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Abstract 
 

Purification, Length Characterization and Quality Assessment of Carbon 
Nanotubes: A Roadmap to Spinning Fibers with Superior Electrical Conductivity 

and Strength 
by 

Dmitri Evgenevich Tsentalovich 

 
The performance of carbon nanotube (CNT) fibers has been limited by an inability to 

accurately measure CNT length and by an inadequate understanding of how CNT fiber 

properties depend on intrinsic CNT properties. This dissertation covers a new method for 

evaluating carbon nanotube length distributions, advances in CNT purification, and a 

comprehensive analysis of how CNT fiber performance is influenced by properties of the starting 

CNT material.  

We determine length distributions for CNT samples from a combination of extensional 

viscosity measurements and isotropic-nematic cloud point measurements of semidilute CNT 

solutions in chlorosulfonic acid. We show that the isotropic cloud point concentration scales 

with the inverse of CNT aspect ratio determined from extensional viscosity measurements, 

consistent with theoretical expectations, thereby validating the experimental method. Unlike 

length measurement techniques that rely on CNT sonication or functionalization, the 

extensional viscosity method is the only bulk measurement method that can probe CNT samples 

with average lengths greater than several microns. 

We apply this length measurement technique, along with purity measurements via 

thermal gravimetric analysis (TGA), and graphitic character measurements by Raman 

spectroscopy to optimize CNT purification. The optimal purification conditions minimize cutting 

of CNTs, while maximizing CNT purity, purification yield, and graphitic character. Despite 

appreciable shortening of CNTs by purification, transparent and conductive thin film properties 

improve after purification because of improved CNT purity and graphitic character.      

High CNT purity, excellent graphitic character, as well as high aspect ratio are all critical 

for producing high-performance, multifunctional CNT fibers. Contrary to extant work, number of 

CNT walls does not appear to considerably affect fiber properties. High purity levels are 

primarily important for efficiently mixing and processing CNTs, whereas, graphitic character and 

high aspect ratio both strongly influence fiber strength and electrical conductivity.  

Using the highest quality, available CNT material, we spin continuous, high-strength 

fiber with the highest electrical conductivity reported in the literature. The fiber properties 

reported here represent significant improvements over past acid-spun and solid-state spun CNT 

fibers. The advances described in this thesis will improve CNT manufacturers’ ability to assess 

CNT quality; enabling researchers to continually improve the strength and conductivity of CNT 

fibers.  
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Chapter 1 

Introduction 

The development of superior materials has spurred the evolution of aerospace 

engineering, automotive engineering, and sports equipment technology. Due to their 

combination of lightweight and high strength, synthetic polymers and carbon fiber composites 

have recently begun to supplant the use of traditional structural materials (i.e. metals) in 

aircraft, high-end automobiles, and sporting goods. However, heavy, rigid metals are still the 

primary conductors used in transmission and power cables, electromagnetic interference 

shielding materials, and heat dissipation equipment in electronic devices. Compared to man-

made materials such as carbon fibers and ballistic polymers, metals have high density, low 

strength, and poor resistance to flex fatigue. However, high electrical conductivity is critical for 

primary conductors, and metals have been one of the few materials able to consistently deliver 

the conductivity necessary for transmission, power, and EMI shielding applications.      

Carbon nanotubes (CNTs) have been touted as a potential replacement for metals in 

applications requiring high electrical conductivity since the original discovery of CNTs [Iijima 
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1991]. The electrical conductivity of individual, metallic CNTs has been measured to be as high 

as 100 MS/m [Park et al. 2004], nearly double the conductivity of copper. In addition, CNTs are 

nearly 10 times more thermally conductive than copper, as experimentally measured thermal 

conductivity values of over 3000 W/m-K have been reported for multi-walled carbon nanotubes 

(MWNTs) [Pop et al. 2006]. With reported tensile strengths of 110 GPa [Peng et al. 2008], CNTs 

are also more than 50 times stronger than high-strength steel. Coupled with CNTs’ low density 

(~1.5 g/cm3), their excellent strength and conductivity give them great potential to serve as 

lightweight replacements for metal conductors in weight-sensitive applications.   

For example, large modern aircraft such as the Boeing 777-300 have more than 110 

miles of metal wiring so even a small reduction in the weight of conductive wires would lead to 

tremendous weight savings on such aircraft. Replacing all of the metal wiring on a Boeing 777-

300 aircraft with CNT-based wires would lead to a 1600 kg weight reduction. This corresponds 

to an annual fuel savings of about 180,000 L and a reduction in aircraft CO2 emissions of over 

450 metric tons per year.  Moreover, failure of metal electrical wiring is one the main causes of 

aircraft accidents [United States Air Force Accident Investigation Board 2014], and replacing 

metal wiring with strong, flexible CNT-based wires would minimize the risk of wire failure due to 

flex fatigue.  

However, any attempt to replace metals and still meet cable electrical requirements will 

require a material that approaches the conductivity of copper. Achieving bulk material 

properties with CNTs that rival the strength and conductivity of individual CNTs has proven to be 

very difficult. Challenges in dispersing long CNTs in aqueous and organic solvents have limited 

the properties of CNT fibers spun from surfactant-stabilized, DNA-stabilized, and polyelectrolyte 

CNT dispersions [Jiang et al. 2014; Kozlov et al. 2005; Vigolo et al. 2002].  Meanwhile, poor 
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alignment and packing, as well as the use of defective CNTs have led to disappointing values of 

conductivity from solid-state spun CNT fibers [Koziol et al. 2007; Zhang et al. 2007]. However, 

post-processing techniques including fiber densification and doping with KAuBr4 or iodine have 

led to more than 10-fold improvements in CNT fiber conductivity [Alvarenga et al. 2010; Wang 

et al. 2014; Zhao et al. 2011]. The most conductive, continuous CNT fibers reported in the 

literature up to now were fabricated by spinning from acid solutions. Acid processing of CNTs 

yields highly aligned and densely packed CNT fibers, does not require post-processing to achieve 

high conductivity values, is more readily scalable than solid-state spinning techniques, and is 

applicable for a wide range of different types of CNTs [Behabtu et al. 2013; Ericson et al. 2004; 

Joselevich et al. 2008; Parra-Vasquez et al. 2010].  

Recently reported, state-of-the art CNT fibers produced by spinning from acid solutions 

are still about 10 times lower in conductivity than copper wires [Behabtu et al. 2013]. Because 

of improved processing and the use of superior quality CNTs, the properties of the fibers 

reported by Behabtu et al. improved by nearly an order of magnitude compared to previous 

acid-spun CNT fibers [Ericson et al. 2004]. The present thesis shows that further improvements 

in fiber strength and conductivity can be achieved from having a thorough understanding of 

which intrinsic CNT properties are critical for enhancing specific fiber properties. Following a 

review of CNT behavior in acid solutions, we introduce a new method for evaluating CNT aspect 

ratio, demonstrate the importance of CNT purification and how purification affects CNT 

properties, and also show how CNT properties such as number of walls, purity, graphitic 

character, and aspect ratio influence the strength and conductivity of acid-spun fibers.       
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Chapter 2 

Phase Behavior and Rheology of 

Rodlike Molecule Solutions 

Processing carbon nanotubes into fibers and films from solution has many advantages. 

