi-walled nanotubes [97].  

Electrical resistance has also been shown to increase linearly with increasing 

temperature [98, 99].   

In metallic nanotubes, the current is carried on the surface of the tube, in the 

same manner as current flow over metallic wires.  For multi-walled tubes, this current 

is carried by the outermost tube layers, and little current flows between layers, giving 

multi-walled tubes similar resistances to single-walled nanotubes.  The strong covalent 

carbon-carbon bonding in nanotubes also gives them high resistance to electro-

migration, a current-assisted diffusion process that is temperature independent.  For 

very small diameter metal wires, this effect can cause failure at relatively low currents, 

resulting in a current carrying capacity of roughly 10 nA/nm2.  In defect-free carbon 

nanotubes, as a result of the strong covalent bonding and the lack of scattering due to 

ballistic electron transport (minimizing joule heating), the current carrying capacity 

can exceed 10 µA/nm2, a factor of one thousand greater than standard metallic wires 

[100].  While both metals and nanotubes carry currents on their surfaces, the failure 
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method of nanotubes under excessive current is very different from that of regular 

metals.  When the current carrying capacity of a regular metallic wire is reached, 

complete failure occurs, and the wire breaks; in nanotubes, only partial failure occurs.  

Because only the outer surface carries the charge, when the current capacity is 

reached, the outer shell of the tube fails, causing the current to drop.  In a multi-walled 

nanotube, this exposes a new tube layer, which allows the current to continue to flow 

[98, 100, 101].  This breakdown results in a unique “step” failure process, as shown in 

Figure 2-10.   

 

Figure 2-10: (left) Stepwise current carrying breakdown in multi-walled carbon 
nanotubes exceeding the current carrying capacity, (right) Drop in 
current with successive removal of concentric shells [100, 101]. 

 
The conducting behavior of carbon nanotubes can vary depending on the 

chirality of the nanotube, and can be determined through the chiral indices (n,m), as 

described in Section 2.2.2.  These conditions determine the conducting properties of 

single-walled carbon nanotubes in an undistorted state and of semi-infinite length.  

However, these simple rules can no longer be applied to tubes whose length is very 

short (less than ten nanometers), or which have been mechanically deformed [102].  A 
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normally metallic “armchair” type nanotube will develop a band gap and exhibit semi-

conducting properties if it is subjected to axial twisting, and this band gap is linearly 

proportional to the angle of the twist [102].  However, above a certain angle, kinks 

will begin to form, which lead to the collapse of the tube.  The bending of carbon 

nanotubes can also affect the electrical properties, and computational simulations of 

electrical resistance in bent carbon nanotubes show a slight decrease in conductivity 

with increasing bending angle.  As with twisting, at angles greater than roughly forty-

five degrees the strain can cause kinks can form in the tube wall and the resistance of 

the tube increases significantly [102].  In non-vacuum conditions, simulations have 

shown deformations in nanotube walls caused by collisions with inert gases can also 

affect the electrical properties of single-walled tubes [103].  Deformations of arrays of 

aligned nanotubes can show an effect opposite to that observed in individual tubes, 

and under compression the resistance of mats of aligned nanotubes dropped due to 

densification of the structure [77].   

 While the conducting properties of single-walled nanotubes are determined as 

a function of the chirality, electrical properties become extremely complex when 

multi-walled nanotubes are considered, as each of the many concentric tubes can have 

varying properties.  Predictions have suggested that in defect-free multi-walled tubes 

current would only be carried by the outer tube; however, experiments have shown 

that a number of the outermost shells can influence the conducting behavior [101].  

Current-induced breakdown has been used to selectively remove outer layers in a 

multi-walled tube, allowing successive shells to be characterized, indicating multi-
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walled tubes contain both conducting and semi-conducting tubes [104].  This 

breakdown technique has also been used to selectively destroy metallic single-walled 

tubes within a nanotube bundle, leaving only semi-conducting tubes [104].   

 The electronic properties of carbon nanotubes can be further manipulated by 

the addition of dopants along the length of the tube, similar to the way doping is used 

on silicon in the semiconductor industry.  As-grown semi-conducting nanotubes tend 

to exhibit p-type semi-conducting behavior [105-107].  However, through doping or 

annealing processes, nanotubes may be changed to behave as n-type transistors.  The 

annealing process occurs in a vacuum at roughly 200°C for roughly 10 hours, after 

which the semi-conducting properties have changed to n-type.  This conversion can 

also occur by evaporating potassium dopants onto the nanotubes [106, 108].  This 

conversion can also be reversed, by exposing the n-type nanotubes to oxygen, causing 

a reversion to the original p-type characteristics [106, 107]. 

While one of the main challenges to utilizing the mechanical strength of 

carbon nanotubes is to successfully translate these properties to the macro-scale, there 

have already been numerous reports of interesting electrical properties in bulk 

nanotube-based materials.  For example, very low density mats of tangled nanotubes 

can act as conducting, near-transparent films [109].  These and other potential 

applications are discussed in more detail in Sections 2.7.2.2 and 2.7.3. 

2.3.3 Optical Properties 

Due to their structure and geometry, carbon nanotubes have interesting optical 

properties, particularly in their absorbance, which varies with light energy and 
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polarization.  Low density aligned carbon nanotubes arrays have also recently been 

announced as the “darkest” material known, with a reported reflectance of 0.045% that 

can vary with nanotube diameter and spacing [110].  This low reflectance is a result of 

strong absorbance and random scattering due to the nanoscale surface roughness of the 

nanotube array.  In carbon nanotubes, absorbance increases with increasing light 

energy until a peak found between roughly 4.5eV and 5.25eV, with the former peak 

attributed to surface π-plasmon excitations and the latter peak attributed to bulk 

excitations [111-113].  A maximum in the dielectric function for in-plane graphite 

occurs at 4.5eV, while in the c-direction a maximum is found at roughly 5.2eV [114].   

The response to light polarization can be divided into two components, s-

polarization, which is polarized perpendicular to the tube axis, and p-polarization 

which is aligned parallel to the tube axis [115].  For s-polarization, no dependence on 

the angle θ between the nanotube axis and light incidence is observed, as the dominant 

absorption is due to dipoles perpendicular to the nanotube axis.  With p-polarization, a 

strong dependence on θ is found (with absorption increasing as θ increases), as 

absorption occurs by collinear dipoles parallel to the tube axis.  Small absorption 

peaks at roughly 0.64eV, 0.93eV, and 1.45eV are also observed, which correspond to 

energies between different band and subband gaps in single-walled tubes [111, 116].  

These results are shown in Figure 2-11.   
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Figure 2-11: (a) Absorbance vs. Energy for s-polarized light, (b) Absorbance vs. 
Energy for p-polarized light, (c), schematic showing direction of s- and 
p-polarization [111] 

 
With lower energy incident light (<3.0eV), the absorbance is reported to 

increase with sin2(θ), and this relation can be used to estimate absorbance for θ=90°.  

The optical absorption anisotropy (α) and polarization (ρ) can then be calculated as a 

function of light energy based on the absorbance at θ=0° (Λ┴) and at θ=90° (Λ║) using 

Equations (2-6) and (2-7) [115].  Absorption anisotropy and polarization values range 

from ~0.7 to~0.4 and decrease with increasing light energy.  In addition, the 

polarizability of a single-walled nanotube increases slightly with increasing tube 

radius  and can vary with tube deformation [117, 118].   
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Due to the dependence of absorption on the orientation of the nanotube axis to 

the polarization of the incident light (with reduced absorbance as θ approaches 0° up 

to ~4.5eV energy), the optical absorbance can be used to characterize the alignment of 

nanotube mats, as shown in Figure 2-12.  If this incident light is directed normal to the 



27 

 

substrate, then θ=0° for perfectly aligned tubes and θ increases with misalignment.  A 

decrease in absorbance is observed with increasing growth time, indicating alignment 

improves as the tubes lengthen (as predicted by the crowding alignment mechanism, 

see Section 2.4.5) [111].  Carbon nanotubes dispersed in solution have also shown 

optical anisotropy when aligned by an applied electric field [119].  In addition, due to 

this polarization dependent optical absorbance, Raman spectra can also be influenced 

by the polarization of the incident laser light; different radial breathing mode peaks 

can dominate and G- and D-band intensities can vary depending on the angle between 

the polarization direction and the nanotube axis (see Section 2.6 for more information 

on Raman spectroscopy) [120-124].   

 

Figure 2-12: (a) Variation with absorbance with energy and alignment, (b) reduction 
in absorbance per unit length of nanotube mats decreasing with 
increasing growth showing improving alignment [111]. 

 

2.3.4 Thermal Properties 

In addition to their interesting mechanical, electrical, and optical properties, 

carbon nanotubes also have thermal properties that make them advantageous for many 

applications.  Several simulations have suggested that the thermal conductance of 

carbon nanotubes is in the range of 1000-6600 W/m-K, comparable to the thermal 
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conductivity of diamond and roughly one order of magnitude higher than some of the 

most thermally conductive metals [125-127].  These high simulated values have not 

yet been verified experimentally (thermal conductivity has been reported in the 200-

300 W/m-K range), likely due to defects in the nanotube structure [128, 129].  

Although the electron conduction in nanotubes has been found to be ballistic in nature, 

ballistic phonon transfer has not been observed [130].  The exceptional predicted 

thermal conductivity of nanotubes makes them appealing for applications where heat 

needs to be dissipated quickly, such as in cooling integrated circuits [131], and 

nanotube-based thermal interface materials with thermal resistances as low as 12 mm2 

K/W have been fabricated [132].   

While this high thermal conductivity is of interest for many applications, other 

thermal characterization has also been performed.  The specific heat of bundles of 

single-walled nanotubes has been reported as 600mJ/g-K at room temperature, very 

similar to values for bulk graphite [129].  Carbon nanotubes also have an interesting 

thermal expansion response.  Graphite has a very high coefficient of thermal 

expansion in the c-direction (α=26-30x10-6/°K), but actually has a negative coefficient 

of thermal expansion along the in-plane direction at temperatures up to ~400°C (due to 

in-plane contraction according to Poisson’s ratio) [133, 134].  Simulations of 

expansion in single-walled nanotubes have predicted volumetric contraction to occur 

with heating up until roughly 800°K and linear contraction along the tube axis until 

temperatures of roughly 1300°K.  This unexpected result is due to pinching, bending, 

and twisting of nanotubes with heating, although these effects could be suppressed in 
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multi-walled tubes or in tightly packed bundles [135].  Another study used x-ray 

diffraction to characterize expansion in single-walled nanotube bundles and showed a 

small, slightly negative contraction in the nanotube radius, but a large expansion in the 

inter-tube gap distance within the bundle (α=42x10-6/°K) [136].   

2.4 Nanotube Formation Theory 

There has been much research published explaining the growth mechanism 

responsible for the formation of carbon nanotubes during the synthesis reaction.  

These theories have been based on theoretical modeling as well as experimental 

observations, and have explained nanotube formation both with and without the 

presence of a catalyst.  With any growth procedure, prior to nanotube growth, the 

decomposition of a carbon source must occur (whether in the form of hydrocarbons in 

a CVD process, or as solid graphite in a laser ablation or arc discharge process).  

Many different carbon sources have been used to synthesize carbon nanotubes, with 

similar carbon structures produced even when using a variety of carbon sources [137]; 

the effects of using different hydrocarbon in CVD growth is discussed in Section 

2.4.1.  For catalytically assisted nanotube growth, experimental research has shown 

that the activation energy of metal-catalyzed carbon filament growth is similar to the 

activation energy for carbon diffusion through the corresponding  metal film, as shown 

in Table 2-3 [8].  This suggests that the diffusion of carbon through the metal catalyst 

is the rate limiting step in the reaction.   
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Table 2-3: Activation energies for the growth of carbon filaments and the diffusion 
of carbon through selected metal catalysts [8, 9] 

Catalyst Activation energy for carbon 
filament growth (kcal/mole) 

Activation energy for carbon 
diffusion (kcal/mole) 

Vanadium 27.6 ± 3  27.8 [138] 
Molybdenum 38.8 ± 4  41.0  
α-Iron 16.1 ± 2 [9] 10.5-16.5  
Cobalt 33.2 ± 4 [9] 34.7  
Nickel 34.7 ± 4 [6] 33.0-34.8  

Chromium 26.5  27.1 ± 3.6 [9] 
 

 
For nanotubes grown using metal catalysts, the carbon decomposition needs to 

occur in the presence of nanometer scale metal particles.  In chemical vapor deposition 

reactions, the catalyst is often in the form of a thin metal layer deposited on the 

substrate prior to growth, and catalyst particle formation occurs due to a combination 

of the elevated temperatures occurring during the reaction and surface tension and 

metal substrate interaction energies.  These energies will result in the separation of the 

continuous metal film into small, discrete metal catalyst particles, or islands, whose 

size and spacing can be influenced by varying the thickness of the catalyst layer and 

temperature [139-144].  In some growth methods, however, the catalyst is added 

during the actual reaction and not deposited as a separate step prior to the growth 

procedure.  In these cases, the catalyst is initially found either in its pure form 

(combined with a graphite target or anode in laser ablation or arc discharge), or in a 

compound, such as ferrocene, which is added to the chemical vapor deposition 

reaction.  In either process, whether as a result of vaporization due to laser or electrical 

energy or through thermal decomposition of a compound, small metal clusters are 

generated.  For procedures where a catalyst is added during the reaction, the reaction 
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temperature can also influence the size of the resulting particles [145, 146], and it has 

been suggested that the larger particles observed at higher temperatures are formed by 

collisions resulting in the combination of smaller clusters [147].  Parameters which are 

important for controlling the formation of these small catalyst particles are discussed 

in more detain in Sections 2.4.2 and 2.4.3.  These catalytic metal particles and 

decomposing hydrocarbons are precursors to the actual formation of carbon 

nanotubes.   

The accepted growth theory for substrate-supported, catalyst-assisted synthesis 

of carbon nanotubes via chemical vapor deposition [148] has been adapted from 

mechanisms for the growth of carbon filaments [6, 8], and is also very similar to the 

vapor-liquid-solid (VLS) mechanism describing the growth of inorganic nanowires 

and other structures [149].  Essentially, the decomposition of the carbon source on the 

catalyst particle causes carbon to diffuse into the catalyst, eventually saturating the 

metal particle with carbon.  Once saturation is reached, additional carbon will 

precipitate out of the catalyst with a graphitic structure.  The morphology of this 

structure is determined by the size and shape of the catalyst particle and can also be 

influenced by the composition of the catalyst and the reaction gases.   

For a flat substrate, experiments have shown that graphitic carbon can be 

produced from an amorphous carbon source using a metal film as a catalyst [150].  At 

elevated temperatures, the solubility of carbon in the metal is increased, and 

amorphous carbon (whether deposited before heating or added while at temperature) 

diffuses into the film.  Upon cooling (with the carbon solubility limit decreasing), 



32 

 

carbon precipitates out of the metal film in the form of well-ordered graphite sheets, 

whose basal plane is oriented parallel to the metal surface.  If the metal film surface is 

curved, rather than flat, or if the metal exists as discrete islands, the basal plane of the 

graphitic lattice will attempt to mimic the surface; however, the graphitic sheets will 

be strained as a result of this curvature.  At sufficiently high levels of curvature, found 

in particles with diameters in the range of tenths of microns, filaments of carbon will 

be formed, rather than sheets [7, 151].  At this level of curvature, the strain energy is 

too great to form a continuous graphite coat encasing the particle, and excess carbon 

would precipitate with the basal plane oriented tangential to the particle surface, 

producing a fiber.  At the scale required to produce carbon filaments, minimization of 

strain energy is thought to cause graphite crystallites to grow approximating the 

curved surface, as illustrated in Figure 2-13 [152].  If the catalyst particles are 

spherical or ellipsoid in shape, carbon atoms will diffuse out of the particle at regions 

of lower curvature, and the high strain energy found at regions of high curvature can 

prevent a continuous filament from forming, producing a hollow fiber [7, 10].   
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Figure 2-13: Growth Mechanisms for carbon filaments from metal catalyst particles 
(a) Diffusion of carbon into and through catalyst particle during carbon 
fiber formation [7], (b)-(e) Carbon structures formed with decreasing 
catalyst size, from film to small particle, (f) Approximation by graphitic 
crystallites of a curved particle surface (based on [152]). 

 
As carbon precipitation occurs at the surface of the catalyst, the metal particle 

dimensions determine the size of the carbon nanotube or filament, and this correlation 

has often been observed for both filament growth [152] and carbon nanotube growth 

[153-155].  If the metal particles are decreased in size below that required to form 

carbon filaments, multi-walled carbon nanotubes will form, and with subsequent size 

reduction, single-walled tubes (although the very small particles required for single-

walled growth may not be stable for certain catalyst-substrate combinations).  The 

transition from filament formation to multi-walled carbon nanotube formation will 

occur when it is energetically more favorable to form a continuous surface of graphite 

rather than a piece-wise approximation of the surface due to the strain caused by high 

curvature in the metal particle [148, 152].  Similar to carbon filament formation, this 

theory predicts carbon nanotube growth by a precipitation of carbon from the catalyst 

particles, forming either multi- or single-walled tubes depending on the size of the 
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metal clusters used.  For the growth of single-walled carbon nanotubes, simulations 

have shown that the catalyst must reach a super saturated level before nanotube 

formation starts, as the concentration of surface carbon atoms precipitating out must 

be high enough that they can start forming a graphitic lattice with each other (Figure 

2-14) [154, 156, 157].   

 

Figure 2-14: (a) Carbon content in Fe catalyst particles during nanotube growth, 
super saturation is required prior to nanotube precipitation [154] (b) 
catalyst encapsulation, SWNT growth, or amorphous carbon deposition 
can occur depending on temperature [156] , (c-f) catalyst particle during 
highly supersaturated region, (g-j) particle during supersaturated region 
(from molecular dynamics simulations) [157]. 

 
Once the growth of the carbon nanotube has been initiated, additional growth 

and lengthening occur as more carbon diffuses into the metal catalyst particle [11, 

158].  This carbon then travels along a concentration gradient and diffuses out of the 

catalyst particle, lengthening the tube from its base [159].  The newest region of the 

tube displaces and pushes the older region outward, away from the catalyst, which 

increases the length of the tube.  This process will continue, and the tube will lengthen 
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until growth is terminated.  Some early theories of nanotube growth suggested that this 

concentration gradient arises as a result of the decomposition process of the 

hydrocarbon source on the catalyst particle.  If the decomposition is exothermic then 

localized heating of the catalyst particle can occur, leading to increased carbon 

solubility (due to the elevated temperature) creating a temperature and concentration 

gradient.  However, carbon nanotube growth has been reported with carbon species 

that do not decompose exothermically, and the extremely small size of metal particles 

required for nanotube growth makes it very unlikely that a temperature gradient could 

be maintained [155, 159].  The driving force for carbon diffusion through the catalyst 

particle and into the nanotube is likely due to super-saturation of the particle at the 

exposed surface (Figure 2-14).   

For very small catalyst particles, such as those found in single-walled nanotube 

growth, molecular dynamics results published by Ding et al. have suggested that the 

catalyst particle remains liquid during growth [154, 156, 160, 161].  For these small 

particles, carbon diffusion occurs through the bulk of the particle according to the 

vapor-liquid-solid model.  However, for larger catalysts, such as those found in multi-

walled nanotube growth, a distinct core and surface region can form, and carbon 

diffusing to the nanotube travels primarily through the surface region.  There can be 

several processes occurring simultaneously during growth; these are illustrated in 

Figure 2-15.  Initially hydrocarbon molecules impinge on the catalyst surface, 

decompose, and diffuse into the bulk of the catalyst particle.  Once saturation in the 

core has been reached, a disordered surface layer forms, and carbon atoms diffuse 
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along this region and precipitate out of the particle into the nanotube (Figure 2-15a).  

Simultaneously, a carbonaceous layer forms on the surface of the particle.  This occurs 

due to gas-phase decomposition of the hydrocarbon and deposition of this carbon as a 

coating on the catalyst particle (Figure 2-15b).  As this coating grows the catalyst 

surface area available for carbon deposition and diffusion into the nanotube decreases; 

eventually the particle is completely covered and nanotube growth stops (Figure 

2-15c).   

 

Figure 2-15: Schematic of the various processes occurring during Carbon nanotube 
growth (a) carbon diffusion through surface layer, (b) formation of an 
amorphous carbon surface coating, (c) completely coated, poisoned 
catalyst particle (adapted from [158]) 

 
At the initiation and early stages of growth, the nanotube is the most favorable 

form of carbon energetically, and is therefore the most stable, with smaller diameter 

tubes showing higher stability than larger tubes [148, 162].  For a single-walled 

nanotube with a very small diameter, the graphitic lattice is under a large amount of 

strain due to its small radius; however, because of its tube structure, dangling bonding 

sites exist only at the open tube ends, and the number of these sites is minimized.  The 
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dependence of the strain energy (σ) per carbon atom on the tube radius (R) is given in 

Equation (2-8) [163], where E is the elastic modulus, a is the representative tube wall 

thickness, and Ω is the area per carbon atom.   
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For a very small number of atoms (for a sufficiently short nanotube), the 

energy reduction from minimizing the number of open bonding sites offsets the high 

strain in the lattice.  As the length of a given tube increases, the strain energy per atom 

is unchanged, but the total strain energy increases due to the increase in the total 

number of atoms in the system.  The most energetically stable state will change as a 

result of this, leading to increasing tube diameters with increasing system size (where 

strain energy is decreased at the expense of additional dangling bond sites).  This trend 

is indicated in Figure 2-16, where potential energy per atom is calculated as a function 

of the total number of atoms in the system.   

 

Figure 2-16: Potential energy per carbon atom as a function of number of atoms, 
plotted for a graphene structure and four nanotube structures [148]. 

 
For larger and longer nanotubes, multi-walled nanotubes can exhibit greater 

stability than single-walled tubes, as the reduced strain energy found in the outer shells 
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balances the added bond sites at the tube ends [148].  Ultimately, carbon fibers and 

then graphitic sheets become the most favorable, as the presence of dangling bond 

sites around the perimeter of the sheets is balanced by the reduction of strain energy 

due to the elimination of curvature [148, 164].  A catalyst reduces the energy needed 

to form a carbon nanotube, and a tube grown in the presence of a catalyst will be more 

stable than one grown independently [164].  While nanotubes are energetically 

favorable at nucleation, they quickly become a meta-stable phase as they grow.  The 

strain energy, and corresponding stability of a carbon nanotube is primarily a function 

of its radius, and essentially independent of its chirality; tubes with comparable 

diameters but different chiral angles demonstrate similar stabilities [148, 163].   

As the nanotube grows, one end of the carbon nanotubes will be closed by the 

catalyst particle; however, the tube’s open end will contain dangling bond sites and 

growth can also occur by deposition of carbon atoms on this open end.  Carbon atoms 

bonding to these sites will be incorporated into the hexagonal graphitic lattice, 

lengthening the tube and providing new dangling bond sites to allow the growth 

process to continue.  In multi-walled tubes, this growth can be preceded by the 

formation of temporary bonds between carbon atoms and the concentric shells of the 

tube [165].  However, these same temporary bonds can lead to the termination of 

growth if enough form to cause tube closure [165-167].  This closure can happen very 

rapidly; as a result catalyst assisted growth occurs predominantly at the catalyst end, 

with very little growth at the open end prior to closure.  A similar closure method can 

also take place in single-walled tubes as a result of bonding between nearby bond sites 
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on the end of a single-walled tube.  This can lead to the elimination of available bond 

sites and tube closure, terminating growth at the tip.  Simulations have demonstrated 

that single-walled tubes of less than roughly 3nm in diameter can close spontaneously 

by this method, unless supported by a catalyst particle, although in some growth 

methods (such as with arc discharge growth), highly concentrated electrical fields at 

the open ends of nanotubes can keep them from closing [168].  The closure of carbon 

nanotubes is accomplished by “capping” the open end with a fullerene-based 

hemisphere, shown in Figure 2-17.  These hemispheres cannot be composed entirely 

of the hexagonal structures found in the main walls of the carbon nanotube, and must 

contain pentagonal defects [169], which can result in curved or conical shapes [170].   

 

Figure 2-17: TEM images of capped multi-walled carbon nanotubes [91].   

 
Energy considerations also govern the formation of these pentagonal defects, 

as well as heptagonal seven-sided defects, and the replacement of these defects by a 

perfect hexagonal lattice.  In the graphitic lattice, a hexagon is the most stable and 

energetically favorable structure.  The formation of a new hexagon in this lattice 

requires two new carbon atoms to bond to the structure, and this process occurs in two 

separate steps.  Initially, either a pentagonal or heptagonal defect is formed, which 
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only requires the addition of a single carbon atom.  Upon the addition of a second 

carbon atom and a small amount of energy to overcome the activation energy, the 

lattice defect is eliminated and converted to a perfect hexagonal unit.  Figure 2-18 

illustrates four possible routes for this conversion, as well as a plot of the energy levels 

for these lattice positions relative to the energy state of a free carbon atom.  It has also 

been proposed that metal catalysts can aid in the annealing of these lattice defects 

[171].  During growth defects can become incorporated into the lattice, and pairs of 

pentagonal-heptagonal rings in the lattice (called Stones-Wales defects), often occur 

due to their low formation energy [172].   

 

Figure 2-18: (a)-(d) Defect elimination sequences in the graphitic lattice [168],      
(e),(f) Potential lattice positions and energy levels for carbon atoms at 
the exposed edge of an uncapped carbon nanotube, relative to a free 
carbon atom  [171], (g) example of a 5-7-7-5 Stone-Wales defect in the 
center of a graphitic lattice [172].   

 
Just as with bulk metals, semiconductors, and other crystals, it is extremely 

difficult to produce a defect-free structure and during growth a number of these 

pentagonal or heptagonal defects may remain in the carbon nanotube lattice.  The 

inclusion of pentagonal defects will encourage constriction and eventual closure of the 

tube diameter, while the presence of heptagonal defects will tend to expand the tube 
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diameter.  This phenomenon has been used to explain the presence of tubes with a 

bamboo-type structure [173] (explained in more detail in Section 2.4.5).  These defects 

can be removed with a high temperature heat treatment in a vacuum or inert 

environment.  Increased diffusion at elevated temperatures can allow pentagonal and 

heptagonal defects to recombine into an undistorted hexagonal lattice (similar to 

dislocation annihilation during heat treatment of metals).  Reported annealing 

temperatures have ranged from 1700°C to 3000°C, leading to improved graphitization 

and partial (though not complete) removal of defects [63, 174].   

2.4.1 Role of Carbon Source 

In any carbon nanotube synthesis reaction, a source of carbon is required for 

growth.  In the literature, carbon nanotubes have been successfully synthesized from a 

wide range of carbon sources, including amorphous carbon [175-177], graphitic rods 

[178], hydrocarbons (both in liquid and gaseous forms), alcohols (including methanol, 

ethanol, and propanol [179]), and some other carbon sources (CO, diethyl ether, 

acetone, [179] etc.).  Some of these sources (such as graphitic rods) are used only in 

particular synthesis methods, and hydrocarbons are by far the most widely used.   

The stability of various hydrocarbons will affect the temperature at which self-

pyrolysis occurs.  During self-pyrolysis, the breakdown of hydrocarbons leads to the 

formation of a range of carbon structures, including amorphous carbon and potentially 

graphitic or nanotube deposits.  In order to reduce the build-up of unwanted 

amorphous carbon (which can lead to catalyst poisoning, see Section 2.4.4), it is 

desirable to select a growth temperature range below that at which the desired 
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hydrocarbon undergoes self-pyrolysis.  This will result in localized catalytic 

decomposition, which can occur on transition metal surfaces [180-183].  Above these 

temperatures, and with gas environments that do not suppress this breakdown, 

hydrocarbons can decompose and deposit amorphous carbon on the walls of existing 

tubes (increasing diameters), on the surfaces of catalyst particles, and on other 

surfaces in the reaction tube [8, 184-187].   

For optimal nanotube growth, the selection of a carbon source will influence 

other reaction parameters.  Growth typically occurs in an inert environment (such as 

argon or helium [179]) to avoid oxidation and burning of the nanotube product at the 

high temperature used (nanotubes can begin to burn in the presence of oxygen at 

temperature as low as ~500°C, depending on the defect concentration [188]).  

Hydrogen is often added to the reaction gas (in concentration ranging from ~5vol.% 

up to 100% [189]), and the presence of hydrogen can inhibit excess hydrocarbon 

decomposition by blocking active sites on the nanotube surface and limiting carbon 

deposition [190] or by pushing a typical decomposition reaction shown in Equation 

(2-9) to the left.  The carbon to hydrogen ratio in the hydrocarbon will affect the 

amount of hydrogen released during decomposition, and the optimal reaction gas 

composition can be adjusted to compensate for this.  An ideal reaction temperature 

will vary depending on the stability of the hydrocarbon used, with unwanted 

amorphous carbon deposition occurring at excessive temperatures.  Alternatively, a 

carbon source may be selected that undergoes endothermic decomposition (as 

determined by the heat of reaction), which can result in significantly reduced 
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amorphous carbon formation at higher temperatures [191].  Sample reactions are listed 

in Equations (2-9) and (2-10).   

 
24 2HCCH +↔ , molkJH /4.74+=°∆  (2-9) 

 
22 COCCO +↔ , molkJH /172−=°∆  (2-10) 

 
A very wide range of hydrocarbon and other carbon species have been used for 

nanotube growth, including C6H6 (used for the first reported nanotube growth via 

chemical vapor deposition [174]), CH4 [192], C2H2 [193], C2H4 [194], C3H6 [179], 

C8H10 [195], C6H14 [196], and more.  The decomposition of these varied hydrocarbons 

will occur at different temperatures; however, even when using the same hydrocarbon, 

the synthesis temperatures reported for published nanotube CVD growth recipes have 

spanned a wide range.  By taking a survey of reported synthesis temperatures, average 

growth condition can be identified that indicate typical CVD conditions for a range of 

hydrocarbons; these are shown in Figure 2-19.  Note that the use of certain, more 

uncommon carbon sources (such as hexane, C6H14) has only been reported by a few 

groups, and the particular growth methods used in those few examples may not 

provide the best representation of the suitable growth temperature range for that 

hydrocarbon.  The average reaction temperatures used tend to follow the same trend of 

the heat of reaction for decomposition of the various carbon sources (the inverse of 

their heats of formation), with less stable compounds (such as C2H2) decomposing at 

lower temperatures.   



44 

 

 

Figure 2-19: Average reported growth temperatures in CVD nanotube synthesis for 
common carbon sources [6, 35, 36, 63, 64, 78, 84, 87, 94, 95, 111, 128, 
152, 162, 174, 181, 185-189, 192-261], Heat of Reaction values from 
[262] 

 
The concentration of the carbon source in the reaction gas mixture can vary, 

although low concentration are typically used for growth occurring at atmospheric 

pressure and higher concentrations only commonly used in low pressure CVD systems 

[263].  The first carbon nanotubes produced by chemical vapor deposition were grown 

by using a much lower carbon source partial pressure than that used for the production 

of vapor grown carbon fibers on which the synthesis process was based [174, 251].  

Limiting the carbon available for growth is important, as the deposition of amorphous 

carbon on tube walls, while an important process in carbon fiber growth, is to be 

avoided in carbon nanotube production.  An optimal carbon introduction rate would 

occur when carbon diffusion through the catalyst is the rate-limiting step; at lower 

hydrocarbon concentrations carbon availability can be rate limiting.  Growth rates and 

production can increase by increasing the concentration [247, 264], as shown in Figure 
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2-20, and this result is similar to that seen in carbon fiber synthesis [265].  However, 

once the carbon concentration has increased until its availability is no longer rate 

limiting, additional carbon will decrease nanotube quality, thickening the tubes due to 

amorphous carbon deposition and reducing alignment [197].  In addition, as diffusion 

rates increase with higher temperatures, nanotube growth is accelerated with increased 

reaction temperature, and high purity products can be obtained, provided the reaction 

temperature does not exceed the self-pyrolysis temperature of the carbon source used 

[197, 198, 264], as shown in Figure 2-20.   

 

Figure 2-20: Relationship between (left) nanotube growth and reaction temperature 
[198] and (right) growth rate and ethylene partial pressure [197] 

 
For example, the use of methane allows for higher temperatures to be used 

(greater than 1000°C in some reports) without significant amorphous carbon 

deposition, producing single-walled tubes with better structure [220].  Another 

important parameter is the dwell time of the reactant gases in the furnace and in the 

vicinity of the substrate for nanotube growth.  If the dwell time (a function of the 

volumetric gas flow rate and reaction chamber cross-Section) is too short, production 
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will be decreased, and strategies to increase yield (such as increasing the carbon 

source concentration) may not be effective [190, 252].   

During hydrocarbon decomposition, and prior to carbon deposition (either 

through the catalyst and into the nanotube or as amorphous soot), a number of 

intermediate reactions can occur [266, 267].  Recent studies on soot formation from 

various hydrocarbon sources have shown that ethylene can decompose and forms not 

only soot and H2, but also significant concentrations of C2H2 (as well as trace CH4, 

C6H6, and other hydrocarbons), while both benzene and acetylene primarily form soot 

and H2 (with other trace products) [190, 267, 268].  This suggests that for many 

hydrocarbons (such as ethylene), acetylene is an important intermediate species in 

carbon nanotube growth, and is present in some concentrations during the reaction, 

even if acetylene was not the original hydrocarbon source used.  Preheating, or passing 

the carbon source through a zone of moderate temperature can promote these 

intermediate reactions and is often used to improve synthesis [152], with up to 1500% 

increase in growth rates reported [269].  At low hydrogen concentrations, benzene was 

found to be the most important species for the formation of soot while acetylene was 

the most important species at higher hydrogen concentrations (ethylene also 

contributes to soot formation) [190, 268, 270].  Very little soot was formed directly by 

methane, which would instead react to sequentially form C2H6, C2H4, and finally C2H2 

[266, 268].  Hydrogen can act to block active sites which assist in carbon deposition, 

and increases in hydrogen partial pressure (or increases in H:C ratio in the 

hydrocarbon source) reduce soot formation [271].  Due to this effect, saturated 
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hydrocarbons (CH4) are often used for single-walled nanotube synthesis, while 

unsaturated hydrocarbons (C6H6, C2H4, C2H2, etc.) are used for the production of 

multi-walled nanotubes (although other process parameters can strongly affect the 

nanotube products) [155].   

With the use of other (non-hydrocarbon) sources, some other considerations 

need to be taken into account.  The presence of oxygen in alcohols and other potential 

carbon sources (acetone, etc.) can lead to the formation of oxygen-containing radicals 

during decomposition, and this by-product has been shown to enhance single-walled 

nanotube growth [179].  Carbon monoxide has also been used for nanotube growth; 

however, CO is very stable, and requires high temperature or pressure conditions 

during the reaction to successfully produce nanotubes [253, 254].  These higher 

temperatures required during carbon monoxide growth can lead to nanotube products 

with fewer defects when compared with some other carbon sources.  CO has also been 

mixed with more commonly used hydrocarbon gases (such as C2H4) to promote 

hydrocarbon decomposition on the metal catalysts and enhance growth [269].   

2.4.2 Role of Catalysts 

While nanotubes can be synthesized directly from a carbon source using 

certain growth methods (such as with arc discharge or laser ablation), growth without 

catalysts often necessitates very high temperatures, and the majority of growth 

methods (including the commonly used CVD methods) typically require the use of a 

suitable catalyst during growth.  A catalyst for nanotube growth is typically a nano-

scale metal particle with sizes ranging from as small as one nanometer up to several 
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tens of nanometers, but larger metal films (such as Ni films with nano-scale surface 

roughness [272]) have also been used.   

In carbon nanotube growth, the catalyst particle not only influences the size 

and structure of the resulting carbon nanotube or fiber, but can also act as a catalyst for 

the decomposition of the hydrocarbon used as a carbon source.  This decomposition 

can occur at temperatures lower than those typically used for carbon nanotube 

synthesis, with nickel nanoparticles catalyzing the decomposition of methane [182] 

and propane, benzene, and cyclohexane decomposing with iron catalysts [183] at 

temperatures as low as 500°C.  This decomposition can be observed by monitoring the 

evolution of reactant and product species as a function of temperature, as shown in 

Figure 2-21.   

 

Figure 2-21: (left) Gas composition during thermal cracking of propane as function of 
temperature, (right) Gas composition during Fe/Pd catalyst assisted 
decomposition of propane [183].   

 
More important than their use in aiding the decomposition of hydrocarbons is 

the role of catalysts in transforming carbon obtained by this decomposition into an 

ordered nanotube structure.  The size of the catalyst particle is critical to this process, 

and graphite sheets, carbon fibers, carbon nanotubes, and carbon capsule structures 
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can all be potential products, with their synthesis controlled by catalyst size [139, 

273].  For carbon nanotubes, there is a strong correlation between the catalyst particle 

size and the nanotube diameter, and this relation holds for both single- and multi-

walled nanotubes [188, 274, 275].  With otherwise identical growth conditions, careful 

control of catalyst particle size (through catalyst thin film deposition thickness) can 

allow selective production of single-, double-, and multi-walled tubes (from iron 

catalyst diameters of 1-2 nm, 3-5 nm, and 6+ nm, respectively) [188]. 

The successful growth of carbon nanotubes has been reported from catalyst 

particles that are in either the solid or liquid states, depending on parameters such as 

catalyst composition, size, and reaction temperature.  For very small particles (of the 

size required for very small single-walled nanotube growth), the binding energy per 

atom can be significantly reduced compared to a bulk form of the catalyst.  As a result 

these small metal particles may be unstable and could evaporate under the reaction 

conditions, preventing them from catalyzing the synthesis of nanotubes [254, 276].  In 

addition, small catalyst particles can exist in the liquid state at temperatures 

significantly below the bulk melting point [161, 277].  In some metals, specific 

eutectic compositions in the metal-carbon phase diagram have melting temperatures 

close to the range of temperatures used in the growth procedures.  Surface interfacial 

energies between the metal catalyst and the nanotube wall have also been thought to 

potentially contribute to a reduction in the melting point of the catalyst particle [278].  

While catalyst size can play a large role in nanotube formation, the catalyst state 

(liquid or solid), does not appear to be as critical of a factor.   
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A very wide range of metals have been reported as successful catalysts in the 

synthesis of carbon nanotubes and include iron [243, 274, 279], nickel [139, 182], 

cobalt [63, 280], chromium [9], vanadium [8], boron [273], platinum [281], gold [282, 

283], palladium [281-283], molybdenum [162], copper [284], and rhodium [281].  

However, the range of conditions required for growth or the quality of the nanotube 

products may be limited with some of these metals, and iron is the most widely used 

catalyst, followed closely by nickel and cobalt.  Although single-element catalysts are 

often used, bi-metallic catalysts have also been investigated with success, and are 

commonly used as a means to increase production of single-walled carbon nanotubes.  

A number of elements have been used, including molybdenum [158, 221], yttrium 

[285], ruthenium [181], sulfur [286], rhodium [116], and bismuth [286].   

One of the most common co-catalysts for the production of single-walled 

nanotubes is molybdenum, which has been used most often with cobalt [111, 232, 

287-290] as well as some other metals [162, 217, 291, 292].  Cobalt by itself will 

normally produce multi-walled tubes, and some reports have suggested that pure 

molybdenum is a poor catalyst, however, the interaction of these two metals results in 

the growth of predominantly single-walled tubes, with very high single-walled 

nanotube yields [290].  Concentrations of the secondary catalyst element may be 

relatively small; one recent study found optimal growth with a 16:1 primary catalyst 

(Fe) to co-catalyst (Mo) ratio [221].  As catalyst particle size influences tube diameter, 

single-walled nanotube growth can only occur in the presence of very small (1-2 nm) 

catalysts, and molybdenum is thought to stabilize these particles.  It has been proposed 
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that the formation of molybdenum carbide during the growth reaction leads to the 

release of metallic cobalt in the form of extremely small particles.  The average 

diameter of these single-walled tubes can also be controlled, with increasing 

temperatures [287] or variations in the catalyst composition [286] leading to larger 

diameters, as shown in Figure 2-22.   

 

Figure 2-22: (left) Single-walled Nanotube diameter distributions produced using Co-
Mo bi-metallic catalysts and thermal CVD [287], (right) Increases in 
average tube diameter with sulfur as a co-catalyst [286].   

 
The introduction of the catalyst material to the nanotube synthesis reaction will 

vary depending on the growth procedure used.  In arc discharge or laser vaporization 

growth processes, metal catalysts can be embedded in the solid graphite targets used 

as carbon sources (see Section 2.5.5).  For the much more common chemical vapor 

deposition method of growth, the catalyst is often introduced in a solution during the 

reaction or deposited on a substrate in the form of a thin film or nano-scale particles 

prior to growth.  These catalyst solutions are often composed of metal salts (such as 

chlorides [293], sulfates [279], or nitrates [182]) or other metal compounds [145], 

including ferrocene (Fe(C5H5)2 [234]) and iron pentacarbonyl (Fe(CO)5 [254, 294]) 

dissolved in alcohols [247] or liquid hydrocarbons (such as benzene [242] or xylene 

[215]).  These solutions are introduced by evaporating them into the gas stream or by 
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bubbling the gas through the liquid, and the concentration can be varied to control the 

amount of catalyst material introduced to the reaction.  Alternately, a substrate (such 

as quartz or alumina) can be dipped into the solution then allowed to dry.  As the 

solvent evaporates, small metal catalyst particles are deposited on the surface, with 

solution concentration affecting catalyst size and spacing.  Other nano-sized particle 

sources can also be used, such as Fe2O3 particles suspended in ferrofluid [206].  Thin 

metal films are also often used as catalyst sources, and are deposited through e-beam 

evaporation, sputtering, or some similar method.  Regardless of the original source, 

the size of these particles during nanotube growth will depend not only on the initial 

amount of catalyst present (determined by solution concentration or film thickness), 

but also on growth conditions and substrate-metal interactions (see Section 2.4.3).   

It has been argued by some groups that the carbide form of the catalyst is the 

active species in nanotube growth, while other groups have argued that growth occurs 

when the catalyst is in a pure metal or metal oxide state.  According to the most 

commonly accepted nanotube and nanofiber formation theory, growth follows the 

super-saturation of the catalyst particle with carbon [137, 295, 296], implying that the 

metal carbide form of the particle (forming in situ from metal particles at the start of 

the reaction) is the active catalyst (although there is some debate over the exact metal-

carbon ratio in the carbide [11]).  Other reports have indicated that both pure metal 

and metal oxide catalysts can also work to synthesize carbon nanotubes.  Growth has 

been observed using both iron oxide and pure iron catalyst particles (with faster 

growth obtained with iron oxide, although other reaction conditions could also 
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influence this effect) [297].  Reaction temperature and catalyst composition can also 

determine a catalyst’s effectiveness, with bi-metallic Fe/Mo oxides catalyzing single-

walled nanotube growth at lower temperatures (680°C) with no growth reported with 

iron oxide catalyst until much higher temperatures were used (900°C) [292].  In cases 

where growth has been reported with pure metal catalysts, carbon diffusion into the 

growing nanotube would occur along the surface of the particle, and with metal oxide 

catalysts carbon could still saturate the particle, although with different solubility 

limits than found in pure metal catalysts.  Some difficulty has also been encountered in 

identifying the precise catalyst composition during growth, as carbon solubility can 

vary widely between the growth temperature and when the sample has been cooled to 

room temperature for analysis, and significant carbon precipitation out of the catalyst 

particle could occur during this cooling.   

2.4.3 Effects of Substrate 

In the vapor phase synthesis of carbon nanotubes, where nucleation and growth 

can occur while suspended in the reaction gas, a model is only needed to describe the 

formation of nanotubes from the metal catalyst particles.  However, in substrate 

supported growth, the interaction of these metal particles and the substrate must also 

be addressed, and the choice of substrate can influence the resulting nanotube 

diameters and can even determine if growth will occur at all.  A variety of materials 

have been used as substrates for carbon nanotube growth, including metals [132, 249, 

258], carbonates [63], and several oxides (MgO, CaO, TiO2, ZrO2, etc.  [206, 230, 

298]).  However, the most commonly used substrates are silica (SiO2) and alumina 
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(Al 2O3), and this discussion of the effects of catalyst-substrate interactions will focus 

on metal catalysts deposited on oxide substrates.   

Due to substrate-catalyst interactions, the substrate choice can also influence 

the catalyst particle size during growth [299], which is very important, particularly 

during single-walled nanotube synthesis.  The amount of catalyst material deposited 

can be varied using several processing techniques (such as adjusting the concentration 

of a catalyst solution or the thickness of a thin metal film), however catalyst particle 

coalescence due to heating can also influence the effective catalyst size.  For example, 

silicon oxide is commonly used as a growth substrate (either in the form of quartz 

slides or as a native oxide on a silicon wafer); however, single-walled nanotube 

growth on these surfaces has been difficult.  To achieve SWNT growth, catalysts 

supported on alumina substrates are typically used [187, 300, 301], including alumina-

aerogel substrates, which provide very high surface areas and increased yields [191, 

302].  During heating, small metal catalyst particles can move on the substrate surface 

and aggregate into large particles that may no longer support single-walled or even 

multi-walled nanotube growth.  This process may occur for several minutes before 

equilibrium is reached [217].  It is important to understand this movement, and a 

number of different reaction parameters (such as reaction gas composition [274]) are 

thought to play a role.  One of the largest effects is due to catalyst-support interactions, 

and there have been a number of theories proposed to explain the different results 

observed with different catalyst-substrate combinations.   
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One of the most common methods of depositing catalyst material on a 

substrate is through the evaporation of a metal film on the surface.  During this 

process, the metal film will transition between several morphologies, depending on 

deposition thickness [303].  For very thin film thicknesses, metal atoms evaporated 

from the source will deposit on the substrate surface and then translate across the 

surface.  These atoms will either cluster to form small particles, meet and join existing 

particles, or evaporate off the substrate [304].  As deposition continues, more and 

more of these adatoms will join existing clusters, increasing their size rather than 

creating new particles.  These clusters will then start to impinge on neighboring 

clusters and form a series of interconnected networks; this coalescence can result in an 

overall decrease in energy [305], and as this occurs the average spacing between 

particles will decrease.  Eventually these networks will completely cover the substrate 

surface to create a continuous thin metal film.  This surface evolution and the 

relationship between average particle size and spacing and the average film thickness 

are illustrated in Figure 2-23.  The presence of different gases and variations in 

substrate temperature during evaporation can influence this evolution, with larger 

particles observed as the substrate is heated [303].   
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Figure 2-23: (a-d) Evolution of Au thin film morphology with increasing deposition 
thickness, (e) Variation in particle size and spacing with average film 
thickness for two different deposition rates [303].   

 
The thicknesses at which these transitions will occur (isolated particles, 

connected network, continuous film) will be largely influenced by the metal-substrate 

interactions, as well as evaporation process parameters [304-307].  For metal-substrate 

combinations where the metal adatoms exhibit stronger interactions with each other 

than with the surface, isolated structures will form as islands on the substrate; this is 

termed Volmer-Weber growth.  Frank-van der Merwe growth occurs when the 

adatoms are strongly attracted to the substrate and continuous two-dimensional films 

form when this occurs.  An intermediate process, called Stranski-Krastanov growth 

can also occur, where the first few monolayers deposited form a continuous film and 

additional deposition beyond this critical thickness results in the growth of three-

dimensional islands on the surface.  These processes are illustrated in Figure 2-24.  

Iron particles that have successfully catalyzed the growth of carbon nanotubes have 

been observed to form by both the Stranski-Krastanov and Volmer-Weber methods, 

depending on the substrate used [308].  The energy associated with the desorption of 

adatoms from the substrate surface and from metal islands wetting on the surface, as 
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well as strain energy mismatch between the substrate and deposited film will influence 

which growth mode occurs.  In addition, the deposition temperature can affect the 

morphology of the islands as they grow, and the island density on the surface [309].   

 

Figure 2-24: Thin film morphology changes with increasing deposition: (a) Frank-van 
der Merwe 2-D film growth, (b) Stranski-Krastanov 2-D and 3-D growth, 
(c) Volmer-Weber 3-D growth, (d) schematic of processes occurring 
during thin film growth [304].   