Solution processing is highly scalable. Polymeric fibers such as Kevlar and Twaron are produced 

on an industrial scale from liquid crystalline acid solutions [Baird 1980]. In fact, much of what is 

known about processing rigid polymers such as p-phenylene terephtalamide (PPTA) into fibers 

can be adapted to CNT fibers because CNTs can essentially be considered as rigid rod polymers 

[Green et al. 2009].  Using the knowledge already available from polymeric fiber processing is 

critical for developing high-performance fibers from CNTs. Another major advantage of working 

with CNTs in solution is that solution processing is the best way of achieving good alignment of 

CNTs in fibers and films [Behabtu et al. 2013; Ericson et al. 2004; Joselevich et al. 2008]. A high 

degree of CNT alignment is critical for achieving both high strength and high conductivity. 

Finally, when using chlorosulfonic acid, a solution-based approach allows for the use of a variety 

of different CNT and graphitic materials for both fiber spinning and film formation. However, in 
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order to be able to work with CNTs in solution, it is first necessary to understand how to control 

their solubility and phase behavior. 

2.1.  Phase Behavior of Rodlike Molecule Solutions 

Solutions of rodlike molecules have been studied in great depth.  Both theoretical and 

experimental studies have been performed for a variety of different types of molecules.  The 

behavior or rodlike molecules in solution is strongly dependent on rod concentration because 

the anisotropy of rodlike molecules leads to the formation of a nematic phase at high enough 

rod concentrations. The original theoretical frameworks for rigid rod phase behavior as a 

function of concentration were developed by [Flory 1956] and [Onsager 1949].  Extensions of 

Onsager’s theory have been able to describe the effect of solvent quality [Green et al. 2009] as 

well as the effect of polydispersity [Speranza and Sollich 2003a; Speranza and Sollich 2003b; 

Wensink and Vroege 2003] on the phase behavior of rodlike molecules. These theories can be 

applied to help design operations that focus on fluid processing of rodlike molecule solutions.  

2.1.1. Concentration Regimes 

The concentration of dispersed molecules has a strong effect on fluid phase behavior 

and rheological behavior. Films of rodlike molecules are usually formed from low concentration 

solutions; whereas for fibers it is typically most advantageous to spin from higher concentration 

solutions. Thus, understanding fluid phase behavior at different concentrations is important for 

solution processing.   

For rigid rod polymer suspensions, there are three distinct concentration regimes (see 

Figure 2.1).  At low concentrations, rods are isotropically oriented in solution.  The isotropic 
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regime can be divided into sub-regimes. In the dilute sub-regime rods are isotropically dispersed 

and do not interact with each other.  Neither translational nor rotational movement of the rods 

is inhibited.  In the semidilute sub-regime, the rotational motion of the rods is hindered. At 

intermediate concentrations rods enter into a biphasic regime, which refers to a state in which 

some of the rods begin to orient in the same direction due to steric effects (excluded volume 

interactions), while the rest of the rods remain in an isotropic phase.  At high concentrations, 

rods transition to a fully nematic regime where all rods have a preferred orientation as a result 

of steric hindrance. All of the concentration regimes have unique rheological and optical 

signatures and have been the subject of many experimental and theoretical studies. 

 

Figure 2.1: Concentration regimes for solutions of rigid rod molecules. 
 

2.1.2. Onsager vs. Flory Theory 

The two foundational theories that describe rigid rod phase behavior are Onsager’s 

statistical mechanical theory [Onsager 1949] and Flory’s lattice-based theory [Flory 1956]. Both 
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theories work out the conditions for rods to transition from an isotropic phase to a nematic 

phase and vice versa.  

Onsager’s theory assumes a system of mondisperse, low density, high aspect ratio rigid 

rods in an athermal solvent. In an athermal solvent, there are no interactions between the 

solvent molecules and the dispersed rods. The phase of the system is determined by the 

competition between the orientational entropy contribution to the free energy and the 

excluded volume potential.  Once the critical concentration of rigid rods in solution is reached, 

the rods will align spontaneously in order to reduce the excluded volume contribution to the 

free energy.  The reduction of the free energy due to this alignment outweighs the gain in free 

energy caused by the loss of orientational entropy.  The volume fractions for the isotropic to 

biphasic transition φiso and the biphasic to nematic transition φnem are 

  3.34 /iso D L   2.1 

  4.49 /nem D L   2.2 

where D is rod diameter and L is rod length. 

Flory theory predicts slightly different phase behavior for solutions of rigid rods [Flory 

1956].  It is a lattice-based theory that attributes excluded volume interactions to packing 

effects by developing a partition function for the different ways that rods can be packed into a 

lattice and calculating the free energy dependence on rod orientation.  Rod-rod interactions are 

characterized by the χ parameter. 

 
m

B

H

k Tnv



  2.3 
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where ΔHm is the enthalpy of mixing, kB is the Boltzmann constant, and T is the temperature.  The 

number of rods is represented by n, and v is the volume fraction of solvent.  For an athermal 

solvent, χ = 0 and the phase transitions according to Flory are  

 8 1 2iso

D D

L L


 
  

 
 2.4 

 12nem

D

L


 
  

 
 2.5 

Flory’s theory does not have quantitative agreement with Onsager, chiefly because of 

the assumptions that are necessary in order to simplify the mathematics enough to make the 

problem solvable.  The effect of solvent quality on phase behavior is one of the key 

contributions of Flory.  Figure 2.2 shows the well-known biphasic chimney at low values of χ 

where the solvent quality is highest.  For low χ, the transition from isotropic to nematic happens 

in a relatively small range of concentrations and resembles a chimney on a plot of χ  vs. φ.  

Negative values of χ correspond to repulsive rod interactions.  The biphasic region becomes 

much broader as χ increases.  In the biphasic region, highly concentrated rods that form liquid 

crystalline domains are in equilibrium with isotropically oriented rods.  The increased width of 

the biphasic regime can occur as a result of reduced solvent quality as well as due to increased 

rod flexibility or polydispersity [Flory 1956; Kiss 1979].  Lower temperatures also act to increase 

the width of the biphasic region. These factors lead Flory’s phase transition predictions to be 

lower than experimentally measured values [Kiss 1979; Larson 1999]. 
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Figure 2.2: A Flory phase diagram for rigid rods with an aspect ratio of 75 is shown.  The plot is 
generated from a code that calculates the equilibrium concentrations by minimizing the free 
energy of the system. Code and data courtesy of Natnael Behabtu, Research Investigator, 
Dupont, Wilmington, DE. 
 

The main strength of Flory’s theory is that it is useful for a wide range of molecules and 

mixtures of particles. It has been adapted for systems of semiflexible polymers [Flory 1956], 

rodlike polymers with flexible side chains [Ballauff 1986], and polydisperse rods [Flory and Abe 

1978].  However, Flory’s theory suffers from poor quantitative agreement with experimental 

data due to a number of assumptions that are necessary in order to use the theory.  The effect 

of attractive interactions is not accounted for thoroughly in Flory’s framework because the 

presence of attractive interactions is reflected only in the enthalpy of mixing term. Therefore, 
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there has been a strong incentive to extend Onsager’s theory to rigid rod systems other than 

solutions of repulsive, length monodisperse rods in an athermal solvent.    