 
Once the metal film evaporation process has been completed, additional 

changes in morphology can occur as the substrate is heated to the reaction temperature 

and growth is initiated.  These same heating effects can also lead to changes in particle 

size and distribution when small metal particles are used (dispersed or evaporated out 

of solution onto the surface) rather than thin films.  Regardless of the initial metal 

form (film or particles), this island coalescence can occur at elevated temperatures due 

to structural relaxation of the metal particles [297, 307], and substrate-catalyst 

interactions can greatly influence this agglomeration.  These interactions can include 

chemical or electronic interactions as well as physical interactions.  As mentioned in 

Section 2.4.2, the metal particles used during synthesis have to be within an 
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appropriate size range to catalyze the growth of carbon nanotubes.  If excessive 

diffusion can occur between the catalyst material and the selected substrate material, 

the active catalyst layer could be lost due to the formation of an intermetallic.  This is 

seen when bare silicon wafers are used as substrates, where metal films can form 

silicide regions (which do not catalyze nanotube growth) rather than remain as stable, 

individual catalyst particles [310].  Thin SiO2 barrier layers are required between the 

silicon wafer substrate and the metal to ensure particle stability, and either the native 

oxide layer or thermally grown SiO2 films can serve this purpose.  Both length control 

and patterning of carbon nanotube growth have been achieved using this effect by 

controlling SiO2 film thickness and coverage on bare silicon wafers [235, 255-257].   

For suitable oxide surfaces, strong metal support interaction (SMSI) can occur 

when strong interactions between the catalyst particle and the cationic sites on the 

support are present.  In this interaction, the metal catalyst can partially reduce the 

oxide substrate and a slight negative charge can be transferred to the catalyst, 

enhancing the interaction [206].  This occurs most often with substrates that are easy 

to reduce (such as TiO2) and with metal catalysts that can dissociate H2 (such as Ni).  

Alternately, for substrates that are not easily reduced but act as strong Lewis bases 

(such as CaO), exposed oxygen anion sites on the surface can transfer a negative 

charge to the catalyst, and as this electron donation increases, the substrate-metal 

interaction strength increases [206].  In either case, the negative charge transfer to the 

catalyst particle can result in electron sharing between the catalyst and any adsorbates 

on the catalyst (such as hydrocarbons), weakening the adsorbate bonding and leading 
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to dissociation.  However, while this charge sharing can enhance the catalytic ability 

of the metal in the dissociation of hydrocarbons during nanotube growth, the metal 

particle still must have an appropriate size and shape for nanotube formation.  Very 

strong substrate-catalyst interactions lead to increased support reduction and oxygen 

diffusion between the metal and substrate surface, and for metal-support combination 

that show these effects, the metal may form an oxide and coat the substrate in a 

continuous film, rather than as discrete particles [311].  With metal-substrate 

combinations where only very weak reduction of the support occurs, the interactions 

are weaker and the deposited metal may take the form of small metal islands.  An 

example of this is shown in Figure 2-25, where different metals were deposited on 

TiO2 substrates.  With increasing heats of formation of metal-oxygen bonds (Hf: -5.8 

eV, Cr: -3.6eV, Fe: -2.8 eV, Cu: -1.7 eV), the thickness of the reduced Ti region at the 

surface of the TiO2 substrate decreases and the surface-metal interaction weakens; as 

this occurs the deposited metal assumes a more island-like structure [311].   

 

Figure 2-25: (left) Ti substrate LEIS signal as a function of thickness of deposited 
metal, (right) schematic of deposited morphology as function of metal-
oxide heat of formation [311].   

 



60 

 

For a given metal-substrate combination, it may be energetically favorable to 

assume a morphology of fewer larger particles compared with the many, smaller 

particles that may form during deposition.  In equilibrium, a metal particle size will 

balance strain energy due to differences in lattice constants and thermal expansion 

mismatch (increasing with larger particles) and increased surface energy (larger with 

many small particles) [312].  During heating and at the elevated temperatures required 

for carbon nanotube growth, these nanoscale particles can show liquid-like behavior at 

temperatures below their bulk melting points [161].  Bridges can form to span small 

distances between adjacent particles, facilitating the coalescence of two smaller 

islands into one larger particle [313].  This motion leads to an increase in average 

particle size, and this effect is more pronounced at elevated temperatures and with 

metal-substrate combinations with weaker interactions [220, 243].  Coalescence can 

occur abruptly (if the metal is in a liquid-like state) or gradually, as in Ostwald 

ripening processes), and in either case, after a sufficient heating time, the metal islands 

will tend to reach an equilibrium size [313].  This process is illustrated in Figure 2-26, 

and the final size of the sintered particles is a function of the materials used, the metal 

film thickness, and the heating time and temperature [155, 314-316].   
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Figure 2-26: (a-d) Schematic of liquid-like particle coalescence process, (e) Effects of 
temperature on particle size, (f) Influence of heating time on particle size 
(Substrate interaction strength decreases from Al2O3 to SiO2 to C) [313].   

 
In addition to the influence of electronic metal-substrate interactions on 

particle coalescence, surface roughness has also been thought to affect the shape and 

size of metal particles on a substrate.  Increased roughness or surface porosity can 

inhibit the coalescence of smaller particles at elevated temperatures by providing 

topological barriers to particle motion [205, 317].  In particular, it has been suggested 

that Al2O3 surfaces tend to have higher roughness than SiO2 surfaces, and this helps 

prevent particle agglomeration on the alumina [207, 300].  Substrate orientation can 

also affect results, as the atomic arrangements (and therefore metal-substrate 

interactions) vary on different crystal faces [236]; differences have also been observed 

between growth on crystalline and amorphous surfaces [205].  Reaction gases can also 

affect the particle shape and size distribution after heating, with large gas-substrate 

interaction promoting small island formation and strong gas-metal interactions 

promoting thin film structures (such as the use of hydrogen to promote wetting [300]).  

This relation is given by the Young-Dupre Equation, where γ gives the surface 
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energies of each interface (with S, G, and M denoting substrate, gas, and metal, 

respectively), and θ gives the contact angle of the metal particle on the surface [318].   

 θγγγ cosMGSMSG +=  (2-11) 

 
During this process (metal film evaporation or particle preparation, and 

subsequent heating to nanotube synthesis temperature), the substrate and catalyst 

material can strongly influence the final particle size (in addition to other parameters, 

such as metal film thickness, temperature, etc.).  If weak interactions exist between the 

metal catalyst and support surface, the particles can grow too large during the heating 

process (through coalescence), and no longer be an appropriate size to catalyze carbon 

nanotube growth.  Alternately, if the catalyst-substrate interactions are strong, the 

particles may wet too well to the surface (or diffuse into the surface to form silicides, 

etc.) and will also be unsuccessful catalysts.  These conditions are illustrated 

schematically in Figure 2-27.  Metal particles need to have both an appropriate size 

and shape on the substrate surface in order to catalyze the growth of carbon nanotubes, 

although multi-walled tube growth has been reported across a broad range of process 

parameters and with a range of catalyst and substrate combinations.  However, 

variations in substrate-catalyst interactions between different metals can lead to the 

growth of multi-walled nanotubes with different diameters (under otherwise identical 

synthesis conditions) [319].  These substrate effects are much more important when 

single-walled nanotube growth is desired, as the suitable catalyst size range is much 

more restricted than for multi-walled growth.  Substrate-catalyst interactions can also 

affect catalyst spacing, influencing the resulting nanotube mat density.   
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Figure 2-27: (a) weak catalyst-substrate interaction, catalyst is too large for growth, 
(b) metal island is appropriate size and shape for growth, (c) metal-
substrate interaction is too strong, growth does not occur, (d), excessive 
amorphous carbon deposition prevents growth due to high temperature 
or hydrocarbon concentration [300].   

 
For suitable combinations of catalyst material, quantity, particle shape, 

substrate composition, and substrate surface morphology, the resulting growth can be 

classified into two different mechanisms, differing in the interaction between the 

catalyst particle and substrate surface.  These mechanisms are based on theories 

originally used for carbon filament growth and experimental results have been 

observed supporting both of these models, suggesting that either can be valid, 

depending on growth processes and parameters.  The two theories differ in the motion 

of the catalyst particle relative to the substrate surface during nanotube growth; in the 

extrusion, or root growth model, the catalyst particle remains fixed to the substrate 

surface, and in the tip growth model, the particle detaches from the surface and moves 

with the tip of the nanotube as it grows [7, 148, 151].  The type of growth which 

occurs (base vs. tip), will be determined by the interaction forces between the 

particular metal catalyst and particular substrate used, as illustrated in Figure 2-28 

[151].   
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Figure 2-28: Catalyst-substrate interaction models (a) Tip growth model with weak 
catalyst-substrate interaction forces, and (b) Root growth model with 
strong catalyst-substrate interaction forces [151]. 

 
For specific substrate-catalyst combinations, where stronger interaction forces 

are found between the catalyst and the inner tube walls than with the substrate surface, 

tube growth will occur by the tip growth model.  As additional carbon diffuses out of 

the catalyzed particle, the tube will extend away from the substrate, carrying the metal 

catalyst particle with it [11, 148, 151, 320].  In this method, the tube is in contact with 

the substrate at one end and is filled by the catalyst particle at the other end; this 

growth method is often verified experimentally using electron microscopy by 

observing tubes grown with metal caps at one end.  In some results, metal catalyst 

particles have been found encapsulated away from the ends of the tubes [278], and a 

variation to this tip growth theory explains this using a liquid phase catalyst VLS 

growth model.  According to this theory, under certain synthesis conditions catalyst 

particles may exist in liquid form (see Section 2.4.2), which could not only catalyze 

the growth at the tube end, but could also become encapsulated inside the tube as a 

result of capillary action.   

In situations where the interfacial energies are greater between the catalyst and 

the substrate than between the metal and the nanotube walls, the catalyst will remain 
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on the substrate surface [151, 153, 321].  During this root growth process, the tube 

grows upwards, away from the substrate surface [148], and this is the preferred growth 

method for single-walled carbon nanotubes synthesis [155, 231].  Growth will 

continue as additional carbon reaches the catalyst and diffuses into the elongating 

nanotube, pushing the tube upwards.  The gaseous carbon source can pass through 

gaps between adjacent nanotubes or can diffuse through the substrate surface to reach 

the catalyst particle, as illustrated in Figure 2-29.  If the mat of carbon nanotubes 

grows sufficiently large and dense, the flow of carbon to the catalyst location at the 

bases of the tubes could eventually be interrupted, preventing further growth by this 

mechanism [162, 198].  It has been suggested that growth may also proceed by carbon 

deposition directly on the upper end of the tubes, provided the tube ends remain open 

during synthesis [165, 322].  An exposed, uncapped nanotube end will contain a 

number of available dangling bonds that can serve as sites for hydrocarbon 

decomposition.  Carbon can then become incorporated into the graphitic lattice, 

causing the nanotube to grow from its upper end.  However, exposed bonds at the 

open end of a nanotube would be unstable, and tube closure by “capping” (described 

in Section 2.4) is likely to preclude any significant growth at these open ends.   
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Figure 2-29: Root tip model of carbon nanotube growth demonstrating diffusion of 
carbon through substrate to reach catalytic particles [321]. 

 

2.4.4 Catalyst Poisoning and Growth Termination 

To improve carbon nanotube yields during growth, it is important to both 

prolong the synthesis reaction duration and to maximize nanotube growth rates during 

the entire course of that reaction.  Towards this goal, many published reports of 

nanotube synthesis optimization have included plots relating the length of nanotube 

produced with the reaction time.  As nanotube growth rate is often limited by the 

diffusion of carbon through the metal catalyst particles, this diffusion rate (and the 

corresponding growth rate) should remain constant provided the reaction conditions 

(temperature, gas supply, etc.) do not change and additional carbon is supplied and the 

catalyst remains active.  Under constant reaction conditions, growth of nanotubes to a 

desired length could be accomplished by simply prolonging the synthesis reaction 

until a pre-determined time has elapsed.  However, while most growth methods do not 

change synthesis parameters during growth, a decrease in nanotube growth rate with 

time is almost always reported with a complete termination of growth beyond some 

reaction duration.  Many published results plotting growth rate, mass gain, or 
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maximum length against reaction time show this trend (see Figure 2-30).  This 

observation holds true for the growth of single- and multi-walled nanotubes and 

carbon fiber, and occurs with a range of reaction temperatures, catalyst metals, and 

carbon sources.   

 

Figure 2-30: Typical plots of nanotube length as a function of reaction time, as 
reported by various groups [158, 179, 181, 189, 323, 324].   

 
In some reports and under certain base-growth reaction conditions, this 

decrease in growth rate can be due to reduced diffusion of reactant gases to the 

substrate surface with increasing nanotube mat heights [199, 325].  In these situations, 

both a linear and parabolic dependency is observed between nanotube height and 

reaction time (following a Deal-Grove type diffusion law [326]), with a reduction in 

growth rate occurring as the diffusion length of reactants through the thickening 

nanotube mat increases.  Methods to maintain short diffusion lengths throughout 

synthesis (such as by limiting substrate dimensions or using patterned catalysts) can be 
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used to prevent this slowing and sustain near-constant growth rates.  In addition, 

limited availability of carbon reactants during synthesis can result in reduced growth 

rates (such as by using extremely low hydrocarbon partial pressures rather than due to 

reduced diffusion through growing nanotube mats).  However, reduced growth rates 

(and eventual cessation in growth) are most commonly attributed to a different 

mechanism: the poisoning of the catalyst particle. 

During synthesis, amorphous carbon can build up on the exposed surface of the 

metal particle, preventing further carbon from diffusing into the catalyst as more of its 

surface becomes encapsulated (see Figure 2-15) [158].  This process is referred to as 

catalyst “poisoning” and can terminate carbon nanotube growth prematurely [153, 

327, 328].  A similar effect has also been observed through sulfur contamination, 

which serves to block the catalyst surface and inhibit additional carbon diffusion [147, 

329].  Once carbon can no longer diffuse into the catalyst particle, growth will stop 

and the continuation of the reaction (and the continued introduction of the carbon 

source) will result in amorphous carbon deposition on other surfaces.  These can 

include the reaction chamber walls or the outer tube surface [184], causing the tube 

diameter to increase as an amorphous carbon sheath builds up.  This contamination is 

similar to that obtained if high reaction temperatures or hydrocarbon concentrations 

are used and self-pyrolysis occurs.   

Several techniques can be used to prevent this unwanted carbon deposition and 

to prolong the period of maximum growth to achieve longer and longer nanotube mats 

prior to the termination of the reaction.  These can be divided into two categories: 
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techniques that are used during growth and techniques where growth must be 

interrupted to remove carbon contamination.  This problem has been recognized as 

early as 1972 in studies of carbon fiber, where growth would terminate prematurely 

due to amorphous carbon build-up.  Baker et al. demonstrated the re-activation of 

catalysts by interrupting the growth reaction and replacing the acetylene flow in the 

reaction by either hydrogen or oxygen [6].  When oxygen was introduced amorphous 

carbon was selectively burned off first, followed by the graphitic carbon fiber, 

eventually leaving just the original nickel catalysts (which could then be re-used).  

With hydrogen amorphous carbon could be removed without damage to the carbon 

fiber, and growth could be restarted and a constant growth rate maintained, as shown 

in Figure 2-31.  A similar result can be obtained by using sputter etching to remove the 

carbon cap poisoning the catalyst.  If this etching is carefully controlled the catalyst 

and nanotubes can remain intact and growth on the existing tubes can be restarted and 

continued [330].   

 

Figure 2-31: (left) Continuous carbon fiber growth rate with intermittent hydrogen 
treatment during synthesis [6], (right) Constant growth rate obtained 
with water-assisted CVD [197].   
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While growth rates can be maintained with these treatments, growth 

interruptions are required, reducing the overall nanotube production rate.  More 

recently, synthesis optimizations have been achieved where controlled amounts of 

etching gases are added (either weak oxidizers or hydrogen derived from H2 or from 

the decomposition of ammonia [331]).  Figure 2-31 shows the constant growth rates 

possible using this approach.  If the concentration of these gases is too low catalyst 

poisoning will not be adequately prevented while excessive concentrations can etch 

the nanotubes themselves and reduce growth [264].  However, different groups have 

reported growth in conditions ranging from very dilute hydrogen concentrations in the 

reaction gas to almost pure hydrogen [189, 332], so many other process variables can 

influence the optimal gas mixture.  In addition to inhibiting catalyst poisoning, 

hydrogen has also been used to aid in nanotube nucleation and nitrogen (from 

ammonia gas) is thought to decrease the activation energy for growth by reducing 

strain energy in the tube walls [333]; these effects can both promote rapid growth.  

Ammonia has also been reported to etch the catalyst layer [334] and to prevent the 

formation of an oxide layer on the metal catalyst surface [335] as well as to reduce the 

formation of amorphous carbon [194, 310, 336].  Nitrogen from the ammonia gas can 

also become incorporated into the catalyst layer, which is thought to increase its 

productivity [337].  Alcohols have been used as a carbon source with good results, 

where OH radicals released during alcohol decomposition can help remove amorphous 

carbon [338, 339].  Oxygen can also be used directly, although in low concentrations 

(~1%) to limit oxidation of the nanotubes themselves [225].  One of the more 
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successful strategies for preventing catalyst poisoning has been the recent use of small 

amount of water vapor in the CVD reaction (typically less than several hundred parts 

per million) [188, 218, 301, 340].  This vapor functions as a weak oxidizer to remove 

unwanted carbon deposition during the course of growth and can act continually [207, 

231, 341]  or be used intermittently in a series of etching steps [94, 197, 199].  The 

improvement in growth with water vapor is shown in Figure 2-32.  While water vapor, 

hydrogen, ammonia, and oxygen can all act to reduce amorphous carbon deposition 

and poisoning, growth termination will still eventually occur, although this can be 

delayed considerably.   

 

Figure 2-32: (a) Increased growth with water-assisted CVD [189], (b) Optimal 
water/C2H4 ratio determined by Futaba et al. [340] 

 
Two final methods for achieving prolonged growth and constant growth rates 

during synthesis have been described in the literature.  With careful control over 

reaction conditions, gas flow, and turbulence inside the reaction chamber, catalyst-

substrate interactions can be minimized and the catalyst can “float” in the gas flow 

[87, 192].  Growth can continue while the catalyst is suspended above the substrate, 

producing very long tubes.  Alternately, as existing catalysts are deactivated through 
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poisoning, new catalyst material can be added to the reaction, and this can be 

accomplished using floating catalyst growth methods (see Section 2.5.3).  However, 

drawbacks to both these procedures (such as difficulty in forming densely packed 

nanotube arrays or patterns and discontinuous growth of tubes along the mat length), 

make them unsuitable as a synthesis methods for many applications.   

For optimal growth, not only does catalyst poisoning need to be reduced or 

eliminated, but the growth rate of the nanotubes needs to be maximized.  The 

activation energy for catalyst assisted carbon nanotube growth is related to the 

activation energy for diffusion of carbon through the metal catalyst, suggesting that 

methods to increase diffusion could be applied to speed synthesis.  Faster growth can 

typically be achieved with smaller, more numerous catalyst particles, as the total 

catalyst surface area is larger (for hydrocarbon decomposition) and the diffusion 

length through each particle is shorter [297, 314].  As a result of this effect, single-

walled carbon nanotubes (most commonly supported on alumina substrates, see 

Section 2.4.3) typically grow faster than multi-walled carbon nanotubes.  Under 

optimal conditions nanotube growth rates can be quite fast; initial growth rates as high 

as 220 µm/s have been reported [342] and sustained growth rates reaching 2.5 µm/s 

for aligned multi-walled nanotube arrays [95, 343], 4.2 µm/s for single-walled arrays 

[231] and 11 µm/s for isolated single-walled tubes [36] have been achieved.  Both 

elevated temperatures (which can increase the diffusion rate of carbon through the 

catalyst [194, 344]), and increased hydrocarbon concentrations can lead to faster initial 

growth rates; however, these can both accelerate poisoning, reducing the ultimate 
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length [158].  In order to maximize nanotube length, an intermediate carbon source 

concentration is often used [225, 342] and the reaction temperature should minimize 

the self-pyrolysis of the hydrocarbon source.   

2.4.5 Aligned Nanotube Growth 

Most nanotubes produced using arc discharge and laser ablation techniques, as 

well as the first demonstrated production of nanotubes via chemical vapor deposition 

(CVD) methods (see Section 2.5) resulted in un-aligned tubes [174].  This is 

undesirable, as the growth of un-aligned tubes can terminate as tubes impinge upon 

each other.  However, under specific conditions, well-aligned nanotube structures can 

often be produced using chemical vapor deposition methods [145, 264, 321, 345] 

(even with process improvements nanotube products from arc discharge, laser 

ablation, and other techniques still tend to be in the form of disordered deposits).  

Alignment can occur from both the base-growth and tip-growth mechanisms described 

in Section 2.4.3, although it has been suggested that alignment is easier to achieve 

when base growth is occurring [308].  Initially tubes can nucleate and grow in random 

orientations on the substrate surface.  Tubes aligned near to parallel to the surface, 

quickly stop growing as they come into contact with the bases of other tubes on the 

substrate.  Tubes aligned closer to perpendicular will grow away from the surface, 

with small changes in growth direction occurring as a result of van der Waals forces 

and contact between adjacent tubes.  This impingement (referred to as the crowding 

mechanism) begins to influence growth very early in the reaction (30-100 seconds) 

[111], and will result in a mat of very well-aligned tubes [145, 152, 321, 346].  Figure 
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2-33 shows the initial nanotube nucleation and the impingement, which occurs due to 

crowding, leading to well aligned bundles of tubes.  Alternately, during the initial 

stages of growth, a randomly aligned, two dimensional network of nanotubes can form 

[325].  Under the base growth mechanism, this network will lift off from the substrate 

surface as growth continues; this tangled region will prevent nanotubes from growing 

in different directions and result in a nanotube forest with a smooth upper surface 

(although slight bending of tubes along their length could occur due to non-uniform 

growth rates).   

Under adverse growth conditions, such as with high hydrocarbon 

concentrations (which can lead to rapid catalyst poisoning), growth can be limited and 

sufficient crowding cannot occur to produce alignment [324].  In addition, alignment 

may be poor if the catalyst particle sizes are outside an optimal range or if they are 

distributed too sparsely over the substrate surface [297, 325, 347].   

 

Figure 2-33: Crowding mechanism for carbon nanotube alignment (a) initiation of 
growth with poor alignment (b) impingement and aligned growth.   

 
This orientation is maintained throughout growth, and will remain even when 

separated from the substrate due to Van der Waals forces between neighboring tube 

walls [152].  This alignment has also been observed in single-walled carbon nanotubes 
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produced by vapor phase growth, where bundles with thicknesses in the tens of 

nanometers can form independently of any substrate [348].  These structures are also 

held together by Van der Waals forces between adjacent tubes.   

In addition to this crowding effect, which can lead to alignment with any CVD 

growth process provided the catalyst spacing on the substrate is suitably dense, other 

external influences can be applied during synthesis to promote alignment.  Nanotubes 

have been reported to preferentially grow in the direction of electric field lines, and 

this has been achieved by biasing the substrate [349] and with plasma-assisted CVD 

methods [227, 328, 350-352] (see Section 2.5.4), and these fields can be manipulated 

through the use of metal blocks to produce aligned, angled growth [353].  These field 

lines can exert an electrostatic force on the catalyst, and if the nanotube deviates from 

parallel growth, these forces can lead to the development of compressive or tensile 

stresses between the particle and the nanotube walls.  It has been proposed that these 

stresses can slightly change carbon diffusion rates through the particle, slowing the 

elongation speed in the compressive region and directing the growth direction back 

towards parallel [227].  This mechanism is illustrated in Figure 2-34.   
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Figure 2-34: Carbon nanotube alignment mechanism in an electric field [227, 350].   

 

2.4.6 Alternate Nanotube morphologies 

Most carbon nanotubes referred to in the literature share similar structures, and 

are long straight tubes with the graphite lattice in the walls aligned parallel to the tube 

axis.  Other structures are possible (see Figure 2-13c-d), although these are typically 

only found in larger diameter carbon fibers [354, 355] and are not observed in carbon 

nanotubes (with diameters less than roughly 100nm).  However, under certain 

synthesis conditions, carbon nanotubes can be grown with different wall structures 

(where the graphite lattice is no longer parallel to the tube axis) and with different 

geometries (rather than long, straight tubes).   

The most common alternate nanotube structure is the bamboo morphology, 

where the graphite lattice can be angled relative to the tube axis, leading to bridging of 

the nanotube core by the innermost walls, creating a compartmentalized structure.  

This effect is most often achieved when nitrogen is present in the reaction [333, 356-

358], typically in the form of ammonia gas [359] (which is often added to inhibit 

catalyst poisoning).  However, nitrogen, while promoting the growth of bamboo 
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nanotubes, is not required for bamboo growth, and this morphology may occur in 

nitrogen-free synthesis reactions [360].  In many cases, however, ammonia gas or 

other nitrogen species are used during growth and a resulting bamboo structure is 

reported, yet when growth mechanisms are discussed no correlation or connection is 

drawn between this bamboo morphology and the presence of nitrogen in the reaction 

[361-363].  The spacing between subsequent compartments in bamboo nanotubes has 

been shown to decrease with increasing ammonia concentrations [260] and 

hydrocarbon partial pressures [363], while the relationship between this spacing and 

temperature is unclear, with one group reporting decreased spacing with temperature 

[194], and increased spacing reported in another study [260].  The intermittent 

introduction of ammonia during synthesis can also be used to grow nanotubes with 

alternating straight-walled and bamboo regions [359].   

Several theories have been proposed to explain the formation of this bamboo 

structure.  One of the first, by Iijima et al. in 1992, describes how the incorporation of 

pentagonal defects into the hexagonal lattice can lead to tube closure.  If these defects 

form in the inner shells of a multi-walled tube, closure of the central tube can occur 

while growth continues in the surrounding tubes.  Closure of these central tubes at 

different locations along the length of the tube will lead to the segmented, “bamboo” 

morphology, which has been experimentally observed [173, 364].  The incorporation 

of nitrogen into the nanotube lattice has been proposed to reduce strain, and this could 

assist in the formation of the increased curvature found in the bamboo compartment 

walls [333, 356].   
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Bamboo nanotube formation has also been described in terms of increased bulk 

carbon diffusion through the catalyst particle [194, 344, 365].  Typical straight-walled 

nanotube growth models describe carbon diffusion through a disordered surface region 

on the metal particle with carbon traveling directly to the growing nanotube walls 

without passing through the center of the catalyst (see Section 2.4).  With increased 

diffusion through the particle, rather than around its surface, graphitic layers can form 

on the catalyst inside the tube.  As these layers grow they will eventually span the 

opening between the inner tube walls; at this point they fuse with the walls, and this 

new compartment is separated from the catalyst as the tube continues to grow [365, 

366].  This process can occur either continuously or in an incremental fashion.  Once 

this bamboo segment has attached to the inner tube walls, interactions between the 

catalyst surface and this segment may “trap” the metal particle in place.  If this occurs 

tensile stresses will develop at this interface as the tube continues to grow and 

attempts to move away from the catalyst particle.  Compressive lateral forces can also 

act on the particle as additional carbon is precipitated through the sides of the catalyst.  

These forces will eventually overcome the interaction energy between the catalyst and 

the bamboo compartment, ejecting the catalyst and allowing the nanotube growth to 

continue through the repetition of this process [211, 360].  Transition metals have been 

shown to catalyze the decomposition of ammonia, leading to the formation of nitrides 

and both hydrogen and nitrogen gas [367].  The presence of nitrogen can also reduce 

the solubility limit of carbon in iron, resulting in carbide formation at lower carbon 

concentrations [368].  In addition, a study by Lin et al. showed that carbon diffusion 
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rates through iron, nickel, and cobalt (the most common nanotube catalysts) were 

increased when nitrogen was also present in the metal [369, 370].  This increased 

diffusion rate will enhance bulk carbon diffusion through the catalyst particle, 

facilitating the formation of nanotubes with bamboo morphology, and this process can 

occur through either tip- or base-growth mechanisms, as shown in Figure 2-35. 

 

Figure 2-35: (a-d) Formation mechanism of bamboo carbon nanotubes via tip growth, 
(e-f) formation of a partial bamboo compartment, (h-l) bamboo synthesis 
via base growth [360, 365].   

 
While bamboo carbon nanotubes have a compartmentalized internal structure, 

they still often grow as long, straight tubes.  Two other reported nanotube 

morphologies differ in their external shape: coiled carbon nanotubes and branched 

carbon nanotubes.  Coiled nanotubes have been reported under a range of synthesis 

conditions.  Chemical vapor deposition with melamine (C3H6N6) added as a reactant 

or with cupric acetate or zinc catalyst solutions have produced coiled structures [357, 

371-373].  It has been proposed that non-symmetrical diffusion routes through the 

catalyst particles can lead to coiled structures [372, 374-376], and under certain 
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conditions changes in catalyst particle structure with aging can lead to this effect 

[371].   

Branched nanotubes structures have been fabricated by a number of means.  

Titanium can be introduced to the growth reaction as a co-catalyst, depositing on, and 

initiating branch growth on nanotube walls [377, 378].  Under some conditions (such 

as if additional catalyst material is added during growth), adjacent metal particles can 

fuse together to create a junction and continue growth as a single tube [359, 379].  

Branched structures can also be obtained without the introduction of additional 

catalyst material.  Under certain growth condition with plasma-enhanced CVD, the 

size of the primary catalyst particle can be reduced by sputtering, and this catalyst 

material can be re-deposited on the side of the nanotubes and serve as new catalyst 

particles for continued growth [380].  With larger catalysts (used for thick multi-

walled nanotube or carbon fiber growth), particle geometry can contribute to 

branching, where multiple tubes can grow from regions of high curvature on the same 

metal particle [11, 381].  Additionally, the reduced melting temperatures observed for 

very small metal particles can lead to liquid phase catalysts that can separate into 

multiple branches during growth [382].   

2.5 Nanotube Growth Methods 

 The formation of carbon nanotubes has been widely studied, and many varied 

synthesis methods have been reported [175, 177, 383-387].  However, the majority of 

the studies on nanotube growth have used one of three primary growth techniques.  

Arc discharge was the first method demonstrated to create nanotubes and uses a high 
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voltage arc to vaporize a graphite target [3].  Laser ablation is used to synthesize 

nanotubes through a mechanism similar to that in arc discharge, however, high energy 

laser pulses are used to vaporize a carbon target rather than the high voltages used in 

the arc discharge method [178].  Chemical vapor deposition (CVD) techniques can 

also be used to grow carbon nanotubes; this is most commonly accomplished by the 

decomposition of a carbon source in the presence of a metal catalyst [174].  Chemical 

vapor deposition techniques are quite versatile, and many variations to the basic CVD 

technique have been reported.  There are advantages and disadvantages to each of 

these methods, in terms of purity of the product, expense, and potential for large scale 

carbon nanotube synthesis.  CVD growth methods tend to be the most widespread due 

to their lower relative cost, the ease of production of aligned and patterned nanotube 

forests, and recent advances overcoming some initial drawbacks.   

2.5.1 Chemical Vapor Deposition 

 Chemical vapor deposition (CVD) is a simple method of nanotube production 

that can produce a wide range of carbon nanotube structures [224] at relatively low 

temperature (typically in the 600°C to 1100°C range).  The use of CVD to produce 

carbon nanotubes was first demonstrated by Endo et al., in 1993 [174], although Baker 

et al. had demonstrated the formation of carbon filaments by the decomposition of 

acetylene as early as 1972 [6].  In an inert gas environment (such as nitrogen [229], 

helium [204], or argon), a carbon containing source gas or liquid is fed into a reaction 

tube (often quartz) inside a furnace.  Typical carbon containing sources used in this 

method include acetylene (C2H2), ethylene (C2H4), benzene (C6H6), and methane 
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(CH4) (see Section 2.4.1).  The decomposition, or cracking, of the hydrocarbons is 

achieved through the catalytic action of metal particles at elevated temperatures or by 

heating the carbon source to above its self-pyrolysis temperature.  In the former case 

carbon diffuses into the catalyst particles; in the latter case carbon can deposit in the 

form of soot on exposed surfaces within the reaction zone.  In some chemical vapor 

deposition processes, additional energy sources, such as plasma or laser, are also used 

to assist in the hydrocarbon decomposition.  In almost all nanotube-producing CVD 

reactions, a catalyst is used, and a wide range of metals have been successfully used 

(see Section 2.4.2).  The catalyst is typically deposited on the substrate surface prior to 

the growth reaction, although it can also be fed into the reaction chamber 

simultaneously with the carbon source.  During the reaction, and in the presence of a 

proper metal catalyst, carbon will diffuse into these metal clusters and carbon 

nanotubes will form.  There are several variations to this basic process described in the 

literature.   

The use of chemical vapor deposition methods for nanotube growth has several 

benefits, including ease of scaling up to commercial production, and the production of 

long, aligned mats of tubes.  Single-walled tubes can be produced, and control over 

nanotube diameter can be obtained by careful selection of the type and amount of 

catalyst used (see Section 2.4.2).  With some early CVD growth, the tubes often 

contained high levels of defects, which reduced the effective strength and stiffness 

compared to tubes made with the other methods [62].  However, improvements to this 

process have helped to eliminate this drawback, and post-synthesis heat treatment can 
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also be used to remove defects [388].  The simplicity of the CVD method, combined 

with its commercial and cost benefits, makes it the most widely used nanotube 

production method.  In addition, there has been an effort by many groups (beginning 

shortly after the discovery of carbon nanotubes) to increase the maximum length to 

which they could be grown.  One of the biggest challenges for many nanotube-based 

applications is to scale nanotubes to a size that takes advantage of their desirable 

properties beyond the nanometer and micron levels.  The synthesis of longer 

nanotubes can not only help alleviate many drawbacks currently faced by macro-scale 

nanotube applications (such as poor performance of CNT-based composites due to low 

CNT-matrix interfacial strength, see Section 2.7.2.1), but also increase yield and 

production rates, reducing currently high nanotube synthesis costs.  Chemical vapor 

deposition growth has proven the most effective of the numerous nanotube growth 

methods towards achieving this goal.  Steady refinements to the CVD process (such as 

efforts to avoid catalyst poisoning described in Section 2.4.4) have resulted in the 

breaking and re-breaking of “world-record” claims to the longest published nanotubes, 

as shown in Figure 2-36.   
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Figure 2-36: Progression of "world-record" carbon nanotube lengths with growth by 
various methods [31, 33-36, 87, 158, 188, 189, 214, 217, 221, 229-231, 
246, 321, 323, 346, 389-391].   

 

2.5.2 Thermal Chemical Vapor Deposition 

Thermal chemical vapor deposition is one of the most basic methods of 

nanotube production.  A carbon source is fed into the reaction chamber, which is held 

at a temperature high enough for the decomposition of the hydrocarbon source gas on 

the metal catalyst particles to occur.  A wide variety of carbon sources have been used 

to successfully grow carbon nanotubes, including benzene [392], xylene [393, 394], 

acetylene [395-397], and methane [398-400] (Section 2.4.1).  A transition metal, such 

as iron, cobalt, or nickel, is typically used as a catalyst (Section 2.4.2), and is often 

deposited in a thin layer [319, 401, 402] or precipitated out of solution as nanoscale 

particles and supported on a substrate (Section 2.4.3).  In thermal CVD this catalyst 

deposition is performed prior to the growth reaction.  Temperatures used during 
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thermal CVD are typically in the 550-1200°C range [196, 259], and a diagram of a 

simple equipment set-up is shown in Figure 2-37.   

 

Figure 2-37: Typical equipment set-up for thermal chemical vapor deposition growth 
of carbon nanotubes [403]. 

 
During growth, an inert carrier gas (such as argon) is used to carry the carbon 

source into the reaction chamber; gaseous hydrocarbons are simply mixed with the 

carrier gas, while liquid hydrocarbons can be allowed to evaporate into the inert gas 

stream.  With appropriate reaction conditions, carbon nanotubes will grow on the 

catalyst-treated substrates, and the diameters and lengths of the resulting nanotubes 

can be controlled by varying reaction parameters, such as catalyst film thickness, 

carbon feed rate, and total reaction time [142, 259, 272, 404].  With sufficient catalyst 

distribution over the substrate surface, the nanotubes are grown in a very well-aligned 

orientation, and either multi-walled or single-walled tubes can be produced.  While 

thermal CVD is commonly performed with good success at atmospheric pressures, 

low pressure growth can also be performed by simply pumping down the reaction 

chamber during synthesis.  A low partial pressure of the hydrocarbon source is 

desirable to prevent excessive formation of unwanted carbon byproducts, and growth 

at low total reaction pressure ensures this low partial pressure.  This allows the use of 
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higher hydrocarbon introduction rates; as an example, Zhang et al. were able to 

increase acetylene flow 40-fold in their thermal CVD process by reducing the pressure 

from atmospheric to 2 torr [263].   

Thermal chemical vapor deposition is the most commonly used growth 

method, due to its simple set-up and ease of nanotube production under a wide range 

of conditions.  In addition, when compared to other common growth methods, thermal 

CVD offers relatively inexpensive equipment and reactants, and due to its lower 

operating temperatures, much cheaper operating costs for production of nanotubes.  

For these reasons it is the growth method most often scaled up for commercial 

nanotube production.  Thermal CVD also serves as a starting point for a range of 

modifications and improvements that have been reported to this simple chemical vapor 

deposition process.  These variations include different methods of catalyst and reactant 

introduction (such as floating catalyst CVD) and the use of several different energy 

sources in addition to the furnace during the reaction.   

2.5.3 Floating Catalyst CVD 

A common variation to the thermal CVD procedure uses a bare substrate 

material (rather than a metal coated surface) and introduces the catalyst material as the 

growth reaction proceeds.  The carbon source, usually in the form of a liquid 

hydrocarbon (such as benzene or xylene), is combined with a catalyst source (often 

ferrocene) to form a solution which is then fed into a heated furnace [30, 145, 146, 

348, 405-408].  This reactant introduction can also occur by evaporating the catalyst 

into the gas [145] or by bubbling the gas through a catalyst solution [30, 406].  This 
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synthesis method has been referred to using a range of names, including floating 

catalyst CVD, vapor phase CVD, injection CVD, and spray pyrolysis CVD.  During 

growth, decomposition of the metal compound results in the formation of nano-scale 

catalyst particles; this process can be assisted by hydrogen in the reaction and the 

particle size can vary depending on the reaction temperature [409].  This nucleation 

can occur in the vapor, unsupported by any surfaces (with floating catalysts) or the 

evaporated catalyst material can deposit on surfaces within the furnace and 

simultaneously start the growth of nanotubes (where growth can continue via the base 

growth mechanism [237]).  Nanotube products can typically be collected in the 

exhaust gas from the furnace, from the furnace walls, or on substrate surfaces within 

the reaction chamber.  Both multi- and single-walled nanotubes have been grown with 

a variety of catalysts and single-walled nanotube growth has also been reported with 

this process without the use of a catalyst [348, 405].  Nanotubes collected from the 

furnace walls or substrate surface can be very well aligned due to the same 

mechanisms described in Section 2.4.5.  The concentration of the catalyst-carbon 

source solution, as well as growth temperature and other process parameters can 

influence the length, diameters, and morphology of the produced tubes [410].   

Typically reactant solutions are allowed to evaporate slowly into the inert 

carrier gas; however, in some cases a high velocity gas stream is used to jet the 

reactant solution into the furnace [242].  This process is called spray pyrolysis CVD, 

where the solution is forced through a small nozzle by gas flows that can be 1000 

times higher than commonly used; this atomizes the liquid and brings it into the 
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reaction chamber.  Once inside the furnace the decomposition of the hydrocarbon and 

metal catalyst containing species can occur and nanotubes will form by the same 

process as described previously.  An example of the equipment set-up used for the 

spray pyrolysis growth of carbon nanotubes is shown in Figure 2-38, where argon is 

being used to atomize a benzene and ferrocene mixture. 

 

Figure 2-38: Spray pyrolysis equipment set-up for vapor phase carbon nanotubes 
formation [242]. 

 

2.5.4 CVD Modifications 

While the most common CVD methods rely on only thermal energy during the 

reaction to facilitate hydrocarbon decomposition and carbon diffusion, a number of 

variations have been reported where additional energy sources are implemented.   

A plasma-enhanced CVD process is often used, and in this technique the 

reaction chamber is modified to contain two electrodes, which create plasma 

surrounding the substrate.  Due to the energy provided by this plasma, the thermal 

energy requirements for hydrocarbon decomposition are not as great, and nanotubes 

can be produced at much lower temperatures than with normal thermal CVD.  This 
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method has been shown to produce nanotubes at temperatures as low as 330°C, using 

nickel, iron, or cobalt as a catalyst [314, 319, 328, 350, 411-415]. 

Other CVD methods have been developed that provide a localized heat source, 

allowing the hydrocarbon decomposition temperatures to be controlled separately and 

optimized independently from the substrate temperature.  The entire reaction still 

occurs within a furnace; however lasers [294], molecular beams [179], and resistively 

heated tungsten filaments (at ~2000°C) [264, 274] have be used to provide local 

heating to aid in hydrocarbon decomposition.  In particular, the use of lasers in this 

way has been known for many years, and laser have assisted in carbon fiber synthesis 

via the localized decomposition of hydrocarbons as early as 1972 [28].   

A final variation on the standard chemical vapor deposition technique utilizes 

carbon monoxide as a carbon source and can efficiently produce single-walled 

nanotubes (with up to 97% purity) [253, 254].  In this variation, high pressures 

(between 1 and 50 atmospheres) are used to promote CO decomposition.  This 

procedure is referred to as a HiPCO process, and carbon monoxide is combined with a 

metal catalyst compound at room temperature; this solution is then mixed with heated 

carbon monoxide and fed into a high pressure reaction chamber which is kept between 

800°C and 1200°C.   

2.5.5 Other Growth Methods 

Although chemical vapor deposition is the most widely used carbon nanotube 

growth method (in both research and commercial growth), it is not the only process 

used to produce carbon nanotubes, and was not even the first reported method for 
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nanotube growth.  Two other nanotube synthesis procedures (arc discharge and laser 

ablation) are used regularly, and these processes are briefly described below.  A wide 

range of other methods have also successfully produced nanotubes (such as flame 

synthesis [384, 385, 416-418], electrochemical synthesis [386], and formation under 

ion or electron beam irradiation [176, 177]), although these techniques may not offer 

the highest quality, yields, or efficiency.   

2.5.5.1 Arc Discharge 

The nanotubes grown by Iijima and reported in the paper that sparked the 

recent interest in this field were created using the arc discharge method [3].  In arc 

discharge nanotube production, a carbon source is vaporized by an electric arc.  As 

this carbon condenses it forms deposits of nanotube-containing soot on the inside of 

the arc discharge chamber, which can then be collected [419-422].  The very high 

temperature (as high as 4000°K [5, 420]) obtained using the arc discharge technique 

leads to nanotubes, which are highly graphitic in nature with few defects [421].  

Figure 2-39 shows a typical arc discharge equipment set-up.  A linear motion motor 

moves the anode forward as it is vaporized to maintain a constant distance to the 

cathode [423] and the carbon soot produced is deposited on the cathode and on the 

chamber above the arc.   
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Figure 2-39: Arc Discharge nanotube growth equipment with a horizontal orientation, 
showing deposit locations [281] 

 
The arc discharge technique can be used to grow either single or multi-walled 

carbon nanotubes, depending on the composition of the anode used in growth.  Multi-

walled nanotubes are produced with a pure carbon anode [424, 425] and the addition 

of a metal catalyst is used to produce single-walled nanotubes.  A wide variety of 

metals have been shown to catalyze the formation of single-walled tubes in arc 

discharge, including some lanthanides (gadolinium, neodymium, and lanthanum), 

transition metals (cobalt, iron, nickel, and copper) [426, 427], and some platinum 

group metals (rhodium, palladium, and platinum) [281].  Differences in reaction 

atmosphere can also be used to control the diameters found in single-walled tubes, as 

variations in the reaction gas compositions are thought to affect the carbon 

condensation rate and the speed of nanotube growth [419].     

2.5.5.2 Laser Ablation 

Laser ablation is a technique originated by Richard Smalley at Rice University 

that uses a laser beam to vaporize a carbon target [178].  As with arc discharge 

growth, a solid graphitic carbon source is used, and very high temperatures are 
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required to vaporize this target.  In this technique a laser beam is used and the reaction 

takes place inside a furnace in an inert gas environment.  Typical furnace temperatures 

are 800°-1200°C [178, 428], but can be as low as 500°C [273], and argon [429-431] 

and hydrogen [22] can be used as inert carrier gases.  Both CO2 [432-434] and 

Nd:YAG [428, 431, 435] lasers have been used in continuous [432] or pulsed [436] 

operation to form nanotubes with this method.  For single-walled nanotube growth, the 

graphite target is doped with a nickel or cobalt metal catalyst [437], and iron, 

platinum, copper, and yttrium have been used as co-catalysts [178, 438], producing 

yields of single-walled carbon nanotubes as high as 70 to 90% [439, 440].  Multi-

walled nanotubes can be grown with a pure or boron-doped graphite target [273, 441].  

Catalyst, temperature, and reaction gas variations can alter the diameter distribution of 

the single-walled tubes produced [22, 442].  A typical set-up of the equipment used in 

laser ablation is show in Figure 2-40, where an argon stream is used to carry the 

carbon and catalyst particles vaporized by the laser towards a collector (not shown).   

 

Figure 2-40: Typical laser ablation apparatus for production of carbon nanotubes, 
nanotubes are collected downstream from the argon flow [436].   
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2.6 Characterization of Carbon Nanotubes 

In addition to specialized characterization techniques used to investigate 

particular properties of carbon nanotubes (such as mechanical, electrical, optical, etc.), 

there are several general approaches that are commonly used in the analysis of carbon 

nanotubes.  These methods allow for the measurement of nanotube size as well as 

quality and presence of defects or contamination of the nanotubes.  Electron 

microscopy is often used to image carbon nanotubes due to their very small size.  

Scanning electron microscopy (SEM) can be used to measure lengths of carbon 

nanotubes and assess the degree of alignment in carbon nanotube mats.  Transmission 

electron microscopy (TEM) allows for higher magnifications (compared to SEM) that 

can be used to measure nanotube diameters, count the number of concentric walls 

(single-walled vs. multi-walled tubes), and view the tube morphology (straight or 

bamboo walls).  Selected area and convergent beam electron diffraction can also be 

performed in the TEM to determine the crystalline lattice and orientation of catalyst 

particles and nanotubes.  Energy dispersive x-ray spectroscopy is a technique that can 

be used with both SEM and TEM to measure the elemental composition of regions in 

the sample.  High energy beam electrons may eject inner shell electrons from atoms in 

the sample, causing outer shell electrons to drop in to fill these holes.  As these 

electrons drop from higher energy to lower energy states, an x-ray can be emitted with 

energy equal to the difference in energy between the two orbits, and this energy is 

characteristic for specific elements.  These x-rays are collected, with x-rays of 

characteristic energies indicating the presence of particular elements.  This technique 
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can be used to identify catalysts and contaminants within the sample [443].  Both SEM 

and TEM can also be used to identify the presence of contaminants (such as 

amorphous carbon particles) within the sample through visual inspection. 

Another common method of imaging carbon nanotubes is through atomic force 

microscopy.  Nanotubes are dispersed on a flat surface and a sharp probe tip on the 

end of a cantilever is brought into very close contact with the sample.  As the probe is 

scanned across the surface, interactions between the tip and nanotubes on the substrate 

are detected through deflections in the cantilever supporting the probe, generating a 

topographical map of the surface.  Nanotube lengths and diameters can be measured, 

and nano-indentation can be used to perform simple mechanical characterization.   

In addition to imaging contaminants using electron microscopy, the presence 

of non-nanotube product can be characterized using thermal methods.  Temperature 

controlled oxidation can be performed using a thermo-gravimetric analyzer, where the 

mass of the sample is measured as the temperature is ramped up in an atmosphere 

containing a small, controlled amount of oxygen [391, 444].  Nanotubes, having a 

higher thermal stability than amorphous carbon, will burn off at higher temperatures, 

and with increasing amorphous carbon contamination in the sample, the temperature 

corresponding to the peak burn-off rate will shift lower.  In addition, after the mass 

loss has stabilized (after all nanotube and amorphous carbon product have burned off), 

the remaining mass gives an indication of the original non-carbon content of the 

sample (typically the mass of the residual catalyst).   
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Perhaps the most common method of characterizing the quality and purity of 

carbon nanotubes is the use of Raman spectroscopy.  A nanotube sample is 

illuminated by a laser, and Raman scattering can be measured by shift in the 

wavelength of the laser light scattered from the sample relative to the incident laser.  

Incident photons can excite atoms in the sample to a higher energy state, and these 

atoms can then decay into a vibrational state.  The increased energy of this phonon 

mode will result in a corresponding loss of energy in the scattered light, indicated by a 

shift to a longer wavelength.  This shift is called a Raman shift, and the scattered light 

is referred to as Stokes radiation.  Different atomic bonding arrangements have 

characteristic phonon modes, and as these modes are excited certain wavelength shifts 

will be measured, each relating to a particular vibrational mode.  As a corollary to this 

effect, atoms which are already in an excited vibration state can relax due to 

interactions with the incident light, emitting “anti-Stokes” radiation whose wavelength 

has been shortened.  This effect is not typically used to characterize carbon nanotubes, 

however.  A typical Raman spectrum is shown in Figure 2-41.   

 

Figure 2-41: Typical Raman scan for multi-walled carbon nanotubes and a schematic 
of the in-plane vibration responsible for the G-peak [445] 
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There are a number of characteristic peaks observed in the Raman spectra of 

carbon nanotubes.  The two most prominent peaks are the D-peak, occurring at ~1355 

cm-1, which is disorder induced, and the high energy mode G-peak, found at ~1590 

cm-1.  The G-band is a Raman allowed peak for graphite (and is found in all sp2 carbon 

materials) and arises due to in-plane vibrations (see Figure 2-41).  The D-peak arises 

due to defect-induced scattering, where the presence of vacancies or impurities breaks 

the symmetry of the graphitic lattice.  This band is dispersive, and is therefore 

influenced by the laser excitation energy [446], while the G-band is not.  The G-peak 

intensity is often assumed to be independent of defect concentrations in the sample, 

and the ratio between the G- and D-peak heights or areas is often reported, with high 

ratios indicating a low defect concentration in the sample.  This ratio is typically less 

than ten for multi-walled tubes and carbon fibers (but can reach twenty and drop as 

low as one for relatively good and poor quality tubes, respectively [344, 392]).  In 

single-walled nanotubes the ratio is much larger than in multi-walled tubes, and can be 

as high as 100 for single-walled tubes with few defects [447].  This relation between 

the D- and G- peak areas can also be used to estimate the average in-plane crystallite 

size (La) in the sample, according to Equation (2-12) [388].  There can be a shoulder 

on the G-peak, located at ~1620 cm-1, that is typical of defective graphite-like 

materials and is induced by mid-zone phonons [448]; due to this peak there can be a 

slight defect-induced influence on the G-peak [447].  In some cases another defect-

induced peak is found at ~1085 cm-1 that has been referred to as the T-band in one 

report [449].  Additionally, defects in the lattice (such as dislocations or interstitial or 
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substitution atoms) can cause the energy associated with a particular vibration to 

spread over a wider range, resulting in broader or additional peaks [450]. 
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A number of second-order peaks are also observed.  The larger peak at ~2700 

cm-1 is variously referred to as either the 2D, D*, or the G’ peak, and is an overtone of 

the D-peak and is located at twice the D-peak shift [446, 451].  Scattering related to 

the G’-band is not defect-induced, and it has been suggested that the G’-D and G’-G 

peak ratios are a better measure of the quality and crystallinity of nanotubes (rather 

than the G-D peak ratio commonly used [451].  Additionally, a 2G peak is found 

between 3180 cm-1 and 3250 cm-1 (approximately twice the G-peak shift) and a 

disorder-induced peak is located at roughly 2970 cm-1 (roughly equal to the sum of the 

D- and G- peak shifts).  A smaller peak is sometimes reported at 2450 cm-1, and has 

been identified as either a second order mode of a 1220 cm-1 vibration [445, 452], or 

as a combination mode of the T- and D-peaks [449, 453].  All these second-order 

peaks have been attributed to in-plane vibrational modes [445]. 

In addition to these first and second order peaks, radial breathing mode peaks 

can be observed in single-walled nanotube samples within the range of 150-300 cm-1, 

which relate to radial vibration modes in very small tubes.  The peaks will resonate 

with specific excitation energies [447], and their location is associated with the 

diameter of the nanotubes in the sample; these values are related by Equation (2-13).  

Size dependence is also observed with small diameter nanotubes for the G-peak, with 
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peaks for tubes less than roughly 5nm in diameter found as low as ~1500 cm-1 

(compared to 1590 cm-1 for multi-walled tubes).  For these small tubes, the G-peak for 

metallic single-walled tubes will occur at a slightly lower frequency than those of 

semi-conducting tubes with the same diameter [446, 447].   

 ( ) ( )nmdcm
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Typically a single wavelength source is used in Raman spectroscopy; however, 

the use of different energy laser sources can influence some results.  For example, the 

shift associated with the G’ (2D) peak is dispersive (having a strong dependence on 

the incident laser energy), shifting up with increasing light energy, while the 

frequencies of certain other second-order peaks have little dependence on the laser 

energy [452, 454].  The peak found at ~2450 cm-1 has also been reported to be 

dispersive, with a negative relation, where the frequency increases with decreasing 

laser energy [455].  In addition, the angle between the incident laser polarization and 

the nanotube axis can influence the peak intensities (particularly radial breathing mode 

peaks) due to the polarization ability of nanotubes [120-124].  As a result of this 

effect, sample alignment (random, well-aligned, etc.) can influence Raman results 

[111].  Sample heating can also cause slight shifts in peak locations.   

2.7 Carbon Nanotube Applications 

Carbon nanotubes possess a unique combination of exceptional mechanical 

strength and stiffness and interesting electrical, optical, and thermal properties.  

Coupled with their extremely small size, nanotubes have been shown to offer 
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improved performance in a wide range of existing applications and can also be used 

for many new applications, which would be otherwise impossible without a material 

with the properties of carbon nanotubes.  The small scale of individual single- and 

multi-walled carbon nanotubes gives mats of these materials very high surface areas, 

and one application of interest is their use as sensors.  Due to their remarkable 

mechanical properties, there has also been much work reported on the use of carbon 

nanotubes as strengthening agents in composites and on the fabrication of bulk 

materials made of pure carbon nanotubes.  Nanotubes have also been investigated for 

electronic, energy, and other applications, such as in the fabrication of transparent 

conductive films, nano-scale transistors, field emission sources, solar cells, super 

capacitors, hydrogen storage cells, and more.   

2.7.1 Nanotube-Based sensors 

The very small size (corresponding to very high surfaces areas [456]) and 

material properties of carbon nanotubes have led to much work investigating their use 

in a wide range of sensor applications [457].  These sensors have been designed to use 

both individual nanotubes and mats of aligned nanotubes, and their operation has been 

based on both the electrical and mechanical properties of nanotubes.   

Carbon nanotube-based gas sensors have been designed, where detection is 

accomplished through changes in the electrical properties of the nanotubes upon 

contact with different gases.  In 2000, up to 100-fold changes in conductance were 

observed when single-walled carbon nanotubes (both semi-conducting and metallic, 

and both isolated and in mats) were exposed to NO2 and NH3 gases [458].  Charge 
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transfer between the adsorbed gases and the nanotubes led to changes in carrier 

concentrations, and sensitivities as high as 1000 and detection limits as low as 2ppm at 

room temperature were achieved.  Nanotube-based sensors of inert gases have also 

been demonstrated, where deformations caused by collisions between gas species and 

the nanotube walls lead to changes in resistance (varying as a function of the mass of 

the colliding particle) [459].  Since then similar approaches have been used to create 

sensors for a wide range of gases, including I2, CO, AsF3, He, Ar, Ne, Kr, Xe, CH4, 

N2, O2, CO2, and more [457].  A different approach for gas-sensing uses nanotube 

mats, which have been infiltrated with polymers to create composite materials.  

Chemical absorption can cause the polymer matrix to swell or shrink, altering the 

spacing between nanotubes and causing a measurable, reproducible change in the 

resistance of the composite [460, 461].  Nanotubes have also been as a component in 

biosensors, where they can enhance the electrochemical activity of certain 

biomolecules.  Nanotube arrays can act as supports and electrodes in these designs, 

with active species deposited directly on the nanotubes (such as with myoglobin 

[462]) or onto a polymer film coated over the nanotubes (as with glucose oxidase 

[463]).   

Carbon nanotube sensors have also been designed with their operation based 

on the mechanical properties of nanotubes.  One of the earliest of these applications 

(reported in 1996) was the use of carbon nanotubes as probes for scanning probe 

microscopy [464].  The very sharp tip of carbon nanotubes allows for improved 

resolution over conventional silicon-based probe tips (up to a tenfold decrease in tip 
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radius with single-walled tubes) [465], and chemically modified nanotube tips can also 

be used for chemical force mapping of surfaces [466].  Changes in the band gap and 

resistance of carbon nanotubes can vary with axial strain, and pressure sensors have 

been made, which use this piezoresistive property to measure strains in a nanotube 

suspended on a membrane separating regions of differing pressure [467-469].  This 

response can also be used to fabricate carbon nanotube-polymer composite strain 

gauges [470].  Pressure applied directly to carbon nanotubes or nanotube-based 

polymer composites (rather than applied to pressure-sensitive membranes) can result 

in shift in the location and intensities of certain Raman peaks.  By monitoring the 

locations of the G peak (varying from 1580 cm-1 to 1615 cm-1) and D* peak (from 

2610 cm-1 to 2645 cm-1), both pressures and the surface tensions of liquids can be 

measured [471-474].  Mass sensors with femtogram detection levels (10-15g) can also 

be made by monitoring changes in the resonant frequency of carbon nanotubes as a 

function of the mass of attached molecules [475].   

Of particular interest in this work is the use of nanotubes as a component in 

fluid flow sensors.  To date there has been very limited research into this possible 

sensing application, and the published reports have used the same principle in their 

sensor design.  Fluctuating coulombic fields in a passing liquid can cause the 

movement of free charge carriers in the nanotubes, causing a small current and voltage 

change as a result of fluid flow.  This has been predicted theoretically [476] and 

shown experimentally in both single-walled nanotubes [477] and multi-walled 

nanotubes [478].  Not only can flow velocity be measured, but the ionic strength of the 
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passing fluid can also be detected, as the induced voltage increases with increasing 

ionic strength (for example with concentrated acid or salt solutions) [477, 478].  

Different responses are also observed with aligned and un-aligned tubes, and as the 

flow direction varies relative to the tube alignment.   

2.7.2 Macro-scale nanotube-based materials 

Due to the exceptional mechanical properties observed in carbon nanotubes at 

the nano-scale, there has been much interest in their use as high strength materials.  

Currently, carbon fiber provides the benchmark for applications requiring high 

strength (~3 GPa [479]) and stiffness (~680 GPa or higher [480]) and low weight.  

Carbon nanotubes possess properties matching and in many cases exceeding those of 

carbon fiber, with modulus values of ~1TPa [47, 48, 50] and some ultimate tensile 

strength values reported as high as 150GPa [53, 54, 56, 57].  In addition, the high 

thermal conductivity [126] and attractive electrical properties of carbon nanotubes 

make them interesting in potential multi-functional material applications.  

Unfortunately, the small dimensions of as-synthesized carbon nanotubes make their 

handling difficult and their use in many applications impractical without further 

processing or improvements.  Considerable effort has been expended to develop 

materials that take advantage of these properties on the macro-scale.  There have been 

two main approaches towards achieving this goal: incorporating nanotubes into 

composite materials as fiber reinforcements and by producing macroscopic materials 

composed solely of carbon nanotubes. 
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2.7.2.1 Nanotube/Polymer Composites 

Composite materials are often used to achieve a desirable combination of 

properties that may not be easily attainable with a single component material, and are 

commonly made by incorporating a high strength fiber within a polymeric, metallic, or 

ceramic matrix material.  These fiber reinforced composites are often used in 

applications requiring lightweight materials with high strength and stiffness.  As the 

fiber reinforcement contributes much to the overall strength of the composite 

(particularly when loaded parallel to the fiber direction), a material, which possess 

exceptional strength and stiffness (such as carbon nanotubes), would be of great 

interest for use in composite fabrication.   

In experiments, carbon nanotube based composites have been created using a 

variety of different processing techniques.  As polymers are commonly used in 

composites, the polymeric matrix can be dissolved in a solution, which can then be 

mixed with a second solution containing nanotubes in suspension.  The dissolving 

agent is evaporated from the solution, leaving a nanotube reinforcing phase dispersed 

in a polymeric matrix [481-483].  A powdered form of the matrix material can also be 

combined with carbon nanotubes; this mixture can then be heated under pressure to 

create a composite material [484, 485].  Using these methods nanotube concentrations 

tend to be fairly low (typically less than ~5 wt.%).  Carbon nanotube-polymer 

composites can also be produced by the wet spinning of fibers, as shown in Figure 

2-42 [486-489].  In these methods, nanotubes are dispersed in a solution, which is then 

either allowed to coagulate, or from which the nanotubes are drawn.  This process 



104 

 

results in fibers with higher nanotube concentrations (~20 wt.% and higher [487]) and 

with impressive mechanical properties (tensile strengths up to 1.8 GPa, modulus of 

roughly 15 GPa [486, 488]), but that still fall short of those of individual CNTs.  Post-

processing methods can be used to further increase the nanotube concentration by 

removing the dispersing liquids from the nanotube fibers.  A wide range of polymers 

have been used as the matrix material in carbon nanotube reinforced composites, 

including epoxies [490, 491], polystyrene [492], polycarbonate [493], PMMA [482, 

484, 494], and polyvinyl-alcohol [495], as well as some metals [496] and ceramics 

[485, 497].   

 

Figure 2-42: (left) Wet spinning process for CNT-PVA fiber production, (right) 
examples of CNT composite fibers produced using this method [486].   

 
Carbon nanotubes serve the same role as a dispersed phase in composites as 

other common fiber materials in more conventional fiber-reinforced composites.  

These fibers strengthen the material by carrying loads that are transferred from the 

matrix phase to the fibers due to fiber-matrix interfacial shear stresses.  As a crack 

grows through the material, nanotubes can span the crack opening, increasing the 

stress required to propagate it.  As reported in epoxy composites with randomly 
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aligned CNTs, several nanotube orientations relative to the crack are observed, 

depending on the width of the crack and the length of the reinforcing nanotubes used 

[498].  When the crack opening is very small (less than one micron wide), nanotubes 

will span the crack, but were found to be angled and curved.  As the crack opens, the 

nanotubes stretch to span the gap and are pulled to an alignment perpendicular to the 

crack growth direction.  As the width of the crack continues to increase, the nanotubes 

will either pull out of the matrix or break.  Nanotube pull-out is more commonly 

observed [499], as the tensile strength of carbon nanotubes (up to 150 GPA [53, 54, 

56, 57]) is greater then the interfacial strength between CNTs and the matrix or 

between CNTs within a bundle (estimated to be less than 30 GPa [498]).  For longer 

tubes, where the shear stress is carried over a larger interfacial area, additional crack 

growth will cause the tubes themselves to break, providing additional strengthening 

[500].  In the case of multi-walled carbon nanotubes, the sword-in-sheath failure 

mechanism has been observed [481].  Various treatments have been attempted to 

improve the bonding between the nanotubes and the matrix phase to help prevent tube-

matrix separation [501].  Figure 2-43 illustrates the alignment of carbon nanotubes 

bridging a crack and strengthening the matrix material. 
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Figure 2-43: Carbon nanotube reinforcements in a polystyrene composite showing (a) 
nanotubes spanning the crack width, and (b) separation of nanotubes 
from matrix material after fracture [502].   

 
Composites made using carbon nanotubes as the dispersed fiber reinforcement 

phase have shown improvements in a wide range of properties.  Nanotube-based 

composites have been reported that are stiffer [501-504], stronger [501, 502, 504], 

harder [494, 496], tougher [505], and more wear resistant [496, 506], than the parent 

matrix material.  The mechanical properties of carbon nanotube based composites 

have also been demonstrated to be superior to those of carbon fiber based composites, 

one of the best strengthening agents currently used [496, 504, 506].  In addition to 

improved mechanical properties, the high electrical and thermal conductivity of 

carbon nanotubes has led to composites with improved temperature resistance [507], 

thermal conductivity [129, 508, 509], electrical conductivity [510], and increased 

diffusion and glass transition temperature [511].   

The benefits provided by using nanotubes in composite materials are 

dependent on several factors, including the nanotube alignment within the matrix (or 

lack of alignment) the weight percentage of nanotubes in the composite, and the type 

of nanotubes used.  Alignment has been induced in nanotube-PVA composite fibers 
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through tensile loading, with decreased electrical resistance and increased thermal 

conductivity observed with increased alignment, as shown in Figure 2-44 [508].  

Composites with aligned nanotubes have also been reported to have a higher storage 

modulus than composites containing randomly oriented nanotubes [503].   

 

Figure 2-44: (left) Decrease in electrical resistance with increasing stretch-induced 
nanotube alignment, (right) improved thermal conductivity with 
increased alignment [508] 

 
The properties of nanotube-based composites can also be controlled by varying 

the weight percentage of nanotubes used.  Increases in the nanotube weight percentage 

have been shown to increase electrical [487, 508, 512] and thermal conductivity 

(Figure 2-45), as well as change optical absorption characteristics [510].  Mechanical 

properties can also vary with nanotube weight percent, with improved strength and 

stiffness observed for low to moderate nanotube concentrations [501, 504].  However, 

reductions in mechanical properties have been reported for high nanotube 

concentrations, due to poor dispersion of nanotubes within the matrix [513].  In 

addition, the use of single walled tubes (where a fraction of the tubes can be semi-
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conducting) can lead to composites with higher electrical resistance than similar 

composites made with multi-walled tubes [487].   

 

Figure 2-45: (left) Increase in electrical conductivity with increasing nanotube weight 
percent in CNT-PVA composites [512], (right) Thermal conductivity 
increase with nanotube content in CNT-epoxy composites [129] 

 

2.7.2.2 Pure nanotube fibers and sheets 

While nanotube-based composites (most commonly nanotube-polymer 

composites) have demonstrated improved mechanical properties compared to the bulk 

matrix material, they still fall well short of the exceptional properties of individual 

carbon nanotubes, often due to limitations in interfacial strength.  To improve on these 

composites, several groups have worked to create bulk fibers and sheets composed 

entirely of carbon nanotubes.  There have been two main approaches towards this 

goal; one method synthesizes and processes the nanotubes into fiber using a single, 

continuous technique, the other separates the growth of the nanotubes and the 

processing into distinct steps.  Of the reports with separate nanotube synthesis and 

fiber fabrication stages, the majority use a dry method, which allows control over 



109 

 

many process parameters, although other methods, such as wet, solution-based 

approaches have been used [122, 514].   

In contrast to CNT-based composites, which can often be molded into any 

desired shape, materials composed of pure carbon nanotubes have only been produced 

in sheet and fiber form to date.  Carbon nanotube sheets can be layered and woven to 

make fabric, and nanotube fibers, the more commonly reported structure, can be 

twisted and braided into carbon nanotube ropes.   

Fibers and yarns have long been studied in the textile industry, and the 

properties of yarns are a function of the constituent fiber properties and the spinning 

parameters used to create the yarn.  One of the most important parameters is the twist 

angle, which influences the ratio between yarn and fiber modulus (from which a 

similar expression for yarn and fiber strength can be derived).  This expression is 

given in Equation (2-14); the parameter k is defined in Equation (2-15) [515].   
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A plot of the modulus ratio between the yarn and individual fibers is shown in 

Figure 2-46 for several k values.  Yarn properties improve with decreasing k values, 

and k decreases as fiber length (Lf) and fiber friction (µ) increase, and as fiber 

diameter (a) decreases, and as the length of fiber as it travels from the surface to center 

of the yarn (Q) decreases.   
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Figure 2-46: Relationship between twist angle and yarn/fiber modulus ratio 

 
Increasing yarn twist increases friction between adjacent fibers.  Under tensile 

strain, twist will result in a radial contraction, decreasing nanotube spacing, increasing 

van der Waals forces between tubes and resisting tube slippage.  However, as twist 

angle increases, misalignment between fiber axis and the loading direction increases, 

reducing the effective yarn stiffness and leading to fiber breakage.  An optimal twist 

angle can be determined using Equation (2-14), where fiber breakage and slippage are 

balanced.  In addition, a critical fiber length can be identified, where fiber-fiber 

friction along a fiber’s length exceeds the yield strength of an individual fiber.  With 

fiber lengths exceeding this length, the strength of the yarn will approach the strength 

of the constituent fibers.  Based on these considerations, yarns could be made stronger 

and stiffer by fabricating them from small diameter fibers that are as long as possible.   

Currently there have been several procedures developed to process carbon 

nanotubes into longer, larger diameter fibers; these methods vary primarily in the 

sequence of nanotube growth and fiber processing.  The spontaneous formation of 

bundles of single and double-walled nanotubes during growth has been reported [196, 

261].  In these methods, catalytic CVD processes are used with floating catalyst 
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particles.  Without the influence of a substrate, nanotubes growing from these particles 

form into long strands, held together by van der Waals forces.  These spontaneous 

formation methods lack control over parameters such as nanotube length and fiber 

length and diameter.  A similar method, which provides better control over the 

nanotube fiber properties, involves pulling nanotubes from the growth region in the 

CVD reaction [233, 238-240].  Carbon nanotube reactants are introduced at the top of 

a vertical furnace; nanotubes then form in the furnace hot zone and are allowed to 

deposit on the end of a long rod inserted into the furnace.  This rod is then twisted and 

slowly removed from the furnace or simply wound up, pulling out with it either a 

twisted strand of carbon nanotubes or a sheet of carbon nanotubes (Figure 2-47).   

 

Figure 2-47: (left) Direct spinning of carbon nanotube fibers and sheets from the CVD 
furnace, (right) SEM images of nanotube based ropes [239].   

 
With this method, the fibers can be pulled to any length desired as long as 

additional feedstock is added to continue the synthesis reaction.  Additionally, there is 

control over parameters, which are important factors in fiber performance, such as 

fiber twist and diameter (which can be influenced by twist and draw speed), and 

individual nanotube diameter and length (which are affected by CVD parameters) 
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[233].  Nanotube orientation relative to the fiber axis has been shown to improve with 

increasing winding rate.  Increased winding rates also produce nanotube ropes with 

lower linear density and higher specific strength and stiffness [240].  Density-specific 

mechanical properties of these ropes exceed those of many other high strength 

materials, including Kevlar and carbon fiber (Figure 2-48), with strengths up to 9 GPa 

and stiffness of roughly 350 GPa [240].  Recently, a New Hampshire based company, 

Nanocomp Technologies Inc., has used a similar technique to produce nanotube fibers 

up to 1000m in length and sheets covering several square feet [516, 517].   

 

Figure 2-48: Mechanical properties of direct spun SWNT ropes (left) Specific-stress-
strain curves compared to Kevlar, (right) specific strength and stiffness 
comparison [240].   

 
While this single step method can continuously produce fibers of aligned 

nanotubes (as long as the CVD reaction is sustained), it was initially restricted by 

certain drawbacks, such as limited control of some individual nanotube or fiber 

properties.  While further advances has provided improved control over this 

continuous spinning method, another method has also been recently reported which 

provides additional process control to addresses many of these shortcomings [189, 

200-204, 210, 213, 263, 518].  If nanotubes are grown in tightly-packed, well-aligned 
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arrays and are weakly bonded to the substrate, nanotubes can be pulled and spun away 

from the substrate.  Due to van der Waals interactions between tubes, these tubes carry 

adjacent tubes away with them, and as more nanotubes are pulled away, they continue 

to pull their other neighbors away with them.  As they are drawn away the tubes 

become aligned in the pull direction and can form long nanotube yarns, as shown in 

Figure 2-49.  This process can be initiated by simply bringing a sharp, roughened 

probe into contact with the side of the nanotube mat, causing nanotubes to stick to the 

point.  This spindle can be spun (at speeds ranging from 1500 to 2500 rpm [201, 204]) 

as it is drawn from the mat (at roughly 5 cm/min [201]), twisting the nanotube yarn 

into rope.  Further processing can be used to combine multiple ropes to form two-ply, 

four-ply, and knitted yarns [204].  While most groups reporting this spinning have 

been successful only when using highly aligned CNT arrays, spinning has also been 

achieved using tangled, “cotton-like” CNTs [200].   

 
Figure 2-49: Spinning yarns of carbon nanotubes from aligned nanotube mats, 

magnified views show twist angle and draw direction [201, 204] 
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Yarns produced in this manner have several benefits.  As the procedure for 

nanotube growth on a substrate is independent from the spinning process, their 

properties can be carefully controlled.  This control can include diameter control 

(multi- or single-walled tubes) and length control (with longer tubes producing 

stronger fibers from Equations (2-14) and (2-15), as shown in Figure 2-50 [202, 518].  

These nanotube yarns have been found to have toughness nearly 100 times higher than 

that of carbon fibers and roughly 30 times higher than Kevlar and specific strength and 

stiffness roughly five times higher than the strongest and toughest commercially 

available fibers [201].  In addition, the fiber parameters can be controlled during the 

spinning process.  The width of the nanotube mat from which nanotubes were initially 

drawn controls the diameter of the resulting fiber (with thicker fibers coming from 

larger pull-out areas).  As the nanotube yarn is pulled away from the mat it can be 

spun to create a twist angle in the yarn, and this angle can be controlled as a function 

of spinning speed and the yarn draw rate.   

 

Figure 2-50: Effects of CNT mat length (left) and CNT rope twist (right) on strength of 
CNT ropes [202] 
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While this process seems straightforward, very few groups have reported 

spinning nanotubes into yarns in this fashion.  In addition to perfecting the actual 

spinning process, the nanotubes from which these yarn are formed must have specific 

properties.  It has been reported that in order for a nanotube mat to be “spinnable” the 

tubes must be very highly aligned and clean from impurities [263].  The bonding 

between the nanotubes and the substrate must be very weak, allowing the nanotubes to 

pull free from their support with minimal resistance, and both SiO2 [204, 263] and 

Al 2O3 [201, 202, 210] substrates have been used successfully.  The most critical factor 

in this process is to maximize the van der Waals interactions between adjacent tubes in 

the mat.  These forces must be high to allow tubes being pulled away from the mat to 

drag adjacent tubes away with them.  As the magnitude of van der Waals forces 

decreases with the distance to the sixth power, minimizing the spacing between tubes 

is critical in order to maximize attractive interactions.  Impurities within the nanotube 

mat can also create gaps, increasing separation between tubes; a very “clean” mat is 

required to avoid this problem.  The area density of the nanotubes as they grow on the 

substrate must also be maximized.  If the catalyst particles initiating nanotube growth 

can be packed more closely together, the resulting nanotubes will benefit from that 

increased packing.  In addition, high packing density can help alignment via the 

“crowding” mechanism (see Section 2.4.5).  Good alignment ensures that similar 

forces exist between tubes in all directions and throughout the mat; if these forces are 

non-uniform CNTs will separate in clumps and the continuous draw process will not 

work.   
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The nanotubes found in “spinnable” mats have also been reported to have 

smaller diameters than the “average” multi-walled nanotubes described in the 

literature (spinnable nanotubes have been DWNTs [201] or small, ~10-15 nm 

diameter MWNTs [202, 204, 263]).  Catalyst particle size has been shown to closely 

relate to nanotube diameter, with smaller particles producing smaller nanotubes [143, 

154, 188].  For a given quantity of starting catalyst material (a film of fixed thickness), 

the number of discrete catalyst particles formed from this film is inversely 

proportional to the volume of the particles.  As a result, more numerous smaller 

particles will be packed closer together on the substrate surface; this can lead to a 

more tightly packed nanotube mat with increased van der Waals forces between 

adjacent tubes.     

There are numerous benefits of using smaller diameter nanotubes for spinning.  

In addition to increased density on the substrate surface (increasing van der Waals 

forces making spinning easier, as described above), smaller nanotubes will also result 

in a stronger spun rope than possible with larger nanotubes.  The packing of smaller 

nanotubes in the cross-Section of the rope can be tighter (similar to the increased 

packing on the substrate).  This tight packing increases van der Waals forces between 

adjacent tubes in the rope, increasing friction among tubes.  Increased friction will 

resist slippage between tubes and will result in a rope with properties more closely 

matching the desirable properties of the component nanotubes.  These increased 

numbers of nanotubes in a given cross-sectional area of the spun yarn also allowing 

the load to spread over a larger number of nanotubes.  In addition, mechanical testing 
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of multi-walled nanotubes has revealed that most of the load is carried only by the 

outer shell [57].  This is due to the weak inter-layer bonding in graphite.  Multi-walled 

nanotubes have been found to fracture in a “sword-in-sheath” manner, where the outer 

tube will break and the inner tubes will pull out of the outer shell.  Nanotubes with 

smaller cross-Section will have fewer inner shells, and a greater proportion of their 

cross-Section will carry load compared to larger diameter multi-walled tubes.  Finally, 

yarns composed of smaller diameter nanotubes can be bent at sharper angles without 

damage, as the actual bending experienced by individual tubes within the rope will 

decrease as the ratio of their diameter to the rope diameter decreases.   

In addition to the promising mechanical properties of carbon nanotube ropes, 

these materials have also been characterized electronically, optically, and thermally.  

The resistance of nanotube ropes increases as the length of the component nanotubes 

decreases, with conductivity of ropes made from 0.3mm CNTs reported as 22% lower 

than that is ropes made from 1.0mm CNTs [210].  This effect is due to the high 

contact resistance between adjacent tubes (relative to resistance along the length of a 

single tube); this influence is reduced with increasing CNT length.  Additional post-

processing treatments can provide further control over the conductivity of nanotube 

ropes [210].  Nanotube ropes can also be resistively heated to anneal the ropes into 

different shapes (such as coils and springs).  This heat treatment also results in an 

increase in the rope stiffness (roughly twice the untreated value), although there is a 

reduction in tensile strain at failure [263].   
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During the rope spinning process, if a wider probe is used to contact the 

nanotube mat edge (rather than a sharp spindle), and the probe is not twisted during 

the draw process, a nanotube sheet can be produced rather than a rope [203, 519].  

Nanotubes within the sheet are aligned along the draw direction, and resulting in 

interesting electrical and optical properties.  Sheet resistance in the draw direction is 

roughly ten to twenty times lower than the resistance perpendicular to the draw, and 

resistance decreases as the length of the nanotube arrays used to make the sheet 

increases [519].  Optical transmission also varies with the light polarization angle 

relative to the draw direction.  Both nanotube ropes [213] and sheets [203] can serve 

as incandescent light sources (Figure 2-51) and sheets can also be used as components 

in OLED light sources and can act as transparent, conducting films [203].  Similar 

nanotube films can also be fabricated using a solution-based approach, and this 

method and the electrical properties of these sheets are described in Section 2.7.3.   

 

Figure 2-51: (a) Variation in sheet resistance with original nanotube array length and 
nanotube diameter (influenced by the Fe catalyst film thickness) [519] 
(b) nanotube sheets as a source of polarized incandescent light [203] 
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2.7.3 Nanotubes for Electronic Applications 

As described in Section 2.3.2, nanotubes have very low resistance, very high 

current carrying capacities, and are not limited by electro-migration in the same way 

similar-sized metallic wires would be.  Additionally, the high thermal conductance 

allows rapid dissipation of any heat generated during current flow.  This combination 

of material properties has made them of interest to a wide range of electronic 

applications.  One of the first electrical applications considered for carbon nanotubes 

was their use as nano-scale wires, and through the use of lithographic techniques to 

define catalyst regions, nanotube growth has been patterned to form electrical 

connections [520-522].  As-grown semiconducting nanotubes can also be used to form 

p-type transistors, and n-type transistors can be fabricated by doping or vacuum 

annealing the tubes [105-107, 523-525].  This annealing can be carried out at moderate 

temperatures (~200°C), and potassium doping can convert nanotubes to n-type, with 

oxygen doing converting them back to p-type.  The conductivity of carbon nanotubes 

can also be altered by mechanical deformation, such as twisting and bending [102, 

526].  In addition to producing simple on-off switches with carbon nanotube 

transistors, combinations of different transistor types can be used to form some of the 

basic components of logical circuits.  Carbon nanotubes have been used to form 

functioning “NOT” logic gate in two ways, by connecting a p- and n- type tubes in 

series with electrodes, or by manipulating a single tube to contain both n-type and p-

type semiconducting regions [106, 107, 527].  This fabrication process includes a 

combination of doping, vacuum annealing and selective masking of parts of the tubes 
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using lithographic methods.  This is shown in Figure 2-52, where PMMA is used to 

mask a region on a nanotube, which can then be doped with potassium to convert that 

Section of the tube to an n-type semiconductor.   

 

Figure 2-52: Schematic (left) and Input-output curve (right) for a nanotube-based 
NOT gate [106] 

 
A network composed of metallic, p-type, and doped n-type semiconducting 

tubes could exploit these different electronic behaviors to potentially replace and 

significantly reduce the size of entire circuits currently made using metallic wires and 

silicon components.  However, precise arrangement of many tubes of different types 

would be required for complete circuits, and methods to achieve the accuracy for this 

complex placement are still being developed.  Even without this control, sparse 

networks of randomly arranged carbon nanotubes have been used to fabricate 

transparent, conducting films for applications such as optical coatings and as 

components in solar cells.     

These nanotube sheets can also be made using a solution method [528], in 

addition to being drawn from a mat of aligned nanotubes (as described in Section 

2.7.2.2).  A dilute, surfactant based solution of carbon nanotubes can be vacuum 

filtered through a membrane, leaving a thin film of tangled carbon nanotubes lying 
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parallel to the filter surface.  Following filtration the surfactant can be washed away 

and the membrane removed, leaving a free-standing film of carbon nanotubes.  Films 

produced using this method have less alignment than those produced using the draw 

process described above (alignment only in the film plane, rather than in the draw 

direction), but still have interesting electrical and optical properties.  Optical 

transmission in the visible light range is similar to that of the drawn nanotube films, 

but sheet resistance can be significantly lower (~30 Ω/□ vs. ~700 Ω/□) [203, 528].  

Solution processed nanotube films can also be made in much larger sizes than the 

drawn sheets, as size is limited by filter area rather than nanotube mat and substrate 

size.  For very sparse nanotube films, the percolation threshold may not be reached, 

and the film will lack a continuous, conductive path.  Above this threshold (found in 

sheets made from roughly 6ml of a solution containing 0.2mg/L nanotubes in one 

study [109]) the sheet conductance increases with the nanotube concentration through 

a power law relation.  Although higher nanotube concentrations can increase 

conductivity, this can also reduce the transparency of the film, illustrated in Figure 

2-53 [109].   
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Figure 2-53: (a)Carbon nanotube film sheet conductance increases with increasing 
nanotube concentration, inset shows percolation threshold at 6ml 
solution, (b) Optical transmittance drop with sheet resistance [109].   

 

2.7.4 Other Nanotubes applications 

Carbon nanotubes have been investigated for use in a very wide range of 

applications, which seek to take advantage of their size, structure, and material 

properties.  Their very high surface area and the ability to functionalize carbon 

nanotubes has made them useful for sensing applications, but these same properties 

have been applied to catalysis, where nanotube have been used as supports for various 

catalysts [529].  This high surface area has also been used to enhance the capacitance 

(by over a factor of five) of quick-charging capacitors fabricated from metal-nanotube-

insulator-metal layers [530, 531].  Patterned arrays of carbon nanotubes have been 

coated with thin semiconductor layers and a transparent, conducting indium tin oxide 

film for use as solar cells.  The three-dimensional structure allows for reflected light to 

be recaptured, providing up to a threefold improvement in power production [532]. 

This high surface area is also one of the features that has led to research in 

carbon nanotube-based hydrogen storage for applications such as hydrogen fuel cells 
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[533].  Both gas phase absorption and electrochemical mechanisms can promote this 

storage, which can increase with surface area [534, 535].  In gas phase intercalation, 

physical forces (such as Van der Walls forces) attract H2 gas to the nanotubes; the high 

nanotube surface area leads to efficient storage via physisorption.  Chemical forces 

can also act, and hydrogen can be incorporated into the nanotubes by chemisorption 

through covalent bonding [536].  Although there has been a range of values reported 

[533], hydrogen storage of several weight percent has been demonstrated 

experimentally via both chemisorption [537-539] and physisorption [540] in carbon 

nanotubes.  Storage capacities can be increased on open tube ends (via chemisorption 

[541]), within open tubes and bundles of tubes through physisorption [542, 543], and 

by utilizing a combination of these absorption mechanisms.   

While the small size of carbon nanotubes results in the high surface areas that 

are desirable for hydrogen storage and sensing applications, this small size also gives 

individual carbon nanotubes a near one-dimensional geometry.  These dimensions 

make them ideal candidates as field emission sources, which has been demonstrated as 

early as 1995 [544-546].  Field emission occurs when a voltage is applied to a sharply 

pointed metal (or other solid), creating a concentrated electric field at the tip that 

extracts electrons.  The very small radius of curvature found at the ends of carbon 

nanotubes gives them very sharp tips, which provide field enhancement factors up to 

50,000 [547, 548].  This allows high current densities to be emitted efficiently for low 

applied voltages for both single-walled and multi-walled tubes [549, 550].  Single 

point field emission sources can be used for applications such as filaments for electron 
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microscopes; however, with nanotube-based field emitters, patterns of multiple field 

emission sources [321, 550, 551] can be fabricated using standard photolithography 

techniques on silicon substrates [420, 552-555].  By adding a phosphor screen in front 

of each separate field emission site, visible light can be produced, and these arrays can 

be used as bright, efficient flat panel displays [556].   
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3. Procedure 

In this work, carbon nanotubes were synthesized using catalytic chemical 

vapor deposition (catalytic CVD) reactions, and a wide range of process parameters 

were studied.  In order to isolate the effect of individual parameters, a versatile 

reaction set-up was designed to allow growth attempts under a wide range of 

conditions, including variations of reaction gas, carbon source, temperature, gas flow 

rate, and more.  Three distinct synthesis set-ups were used, depending on if the carbon 

source was in a liquid or gas phase and the method of catalyst introduction; however, 

these designs shared several common features, which are described in Section 3.1.  

The catalyst material was either deposited on substrates prior to growth (for thermal 

CVD, Section 2.5.2) or mixed with the carbon source prior to introduction to the 

reaction chamber (floating catalyst CVD, Section 2.5.3).  In floating catalyst CVD, the 

catalyst introduction occurs simultaneously with the nanotube synthesis, and this 

process is described in Section 3.1.1.  For thermal CVD, the catalyst deposition was 

performed prior to nanotube synthesis, and the preparation for this step is outlined in 

Section 3.1.2.  The general thermal CVD growth process is described in Sections 3.1.3 

(for growth with liquid carbon sources) and 3.1.4 (for growth with gaseous carbon 

sources), and values for typically used synthesis parameters are given in more detail in 

Sections 5.1 and 5.2.  Additional procedures were also used specifically for the 

different investigations that were performed during this work, and these are described 

in the appropriate parts in the results and discussion sections of this dissertation.   
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3.1 Chemical Vapor Deposition Process 

Due to the various methods used for the introduction of carbon and catalyst 

reactants in this work, the synthesis chamber design had to be versatile in order to 

accommodate a number of alterations to the process.  Several carbon sources were 

used in these experiments, and the CVD set-up was modified depending the phase of 

the carbon source (liquid or gas) and the method of catalyst introduction.  Three 

configurations of the reaction equipment were required to provide the proper 

conditions for growth with these variations.   

Despite the differences between these CVD configurations, the growth process 

was similar for all synthesis methods.  Substrates were loaded into the reaction tube 

and positioned at the desired location within the furnace.  The inlet and exhaust 

connections were then attached to the tube ends, and the argon flow was started and 

the furnace turned on.  In some cases other gases were also added during heating (such 

as H2 or NH3).  Once the desired reaction temperature had been reached and stabilized, 

the flow of other required reaction gases was initiated (if any) and the desired gas 

composition was obtained by adjusting the flowmeter for each gas.  The introduction 

of the carbon source then began, either in gaseous form (Section 3.1.4), liquid form 

(Section 3.1.3), or as a catalyst solution (Section 3.1.1).  After a pre-determined 

reaction duration (from minutes to hours), or after the consumption of a desired 

amount of reactant material, the furnace was turned off, and the flow of all gases save 

argon was stopped.  Argon flow continued during cooling, which could take as little as 
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ten minutes (with the furnace lid opened) or as long as several hours (with the lid 

closed).   

There were some features common to all the CVD variations used in this work.  

With the exception of compressed gas cylinders, all of the equipment used was stored 

inside a fume hood to allow for quick removal of any potentially hazardous gases 

involved in the growth of carbon nanotubes.  In all experiments, the growth 

temperature was set and maintained by the use of a Lindberg/Blue M #TF55035A tube 

furnace, with a maximum temperature output of 1100°C, and the reaction chamber 

consisted of quartz tubing, approximately one inch in diameter and two feet in length 

(obtained from Quartz Scientific).  An inert environment was achieved by a steady 

argon flow through the reaction chamber, and this flow was maintained during 

heating, growth, and cooling.  Depending on the synthesis conditions required, up to 

two other gases could be added to the reaction (including hydrogen, ammonia, 

nitrogen, ethylene, and acetylene).  The flow rate and mixing ratios of the gases were 

controlled using gas flow-meters, capable of regulating each flow between 40 and 700 

sccm (standard cubic centimeters per minute).  Smaller flows (down to ~10 sccm) 

were possible, although slight variations in flow rates at these low levels made precise, 

stable flow control difficult.  Alternately, the flow meters could be bypassed, and flow 

regulated as a function of cylinder output pressure.  This was only used for spray 

pyrolysis CVD growth (done very early in the course of this work) and in this case the 

only gas used was argon, with flow rates of up to ~105 sccm.  Stainless steel or brass 

tubing was used to make all the required gas connections, with the exception of some 
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regions where flexible connections were required (such as where frequent connections 

and disconnections were made).  In these regions, Tygon tubing was used, and the 

length of these sections was minimized to reduce any gas absorption or desorption 

from the tube walls.   

During growth, it is important to ensure that the reaction chamber environment 

remains uncontaminated, not only so the gas mixture composition is unchanged, but to 

prevent excess oxygen from burning away the nanotube product in the high 

temperature synthesis conditions.  A connection at the tube inlet is required to 

introduce the reaction gas to the furnace, and two methods were used to allow reaction 

gases to enter while preventing contamination.  In addition, due to the large tube 

diameter, there exists a possibility of backflow at the tube exhaust (resulting in air 

entering the reaction chamber), and three methods were used to prevent this.   

Initially rubber stoppers were pressed in place at the tube ends, and the 

junction between the tube and stopper was wrapped with electrical tape as an extra 

precaution against unwanted gas contamination.  A 0.25” outer diameter quartz tube 

was inserted through each stopper, allowing the inlet gas line to be connected and 

providing a sufficiently small diameter to avoid backflow at the exhaust.  Due to the 

slight positive pressure inside the reaction chamber, this rubber seal was thought to be 

sufficient to avoid outside contamination.  Also, as growth temperatures were higher 

than the temperatures where carbon nanotube burn-off was observed (during thermal 

characterization, see Section 2.6), the successful growth of nanotubes at these high 
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temperatures demonstrated that the sealing methods used were sufficient to avoid 

excessive outside contamination.   

However, as some runs were performed under vacuum or with high hydrogen 

concentrations, a more robust seal was required.  In these cases, Quick-Disconnect to 

Kwik-Flange (KF) hybrid adaptors from MDC vacuum were used at both the exhaust 

and inlet ends.  Coupled with a Kwik-Flange to Swagelok adaptor (also from MDC 

vacuum), these provided a convenient junction between the gas line tubing and the 

reaction chamber.  These seals were rated up to 1x10-8 torr vacuum, and prevented any 

potential contamination from external sources.  The final method of sealing the 

exhaust end of the reaction tube against possible backflow was the use of a separate 

quartz piece that formed a slip fit around the outside diameter of the reaction tube and 

then tapered to a 6.35mm hose connection.   

In most cases, exhaust gases were released directly into the fume hood, 

although gases could pass through a coil of submerged copper tubing or be bubbled 

into a beaker of water for cooling if needed.  Additionally, fiberglass insulation was 

wrapped around the reaction tube both where it entered and exited the furnace; this 

helped prevent heating at the tube ends which could have damaged the rubber stopper 

or adaptor o-rings and compromised the seal.   

3.1.1 Floating Catalyst Growth 

The first chemical vapor deposition technique used in this work was floating 

catalyst CVD, where a liquid hydrocarbon-catalyst mixture is evaporated into the 

furnace.  Initial nanotube growth was by the spray pyrolysis variation of floating 
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catalyst CVD (modeled after that described by Kamalakaran et al. [242]), which uses a 

high speed gas flow (104-105 sccm) to aerosolize a reactant solution and jet it into the 

furnace.  However, this method was soon converted to conventional floating catalyst 

CVD growth, where the reactant solution is evaporated into a slower inert gas flow 

(102-103 sccm).  This method provided both improved growth and more efficient use 

of reactant material than the earlier spray pyrolysis method [252].   

With this growth process, the liquid reactant solution was contained in a 

syringe and dispensed through a needle into the argon flow, where it was allowed to 

evaporate into the gas stream.  The tip of this needle was inserted through the rubber 

stopper sealing the inlet end of the reaction tube, and to keep the liquid from pooling 

and running directly into the furnace, a ceramic boat was used to contain the solution 

while it evaporated.  Disposable needles were used (McMaster-Carr), of either 25, 26, 

or 27 gauge (with 0.305mm, 0.254mm, and 0.203mm, respective inner diameters).  

The dispensing rate was controlled as a function of needle gauge and reactant height 

inside the syringe, and the reactant solution was introduced at rates typically ranging 

from 0.1-0.3 ml/min.  Figure 3-1 shows a schematic of the complete setup used for 

floating catalyst CVD growth, with the syringe used to dispense liquid reactants into 

the argon flow shown in the photo on the right.  Growth temperatures ranged from 

800°C to 900°C, and synthesis reaction durations could last for several hours.   
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Figure 3-1: Typical floating catalyst CVD setup for carbon nanotube growth 

 
In floating catalyst growth, the catalyst is continuously added to the reaction 

along with the carbon source, and this was accomplished by using a liquid solution 

containing these reactants, which is allowed to evaporate into the argon flow.  Several 

different catalyst-hydrocarbon solutions and concentrations were tested.  The most 

commonly used carbon source was benzene (C6H6, Omnisolv BX0212-6), although 

xylenes (C8H10) and some other solutions were also investigated (see Section 5.1).  

Ferrocene (Fe(C5H5)2) was the most used source of catalyst material and was 

dissolved directly into benzene with concentrations ranging up to 8% by weight.  

Nickel and cobalt versions of this catalyst source were also used (Ni(C5H5)2 and 

Co(C5H5)2, respectively), as well as several metal chlorides and nitrates.  While the 

metallocene catalysts dissolved directly into the benzene, the chlorides and nitrates 

were first dissolved into an alcohol solution, which was then fed into the reaction 

simultaneously along with the benzene carbon source.   

With the floating catalyst CVD method, nanotube growth occurred on the 

reaction tube walls as well as on any substrates placed in the synthesis chamber.  

Several materials were used as substrates, including quartz slides and tubes (Quartz 
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Scientific), oxidized silicon wafers, titanium foils, hydroxyapatite (obtained from 

cuttlebone converted using a chemical and thermal process [557, 558]), and crystals of 

various minerals (quartz, aragonite, and calcite).  Quartz slides were the most 

commonly used substrates, and were placed inside the main reaction tube at a distance 

between 7cm and 23cm into the furnace.  Prior to growth, quartz substrates were 

cleaned with acetone and methanol.  In many cases, particularly for the larger and 

more expensive quartz tubes, the substrate materials were reused for multiple tests.  