2.1.3. Effect of Polydispersity 

As of now, there are several extensions to Onsager’s theory that can be applied to 

solutions of polydisperse rods [Speranza and Sollich 2003a; Wensink and Vroege 2003], as well 

as to polydisperse rod systems with variable solvent quality [Green et al. 2009]. These theories 

demonstrate that length polydispersity has a profound effect on the phase behavior of rodlike 

molecules.  

In general, length polydispersity broadens the biphasic region for solutions of rigid rods.  

The mathematical definition of polydispersity σ is 

 

22

2

a a

a



  2.6 

where a represents either the rod diameter or rod length, depending on the polydispersity of 

interest.  The properties of the biphasic region have a strong dependence on the length 

distribution of the rods.  Speranza and Sollich developed the P2 Onsager model, which shows 

that longer rods are more likely to form a liquid crystalline phase, by analyzing the effects of the 

longest rods in a distribution of rigid rods with continuous length polydispersity [Speranza and 

Sollich 2003b]. By using an approximation for excluded volume interactions, Wensink and 

Vroege developed a model called the Gaussian Orientational Distribution Function to determine 

the isotropic and nematic transition boundaries as a function of polydispersity and initial 

concentration [Wensink and Vroege 2003].  Both models predict that the width of the biphasic 
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region increases with increasing polydispersity.  The underlying assumptions for these models 

are an athermal solvent, monodisperse rod diameters, and hard rod repulsion between 

cylindrical rods. 

 

Figure 2.3: A phase diagram showing nematic and isotropic cloud and shadow points as a 
function of polydispersity for rigid rods in an athermal solvent. Solid lines represent cloud points 
and dotted lines represent shadow points. Adapted from [Wensink and Vroege 2003]. 
 

The models also predict the formation of so-called cloud and shadow phases due to the 

preferential formation of a nematic phase by longer rods.  An isotropic cloud point is defined as 

the concentration at which the first infinitesimally small amount of nematic phase is formed.  

The concentration of the nematic phase in equilibrium with the isotropic phase at the cloud 

point is known as the nematic shadow point. Figure 2.3 shows modeling results for how the 

cloud and shadow points vary as a function of polydispersity in the initial parent concentration.  
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In the monodisperse case, the isotropic cloud point is at the same concentration as the nematic 

shadow point and the nematic cloud point is at the same concentration as the isotropic shadow 

point.  The phase diagram in Figure 2.3 demonstrates that as the polydispersity increases, the 

transition from isotropic to biphasic happens at lower concentrations, while the transition from 

nematic to biphasic occurs at higher concentrations.  The net effect is a broadening of the 

biphasic region with increasing polydispersity.  

Furthermore, as concentration is increased above the isotropic cloud point, longer rods 

will preferentially form the nematic phase while the shorter rods stay in the isotropic phase.  

This creates a nematic phase that has a greater average length and a smaller level of 

polydispersity than the isotropic phase.  Such a phenomenon provides a potential way of 

separating CNTs according to their length. A recently developed theory that incorporates both 

short-range repulsion and long-range attraction between rods shows that the length separation 

effect is also expected for biphasic solutions of CNTs [Green et al. 2009]. For a given parent 

distribution, Green et al. calculate the nematic fraction of a biphasic system as a function of rod 

volume fraction. A square-well potential is used to model the long-range attractions. Figure 2.4 

shows that the average length of CNTs in the isotropic phase decreases as the volume fraction 

of CNTs in solution increases, indicating that longer rods preferentially go into the nematic 

phase. This has already been demonstrated experimentally in a study which shows that close to 

the nematic cloud point, the isotropic rods are the shortest rods in the parent distribution 

[Zhang et al. 2006]. Due to the high stiffness and extremely high aspect ratios of CNT samples, 

CNT solutions represent a unique experimental system for validating or refuting the various 

extensions to Onsager’s theory discussed in this section.  However, until recently, challenges in 

adequately dispersing CNTs have limited researchers’ abilities to compare experimental results 

on CNT solutions with theory.  



 13 

 

Figure 2.4: Plot of nematic volume fraction (left axis) and average isotropic rod length (right axis) 

as a function of rod volume fraction. Adapted from [Green et al. 2009]. 

 

2.2. CNT Dissolution in Superacids 

Carbon nanotubes tend to form close bundles with one another due to strong attractive 

van der Waals forces. This makes dispersing CNTs in a liquid extremely challenging. There are a 

number of techniques involving the use of surfactants and sonication that are capable of 

dispersing dilute concentrations of pristine CNTs in solution [Haggenmueller et al. 2008; Moore 

et al. 2003]. However, these methods are severely limited by the amount of CNTs they are able 

to disperse [Parra-Vasquez et al. 2007]. In addition, sonication tends to cut nanotubes to shorter 

lengths [Badaire 2004; Lucas et al. 2009; Pagani et al. 2012] and surfactant can be difficult to 

remove during processing of the solutions into useful articles such as films and fibers. 

Concentrated liquid crystalline dispersions of CNTs have been prepared from aqueous solutions 
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by functionalizing CNTs with hydrophobic groups such as DNA and hyaluronic acid [Badaire et al. 

2005; Moulton et al. 2007]. However, irreversible functionalization methods have adverse 

effects on both the conductivity and strength of CNTs. The only chemicals that are able to 

disperse pristine nanotubes at concentrations high enough to form a concentrated liquid 

crystalline phase are superacids such as fuming sulfuric acid and chlorosulfonic acid [Davis et al. 

2004]. 

2.2.1. Mechanism of CNT Dissolution in Superacids 

 

Figure 2.5: Raman spectra of a dry HiPco SWNT sample taken with a 785 nm excitation 
wavelength and of a 2.5 wt. % HiPco SWNT solution in chlorosulfonic acid taken at 514 nm and 
785 nm excitation wavelengths. The inset shows that at 514 nm excitation wavelength, the acid 
solution had a G peak shift of 23 cm-1 compared to the dry SWNT powder. Reproduced from 
[Ramesh et al. 2004].   
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Superacids dissolve CNTs by reversibly protonating the surface of CNTs with a 

delocalized positive charge [Ramesh et al. 2004]. This charge creates a repulsive force between 

the CNTs which can overcome attractive van der Waals forces and dissolve CNTs as individuals. 

HiPco SWNTs dissolve spontaneously in minutes, and an hour of stir bar mixing can completely 

dissolve up to 1.0 wt. % SWNTs in chlorosulfonic acid [Parra-Vasquez 2009]. 

 

Figure 2.6: Raman spectrum (785 nm laser) of the initial powder of HiPco SWNTs superimposed 
with the Raman spectrum of the same material after it was quenched from a solution of 
chlorosulfonic acid. Reproduced from [Davis et al. 2009]. 
 

The degree of SWNT protonation by superacids can be measured by Raman 

spectroscopy. Using a 514 nm laser excitation wavelength, the fractional charge per 

carbon/degree of SWNT protonation in superacids is quantified by measuring the upshift in the 

Raman G peak relative to the G peak position of dry SWNT powder [Ramesh et al. 2004]. Figure 

2.5 shows Raman spectra of dry HiPco SWNT powder and Raman spectra of a 2.5 wt. % HiPco 



 16 

SWNT solution at multiple excitation wavelengths. The inset shows that the upshift in the G 

peak for the chlorosulfonic acid solution is 23 cm-1. This provides strong evidence that SWNT 

dissolution in superacids is indeed due to protonation of CNT sidewalls with a delocalized 

positive charge.   