These substrates (as well as the reaction chamber itself), were mechanically brushed to 

remove as much of the carbon product as possible, then heated in air to high 

temperatures (700-900°C) to burn off any residual carbon material.  If needed, an acid 

bath treatment (~12% HCl, Fisher Scientific), was then used to remove any residual 

catalyst particles present.   

3.1.2 Thermal CVD Substrate Preparation 

Substrates used for floating catalyst CVD were most often bare quartz slides, 

with catalyst material introduced during synthesis.  However, in thermal CVD, a 

catalyst source had to be deposited on the substrates prior to growth, requiring 

additional preparation; several methods were used to achieve this.   

Electron beam evaporation (Temescal BJD 1800) was used to deposit thin 

(1nm-50nm) films of various catalyst metals on different substrates, with an Inficon 

I/C5 controller used to monitor thickness during evaporation.  Iron and nickel films 

were deposited on both quartz slides and silicon wafers (with the native oxide layer 

intact).  In some cases barrier layers were deposited on the silicon wafers in-between 
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the silicon and the catalyst.  These layers included tungsten, titanium, and aluminum 

metal films.  In the case of aluminum, the substrate was exposed to air before catalyst 

deposition, forming a thin alumina layer upon which iron was evaporated.  When 

used, these barrier layers were typically between 10nm and 100nm thick.   

Using e-beam evaporation also allows the potential to deposit catalyst material 

in desired patterns.  Electron-beam sensitive resist was spun on a silicon wafer 

substrate, with the spin speed and resist viscosity determining the resulting resist 

thickness.  Using NPGS (the Nanometer pattern generation system), the beam in a 

SEM was controlled to raster over regions defined through simple CAD designs.  

Following this exposure and the development of the resist, a metal catalyst film was 

then evaporated over the wafer surface.  The remaining resist (and any metal on the 

resist) was washed away, leaving behind only the catalyst material deposited directly 

on the substrate (on regions defined by the exposure pattern in the SEM).  Alternately, 

this lithography step could be bypassed through the use of a simple mask during 

evaporation.  With this method, various TEM grids (Ted Pella, SPI Supplies) were 

attached to the substrate and metal was evaporated over and through these masks, with 

only metal that was deposited through the holes in the grids remaining after the grids 

were lifted off.   

The evaporation of thin metal catalyst films on substrates was the most 

commonly used techniques for the thermal CVD growth of carbon nanotubes in this 

work.  However, two other methods of substrate preparation were also employed, 

which produced a coating of discrete catalyst particles on the substrate surface, rather 
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than a film.  The first and simpler of these techniques involved the use of nano-scale 

metal particles.  Both nickel (Quantum Sphere Inc.) and titanium powders were used, 

with particle sizes ranging from 10nm to roughly 50nm.  This powder was simply 

spread over a quartz slide surface or held in a ceramic crucible during growth.  

Alternately, quartz slides previously used for floating catalyst CVD could be re-used, 

and residual metal on the surface (in the form of small metal oxide particles) could 

catalyze nanotube growth.  The second method produced nano-scale metal particles by 

evaporating catalyst-containing solutions on substrates.  A number of solutions were 

used, several of which were very similar to those used for floating catalyst CVD 

growth (Section 3.1.1).  Metal chloride, nitrate, and acetate solutions were made in a 

given concentration (often between 0.1 wt.%  and 1.0 wt.%) by dissolving a quantity 

of the metal salt in alcohol (typically ethanol).  Ferrocene solutions of varying 

concentrations (in benzene or an alcohol) could also be used.  While a number of 

solutions were made, an iron solution (either iron nitrate or ferrocene in ethanol) and a 

bi-metallic cobalt and molybdenum acetate solution were used most often.  Substrates 

were either dipped in these solutions or drops of the solution were deposited on the 

substrate.  The alcohol solvent was then allowed to evaporate, leaving a residue 

consisting of small nano-scale particles of the particular metal.  Solutions with higher 

concentrations could be used and the evaporation process could be repeated to 

increase the amount of catalyst material deposited on the substrate.   

Prior to nanotube growth in some experiments, the prepared substrates 

(whether by the thin film or solution evaporation techniques) were heat treated in air at 
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between 400°C and 500°C to form metal oxide particles.  After substrate preparation 

was complete, the samples were loaded into the tube furnace and the thermal CVD 

process would then be started.  While the substrate, reaction tube, and furnace 

remained the same, the configuration of the rest of the CVD equipment was changed 

depending on if a liquid or gaseous carbon source was used.   

3.1.3 Thermal CVD with a liquid carbon source 

The first thermal CVD experiments conducted during this work used a liquid 

carbon source, and the experimental set-up used was very similar to that used for 

floating catalyst CVD.  A catalyst coated substrate was loaded into the reaction tube 

and positioned in the center of the furnace.  The tube ends were sealed with rubber 

stoppers with small openings for inlet and exhaust gases as described above.  As with 

the floating catalyst CVD method, a liquid hydrocarbon source was held inside a 

syringe and introduced to the reaction tube through a small diameter needle.  A gravity 

feed was used, with the reactant introduction rate determined as a function of the 

height of the liquid column above the needle in the syringe and the needle diameter.  

Typical feed rates were ~0.3 ml/min with 25 gauge needles (0.305mm inner diameter) 

and ranged between 0.1 ml/min and 0.15 ml/min with 27 gauge needles (0.203mm 

inner diameter).  Alternately, the carbon source could be held in a beaker and the 

reaction gases could either be bubbled through or passed over the liquid.  This allowed 

for slower carbon introduction rates; however, the syringe and needle method was 

found to be preferable in most cases, as more precise control was possible.  The 

carbon source used in the majority of these growth runs was benzene, although some 
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other liquid sources (other hydrocarbons, alcohols, acetone, etc., see Section 5.2) were 

also attempted.  Unlike floating catalyst CVD, no catalyst material was added to the 

carbon source, and the only catalyst present during growth was that pre-deposited on 

the substrate.  Initial attempts used only argon as the environmental gas (similar to 

floating catalyst growth); however, large amounts of amorphous carbon were 

deposited and nanotube production was very poor.  To inhibit the build-up of 

unwanted carbon byproducts, gas mixtures (ammonia or occasionally hydrogen mixed 

with argon) with a range of concentrations were used.  Overall gas flow rates were 

typically less than 500 sccm, and growth temperatures were between 800°C and 

900°C.  Total synthesis time was between 10 and 60 minutes.  A schematic for this 

thermal CVD growth is shown in Figure 3-2, with commonly used reaction parameters 

(carbon source, gas mixtures and flow rate, catalyst material and film thickness, etc.).   

 

Figure 3-2: Schematic for thermal CVD nanotube growth with a liquid hydrocarbon 
source.  Typical reaction parameters are given, and either bubbling or 
the needle/syringe method was used for hydrocarbon introduction.   
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3.1.4 Thermal CVD with a gaseous carbon source 

The equipment arrangement required for the use of gaseous hydrocarbon 

sources is slightly different from the experimental set-ups described above (which use 

a needle and syringe to dispense a liquid hydrocarbon into the reaction).  With a 

gaseous carbon source, no opening is needed to allow liquid introduction, and only an 

inlet for reaction gas entry is required through the stopper sealing the tube entrance.  

This arrangement is very similar to that used when a liquid carbon source is 

evaporated into the carrier gas via the bubbling method (Section 3.1.3), as in this case 

the hydrocarbon is also gaseous when it enters the reaction tube.  The bubbling 

process has several drawbacks, such as poor control over the hydrocarbon introduction 

rate, and for this method much better results were obtained using hydrocarbons 

initially in a gaseous, rather than liquid state.  In this work, two of these carbon 

sources were investigated, with ethylene (C2H4) used predominantly, and acetylene 

(C2H2) used for some earlier experiments.  The complete arrangement allowed for the 

use of up to three gases: an inert gas (argon), the hydrocarbon, and an optional gas to 

inhibit amorphous carbon formation (hydrogen or ammonia).  Through the use of 

flowmeters, these gases could be mixed in any desired ratio and total flow rates were 

often between 300 sccm and 600 sccm, with up to 250 sccm hydrocarbon content.  

Similar to thermal CVD growth with liquid hydrocarbons, total synthesis times were 

often between 10 and 60 minutes.  Due to the lower self-pyrolysis temperatures of 

ethylene and acetylene (see Section 2.4.1), the growth temperatures were lower than 

those used previously, and ranged from roughly 650°C to 800°C.  Recently, water 
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vapor has also been shown to effectively inhibit catalyst poisoning and prolong 

growth, and is added to the reaction in small quantities (20-500 ppm [231]).  The 

measured water content in the argon gas used for growth was relatively high (typically 

>2000 ppm), so this gas was passed through a desiccant (Drierite, CaSO4) which 

dropped the water concentration to between 40 ppm and 150 ppm (measured in-line by 

an Ametek 303B moisture meter).  In some cases, a bubbler apparatus (as shown in 

Figure 3-2) was used to introduce small, controlled amounts of other liquids to the 

reaction (including de-ionized water or ammonium hydroxide).  A schematic of this 

complete thermal CVD equipment set-up is shown in Figure 3-3.   

 

Figure 3-3: Complete thermal CVD set-up for growth using gaseous carbon sources 
and real-time monitoring of water content 

 

3.2 Product Collection and Analysis 

  Once the desired growth duration had been reached and the furnace cooled in 

an inert argon environment, the nanotube covered substrates were removed and 

analyzed.  For SEM analysis, substrates were typically placed directly onto a 12mm 

carbon conductive tab (Ted Pella, part #16084-1) attached to a SEM pin mount (Ted 

Pella part #16111).  With larger samples, nanotubes were removed from the surface 
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and mounted as described above, or larger SEM specimen supports were used that 

accommodated the entire sample.  Prior to imaging, aligned mats of carbon nanotubes 

were often scratched to expose a surface normal to the growth direction of the carbon 

nanotubes, giving a “side-view” that was useful for height measurements.  Scanning 

electron microscopy analysis was performed on a Philips XL-20 SEM, with an 

accelerating voltage of between 5.0 and 20.0kV and at a working distance of between 

roughly 10 and 15mm.  For some samples, an Oxford Instruments light element EDS 

detector was used to perform energy dispersive x-ray analysis of the nanotubes.  

Transmission electron microscope samples were prepared by scraping a Formvar 

coated, 200 mesh copper TEM grid (Electron Microscopy Sciences, part #FF200-Cu) 

across the sample, transferring a small quantity of carbon nanotubes to the grid.  

Several different TEM models were used in this work, including a Philips EM420 

TEM (LaB6 filament at 120kV) and a Hitachi HD-2000 STEM (200kV, which could 

also be used to obtain secondary electron images).  Following this sample preparation, 

either the remaining product was scraped from the substrate and collected, or the 

entire sample (substrate-supported nanotubes) was stored for future analysis.   

In addition to the SEM and TEM imaging, qualitative analysis was performed 

using Raman spectroscopy on a Renishaw Raman spectrometer with a 514.5nm Ar 

laser.  Scan durations were selected to provide a sufficient ratio between the peak 

intensities and background noise (typically either 10 or 30 second scans).  Following 

acquisition, individual peaks were fitted using the Lorentzian distribution, given by 
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Equation (3-1), where I is the peak intensity, γ is the peak half width at half maximum, 

and x0 is the peak center.   
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A simple computer code was written to perform this fitting automatically, and 

the heights, widths, and locations of eight different peaks were found for each Raman 

spectra.  In addition to the prominent D, G, and 2D peaks (at roughly 1350 cm-1, 1580 

cm-1, and 2700 cm-1, respectively), smaller T and G-shoulder peaks, as well as several 

second order peaks were also fit.  For most scans, a very good fit was obtained, with 

an average error of less than 1-2% of the intensity value of the larger G-peak.  From 

these fits, comparisons can be made between spectra from different nanotube samples 

by analyzing peak height ratios, width ratios, areas, and positions.  An example of the 

results from this fitting process is shown in Figure 3-4, with the three most prominent 

peaks labeled (see Section 2.6).   

 

Figure 3-4: Sample carbon nanotube Raman spectra, with individual peak fits and 
peak fit sum, showing good agreement with Raman data 
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4. Results and Discussion 

The research performed during this work can be divided into several main 

topics, spanning synthesis, characterization, and applications.  Two distinct growth 

methods were used (floating catalyst CVD and thermal CVD), and comparisons were 

made between samples produced by each of these techniques (representative nanotube 

samples are shown in Figure 4-1).  Various process parameters have been studied, and 

methods for control over nanotube morphology, structure, length, and diameter have 

been investigated.  Mats grown using different CVD procedures have then been 

characterized using several methods.  These methods include Raman spectroscopy (to 

look at the carbon bonding within samples), mechanical testing using two distinct 

approaches, and thermal, optical, and electrical characterization.  Finally, several 

nanotube-based applications have been explored, including a sensor design (realized 

during the course of the mechanical testing), as well as potential methods for 

producing bulk samples exploiting the high strength and stiffness of carbon nanotubes.   

 

Figure 4-1: Examples of aligned carbon nanotube mats grown via floating catalyst 
CVD (left) and via thermal CVD (right) 
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5. Nanotube Growth and Characterization 

Due to the wide range of carbon nanotube synthesis methods that have been 

reported, the many possible CVD growth variations, and the large number of process 

parameters that can influence nanotube production, an understanding and optimization 

of nanotube growth is very important.  Several CVD-based synthesis techniques were 

evaluated in this work, and a number of significant process variables studied.  These 

experiments focused on optimizing growth, investigating the effects of catalyst and 

substrate materials, and variations in reaction gas composition.   

One of the most important ways to evaluate different carbon nanotube growth 

methods is to measure how effective a particular method is at synthesizing nanotubes 

(both in terms of rapid production and efficient use of reactant materials).  To study 

this, a series of growth runs were performed for a range of reaction durations, with 

other growth parameters held constant.  Following these tests, scanning electron 

microscopy was used to measure the heights of the resulting nanotube mats.  This 

sequence of experiments not only indicates the ultimate length to which nanotubes can 

be grown under various conditions, but also reveals changes in growth rate that can 

occur as a function of growth time.  Specifically, in this work nanotube growth using 

floating catalyst CVD was compared to growth using thermal CVD methods.  

Significant differences were found between extended growth runs using these two 

CVD methods, due to the differences in catalyst introduction.  For thermal CVD (with 

a limited catalyst supply), poisoning was observed to limit growth, and different 

reaction gases were used to prevent this detrimental effect.   
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In addition, for each synthesis method studied, the growth mechanism was 

determined in order to investigate the catalyst-substrate interactions.  With a base 

growth mechanism, the catalyst particles would be expected to remain on the substrate 

surface during growth, while a tip growth mechanism would be active if the particles 

were found to lift away from this surface.  Several approaches were used to determine 

the active growth methods, including manipulation of the CVD growth process and 

examination of nanotube products using electron microscopy.   

Beyond understanding nanotube growth rates to determine tube lengths, it was 

also important to control other properties of the nanotubes being produced.  The 

influence of several process parameters on nanotube diameter was studied, and 

adjustments to reaction conditions and substrate preparation were identified to provide 

independent control over nanotube inner and outer diameters.  Furthermore, continued 

work on reaction gas effects led to the ability to affect nanotube morphology through 

the use of nitrogen, producing tubes with either straight walls or compartmentalized 

bamboo walls.  The effects of these structural changes on synthesis were examined, 

and several methods were identified to produce nanotubes with this bamboo structure.   

5.1 Floating Catalyst CVD Growth 

The first growth method used during this research was floating catalyst CVD.  

This synthesis method was quite versatile, and carbon nanotubes could be produced 

using a wide range of carbon sources, catalyst materials, and substrates.  In addition, 

other reaction parameters, such as growth temperature and argon flow rate, could be 
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varied over a significant range, while still yielding nanotube products.  A summary of 

these parameters, which resulted in successful nanotube growth, is given in Table 5-1.   

Table 5-1: Parameters used for Floating Catalyst CVD carbon nanotube growth 

Parameter Value or Range 
Catalyst Metal Fe, Ni, Co 
Catalyst Compound Metalocenes (M(C5H5)2) 

Chlorides (MClx) 
Nitrates (M(NO3)x) 

Carbon Source Benzene (C6H6) 
Xylene (C8H10) 
MeOH, EthOH, ButOH 

Substrate Quartz (SiO2) 
Metals (Ti 6-4) 
Minerals (HAP) 

Temperature Typically 800°C -900°C 
Argon Flow Rate 100-500 sccm (standard) 

104-105 sccm (spray pyrolysis) 
 

 
Typical growth produced thick mats of nanotubes (tens of microns up to 

several millimeters long), with growth oriented normal to the substrate surfaces and 

having good alignment within the mats.  Nanotube diameters ranged from less than 

50nm to roughly 100nm, in agreement with the catalyst particle sizes expected for the 

synthesis temperatures used in this work [409, 559].  Multiple catalyst particles were 

also observed encapsulated within the nanotube walls.  Examples of this growth are 

shown in Figure 5-1.   
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Figure 5-1: Examples of floating catalyst CVD growth of aligned carbon nanotube 
mats using ferrocene and benzene, SEM and TEM imaging 

 
Raman spectroscopy was used to investigate these samples, and nanotubes 

grown using this CVD method typically had very prominent G- and 2D-peaks, with 

large peak height ratios relative to the disorder induced D-peak (Figure 5-2).   

 

Figure 5-2: Typical Raman spectra for nanotubes grown using floating catalyst CVD 

 
As indicated in Table 5-1, a wide range of process parameters could be used to 

successfully synthesize carbon nanotubes with this CVD method.  Iron (in the form of 
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ferrocene) was the most commonly used catalyst material, but other metals (Ni and 

Co) and other compounds (chlorides and nitrates) could also be used.  In addition, a 

range of substrate materials could support growth, including certain metals and 

minerals (Figure 5-3).   

 

Figure 5-3: Examples of nanotubes grown under alternate conditions (a,b) growth 
with Nickelocene and Cobaltocene, (c,d) growth with FeCl2 and CoCl2 
and alcohol, (e) growth on Hydroxyapatite, (f) growth on Ti 6-4 foils 

 

5.1.1 Growth Rates 

Although nanotubes were produced using many different materials and 

synthesis recipes, certain conditions were found to be more effective than others.  In 

particular, while the spray pyrolysis variation of the floating catalyst growth procedure 

was able to successfully produce carbon nanotubes, this technique provided very low 

yields when compared to the more conventional floating catalyst growth used.  For 

this reason the spray pyrolysis approach was not included in this comparison of 
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nanotube growth methods.  Similarly, the best results (highest yields and longest mats) 

were obtained when ferrocene and benzene were used as reactants, with nanotube 

products deposited on quartz substrates, and growth optimization was performed using 

these conditions.   

Using these parameters, conventional floating catalyst CVD (described in 

Section 3.1.1) was used to synthesize nanotubes using a range of growth reaction 

durations.  All other reaction conditions (catalyst solution concentration, temperature, 

argon flow rate, etc.) were held constant, and are summarized in Table 5-2.   

Table 5-2: Summary of Floating Catalyst CVD Growth parameters used 

Growth parameter Value 
Carbon Source Benzene 
Catalyst Source Ferrocene 
Catalyst Concentration ~5.0 wt.% 
Introduction rate ~0.10 ml/min 
Argon flow rate ~200sccm 
Reaction Temperature 800°C 
Substrate SiO2 
Reaction Duration Varied 

 

 
Following growth, scanning electron microscopy was used to measure the 

heights of the synthesized nanotube mats; these results are shown in Figure 5-4, 

plotted as both total length and growth rate as a function of reaction time.   
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Figure 5-4: Carbon nanotube mat length and growth rate as a function of reaction 
time for floating catalyst CVD synthesis 

 
With floating catalyst CVD, a roughly linear relationship is observed between 

nanotube mat length and reaction time (for durations up to roughly 5 hours).  

Correspondingly, the growth rates of these mats are nearly constant, with the mats 

lengthening at approximately 60-70nm/second.  Due to this near-constant growth rate, 

the length of these nanotube mats could be controlled through careful selection of the 

synthesis reaction duration.  This allowed the growth of ultra-long mats with lengths 

reaching several thousand microns; examples of ~1mm and ~6mm mats are seen in 

Figure 5-5.   

 

Figure 5-5: Long carbon nanotube mats grown using floating catalyst CVD, ~1mm 
length (left) and ~6mm length (right) 
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5.1.2 Growth Mechanism 

Floating catalyst CVD growth differs significantly from other common 

chemical vapor deposition methods in that additional catalyst material is supplied 

throughout the duration of the synthesis reaction.  This catalyst material is carried into 

the furnace by the movement of the reaction gases and then subsequently forms into 

metal particles upon heating [409].  Due to this introduction method (as opposed to 

starting with a catalyst film on the substrate), classification of the growth method into 

either base or tip growth is not as simple as in thermal CVD.  First, the surfaces upon 

which these metal catalyst particles deposit must be identified, and then once these 

particles have settled, their movement during subsequent growth (either remaining on 

the surface or lifting off) can be determined.   

With this CVD method, the reaction will begin with the initiation of nanotube 

growth when catalyst particles start to collect on the substrates (or other surfaces 

within the reaction chamber) [560].  However, once a sufficient quantity of nanotubes 

have been produced (forming an aligned mat), deposition is possible on two available 

surfaces as additional catalyst material is introduced to the reaction.  These particles 

(carried into the chamber by the reaction gases) can either deposit on the growing 

nanotube mat (on the upper surface or within the mat) or can diffuse through the mat 

to reach the original substrate surface.  In this first case, additional growth will occur 

from the top of and within the nanotube mat and in the latter case growth will occur on 

the substrate, pushing the existing mat upwards.   
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One method to conclusively identify the active mechanism for continuing 

growth is to interrupt synthesis to form a “break” in the nanotube mat.  Following 

additional growth, the position of this “break” along the mat height can be used to 

determine if new nanotube growth is occurring from the top of the mat or from its 

base.  A mat of nanotubes was grown using an initial floating catalyst CVD run, 

allowed to cool, and a portion of this mat was then scraped away.  These samples 

(partially covered with some remaining nanotubes) were then put through a second 

floating catalyst CVD reaction; the results of this growth are shown in Figure 5-6.   

The nanotube layer, which formed during the second floating catalyst growth 

run, has clearly grown underneath the portion of the mat remaining from the initial 

synthesis (pushing it upwards); this demonstrates that additional catalyst material 

accumulates on the original substrate, and not at the tops of existing nanotube mats (no 

identifiable new growth is observed on the upper mat surfaces).  These results suggest 

that the nanotube mats can continue to grow as long as ferrocene is added (and 

decomposes to form small nano-scale catalyst particles), and as long as this additional 

catalyst and carbon material can penetrate the base of the mat and reach the substrate 

surface.   
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Figure 5-6: Results of sequential vapor phase CVD growth runs, the taller region 

was grown in the 1st run, shorter mat at base was produced by the 2nd run 
 

In these CVD growth runs, rather than completely stopping the growth reaction 

(the method used in Figure 5-6), the nanotube samples could also be kept at the 

growth temperature and atmosphere, and reactant solutions added in an incremental 

drop-wise manner to the furnace (rather than at a steady rate).  Under certain 

circumstances, when drops of catalyst-rich and catalyst-deficient solutions were 

alternated at sufficiently long intervals (greater than roughly thirty seconds), 

separations appeared in the resulting mats.  Shorter drop intervals and tests with other 

variations to the reactant introduction sequence did not produce these interruptions 

along the length of the nanotube mat.  Using this pulsed reactant introduction process, 

the time between successive doses could be adjusted to allow the growth of one layer 

to reach a desired height and then to cease prior to the next reactant injection.  

Nanotube mats composed of many layers (greater than 100) could be produced using 

this method.  In addition, the catalyst used could be varied from one layer to the next.  

Examples of the products grown using these techniques can be found in Figure 5-7.  

This sort of layered growth has also been reported by other groups, and these layered 

structures can be synthesized under a range of conditions [559].   
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Figure 5-7: (a,b) Multi-layered CNT mat, produced by pulsing reactants, (c) Bi-

layered CNT mat produced by varying catalyst material, upper layer 
(grown first) was catalyzed using nickelocene, lower layer with 
ferrocene, (d) Bi-layer nanotube structure using cobalt and iron catalysts 

 
While these experiments demonstrate that growth originates from the substrate 

surface (at the bottom of the nanotube mat rather than from the upper surface of the 

nanotube mat), this does not reveal the motion of the catalyst particle once growth has 

started or the corresponding growth mechanism.  The determination of the active 

method during nanotube growth is governed by the interfacial strength between the 

catalyst particle and the substrate.  In base growth, the catalyst particle is strongly 

attached to the substrate, and remains fixed during growth, with the nanotube growing 

up, away from both the catalyst and the substrate.  Carbon diffusion into the catalyst 

occurs at any exposed regions of the metal particle or through the substrate.  In tip-

growth, the catalyst particle is weakly bonded to the substrate, and this contact is 

broken as nanotube growth begins.  As the nanotube lengthens, the catalyst remains at 

its tip, and is carried away from the substrate.   
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During longer (several hour) floating catalyst CVD runs, it was not uncommon 

for several grams of ferrocene to be consumed during the reaction.  If this total 

quantity of iron deposited on the substrate and reaction chamber surfaces (and not on 

the growing nanotube mats, as indicated by Figure 5-6), and then remained on these 

surfaces throughout the reaction (as would occur according to a base growth 

mechanism), then the iron used would be sufficient to form a layer several microns 

thick over all the chamber surfaces.  The catalytic activity of these metal particles 

depends not only on their composition (carbon saturated metals), but also on their size 

and shape (metal sheets will lead to graphite formation; large particles can lead to 

fiber or filament production).  It is likely that not all the catalyst material used is 

deposited, as some metal may remain at the furnace entrance after reactant evaporation 

and some may be exhausted from the furnace.  Even accounting for this, if only some 

of the deposited metal remained on the substrate surfaces, particle coalescence would 

cause a metal film to form that would not effectively catalyze nanotube growth 

(typical metal film thicknesses used during thermal CVD were only 5-10nm).  As 

growth can continue at a steady growth rate for extended durations (see Figure 5-4), it 

is not likely that this occurs.  In addition, EDS studies of carbon nanotube mats grown 

using floating catalyst CVD reveal significant catalyst concentration distributed 

throughout the mat height (between 1at.% and 5at.%), contrary to what would be 

expected for base growth (catalysts remaining on the substrate surface).   

However, while base growth is not likely, certain features are also observed in 

these floating catalyst CVD nanotubes that are not consistent with the tip growth 
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mechanism.  In tip growth, the upper end of the nanotube is capped by the catalyst 

particle and the base remains attached to the substrate surface; as a result, the inside of 

the tube is sealed off.  TEM examination of these nanotubes revealed many instances 

of catalyst particles encapsulated within nanotubes, away from tube ends (an extreme 

example from a run using a high catalyst concentration is shown in Figure 5-8a, which 

also shows some catalyst particles deposited on the outside of tubes).  In addition, 

while nanotube inner and outer diameters should remain constant according to the 

traditional formation theory for growth with a single catalyst particle, this is not 

always observed.  Different nanotube inner diameters have been found on opposite 

sides of an encapsulated catalyst particle (within a single tube), and in some cases 

growth direction has also changed at a catalyst particle location (Figure 5-8b).   

 

Figure 5-8: Examples of (a) catalyst particles encapsulated within CNT walls and (b) 
diameter or growth direction changes occurring at catalyst particles 

 
This suggests that growth during floating catalyst CVD cannot be simply 

classified as either base- or tip-growth.  Recent work has indicated that substrate 

supported catalyst particles can interact and coalesce during growth due to forces 

caused by variations in reaction gas flow [359].  The distribution of catalyst particles 
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within the nanotubes in Figure 5-8 could be explained by this catalyst particle 

interaction mechanism or through interactions between catalyst particles and growing 

nanotubes [561].  Newly deposited catalyst particles can interact and combine with 

existing particles, resulting in changes to the growth direction or catalyst size (causing 

a difference in nanotube diameters before and after this interaction).  Nanotubes 

growing from newly deposited catalyst particles will lift up existing tubes, separating 

them from the substrate when the van der Waals forces between neighboring tubes can 

overcome the interaction between the tube and catalyst with the substrate.  Once 

nanotubes separate from the substrate, interactions between the catalyst particles and 

inner tube walls could draw the particles inside the tubes and encapsulate them.   

5.2 Thermal CVD Growth 

Thermal chemical vapor deposition is one of the most versatile and most 

common methods of carbon nanotube production used today.  Rather than a 

continuous addition of catalyst material, thermal CVD separates the metal particle 

introduction and nanotube growth steps, and a fixed amount of catalyst material is 

deposited on the substrate surface prior to the growth reaction.  This catalyst was most 

commonly deposited by evaporating a thin metal film on an appropriate substrate, 

typically quartz slides or silicon wafers coated with a layer of silica or alumina.  As 

with floating catalyst CVD, this approach was very versatile, and nanotubes were 

grown using several variations to the basic process.  A list of the range of synthesis 

parameters studied is given in Table 5-3.   
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Table 5-3: Reaction parameters used for thermal CVD nanotube growth 

Parameter Value or Range 
Catalyst Metal Fe, Ni, Co/Mo, TiC 
Catalyst Form Thin films, Particles 
Carbon Source Benzene (C6H6) 

Xylene (C8H10) 
Ethylene (C2H4) 
Acetylene (C2H2) 
Acetone (C3H6O) 
Ethanol (C2H6O) 

Substrate Quartz slides 
Oxides (SiO2, Al2O3) 
Metals films (Ti, Ti/W) 

Temperature 600°C -900°C 
Argon Flow Rate 100-500 sccm 
Other Reaction Gases Ammonia (NH3) 

Hydrogen (H2) 
 

 
As with floating catalyst CVD, thermal CVD could be used to produce well-

aligned mats of nanotubes.  However, these nanotube forests were not able to reach 

the same heights (millimeter lengths) as those grown using floating catalyst CVD (due 

to the limited catalyst material), and nanotube lengths typically ranged between 10µm 

and 100µm.  Despite the lower mat heights, the separation of the catalyst deposition 

and nanotube growth steps did provide several advantages compared to floating 

catalyst CVD growth; notably, the catalyst could be patterned to control the nanotube 

growth locations and the nanotubes that did grow spanned the entire mat height (rather 

then producing long mats composed of numerous shorter, intertwined tubes).  

Nanotubes were grown with a range of diameters, and were observed to have two 

distinct morphologies, either with straight walls or with a compartmentalized, bamboo 

structure.  Typical products are shown in Figure 5-9.   
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Figure 5-9: Examples of thermal CVD nanotube growth, TEM images show straight-
walled and bamboo morphologies 

 
These products were also examined using Raman spectroscopy, and the results 

tended to fall into two categories, depending on the morphology (Figure 5-10).  While 

the G-peak to D-peak height ratios were similar for most thermal CVD nanotubes 

(between 1.0 and 1.4), the 2D-peak to D-peak height ratios varied, with very small 

ratios observed in bamboo tubes (typically less than 0.3) and larger ratios (closer to 

1.0) for straight walled samples.  The differences between samples with these 

morphologies are investigated in more detail in Sections 5.3.2 and 5.4.   

 

Figure 5-10: Typical Raman spectra for straight-walled and bamboo nanotubes grown 
via thermal CVD 
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As with floating catalyst CVD, thermal CVD is a versatile and robust process, 

and nanotubes could be grown using a number of variations to the standard processes.  

In addition to synthesis using ethylene and benzene, other carbon sources were 

attempted, and grow was also conducted at temperatures outside the commonly used 

ranges (such as growth using benzene at 700°C, well below the typical 850°C-900°C 

reaction temperatures).  Figure 5-11 shows examples of these experiments.   

 

Figure 5-11: Thermal CVD growth with 5nm Fe film catalysts and various carbon 
sources: (a) acetone, (b) ethanol, (c) acetylene, and (d) xylene 

 
Catalyst material was most often deposited in the form of thin (3-10nm) films 

on quartz slides or silicon wafer substrates.  However, other catalyst metals could be 

used to grow carbon nanotubes, and metal-containing solutions could also be used as a 

source of catalyst material.  These solutions were typically made by dissolving low 

concentrations of metal chlorides, nitrates, or acetates in alcohol.  In these cases, a dip-

coating procedure was used to deposit catalyst material on substrates, and this process 

could be repeated (with the solvent allowed to evaporate after each step) to increase 

the amount of catalyst material on the substrate surface.  Alternately, for metals or 

metal-carbides, where nanometer-scale particles could be obtained directly (rather 
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than from solution), these particles were simply dispersed on substrates as catalysts.  

Results from these variations are shown in Figure 5-12.   

 

Figure 5-12: (a) Growth using catalysts from cobalt-molybdenum acetate solutions, 
(b) catalysts from Fe(NO3)3 solutions, (c) TiC powder catalysts 

 
During metal catalyst coating (via e-beam evaporation), masks could be used 

to control the regions exposed to metal deposition, leading to the growth of nanotubes 

in defined patterns.  These masks could be as simple as a TEM grid placed over the 

substrate or more complicated patterns could be defined using electron-beam 

lithography (Figure 5-13a,b).  Alternate growth substrates were also attempted using 

thermal CVD.  In addition to quartz slides and silica and alumina films (deposited on 

silicon wafers), carbon nanotubes were successfully grown on the surface of metal 

contacts.  In these experiments, iron or nickel catalyst films were deposited over 

titanium or titanium/tungsten layers supported by a silicon wafer (Figure 5-13c,d).  

Although nanotubes were successfully grown on these surfaces, delamination was 

often observed between this tungsten layer and the supporting silicon wafer.   
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Figure 5-13: Thermal CVD growth on various substrates (a) patterned using e-beam 
lithography, (b) TEM grid  mask patterning, (c) 10nm Ni catalyst on 
40nm Ti, (d) 10nm Ni catalyst on 20nm Ti on 90nm W 

 

5.2.1 Growth Rates 

Similar to the work done with floating catalyst CVD, a parametric study was 

performed to study the thermal CVD procedures described in Sections 3.1.3 and 3.1.4.  

Benzene was used as a liquid carbon source and ethylene was used as a gaseous 

carbon source to grow nanotubes on both iron (3-10nm thick) and nickel (3-10nm 

thick) catalyst films (which had been evaporated onto silicon, quartz, and alumina 

substrates prior to synthesis).  Similar trends of nanotube growth speed with time were 

observed, even with variations in the carbon source used, reaction temperature, 

catalyst metal and thickness, and substrate material.   

A sequence of growth runs differentiated by total reaction durations was 

performed with the gaseous ethylene carbon source.  For these tests, iron films were 

used as a catalyst material and were deposited on thin alumina layers on silicon 

wafers.  As described in Section 3.1.4, ethylene was found to successfully produce 

carbon nanotubes at relatively low temperatures compared to nanotubes synthesized 

using other CVD methods studied, and growth in these experiments was conducted at 
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750°C.  In addition, while the addition of ammonia was found necessary to reduce 

deposition of amorphous carbon using benzene, this was not required with ethylene, 

and clean tubes were produced with a mixture of just ethylene and argon.  A list of the 

reaction conditions used during this study is found in Table 5-4.   

Table 5-4: Summary of Thermal CVD Growth parameters, gaseous carbon source 

Growth parameter Value 
Carbon Source Ethylene 
Carbon feed rate ~200 sccm 
Catalyst material Iron 
Catalyst thickness ~5nm 
Argon flow rate ~225 sccm 
Reaction Temperature 750°C 
Substrate ~15nm Al2O3 on Si 
Reaction Duration Varied 

 

 
Using these identical reaction conditions, growth was allowed to continue for 

several different reaction durations, and nanotube lengths were subsequently measured 

using SEM.  These results are plotted in Figure 5-14, and show an initial period of 

rapid growth, which slows with increasing reaction time.  While in this sequence of 

growth runs only iron catalysts were used, similar trends (growth rates decreasing with 

time) would also be expected for nickel catalysts under these synthesis conditions.   

 

Figure 5-14: Nanotube length as a function of reaction duration, thermal CVD with 
ethylene carbon source and Fe catalyst 
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This experimental sequence was also performed for synthesis runs using the 

benzene carbon source.  This growth differed in a number of aspects; most notably 

two important growth parameters were changed.  Benzene was not found to 

successfully produce carbon nanotubes at lower temperatures (at those temperatures 

where nanotubes were synthesized with ethylene); as a consequence, CVD using 

benzene was performed at 900°C, rather than the 750°C used with ethylene.  In 

addition, ammonia was mixed with the argon carrier gas in a roughly 1:1 ratio to limit 

amorphous carbon formation (see Sections 2.4.4 and 5.3.2).  Both nickel and iron 

catalysts were used in this series of experiments; a summary of the reaction parameters 

used is given in Table 5-5.   

Table 5-5: Summary of synthesis conditions for Thermal CVD, liquid carbon source 

Growth parameter Value 
Carbon Source Benzene 
Introduction rate ~0.13 ml/min 
Catalyst material Iron, Nickel 
Catalyst thickness ~5nm (Fe), ~10nm (Ni) 
Argon flow rate ~225 sccm 
Ammonia flow rate ~200 sccm 
Reaction Temperature 900°C 
Substrate SiO2/Si (Fe), SiO2 (Ni) 
Reaction Duration Varied 

 

 
As before, synthesis reactions were allowed to proceed for a series of different 

times, and nanotube lengths were measured as a function of growth duration.  Results 

from this synthesis are shown in Figure 5-15; for both metal catalysts rapid growth 

was observed at the beginning of the reaction, which then slowed as the synthesis 

progressed.   
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Figure 5-15: Nanotube growth length as a function of reaction time, thermal CVD 
with Fe and Ni catalysts and a benzene carbon source 

 
In addition to investigating growth as a function of time for two different metal 

catalysts, different benzene introduction rates were also studied.  A benzene 

introduction rate of ~0.1ml/min was typically used (achieved using a 27 gauge 

needle).  A similar series of synthesis tests were then performed using a 25 gauge 

needle which provided a ~0.3 ml/min benzene introduction rate.  The reaction 

conditions used were identical to those listed in Table 5-5 with the exception of the 

increased benzene flow rate.  A comparison of these two growth series is shown in 

Figure 5-16 for iron-catalyst nanotubes, similar results were obtained with nickel 

catalyzed growth.   
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Figure 5-16: Comparison of growth with two carbon introduction rates (Fe thin film 
catalyst and thermal CVD synthesis) 

 
With both carbon introduction rates, a region of rapid initial growth is first 

observed, which then slows with time.  With slower benzene introduction rates 

(~0.1ml/min) carbon nanotube growth was found to continue (although at greatly 

reduced rates) even after relatively long reaction durations (up to 60 minutes).  With 

increased carbon introduction (0.3ml/min) initial growth was very slightly enhanced; 

however, growth termination occurred much sooner (at roughly 10 minutes), after 

which no additional lengthening was observed.  This observation suggests catalyst 

poisoning is occurring sooner (at the 0.3ml/min benzene feed rate) due to excessive 

amorphous carbon formation caused by the higher introduction rate.  In these 

experiments, the reduced carbon feed rate (~0.1ml/min) provides a better compromise 

between rapid growth and extended catalyst activity (by limiting production of 

unwanted carbon by-products).  Similar trends were also found for the nickel catalyst 

growth studies.  Initially, the tubes lengthened rapidly; however, after roughly ten 

minutes of synthesis the growth rate began to slow, and length increases became very 

small with increasing reaction durations.  For extended reaction times, growth would 
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stop completely, and the nanotubes would not grow beyond some ultimate length 

(determined as a function of specific reaction conditions).  This pattern can be more 

clearly visualized by plotting growth rate against reaction time, as illustrated in Figure 

5-17a (data points represent the average length measured from both carbon 

introduction rates at each given time).  Figure 5-17b shows the same growth rate 

trends for nanotube synthesis using ethylene thermal CVD growth (from the data 

presented in Figure 5-14).   

 

Figure 5-17: Growth rate as a function of thermal CVD reaction time for (a) Fe and 
Ni catalyst films using benzene, and (b) Fe catalyst films with ethylene 

 
While both catalyst metals and samples from both benzene and ethylene 

catalyzed growth showed rapid initial growth, which slowed as the reaction 

progressed, the actual growth rates were not equal for these different synthesis 

conditions.  When comparing growth with the same iron catalyst but different carbon 

sources, faster peak synthesis rates are observed with the ethylene-based growth.  In 

addition, significant growth occurs for a longer duration with an ethylene carbon 

sources (growth rates are over twice those of benzene-grown tubes after twenty 

minutes of synthesis).  In both cases, however, growth still slows greatly and has 
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nearly stopped after a one hour reaction.  Nanotube formation theory suggests that 

carbon diffusion through the catalyst particle can limit growth.  Even though the 

samples used in this comparison all used iron as a catalyst material, the reaction 

temperature, reaction gas composition, and substrate material were not identical, and 

these variations can affect amorphous carbon deposition rates and catalyst particles 

sizes (which can in turn affect carbon diffusion lengths through the particle).  The 

different growth rates observed between these CVD variations are thought to be due to 

the differences in catalyst particles sizes (this relationship is investigated in more 

detail in Section 5.3.1).   

For tubes grown with the same carbon source (benzene) and at the same 

reaction temperature, the starting growth rates were not equal, with iron-catalyzed 

nanotubes lengthening at roughly twice the rate of those using a nickel catalyst.  

According to the accepted nanotube formation theory (Section 2.4.4), growth can be 

limited as a result of several factors, the most common of which are restricted carbon 

availability at the catalyst particle and diffusion limited transport of carbon through 

the catalyst particle.  Due to the similar initial growth rates observed using different 

carbon introduction rates (Figure 5-16), it is believed that carbon availability is not 

limiting the potential growth speeds in these experiments.  As a result, it is expected 

that growth rates (before any catalyst poisoning has occurred), would be governed by 

carbon diffusion through the metal catalyst particles.  The activation energy for carbon 

diffusion through iron has been found to be roughly half that of carbon diffusion 

through nickel (16.1 kcal/mol compared to 34.7 kcal/mol, see Table 2-3); as the initial 
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nickel growth rates were roughly half those of iron, this suggests that carbon diffusion 

rates are the growth limiting factor during the early stages of synthesis.  These results 

can also be compared with the growth rate findings for floating catalyst CVD.  During 

the initial stages of synthesis, iron-catalyzed nanotube growth rates are fairly similar 

for thermal CVD growth with benzene and for floating catalyst CVD growth with 

benzene (60-90 nm/sec vs. 60-70 nm/sec).  The slightly faster initial growth for the 

thermal CVD experiments can be attributed to the higher reaction temperatures used 

(faster carbon diffusion at 900°C vs. 800°C).  Beyond roughly ten minutes of growth, 

however, the thermal CVD growth rates begin to drop due to catalyst poisoning.   

Just as an upper carbon introduction rate can be identified (beyond which 

excessive amorphous carbon deposition can limit growth, as suggested by Figure 

5-16), a lower limit can also be experimentally determined.  Under growth conditions 

with very slow carbon introduction, the presence of this reactant can become the rate 

limiting step during synthesis, rather than carbon diffusion through the metal catalyst 

particle.  To investigate this, a series of growth experiments were performed with 

benzene introduction rates varying over two orders of magnitude (from less than 0.01 

ml/min up to ~1.0 ml/min), with a fixed reaction duration.  Following growth 

nanotube lengths were measured and are plotted as a function of reactant introduction 

rate in Figure 5-18.  At high carbon introduction rates, nanotube lengths were roughly 

equal, indicating that carbon availability was not limiting and that other factors, such 

as diffusion rates or catalyst poisoning controlled growth.  At very low benzene 

introduction rates (below ~0.05 ml/min), growth was still be achieved in some trials; 
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however, nanotube length was considerably reduced, suggesting reactant availability 

was limiting growth in these slow introduction cases.   

 

Figure 5-18: Nanotube length as a function of benzene introduction rate (Fe and Ni 
catalysts, constant reaction duration) 

 
The effects of varying carbon introduction rates can be further studied through 

the use of Raman spectroscopy (Section 2.6), which can give an indication of the 

amount of disorder in each sample (induced by amorphous carbon, defects, etc.).  With 

faster carbon introduction rates catalyst poisoning is expected to occur earlier during 

the reaction.  Additional carbon introduction after this point can result in deposition of 

amorphous carbon on nanotube walls as well as other exposed surfaces.  As these 

deposits would be disordered in nature, the quality of the resulting nanotube product 

would be decreased and this would be measurable using Raman spectroscopy.  This 

unwanted deposition could be avoided by using very small carbon introduction rates; 

however (as shown in Figure 5-18), with very slow introduction, carbon availability 

can be rate limiting and greatly reduce growth.  An optimal carbon introduction rate 

(allowing rapid growth while limiting unwanted amorphous by-products) can be 

identified by comparing the Raman G-peak and D-peak height ratios as a function of 
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benzene introduction rates.  Higher G:D-peak ratios indicate better structure in 

nanotubes, as the G-peak is due to vibrations only found in sp2-bonded carbon 

(graphitic bonding), and the D-peak arises due to the presence of defects and 

amorphous carbon in a sample.  Results for nickel catalyst films are given in Figure 

5-19, and show that benzene introduction rates of roughly 0.1ml/min provide 

sufficiently rapid growth (not limited by reactant availability) and still maintain high 

G:D-peak ratios (limited amorphous carbon formation).  Synthesis with iron catalysts 

showed similar trends, and an optimal benzene introduction rate of ~0.1ml/min was 

identified (matching that found with nickel catalysts).  The agreement between these 

optimal carbon introduction rates is expected, as the introduction rate (along with the 

growth temperature and specific hydrocarbon used) strongly affects the formation of 

amorphous carbon, while the catalyst material would have a much smaller influence.   

 

Figure 5-19: Nanotube length and Raman G:D peak ratios as a function of benzene 
introduction rates for Ni-catalyzed thermal CVD nanotube growth, error 
bars represent standard deviation in length measurements 

 
Using the optimal growth parameters identified in the previous studies, growth 

to lengths nearing 200µm was achieved using both the benzene-ammonia process and 

the ethylene process (Figure 5-20).  While this growth represented a significant 
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improvement over earlier growth runs, this is still significantly less than the longest 

tubes currently described in the literature (see Figure 2-36).  These reports differ from 

our growth in several respects.  Many groups use iron catalyst films deposited over an 

alumina layer on silicon wafers, similar to those used in this work; however, in reports 

of very long growth, the iron film thicknesses tend to be significantly thinner (0.5-

2nm) [218, 301].  This leads to smaller catalyst particles, which promote the formation 

of single and double walled tubes with fast growth rates.  These small catalysts can 

also be susceptible to rapid poisoning, and conditions within the reaction must be 

precisely controlled to prolong growth to produce long tubes.  Impurities within the 

reaction gases have been identified as detrimental, and high purity gases are often used 

[218, 332].  Water vapor concentrations must be maintained within a small range for 

optimal growth; in low concentrations, water can selectively oxidize amorphous 

carbon deposits.  In higher concentrations, water can damage nanotubes and can be 

insufficient to prevent poisoning in very low concentrations [231].  For optimal 

growth conditions, the water concentration should be roughly 0.1% of the ethylene 

concentration, and very small increases or decreases to the water content (relative to 

the ethylene) can have significant detrimental effects on growth [340].  While the 

reaction chamber used in the present work was quite versatile, allowing for growth 

using several variations of the CVD process, the flowmeters used were not capable of 

the extremely precise control required to synthesize very fast growing small diameter 

tubes.  Furthermore, while water content could be monitored during the reaction, this 

parameter could not be finely adjusted.  Typical water concentrations were between 
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50ppm and 150ppm, which corresponds to roughly 0.01-0.03% of the ethylene used.  

Although the nanotubes grown using thermal CVD during this research did not 

approach the millimeter-scale lengths reported by some groups, the nanotubes were 

sufficiently long (100-200µm) for the mechanical testing performed (Section 6.2.1), 

and these long lengths were not required for the flexural rigidity and fluid flow 

measurements (which used shorter, 30-60µm tubes, see Section 6.2.4).   