Raman spectroscopy also shows that the protonation of nanotubes by superacids is 

completely reversible and does not damage the nanotubes [Davis et al. 2009]. Figure 2.6 shows 

that after the SWNTs are quenched and dried, the Raman G peak is restored to the same 

position that it was for the original SWNT powder. This means that the SWNTs are not damaged 

by the superacid. 

 

Figure 2.7: (a,c) Low defect, unpurified carpet grown SWNTs are completely soluble in 
chlorosulfonic acid and have a G/D ratio of about 5.0. (b) High defect, unpurified carpet grown 
SWNTs are relatively insoluble in chlorosulfonic acid and have a G/D ratio of about 1.0. 
Reproduced from [Parra-Vasquez et al. 2010]. 
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A major factor that determines the solubility of CNT samples in superacids is the 

presence of CNT defects. Any functional group or hole on the nanotube surface that detracts 

from the pristine sp2 hybridized sidewall surface can be considered a defect. Measuring the 

degree of sp2 hybridization with Raman for a sample of nanotubes provides qualitative data 

about the amount of defects that the nanotubes have. The ratio of intensities of the G peak to 

the D peak represents the ratio of sp3 to sp2 carbons in the sample. This defect ratio should be 

significantly greater than 1.0 for CNTs to be soluble in superacids. Figure 2.7 shows that CNTs 

with high G/D ratios are soluble while CNTs with a low G/D ratio are not. 

In order to dissolve HiPco SWNTs at high enough concentrations to form nematic 

solutions, the Raman shift of the G peak should be at least 16 cm-1 [Ramesh et al. 2004]. Below 

this amount of Raman shift, a crystal solvate phase forms instead of a nematic phase at high 

concentrations. The amount of shift is directly related to the strength of the acid and Raman 

shifts as high as 320 cm-1 can be achieved  [Sumanasekera 1999]. For solutions of CNTs in fuming 

sulfuric acid, the Raman shift is around 17 cm-1. For chlorosulfonic acid solutions, the shift is 

around 25 cm-1. In fuming sulfuric acid and in chlorosulfonic acid, concentrations greater than 10 

wt. % have been obtained for HiPco SWNTs [Davis et al. 2009]. 

2.2.2. Solubility of Long CNTs 

In addition to having the ability to disperse HiPco SWNTs at very high concentrations, 

chlorosulfonic acid is also able to disperse SWNTs and MWNTs that are microns long [Parra-

Vasquez et al. 2010].  Vertically-aligned carpet grown SWNTs and MWNTs (Rice University) as 

well as CVD-grown SWNTs and MWNTs (Sunnano, CA) can all be dispersed in chlorosulfonic acid 

with varying degrees of effectiveness.  The solubility of any given batch of CNTs can be 

measured by centrifuging a biphasic solution at 5000 rpm (~300g) to separate the isotropic 
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phase from the nematic phase. The isotropic concentration of the supernatant can then be 

determined by UV-vis-nIR spectroscopy [Rai et al. 2006]. The length, diameter, and solubility 

data for the Rice carpet CNTs and Sunnano CNTs are shown in Table 2.1. 

Table 2.1: The solubility limits for nanotubes of varying length and diameter. Adapted from 
[Parra-Vasquez et al. 2010]. 

 
Length (µm) Diameter (µm) Initial Conc. (ppm) Solubility(ppm) 

Rice carpet SWNTs 10-100 3.2 50* >50 

Sunnano SWNTs ~ 10 1-2 5000 450 

Rice Carpet MWNTs 500 5-15 160* 60 

Sunnano MWNTs 10-30 3-10 6000 4900 

 

 

Figure 2.8: Cryo-TEM images of individually dispersed a) Rice carpet SWNTs from 100 ppm 
solution and b) Sunnano SWNTs from 300 ppm solution. Reproduced from [Parra-Vasquez et al. 
2010]. 
 

The Sunnano SWNTs have a solubility that is about an order of magnitude lower than 

that of HiPco SWNTs.  This is expected because the concentration of the isotropic to biphasic 

                                                           
*
 A low initial concentration was used due to a lack of available material. 
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transition is known to increase with the aspect ratio of rigid rods [Onsager 1949].  However, it is 

unclear why Sunanno MWNTs are much more soluble than Sunnano SWNTs. Cryo-TEM images 

in Figure 2.8 show that long SWNTs get dispersed in chlorosulfonic acid so it does not appear 

that the acid is only dispersing the shorter CNTs.  Dissolution of MWNTs is shown by the cryo-

TEM image of 500 µm long Rice carpet MWNTs in Figure 2.9. Although CNT carpets in 

chlorosulfonic acid should represent the case of a length monodisperse sample of rods in an 

athermal solvent, it has recently been determined that the Rice carpets also contain relatively 

short CNTs.  Thus, it is possible that the average aspect ratio of the long Sunnano MWNTs is 

actually significantly lower than the average aspect ratio of the Sunnano SWNTs.  

 

Figure 2.9: Cryo-TEM image of individually dispersed Rice carpet MWNTs from a 50 ppm 
solution in chlorosulfonic acid. Reproduced from [Parra-Vasquez et al. 2010].  
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Raman spectra indicate that the level of protonation of the longer CNTs is about the 

same as that of HiPco SWNTs.  This confirms that the dissolution mechanism is indeed 

protonation of the CNT sidewalls with a delocalized charge.  As with HiPco SWNTs, the solubility 

of longer CNTs is also dependent on the amount of defects in the CNTs as well as their diameter.  

Smaller diameter, low defect nanotubes usually have the best solubility.  It has been shown that 

24 hour centrifugation causes high-defect CNTs to precipitate out of solution, where the amount 

of defects is determined by the Raman D/G ratio.  On the other hand, low-defect CNTs remain in 

solution regardless of their length [Parra-Vasquez et al. 2010]. 

2.3. Phase Behavior of Superacid CNT Solutions 

The phase behavior of CNT/superacid dispersions is mostly controlled by acid strength 

and by the concentration of CNTs in solution.  However, the length, diameter, and quality of 

CNTs will also have a significant influence on the phase behavior. As of now, the only complete 

phase diagram in existence for CNT/superacid dispersions is for solutions of HiPco SWNTs [Davis 

2006; Davis et al. 2009].  Understanding the phase behavior of CNTs in solution is critical for 

developing effective ways of making fibers and films.  A phase diagram reveals the locations of 

the critical phase transitions for a CNT/superacid system.  This information can be used to 

determine the optimal concentrations for fiber spinning, fibril formation [Ma 2009], and for the 

production of highly transparent films of percolated CNTs [Dan et al. 2009]. 

The phase diagram of HiPco SWNTs in superacids is shown in Figure 2.10 as a function of 

acid strength and SWNT concentration.  The isotropic to biphasic and biphasic to nematic phase 

transitions are shown on the diagram for both experimental data and data obtained from a 

phenomenological model.   
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Figure 2.10: The phase diagram for HiPco SWNTs as a function of SWNT concentration and acid 
strength. Optical micrographs illustrate CNT solution microstructure in (a,b) chlorosulfonic acid 
and (c,d) 120 % sulfuric acid for biphasic and liquid crystalline solutions. Acid strength is gauged 
by the fractional charge per carbon from Raman measurements. Isotropic (I), liquid crystalline 
(LC), crystal solvate (CS), and solid (S) phases as well as mixtures of these phases are shown on 
the diagram. Experimental results are represented by black symbols. Red symbols are model 
predictions. Circles represent the maximum isotropic concentration. The initial concentration 
prior to phase separation is designated by diamonds. Red triangles stand for the isotropic and 
nematic phase transitions as predicted by Onsager’s monodisperse theory. Red lines are the 
model isotropic and nematic cloud curves. Scale bars: (a) 20µm (b-d) 50µm [Davis et al. 2009]. 
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The model that is being used was developed by Green, et al. and it is an extension of 

Onsager theory with the inclusion of attractive interactions [Green et al. 2009].  It is described in 

more detail in section 2.1.3. This model is able to capture a unique feature of solutions of 

rodlike molecules that has only been seen in SWNT/superacid dispersions.  At lower values of 

the Raman shift on the phase diagram, the dilute isotropic phase is in equilibrium with a 

concentrated liquid crystalline phase as opposed to the solid phase predicted by [Flory 1956].  

The liquid crystalline phase is present in the form of seemingly endless strands that resemble 

spaghetti-like structures. 

The spaghetti-like structures form because below a Raman shift of 17 cm-1, there is not 

enough CNT sidewall protonation to overcome the attractive interactions between SWNTs and a 

solid phase is formed in the biphasic region.  The solid phase is most likely a crystal solvate and 

it is in equilibrium with an extremely dilute isotropic phase.  Increasing the concentration 

eventually leads to a transition to a completely solid phase that is in equilibrium with the crystal 

solvate phase.  A liquid crystalline phase does not form at any point.  The difference between a 

liquid crystalline phase and a crystal solvate phase is that the liquid crystalline phase is able to 

flow and can potentially coalesce into larger domains.  

As long as the acid strength is high enough to produce a Raman shift that is above 17 

cm-1, a single phase nematic will form at a high enough SWNT concentration.  The concentration 

of the biphasic to nematic transition φnem is experimentally determined from a combination of 

shear rheology, optical microscopy, and DSC data.  The amount of defects and the size of liquid 

crystalline domains are controlled by the acid strength. 

In 120 % sulfuric acid, increasing the concentration of SWNTs above 11.0 vol % leads to 

a transition to a phase that is a mixture of liquid crystalline and solid phases.  The solid phase is 

made up of undispersed SWNT ropes.  This type of phase has not been experimentally observed 
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in chlorosulfonic acid even at concentrations as high as 17.0 vol %.  However, extrapolation of 

the liquid crystalline and solid mixture phase from weaker acids yields a prediction that the solid 

phase should form in chlorosulfonic acid at a concentration slightly above 17.0 vol %. 

Optical micrographs of four distinct regions on the phase diagram are displayed in 

Figure 2.10 to show the effect that phase behavior has on the microstructure of the dispersion. 

These are light microscopy images that are captured with transmitted light and polarizers.  

Liquid crystalline phases are highlighted by birefringent domains that appear to be brighter due 

to the alignment of nanotubes at a 45° angle with respect to the polarizers. 

The morphologies at the onset of the biphasic region at 1.21 vol % in chlorosulfonic acid 

(Figure 2.10a) and 0.13 vol % in 120 % sulfuric acid (Figure 2.10c) are very different.  The liquid 

crystalline domains are much larger, have fewer isotropic regions, and appear qualitatively less 

defective for the case of chlorosulfonic acid.  Similar differences can be seen in the morphology 

of the single-phase liquid crystalline regions at 12.1 vol % in chlorosulfonic acid (Figure 2.10b) 

and 10.6 vol % in 120 % sulfuric acid (Figure 2.10d).  The micrographs of the nematic region also 

highlight that the orientation of the domains changes more gradually in chlorosulfonic acid.  

Larger domain size and fewer defects are favorable for producing macroscopic articles such as 

fibers and films because these characteristics should lead to a more ordered microstructure and 

better properties in these articles.  Therefore, chlorosulfonic acid is the preferred solvent for 

CNTs. 

2.4. Conclusions 

Depending on concentration, rigid rodlike molecules in solution form either isotropic, 

biphasic or nematic phases.  The orientation and mobility of the rods depends strongly on the 

concentration regime of the system.  For solutions of length monodisperse, rodlike molecules in 
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an athermal solvent, Onsager theory can accurately predict the phase behavior of the molecules 

[Onsager 1949].  However, extensions of Onsager theory are necessary when dealing with 

systems that have less than perfect solvent quality and a high degree of polydispersity.   

Dissolution of carbon nanotubes in superacids can be described by protonation of CNT 

sidewalls with a delocalized positive charge.  For systems of nanotubes in superacids, an 

extension of Onsager theory has been developed to describe the effects of both polydispersity 

and variable solvent quality by incorporating the effects of short-range repulsion and long-range 

attraction between CNTs [Green et al. 2009].  This theory can accurately predict the phase 

transitions on an experimental phase diagram of HiPco SWNTs.   

Both experimental and theoretical results indicate that the phase behavior of SWNT 

solutions depends strongly on solvent quality.  Better solvent quality leads to larger liquid 

crystalline domains and fewer defects in the nematic phase [Davis et al. 2009].  These aspects 

are favorable for the production of macroscale articles with a more ordered microstructure.  

Chlorosulfonic acid is the most appropriate solvent for CNTs because its’ extremely high acidity 

allows it to protonate more CNT surface than weaker superacids.  However, using chlorosulfonic 

acid requires more stringent moisture control.  

Unlike 120% sulfuric acid, chlorosulfonic acid can even disperse MWNTs, as well as 

nanotubes that are tens and in some cases even hundreds of microns long.  This is very 

promising for the production of CNT fibers and films since their strength and conductivity should 

scale as a function of nanotube length [Yakobson et al. 2000].  In order to produce high-

performance fibers and films, the techniques used for determining the phase diagram of HiPco 

SWNTs need to be applied to longer nanotubes.  Understanding the phase behavior of longer 

CNTs will aid researchers and manufacturers in processing longer CNTs into films and fibers. 
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Chapter 3 

Characterizing CNT Length 

Distributions 

In CNT fibers and films, the main hurdles to attaining properties include difficult 

processing and insufficient CNT length and quality.  Theoretical calculations and experimental 

evidence indicate that fiber strength scales with CNT aspect ratio [Behabtu et al. 2008; Behabtu 

et al. 2013; Yakobson et al. 2000; Zhang et al. 2007] and that fiber and film conductivity scale 

with CNT length [Behabtu et al. 2013; Hecht et al. 2007; Mirri et al. 2012]. Despite the 

importance of accurate CNT length measurements, existing measurement methods have limited 

reliability and can be applied only in restricted length ranges [Fagan et al. 2011].  