 

Figure 5-20: Long thermal CVD nanotubes: (a) ~190µm long nanotubes grown using 
benzene with ammonia (b) ~200µm nanotube grown using ethylene 

 

5.2.2 Growth Mechanism 

Due to the method of catalyst introduction in thermal CVD growth (compared 

to floating catalyst CVD), it is easier to definitively identify the growth mechanism 

acting for the thermal CVD synthesis of carbon nanotubes.  The active growth 

mechanism will depend on the substrate and catalyst particle interaction, so the 

selection of substrate material and catalyst metal will influence the mechanism, with 

certain combinations leading to predominantly tip growth and others, which result in 

predominantly base growth.  In this work, two particular catalyst-substrate 
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combinations were studied: nickel catalysts on quartz and iron catalysts on silicon 

wafer-supported alumina films (these were combinations, which were commonly used 

throughout this research).   

To investigate these growth mechanisms, an experiment similar to that used to 

characterize floating catalyst CVD growth (Section 5.1.2) was performed.  Nanotube 

mats were grown from thin nickel films on quartz slide substrates, and then roughly 

half of the mat was carefully removed, using a razor blade applied with very little 

force to scrape away a region of nanotubes.  This process would presumably remove 

any catalyst particles at the tips of the tubes (as would occur in tip-growth), while 

leaving particles strongly affixed to the substrate behind (as would occur in base-

growth).  A second thermal CVD reaction was then performed on the sample and the 

results observed using SEM.  Following this, a base-growth mechanism would be 

confirmed if re-growth occurred in the scraped region (from catalyst particles, which 

remained affixed to the substrate); if no growth occurred, then tip-growth would be 

indicated (catalyst particles removed with the nanotubes).  The results are shown in 

Figure 5-21; no re-growth was observed from this nickel catalyst on a quartz substrate, 

suggesting that this thermal CVD growth is by the tip-growth mechanism.   
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Figure 5-21: Thermal CVD re-growth (Ni on SiO2) (left) sample after 1st growth 

process and partially removed, (right) sample after 2nd growth process 
 

A variation to this interrupted growth process was also used to study iron 

catalysts on alumina surfaces.  Similar to the results obtained with floating catalyst 

CVD (Figure 5-7), this interrupted process was used to produce layered structures with 

a thermal CVD growth procedure.  Growth was carried out using the standard thermal 

CVD recipe (Table 5-5) with iron catalysts; however, the benzene introduction was 

interrupted a single time during synthesis.  In order to provide further evidence to the 

growth method (tip vs. root) acting for this CVD method, the interruption in benzene 

flow was timed to occur early in the run (roughly 20 minutes into a 1 hour run).  

During this pause, ammonia and trace water vapor (~70ppm) in the reaction 

atmosphere etched away both amorphous carbon deposits and the region of the 

nanotube-catalyst junction.  Growth then continued following the re-introduction of 

benzene; these results are shown in Figure 5-22.   
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Figure 5-22: Layered nanotube mats grown using 3nm (left) and 10nm (right) iron 
films on alumina on silicon substrates 

 
This method of pausing growth to allow for etching and the removal of 

amorphous carbon has been reported before, and the results have varied depending on 

the active growth mechanism.  For tip-growth (using nickel catalysts), all new growth 

following the etching step continued from the Ni particles already at the tube tips, 

simply restarting growth of existing tubes [330].  Under condition where base growth 

is active, this etching step attacks the interface between the nanotubes and the catalyst 

particles, separating them.  When growth is restarted, new tubes will start to form from 

the substrate-attached particles, pushing the previously formed nanotube layer 

upwards [199].  These layered structures have been reported by other groups (also 

using iron catalysts on alumina or silica substrates), and give a clear indication that 

this synthesis occurs through the base-growth mechanism [189, 197, 209, 324].   

While the re-growth attempt with nickel catalysts on quartz and the layered 

structure obtained with iron catalyst on alumina strongly suggest tip- and base-growth, 

respectively, an examination at the nanometer-scale (rather than the micron-scale) can 

provide conclusive evidence regarding the growth mechanism.  Careful preparation 
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allowed the mat alignment to be preserved in electron microscopy samples.  By 

maintaining this structure, the forest base could be identified (regions where many 

nanotube ends are found along the same line), and catalyst particles could be observed 

predominantly at either the tube tips or base (using either high resolution SEM or 

TEM).  Figure 5-23 shows nanotubes grown using nickel catalyst films on silica-

coated silicon wafer substrates; the catalyst positions clearly indicate tip-growth 

(supporting the indication of tip-growth given by the re-growth experiment).   

 

Figure 5-23: Location of catalyst particles at tube ends for growth via tip growth with 
nickel catalysts on silicon wafer substrates 

 
The appearance of disordered carbon around the catalyst particle can help 

determine if synthesis is by the tip- or base-growth mechanism.  A particle almost 

completely encapsulated by amorphous carbon suggests tip growth (as in Figure 5-23), 

as particles are exposed at the nanotube tips to carbon deposition during the reaction.  

Catalysts attached to the substrate (base-growth), however, can only receive a limited 

coating of amorphous carbon, as the contact area with the substrate and the region 

enclosed by the growing nanotubes are protected from exposure to the reaction.  If 

these tubes are firmly scraped away from the substrate, the catalyst can separate from 
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the surface and remain affixed to the nanotube, and these base-growth particles will 

have a characteristic appearance, which is distinct from carbon-coated tip-growth 

catalysts.  TEM examination of some nanotube products has revealed the presence of 

both these types of particles within a single sample, suggesting that both mechanisms 

can be active simultaneously.  As these samples are grown during a single run, many 

parameters, such as temperature, carbon introduction rate, gas flow rate and 

composition, and substrate and catalyst material are identical.  However, within any 

sample there is some distribution to the nanotube diameters, and a correlation was 

observed between tube diameters and the apparent growth mechanism (Figure 5-24).   

 

Figure 5-24: Relation between catalyst particle size and observed growth mechanism 
(Ni catalyst on quartz, single thermal CVD run) 

 
The distinction between tip- and base-growth mechanisms depends on the 

interaction between the catalyst particle and both the substrate and inner nanotube 

walls (if the nanotube-catalyst interaction is stronger, the particle will be lifted from 

the surface via tip-growth).  The catalyst and substrate material will strongly influence 

this; however, the interaction area will also affect the relative interaction strengths.  

The interfacial area between a catalyst particle and the inner nanotube wall surface 
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will increase linearly with the particle size (~r), while the catalyst-substrate interface 

area increases with the square of the catalyst size (~r2).  Therefore, larger particles will 

have increased interaction areas with the substrate surface and higher relative 

interaction strengths than smaller particles (greater substrate interaction than 

interaction with the inner tube wall surfaces).  As a result, even for the same substrate-

catalyst combination, there can be some quantity of nanotubes growing via the tip 

mechanism and some amount growing via the base mechanism within the same 

sample.  With greater amounts of catalyst material (promoting larger particles, such as 

with thicker catalyst films), or with catalyst-substrate combinations, which have 

greater relative interaction energies, a larger fraction of the tubes will grow via base 

growth.   

This same particle diameter-dependent distribution of growth mechanisms 

would also be expected to occur for iron catalyst films on alumina surfaces.  However, 

this metal-substrate combination is already expected to have stronger interactions 

(relative to the nickel-quartz system) resulting in predominantly base-growth (as 

suggested by the interrupted growth experiment, Figure 5-22).  Iron catalysts were 

rarely observed in these samples; consequently, it was difficult to make a similar 

growth mechanism classification as with the nickel catalysts.  However, the limited 

number of catalysts observed (relative to nickel) would be expected when strong 

interaction between the catalyst and substrate would prevent the removal of metal 

particles during TEM sample preparation.   
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Based on these results, we observe both base-growth and tip-growth in 

nanotubes grown via thermal CVD.  The growth mechanism depends on the catalyst-

substrate combination, and on the catalyst particle size.  Due to the diameter 

distributions found within each sample, tip-growth and base-growth can occur 

simultaneously on different nanotubes within the same sample (as observed for nickel-

catalyzed growth on quartz).  The different interaction energies between certain metal-

substrate combinations will also influence the growth mechanism, with nickel-quartz 

samples predominantly growing through tip-growth and iron-alumina samples 

growing via base growth.   

The strength of the catalyst-substrate bond depends on the nature of the 

interaction, which varies between nickel and iron, and between aluminum oxide and 

silicon oxide substrates.  Nickel has shown high catalytic activity towards the 

dissociation of hydrogen, and the generation of hydrogen atoms can partially reduce 

the oxide in the substrate.  This can lead to strong metal-support interaction (SMSI), 

caused by negative charge transfer between the metal cation sites on the substrate and 

the catalyst particle [206, 562].  However, alumina and silica substrates exhibit this 

strong metal support interaction to only a limited extent [313, 563], and 

correspondingly, the interaction between nickel and these substrates is not as strong.  

Iron is not as effective as nickel in catalyzing the dissociation of hydrogen, and in 

these cases, the oxygen on the substrate surfaces can act as Lewis base sites, 

transferring a negative change to the metal catalyst particle.  The bonding in alumina 

is more ionic in nature than that in silica [564, 565], and due to this, the interaction 



179 

 

between the catalyst particles and these Lewis base sites would therefore be increased 

in alumina.  This would result in greater substrate-catalyst interaction and lead to 

growth predominantly occurring via the base-mechanism.  In addition to determining 

the growth mechanism, these interactions also influence the particle size and 

corresponding carbon nanotube diameter (Section 5.3.1).   

For both iron and nickel catalysts and by both the base- and tip-growth 

mechanisms observed, nanotubes grew in well-aligned forests.  As no external means 

were used to control this alignment (such as applied electric fields), this alignment 

occurs via the crowding mechanism (Section 2.4.5).  With careful sample preparation, 

clumps of nanotube forests can be transferred to TEM grids and imaged without 

disturbing their structure; variations in nanotube orientations from the mat base to tip 

reveal the development of alignment through the crowding mechanism.  Figure 5-25 

shows an iron-catalyzed nanotube sample (grown on alumina), and alignment is 

observed to improve towards the base of the mat compared to the top of the mat.  In 

base-growth (expected for this catalyst-substrate combination), the bottom of the mat 

will be the region most recently formed within the sample, and the regions of the 

nanotube towards the top will be those grown at the beginning of the reaction.  When 

growth starts, nanotube alignment will be random, and the crowding mechanism will 

not begin to influence the tube growth direction until the nanotubes have reached a 

sufficient length to interact with adjacent tubes.  This crowding effect will become 

more pronounced as growth continues, producing improved alignment in the regions 

of newest growth, as observed in Figure 5-25.  In base growth, this initially misaligned 
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region (formed at the very start of the reaction) will be pushed upwards (at the top 

surface of the mat) as the tubes continue to lengthen.   

 

Figure 5-25: Improvement in nanotube alignment from the top of the mat to the base 

 

5.2.3 Growth Termination 

Floating catalyst CVD has been observed to produce long (several mm) mats 

of nanotubes with roughly constant growth rates due to the continuous addition of 

catalyst material.  As a result, while individual tubes will stop growing during the 

reaction as the metal particle catalyzing nanotube formation becomes poisoned, the 

entire mat will continue to grow and lengthen.  In thermal CVD; however, the 

poisoning of individual catalysts has a much larger impact on the nanotube production, 

as these catalyst particles are not replenished during synthesis.  As a disordered carbon 

coating begins to deposit on the catalyst surfaces, diffusion of carbon through the 

particle and into the nanotube slows and eventually ceases, resulting in a decreasing 

growth speed as the reaction continues (see Figure 5-17).  It was observed that growth 

in some thermal CVD attempts (with benzene at 800-900°C) was very poor, with 

thick, disordered carbon fibers forming due to rapid amorphous carbon deposition and 
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catalyst poisoning.  The addition of ammonia to the reaction was found to prevent this 

problem, resulting in a distinct change in morphology (Figure 5-26) and showing that 

the reactant gas is an important parameter in the CVD-production of carbon 

nanotubes.  While gas flow rates can affect the yield of nanotubes (with low yields 

observed for high flow rate, spray pyrolysis reactions, Section 5.1), the composition of 

the gas is very important for prolonging growth with thermal CVD.   

 

Figure 5-26: Influence of ammonia on CNT growth via thermal CVD, (a) growth 
without ammonia and (b) growth with ~35% ammonia 

 
In these tests, results, which produced thicker tubes with large amounts of 

amorphous carbon, tended to have tangled fibers near the substrate, while results with 

cleaner tubes free from amorphous coatings tended to have a much higher degree of 

alignment and grow nearly perpendicularly from the substrate surface.  This aligned 

growth (in the absence of any electric fields or other means of controlling growth 

direction) has been attributed to a “crowding” effect, where relatively tightly packed 

nanotubes help to support each other during growth, achieving good alignment (see 

Sections 2.4.5 and 5.2.2).  In addition, van der Waals forces exist between tubes due to 

the small separation gaps; these forces hold tubes together and also contribute to 

alignment.  In order for these effects to produce an aligned product, the lengths of the 
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tubes must be significantly longer than the average gap distance between adjacent 

tubes (to allow the tubes to come into close proximity and interact with each other 

during growth).   

In the absence of ammonia (with other reaction parameters, such as catalyst 

film thickness held constant), thick, randomly aligned carbon fibers are formed (as 

these fibers cannot reach lengths sufficient to create alignment due to crowding).  The 

lack of alignment and short length of these tubes suggests that their growth (as 

nanotubes) was quickly terminated due to catalyst poisoning.  Subsequent carbon 

introduction (in the form of benzene at ~0.1 ml/min) results in amorphous carbon 

deposition on the tube walls, thickening them to diameters of several hundred 

nanometers.  The addition of ammonia during growth clearly helps produce a much 

more well-ordered nanotube product, as the inhibition of amorphous carbon deposition 

and catalyst poisoning allows tubes to be grown longer, with better alignment, and 

smaller diameters.   

In addition to potential growth termination due to catalyst poisoning, there is 

also a possibility of slowing growth due to increasing diffusion lengths for reactants to 

reach the catalyst particles.  However, it seems extremely unlikely that this effect 

limits growth at all in these thermal CVD growth runs, as growth termination is 

observed even under conditions where tip-growth occurs (where catalyst particles do 

not remain on the mat surface and the diffusion distance does not change as the 

nanotubes lengthen).  Furthermore, upon examination of mat cross-sections in base-

growth samples, a dependence of height relative to position on the substrate is 
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sometimes observed, but the findings do not support any diffusion limitations.  Rather 

than finding longer tubes at the edge of the substrate and shorter tubes at the center (as 

would be expected for diffusion limited growth), the opposite is observed, as shown in 

Figure 5-27.  This confirms that diffusion of reactants (carbon) to the catalyst sites is 

not a limiting factor in the thermal CVD nanotube growth performed in this study, and 

that growth termination is a consequence of amorphous carbon deposition and catalyst 

poisoning.   

 

Figure 5-27: Mats of nanotubes grown via thermal CVD showing reduced nanotube 
height within close proximity to the substrate edge 

 
As the benzene introduction rate remains constant during synthesis, and other 

parameters (temperature, etc.) do not change, it can be assumed that amorphous 

carbon deposition rates are roughly uniform throughout the reaction.  For tubes grown 

without ammonia (producing short, disordered mats) lengths can be measured, and, 

using the growth rates previously determined for different catalyst films (Figure 5-17), 

the growth time prior to catalyst poisoning can be estimated.  Additionally, by 

measuring tube wall thickness compared to wall thicknesses of nanotube grown with 

ammonia (using TEM), both the amorphous layer thickness and deposition rates can 

be determined (using known reaction durations).  Finally, with these rough estimates 
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of amorphous carbon deposition rate and the time required for catalyst poisoning to 

occur, the thickness of a carbon layer, which is sufficient to poison the catalyst and 

stop growth can be determined.   

Several misaligned, carbon fiber samples were analyzed in this fashion (Figure 

5-28), and a hollow inner tube (the original nanotube grown from a catalyst particle) 

could be seen in many of these fibers.  This structure was coated in a thick layer of 

amorphous carbon, leading to larger average outer diameters ranging between ~192nm 

and ~426nm.  The original inner and outer diameters were also measured, with 

average inner diameters of 45 to 50nm and very thin walls.  Wall thickness of the 

amorphous carbon sheaths were therefore found to range from ~74nm to ~188nm (for 

growth durations from 43 to 51 minutes), corresponding to amorphous carbon 

deposition rates ranging from roughly 1.5nm per minute to 4.4nm per minute.  

Measurement of nanotube lengths in these samples via SEM was difficult due to the 

tangled nature of these fibers; however, a rough estimate gave lengths of ~6µm and 

~10µm.  Based on growth rates previously determined (Section 5.2.1), catalyst 

poisoning is thought to be complete in these samples within one to two minutes.  This 

indicates that an amorphous carbon layer of just 3 to 6nm on the catalyst surface is 

sufficient to completely terminate nanotube growth.   
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Figure 5-28: TEM images of nanotubes grown without NH3 showing thick amorphous 
carbon sheaths coating a thin-walled inner nanotube 

 

5.3 Nanotube Characterization 

Carbon nanotubes were successfully produced using several variations of a 

chemical vapor deposition procedure (Sections 5.1 and 5.2).  However, in some cases, 

these methods produced nanotubes with substantially different characteristics, and 

small alterations of synthesis reaction parameters could result in significant changes to 

the nanotube products.   

SEM observation of the nanotubes produced using both vapor phase CVD and 

thermal CVD revealed a similar appearance at the micron-scale.  However, the 

similarities in micro-structural appearance did not carry over to the nanometer-scale, 

as revealed by TEM analysis.  Carbon nanotubes produced using vapor phase CVD 

typically had a rougher outer surface and showed many defects within the walls.  

Thermal CVD nanotubes could have either straight walls or distinct bamboo 

morphology, and tended to have smoother walls and narrower diameter distributions 

than the vapor phase CVD products.  Representative images of these nanotubes are 

presented in Figure 5-29.   
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Figure 5-29: TEM images of carbon nanotubes grown via (a) floating catalyst CVD 

and (b,c) thermal CVD 
 

5.3.1 Control of Carbon Nanotube Diameter 

It has been shown that the length of carbon nanotubes can be largely controlled 

through the synthesis reaction duration, with the exact growth rate determined by 

growth parameters (see Sections 5.1.1 and 5.2.1).  The diameter of a carbon nanotube 

is also a very important dimension, and differences in diameters can affect mechanical 

and electrical properties.  Nanotube diameter is influenced by many more synthesis 

parameters than nanotube length, and the effects of these various parameters must be 

understood.  In this study, several reaction parameters were varied (within a range that 

produced nanotubes in every case), which allowed the effects on nanotube diameters 

to be examined.  While both thermal CVD and floating catalyst CVD growth 

procedures were used in this work to produce carbon nanotubes, some specific 

reaction parameters could be more carefully controlled using thermal CVD methods, 

and this study of diameter control was therefore limited to nanotubes produced using 

only thermal CVD growth.  However, as the general mechanism of nanotube 

formation is the same for both thermal and floating catalyst CVD methods, the trends 

observed in this work are expected to also apply to nanotubes synthesized using 
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floating catalyst chemical vapor deposition.  Although there are numerous parameters, 

which must be controlled during carbon nanotube growth, the study to examine the 

influence of different parameters on carbon nanotube diameters was limited to the 

following: catalyst film thickness, substrate material, hydrocarbon introduction rate, 

and synthesis reaction temperature.  These parameters were found to affect the inner 

diameter of the tube, the tube wall thickness (and resulting outer diameter), or 

influence both of these dimensions.   

It has been widely reported that the carbon nanotube diameter is determined by 

the size of the catalyst particle (assuming the catalyst particle is within the size range 

from which nanotubes can be successfully synthesized, see Section 2.4) [152-154].  

Accordingly, an increase in the amount of catalyst material available would be 

expected to result in the formation of larger catalyst particles [566] and 

correspondingly larger nanotubes.  This was observed for both nickel and iron catalyst 

films, on various substrates, and for thermal CVD growth with both liquid (Section 

3.1.3) and gaseous carbon sources (Section 3.1.4).  Results for CVD with benzene are 

shown in Figure 5-30a.  In addition to an increase in average tube diameter with film 

thickness, a slight increase in the standard deviation of the diameter values is also 

observed.  This is expected, as both the mean particle size and the particle size 

distribution will increase with increasing film thicknesses.  Based on these results, 

diameter control between roughly 20nm and 80nm can be achieved simply by varying 

the amount of catalyst material deposited prior to growth.   
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Figure 5-30: Relation between catalyst film thickness and carbon nanotube diameter 

 
Catalytic synthesis of carbon nanotubes requires catalyst particles to be within 

a certain size range (larger particles will form carbon fibers and filaments) [148, 155].  

Due to this, an upper nanotube diameter limit is expected to be reached with 

increasing film thickness.  This was tested by attempting growth with a thicker (50nm) 

film of nickel catalyst (Figure 5-30b).  Unlike the previous samples, the nanotube 

diameter from this sample did not follow the same trend (increasing with increasing 

catalyst thickness), and average diameters dropped slightly, from 71±19nm to 

57±21nm.  For these samples with thicker catalyst films, there is a distribution of 

metal particle sizes (as found in thinner film samples); however, some portion of these 

particles will be an appropriate size to catalyst the growth of carbon nanotubes, and 

the introduction of additional metal may form particles too large to support nanotube 

growth.  Although thicker films will coalesce into a higher percentage of particles that 

are too large, the catalysts that do lead to growth will be similarly sized compared to 

those from thinner films (the larger particles self-exclude themselves from growth).  

As catalyst films exceed the thickness at which a significant percentage of particles are 
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too large for nanotube growth, a decrease in tube diameters could be expected, as 

those particles, which would catalyze very large tubes, would become too large for 

growth.   

While thicker catalyst films will lead to larger particles (and more particles too 

large for nanotube growth), this excess metal still remains in the sample.  Nanotube 

mats were examined using EDS to identify how the catalyst material was distributed 

within the nanotube forests, and tubes grown from thicker catalyst films were found to 

have excess metal throughout the height of the mat (Figure 5-31a).  In the case of 

nickel, a nearly uniform increase in catalyst material concentration was observed for 

the bulk of the mat (approximately four times higher in a 50nm nickel film than in a 

10nm film).  Towards the top of the nanotube mat, however, the nickel concentrations 

increased, and the sample grown using a 50nm catalyst film had roughly eight times 

the amount of catalyst material on the upper mat surface than the 10nm samples.  

Nickel catalysts have previously been observed to synthesize nanotubes predominantly 

via the tip growth mechanism (Section 5.2.2), and the weak interaction between nickel 

and the substrate allows these excess particles to be carried away from the substrate 

with the top of the nanotube mat during growth (these particles can be seen in the inset 

of Figure 5-31a).  In other cases, large (micron-scale) metal particles have been found 

on the substrate, surrounded by a “halo” zone of very poor nanotube growth (Figure 

5-31b).  These large particles (whether originating from very thick metal films or as 

contaminants), can deplete the surrounding region of catalyst material as the metal 



190 

 

film is heated and coalesces, resulting in a region devoid of suitable catalysts for 

nanotube growth.   

 

Figure 5-31: (a) Catalyst distribution within a nanotube mat with thick metal films, (b) 
EDS composition map of a larger metal particle within a nanotube mat 

 
In addition to the amount of catalyst metal used, the substrate material has also 

been shown to influence the catalyst particle size (and the corresponding nanotube 

diameters).  The interactions between the catalyst metal and substrate surface not only 

determine the growth mechanism (base- or tip-growth, Section 5.2.2), but stronger 

catalyst-support interactions can inhibit particle movement and coalescence during 

heating, resulting in smaller particles and nanotube diameters.  In this work (and for 

most reports of nanotube growth) various oxides are used as substrates (with SiO2 and 

Al 2O3 the most common).  Substrate-catalyst interactions can occur through the partial 

reduction of the substrate by the metal or hydrogen, formation of metal oxides, or the 

action of Lewis acid and base sites on the surface [206, 311].  Just as metal particles 

whose sizes are outside a particular range cannot successfully catalyze carbon 

nanotube growth, substrate-metal interactions, which are either too strong or too weak, 

can prevent the coalescence of catalyst films into appropriately sized particles.  In 
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cases of very strong interactions, the metal film may wet to the substrate surface and 

form a continuous overlayer without breaking into discrete islands [311].  

Alternatively, very weak interactions can lead to high catalyst particle mobility at the 

elevated temperatures used during nanotube synthesis, resulting in the formation of 

large particles that may not be suitable for nanotube growth (through the coalescence 

of many smaller particles).  Substrate surface roughness has also been proposed as a 

mechanism affecting catalyst particle mobility on the surface [207]; however this is 

not thought to play a significant role with the supports used in this study (very smooth 

quartz slides and silicon wafers).   

For the two most commonly used substrate materials (Al 2O3 and SiO2), 

alumina is expected to have a higher concentration of Lewis acid and base sites and a 

correspondingly stronger interaction with metal catalyst particles (the bonding in 

alumina is more ionic in nature when compared to that of SiO2 [564, 565]).  These 

interactions will reduce particle mobility on alumina, resulting in less coalescence and 

therefore smaller metal catalyst islands (leading to smaller nanotube diameters).  

Thermal CVD was used to grow nanotubes on these two surfaces (with catalyst film 

thickness, carbon source, growth temperature, and all other reaction parameters held 

constant), and the average tube diameter on the alumina surface was roughly 40% 

smaller than those grown on a silica surface (Figure 5-32).   
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Figure 5-32: Influence of growth substrate on carbon nanotube diameters, 3nm Fe 
catalyst films with C2H4 thermal CVD synthesis, SEM micrographs are at 
the same magnification 

 
To further investigate the relationship between the catalyst metal and the 

substrate material, an experiment was designed to separate the nanotube growth step 

from the annealing of the catalyst film into discrete particles.  In this work, a series of 

AFM scans were performed to examine metal coated substrates after several 

treatments, including immediately after the metal deposition, and after various heating 

processes.  Iron films (3-10nm thick), were deposited on silicon wafers coated with 

either a native oxide layer or with a thin (~15nm) film of aluminum, which was 

allowed to oxidize prior to the iron deposition.  These samples were then placed in a 

furnace, with heating conditions selected to simulate the conditions used for nanotube 

growth runs.  Samples were heated to either 750°C (the temperature most commonly 

used for thermal CVD growth with ethylene) or 900°C (used for CVD growth with 

benzene), in environments of either pure argon, or a mixture of roughly 50% ammonia 

in argon.  Once these samples reached the desired temperatures (at which point the 

hydrocarbon would have been introduced in an actual nanotube growth run), the 
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furnace was shut off and rapidly cooled.  These substrates were then examined using 

AFM (in close-contact mode).  Following heating, the substrate surface roughened 

significantly, as shown in Figure 5-33.   

 

Figure 5-33: AFM scans and roughness measurements of 5nm Fe films as-deposited 
and after heating to 750C in argon (AFM scan scales are equal) 

 
Unfortunately, while heated and as-deposited samples showed significant 

changes, AFM examination of various annealed metal films on different substrate 

materials did not reveal any consistent trends with heat treatments.  After heating 5nm 

iron films (to mimic the two most commonly used nanotube growth conditions of 

750°C in argon for ethylene CVD and 900°C with NH3 for benzene CVD), no 

discernable trends were observed in either particle height or surface roughness when 

comparing alumina and silica surfaces (Figure 5-34a).  This is not consistent with the 

diameter results measured in Figure 5-32, where a clear decrease in tube diameter and 

particles sizes was observed on alumina surfaces (compared to silica substrates).  In 

addition, alumina surfaces with a range of iron film thicknesses (3-10nm) were also 

imaged using AFM.  No correlation was found between film thickness and either 

surface roughness or particle height (Figure 5-34b), although measured particle width 

was found to increase with increasing thickness.  This was unexpected, as nanotube 
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diameters were observed to increase with increasing catalyst film thickness (see Figure 

5-30a), which suggests that the catalyst particle sizes would also be larger.  However, 

the increasing particle widths observed through AFM could represent a sufficient 

increase in catalyst size to explain the larger nanotube diameters (and the strong iron-

substrate interactions could explain why this increase is only observed in the particle 

width measurements).  In addition, subsequent changes in particle size and shape 

could occur after the introduction of the hydrocarbon at the start of nanotube growth 

(this could happen before sufficient nanotube growth has occurred to limit any 

additional changes), and this AFM study would not be able to measure those 

variations.   

 

Figure 5-34: AFM surface roughness and particle size trends for 5nm Fe films on 
different substrate materials (a) and for varying Fe film thicknesses (b) 

 
While AFM imaging did not reveal any clear trends when comparing different 

substrate surfaces and did not show any correlation between iron film thickness and 

surface roughness or particle height, a significant difference was observed between 

those samples annealed at 750°C and 900°C.  On both alumina and silica substrates, 

surface roughness and particle height increased for films annealed at 900°C compared 
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to 750°C (Figure 5-35a), with a slightly larger increase observed for iron films on 

alumina (~2.9x for alumina and ~2.2x for silica).  Similar increases were also 

observed for iron films of various thicknesses (Figure 5-35c,d).  As with the previous 

study of catalyst film thicknesses, nanotube diameters grown using these two CVD 

methods (750°C with ethylene and 900°C with benzene and ammonia) were measured 

using TEM.  The higher temperature (900°C) CVD recipe (with 3nm iron films on 

alumina surfaces) produced nanotubes with diameters roughly three times larger than 

those produced using the lower temperature (750°C) ethylene recipe (Figure 5-35b).   

 

Figure 5-35: (a) AFM surface roughness and particle heights, (b) nanotube diameters  
using ethylene (750°C) and benzene (900°C), and AFM scans of Fe films 
after heating to 750°C (c, 50nm scale) and 900°C (d, 100nm scale) 

 
Based on these results, varying reaction temperatures were investigated as a 

means to control nanotube diameters.  Changing reaction temperature can influence 

nanotubes diameters through two mechanisms.  Increased temperatures can lead to 
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greater particle mobility on the substrate surface, causing metal islands to coalesce 

into larger catalysts [567-570], and simulations of particle interactions at elevated 

temperatures have shown that temperature plays a very important role [566].  The 

temperature at which smaller particles will combine to form larger particles varies 

with particle size, with smaller metal islands coalescing at lower temperatures.  If the 

particles are in close proximity, this process occurs through the complete coalescence 

of the particles, while particle growth across larger distances can occur through 

Ostwald ripening effects.  There has been some reported disagreement, however, as to 

whether this process is limited by the diffusion of metal islands (to come into contact 

with each other), or by the actual coalescence and sintering of the particles (with some 

reports suggesting that each of these mechanisms is the rate controlling factor) [571].  

In either case, particle coalescence increases with temperature, as does the resulting 

final particle sizes.   

In addition to the catalyst particle coalescence effects, the reaction temperature 

has to be selected depending on the hydrocarbon used during growth (see Figure 

2-19).  Nanotubes were grown using ethylene and a range of reaction temperatures; 

following synthesis, the products were imaged using TEM and nanotube diameters 

were measured (Figure 5-36).   
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Figure 5-36: Nanotube diameters as a function of reaction temperature (5nm Fe on 
alumina with ethylene) 

 
For a small temperature range around the optimal growth condition of roughly 

750°C (for CVD with ethylene), a small increase in nanotube diameter is observed 

with increasing temperatures.  At temperatures significantly higher than this range, 

however, a large increase in both nanotube diameter and the standard deviation of the 

diameters is observed; growth with ethylene at 850°C produces nanotubes with 

roughly 4 times the diameter and 10 times the deviation in diameter measurements 

compared to those grown at 750°C or 775°C.  At these elevated temperatures, the 

production of amorphous carbon (from the decomposition of ethylene) is greatly 

increased (relative to the catalyst-assisted decomposition occurring at lower 

temperatures).  Amorphous carbon can accumulate on many surfaces within the 

reaction chamber, including the nanotube walls, thickening them through the 

formation of an amorphous sheath surrounding a graphitic nanotube core (similar to 

the results shown in Figure 5-28).  In addition, the thickness of this amorphous sheath 

will vary depending on the duration for which the nanotubes are exposed to these 

conditions.  As a result, the nanotube diameter will vary along the length of the 

nanotube, with the smallest diameters (thinnest amorphous sheath) found in the region 
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of the tube that was most recently synthesized.  Accordingly, tube diameters will be a 

function of catalyst and substrate properties (influencing inner tube diameters) and of 

the amorphous carbon deposition rate (affecting the growth time before catalyst 

poisoning and the outer tube diameter).  If catalyst poisoning occurs quickly and 

prevents any further nanotube lengthening, continued carbon deposition on the tube 

walls would lead towards thick tubes with smaller diameter variations along their 

lengths.  For reactions in which nanotube growth continues for an extended duration, 

differences in the amorphous carbon sheath thickness between older and more recently 

grown regions of the tubes will be more significant, resulting in large deviations of the 

diameter measurements.  The effect of increasing reaction temperature has a much 

greater influence on the resulting tube outer diameters (through accelerated amorphous 

carbon deposition) than the tube inner diameters (through larger catalysts due to 

increased particle coalescence).  As a result, the reaction temperature (and carbon 

source) can be selected to allow the outer diameters of the nanotube product to be 

controlled relatively independently from the tube inner diameters.   

The final reaction parameter studied during this sequence of experiments was 

the hydrocarbon introduction rate.  As shown previously (Figure 5-19), very slow 

introduction rates can limit nanotube growth, while very fast carbon introduction can 

reduce the quality of the resulting tubes (observed through reduced Raman G:D peak 

height ratios).  Provided sufficient carbon is present under suitable conditions, 

nanotube growth speeds will be limited by the diffusion of carbon through the catalyst 

particles.  If carbon is introduced faster than it can be incorporated into nanotube 
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walls, excess carbon can form amorphous deposits on the reaction chamber surfaces 

(or it may simply be carried out of the heated zone by the reaction gases and exhausted 

from the furnace).  Similar to the results of increased reaction temperatures, this 

carbon deposition can poison catalysts and lead to the thickening of the nanotube walls 

due to amorphous carbon build-up.  Increased deposition of this disordered carbon 

causes the decreased Raman peak ratios observed in Figure 5-19, and also results in an 

increase in nanotube diameters.  As with varying reaction temperatures, this 

thickening of the tube walls does not affect the inner tube diameter (controlled by the 

catalyst particle size), and this thickening is also not uniform along the tube length (as 

there is more time for amorphous carbon to deposit on the regions of the tube that 

were synthesized first compared to those synthesized nearer to the end of the reaction).  

An example of this effect is shown in Figure 5-37, for thermal CVD growth with 

benzene and ammonia.  At the fastest benzene introduction rate studied, the outer tube 

diameter was between three and four times larger than those tubes grown using the 

slower introduction rates, while the change in the inner tube dimensions was much 

smaller (less than a thirty percent difference, within the standard deviation).  As with 

the temperature influence study, the deviation in the outer diameter measurements 

increased with the benzene introduction rates, although this increase was not as 

pronounced (the deviation roughly doubled at the faster benzene introduction rates 

compared to a tenfold increase in deviation at the highest temperatures used in Figure 

5-36).  The use of ammonia in these tests (added to inhibit amorphous carbon 
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formation with benzene but not needed with the ethylene used in Figure 5-36) is 

thought to limit this increase by partially removing amorphous carbon as it deposits.   

 

Figure 5-37: Influence of benzene introduction rate on CNT inner and outer diameters 

 
Based on this study of the effects of different reaction parameters on carbon 

nanotube diameters, several important relations have been identified.  In growth 

environments, which limit the formation of amorphous carbon (lower temperature 

synthesis with ethylene or ammonia-assisted growth with benzene), the tube diameter 

can be controlled between roughly 15nm and 85nm, depending on reaction conditions, 

catalyst film thickness, and substrate material.  Larger nanotube diameters were 

observed with increasing catalyst film thicknesses up to roughly 10nm films; beyond 

this thickness excess catalyst material accumulated in the nanotube mat, but did not 

lead to the formation of increasingly larger tube diameters.  A substantial difference in 

average diameters was observed when comparing nanotubes grown using lower 

temperature methods with ethylene and tubes grown at higher temperatures with 

benzene and ammonia.  This increase occurs through two factors.  At higher 

temperatures metal island mobility on the substrate surface increases, leading to the 

coalescence of smaller particles into larger catalysts.  If the temperature is increased 
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and the growth conditions are not re-optimized (through the use of ammonia or a 

different hydrocarbon), the hotter reaction conditions will result in increased 

amorphous carbon deposition on nanotube walls.  A similar result can be obtained by 

increasing the rate at which the hydrocarbon is introduced.  These conditions lead to 

larger tube outer diameters and wall thicknesses, as well as increased variability in 

diameters found within a sample.  Through selection of a catalyst film thickness and 

substrate material, the particle size can be influenced, providing control over the inner 

tube diameters.  By adjusting these parameters, along with reaction temperature and 

carbon introduction rate, the tube inner and outer diameters can then be controlled 

independently.  In addition, while this diameter study was conducted using thermal 

CVD with thin film catalysts, these trends would also apply to other forms of CVD 

growth as well.  For floating catalyst CVD, the catalyst introduction rate, substrate 

material, and reaction temperature will influence particle size [146, 409], and high 

temperatures or carbon introduction rates can increase amorphous carbon deposition.   

5.3.2 Ammonia Effects during Growth 

For higher temperature thermal CVD growth with benzene, the addition of 

ammonia (in concentrations of as little as 10-20% in argon by volume) resulted in 

carbon nanostructures of much smaller diameter than those grown under similar 

conditions in the absence of ammonia (Figure 5-26).  The overall diameter of a carbon 

nanotube is controlled by a number of factors, including initial catalyst particle size 

and wall thickness.  In order to study the mechanism by which ammonia contributes to 

smaller diameter carbon nanostructures, thermal CVD was performed with ammonia 
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introduced at different points during the process.  In the first trial, ammonia was 

introduced only during heating.  It is during this step that the thin iron film separates to 

form discrete catalyst particles, with the size of these particles influencing the 

resulting nanotube diameters.  In the second test, ammonia was introduced only during 

growth (that is, once temperature was reached and the benzene introduction started).  

Under these conditions, the effect of ammonia on nanotube wall thickness could be 

examined.  These results were compared to thermal CVD growth with no ammonia 

and with growth where ammonia was added during both heating and growth.  In all 

these tests, ammonia was added to argon at concentrations of roughly 50 vo.%, and 

after growth the samples were allowed to cool under pure argon flow.  Experiments 

for growth without ammonia and growth with ammonia only during heating produced 

very similar results, as did runs with ammonia only during growth and ammonia 

during both heating and growth.  SEM and TEM results for these tests also revealed a 

significant difference in diameters, and are shown in Figure 5-38.   

 
Figure 5-38: SEM and TEM thermal CVD results with ammonia added during 

different stages of growth 
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A very thick amorphous carbon layer coating a thin inner nanotube was 

observed in the results for growth with ammonia only during heating, and this 

accounts for the large variation in diameter observed between the different samples.  

The diameter of the inner nanotube in the ammonia during heating only sample is 

similar to that found in the samples synthesized with ammonia during growth and 

ammonia during both heating and growth, indicating that the catalyst particles for 

these runs were of similar size.  This suggests that the presence of ammonia during 

heating has little effect on the particle coalescence and resulting tube diameter.  The 

addition of ammonia during the actual growth (during benzene introduction) is critical 

and results in a very large reduction in the amount of amorphous carbon byproduct 

formed on the nanotube surfaces during growth.   

A comparison between the Raman spectra for these samples also indicated the 

strong similarity between growth with no ammonia and growth with ammonia during 

heating (low G-peak to D-peak widths) and between ammonia only during growth and 

ammonia during heating and growth (lower G-peak positions), Figure 5-39.   

 
Figure 5-39: Raman spectra for CNTs growth via thermal CVD with no ammonia and 

ammonia added during different stages of the CVD process 
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5.3.2.1 Effects of Ammonia Concentration 

In addition to studying the effect of ammonia addition at different steps during 

the reaction procedure, the influence of varying ratios of ammonia to argon was also 

examined.  Thermal CVD tests were performed using a benzene carbon source and 

with reaction gas mixtures ranging from pure argon to pure ammonia, including 

several intermediate ratios.  Raman spectroscopy was used to characterize the results, 

and the G:D peak area ratios were then plotted as a function of ammonia 

concentration, shown in Figure 5-40.   

 
Figure 5-40: (a) Raman Spectra for varying ammonia concentrations, (b) example 

SEM image of CNT growth at 50% ammonia, (c) Raman G:D: peak area 
ratios as a function of ammonia concentration 

 
Increasing ammonia concentration (up to ~50%) resulted in increasing G:D 

peak area ratios, indicating a reduction in amorphous carbon and other impurities and 

defects.  Above 50-65% ammonia, however, no significant further increase in G:D 

peak area is observed, indicating that above certain levels, excess ammonia provides 

no additional benefit.  SEM examination of the nanotube product grown at the 

different ammonia levels shows a decrease in length at 100% ammonia compared to 
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50% and 65% ammonia, suggesting that excess ammonia can be detrimental to 

nanotube formation.   

5.3.2.2 Discussion of Growth Enhancement 

The benefits of moderate ammonia concentrations were observed in SEM and 

TEM analysis and in Raman spectroscopy.  In order to examine the mechanism by 

which ammonia acts to reduce the formation of amorphous carbon, the evolution of 

ammonia gas in the presence of nano-scale iron or nickel particles at high temperature 

must be considered.  Both iron and nickel can serve as catalysts in either the synthesis 

or decomposition of ammonia.  In the decomposition reaction (under higher ammonia 

partial pressure relative to N2 or H2), ammonia is decomposed on the surface of the 

catalyst; this leads to the formation of metal nitrides and both nitrogen and hydrogen 

gas [367].  Experiments were then performed studying the effectiveness of nitrogen 

and hydrogen on inhibiting the formation of amorphous carbon.   

The effect of nitrogen carrier gas was studied first, with thermal CVD growth 

(benzene carbon source) performed under both pure nitrogen and pure argon 

atmospheres.  These processes produced a very similar product (unaligned, very large 

diameter carbon fibers), shown in Figure 5-41, suggesting that nitrogen was not the 

agent responsible for the improvement in nanotube growth.  Tests performed with a 

mixture of nitrogen and ammonia gases produced well aligned mats of nanotubes.   
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Figure 5-41: Thermal CVD results without ammonia, and with (a) nitrogen carrier 

gas, and (b) argon carrier gas 
 

The effect of hydrogen was then considered.  Mixtures of low concentrations 

(less than 20vo.%) hydrogen or ammonia in argon were used to grow nanotubes on 

5nm iron films on silicon substrates.  SEM observation reveals aligned mats of 

nanotubes produced from the ammonia tests, while the hydrogen tests produced 

tangled clumps of fibers, Figure 5-42.   

 
Figure 5-42: Thermal CVD results using a benzene carbon source and an argon 

reaction gas with low concentrations of (a) hydrogen, and (b) ammonia 
 

Based on the microscopic appearance, the hydrogen added to argon did not 

appear to improve growth at all.  However, these samples were also investigated at the 

nanometer scale using TEM, and differences between samples grown with low 

concentrations of hydrogen, ammonia, and pure argon were examined, Figure 5-43.  

The product formed using thermal CVD with pure argon carrier gas was composed of 

(relatively) very thick carbon fibers with very poor structure.  The hollow core (when 
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visible) was coated with a thick amorphous coating; as a result of this coating, wall 

thicknesses approached several hundred nanometers and fiber diameters were roughly 

0.5µm.  In comparison, the thermal CVD run with small amounts of hydrogen in 

argon produced much thinner tubes.  An amorphous coating was still present on the 

outer surface of the tubes; however, this coating was much thinner and the average 

tube diameter was decreased to roughly 100nm.  Thermal CVD with even low 

concentrations of ammonia resulted in a sample, in which nanotubes appeared to be 

free of any amorphous coating on the surfaces and had distinct bamboo morphology.   

 
Figure 5-43: TEM images of thermal CVD results, (a) pure Ar carrier gas, (b) Ar with 

low H2 concentration, and (c) Ar with low NH3 concentrations 
 

These results suggest that a small addition of hydrogen to argon is not as 

effective at eliminating amorphous carbon as a similar small addition of ammonia.  

However, the significant decrease in amorphous carbon coating thickness observed 

when comparing samples grown with pure argon and argon with low concentrations of 

hydrogen (Figure 5-43a,b) indicating that hydrogen does act to suppress the formation 

of amorphous carbon.  The poor results obtained with nitrogen as a carrier gas indicate 

that nitrogen by itself plays little to no role in etching away amorphous carbon, and the 

catalytic action of iron or nickel particles on the decomposition of ammonia may result 

in the more effective etching obtained with ammonia compared to hydrogen.   
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5.4 Control of Bamboo Morphology 

In this work, well-aligned mats of carbon nanotubes have been successfully 

synthesized using two distinct variations of thermal CVD growth (with both liquid and 

gaseous carbon sources).  Due to the higher temperatures generally used for growth 

with liquid (C6H6) carbon sources, both excessive amorphous carbon deposition and 

premature catalyst poisoning could occur, and ammonia was used to inhibit these 

detrimental effects (Sections 5.2.3 and 5.3.2).  In addition to reducing nanotube 

thickening due to amorphous carbon deposition, and prolonging growth to allow 

aligned mat formation, the use of ammonia was also found to correspond with a 

distinct change in nanotube morphology.  Nanotubes that were grown in an argon 

environment (by either floating catalyst or thermal CVD methods, using only a carbon 

and catalyst source) were observed to have straight walls and hollow inner cores, 

while tubes grown with the addition of ammonia were found to have bamboo 

morphology, with angled walls and a compartmentalized inner tube structure.   

Previous work has indicated that nitrogen can contribute to the formation of 

this bamboo structure in nanotubes [356-359], and this morphology is clearly observed 

when nitrogen is added in this work (in the form of ammonia).  To verify that nitrogen 

is the source of this effect, a different nitrogen-containing compound, pyridine 

(C5H5N), was introduced to the synthesis reaction, and the effects of this substance 

were examined.  The use of both pyridine and ammonia was then further investigated 

to identify how nitrogen contributes to the formation of these bamboo structures, and 
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experiments were performed to control how this straight walled to bamboo walled 

morphology change occurred.   

5.4.1 Nitrogen introduction via Pyridine 

In the previous work, hydrogen was identified as the agent primarily 

responsible for inhibiting the formation of amorphous carbon.  In addition to this 

major difference, the nanotubes produced with ammonia possessed distinct bamboo 

morphology, and nitrogen is thought to play a critical role in this process.  To further 

investigate this, nitrogen was introduced in a form other than ammonia; pyridine 

(C5H5N) was added to both thermal and floating catalyst CVD methods, and the 

morphologies of the resulting nanotubes were studied.   

For the first study of nitrogen (introduced as pyridine), a floating catalyst CVD 

growth approach was used, with a general growth recipe as shown in Table 5-6.  In 

these experiments, pyridine was added in concentrations of 1, 2.5, 5, 10, and 20 

percent by volume to a “standard” reactant solution consisting of a mixture of benzene 

and ~1wt.% ferrocene.   

Table 5-6: Floating catalyst CVD growth recipe with Pyridine addition 

Growth parameter Value 
Carbon Source Benzene 
Catalyst Source Ferrocene 
Catalyst Concentration ~1.0 wt.% 
Nitrogen Source Pyridine (C5H5N) 
Pyridine Concentration 0-20 vol.% 
Introduction rate ~0.10 ml/min 
Argon flow rate ~200sccm 
Reaction Temperature 850°C 
Substrate SiO2 
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 These solutions were then used in floating catalyst CVD processes, and the 

results were compared to nanotubes grown under similar condition, but without the 

addition of pyridine.  Mats of well aligned nanotubes were produced at all 

concentrations of pyridine (0-20%), as shown in Figure 5-44.   

 
Figure 5-44: (a) Vapor phase CVD growth using benzene with 1wt.% ferrocene, (b) 

growth with 10vo.% pyridine, and (c) growth with 1vo.% pyridine 
 

Results were similar in appearance at the microscopic level and differences in 

structure did not become apparent until TEM examination.  Nanotubes grown with 

pyridine had similar diameters to those grown without pyridine; however, the pyridine 

tubes had bamboo morphology and appeared to have smoother walls, Figure 5-45.  

The addition of nitrogen (in the form of pyridine) resulted in the formation of tubes 

having distinct bamboo morphology, which was not observed previously in nanotubes 

grown via floating catalyst CVD without the addition of nitrogen.   

 
Figure 5-45: TEM images of CNTs grown with ~1wt.% ferrocene and (a) 5% pyridine, 

(b) 10% pyridine, and (c) nanotubes grown with only benzene 
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Further TEM examination of these products revealed that the bamboo 

compartments could be used to determine the nanotube growth direction.  In these 

tubes, the inner compartment walls are angled, forming a triangular shape, and these 

triangles are all oriented in the same direction along the tube (shown in Figure 5-45b).  

Through examination of tubes where the catalyst particle could be located, it is clear 

that these triangular bamboo compartments point towards the growth direction (away 

from the catalyst particle).  Figure 5-46 shows an example of this observation, where 

the bamboo compartment orientation can be see relative to the catalyst particle 

position.   

 

Figure 5-46: Bamboo compartment orientation relative to catalyst particle location: 
transmission (left) and atomic number-contrast (right) imaging modes. 

 
In addition to this morphology change, a reduction in overall mat length was 

also observed with the addition of pyridine.  There was a significant drop in mat 

length as the pyridine concentration increased from 0vo.% to 2.5vo.%, but no further 

reduction was observed with pyridine concentrations ranging from 2.5vo.% to 20vo.% 

(all other parameters such as reaction time were held equal).  In addition to the 

reduction in length, Raman analysis revealed an abrupt drop in Raman G:D peak 
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height ratios with even 1% pyridine added; G:D ratios were fairly constant for all runs 

with some pyridine added (1 to 20%).  These results are shown in Figure 5-47.   

 
Figure 5-47: (a) Raman spectra for varying pyridine concentrations, (b) Mat length 

and Raman G:D peak hieght ratio as a function of pyridine concentration 
 

In addition to Raman analysis of the effects of pyridine on nanotubes, 

temperature-programmed oxidation was also conducted.  In these experiments, 

nanotube samples were heated in a 2% O2-98% Ar gas mixture, and sample mass was 

monitored.  The burn-off rate was then determined as a function of temperature; these 

results are plotted in Figure 5-48.  Higher burn-off temperatures (increasing stability at 

elevated temperatures) indicate improved graphitic structure, and, similar to the 

Raman results, samples grown without pyridine had improved graphitic structure 

when compared to those grown with pyridine.   
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Figure 5-48: Temperature controlled oxidation burn-off rate as a function of 

temperature and pyridine concentration in reactant solution 
 

 The effects of pyridine on nanotube growth for tubes synthesized using thermal 

CVD methods were also studied.  As with the floating catalyst experiments, a general 

thermal CVD growth recipe was modified through the addition of pyridine; the 

parameters used are listed in Table 5-7.   

Table 5-7: Thermal CVD growth parameters with Pyridine addition 

Growth parameter Value 
Carbon Source Ethylene 
Carbon feed rate ~200 sccm 
Nitrogen Source Pyridine (C5H5N) 
Pyridine feed rate ~0.10 ml/min 
Catalyst material Iron 
Catalyst thickness ~5nm 
Argon flow rate ~225 sccm 
Reaction Temperature 800°C 
Substrate ~15nm Al2O3 on Si 

 

 
 Similar to the floating catalyst CVD nanotube results, the addition of pyridine 

to the reaction did not produce any significant changes in appearance at the micron 

scale.  Nanotubes were observed to grow in aligned mats, similar to those grown via 

thermal CVD (Section 5.2) both with ammonia (synthesis with C6H6) and without 

ammonia (synthesis with C2H4), as shown in Figure 5-49.   
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Figure 5-49: Growth of nanotube mats using thermal CVD with C2H4 and (a) only 
argon, (b) argon with ammonia, and (c) argon with pyridine 

 
At the nanometer scale, however (imaged using TEM), the introduction of 

pyridine led to the formation of nanotubes with distinct bamboo morphology.  

Although these compartmentalized, bamboo nanotubes could be formed using thermal 

CVD with the additions of either ammonia or pyridine, the bamboo structure was not 

identical, as shown in Figure 5-50.   

 

Figure 5-50: Nanotube structures using thermal CVD growth and (a) argon only, (b), 
argon with ammonia, and (c) argon with pyridine 

 

5.4.1.1 Pyridine and Ammonia Comparison 

Nanotubes synthesized with pyridine were found to have thicker walls (wall 

thickness roughly equal to the inner diameter) for both thermal CVD and floating 

catalyst CVD methods (Figure 5-51a,b).  This is in contrast to those nanotubes 
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synthesized using thermal CVD with the addition of ammonia, which, while still 

having a bamboo structure, tended to have much thinner walls (relative to tube inner 

and outer diameters, Figure 5-51c,d).   

 

Figure 5-51: Bamboo Nanotubes: (a) floating catalyst CVD with C6H6 and pyridine, 
(b) thermal CVD with C2H4 and pyridine, (c) thermal CVD with C6H6 
and NH3, and (d) thermal CVD with C2H4 and NH3 

 
The differences observed in the bamboo structures when comparing nanotubes 

grown with pyridine to those grown using ammonia can be explained by considering 

the amount of carbon in the reaction.  With ammonia, the sole carbon source is the 

hydrocarbon used (either C6H6 or C2H4), and only additional hydrogen and nitrogen is 

introduced (with the nitrogen leading to the formation of bamboo nanotubes, Sections 

2.4.6 and 5.4.2).  Pyridine, however, also introduces a significant carbon source to the 

reaction (in addition to nitrogen and hydrogen).  Increasing carbon introduction rates 

have been shown to lead to larger nanotube diameters (Section 5.3.1), and this would 

likely cause increased diameters as observed with the use of pyridine.  In addition, 
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pyridine decomposes in the same temperature range at which nanotube synthesis 

occurs, and can produce C2H2 as a decomposition byproduct [572-574].  The 

formation and subsequent decomposition of C2H2 at the reaction temperatures used 

could lead to increased amorphous carbon deposition on the outer tube walls; this 

would result in the thicker tube walls found when pyridine was included in the 

nanotube growth reaction.   

These thermal CVD results (different bamboo morphologies with ammonia or 

pyridine) were also checked using floating catalyst CVD.  During the initial tests, 

floating catalyst CVD was shown to produce bamboo nanotubes when pyridine was 

used as a nitrogen source (Section 5.4.1).  Following the thermal CVD synthesis runs, 

which produced thin-walled bamboo tubes using ammonia and thicker walled bamboo 

tubes using pyridine, ammonia was also tested with floating catalyst CVD to see if the 

same wall thickness trends held.  Typical floating catalyst CVD growth parameters 

were used, with ammonia added to form a gas mixture with similar ammonia to argon 

ratio as used in thermal CVD runs.  The growth recipe is detailed in Table 5-8.   

Table 5-8: Floating catalyst CVD growth recipe with Ammonia 

Growth parameter Value 
Carbon Source Benzene 
Catalyst Source Ferrocene 
Catalyst Concentration ~1.0 wt.% 
Introduction rate ~0.10 ml/min 
Nitrogen Source Ammonia (NH3) 
Argon flow rate ~225sccm 
Ammonia flow rate ~275sccm 
Reaction Temperature 850°C 
Substrate SiO2 
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As expected with the addition of ammonia, bamboo nanotubes were formed, 

and, similar to the trends observed with thermal CVD, the nanotubes synthesized with 

ammonia had thinner walls than those grown in the presence of pyridine.  Typical 

results from these synthesis runs are shown in Figure 5-52.   

 

Figure 5-52: Bamboo CNTs grown using floating catalyst CVD with ammonia (left) 
and pyridine (right) 

 
Using these TEM micrographs, the inner and outer diameters of bamboo tubes 

grown using either ammonia or pyridine could be measured, and the tubes grown with 

ammonia were found to have significantly thinner walls (relative to diameter).  

Ammonia-grown tubes had an average outer to inner diameter ratio of 1.4±0.2 

(41.4±12.9nm inner diameters and 56.4±15.5nm outer diameters), while tubes grown 

with pyridine had diameter ratios of 3.2±0.7 (13.7±4.5nm inner and 43.6±14.8nm 

outer diameters.  These results are plotted in Figure 5-53a.   

In addition, the Raman spectra of those tubes grown using these two nitrogen 

sources can also be evaluated (Figure 5-53b,c).  The G-peak to D-peak height ratios 

were similar for all the pyridine bamboo tubes studied, and the ratio in the ammonia 

sample was slightly lower still (and all were significantly lower than the ratio for 
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straight-walled tubes).  A similar trend was observed with the 2D- to D-peak height 

ratios, where tubes grown with between 2vo.% and 20vo.% pyridine had almost equal 

2D:D peak height ratios, tubes grown with ammonia had slightly lower ratios, and 

samples grown with 1vo.% pyridine or no pyridine had higher peak height ratios.   

 

Figure 5-53: (a) Outer diameter-Inner diameter ratios for tubes grown with pyridine 
and ammonia, (b) Raman spectra for nanotubes grown under various 
conditions, and (c) Raman G-D and 2D-D peak height ratios 

 

5.4.2 Effects of Nitrogen on Bamboo Morphology 

The presence of nitrogen or ammonia has been reported as a key factor leading 

to formation of nanotubes with bamboo morphology [260, 575, 576].  It has been 

reported that the determination of nanotube growth with either bamboo or hollow 

morphology is dependent on the ratio of carbon diffusion over the surface of a catalyst 

to carbon diffusion through the bulk of the catalyst [211].  Both surface and bulk 

carbon diffusion can lead to the formation of the outer tube walls; however, high rates 

of bulk diffusion can produce a graphitic layer on the rear surface of the catalyst 

particle.  This layer will expand and eventually contact the nanotube side walls.  It is 

then “lifted” from the particle by these walls as they grow away from the catalyst; the 
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process can then start over to form a new bamboo compartment.  The presence of 

nitrogen has been shown to increase carbon diffusion in iron, this would encourage 

bulk diffusion (and bamboo morphology formation) [369, 370].  The formation of 

bamboo morphology has also been proposed to occur due to the presence of 

pentagonal lattice defects in carbon nanotubes (which promote tube closure) [173].  

The bond length of carbon-nitrogen is slightly shorter than that of carbon-carbon when 

comparing benzene and pyridine structures [577].  Nitrogen incorporation into the 

graphitic lattice could strain the lattice in a similar manner as pentagonal defects, 

promoting the closure of inner tube layers to form bamboo compartments.  These 

mechanisms are illustrated in Figure 5-54.   

 

Figure 5-54: Schematics of bamboo compartment formation mechanisms (lattice strain 
due to nitrogen incorporation and increased bulk carbon diffusion) 

 
In order to investigate the contribution of nitrogen to the formation of bamboo 

morphology via each of these potential mechanisms, nanotubes grown with various 

concentrations of nitrogen were examined.  Both floating catalyst and thermal CVD 

methods were studied, with varying pyridine concentrations used for floating catalyst 

growth, and different ammonia-argon gas mixtures used for thermal CVD.  In both 
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cases, the spacing between subsequent bamboo compartments within the nanotubes 

was measured.   

If the formation of bamboo morphology occurs primarily due to increased bulk 

diffusion of carbon through nitrogen-containing catalyst particles, then the bamboo 

spacing would be expected to be relatively independent of nitrogen concentration in 

the reaction.  In this mechanism, the nitrogen in the catalyst particle would reach some 

solubility limit, and further addition of nitrogen would provide little additional affect 

once this solubility is reached.  Due to the extremely small average size of the catalyst 

particles used for nanotube growth, solubility would be reach very rapidly even at very 

low nitrogen concentrations (relative to typical synthesis reaction durations of tens of 

minutes).   

Alternatively, if nitrogen is incorporated into the nanotube walls (inducing 

strain, which results in the formation of bamboo compartments), then nitrogen would 

be constantly consumed during the reaction.  If this is the dominant mechanism acting 

during the formation of bamboo morphology, then the presence of nitrogen would be 

required continuously during growth.  Additionally, the nitrogen concentration would 

be expected to influence the speed at which these bamboo compartments formed.  

Previously it was observed that increased carbon introduction rates led to increased 

nanotube growth rates (Section 5.2.1) and increased carbon deposition on tube walls 

(resulting in thicker tubes, Section 5.3.1).  If nitrogen diffuses through the catalyst 

particle into the nanotube walls, then increased nitrogen concentrations could result in 

more rapid incorporation of nitrogen into nanotube walls (until diffusion becomes the 
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limiting factor).  Changes in nitrogen diffusion rates would be reflected in changes to 

the bamboo compartment spacing, as increased nitrogen incorporation into the tube 

walls result in a decrease in the spacing between adjacent compartments.   

Measurements of bamboo compartment spacing were carried out on two series 

of samples: nanotubes grown via thermal CVD under varying ammonia concentrations 

(Section 5.3.2.1), and nanotubes grown using floating catalyst CVD with different 

amounts of pyridine added during synthesis (Section 5.4.1).  On average, 85 

compartment lengths were measured for each sample, and in all cases a large variation 

in lengths was observed (particularly for the nanotubes grown using thermal CVD 

with ammonia).  As shown in Figure 5-55, no significant trends were observed 

between average compartment spacing and the amount of nitrogen used (whether 

added as ammonia or pyridine).   

 

Figure 5-55: Average spacing between adjacent bamboo compartments as a function 
of ammonia concentration (left) and pyridine concentration (right) 

 
In both proposed mechanisms for the synthesis of nanotubes with bamboo 

morphology, the catalyst particle size (and corresponding nanotube diameter) can 

greatly influence the bamboo compartment formation.  In the first mechanism, carbon 
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which diffuses through the bulk of the catalyst particle (rather than around the surface) 

begins to form a graphitic cap on the catalyst surface inside the tube (shown 

schematically in Figure 2-35 and Figure 5-54).  In order to seal off a section of the 

inside tube (forming a bamboo compartment), this cap must grow until it contacts the 

inside nanotube wall, at which point it is pulled away from the catalyst and a new cap 

can begin to form.  The spacing between adjacent bamboo compartments would be a 

function of the time required for this cap to form (governed by the bulk carbon 

diffusion rate and the catalyst particle size), and the growth rate of the nanotube 

(determining the length a nanotube grows during the compartment wall formation 

process).  These inner compartment walls would tend to take longer to form in larger 

diameter nanotubes (larger inner particle surface to cover), but larger nanotubes also 

tend to grow at slower rates.  For very small tubes growing from very small catalyst 

particles, the narrow inner diameter may completely prevent the formation of bamboo 

compartments.  In this case, carbon atoms on the small catalyst surface inside the tube 

could immediately become incorporated into the walls rather than beginning to form a 

compartment wall.   

Bamboo morphology formation under the second mechanism (nitrogen 

incorporation into tube walls) would also be expected to show a diameter influence.  

Just as the shorter diffusion distances present in smaller particles generally allow for 

faster nanotube growth via carbon incorporation into the graphitic wall, nitrogen 

atoms could also be incorporated into the tubes walls more rapidly.  In order to 

account for the influence of nanotube size, the compartment length values presented in 
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Figure 5-55 were normalized to the diameters of the tubes being measured.  These 

normalized results are shown in Figure 5-56; however, no significant trends are 

observed between compartment length and nitrogen concentration.   

 

Figure 5-56: Average compartment spacing normalized to tube diameter as a function 
of ammonia concentration (left) and pyridine concentration (right) 

 
Even when normalized to tube diameter to account for differences in tube size, 

no correlation is observed between increased nitrogen concentrations (either through 

ammonia or pyridine addition) and bamboo spacing.  Based on these results, it appears 

that the mechanism acting to produce this compartmentalized structure is not 

dependent on nitrogen incorporation into the tubes walls (which could be expected to 

show some concentration dependence), and is instead due to increased carbon 

diffusion through the bulk of nitrogen-containing catalyst particles.   

The bamboo nanotubes grown via thermal CVD using ammonia were typically 

grown using benzene as a carbon source at relatively high (900°C) temperatures 

(typical synthesis conditions are listed in Table 5-5).  Bamboo nanotubes were also 

grown by adding ammonia to a thermal CVD reaction using ethylene as a carbon 

source (Figure 5-51d).  The optimal growth temperatures for this thermal CVD 
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synthesis method were found to be lower than those used with benzene, and this 

allowed some comparison of the effect of temperature on bamboo morphology 

formation (although not a direct comparison as the runs were conducted with different 

carbon sources).  Smaller spacing was observed in nanotubes grown at the lower 

temperature synthesis reaction with ethylene, although a large deviation in the 

measured compartment lengths was found (similar to the range in spacing distances 

from the pyridine and ammonia concentration studies above).  However, the diameters 

of nanotubes grown under the cooler, ethylene conditions were substantially smaller 

than those grown using benzene (15.7±3.5nm vs. 36.9±11.6nm).  When normalized to 

tube diameter, the lower temperature nanotubes show the opposite trend, with larger 

relative compartment spacing in the smaller diameter tubes (Figure 5-57).  As the 

formation of this bamboo structure is a consequence of greater bulk diffusion 

(compared to surface diffusion), increased diffusion rates at elevated reaction 

temperatures could be expected to increase this effect (a more pronounced bamboo 

structure with more closely spaced compartments).  However, as with the comparisons 

between different ammonia and pyridine concentrations, the large deviations in the 

bamboo compartment spacing within a given sample make drawing conclusions based 

on these trends difficult.   
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Figure 5-57: Effects of temperature on bamboo spacing (left), spacing normalized to 
tube diameter (right) 

 
The previous experiments and measurement of compartment sizes revealed no 

correlation between bamboo spacing and nitrogen concentration (introduced as either 

ammonia or pyridine).  If nitrogen incorporation into the nanotube walls was the 

mechanism by which these bamboo compartments formed, then a concentration 

dependent relation could be expected.  However, the rate of this nitrogen incorporation 

could be limited not only by the availability of nitrogen, but by the diffusion of 

nitrogen through the catalyst particle and into the tube walls.  If the range of nitrogen 

concentrations used on this study was too high to reveal a concentration dependence 

(if diffusion speed was the rate limiting factor in all tests), then the lack of a 

correlation between ammonia or pyridine concentration and bamboo spacing would be 

expected (and the results inconclusive as to identifying the bamboo formation 

mechanism).   

To further investigate these mechanisms (taking into consideration that 

bamboo formation may be diffusion limited rather than concentration limited), a new 

experiment was designed to separate the nanotube growth step from nitrogen 
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introduction step.  Silicon wafers were first prepared by coating them with an alumina 

film followed by a thin layer of iron catalyst (3nm to 10nm, deposited using e-beam 

evaporation).  These samples were heated in an atmosphere of roughly 50% ammonia 

in argon to 900°C (the reaction temperature commonly used during thermal CVD 

growth with benzene) and kept at this temperature for approximately twenty minutes.  

This process was designed to mimic the conditions found during a normal synthesis 

run just prior to the carbon introduction and allow for nitrogen diffusion into the 

catalyst particle.  Following this gas nitriding process, the furnace was cooled to room 

temperature in an inert argon environment.  After this step, these substrates were used 

to grow nanotubes using the standard ethylene-based thermal CVD process outlined in 

Table 5-4.  This growth recipe was specifically selected so that synthesis was carried 

out in an argon environment with no ammonia or pyridine added.  Transmission 

electron microscopy was then used to characterize the products, and bamboo 

morphology was observed along a continuous length of tube (Figure 5-58).   

 

Figure 5-58: SEM and TEM images of a nanotube grown from a nitrogen-containing 
catalyst particle, magnified views show bamboo morphology 
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Measurements of bamboo compartment spacing were taken along each tube 

that could be imaged along a significant portion of its length, and the growth direction 

of each tube was determined by examining the orientation of the bamboo 

compartments (as shown in Figure 5-46).  Typical results are shown in Figure 5-59, 

with lower values along the position axis indicating regions of the nanotube further 

from the catalyst particle (and therefore synthesized earlier during the growth 

reaction).  The bamboo spacing was typically between 50nm and 75nm long, with 

lengths of occasional compartments reaching several hundred nanometers.  While 

these results were not normalized to diameter as before, the diameters of the tubes 

studied were similar and very uniform along the tube length (~50-60nm diameter 

tubes with less than 2nm variation in diameter along their length).   

 

Figure 5-59: Variation of bamboo compartment spacing along nanotube length 
(measured from nanotubes pictured in Figure 5-58) 

 
When examining the average bamboo spacing along the tube length, no 

distinct trend is observed (perhaps only a very small increase in spacing when nearing 
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the catalyst particle in the longer nanotube studied).  If nitrogen incorporation into the 

tube walls was the primary mechanism to form bamboo nanotubes, then the amount of 

nitrogen remaining in the extremely small volume of the catalyst particle after the 

nitriding process would be expected to quickly become consumed.  In this situation, 

the nanotubes would begin to grow with a compartmentalized morphology, but as the 

limited amount of available nitrogen was incorporated into the tube walls, the bamboo 

spacing would increase and soon transition to a straight walled morphology (once no 

nitrogen remained in the catalyst particle).   

Alternately, if the presence of nitrogen in the catalyst enhances bulk diffusion 

of carbon through the particle (forming compartments as described in Section 2.4.6), 

then the bamboo spacing would not change (provided the nitrogen content in the 

catalyst remained constant).  As the data presented in Figure 5-59 indicates no 

significant trend of increasing bamboo spacing with tube growth in this experiment, it 

seems that the role of nitrogen in bamboo nanotube synthesis is not related to nitrogen 

incorporation into nanotube walls.  The roughly constant spacing lengths would 

suggest that nitrogen content in the catalyst particle (and the corresponding carbon 

diffusion enhancement) remains steady under the growth condition used in this study 

and for the time period indicated by the length of the nanotube (at least five minutes of 

growth based on previous results, Section 5.2.1).  The slight increase in spacing 

measured in the second nanotube studied could suggest a small reduction in the 

nitrogen content as the reaction progressed (perhaps due to nitrogen diffusion into the 

substrate or tube walls).  Some nitrogen diffusion out of the catalyst particle would 
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likely occur, which, given sufficient time, could change the composition of the catalyst 

particle enough to influence the morphology of any growing tubes.  Based on the 

current data, however, this trend is not clear enough to draw any substantial 

conclusions regarding changes in the nitrogen content.   

In addition to clarifying the primary mechanism by which nitrogen contributes 

to the formation of nanotubes with bamboo morphology, these results also hint at 

significant implications regarding to the nitrogen content of catalysts during nanotube 

growth.  Even without the introduction of any additional nitrogen during growth, it 

appears that the residual nitrogen content in the catalyst in these experiments was 

sufficient enough to produce bamboo nanotubes tens of microns long.   

5.4.3 Morphological control during growth 

We have observed that the addition of nitrogen during the synthesis reaction 

(either in the form of ammonia or pyridine) can cause the growth of nanotubes with 

bamboo morphology.  In these studies, the nitrogen source was typically held at a 

constant level throughout the entire growth reaction, producing a sample of tubes with 

uniform morphology (either a compartmentalized structure in the presence of 

ammonia or pyridine, or with straight walls in the absence of these substances).  Due 

to the substantial structural differences observed between these morphologies, tubes 

may exhibit morphologically-dependant material properties.  The presence of inner 

compartment walls could affect the mechanical properties of nanotubes (increased 

buckling resistance), and the misalignment of the graphitic lattice relative to the tube 

axis (in bamboo tubes) could affect their electrical and thermal conductivities.  Just as 
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nanotube properties can be influenced through control of diameter, length, chirality, 

defect concentration, and doping, morphological control could also serve as a means 

to achieve specific characteristics for potential applications.   

In order to further explore this, a series of growth experiments were conducted 

to attempt to synthesize non-uniform samples containing both straight-walled and 

bamboo regions.  According to the bamboo spacing results (presented in Section 

5.4.2), the presence of even a small amount of nitrogen was shown to influence 

nanotube morphology for a significant duration (with no substantial morphology 

change over tens of microns of nanotube length).  This suggested that a transition from 

bamboo nanotubes to straight walled tubes would be difficult to achieve, and 

consequently, these experiments were designed to synthesize straight walled tubes and 

then transition to growth conditions favoring the formation of bamboo nanotubes.   

Experiments were performed using floating catalyst CVD (with the addition of 

pyridine) and thermal CVD (with either ammonia or pyridine).  For floating catalyst 

CVD, the process for growth with pyridine (Section 5.4.1, summarized in Table 5-6) 

was modified so that growth was divided into two successive steps.  During the first 

half of the total synthesis duration, only ferrocene and benzene (~0.5 wt.%) reactants 

were used.  At the halfway point of the synthesis, pyridine was added to this solution 

in a concentration of ~6 vo.%, and the reaction was allowed to continue.  The reaction 

temperature, argon flow rate, and reactant introduction rate was not altered during this 

transition.  Due to the nature of this synthesis method (with continuous catalyst 

addition), it is difficult to follow a single tube and identify the transition point where 
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the pyridine was added.  However, upon examination of a larger sample of the product 

generated from individual synthesis runs, tubes were found with both straight-walled 

and bamboo morphologies (Figure 5-60).   

 

Figure 5-60: Nanotubes grown using floating catalyst CVD with controlled pyridine 
addition containing tubes with both straight and bamboo morphologies 

 
While this experiment was designed to synthesize straight-walled tubes for 

some portion of the total reaction time and grow bamboo tubes for the remaining 

duration, this approach should also work to produce bamboo tube followed by 

straight-walled tubes, or to alternate between bamboo and straight-walled regions.  As 

additional catalyst material is constantly added with this growth technique, nitrogen-

saturated catalyst particles (producing bamboo tubes) can be replenished with 

nitrogen-free particles as the reaction conditions change (by stopping pyridine 

introduction, for example).  For a short time after this change both bamboo and 

straight-walled tubes would grow, but as the catalyst particles containing nitrogen 

became poisoned, only straight-walled tubes would continue to lengthen (and keep 

growing as more catalyst material is added).  Additionally, while only pyridine was 
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used here, ammonia can also cause the formation of bamboo tubes with floating 

catalyst CVD (see Figure 5-52); alternating periods of ammonia introduction with 

periods of growth in pure argon would be expected to produce nanotubes with 

alternating bamboo and straight-walled morphologies.  This approach has been 

reported previously by Wei et al., where ammonia addition was controlled with 

floating catalyst growth to produce tubes with alternating bamboo and straight-walled 

regions [359].   

A similar experiment was performed using thermal CVD, where conditions 

used to grow both straight and bamboo nanotubes were achieved during a single 

reaction.  One of the more successful synthesis recipes for the production of straight 

walled nanotubes was used for the first part of the reaction, with ethylene as a carbon 

source, and lower reaction temperatures (775°C).  The duration of this phase was kept 

short (five minutes) to ensure no significant poisoning of the catalyst particles had 

begun.  Following this step, the hydrocarbon source was switched to benzene and the 

growth condition modified to provide conditions suitable for bamboo nanotube 

synthesis.  Both ammonia and pyridine were used as a nitrogen source for bamboo 

morphology formation.  Ammonia flow (~150sccm) was started as the furnace was 

heated (to 875°C) and upon reaching the new growth temperature, a ~2 vo.% solution 

of pyridine in benzene was introduced as a carbon and nitrogen source.  TEM 

examination of the products from this growth recipe revealed both straight-walled and 

bamboo nanotubes, indicating nanotubes grew in each of the two distinct growth 

conditions used (Figure 5-61).   
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Figure 5-61: (a) straight-walled nanotubes, and (b) a mixture of straight-walled and 
bamboo nanotubes produced during a single synthesis run 

 
While these results were similar to those observed using the two-stage floating 

catalyst growth (showing both straight and bamboo nanotubes, Figure 5-60), this 

thermal CVD process differed in that no additional catalyst was provided.  As such, 

the same nanotubes that began growth with straight walls transitioned to bamboo walls 

as the growth conditions changed (as nitrogen began to diffuse into the catalyst 

particles).  The synthesis recipe developed succeeded in producing transitions from 

straight-walled growth to bamboo growth; however, attempts to achieve the reverse 

(bamboo to straight-walled), or alternating morphologies were not successful, and this 

is a consequence of the method for catalyst introduction for thermal CVD.  Previous 

work (Figure 5-59) has shown that metal nitride particles will produce bamboo 

nanotubes even in reaction conditions where no additional source of nitrogen is 

provided, and that the bamboo spacing does not change substantially during growth.  

This suggests that switching from bamboo growth to straight-walled growth would 

only be possible with the addition of new, nitrogen-free catalysts, or by altering the 

reaction conditions in a way that no nitrogen is present and that the existing nitrogen 
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in the catalyst particles can be removed.  While some methods, such as floating 

catalyst CVD, could achieve alternating morphologies through the continuous addition 

of new catalyst material, the thermal CVD approach in this experiment uses only the 

catalyst present at the beginning of the reaction, and once a sufficient amount of 

nitrogen has been dissolved in the particles, a transition from bamboo to straight-

walled tubes is not possible.   

In addition, the two sources of nitrogen (ammonia and pyridine) were added at 

slightly different times during synthesis, and these have been shown to produce two 

distinct varieties of bamboo morphology (with thicker and thinner walls, Section 

5.4.1.1).  As a result, these transitions can be observed within a single tube, as shown 

in Figure 5-62.  The shape and orientation of the bamboo compartments in the thicker 

walled regions show that these regions grew later in the reaction (they are found closer 

to the catalyst particle), which is expected, as the ammonia was added prior to the 

pyridine during growth.   

 

Figure 5-62: Transition from thin walled bamboo morphology (growth with ammonia) 
to thicker walled bamboo morphology (growth with pyridine) observed 
along the lengths of individual nanotubes 
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Raman spectroscopy was then used to characterize nanotube samples 

containing a mixture of bamboo and straight-walled tubes and to determine if these 

tubes exhibited Raman characteristics closer to those of pure bamboo or straight-

walled samples.  For nanotubes grown using thermal CVD procedures, the mixed 

bamboo and straight-walled sample shown in Figure 5-61 and Figure 5-62 was 

compared to straight-walled and bamboo nanotube samples using the Raman methods 

(described in Sections 3.2).  Individual peaks were fit to the Raman spectra, and peak 

height ratios were found, as shown in Figure 5-63.   

 

Figure 5-63: Raman spectra comparison between straight-walled, bamboo, and mixed 
nanotubes grown using thermal CVD 

 
In these samples, the G-peak to D-peak height ratios are observed to slightly 

decline as the morphology transitions from straight-walled to bamboo walled.  A more 

significant different is observed between the 2D-peak and D-peak heights, where both 

mixed and bamboo tubes show a much lower ratio than the straight-walled tubes.  

While the mixed tube sample was expected to show some combination of Raman 

characteristics of straight and bamboo nanotubes, this mixed spectra appears much 

more similar to the bamboo spectra (particularly in the 2D:D-peak height ratio).  This 
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similarity can be explained, however, when considering the possible growth 

mechanism of these samples.  Raman spectroscopic measurements were conducted on 

these samples while the nanotubes were still attached to the substrates (as-grown, in 

aligned mats).  Raman information is only obtained from the top region of these 

samples, and this region would be either the oldest growth or the most recent growth 

in the nanotube mat, depending on whether growth was by the base- or tip- growth 

mechanism (oldest or newest growth, respectively).  The mixed morphology sample 

was grown using conditions producing straight-walled tubes first, followed by 

conditions for producing bamboo walled tubes (this growth order was also confirmed 

by examining the compartment alignment, Figure 5-62).  If this nanotube sample was 

synthesized through the tip-growth mechanism, then the most recent growth (growth 

with bamboo morphology) would be at the top of the mat, and this would be the only 

region in the sample contributing to the Raman signal.  This influence of the growth 

sequence can explain the similarities between the mixed morphology sample and the 

pure bamboo nanotube sample.  In addition, the exposure to growth conditions 

promoting straight-walled nanotubes was purposely kept very short (to ensure that the 

catalyst would not begin to poison before the conditions were changed).  As a result, 

the bamboo synthesis conditions were maintained for a longer time than the straight-

walled conditions, possibly leading to a higher ratio of bamboo to straight-walled 

tubes in the sample.   

Raman spectroscopy was also used to compare nanotube samples with 

different morphologies grown using floating catalyst CVD procedures.  This synthesis 



237 

 

method produces a much larger amount of sample during each growth run (as 

nanotubes are deposited on most surfaces within the reaction chamber, rather than just 

on catalyst coated substrates).  With more sample available, the nanotubes were 

separated from the substrates and mixed, eliminating any alignment and randomly 

distributing tubes from the upper and lower portions of the mat.  These products were 

the deposited in thick, un-aligned mats for Raman characterization.  As with the 

thermal CVD samples, nanotubes with straight walls, bamboo walls, and mixed 

morphology were examined using Raman spectroscopy (Figure 5-64).   

 

Figure 5-64: Raman spectra comparison between straight-walled, bamboo, and mixed 
nanotubes grown using floating catalyst CVD 

 
As a result of this preparation method (allowing nanotubes from all regions of 

the mat to contribute to the Raman signal), the mixed morphology sample showed 

characteristics (peak ratios, etc.), that were in between those found in the pure straight-

walled and pure bamboo samples (Figure 5-64).  This approach (comparison to pure 

samples) could also be used to quantify the ratio of bamboo and straight-walled 

nanotubes within a mixed sample (for sufficiently randomly-oriented samples).  For 
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example, the mixed morphology nanotubes pictured in Figure 5-60 and whose Raman 

spectra is shown in Figure 5-64 can be estimated to contain between roughly 25% 

straight-walled tubes (with roughly 75% bamboo tubes, based on G:D peak ratios) and 

32% straight-walled tubes (with 68% bamboo tubes, based on 2D:D peak ratios).   

 

Chapter 5, in part, is a reprint of the material as it appears in: 

Deck, C.P., McKee, G.S.B., Vecchio, K.S., “Synthesis Optimization and 

Characterization of Multiwalled Carbon Nanotubes”, Journal of Electronic Materials, 

v.35, n.2, pp.211-223 (2006) 

The dissertation author was the primary investigator and author of this paper.   
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6. Nanotube Material Properties and Applications 

Carbon nanotubes possess excellent material properties (which have been 

extensively researched, Section 2.3), but these can vary over a wide range depending 

on many factors, such as the presence of defects, the orientation of the lattice, and the 

tube dimensions.  In order to fully take advantage of nanotubes for their many 

potential applications, growth must be optimized to reliably produce tubes with 

specific desired properties.  As such, the effects of different synthesis parameters, such 

as the CVD method used for growth, must be understood.  Furthermore, while the 

properties of individual nanotubes have been widely investigated, other nanotube 

configurations, such as aligned arrays of as-grown nanotubes, can be important for 

many applications.  In particular, the mechanical properties of nanotube arrays can be 

markedly different from those of isolated tubes, due to inter-tube forces within the 

mats, and vary with synthesis method.  Properties of larger systems of nanotubes can 

also vary due to several factors, such as alignment, which are not relevant when 

characterizing single nanotubes.   

In this work, mechanical testing of these nanotube mats was conducted using 

two distinct approaches (one method used on both floating catalyst- and thermal CVD 

grown tubes, one only used on thermal CVD tubes).  In the first approach, tension and 

compression tests were performed using a thermal mechanical analyzer (TMA) or a 

custom-built straining stage for in-situ tests using an SEM.  The stiffness of these 

nanotube forests was measured, and a time-dependent response observed.  The second 

method measured nanotube deflections by monitoring the intensity of a laser beam 
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transmitted through a nanotube mat exposed to drag forces.  This allowed the 

determination of the flexural rigidity of these mats, as well as provided some 

information about the optical properties of these tubes.  Finally, electrical 

characterization of tangled nanotube sheets was performed to examine differences 

between straight-walled and bamboo nanotubes.   

6.1 Floating-Catalyst Characterization 

Floating catalyst CVD was the first chemical vapor deposition method used in 

this work and produced large, thick mats of nanotubes (up to several mm thick, see 

Section 5.1 and Figure 5-5).  This size allowed for a number of tests to be conducted, 

as mat lengths were long enough for tension tests to record measurable displacements, 

and samples were large enough for testing outside of the SEM.   

These samples were tested both in-situ using a SEM and with a Perkin-Elmer 

Thermo-Mechanical Analyzer (TMA) controlled using Pyris 7TM software.  The in-situ 

procedure was used only for mechanical testing, while the TMA could be adapted to 

perform several distinct experiments.  With the TMA, precise load, position, and 

temperature measurements could be carried out on small samples.   

Compression tests were performed by varying the applied force at a constant 

temperature.  A small initial load was applied, and then the load was increased to a 

maximum of 1500mN, at rates of 10-50mN.min.  With a 3mm probe diameter a stress 

of only ~0.21MPa could be achieved; this maximum stress could be increased to 

~1.9MPa when using a 1mm diameter probe.  Nanotube mats were tested with 

compression applied either parallel or perpendicular to the nanotube axis.   
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While large mats of nanotubes could be used for compression tests (with test 

area determined by the probe size), a different procedure was used to prepare samples 

for tension tests in the TMA.  Larger mats were separated from the quartz substrate 

used during growth, and these were sectioned into smaller pieces with sizes ranging 

from 3-30mm2.  Rather than the 1mm probe used in compression tests, the top and 

bottom surfaces of these mats were glued to larger (~15mm diameter) flat, circular 

supports using very thin layers of glue.  The glue layer was kept very thin to avoid 

wicking of the glue along the long nanotubes.  The nanotubes tested in this manner 

were long enough (>1mm) that the contribution to the stress-strain response by the 

very thin layer of glue was negligible.  These tension experiments were performed 

with loading applied parallel to the tubes axis; no perpendicular tests were performed.  

Whether the cross-sectional area being tested was controlled by changing the probe 

size or the nanotube mat area, the stress-strain response of the nanotube mats could be 

calculated from the load-position data provided by the thermo-mechanical analyzer.  A 

schematic summarizing the different test procedures used in this work is shown in 

Figure 6-1.   

 

Figure 6-1: Schematic showing compression and tension test configurations, with 
both parallel & perpendicular orientations 
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The sample preparation and testing procedures used for in-situ mechanical 

testing in the SEM were more complicated.  Nanotubes were first grown over a 

substrate area much larger than desired; excess nanotube material was then scraped or 

“cut” away.  An attachment was made to connect to the sample stage within the SEM; 

this provided a static surface from which the sample could be moved independently.  

This attachment was designed to hold either a blade (for cutting) or a load cell (for 

testing) and is shown schematically in Figure 6-2.   

 
Figure 6-2: SEM Stage Attachment: either the blade attachment (a) or a load cell 

attachment (b) can be used, sample is held at (c) with rotation and 2-axis 
motion control independent of blade/load cell attachment 

 
The nanotube mat was first removed from the substrate, transferred to a SEM 

sample holder, and affixed using a very thin layer of super glue.  A rough initial cut 

was done with a razor blade by hand, and then subsequent, more accurate cuts were 

done inside the SEM, where the sample was moved against a stationary blade affixed 

to the stage attachment.  The sample was first positioned and then moved into the 

blade.  Once the blade had cut through the entire sample to the substrate, the sample 

was then dragged laterally away from the blade to remove a portion of the CNT mat.  

This procedure was repeated for the other side of the sample and then the sample was 

rotated 90° and two more cuts were made, leaving a rectangular sample of a given 
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cross-sectional area.  Using this procedure, regions were made with dimensions 

accurate to within ~10µm of the desired size; the cutting sequence used in this process 

is illustrated in Figure 6-3.   

 
Figure 6-3: Cutting sequence, arrows show sample movement (a) sample is 

positioned and moved into blade, (b) sample is pulled away from blade, 
Sectioning off a portion of the CNT mat, (c) example of final cut sample 

 
Once the nanotube mat had been cut to size, the exact cross-sectional area was 

measured from a SEM image taken looking straight down on the sample.  The blade 

attachment was replaced with a 250g capacity load cell with a flat plate attached to its 

end, as shown in Figure 6-2b.  The sample was then attached to this plate using a thin 

super glue layer, and strained by manipulating the SEM stage to put the nanotubes in 

either tension or compression.  Calibration of the load cell was achieved by measuring 

output under a zero load and output under several known loads, and interpolating a 

linear output-load response.  The initial length of the nanotube mats and the 

compression or elongation at each strain step was measured directly from images 

taken of the sample in the SEM.  This load and position data was then used to generate 

stress-strain curves. 



244 

 

6.1.1 TMA testing results 

Using the TMA, multiple compression tests were performed on the nanotube 

samples with a 1mm diameter probe, using three testing rates (10, 25, and 50 mN/min) 

and over a range of loads (200-1500mN).  There was very little difference observed 

between tests run at the three different loading rates, and subsequent tests were all 

carried out at a single loading rate (25mN/min).  Tests were performed with the 

nanotube samples loaded both parallel and perpendicular to the nanotube axis.  From 

the sample height, probe diameter and load-displacement data, stress-strain curves 

were calculated.   

Nanotubes compressed in the parallel direction typically exhibited an initial 

linear stress-strain response followed by a region where stress leveled off with 

increasing strain (Figure 6-4a), while tubes tested in a perpendicular orientation 

maintained a linear response throughout the entire load range.  Results for each 

orientation were then averaged and the stiffness was obtained; these results are shown 

in Figure 6-4b.   

 
Figure 6-4: (a) Carbon nanotube compressive stress-strain response, loaded parallel 

to tube axis (b) Average carbon nanotube compressive stress-strain 
response in both parallel and perpendicular orientations 
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The stress-strain response of these carbon nanotubes mats was also obtained 

for tension tests from the load-position data from the TMA, along with the nanotube 

sample height and surface area.  The testing cross-sectional area was dependent on the 

section of nanotube mat used and thus varied from sample to sample.  Multiple tests 

were run on each sample and were averaged; these results are plotted in Figure 6-5.  

During the first test with some samples, the initial response showed a very low 

stiffness, as slack in the system was taken up and kinks in the tubes were straightened.  

These regions were removed and the beginning of the stiffer response was used as the 

starting value.   

 
Figure 6-5: Average Nanotube Tensile Stress-Strain response, TMA tests 

 
For both the compression and tension testing done in the TMA, the stress 

values shown in the plots were calculated using the nominal sample cross-sectional 

area (either the probe area for compression tests or the sample cross-section for 

tension tests).  However, SEM imaging clearly shows that the nanotube mats are not 

fully dense, as shown in Figure 6-6a.  Measurements based on these SEM images 

show an estimated spacing of roughly 200nm between centers of adjacent nanotubes.  

Using this spacing and an average tube outer diameter of 43±20nm and an inner 
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diameter of ~9.5nm (measured from TEM images, as in Figure 6-6b) the actual tube 

coverage is ~3% of the measured surface area.  This value is in good agreement with 

volume fractions reported in the literature by other groups, with a 2-3% filling factor 

found by Yang et al. [110] and a 3.6% value reported by Futaba et al. [218].  With this 

correction, the adjusted measured stiffness can be obtained, and was found to be 

roughly 32.5 GPa, in tension and 750 MPa and 160 MPa in compression (parallel and 

perpendicular directions).  In addition to being much stiffer in tension, these mats were 

nearly five times stiffer when compressed in the parallel direction compared to the 

perpendicular direction (750 MPa vs. 160 MPa).  Additionally, using a 0.2% offset 

line, the yield strength of the parallel nanotubes in compression was found to be ~11.5 

MPa.  A yield strength measurement could not be obtained for the perpendicular tubes, 

as the stress-strain plot remained linear throughout the entire range (tested up to 44.1 

MPa peak stress).   

 
Figure 6-6: (a) SEM image of CNT mat showing low tube density and tube spacing, 

and (b) TEM micrograph showing tube inner and outer diameter 
variation 
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6.1.2 In-Situ testing results 

The compression and tension tests were also performed inside the SEM.  This 

allowed for direct observation of the tubes, as well as verification of the TMA results.  

Strain applied in these tests was controlled by adjusting the micrometers, which 

positioned the SEM stage.  While the micrometer position could be recorded, position 

measurements could not be read directly from these readings due to slack in the SEM 

stage, as shown in Figure 6-7.  Prior to testing and at each strain step during testing an 

SEM image was recorded.  From the initial image, the starting length was found, and 

measurements were made at each subsequent step to determine extension or 

compression strains of the sample.   

 
Figure 6-7: Comparison of strain calculated from micrometer position and strain 

measured directly from nanotube mat sample, tension tests 
 

While this method limited the number of data points obtained, any potential 

errors arising due to the straining of the glue or slack in the stage were eliminated as 

only nanotube dimensional changes were measured.  The stress-strain response of 

carbon nanotube mats in both tension and compression is shown in Figure 6-8 (data 

points from multiple samples are shown in each plot).   
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Figure 6-8: In-Situ Carbon Nanotube Tension and Compression Stress-Strain Results 

(Stresses corrected for actual area) 
 

With both data sets corrected for actual nanotube cross-sectional area (in the 

same manner as for the TMA mechanical test data), the measured modulus for 

nanotube mats tested in-situ in the parallel direction is roughly 22.6 GPa in tension 

and 580 MPa in compression; the results match closely with those results obtained 

through the TMA (32.5 GPa and 750 MPa), and give average values of 34 GPa and 

818 MPa for tension and compression, respectively.   

6.1.3 Implications on Mat structure 

From the experimental tests performed in this work, material properties of 

mats of carbon nanotubes in compression and tension were obtained.  The stress-strain 

response of mats of carbon nanotubes was investigated in compression in both parallel 

and perpendicular orientations, and in tension in the parallel configuration.   

In cases where multiple compression tests were run on the same sample, the 

nanotubes were able to recover a large amount of the strain caused during the previous 

cycle, indicating that the compression is predominantly elastic.  Two samples were 

subjected to three tests each, and the normalized probe positions at the beginning of 
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each test are presented in Figure 6-9, showing almost complete recovery of strain for 

both small and large deformations.  A substantial amount of strain (up to 73%) was 

applied, and even for these large strains the deformation in each preceding test was 

recovered before the start of the following test.  This strain recovery occurs as a result 

of elastic nanotube buckling, as described previously by Cao et al. [78].   

 

Figure 6-9: Strain recovery in Carbon Nanotube mats between Compression tests, 
Values next to data points indicate % strain recovered from previous test 

 
The stress-strain results for carbon nanotubes tested in compression in the 

parallel orientation show a very small stiffness (average combined stiffness in TMA 

and in-situ tests was ~665 MPa) compared to tensile tests (average of ~27.6 GPa) and 

to the generally accepted modulus of single-walled nanotubes of ~1TPa, published 

previously by other groups [50, 51].  This is expected however, as the extremely high 

aspect ratio of these tubes makes them very susceptible to buckling under 

compression.  The critical Euler buckling load for a pin-ended cylinder with an aspect 

ratio greater than ~200 is given by Equation (6-1), where Pcr is the buckling load, E is 

the elastic modulus, I is the moment of inertia, and L is the length of the column [578].  
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The moment of inertia for a thick walled tube is given by Equation (6-2), where ro and 

ri are the outer and inner tube radii, respectively [578].   
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Using these Equations, a modulus value of 1TPa, average outer tube diameters 

of ~40nm, and inner diameters of roughly 10nm (measured in this work and 

previously [579]), Euler buckling loads were found to be in the order of ~3*10-13 N for 

a single 2mm tube and ~5*10-12 N for 0.5mm long tubes.  A density of ~25 nanotubes 

per µm2 was assumed based on a linear spacing estimate of 5 nanotubes per µm 

counted on high magnification SEM images as described above.  The calculated 

critical applied load required to buckle a mat of nanotubes under a 1mm diameter 

probe tip would vary between roughly 0.01mN and 0.1mN (depending on tube length), 

far, far below the minimum initial applied preload used in these tests.  Even with much 

shorter tubes, the required buckling load is still smaller than the 200mN applied pre-

load; 60.6mN would be required to buckle a 1mm diameter mat of 20µm long tubes, 

for example.  These critical values would actually be even lower in the samples used, 

as the nanotubes tested had some curves along their length and were not perfectly 

straight.  Because the nanotubes begin to buckle before the start of the test, an 

expected initial stiff region reflecting the actual modulus of the nanotubes themselves 

(described by Dai et al. [464]) is never observed.   
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The small measured compressive modulus (~580-750 MPa) indicates that the 

nanotube mats did exhibit some residual strength and resisted additional buckling.  