We demonstrate that the length of carbon nanotubes (CNT) can be determined simply 

and accurately from extensional viscosity measurements of semidilute CNT solutions.  We 

measure the extensional viscosity of CNT solutions in chlorosulfonic acid with a customized 

capillary thinning rheometer and determine CNT aspect ratio from the theoretical relationship 

between extensional viscosity and aspect ratio in semidilute solutions of rigid rods.  We measure 
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CNT diameter d by Transmission Electron Microscopy (TEM) and arrive at CNT length L. By 

studying samples grown by different methods, we show that the method works well for CNT 

lengths ranging from 0.4 to 20 µm, a wider range than for previous techniques.  Moreover, we 

measure the isotropic to nematic transition concentration φiso of CNT solutions and show that 

this transition follows Onsager-like scaling φiso ~ d/L. We characterize the length distributions of 

CNT samples by combining the measurements of extensional viscosity and transition 

concentration and show that the resulting length distributions closely match distributions 

obtained by cryo-TEM measurements.  

3.1. CNT Length Measurement Methods 

Methods for measuring CNT length include atomic force microscopy (AFM) [Islam et al. 

2003; Ziegler et al. 2005], dynamic light scattering (DLS) [Badaire 2004], scanning electron 

microscopy (SEM) [Mayne et al. 2001], shear viscosity [Parra-Vasquez et al. 2007], and cryo-

Transmission Electron Microscopy (cryo-TEM) [Bengio et al. 2014].  While all of these techniques 

give a reasonable estimate of CNT length, each has its own drawbacks. 

Both AFM and DLS require sonication to ensure complete CNT dispersion, which cuts 

CNTs and consequently changes their length distribution.  AFM and cryo-TEM rely on small 

sample size (typically hundreds of CNTs) and have a potential imaging bias towards longer CNTs.  

Because sonication preferentially cuts the longest CNTs [Hennrich et al. 2007; Lucas et al. 2009], 

AFM and DLS are inaccurate for CNT samples with average lengths greater than ~1 μm. SEM is 

not limited to any specific range of CNT lengths, but cannot be applied to bulk-grown CNTs; even 

in the case of carpet-grown CNTs, which grow perpendicularly to the substrate, SEM imaging 
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relies on the underlying assumption of monodisperse length, which may not always be valid 

[Mayne et al. 2001]. 

Shear viscosity can be used to determine the aspect ratio of CNTs more quickly and 

reliably than AFM because it is a bulk measurement that probes ~1010 CNTs [Parra-Vasquez et al. 

2007; Parra-Vasquez 2009].  Moreover, it can be performed on pristine CNTs dissolved in acids, 

thereby avoiding sonication [Davis et al. 2004].  Length determination by shear rheology is 

based on the relationship between the viscosity of a dilute suspension of isotropically-oriented 

rods (called zero-shear viscosity) and the rods’ concentration and aspect ratio.  Because 

shearing aligns rods, which in turn reduces the rods’ contribution to the suspension viscosity, 

the measurements must be carried out at low enough shear rates, such that the viscous torque 

on the rods does not exceed the Brownian torque; in practice, this limits the shear rheology 

method to rods of lengths below ~1 μm [Duggal and Pasquali 2006]. 

To determine rod length from shear viscosity measurements, a rheometer must be able 

to measure the zero-shear viscosity η0 of a dilute solution of the rods [Kirkwood and Auer 1951]  
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where κ is the shear stress,    is the shear rate, µ is the solvent viscosity, ν is the number 

concentration, and the rotational friction coefficient ζr is [Batchelor 1970] 

 6r B rotk T   3.2 

where kB = 1.38066 10−23 J/K is Boltzmann’s constant and T is temperature in Kelvin. The 

rotational relaxation time τrot of the rods is [Batchelor 1970] 
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where d is rod diameter. When viscous torque starts to exceed Brownian torque in a solution of 

dilute rods undergoing shear, the rods begin to align. The onset of alignment results in shear 

thinning behavior. Theory predicts that shear thinning should occur when the Weissenberg 

number Wi is greater than 0.2 [Kirkwood and Plock 1956]. 
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Therefore the shear rate at the onset of shear thinning   0 is 
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Combining Eqs. 3.1, 3.2 and 3.7, the shear stress at the onset of shear-thinning κ0 is   
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To determine η0, a shear rheometer must be capable of measuring shear stresses at 

least as small as κ0. The smallest shear stress that can be measured by a rheometer is dictated 

by the low torque limit Y of the rheometer. For state-of-the-art rheometers, the low torque limit 

is currently around 0.01 µN-m. For a standard double-walled couette fixture on a TA 

Instruments ARES rheometer, the torque constant β is approximately 103 mm-2s-2.  The lowest 

value of shear stress κmin that can be measured with a double-walled couette on a state-of-the-

art rheometer is given by 

 min Y   3.9 

which results in κmin = 0.1 Pa. For CNTs with an average length of 1 µm, the onset of shear 

thinning from Eq. 3.8 occurs at κ0 = 0.03 Pa.  The fact that κmin > κ0 signifies that modern 

rheometers are not able to measure shear stresses low enough to capture the zero-shear 

viscosity plateau of dilute rigid rod solutions consisting of rods with lengths of  ~1 µm or higher. 

We introduce an extensional viscosity length measurement method that is applicable 

for a wider range of CNT length than AFM, DLS, or shear viscosity while retaining all the 

advantages of the shear viscosity method.  We extend the experimental studies that have been 

performed on CNT extensional rheology [Ma et al. 2008; Tiwari et al. 2009] by determining CNT 

aspect ratio from extensional viscosity measurements on solutions of CNTs dispersed in 

chlorosulfonic acid. We determine CNT length by combining the aspect ratio measurements 

with the average CNT diameter measured by Transmission Electron Microscopy (TEM).  We also 

study the dependence of the isotropic cloud point on aspect ratio, and combine these data with 

our length measurements to fully characterize the length distributions of CNT samples produced 

by various manufacturers. 
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3.2. Theoretical Basis 

 

Figure 3.1: Schematic showing that rods in dilute and semidilute solutions align with increasing 
shear and extension rate (Peclet or Weissenberg number). Relative increases in ηr for the low 
and high shear/extension rate limits are indicated on the plot [Pal 2006]. 
 

When a liquid drop is stretched into a filament beyond a critical threshold, the capillary 

pressure at the mid-filament pumps the liquid towards the filament’s ends, inducing a strong 

extensional flow [Bhat et al. 2010; McKinley and Sridhar 2002].  The filament thinning dynamics 

are controlled by the balance of surface tension, inertia, gravity, and viscosity.  If the surface 

tension is known, the extensional viscosity can be determined by monitoring the time-evolution 

of the filament midpoint diameter [McKinley and Tripathi 2000].  Like in shear flow, rods align in 
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extensional flow when the viscous torque exceeds the Brownian torque (see Figure 3.1).  Unlike 

in shear, the rods’ contribution to the suspension viscosity ηr grows as the rods become aligned 

(see Figure 3.1), and reaches a plateau whose value is determined by the rods’ concentration 

and aspect ratio [Batchelor 1971; Shaqfeh and Fredrickson 1990]. Therefore, length 

measurement by extensional viscosity does not suffer from an intrinsic limitation on rods length; 

conversely, it is expected to work better in systems of longer rods, where alignment can be 

induced readily by flow.  Thus, such a length measurement method is appropriate in principle 

for measuring the length of CNTs dissolved in chlorosulfonic acid, which behave as rigid rods in 

an athermal solvent [Green et al. 2009]. 