Under stresses exceeding the observed yield stress (11.5 MPa) the nanotubes were 

sufficiently bent that their resistance to further deformation began to decrease.  In 

most cases, the stress levels continued to rise after the yield stress has been exceeded, 

although a reduced slope was observed.  In some samples, however, a stress level was 

reached where the sample was compressed to very high strain levels with almost no 

corresponding rise in stress.  In these situations, it is believed that this failure is due to 

large-scale buckling of the entire compressed nanotube mat, rather than the buckling 

of individual tubes.  The results of this large buckling can be seen in Figure 6-10.  In 

these cases, it is believed that with increasing strain a point would be reached where 

sufficient densification of the mat would occur and the stress would then begin to rise 

again.  However, due to the very low density of these mats, high strains would be 

required for this to happen, and these strain levels were not reached during this testing.   

 

Figure 6-10: Large scale buckling of carbon nanotube mats observed in compression. 

 
While the low observed modulus found in compression tests can be explained 

by the buckling of these high aspect ratio tubes, this cannot be the cause of the lower 
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than expected modulus measured in tension.  In many cases, the in-situ tension tests 

ended due to failure in the glue; however, in some tests, the nanotube mats themselves 

separated.  Examples of these types of failure are shown in Figure 6-11(a-b), with an 

example of glue failure and a sample where the nanotube mat has clearly fractured 

along its length, rather than at the nanotube-support interface.   

 
Figure 6-11: (a) SEM micrograph of glue failure, (b) micrograph of nanotube mat 

after failure under tensile loading, (500 µm scale), (c),(d) failure surface 
of CNT mat, showing loose nanotube ends caused by nanotube slip and 
pull-out (20µm scale bars) 

 
The largest stresses applied to these mats during testing was roughly 120 MPa 

(limited by the capacity of the load cell), far below previously reported values for 

nanotube tensile strengths (11-63 GPa by Yu et al. [57]), suggesting that this failure is 

caused by another mechanism.  A closer examination of the fracture surface of these 

nanotube mats was conducted and revealed loose nanotube ends, shown in Figure 

6-11(c-d).  This surface has a similar appearance to failure surfaces of single- and 

double-walled nanotube bundles loaded in tension, reported previously [196, 580].   
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Recent work has shown that distinct, separable layers can be formed in the 

nanotube mat by interrupting reactant flow during the vapor-phase CVD growth 

process [241, 250].  As these interruptions get shorter and shorter, distinct layers are 

no longer observed in the product; however, local fluctuations in reactant supply may 

exist.  Very small variations in reactant supply could result in localized growth 

termination, and while these interruptions would not lead to such obvious layers as 

observed previously, the nanotubes would still not be continuous along the full length 

of the mat.   

Even assuming a consistent and un-interrupted flow of reactant is provided to 

the reaction zone inside the furnace, the growth of an individual nanotube can still be 

terminated due to a loss of catalytic ability in the metal particle.  Catalyst assisted 

nanotube (and nanofiber) growth occurs as carbon continually diffuses into the 

catalyst particle and is precipitated out in a tube or fiber structure [148, 151].  In order 

for this process to continue, the carbon diffusion through the catalyst particle must not 

be interrupted.  However, in many CVD growth techniques, an amorphous carbon cap 

forms a layer on the catalyst particle over time; this process is called “poisoning” of 

the catalyst and prevents further carbon diffusion [158, 328].  In thermal CVD 

reactions, where a thin catalyst film is used (with no further catalyst added), the 

growth rate has been shown to decrease with time and eventually stop, as this 

amorphous coating builds up [158].  This capping has been observed in the nanotubes 

grown in this work.  However, we have previously shown that relatively constant 

growth rates are achieved with this method [252].  This suggests that new nanotubes 
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are continuously nucleating at roughly the same rate as nanotube termination caused 

by amorphous carbon formation and catalyst poisoning.   

As a catalyst becomes poisoned during synthesis, growth of that tube would 

terminate.  However, due to a steady supply of reactants, new tubes would quickly 

nucleate on the substrate, and would push the earlier tubes up as they grew.  This 

termination and new growth cycle could repeat many times as the nanotube mat grew 

during the synthesis process.  Furthermore, the time required for completion of this 

cycle would depend on many complicated and uncontrollable factors, such as local 

reactant supply, local temperature variations, and catalyst particle size (formed from 

the decomposition of ferrocene or other metal precursors).  As a result of these varying 

factors, there would be a distribution in individual nanotube lengths within the mat.   

A nanotube mat composed of many shorter, entangled nanotubes would be 

considerably more compliant than continuous tubes, as the mat could fail as a result of 

these shorter tubes sliding past each other and slipping out of the mat.  The uneven 

fracture surface observed in Figure 6-11(c-d) would also be expected for this type of 

mat structure.  In previous work on textiles, broken ends of yarns failing by fiber 

slippage have been considerably rougher than those of yarns broken by the failure of 

individual fibers [581].  This discontinuous nanotube mat morphology would also 

have different mechanical properties than those expected for continuous carbon 

nanotubes.  In these discontinuous mats, stiffness and strength arise from friction and 

surface forces between tubes, which resist the sliding of adjacent tubes past each other, 

resulting in a stiffness considerably lower than that of continuous tubes.  A better 
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comparison for the properties measured in this work would be against the properties 

observed for threads or bundles of many carbon nanotubes, rather than properties of 

individual tubes.  Earlier research on fiber bundles, yarns, and other textiles has shown 

that failure of these materials takes place in two distinct steps.  The yarn is first 

deformed uniformly until a peak load is reached at the limit of inter-fiber friction.  

Following this limit, fiber slippage and pull-out begins; these are the primary failure 

mechanisms in low twist yarns, with fiber breakage increasing relative to pull-out with 

increasing twist [582, 583].  Additionally, fiber slip in yarns and other textiles plays a 

greater role at low extension rates (such as those used in these tests); fiber breakage 

dominates at high strain rates [581].  Several groups have recently reported on the 

mechanical properties of bundles of nanotubes [196, 580], multi-walled nanotube 

yarns [213, 263], and nanotube ropes spun into long threads [204].  A modulus of 16 

GPa was observed for double-walled nanotube strands [580], 49-77 GPa for single-

walled bundles [196], 28 GPa for spun nanotube yarns [204], and a value of 37 GPa 

for untreated multi-walled nanotube ropes [263].  These values are fairly consistent 

with the values obtained in this work, ~22.6 GPa for in-situ measurements and ~32.5 

GPa for TMA measurements.  Tensile strengths were not measured in this work, as 

either glue failure occurred or the limit of the load cell was reached prior to failure in 

almost all of the nanotube mats tested.  The highest stresses observed were roughly 

120 MPa, less than the 460 MPa strengths reported by Zhang et al. [204].  It would be 

expected that the strength of these as-grown mats would be lower than the strength of 

the spun ropes, as increased twisting angle in yarns has been shown to increase load 
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transfer between fibers, as well as modulus and strength [515].  However, the modulus 

values observed in our untwisted mats were close to those reported for twisted ropes; 

the tangled nature of the nanotubes in our mats (as opposed to the super-aligned mats 

used for spinning) [263] could perhaps contribute a strengthening mechanism similar 

to that of twisting.   

6.1.4 Time-dependent responses 

Due to the nature of this in-situ testing, with strain applied incrementally rather 

than continuously, time-dependent behavior of these nanotube mats could be observed 

in between strain steps.  The stress on the tubes was found to quickly spike as the 

strain was applied, and then decrease over the span of a few seconds.  This was 

observed in both compression and tension, as well as during unloading; a plot of these 

time-dependent responses is shown in Figure 6-12.  The time span between strain 

steps typically ranged between 20 and 30 seconds, during which an SEM image was 

taken and saved, and the next strain step applied.   

 
Figure 6-12: Time dependent response of nanotube mats; in the tension test, each 

strain step is ~0.1% strain, in compression, each strain step is ~2% 
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The lower observed stiffness in the incremental, in-situ tests compared to the 

constant strain rate TMA tests has been reported before in a study on the mechanical 

properties of tendons [584].  Relaxation occurring between incremental strain steps 

allows for a structural reorganization to better accommodate the load and results in a 

corresponding drop in stress.  Even though relatively low loading rates were used in 

the TMA testing, the continuous loading was too fast to allow for this reorganization 

or stress relaxation to occur, and therefore the material behaved stiffer in these tests.  

The stress relaxation was calculated as a percentage drop from the peak stress for all 

the in-situ samples, and an average drop of roughly 15% was observed in tension and 

22% in compression.  To verify the source of this relaxation was actually from the 

sample, a compression test was run without a nanotube sample (using just the 

aluminum sample holder); an average relaxation of ~5% was measured, suggesting 

that while some of this effect may arise from the equipment used, the nanotube mats 

themselves contribute most of this relaxation.  As tests run with continuously 

increasing loads do not allow any of this relaxation to occur, by removing the effect of 

this relaxation, a better comparison can be made between data from the incremental 

and continuous tests.  This is accomplished by dividing the peak stresses (from which 

our stress-strain plots were generated) by the average fraction of stress remaining 

before each subsequent strain step; a summary of these corrected and the uncorrected 

values, as well as values from literature are presented in Table 6-1.  A small amount of 

stress relaxation was also observed in the yarns spun and tested by Zhang et al., of 

roughly 15% of the load, with most of this relaxation taking place in the first 20 
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minutes [204], and stress relaxation has also been observed in sheets of entangled 

nanotubes, with a decay of 0.1 MPa [585].   

Table 6-1: Summary of modulus results for nanotube mats.  Corrected in-situ results 
have been adjusted to remove stress relaxation effect.  Relaxation data 
has been corrected for the small (~5%) relaxation due to equipment used. 

Orientation Test Procedure Modulus (GPa) Relaxation (%) 
Tension In-Situ (Incremental) 22.6 10 

Corrected In-Situ 26.6 … 
TMA (Continuous) 32.5 … 

In-Situ & TMA Average 27.6 … 
From Literature 16-77 [196, 580] 15 [204] 

Compression In-Situ (Incremental) 0.58 17 
Corrected In-Situ 0.74 … 

TMA (Continuous) 0.75 … 
In-Situ & TMA Average 0.67 … 

 

 
From the time-dependent stress relaxation observed, the relaxation modulus 

can be calculated for these nanotube mats in both tension and compression using 

Equation (6-3); this data can then be fit to the Maxwell model [586] used to model 

polymer deformation responses (time dependent stress is given using Equation (6-4) as 

a function of the time constant).   
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Relaxation modulus and Maxwell fits are plotted in Figure 6-13a-c and average 

modulus and time constants were 28.9 GPa and 5.94s, 266 MPa and 3.72s, and 1.74 

MPa and 3.84s, for tension, compression, and unloading, respectively.  The small time 

constant is reasonable, as the stress relaxation occurred very rapidly after each strain 

step.  In addition, the stress relaxation modulus is found to increase as a function of 
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strain (shown in Figure 6-13d), suggesting that with increased deformation the ability 

of these nanotube mats to reorganize to accommodate strain is reduced.   

 

Figure 6-13: (a), (b), and (c) Maxwell Stress relaxation plots for tension, compression, 
and unloading, (d) Relaxation Modulus plotted against strain for two 
compression tests 

 

6.1.5 Electrical Resistance of CNT paper 

Many of the remarkable material properties of carbon nanotubes are due to 

their unique bonding, equivalent to a graphene sheet rolled upon itself.  For multi-

walled nanotubes, properties will be influenced not only by the structure of each 

concentric shell within the tube, but also by the bonding between shells (equivalent to 

bonding in the c-direction in the graphitic lattice).  In graphite, there are substantial 

mechanical, thermal, and electrical differences between this in-plane and out-of-plane 

bonding, with increased stiffness, strength, and electrical conductivity along the in-

plane directions.  In ideal single-walled carbon nanotubes, this is the only bonding 

present, and this is the source of the incredible properties reported for this material.  In 
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multi-walled tubes, the weaker bonding between concentric shells can lead to reduced 

performance, such as failure via the sword-in-sheath mechanism under tensile loading.  

However, electrical conductivity can still be very high, as well as strength and 

stiffness, provided loading is carefully applied only to the outer shell.  In any type of 

nanotubes, the presence of defects can reduce these material properties, and these 

defects can be either naturally occurring or can be induced through artificial means 

[587].  Careful control over the types and concentrations of defects could be used to 

tailor the properties of carbon nanotubes for use in specific applications.  While post-

processing methods for defect introduction were not specifically addressed in this 

work, the control of the nanotube morphology (for growth of either straight-walled or 

bamboo nanotubes) was investigated (Sections 5.4 and 5.4.3).  In bamboo nanotubes, 

the in-plane direction of the graphitic lattice is oriented at a slight angle relative to the 

tube axis (as opposed to a parallel orientation found in straight-walled tubes).  For 

nanotubes with this morphology, control over the material properties could be 

accomplished using a range of approaches, including the influence of bamboo spacing 

and lattice angle relative to the tube axis, and through control over tube morphology 

along the length of the tube (transitioning from straight to bamboo morphologies).  In 

addition to controlling the structure of the nanotubes themselves, the purity of a 

nanotube sample will also affect the overall properties of any bulk nanotube-based 

materials.  In particular, the presence of high quantities of amorphous carbon or 

residual catalyst material within a sample could have a detrimental effect on the 

material properties.   
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In this investigation of the effects of nanotube structure and purity, nanotubes 

were processed into nanotube paper samples.  The fabrication of these paper materials 

involved several steps.  First, as-grown nanotubes were removed from the reaction 

substrates, weighed, and mixed with ethanol at a concentration of ~0.32mg/ml.  This 

mixture was then agitated ultrasonically to break-up the aligned nanotube mats and to 

create a nanotube suspension.  The use of ethanol in this process allowed the 

nanotubes to remain suspended for a sufficient time (as compared with water, where 

the hydrophobic nanotubes would rapidly clump together).  Although nanotubes 

eventually settled out of these ethanol suspensions, the use of surfactants (such as 

sodium dodecyl sulfate) which could allow more permanent suspensions (remaining 

for weeks rather than hours), this approach was avoided, as some surfactant residue 

could remain in the nanotube paper after fabrication.  Once the nanotube suspension 

had been prepared, it was transferred to a burette and dispensed into a mold consisting 

of a short, vertical length of pipe (~11mm inner diameter) pressed against a piece of 

filter paper.  The nanotube suspension was then vacuum-filtered through the paper and 

allowed to dry, leaving a sample consisting of randomly aligned nanotubes supported 

on a paper substrate (Figure 6-14a,b).  The volume of solution used was controlled to 

produce samples containing a desired mass of nanotubes (ranging from roughly 0.1mg 

to 3.2mg per sample).   
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Figure 6-14: (a) Schematic showing fabrication of (b) carbon nanotube paper 

 
Following this process, a simple two-point electrical resistance measurement 

was taken on each sample (using a similar approach to that described in [109]).  Three 

different measurements were made; first the effects of different probe spacing were 

examined (to identify the contact resistance), and following this, measurements and 

comparisons were made between samples with different morphologies and samples 

that were grown with different catalyst concentrations.  The initial test of resistance as 

a function of probe spacing indicated that there was significant contact resistance, 

even when the probe spacing was reduced to minimize the path length through the 

nanotube paper (Figure 6-15).  In these cases, contact resistance dominated, rather 

than actual sample resistance.  However, for larger probe spacing (over 7-8mm), 

inconsistent results were obtained for those samples with very small nanotube contents 

(below ~0.2mg).  Consequently, an intermediate probe spacing of 5mm was selected 

for the remaining measurements.   
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Figure 6-15: (a) Two-point resistance measurement schematic, (b) CNT paper 
resistance as a function of probe spacing 

 
Once a suitable probe spacing was established, two studies were performed to 

investigate the effects of iron catalyst concentration and the effects of nanotube 

morphology.  Increasing catalyst concentrations in floating catalyst CVD growth has 

been shown to result in increased metal content in the sample [588], and increased 

quantities of non-nanotube material in the products (such as iron particles covered in 

amorphous carbon shells).  These impurities can increase the contact resistance both 

between the test probes and nanotubes and between adjacent nanotubes within the 

paper sample (Figure 6-16a,b).   

 

Figure 6-16: (a) CNT paper resistance as a function of nanotube mass and catalyst 
concentration used during growth (b) contact resistance vs. iron content 
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Variations to the morphology of the nanotubes are also expected to influence 

the resistance of the nanotubes.  Assuming impurity levels remain similar for samples 

grown using similar catalyst concentrations, the contact resistance should not change 

significantly.  As a result, the effects of morphology would be more clearly observed 

in samples with lower nanotube mass, while the resistance of paper samples with 

higher nanotube content would still be limited by the contact resistance.  When 

comparing samples with straight-walled, bamboo, and mixed morphologies 

(synthesized using the floating catalyst CVD techniques described in Section 5.4.3), 

an increase in the misalignment between the graphitic lattice and the nanotube axis is 

expected to increase the resistance.  For samples made from smaller masses of 

nanotubes (where contact resistance did not dominate), straight-walled nanotube 

samples were found to have lower resistances than samples made of either bamboo 

nanotubes or a mixture of bamboo and straight-walled tubes (Figure 6-17a).  In 

graphite, the electrical resistance in the c-direction is roughly four times higher than 

that in-plane [589].  Consequently, the resistance along a conductive pathway through 

the length of a nanotube will vary as a function of the lattice angle relative to the tube 

axis (measured at ~8° for the bamboo nanotubes studied in this work, Figure 6-17b).   
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Figure 6-17: (a) Nanotube paper resistance as a function of tube morphology, (b) 
TEM image of a bamboo nanotube, showing wall angle measurement 

 
These results indicate that control of nanotube morphology could offer an 

approach towards tailoring the material properties of carbon nanotubes.  A related 

conclusion was reported by Paulson, et al., who found that the resistance across the 

interface of a carbon nanotube lying on a graphite substrate varied as a function of the 

orientation of the nanotube relative to the surface [590].  Although our current work 

did not reveal means to control the compartment spacing in bamboo nanotubes 

(Section 5.4.2), we were able to create transitions from straight-walled nanotubes to 

bamboo morphologies along the length of individual tubes, and the location along a 

tube length at which this transition occurred could be adjusted by controlling growth 

reaction parameters (Section 5.4.3).   

6.2 Thermal CVD Characterization 

The two chemical vapor deposition techniques used in this work differed 

significantly in the method of catalyst introduction.  For floating catalyst CVD, 

additional catalyst material was fed into the reaction continuously, in the form of a 
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metal-hydrocarbon solution, producing long (mm-scale) nanotube mats.  Thermal 

CVD used a pre-deposited catalyst, and this was not replenished during the reaction; 

as a result growth was limited to ~200µm lengths (see Figure 5-20).  However, the 

heights of these mats were spanned by individual, continuous tubes, rather than by 

numerous, intertwined tubes, as in floating catalyst growth (identified during the 

previous mechanical testing, Section 6.1.3).   

Due to the different mat dimensions obtained using thermal CVD (rather than 

floating catalyst CVD), the methods available for mechanical testing were limited.  

The sample sizes were smaller than those for floating catalyst samples, and challenges 

in separating the nanotubes from the substrate and handling the samples made tests 

using the thermal mechanical analyzer approach too difficult to repeat.  The nanotube 

mat heights were also significantly shorter (~20% as tall), resulting in very small 

displacements (too small to accurately measure) for any tensile strains observed within 

the load limits of the load cell used.  However, in-situ compression testing was carried 

out, revealing substantial differences in the mechanical response between thermal 

CVD and floating-catalyst CVD nanotubes (Sections 6.2.1 and 0).  In addition, a laser 

based deflection measurement system was developed, allowing for the flexural rigidity 

of these samples to be determined (Section 6.2.4).   

6.2.1 In-Situ Mechanical Testing 

The size of the carbon nanotube mats that were tested mechanically in-situ 

(described in Section 6.1.2) was limited at both the upper and lower ends.  In this 

process, displacements (under either tension or compression) were measured using an 
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SEM.  At the lowest magnification setting, this instrument was capable of imaging a 

circular region of ~3.3mm diameter, and as a result, the largest nanotube mats that 

could be measured were roughly 2mm tall.  For shorter nanotube mats, the 

magnification range of the SEM was not a limitation, as micron-scale regions could be 

clearly imaged.  However, for these smaller samples, the positioning of the testing 

apparatus within the SEM chamber became more challenging, and the difficulty in 

precisely centering the sample under the beam limited the minimum nanotube size (the 

range of motion of the testing apparatus in shown in Figure 6-2).  To improve the 

accuracy of displacement measurements taken during testing, a magnification level 

was selected to provide a field of view roughly equal in size to the nanotube mat 

height (providing the best resolution of the actual mat being tested).  Smaller samples 

(which could be up to ~100µm off-center due to difficulties in positioning directly 

under the beam) could still be imaged during testing; however, lower magnifications 

were required in order to include the entire nanotube mat height within the field of 

view, and this reduced the resolution of the sample and the accuracy of displacement 

measurements.   

In addition, while compression testing was done by simply pressing the as-

grown nanotube sample between the substrate and the load cell, for tension 

measurements nanotube mats had to be attached to the testing surface.  This was done 

using superglue, and the glue layer was kept very thin (relative to the nanotube mat 

thickness) in order to minimize the contribution of this nanotube-glue matrix region to 

the overall mechanical response of the sample.  For thicker nanotube mats this 
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approach worked well (for >1mm mats grown using floating catalyst CVD, as 

described in Section 6.1).  With thermal CVD nanotube mats were grown to ~200µm 

lengths (Figure 5-20), and attempts to glue mats of this thickness to testing surfaces 

resulted in the infiltration of glue into significant portions of the mat.  As a result of 

these limitations, tension testing was not performed on nanotubes grown using thermal 

CVD methods, and compression testing was only performed on longer nanotube 

samples (>100µm).   

The actual testing process for these thermal CVD nanotubes was very similar 

to that used for the in-situ compression testing of nanotubes grown using floating 

catalyst CVD (Section 6.1).  However, due to the limited quantity of thermal CVD 

carbon nanotubes that were of sufficient length for testing, the method used to control 

the sample cross-sectional area was modified slightly.  The process used for floating 

catalyst nanotubes (cutting down each nanotube mat to a desired cross section, as 

shown in Figure 6-3) produced only one test sample for each substrate.  To allow for 

multiple tests from a single nanotube sample (to perform one test on each of several 

locations on the substrate), the load cell was modified with a probe of a known cross-

sectional area (~1mm2).  This probe (Figure 6-18) could be used to compress a 

nanotube sample at several, non-overlapping locations and allowed for up to five tests 

to be performed on a single nanotube-covered substrate.   
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Figure 6-18: (a) Schematic of load cell and straining apparatus used for in-situ 
compression testing of thermal CVD grown carbon nanotube mats, (b) 
magnified view of probe tip with ~1mm2 cross-sectional area 

 
As with the floating catalyst testing described previously (Section 6.1.2), the 

in-situ testing procedure involved several steps.  First, the position of the load cell and 

compression probe was adjusted to center the probe within the SEM field of view (at 

the beam center).  The nanotube sample was then loading and moved to within a close 

proximity to the compression probe, using the SEM stage control micrometers.  At 

this point the sample (oriented so that the nanotube axes are perpendicular to the 

beam) was imaged to allow measurement of an initial reference height.  The sample 

was then moved to come into contact with and press against the compression probe 

surface, straining the sample.  After a small displacement, the sample was held in 

position while another image was taken.  During this entire process, the load cell was 

used to continuously monitor the applied loads.  This sequence was then repeated 

(using small displacements for each step, ≤12µm), to allow for up to 16 strain steps 

during loading and up to 10 steps during unloading.  As before, displacements were 

measured from the SEM images obtained at each step, and from these images and the 

load cell data stress and strain values were calculated.  Typical results from these tests 



270 

 

are plotted in Figure 6-19, and these stress values have been adjusted using a nanotube 

volume fraction correction similar to that used for the floating catalyst CNT testing 

(obtained using the procedure described in Section 6.1.1).   

 

Figure 6-19: Compressive stress-strain response of Thermal CVD grown nanotubes 

 
In these tests, two distinct regions in the stress-strain curves were identified 

(Figure 6-19).  The initial response had a relatively low stiffness (E≈16 MPa), and 

showed a linear stress-strain relation up to large compressive strains of 65% to 75%.  

This stiffness is in good agreement with similar compression tests by Cao et al., who 

reported a compressive modulus of 12 MPa during buckling [78].  During this time, 

long uniform buckles were observed to form in the nanotube mat parallel to the 

substrate surface (Figure 6-20).  Beyond these strains, there is an abrupt transition to a 

much stiffer behavior (E≈900 MPa), and the stress increases significantly with very 

little additional strain.  This response is similar to that of foam under compression, 

where a much stiffer region is found at higher strains after densification [591].   
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Figure 6-20: Buckle formation during compression of  thermal CVD grown nanotubes 

 
Upon unloading, the curve follows a similar pattern, and the heights of 

unloaded nanotube samples were found to return to almost exactly their initial 

dimensions, as shown in Figure 6-21 (within the resolution of the displacement 

measurement made using the SEM).   

 

Figure 6-21: Recovery of Thermal CVD nanotubes after compression to 79% strain 

 
At each step in these experiments, SEM images were obtained from which to 

measure displacements.  For some samples, two images were taken at each step, a 

higher magnification image to measure nanotube mat heights, and a lower 

magnification image, which showed the entire probe area.  The probe in this work 

(Figure 6-18) was designed to allow multiple compression tests to be performed on 

different areas on a single nanotube-covered substrate.  As a consequence, the 
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nanotube forest covered the region immediately underneath the probe, as well as the 

adjacent areas, and the nanotube forest in the vicinity surrounding the probe was 

observed to deform during testing (Figure 6-22).   

 

Figure 6-22: Displacement of nanotube mat adjacent to probe indentation 

 
The displacement of the nanotube mat adjacent to the probe was measured as a 

function of distance away from the probe edge, and strains greater than 60% were 

observed in regions of the mat close to the probe (<25µm), but under no direct 

loading.  In addition, displacements were measured as far as ~150µm from the probe 

edge.  The van der Waals forces between adjacent tubes in the forest were estimated, 

as well as the force required to compress a single nanotube to a strain of 60%, in order 

to investigate the cause of this observed deformation (in tubes not directly loaded by 

the probe).  From SEM imaging, a rough measure of the spacing between nanotubes 

can be obtained (roughly 15 tubes per µm), and using this spacing and the stress-strain 

results (Figure 6-19), the force required to achieve a 60% compressive strain in a 

single nanotube can be estimated (~0.7-1.2nN per tube).  The mechanism by which 

tubes within the mat interact (allowing load transfer from tubes directly underneath the 
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probe to those adjacent) is expected to be a combination of van der Waals interactions, 

and possible tangling of tubes within the mat (expected near the mat surface as a 

consequence of the crowding mechanism of aligned growth).  While the contribution 

from tangled tubes cannot easily be estimated, a rough calculation of the van der 

Waals interactions between adjacent tubes can be calculated using Equation (6-5) 

([79], with a Hamaker constant, A=2.38x10-19
 J and modified for parallel tubes).  For 

the tube dimensions in this work (~15-20nm diameters with a center-center spacing of 

60-75nm), the predicted van der Waals forces (~6-22pN per tube) are much smaller 

than the forces required to compress a nanotube to 60% strain (~35-190 times 

smaller).  In addition, if van der Waals forces provided the only interactions between 

adjacent tubes, deformation would be expected only a very short distance away from 

the probe edge (<1µm), rather than the larger distances (~150µm) observed.  This 

suggests that tangling of tubes within the mat can be significant, and this tangling will 

result in the deformation observed at distances away from the compression probe edge 

(Figure 6-23).   
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Figure 6-23: (a) Measured deflections of CNT mats as a function of distance from the 
probe edge for a loading and unloading test sequence, positive positions 
represent regions of the mat which are not directly compressed and 
distances are measured away from the probe edge, (b) schematic for 
calculating van der Waals interaction between adjacent nanotubes [79] 

 
During these experiments, it was noticed that under larger compressive forces 

(>0.5N), the nanotube mats compressed as expected, but the indentation probe 

deflected as well (Figure 6-24a,b).  In order to identify the source of this additional 

deflection, the design of the sample holder and load cell support used during these 

tests was considered.  Both of these structures were considered as cantilevers attached 

at their base to the rigid SEM stage, and deflections under the range of loads typically 

used during mechanical testing were calculated (Figure 6-24c,d,e).  Displacements of 

the SEM sample holder were found to range between ~25-60µm per Newton of force 

applied to the nanotube sample, depending on how closely it was attached to the SEM 

stage.  The load cell support was a more rigid structure, but was still predicted to 

deflect by ~15µm per newton of applied force (peak applied forces during tests did not 

exceed 2N).  These deflections were also observed during the testing of nanotubes 

grown using floating catalyst CVD (Section 6.1.2), although the greater heights of 
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those samples made this movement less apparent.  However, despite these deflections, 

the actual displacement and strain in the nanotube sample was still measured 

accurately, as the sample heights were measured directly from SEM images taken 

during testing.   

 

Figure 6-24: (a),(b) SEM images taken during compression testing, showing probe 
and sample deflections, (c),(d),(e) SEM stage, sample holder dimensions, 
and M/EI values along sample holder height 

 
Similar to the floating catalyst nanotubes, a time dependent stress relaxation 

was observed.  As described in Section 6.1.4, equations (6-3) and (6-4) were used to 

calculate the relaxation modulus and fit the data using a Maxwell model [586].  These 

results are shown in Figure 6-25, and time constants for this relaxation were calculated 

to be roughly 17.1 seconds for loading and roughly 22.1 seconds for unloading.   
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Figure 6-25: (a) Time-dependency observed for the relaxation modulus in thermal 
CVD nanotubes, (b) variation of relaxation modulus with strain for 
loading and unloading 

 

6.2.2 Comparison of Thermal and Floating-Catalyst Growth 

Although the dimensions of thermal CVD grown nanotubes prevented other 

mechanical testing from being performed (tension tests and tests using the TMA were 

not possible), the in-situ compression response (Section 6.2.1) was compared to the 

behavior of floating-catalyst CVD grown nanotube mats (Section 6.1.2).  The 

variations between the two CVD approaches utilized to grow the samples for these 

tests can be used to explain the differences between the mechanical responses of these 

nanotubes.   

The typical stress-strain curve of the thermal CVD samples showed two 

distinct regions; for low to fairly high levels of compressive strain (up to 65%-75% 

strains) the stresses associated with these strains were very low.  With additional 

loading beyond this point, the response stiffened considerably.  This is in contrast to 

the stress-strain curve observed for floating-catalyst nanotubes, which showed only a 

single, linear region, with a uniform stiffness.  This stiffness was substantially higher 
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(~40x) than that initially observed with the thermal CVD tubes, although the much 

higher modulus value found for the second region in the thermal CVD response was 

comparable to the floating catalyst CVD nanotube modulus value.  A comparison of 

the responses from these nanotube samples is shown in Figure 6-26.   

 

Figure 6-26: Compressive stress-strain reponse of carbon nanotubes grown using 
floating-catalyst CVD (FC-CVD) and thermal CVD (T-CVD) 

 
The large difference in stress-strain behaviors can be explained by examining 

the structure of nanotube mats grown by floating-catalyst CVD and by thermal CVD.  

The nanotubes grown using floating-catalyst methods had larger diameters (over twice 

those of thermal CVD nanotubes, on average) and mats were composed of many 

intertwined tubes along the forest height.  Buckling will occur towards the center of a 

tube (rather than near the ends).  Due to the more tangled nature of these mats (with 

tubes beginning and ending at different locations along the mat height), uniform 

buckling at lower strains is not likely (although uniform buckling was sometimes 

observed under large strains, see Figure 6-10).  For moderate strains, the only 

indication of buckling occurred at the tip of the mat, where the tube ends appeared to 

slip on the compression platen surface (Figure 6-27a).  As a result, compression and 
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buckling of tubes within these floating-catalyst mats will occur at a small scale relative 

to the size of the mat (Figure 6-27b), and a linear stress-strain relation is obtained.   

Nanotubes grown using thermal CVD differ in two important ways.  These 

tubes are smaller (average diameters of 15-20nm compared to 40-50nm), and would 

be expected to buckle under correspondingly lower loads than floating-catalyst 

nanotubes.  More importantly, the mat structure in these samples is composed of 

individual tubes spanning the entire height.  For these well-aligned mats, entire 

regions can buckle uniformly (Figure 6-27c,d), undergoing high strains at low loads 

and showing low modulus values.  This explains the low compressive modulus 

observed (these mats do not stiffen until they have undergone considerable 

densification, at strains of 65-75%).  In addition, the location of the buckling within 

the mat also indicates the alignment and growth mechanism of the nanotubes.  This 

uniform buckling will occur in regions of highly aligned nanotubes (as poor alignment 

can inhibit uniform buckling, as observed in floating catalyst nanotubes).  The thermal 

CVD nanotubes used in this study were grown using thin iron films as catalysts on 

alumina-coated silicon surfaces, and this catalyst-substrate combination was found to 

result in base growth (see Section 5.2.2).  According to the crowding mechanism, the 

initial nanotube growth from the substrate will be poorly aligned, and alignment will 

improve as the nanotubes lengthen and support each other.  The most uniformly 

aligned part of the nanotube mat will be the region grown immediately prior to the 

termination of the reaction, and for base growth tubes, this is the area closest to the 
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substrate (see Figure 5-25).  During compression testing, this is the region where the 

large, uniform buckling was observed to occur (Figure 6-27c).   

 

Figure 6-27: (a),(b) SEM image and schematic showing compression and buckling in 
mats of floating catalyst CVD nanotubes, (c),(d) Compression and 
buckling in thermal CVD nanotube mats 

 
Time dependent responses were observed for both floating catalyst CVD and 

thermal CVD grown nanotubes.  However, the responses to both compressive loading 

and unloading differed significantly between the two growth methods, as shown in 

Figure 6-28 (tension tests were not performed on thermal CVD nanotubes, and are not 

included in this comparison).  Stress relaxation was observed during the pause 

between successive strain steps for all samples, and the amount of this relaxation was 

substantially greater for floating catalyst CVD samples than for thermal CVD samples 

(over twice as high, Figure 6-28a).  In addition, stress relaxation occurred fairly 

rapidly for floating catalyst nanotubes (with a time constant of 3.7 seconds for loading 

and 1.7 seconds for unloading, compared to 17.1 and 22.1 seconds, respectively, in 

thermal CVD nanotubes, Figure 6-28b).  The structure of these mats (composed of 
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numerous intertwined nanotubes) allows for a relatively quick reorganization of the 

mat structure to accommodate strains, as tubes can easily slide past each other.  In 

thermal CVD samples, all nanotubes are supported by the growth substrate at one end 

(rather than many tubes supported only by van der Waals forces and tangling between 

tubes, as in floating catalyst samples).  Due to this more rigid attachment of nanotubes 

to the substrate in thermal CVD samples, structural reorganization to accommodate 

loads is inhibited.  As a result, the total relaxation during each step is reduced for 

thermal CVD nanotubes, and the time constant of this response is considerably longer.   

 

Figure 6-28: Comparison of FC-CVD and thermal CVD nanotubes in compression (a) 
Average percent stress relaxation during each strain step, (b) Time-
dependent variation in relaxation modulus for loading and unloading 

 
In addition to the dissimilar time dependent responses, the recovery measured 

for each sample (after complete unloading) varied depending on the growth method 

used.  Although all samples were found to recover a large percentage of their initial 

height, thermal CVD nanotubes were consistently observed to completely recover 

(100% of their height, within the measurement resolution), even after undergoing 

significant compressive strains (>75%).  Floating catalyst samples did recover a 

substantial portion of the applied strains; however, a small amount of plastic strain 
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(~1-3%) remained, and this plastic strain increased with increasing applied strains.  

This is to be expected, as some rearrangement of the intertwined tubes within the 

floating catalyst samples could occur during loading.  For these floating catalyst 

samples, the sliding of nanotubes past each other would result in some permanent 

densification of the sample.  Thermal CVD nanotubes, which are composed of 

continuous tubes along the sample height, are expected to completely recover, as the 

significant buckling that occurred during compression is reversible.  A summary of 

these results is given in Table 6-2.   

Table 6-2: Summary of compressive testing results for floating catalyst and thermal 
CVD nanotube samples 

Property Floating Catalyst Thermal CVD 
Compressive Modulus 580-750 MPa 16 MPa / 900 MPa 

Time Constant 1.7-3.7 seconds 17-22 seconds 
Recovery (% Strain) 98.8 ± 2.2% 100.2 ± 0.8% 

 

 

6.2.3 Optical Properties 

The interesting optical properties of carbon nanotubes have been reported by a 

number of groups previously (see Section 2.3.3).  Of particular interest is the 

anisotropic absorption of light by carbon nanotubes (depending on the light 

polarization relative to the nanotube axis) and the ability of mats of carbon nanotubes 

to effectively absorb and scatter light, resulting in a very low intensity ratio between 

light transmitted through a nanotube mat and the incident light under certain 

configurations.   

To study the interaction of carbon nanotube mats with light, a laser was set up 

to shine through a mat of thermal CVD grown carbon nanotubes (using Ni film 
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catalysts on polished SiO2 substrates).  The nanotube mat was held in a gimbal mount 

support, allowing for rotation in two directions (about the y and z axes).  The 

transmitted laser beam was directed through a polarizer and then into a detector, where 

the light intensity was monitored.  This equipment is shown in Figure 6-29.   

 
Figure 6-29: Equipment schematic for nanotube light polarization experiments 
 

For each test, a nanotube mat was placed at a fixed position (y and z rotation) 

and the transmitted laser light intensity was monitored as a function of the polarizer 

angle.  For each measurement (at each polarizer step) the intensity was monitored for 

10-15 seconds to provide an average intensity value.  Tests were also performed with 

plain SiO2 slides and SiO2 slides coated with thin Ni films (but without any nanotubes) 

as control samples.   

Typical results are shown in Figure 6-30.  The green curve (from a control 

sample without nanotubes) shows a peak in intensity at 90° and 270°, which 

corresponds to the polarization angle of the initial laser beam.  When the laser was 

passed through a mat of nanotubes, the curve was observed to shift, with the peak 

moving away from 90°.  The minimum measured intensity (relative to the maximum 

intensity) also increased for light passing through nanotube samples.   
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Figure 6-30: Normalized transmitted laser intensity as a function of polarizer angle, 

green curve shows control sample (no nanotubes), red and blue curves 
show results for nanotube samples at two different positions. 

 
The position of the nanotube mat axis was calculated as a function of its angle 

of rotation about the y and z axes.  From these angles, an expression for the angle 

between the nanotube axis and the plane of polarization of the incident laser beam was 

found; this relation is shown in Equation (6-6).  For each nanotube sample, the angle 

between the tube axis and the plane of polarization of the incident laser was 

calculated, and these angles were compared to the shift in peak intensity of the 

transmitted light from the initial peak intensity (90°, 270°) of the incident laser.   

 ( ))sin(*)cot(tan. zyproj a θθθ =  (6-6) 

 
Using Equation (6-6), the angle between the laser axis and incident laser plane 

of polarization was found to be ~30° for the transmitted intensity data shown in blue in 

Figure 6-30 and ~60° for the data shown in red.  These match very well compared to 

the angular difference between the incident laser peak position and the transmitted 

minimum (nanotubes aligned at 60° from the incident laser polarization plane showed 

a minimum transmitted intensity offset by 60° from the incident maximum, 

transmitted intensity from nanotubes aligned at 30° showed a minimum 30° from the 
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incident laser maximum).  A summary of the data points from a series of these tests 

(along with tests on control samples) is shown in Figure 6-31.  A very distinct trend is 

observed between the nanotube axis orientation and the position of the minimum 

transmitted intensity (both measured relative to the initial plane of polarization of the 

laser).   

 
Figure 6-31: Relationship between angle of minimum transmitted intensity and 

nanotube orientation (relative to the plane of polarization of the incident 
laser) 

 
These results indicate the component of light polarized in the same plane as the 

axis of a mat of aligned nanotubes will be absorbed, and light polarized at 90° to the 

nanotube axis will be transmitted.  The transmitted light intensity can be described as a 

function of the nanotube angle and the peak transmitted intensity; this relationship is 

given in Equation (6-7) (note that θ gives the CNT axis orientation relative to the 

incident laser beam polarization, the π/2 represents that maximum intensity is obtained 

when the CNT axis and laser polarization are offset by 90°).   
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The nanotube mats are not perfect polarizers, however.  Not only is the peak 

transmitted intensity far lower than the peak incident laser intensity (a ~20nA signal is 

measured from an initial 2mA laser transmitted through the CNT mat), but the zero 

minimum (predicted by Equation (6-7) when the CNT axis is parallel to the laser 

polarization), is not observed (see the curves shown in Figure 6-30).  This indicates 

that nanotube alignment within the mat is not perfect and that scattering occurs as the 

light passes through the nanotube sample.   

Initial attempts to use this property to develop concepts for measuring 

nanotube deflection as a function of polarization changes (of laser light transmitted 

through aligned nanotube mats) proved difficult, as nanotube deflections under lateral 

loads resembled those of fixed end cantilever beams.  However, the very low intensity 

of light transmitted through the nanotube mats (a 5 order of magnitude drop, ~2mA to 

~20nA) led to the development of a revised approach towards measuring small 

deflections of nanotube in response to lateral loadings (Section 6.2.4).   

6.2.4 Flexural Rigidity determination 

The in-situ mechanical testing approach described in Sections 6.1.2 and 6.2.1 

was used to characterize nanotube samples that were sufficiently long (>100µm) to 

allow accurate measurements of displacements.  However, many of the nanotube 

samples grown during this study (by the thermal CVD process described in Section 

5.2) were too short to allow this testing method to be used.  For these nanotube mats, 

an alternate process was developed to investigate their mechanical properties.  This 

method utilized the optical properties of these nanotube forests (very low transmission 
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of light through the mats) to determine the flexural rigidity (the product of the 

modulus and moment of inertia, EI) of these mats.   

Accurate independent determination of these values (the stiffness and moment 

of inertia) for mats of nanotubes is very challenging, due to (a) varying tube-tube 

distances within the mat, (b) attractive forces between tubes due to van der Waals 

interactions (as high as nN force per nm CNT length) [79, 81], and (c) sliding of tubes 

past each other within the mat (requiring smaller forces) [82].  However, for certain 

different loading conditions, such as deflection (∆) under shear or critical buckling 

load (Pcr), only the flexural rigidity (EI) is required to determine the mechanical 

response of nanotubes (as shown in Equations (6-8) and (6-9) [592]). 
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6.2.4.1 Experimental Set-up and Results 

To observe the deflection of nanotubes and measure the flexural rigidity of 

mats of aligned nanotubes in several different configurations, a simple optical method 

was devised.  This approach utilized the very low intensity ratio between light 

transmitted through a nanotube sample and the incident light (Section 6.2.3).  In this 

work, mats of carbon nanotubes were grown with sufficient height and packing 

density on a quartz substrate to absorb a large proportion of visible light passing 

through the mats.  Nanotubes were grown using thin iron films evaporated through 

TEM grid shadow masks of varying dimensions to form catalyst patterns on quartz 
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substrates.  Thermal CVD growth was carried out using the parameters summarized in 

Table 6-3, see Section 3.1.3 for more details of this process.  The growth lengths of 

the CNTs were determined by controlling the growth period, ranging from 15 to 30 

minutes.   

Table 6-3: Growth conditions for CNT mats used in flexural rigidity experiments 

Growth parameter Value 
Carbon Source Benzene 
Introduction rate ~0.13 ml/min 
Catalyst material Iron 
Catalyst thickness ~5-10nm 
Argon flow rate ~225 sccm 
Ammonia flow rate ~200 sccm 
Reaction Temperature 900°C 
Substrate SiO2 slides 
Reaction Duration 15-30 minutes 

 

 
Several examples of the patterned carbon nanotube arrays produced are shown 

in Figure 6-32 (showing arrays of 38µm, 19µm, and 5µm pattern sizes using the 

method described above).   

 

Figure 6-32: (a-c) Patterned nanotube mats, comprising vertically aligned multiwalled 
nanotubes, with 38µm, 19µm, and 5µm pattern sizes were grown on 
quartz substrates through chemical vapor deposition. 

 
For monitoring the response of the CNTs to fluid flow, the quartz substrate 

with the vertically aligned patterned nanotubes was placed inside the experimental 

apparatus, illustrated in Figure 6-33.  The nanotubes were located at the very front 
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edge of the substrate.  The apparatus consisted of a quartz tube with an inner diameter 

of 6.2 mm connected to a pressurized gas line.  The sample was held in place by 

plastic inserts to prevent sample vibration, and was then exposed to fluid (air) at 

various velocities, which were calibrated using the flow chamber cross-sectional area 

and volumetric flow rates measured using a flowmeter. 

In our study, two methods were used to monitor the deflection of the CNTs.  In 

the first method, a polarized laser (633nm wavelength) was focused to a roughly 30 

µm spot size and positioned over the patterned CNTs).  The laser was aligned parallel 

to the nanotube axis and perpendicular to the substrate, as shown in Figure 6-33, and a 

photodetector was used to monitor the transmitted intensity at different fluid 

velocities.  In the second method, optical imaging of the CNTs, (with a Sony CCD 

camera aligned normal to the substrate, 0.25 µm resolution), was used to monitor the 

deflections of the CNTs as a function of applied fluid velocity.   

 

Figure 6-33: A schematic of the experimental set-up for observing the nanotube 
deflections, during fluid flow, through the transmitted laser intensity 
variations and CCD image processing. 

 
An immediate issue of using a quartz tube was the poor quality of the 

transmitted beam and image, resulting from the scattering of light passing through the 
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quartz due to the curvature of the tube.  These refraction and scattering effects result in 

laser measurements with poor sensitivity and CCD images (taken through the quartz 

tube) with insufficient resolution.  By replacing the quartz tube with a flat quartz plate, 

the scattering and refraction is greatly reduced without compromising the air seal of 

the flow chamber (as shown in Figure 6-34). 

 

Figure 6-34: (a) Schematic of sample arrangement: The substrate with nanotubes was 
installed at the center of the quartz tube (b) and (c) show CCD images 
taken of the sample through the tube (b) and through the flat plate (c) 

 
The incident laser intensity was greatly reduced (by ~105) on transmission 

through a CNT mat, presumably due to scattering and absorption.  Consequently, the 

transmitted laser intensity was calibrated and correlated with the coverage of the 

nanotubes on the substrate.  For example, two masks that were used to pattern CNT 

growth (one with 90µm squares at a 127µm pitch, one with 38µm squares at a 64µm 

pitch) have 50% and 35% expected transmission, respectively, and such values were 

indeed observed  experimentally (shown in Figure 6-35).   
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Figure 6-35: (a) Schematic of coverage-related transmitted laser intensity drop, (b) 
the transmitted laser intensity is reduced by 51.8% and 32.3% when 
CNTs were arrayed in mesh pattern with 50.2% and 35.2% coverage, 
respectively.  The close agreement of the experimental results with the 
predicted values was used as a calibration for nanotube deflection. 

 
Nanotube deflections were determined as a function of fluid velocity, and were 

calculated based on the intensity variations and pattern coverage (for transmitted laser 

experiments) or by using image processing (for CCD measurements).  For each 

nanotube pattern, the grid was aligned with the leading edge of the substrate, and any 

deflection would be parallel to both the direction of fluid flow and the pattern rows 

(Figure 6-36).   

 

Figure 6-36: Schematic of the CNT arrays shows of the effect of fluid flow on aligned 
CNT mat patterns.  The displacement d is correlated with a measured 
variation in the transmitted laser intensity.  The representative laser spot 
is colored in red and the dark squares are CNT ensembles. 
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The transmitted intensity, in the absence of fluid flow is related to the area 

initially devoid of the CNT mats (Equation (6-10)) and is determined from the 

geometry of Figure 6-36.  When subject to fluid flow, the nanotubes deflect a distance 

d, covering an extra area (w x d), where w is the width of the CNT pattern.  The light 

transmission changes with this additional coverage, and the normalized intensity is 

given by Equation (6-11), and the deflection d can be obtained using Equation (6-12).   
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During tests, it was observed that vibration due to fluid flow could cause a 

variation in the transmitted intensity.  Averaging was used to minimize the effect of 

this variation (by selecting a laser spot size large enough to encompass many CNT 

arrays), and this vibration has been considered in determining the error.   

An excellent correspondence was observed between the transmitted intensity 

(Figure 6-37a) and the air flow velocity (Figure 6-37b), and this response is attributed 

to nanotube deflection and subsequent hindrance to the light transmission.  Such 

correlation was observed, very reliably, for many measurements on the patterned CNT 

arrays, and the constant reference intensity (in the absence of fluid flow), attests to the 

outstanding mechanical characteristics of CNTs.  The changes in transmitted laser 

intensity can be normalized, and the corresponding deflections can be calculated using 

Equation (6-12) (shown in Figure 6-37c).   
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Figure 6-37: (a) The variation in the transmitted laser intensity is a very sensitive 
function of the fluid velocity, and can be used for (b) digital calibration 
of the flow.  (c) The data points show a decrease in the transmission with 
increased nanotube deflection caused by fluid motion. 

 
Alternately, CCD images of nanotubes exposed to different fluid flows (as 

shown in Figure 6-38) gave another calibration in terms of the nanotube deflections.  

The resolution of the measured deflection was roughly ~ 0.25µm (set by the camera 

resolution), and images were analyzed by image processing, with the scale of the 

images calibrated via the known CNT pattern size.   

 

Figure 6-38: The images captured by CCD (from the top of CNT samples, with focal 
plane at CNT tips) when the flow velocity is (a) 0 m/s and (b) 30 m/s The 
images show a CNT deflection of ~ 2 µm under the flow. 
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6.2.4.2 Fluid Flow and Nanotube Deflection modeling 

In order to understand the effects of the drag forces induced by fluid flow on 

the nanotubes (positioned as shown in Figure 6-33 and Figure 6-34), the following 

methodology was used.  Three characteristic length (L) scales are of relevance in 

considering fluid flow on and around nanotubes, each associated with a Reynolds 

number (Equation (6-13)).   

 

νµ
ρ ULUL

==Re  (6-13) 

 
Most tests were carried out with air as the working fluid, and in these cases, the 

following values were used: υ (kinematic viscosity) ~ 1.5x10-5 m2/s and ρ (density), ~ 

1.2 kg/m3 at 1 atm and 20 °C.  In Equation (6-13), U is the fluid velocity and the 

characteristic length, L, is given in Table 6-4 for each of the three length scales 

considered.   

Table 6-4: Characteristic length scales used to simulate fluid flow through nanotube 
arrays 

For Flow: Characteristic length (L) is: 
Through the pipe The diameter of the tube (~ 6.2 mm) 
Over the flat substrate The distance from the leading edge of 

the substrate to the sample, (<1000µm) 
Through aligned CNTs The diameter of the CNTs (~50nm) 

 

 
The Reynold’s number (Re) for the air flow through the cylindrical pipe was 

found to be in the range of 8,300 – 24,800 (at air velocities 20-60 m/s), clearly in the 

turbulent regime (Re>2300) [593].  As fluid entrance effects could be significant and 

make accurate prediction of fluid velocity difficult, we avoided such complications by 
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placing the sample sufficiently inside the tube (~17 cm), beyond the entrance length 

(Le) ~14.7 cm in our set-up for velocities of ~60 m/s (obtained using Equation (6-14)).   

 





= 6

1
Re4.4 DLe  (6-14) 

 
Beyond Le, the fluid flow is considered to be fully developed, and the peak 

fluid velocity (Upeak), at the pipe center, is related to the average velocity (Ua) through 

Equation (6-15). 
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The mats of vertically-aligned multi-walled carbon nanotubes used in this 

study were grown close to the leading edge of the quartz substrate (within 1000µm).  

Due to this small characteristic length, the Re in this region, ~102, is much smaller 

than that for turbulent flow (which is ~106), and the fluid flow over the plate can be 

considered laminar.  The boundary layer thickness, δ, at a certain distance, x, from the 

leading edge, was computed using Equation (6-16).  The velocity (u) profile is 

considered as a function of the vertical height (y), and is given by Equation (6-17) for 

y ≤ δ and u=Upeak for y > δ.  For nanotubes positioned within 1000µm of the substrate 

leading edge, the δ was computed to be ~10-100 µm, depending on position and air 

velocities (up to ~60m/s).  With average CNT heights between 30µm and 60µm, this 

implies that for many samples, the upper region of the nanotubes was exposed to the 

full centerline flow (u=Upeak). 
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Due to the small CNT diameters (~50 nm), the Re for flow through/around 

tubes is very small (~0.2 at an air velocity of 60 m/s).  A modified Stokes-Oseen 

Equation (6-18) is used to predict the drag coefficient at low Re, the first term is 

related to the drag on a single cylinder, and the second term provides a correction for 

φ, (the volume fraction) for flow passing through a vertically aligned array of 

cylinders [594].   
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The above expression, however, is based on conventional Navier-Stokes 

continuum mechanics [594], where zero fluid velocity is assumed next to the surface 

of the object (no-slip boundary condition).  At the size scales for flow through CNT 

mats, the no-slip assumption could no longer be valid and a correction, through the 

Knudsen number (Kn) must be introduced [595].  Kn is the ratio of the mean free path 

of molecules (λ ) in the fluid to the characteristic length (L) of a system.  The no-slip 

assumption is only considered to be valid for Kn < 10-3.  However, for air at standard 

temperature and pressure, the mean free path is λ ~80nm, and with an average spacing 

between nanotubes of ~150 nm, the Kn ranges around 0.5.  Consequently, slip at 

surfaces must be considered, and will reduce the effective drag on the object (Equation 

(6-19)).  The incorporation of the slip condition yields Equation (6-20), a 

comprehensive relation for the drag coefficient (CD).   
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Subsequent to the determination of CD, the drag force per unit length, FD, was 

found through Equation (6-21), as a function of fluid velocity, u, fluid density, ρ, and 

the CNT cross-sectional area, A.  To account for the varying fluid velocity near the 

bases of the CNTs (in the boundary layer), we divided the nanotube height into N 

different segments, each with a step height ∆y=h/N.  Fluid velocities were found for 

each segment (at the corresponding height above the substrate), and the cross-sectional 

area used was the product of CNT diameter, d, and step height ∆y.  The deflection of 

carbon nanotubes was modeled by treating the tubes as a fixed end cantilever system, 

as shown in Figure 6-39.   

 2

2

1
VACF DD ρ=  (6-21) 

 

Figure 6-39: The shearing of carbon nanotube arrays, can be modeled as cantilevers 
through solid mechanics (the outlines depict the close correspondence 
between the theory and experimentally observed shear) 
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The horizontal deflection (x), as a function of position in the vertical direction 

(y), x(y) was determined using a nanotube height dependent, distributed force per unit 

length w(y) using Equation (6-22), where E is the CNT elastic modulus and I, the 

moment of inertia.   
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To obtain the horizontal displacement x(y) as a function of nanotube height and 

average air velocity, Equation (6-22) is integrated four times; the following boundary 

conditions were applied (listed in Table 6-5).  In this work, the modeled deflections 

are small enough that the small angle approximation remains valid (dx/dy=tan(θ)≈θ). 

Table 6-5: Boundary Conditions used to calculate nanotube deflections 

Integration Step Boundary Condition 
1 No shear at the CNT free ends (d3x/dy3 = 0, at y = h) 
2 No bending moments at the free end (d2x/dy2 = 0, at y = h),  
3 Zero slope at the fixed end of the CNTs (dx/dy = 0, at y = 0) 
4 Zero deflection at the fixed end (x = 0, at y = 0) 

 

 
In order to calculate the deflection of a nanotube exposed to fluid flow, a 

procedure to allow for repeated numerical integration of the distributed load on the 

side of the tube was developed.  The nanotube height was considered as N segments, 

and for each segment, ∆y, the following calculations were performed.  The velocity 

profile in the boundary layer was calculated using Equation (6-17), while above the 

boundary layer, the velocity was obtained using Equation (6-15).  With the determined 

velocity distribution and given nanotube diameter (~ 50nm) both the Reynolds number 

(Re) and the drag coefficient (CD) were then calculated (Equations (6-13) and (6-20)) 
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for each height step.  The FD on each segment (∆y) was then calculated (Equation 

(6-21)) and this distributed force was then integrated (Equation (6-22)), using the 

trapezoid rule with appropriate boundary conditions, along the entire nanotube height.  

Subsequently, the deflection was obtained for each segment along the nanotube height, 

using Equation (6-22)).  Examples of the results obtained from these calculations are 

seen in Figure 6-40, illustrating the effects of different sample positions and fluid flow 

velocities.   

Figure 6-40a-c shows the effects of moving the patterned nanotubes away from 

the leading edge of the substrate (from 2µm to 100µm).  The boundary layer thickness 

decreases as the distance to the leading edge of the substrate is reduced; consequently, 

nanotubes placed closer to this leading edge (at 2 µm vs. 100µm) are exposed to 

higher flow velocity, leading to a modified velocity profile, drag force, and increased 

CNT deflection. 

The flow velocity and the CNT deflection along the CNT height were also 

modeled as a function of the input fluid flow velocity (Figure 6-40d-f).  At increased 

velocities, not only do drag forces increase (FD~u2, Equation (6-21)), but the boundary 

layer height is thinner.  This results in larger CNT deflections, and demonstrates that 

fluid velocity has a much greater influence on deflection than the position of the 

nanotube on the substrate.   
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Figure 6-40: (a-c) Simulations of fluid velocity, drag force, and CNT deflection along 
CNT height for CNTs placed 2 and 100 µm from the leading edge of the 
substrate.  (d-f) Simulations of flow velocities of 10 m/s and 30 m/s, for 
CNTs 100 µm away from the leading edge. 

 

6.2.4.3 Determination of the Flexural Rigidity 

In order to obtain the flexural rigidity of the nanotube mats, the deflections 

calculated using our simulations were compared to the experimentally measured 

deflections.  Using the two experimental methods (laser intensity measurement and 

CCD imaging, Figure 6-37 and Figure 6-38), deflections for nine different patterned 

nanotube samples were measured.  These samples had a range of dimensions and were 

studied under a range of fluid flow velocities, listed in Table 6-6.   
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Table 6-6: Nanotube sample dimensions, positions on substrate, and velocity ranges 
used for deflection measurement tests 

Sample 
Number 

Measurement 
technique 

CNT 
Length 

Pattern 
Size 

Leading 
Edge 

Velocity 
Range 

1 Laser 40µm 5x5µm 75µm 0-58 m/s 
2 Laser 50µm 5x5µm 1000µm 0-51 m/s 
3 Laser 50µm 5x5µm 1000µm 0-51 m/s 
4 Laser 50µm 5x5µm 1000µm 0-27 m/s 
5 Laser 50µm 5x5µm 1000µm 0-50 m/s 
6 CCD 40µm 5x5µm 200µm 0-64 m/s 
7 CCD 40µm 5x5µm 200µm 0-64 m/s 
8 CCD 35µm 7x7µm 1µm 0-58 m/s 
9 CCD 60µm 5x5µm 1000µm 0-44 m/s 

 

 
In order to match the deflections predicted by our simulation to the 

experimentally observed deflections, the flexural rigidity values were used in the 

model were varied.  The average error between the modeled deflections and the 

experimental results was obtained for each EI value tested, and the best fit EI value 

was obtained (the one giving simulated deflections most closely matching the 

experimentally observed deflections).  In order to optimize this fitting process, a broad 

initial range of EI values was initially tested and a relatively coarse step size between 

value was used.  As this process converged on the best fit flexural rigidity, the range 

was decreased and the step sizes were further reduced.   

Figure 6-41 shows results of this process.  Flexural rigidities were obtained 

using deflections measured via laser intensity variations (Section 6.2.4.1).  Data from 

five different CNT mats (Figure 6-41a) was fit to an EI value of ~ 7.9 x 10-16 Nm2.  

Deflections measured using the CCD method had a best fit EI value of ~ 7.0 x10-16 

Nm2
 (Figure 6-41b).  The very close agreement between the EI values obtained from 

two separate experiments again attests to the consistency of the two methods.  The 
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average flexural rigidity for all the measured data points was 7.56 x 10-16 Nm2, and the 

solid lines in Figure 6-41 represent the deflections predicted as a function of air 

velocity using our simulation (Section 6.2.4.2) with this EI value. 

 

Figure 6-41: (a) Deflections of CNT mats obtained through laser intensity variations, 
plotted as a function of air velocity, for five different CNT samples (s1-
s5).  Numerical simulation was used to obtain the EI fit to the data.  (b) 
The deflections were also measured through CCD image processing (s6-
s9), and were compared using the same EI value fitted from (a) 

 
The error in the EI determination has a very small (~ 10%) contribution from 

factors such as CNT diameter, length and spacing variation, and mainly arises from 

the resolution of nanotube deflection, which can be further improved.  Further error 

could arise due to the Logarithmic Overlap Law [596], as the velocity profile close to 

the wall surface is generally difficult to determine due to the combination of turbulent 

and laminar stresses.  Therefore, we also estimated the errors in EIs, fitted from both 

(i) pure turbulent and (ii) pure laminar velocity profiles.  It was seen that the 

differences of EI for cases (i) and (ii) was between 1% and 10%.  The exact error 

depended on the sample position, and increased as the sample position was moved 
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further away from the leading edge of the substrate (differences between turbulent and 

laminar flow become more pronounced as the flow developed, i.e. further 

downstream).   

For comparative purposes, we also estimated the flexural rigidity by 

calculating the value of the moment of inertia, I, using the parallel axis theorem 

(Equation (6-23)).   

 ∑ += 2
nnn dAII  (6-23) 

 
We calculated the moment of inertia for a 5 µm square mat to be ~5x10-24 m4.  

With a nanotube elastic modulus ~1 TPa, a flexural rigidity of ~5x10-12 Nm2 was 

calculated, four orders of magnitude higher, than found in the current work.  However, 

the elastic modulus for nanotube mats loaded in compression normal to the tube axes 

(in the same direction as the drag) was found to be ~0.16 GPa (for tubes grown using 

floating-catalyst CVD, see Section 6.1.1).  While van der Waals forces between the 

nanotubes within the mats could be operative, sliding between adjacent CNTs is also 

feasible.  Consequently, a nanotube mat could exhibit a much lower resistance to 

deflection than a rigid array.  Using an E of 0.16 GPa, an EI ~8x10-16 Nm2 is obtained 

for 5 µm x 5 µm square pattern, in close agreement with our experimental results (7.56 

x10-16 Nm2).  Flexural rigidity (EI) values would be expected to transition from one 

extreme of a single, isolated nanotube to another extreme of a sufficiently large mat, 

where increasing mat size would provide no additional resistance to bending, due to 

the sliding of CNTs.   
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The modulus of nanotubes grown using thermal CVD (the same process as 

those used for this fluid flow investigation) was also investigated using in-situ testing 

methods (Section 6.2.1), however, these samples were only measured in the direction 

parallel to the tube axis.  In this direction, the measured modulus was significantly 

smaller than that for floating catalyst nanotubes (E~16 MPa, see Section 6.2.1).  Using 

the same moment of inertia estimated above and this thermal CVD modulus value 

gives a flexural rigidity of only ~8x10-17 Nm2, lower than that measured in this 

experiment.  During the measurement of this modulus value (with loads applied 

parallel to the tube axis), significant buckling was observed, resulting in the very low 

calculated stiffness.  In this flexural rigidity work, the loading due to drag forces is 

applied laterally, and for the deflections measured no buckling is expected to occur as 

a result of these drag forces (the nanotubes behaved like fixed end cantilevers).  As a 

result of the different loading directions, the low modulus value measured for thermal 

CVD nanotubes in Section 6.2.1 should not be applied towards predicting the flexural 

rigidity, and would provide an inaccurate, underestimated value due to buckling.   

There have been a few theoretical studies on the flow of fluids through 

nanotube mats, and expressions for the coefficient of drag (determined through these 

simulations) were fit to a power law expression in the form of Equation (6-24).   
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Walther et al. [594] used non-equilibrium molecular dynamics to model water 

flow past single-walled nanotubes, and report good agreement with the macroscopic 
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Stokes-Oseen equation.  While the flow velocities used were similar to those in our 

own experiments, both the nanotube diameter and the array density were smaller.  In 

this work, the drag coefficient (CD) values obtained were fit to Equation (6-24) with 

a=9.0158 and b=1.0708.   

The flow of liquid argon around both single- and double-walled nanotubes was 

investigated by Tang et al. [597], who found that the drag was higher than predicted 

using continuum equations.  Non-equilibrium molecular dynamics were used and the 

drag results were also fit to Equation (6-24), with a=12.354 and b=0.9887.  In another 

study, Ford and Papavassiliou [598], used computational fluid dynamics (CFD) based 

simulations to study water flow around an array of nanotubes.  The use of CFD 

allowed larger systems to be studied, and drag coefficient results were presented for 

simulations of flow through nanotube arrays of different volume fractions, φ.  Drag 

coefficient results from this work were fit to an expression of the form given by 

Equation (6-25).  Using a no-slip assumption, the drag coefficient on the nanotube 

surface was given by a=86.7 and b=0.287, in Equation (6-25); with a slip assumption 

the coefficients of the fit were found to be a=39.9 and b=0.175.  It is to be noted that 

CD in all these cases is inversely proportional to the Reynolds number, Re. 
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It is important to note the differences between these earlier studies and 

Equation (6-20), that we have used.  The model used in this work has assumed 

infinitely long cylinders (which implies uniform velocity over the entire nanotube 
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height), and was constructed under the assumption of no-slip on the tube surface.  

Probing further into these issues, we have taken two additional steps for determining 

CD.  First, the Knudsen number was used to correct the initial expression (Equation 2) 

for the coefficient of drag to account for slip conditions on the tube surfaces.  

Secondly, due to the finite length of our nanotubes, the fluid velocity to which the 

CNTs are exposed is not constant along the entire height (with lower velocities within 

the boundary layer).  To account for this, our calculations subdivide the nanotube 

height (h) into N individual segments, each of length, ∆y and use the appropriate 

velocity for each segment (determined using the modeling described in Section 

6.2.4.2).  For N ≥ 100, errors in calculated deflections were less than 0.01% (with 

lower N tending to under-estimate the drag forces).  In order to account for the varying 

velocities along the nanotube heights, while avoiding additional complexity in our 

model (which would not improve our results), the CNTs were divided into 100 

segments along their length in this work.  The fluid velocity, drag coefficients, and 

drag force were calculated for each segment, using the process described in Section 

6.2.4.2.  With this approach, the Stokes-Oseen equation used (Equation (6-20), with 

the Knudsen number correction) was seen to be an adequate choice for our 

experiments. 

A close correspondence was observed between the experimental results and 

drag results given in published non-equilibrium molecular dynamics [597] and 

computational fluid dynamics simulations [598].  The nanotube deflections were well 

approximated by Equation (6-20) (Figure 6-42).  Using an average flexural rigidity of 
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7.56x10-16 Nm2 obtained above, nanotube deflections were simulated using the drag 

model developed in this work, as well as with previous studies of fluid flow past 

nanotubes reported in the literature.   

 

Figure 6-42: Our experimental results are modeled well by considering a Knudsen 
number (Kn) modified Stokes-Oseen expression and appropriate 
molecular dynamics and fluid mechanics simulations 

 

6.2.4.4 Flow Sensors and Time-Dependent Response 

We propose that our technique can be adapted for a novel CNT based gas flow 

sensor.  To this purpose, the light transmission as a function of flow velocities for both 

air and argon were measured and are compared in Figure 6-43.  The drag forces 

(Equation (6-21)) on a nanotube exposed to fluid flow are a function of the nanotube 

dimensions (CD and A), and the fluid properties (u and ρ).  For a given nanotube 

sample is subjected to flow from two different fluids at the same velocity, the drag 

forces and corresponding deflections (x) will be vary linearly with the fluid density 

(x1/x2=ρ1/ρ2).  To investigate this, variations in transmitted laser intensities were 

recorded on the same sample under flows of either argon or air at varying velocities.  

Under conditions with fixed temperature (T) and pressure (P), the density (ρ=MP/RT) 
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of a gas is proportional to its molecular weight (M).  As a result, for exposure to a 

different fluid (argon), the deflection at a given velocity is expected to scale with the 

ratio of the densities of the two fluids used.  A relation was obtained between the 

measured deflections of the nantoube sample and the air flow velocity; this fit was 

then scaled by the ratio of the average molecular mass or density of argon to air 

(~1.37), and was found to be in excellent agreement with the deflections measured 

under argon flow (Figure 6-43).   

 

Figure 6-43: Deflections calculated via light transmission as a function of flow 
velocity of air and Ar were plotted and compared.  A fit relating 
deflection to air velocities was scaled by the ratio of the density of argon 
to the density of air, and is in excellent agreement to the observed 
deflections under argon flow.  The sample is a 55-µm CNT array and the 
fitted EI is 7.8·10-16 Nm2. 

 
Using this same approach, any nanotube sample can be calibrated using a 

known gas (with the velocity-deflection relation obtained either experimentally or by 

using our model).  With this calibration, the nanotube sample could then be used to 

accurately measure the velocities of any other fluid by simply scaling the velocity-

deflection relation by the density ratio between the reference fluid and the test fluid.  
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In addition to this versatility, our approach offers excellent spatial resolution and can 

be used to measure velocities within the boundary layer region.  In this work, the laser 

was focused to a ~30µm spot, and the deflections measured represented an average 

deflection of the nanotube arrays within that spot.  This spot size could be further 

reduced, and velocity measurements could be taken from different locations on a 

surface spaced only tens of microns apart (limited by the accuracy with which the 

laser could be positioned).   

When testing the mechanical response of nanotube forests to applied fluid 

flows, it was noticed that in most cases the measured later intensities returned to their 

baseline intensity immediately on the termination of fluid flow.  However, for high 

velocity flows, or during tests using fluids with higher densities (argon), a slight time-

dependent recovery was observed (Figure 6-44).  This response was fit with Equation 

(6-26) (used to model creep responses in polymers [586]), and a time constant of τ ≈ 

0.1-0.2 seconds was obtained.  This indicates that even under larger deflections, the 

recovery of these nanotube mats is still fairly quick, and this would allow numerous 

sequential measurements to be taken in rapid succession (such as for studies of fluid 

flow variations with time).   
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Figure 6-44: Time-dependent recovery observed in aligned carbon nanotube mats 
subjected to fluid drag forces 

 ( ) ( )( )τ
tItI −−= exp10  (6-26) 

 
In this study, two simple and consistent methods were demonstrated for 

measuring the deflection of patterned arrays of carbon nanotubes subject to drag force, 

due to fluid flow.  By modeling the fluid flow across the nanotubes, numerical values 

for the flexural rigidity (EI) values, a quantity pertinent to mechanical deformation 

such as buckling and deflections were obtained.  Consistent flexural rigidities (with an 

average value of 7.56x10-16 Nm2) were obtained for a number of different nanotube 

samples over a range or measurement configurations.  The flexural rigidity of carbon 

nanotube mats has not been widely studied to date (through either simulation or 

experimental approaches), and in this work we present some of the first ever 

experimental measurements of this value [599].  In addition, we developed two optical 

methods that would be suitable for mechanical characterization of carbon nanotubes 

and other nanostructures.   

With flow-deflection calibration (demonstrated in Figure 6-43), the techniques 

described in this work could also be adapted as the basis for the characterization of 
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nano-scale flow, and for various applications, including shear force sensors for 

boundary layer measurements, micro- and nano-fluidics, and high sensitivity tactile 

sensing and gas sensing, which has been demonstrated in this study.  In addition, 

following an initial calibration, flow measurements could be made with a wide range 

of fluids with a simple correction for density.   

6.3 Production of Bulk nanotube-based materials 

An important obstacle that must be overcome for many carbon nanotube-based 

applications is to ensure that the beneficial properties of individual nanotubes are 

translated to macroscopic materials.  One approach towards retaining the exceptional 

mechanical properties of carbon nanotubes is the processing of mats of aligned tubes 

into yarns and sheets of pure nanotubes.  This process involves the careful drawing of 

nanotubes away from the mat in a manner that leads to the pulling away of adjacent 

tubes.  This sequence continues, forming nanotube sheets that can also be twisted and 

spun into ropes (see Section 2.7.2.2).  Although the fabrication of pure nanotube paper 

materials was demonstrated and reported previously in this work (described in Section 

6.1.5), the particular process used for these yarns and sheets results in considerably 

improved alignment and interactions between nanotubes, resulting in higher strength 

and reduced tube slippage under tensile loading.   

At the beginning of this project (2006), the only thermal CVD method that 

could consistently produce nanotubes utilized a liquid benzene carbon source 

(described in sections 3.1.3 and 5.2).  These nanotubes (synthesized using this CVD 

process) were compared to those produced by the groups that had first reported this 
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spinning process.  Under SEM observation, the nanotube mats look similar.  However, 

at the nanometer scale, “spinnable” tubes were found to have straighter walls, smaller 

diameters, and did not have bamboo morphology, as observed in our product.  This is 

shown in Figure 6-45.   

 

Figure 6-45: (a) SEM image of "spinnable" CNTs, (b) TEM image of bamboo CNTs 
grown in this work, (c) TEM images of "spinnable” CNTs [263] 

 
To explore the causes for these differences, the growth conditions used by 

these groups were compared to those used in this work.  All groups used similar 

thermal CVD techniques, and the growth reaction equipment was comparable to that 

used in the current work, so only the major differences in growth parameters were 

considered; these are listed in Table 6-7.   

Table 6-7: Comparison of important CVD synthesis parameters for reported 
"spinnable" CNTs and the method used in the current work 

Parameter Jiang, et al 
[213, 263] 

Zhang, et al 
[203, 204] 

Li, et al 
[189, 201] 

2006 Growth 
Parameters 

Catalyst 3.5-5.5nm Fe ~5nm Fe ~1nm Fe 5nm Ni, Fe 
Carbon C2H2 C2H2 C2H4 Benzene 

Gas Ar or H2 He Ar, H2, H2O Ar, NH3 
Pressure Atm.  or 2 torr Atm. Atm. Atm. 

Temperature 620-700°C 680°C 730-780°C 850-900°C 
Substrate SiO2 on Si SiO2 on Si Al2O3 on Si SiO2, Si 
Lengths ≥ 100µm ≥ 200µm ≥ 300µm ≤ 150µm 

Spinnable? Yes Yes Yes No 
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No major differences are observed in the choice of catalysts (thin Fe films for 

all groups) and in reaction pressure (spinnable nanotubes have been produced at 

atmospheric pressure, so low pressure CVD is not a requirement).  The choice of inert 

reaction gas does not appear to play a major role; however, the addition of ammonia in 

our work (intended to reduce amorphous carbon build-up, discussed previously) is not 

added in any other group’s growth.  This difference explains the bamboo morphology 

observed in our nanotubes but not in the “spinnable” nanotubes (see Section 5.4.2).  

The most important differences are in the choice of carbon source and the reaction 

temperature.  During most of this study, benzene was used predominantly; the ring 

structure of benzene is very stable and benzene therefore requires higher temperatures 

to decompose and provide carbon for nanotube formation.  The groups reporting 

“spinnable” nanotubes have used either acetylene or ethylene as a carbon source.  The 

triple bond in acetylene is fairly unstable compared to other hydrocarbons, and both 

acetylene and ethylene have optimal growth temperatures which are lower than those 

used with benzene.  This choice of carbon source allows for a significantly reduced 

reaction temperature, between roughly 620-780°C, rather than the 900°C typically 

used with benzene in this work.   

Also of note is the smaller diameters of nanotubes found in “spinnable” mats.  

Similar thickness metal catalyst films have been used in all growth methods compared 

in Table 6-7.  Catalyst particle size has been shown to closely relate to nanotube 

diameter, with smaller particles producing smaller nanotubes [143, 154, 188].  For a 

given quantity of starting catalyst material (a film of fixed thickness), the number of 
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discrete catalyst particles formed from this film will be inversely proportional to the 

volume of the particles.  More numerous smaller particles will be packed closer 

together on the substrate surface; this will lead to a more tightly packed nanotube mat 

with increased van der Waals forces between adjacent tubes.   

6.3.1 CVD Optimization for Spinnable CNTs 

Due to poor initial growth attempts with acetylene (see Figure 5-11), ethylene 

was selected as the carbon source for this nanotube synthesis optimization.  In 

addition, the use of very thin (< 2nm thick) catalyst films was found to result in 

inconsistent growth.  Consequently, the thin iron catalyst films used in this study had 

thicknesses ranging from 3nm to 5nm, and were deposited on either SiO2 or AL2O3 

substrates.  The other reaction parameters (atmospheric pressure, 750°C, argon gas 

with trace water vapor) were selected to mimic those condition used by other groups 

to grow “spinnable” tubes.   

During this optimization process, several reaction variables were adjusted.  

The results of these experiments have already been presented (in sections 5.2.1, 5.3.1, 

and 5.4.2), and will just be briefly summarized here.  The use of ethylene allowed for 

growth to be carried out at lower temperatures, and as a consequence of this, the 

coalescence of smaller catalyst particles into larger ones is reduced (relative to higher 

temperature reactions such as those using benzene).  Nanotube growth rates are 

slightly increased with smaller catalyst particles and the higher hydrogen to carbon 

ratio in ethylene (compared to benzene) allows for growth at higher carbon source 

concentrations and without the use of other reaction gases (such as ammonia).  As a 
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result, growth rates exceeding 100 nm/sec were achieved and this rapid growth 

continued for a longer duration (relative to the previous synthesis attempts using 

benzene).  Nanotube samples as long as 200µm long were produced (see Figure 5-20), 

and these nanotube lengths have been reported previously as sufficiently long for 

spinning nanotubes into ropes.   

The next important difference between the tubes grown previously and those 

synthesized for nanotube spinning is the much larger diameters of those tubes grown 

earlier in this work.  Smaller tube diameters will result in reduced spacing between 

adjacent tubes, increasing van der Waals interactions between tubes in the mat.  Four 

reaction parameters were found to significantly influence tube diameters (section 

5.3.1), and growth was then optimized to produce the smallest nanotubes possible.  

The starting nanotube diameter is a function of the catalyst particle diameter, and to 

reduce this dimension, thinner catalyst films were used (3nm and 5nm rather than 

10nm) and alumina covered substrates were selected over silica substrates.  Iron 

catalyst on alumina substrates were previously found to grow via the base growth 

mechanism (section 5.2.2), and the increased catalyst-substrate interactions that lead to 

base growth could potentially interfere with the spinning process.  However, recent 

reports [189, 201] have described the successful spinning of nanotubes supported on 

alumina substrates, so this interaction appears to play a minor role during spinning.   

In addition to control over the initial catalyst particle sizes, the deposition of 

amorphous carbon (which can thicken nanotubes during growth) must be limited.  

Two reaction parameters were optimized to achieve this.  First, excessive reaction 
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temperatures were observed to considerably thicken nanotube products (see Figure 

5-36), and a growth temperature of 750°C for ethylene was used to avoid this 

unwanted deposition.  In addition to minimizing the formation of amorphous carbon 

byproducts, lower temperatures also can slightly reduce the initial catalyst particle 

sizes by limiting particle movement and coalescence during heating.  Secondly, the 

introduction rate of the carbon source must also be selected to avoid this unwanted 

carbon buildup.  Consequently, the flow ratio of ethylene to argon was always kept 

below one for the overall volumetric gas flow rates used (300-500 sccm).   

The final structural difference between those nanotubes that have been drawn 

and spun by other groups and the tubes initially produced in this work is the tube 

morphology.  In order to achieve aligned growth of nanotubes with few impurities 

using benzene, the addition of ammonia gas to the reaction was found to be beneficial.  

However, earlier studies have demonstrated that while the hydrogen generated through 

ammonia decomposition inhibits the formation of amorphous carbon (section 5.3.2.2), 

the nitrogen leads to the growth of bamboo carbon nanotubes.  Although it is unknown 

exactly how the bamboo structure could influence how spinnable carbon nanotubes 

may be (besides possibly increasing the flexural rigidity of the tubes), all of the reports 

of spinnable tubes have straight walls.  To avoid the growth of nanotubes with bamboo 

morphology, ammonia was not used in any of these experiments.   

The revised ethylene growth recipe was able to produce nanotube products 

with very similar characteristics to those reported in the literature as being “spinnable” 

(shown in Figure 6-46 and summarized in Table 6-8).   
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Table 6-8: Comparison of nanotube properties for spinnable CNTs [189, 201, 203, 
204, 263], and nanotubes grown using two different methods in this work 

Property Spinnable CNTs 2006 Recipe 2008 Recipe 
Length > 100-200µm Often < 150µm Up to 200µm 

Diameter 10-15nm or less ~40-50nm ~15-20nm 
Morphology Straight-walled Bamboo Straight-walled 

 

 

 

Figure 6-46: (a) "spinnable" carbon nanotubes, (b) thicker, bamboo nanotubes grown 
using the 2006 CVD recipe, (c) improved growth using the 2008 recipe 

 

6.3.2 Development and Results of Spinning Process 

Once the nanotube synthesis process had been refined to allow consistent 

growth of nanotubes similar to those described in the literature, the actual spinning 

procedure was studied.  As reported, the requirements for this process were relatively 

simple (Figure 2-49).  The draw process is begun by contacting the side of a suitable 

nanotube mat with an appropriate probe (such as a wooden toothpick [204] or 

adhesive tape [203]).  After contacting the nanotube mat, this probe is drawn away in a 

direction parallel to the substrate surface (perpendicular to the nanotube axis), 

although once the process has been initiated, the draw angle (relative to the tube axis) 

can be adjusted [204].  Nanotube sheet or yarn material can be drawn from the mat a 

speeds of up to 5 cm/min [201], and rotational speeds of ~2000rpm (provided by a 

motor, see Figure 2-49) are used to twist the yarn during fabrication.  The maximum 
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possible length that can be achieved is governed by the size of the substrate, with 

yarns lengths of ~50m consuming roughly a 1cm2 area of nanotube mat [204].   

In the current work, two devices were built to facilitate this drawing process.  

The first apparatus could be affixed to the sample stage within the SEM to allow 

spinning attempts to be made in-situ.  The second device consisted of two linear 

translation stages, and was sized so that it could be operated while viewing the sample 

using a stereo microscope (to allow for more precise control over sample and probe 

positioning).  In addition, different probes (metal, plastic, wood, or adhesive tape) 

could be used, and a variable speed dc motor could be attached to introduce a twist in 

addition to the linear draw.  Reports from the literature on this process have indicated 

that the initial contact between the probe and the nanotubes should occur on the side of 

the mat (rather than at an angle or at the top).  Even with the synthesis refinements 

described in section 6.3.1, the nanotubes used in this work were no longer than 

~200µm, and the accurate positioning of the probe on the mat edge was difficult.  To 

simplify this, both the devices used were designed to allow precise vertical adjustment 

of the sample (in addition to the linear translation of the probe away from the sample).   

The first device built was based on the apparatus used for in-situ tension and 

compression testing inside the SEM (see section 6.1.2).  However, rather than using 

the SEM stage to position the nanotube sample (against a stationary load cell), the 

sample was kept stationary, and an attachment was built to affix a dc motor to the 

SEM stage (Figure 6-47).  With this set-up, a probe attached to the motor could be 

moved relative to the sample, and an electrical feed-through (used previously for the 
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load cell signal), provided power to the motor.  Either plastic or metal probes could be 

used, and all plastic parts (including those supporting the motor) were sputter-coated 

with a thin gold layer to prevent charging under the beam.   

 

Figure 6-47: Apparatus designed for in-situ nanotube spinning attempts 

 
The motor was found to operate inside the SEM without issue, and the only 

drawback was relatively blurry imaging due to vibrations and slight misalignment of 

the probe while the motor was running (Figure 6-48a,b).  Each probe was shaped to a 

sharp point using sandpaper; however, while probe surfaces appeared smooth at a 

macroscopic level, at the microscopic level they were still fairly rough (Figure 6-48c), 

and the probe roughness is important for the spinning process [201].   

 

Figure 6-48: (a) low magnification view of metal probe tip, (b) spinning probe, (c) 
magnified view of probe tip showing roughened surface 

 
Attempts at spinning nanotube sample into ropes using this in-situ device were 

not successful.  One of the main challenges was the accurate vertical positioning of the 
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nanotube sample and the probe tip.  Vibrations (arising due to some compliance in the 

SEM stage and motor mount) and the difficulties of fabricating the probe point exactly 

on-center with the motor axis made it hard to achieve controlled contact between the 

probe tip and the nanotubes for short CNT mats.  In many cases, the spinning probe 

would make contact with the substrate and damage the nanotube mat.   

To avoid this, longer floating catalyst nanotube samples were used.  However, 

all spinning attempts on these nanotube mats resulted in the “drilling” of the probe tip 

into the nanotube mat, with no nanotube material draw away from the mat when the 

probe was removed (Figure 6-49).   

 

Figure 6-49: In-situ spinning results for floating catalyst CVD nanotubes 

 
While the in-situ approach provided excellent imaging of the nanotube mats 

before and after spinning attempts, the process for vertically centering the probe on the 

mat edge was tedious.  For each new sample, fine tuning the vertical position involved 

imaging the sample, venting the SEM chamber and making a fine adjustment in the 

sample height, then pumping the chamber and imaging the new position.  To avoid 

this process, a new device was designed to give accurate vertical and controlled 

horizontal translation outside of the SEM (Figure 6-50).  Two fixtures were designed 
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to allow either a motor with a sharpened probe tip or a stationary piece of adhesive to 

be attached to the horizontal stage.   

 

Figure 6-50: Dual linear translation stages used to adjust sample and probe positions 
during spinning and drawing attempts 

 
Because this device was not constrained to fit within the SEM chamber, a more 

robust motor support was built, which largely eliminated the vibration problem 

observed during the in-situ tests.  This improvement did not eliminate the issue of 

centering the sharpened probe tip on the motor axis, and the probe rotation was still 

slightly eccentric.  Nevertheless, attempts were made to spin thermal CVD nanotubes 

using this apparatus (floating catalyst nanotubes were not considered due to the poor 

results in the in-situ tests).  A cylindrical wooden toothpick (similar to that used in 

[204]) was attached to the motor for spinning trials, and adhesive scotch tape was used 

to replicate the nanotube sheet fabrication procedure (described in [203]).  In both 

cases, some nanotube material became attached to the probe or adhesive surface 

(Figure 6-51); however, none of the attempts was able to produce nanotube yarns or 

sheets.   
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Figure 6-51: Results of spinning and drawing attempts using (a) a wooden toothpick 
probe, and (b) adhesive tape 

 
Although the nanotube synthesis method used in this work was refined 

(producing nanotubes similar in appearance to spinnable tubes, Figure 6-46), attempts 

to produce macroscopic nanotube-based material using the spinning procedures 

described in the literature were not successful.  In these papers, the alignment of 

nanotubes within the mat and the cleanliness of the tubes have been described as 

critical factors in spinnable tubes [263].  The literature does not report any 

measurement of this alignment, and characterization results (such as Raman 

spectroscopy data to quantify impurity content) are not given.  The crowding 

mechanism has been proposed as the source of this alignment, and tightly packed 

catalyst particles (on the substrate) have been reported to improve alignment to 

produce spinnable tubes.  However, the mechanism by which these improved catalyst 

particles are obtained has not been adequately described, and the substrate and catalyst 

preparation procedures reported in the literature are quite commonplace [263].  While 

the synthesis conditions used in this work have been optimized to reduce nanotube 

diameters and to minimize the formation of unwanted byproducts, it appears that 
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other, unreported reaction parameters play an important role in the growth of 

spinnable nanotubes.   

 

Chapter 6, in part, is a reprint of the material as it appears in: 

Deck, C. P., Flowers, J., McKee, G. S. B., Vecchio, K. S., “Mechanical 

behavior of ultralong multiwalled carbon nanotube mats”, Journal of Applied Physics, 

v.101, 023512 (2007) 

Deck, C., Ni, C., Vecchio, K., Bandaru, P. R., “Optical Determination of the 

Flexural Rigidity of Carbon Nanotube Ensembles”, Applied Physics Letters, v.92, 

173106 (2008). 

The dissertation author was the primary investigator and author of these 

papers.   
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7. Conclusions 

In this work, carbon nanotubes were successfully produced using a wide range 

of reaction conditions, and several approaches were used to optimize this synthesis 

and to characterize the nanotube products.   

The growth methods used in this research differed in two distinct aspects: the 

manner in which the catalyst material was introduced, and the phase of the carbon 

source used for growth.  In floating catalyst chemical vapor deposition (CVD), the 

catalyst material was dissolved into a hydrocarbon solution, and these reactants were 

fed directly into the growth chamber.  Long nanotube mats were produced (up to 

~6mm length), and growth rates were relatively constant for extended reaction 

durations.  Growth of nanotubes synthesized using this method initiated at the 

substrate surface, and mats containing numerous distinct layers could be formed by 

varying the reactant flow.   

Thermal chemical vapor deposition growth used catalyst materials which were 

deposited on the growth substrates prior to synthesis.  Nanotubes were produced using 

several different catalyst metals, and these metals were put down either through thin 

film deposition or by using a solution approach.  Either liquid or gaseous carbon 

sources could be used with this method, and in both cases, a rapid initial growth rate 

was observed which slowed as the reaction progressed and the catalytic activity of the 

metal particles was diminished.  This transition occurred due to amorphous carbon 

build-up on the catalyst particles, and as a result of this poisoning, nanotube growth 

was limited to ~200µm lengths.   
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This effect could be reduced by optimizing the reactant gas composition used 

during synthesis.  The introduction of either hydrogen or ammonia was found to 

reduce the rate of amorphous carbon deposition, and by examining nanotubes grown 

under different conditions, it was found that an amorphous carbon coating of roughly 

3-6nm was sufficient to completely terminate growth.   

In addition to optimizing synthesis conditions to produce longer carbon 

nanotubes, the effects of different reaction parameters on nanotube diameters were 

studied.  Using thermal CVD, nanotubes were grown from catalyst films with 

thicknesses ranging from 2-50nm.  Diameters were found to increase (from ~20nm to 

~80nm) with increasing film thickness; however, this trend did not continue for very 

thick films (50nm).  Interactions between the catalyst and substrate surface were 

observed to influence both nanotube diameter and growth mechanism, with stronger 

metal-substrate interactions producing smaller tubes which formed via the base growth 

mechanism.  To further investigate this, atomic force microscopy was used to measure 

surface roughness of several metal-coated substrates, which had been heated to 

reaction temperatures.  A significant dependence of particle size on temperature was 

observed, and subsequent growth of nanotubes confirmed this relation.  Increased 

reaction temperatures resulted in both increasing particle sizes (controlling the initial 

nanotube diameters), but also increasing nanotube outer diameters (which thickened 

due to amorphous carbon deposition).  A similar effect was obtained by increasing the 

introduction rate of the hydrocarbon used during synthesis.  Through control of these 

parameters (catalyst film thickness, substrate material, reaction temperature, and 
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carbon source introduction), the inner and outer nanotube diameters could be 

independently controlled.   

Another important aspect of synthesis was the reaction gas composition.  The 

use of ammonia had previously been identified as a means to reduce the deposition of 

amorphous carbon and prolong growth.  Tubes grown under these conditions, 

however, were found to have a distinct compartmentalized structure.  The introduction 

of nitrogen (through the use of ammonia) was identified as the cause of this bamboo 

morphology, and pyridine (C5H5N) was also found to produce a similar effect.  

Through careful introduction of these substances, nanotube wall thicknesses could be 

controlled and the tube morphology could be changed during synthesis (from straight-

walled to bamboo).  A study of the effects of varying ammonia or pyridine 

concentrations was used to find optimal growth conditions and to identify the exact 

mechanism by which nitrogen leads to this bamboo morphology.   

Following this work to optimize growth and to control nanotube dimensions 

and morphology, a series of experiments were designed to investigate the material 

properties of these tubes.  The first studies were performed on tubes grown via floating 

catalyst CVD, as the larger scale (several mm) of these products allowed for a number 

of characterization methods to be applied.  One of the main areas of interest was to 

determine the mechanical properties of as-grown nanotube mats.  In this work, 

nanotubes were synthesized in the form of well-aligned arrays of tubes supported by 

the growth substrate.  A straining stage was design to fit inside an SEM to allow for 

in-situ compression and tension testing of these samples.  As expected, the observed 
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modulus was considerably higher in tension (~28 GPa compared to ~670 MPa in 

compression).  These tests also revealed that the mat structure in floating catalyst 

CVD products is discontinuous, with many separate tubes contributing to the overall 

mat height.  This structure contributed to a distinct time-dependent stress relaxation 

that was observed during both compression and tension tests.   

The relatively large quantities of products obtained from floating catalyst 

synthesis also allowed some simple electrical testing to be performed.  Nanotube 

samples were grown under a range of synthesis conditions (with both bamboo and 

straight-walled morphologies and with varying catalyst concentrations) and were 

processed to form nanotube paper (mats of randomly aligned tubes).  Measurements of 

these samples indicated electrical resistance increased as the catalyst concentration 

went up (due to accumulation of impurities within the mat), and resistance was also 

higher in bamboo nanotubes (as a result of misalignment between the graphitic lattice 

in the tube walls and the nanotube axis).  These results, along with the methods that 

were discovered to produce this bamboo morphology could lead to control over the 

electrical properties of nanotubes by simply adjusting reaction conditions during 

growth.  While a more complete investigation of the electrical properties of carbon 

nanotubes was beyond the scope of this work, this is one area where further 

investigation could help develop this potentially powerful method to control nanotube 

properties.   

Nanotubes produced using the thermal CVD procedure were also characterized 

using multiple approaches.  Although mats of tubes grown using this method were 
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typically much shorter that those obtained using floating catalyst CVD, compression 

tests (using the same in-situ approach) were attempted, and two distinct regions were 

observed in the stress-strain response.  Initially the nanotube mats were very 

compliant, and uniform buckling could be observed.  Once the mats had been 

compressed to large strains (up to ~75%), sufficient densification had occurred and the 

response became significantly stiffer (the modulus increased over fifty-fold).   

The separation of the catalyst deposition and nanotube growth stages in 

thermal CVD also allowed the catalyst regions to be patterned.  The well aligned 

nanotube mats produce in this work were found to polarize light transmitted through 

them, although the light intensity was reduced considerably (a drop of ~105).  An 

experiment was designed to take advantage of this low light transmission in order to 

measure the flexural rigidity of carbon nanotube arrays.  In this study, patterned 

nanotubes were subjected to fluid flow, and the resulting drag forces caused the 

nanotubes to deflect as a function of the applied fluid velocity.  This deflection was 

measured experimentally by monitoring changes in the intensity of a laser passed 

through these mats.  In addition, the deflection was modeled by simulating the fluid 

flow and drag forces acting on the tubes and then by treating the nanotubes as fixed 

end cantilever beams to solve for defections.  Comparisons between the experimental 

results and our model led to the determination of the flexural rigidity of these mats, 

and EI was ~7.5x10-16 Nm2.  The experimental set-up used also demonstrated a 

potential fluid flow or shear force sensor, and consistent measurements were obtained 

using two different fluids over a range of velocities.   
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The final part of this work investigated methods to process as-grown nanotubes 

into macroscopic, nanotube-based, bulk materials.  Other groups have reported 

previously on this topic (spinning mats of tubes into yarns and sheets); however, the 

tubes used in these studies differed in several important aspects from those 

synthesized in this work.  Towards the goal of successfully producing these bulk 

materials, the growth conditions used were significantly modified to synthesis tubes 

that were longer, narrower, and had a straight-walled morphology (matching those 

reported elsewhere).  Two devices were also constructed, to allow for the particular 

spinning processing conditions to be replicated.  However, attempts to produce 

macroscopic materials out of our nanotube samples were unsuccessful, and further 

work is needed in this area to identify additional growth parameters and nanotube 

properties that are critical towards producing these bulk materials.   
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