The uniaxial extensional viscosity ηE is defined as the difference of the axial τzz and radial 

τrr normal stresses divided by the extensional strain rate    

 zz rr
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 3.10 

The difference of the normal stresses can be approximated from a force balance on a 

thinning filament by lumping the effects of inertia, gravity, and axial curvature into an effective 

parameter X [McKinley and Tripathi 2000].  By approximating the midplane extension rate mid  

[Bazilevsky et al. 1990; Entov and Hinch 1997] based on the decay rate of the midfilament 

diameter Dmid 
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where t is time, the apparent extensional viscosity ηE,app [Tuladhar and Mackley 2008] is  
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where   is the surface tension (  = 38 mN/m for chlorosulfonic acid).  Both simulations 

[Papageorgiou 1995] and experiments [McKinley and Tripathi 2000], show that X = 0.7127 is an 

appropriate value for viscous Newtonian fluid filaments with negligible inertia and smoothly 

necked profiles. In extension, solutions of fully-aligned rods behave as Newtonian fluids; 

therefore, we use the value X= 0.7127 to extract the extensional viscosity from our experiments. 

Neglecting the effect of Brownian stresses, the total stress τ in a liquid dispersion of rigid 

cylindrical rods is [Larson 1999] 

 2 :str   D uuuu D  3.13 

where µ is the solvent viscosity, D is the strain rate tensor, ν is the number concentration of rods 

in solution, and u is a unit vector describing the orientation of a rod.  In a semidilute solution of 

rods, the expression of the viscous drag coefficient ζstr can be derived by extending Bachelor’s 

theory [Batchelor 1970] to account for multiparticle hydrodynamic interactions [Shaqfeh and 

Fredrickson 1990]  
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where L is rod length, A = 0.1585 for fully aligned rods, and φ is rod volume fraction. Eq. 3.13 

assumes that the Brownian contribution to the total stress is negligible.  This is true when the 

rotational Peclet number Pe >> 1, where Pe is defined as 
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and the rotational diffusivity Dr for rigid rods is  
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where kB is Boltzmann’s constant and T is temperature.  For low CNT volume fraction (0.005 % < 

φ < 0.5 %) in chlorosulfonic acid (µ = 2.8 mPa s) at room temperature, Dr < 10 s-1 for CNTs longer 

than ~ 1 µm (according to Eqs. 3.14 and 3.16). Since the capillary thinning rheometer is operated 

at strain rates of at least 100 s-1 to ensure fully aligned CNTs, this means that from Eq. 3.15 we 

get Pe > 10 and Brownian stresses are negligible as long as CNTs are ~1 µm or longer. For shorter 

CNTs, we can still neglect rotational Brownian motion by operating the rheometer at strain rates 

higher than 100 s-1.  However, even for the shortest CNTs that were tested, there was no 

statistically significant change in extensional viscosity when the initial step strain was increased 

from 100 s-1 to 200 s-1, indicating that a step strain of 100 s-1 was high enough for all the samples 

tested in this work. Assuming that the rods are fully aligned (i.e. u = ez in Eq. 3.13, where ez is the 

direction of uniaxial stretching), Eqs. 3.10 and 3.13 yield the uniaxial extensional viscosity  

 3E str     3.17 

In a system of cylindrical rods, the number density ν is related to the volume fraction by 

 n =
4j

pd 2L
 3.18 

Eqs. 3.14, 3.17, and 3.18 yield the dependence of the extensional viscosity on rod aspect ratio 

for semidilute solutions of fully-aligned, length and diameter monodisperse rigid rods 
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However, CNTs are typically polydisperse in both diameter and length. Because within a sample 

CNT diameters vary by less than a factor of 3, hereafter we considered the CNT diameter to be 

effectively monodisperse. AFM length measurements indicate that most CNT length 

distributions are described well by the log normal distribution [Parra-Vasquez 2009], for which 

the probability density function P(L) is   
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where m is the mean and S2 is the variance of the natural logarithm of L. Truncating the log 

normal distribution at the shortest and longest lengths of CNTs in solution, the moments of the 

length distribution are defined over the interval Lmin < L < Lmax 
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where the right most equalities are valid in the limit of Lmin  0 and Lmax  ∞. To characterize 

the length distribution of CNTs from extensional viscosity measurements, a viscosity average 

length Lv is introduced analogously to the viscosity average molecular weight used to compare 

molar mass distributions for polymers [Young and Lovell 1991]: 
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where a is an exponent that relates L to the intrinsic extensional viscosity [ηE]  
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from which it is evident that a = 2 for solutions of fully-aligned rods in a uniaxial extensional 

flow; thus Lv is defined in terms of the third and first moments of the length distribution 
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We replace L by Lv, in Eq. 3.19 so that Eq. 3.19 can be applied to length polydisperse samples. 

Thus, we can extract Lv from extensional viscosity measurements of CNT solutions.  Since Lv is a 

ratio of two moments, an additional measurement is needed to obtain the value of both 

moments independently. 

For polydisperse hard rods, the dependence of the isotropic cloud point φiso on the 

moments of the rod length distribution has been described by [Wensink and Vroege 2003]  
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where ciso is the scaled concentration of the isotropic cloud point for a specific length 

distribution, L0 is an arbitrary characteristic length, and σL is a length polydispersity index. We 

define σL analogously to the molecular weight polydispersity index used for polymer samples 
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Thus, by measuring Lv, φiso, and d for each CNT sample and using the analysis of [Wensink and 

Vroege 2003], it is possible to determine the statistical parameters of each sample’s length 

distribution.  

For the lognormal distribution, the function ciso can only be obtained by truncating the 

distribution at finite minimum and maximum lengths, representing the shortest and longest 

rods in the sample [Wensink and Vroege 2003]. The value of ciso is insensitive to the minimum 

cut-off lengths in a reasonable range, but quite sensitive to the maximum cut-off lengths.  

Wensink and Vroege compute ciso for two values of the dimensionless cutoff length lmax 

= Lmax / L0, namely lmax = 10 and lmax = 100.  While the value of lmax is not generally known for a 

given CNT sample, CNTs with lmax > 20 have been identified via near-infrared microscopy [Fakhri 

et al. 2010]. Therefore, we use the estimate lmax = 100 for evaluating the dependence of ciso on 

φiso for CNT length distributions.  

Combining Eqs. 3.21-3.23 and Eqs. 3.26-3.28 yields a system of 6 equations in 6 

unknowns. To simplify integration we define L0 in terms of m and S 
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Integrating Eqs. 3.21-3.23 from Lmin = 0.01L0 to Lmax = 100L0 and determining ciso from Wensink 

and Vroege’s isotropic cloud point data for a lognormal length distribution (See Figure 3.2), we 

solve the aforementioned system of equations using Matlab software and obtain the values of 

the m and S parameters, as well as all of the moments of the length distribution. We can then 

compare length distributions of CNT samples determined by our method to CNT length 

distributions determined by other length measurement techniques.  

 

Figure 3.2: Plot of ciso vs σL for a lognormal distribution of rigid rods with lmax = 100. Adapted 
from [Wensink and Vroege 2003] with permission. 
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3.3. Experimental Methods  

High-purity single-walled (SWNT) and double-walled (DWNT) carbon nanotubes were 

obtained from different suppliers: High Pressure carbon monoxide (HiPco) reactor at Rice 

University, UniDym Inc., Continental Carbon Nanotechnologies Inc. (CCNI), Southwest 

Nanotechnologies Inc. (SWeNT), Meijo Nano Carbon Co. Ltd., Samsung Cheil Industries Inc., 

Teijin Aramid BV, and Linde Electronics.  Raman spectra were acquired with a Renishaw InVia 

Confocal Raman microscope at 514, 633, and 785 nm excitation wavelengths. The spectra 

showed that all the CNT samples had relatively few defects (Raman G/D ratio @ 633 nm > 10). 

CNT diameters were measured from high-resolution TEM images of CNT samples taken 

with a JEOL 2010 Transmission Electron Microscope. Precise external wall boundaries were 

determined with ImageJ software. 

CNTs were mixed with chlorosulfonic acid at concentrations in the range of 0.003 % (30 

ppm) to 0.5 % (5000 ppm) by volume. CNT mass was measured on a mass balance and 

chlorosulfonic acid volume was measured with a graduated cylinder. CNT mass fraction in acid 

was converted to volume fraction by multiplying the mass fraction M of CNTs in solution by the 

ratio of the solvent density ρs to the individual CNT density ρCNT  

 
s

CNT

M





  3.30 

We use the individual CNT density rather than the density for hexagonally close-packed CNTs 

because the CNTs are not bundled when they are dissolved in chlorosulfonic acid. Accounting 

for the contribution of electron density to the external CNT diameter d gives the appropriate 

expression for CNT density [Laurent et al. 2010] 
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where AS = 1315 m2/g is the specific surface area for one side of a graphene sheet, n is the 

number of walls in the CNT, and δvDW = 0.34 nm is the interlayer distance between two CNT 

walls. The CNTs were mixed in glass vials sealed with PTFE-lined silicone caps to prevent 

degradation of the cap by acid vapor.  All solutions were speedmixed (FlackTek, Inc. DAC 150.1 

speedmixer) for 10 minutes at 3500 rpm followed by 12 hours of mixing with a magnetic stir bar 

on a Fischer Scientific stir plate.   

The surface tension of pure chlorosulfonic acid with nitrogen was measured by the 

pendant drop method (CAM 2000 software), resulting in a value of   = 38 mN/m.  To prevent the 

acid from reacting with moisture in the air, the experiment was carried out in a sealed glass vial 

purged with nitrogen. The pendant drop was produced at the tip of a syringe needle, which was 

introduced into the sealed glass vial through a septum. 

The shear viscosity of chlorosulfonic acid at 25°C was measured at a shear rate of 10 s-1 

with a TA Instruments AR 2000 rheometer enclosed in a drybox purged with dry air, resulting in 

a value of µ = 2.8 mPa s, consistent with literature values [Cremlyn 2002].  Extensional viscosity 

was measured with a Trimaster Capillary Thinning Rheometer [Vadillo et al. 2010] designed and 

built at Cambridge University.  

The rheometer consists of two pistons (1.2 mm diameter) that are moved apart axially 

from an initial separation of 0.6 mm. A stainless steel spatula was used to uniformly load 

solutions between the two pistons. The stretching rate was 25 mm/s (each piston moves at 12.5 

mm/s) and the stretching distance was 1.0 mm for all samples.  A Fastec Troubleshooter HR high 

speed camera (1000 frames per second) was used to record videos of the capillary thinning 
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tests. The filament profile was analyzed with Matlab to determine the midplane diameter of the 

thinning fluid filament as a function of time.  Due to the hygroscopic nature of chlorosulfonic 

acid, sample preparation and filament stretching were performed in a drybox continuously 

purged with dry air so as to keep the relative humidity level below 10 %. Figure 3.3 shows an 

image of the experimental setup. 

 

Figure 3.3: A photograph of the experimental setup of the extensional rheometer. The light 
source is on the left.  The rheometer is in the middle and the high speed camera lens is on the 
right.   
 

To determine the isotropic cloud point, CNT solutions were flame sealed in square 

capillaries from VitroTubes (0.1 mm height, 1 mm width) and then observed with a polarized 

microscope (Zeiss Axioplan optical microscope), as in earlier work on aqueous oxidized CNTs 

[Song and Windle 2005]. CNTs are known to form nematic liquid crystalline phases in 
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chlorosulfonic acid [Davis et al. 2004; Davis et al. 2009]; the isotropic cloud point can be 

detected by optical birefringence measurements on a series of CNT solutions.  Solutions were 

initially prepared at concentrations above the isotropic cloud point (typically ~0.1 vol. %) and 

then diluted until birefringence was no longer visible, indicating that the CNTs in solution had 

transitioned from a mixture of isotropic and nematic phases to a single isotropic phase. The 

sealed capillary samples were checked again after 24 hours to ensure that birefringent domains 

were not merely a result of flow-induced CNT alignment. 

Direct cryo-TEM imaging to measure CNT length was performed with a FEI-T12 G2 

transmission electron microscope. Cryo-TEM samples were prepared with the procedure 

described in Davis, et al. [Davis et al. 2009] and CNT length was measured by tracing the end to 

end distance of individual CNTs in the TEM images as described in Behabtu, et al. [Behabtu et al. 

2013]. We used this method for determining length with cryo-TEM in lieu of a faster, recently 

developed statistical method [Bengio et al. 2014] because the statistical method only gives the 

average CNT length 〈L〉, whereas the tracing method yields the CNT length distribution. 

3.4. Extensional Viscosity Measurements 

Extensional flows are much more efficient than shear flows at orienting rigid molecules.  

In shear flows, the vorticity always rotates the fluid’s microstructure away from the principal 

axes of stretching.  Therefore, the alignment of suspended particles under shear flow scales 

linearly with time.  Due to the irrotational nature of extensional flow, the same level of 

alignment can be reached at much smaller time scales [McKinley and Sridhar 2002].  Processes 

such as fiber spinning take advantage of strong extensional flows to align rodlike molecules in 

solution prior to removing the solvent and solidifying the fibers. Similarly, we capitalize on the 
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ability of extensional flows to ensure complete alignment of CNTs in solutions that have been 

stretched to form unstable filaments, prior to observing the capillary breakup of the filaments.   

 

Figure 3.4. Filament profiles from capillary thinning experiments for (A) 0.014 % Linde SEER and 
(B) 0.010 % Samsung Cheil CNTs. (C) Plots of diameter evolution with time for both the Linde 
SEER and Samsung Cheil CNT solutions. Linear fits are shown for the portion of the filament 
thinning curves used to evaluate ηE,app. 
 

Filament profiles from capillary thinning experiments of CNT solutions made with Linde 

SEER and Samsung Cheil CNTs are displayed in Figure 3.4A and B.  The filament profiles give no 

indication of fluid inhomogeneities and all the profiles are symmetric about the midfilament.  
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We begin measuring time when the pistons stop moving (t = 0). Figure 3.4C shows that initially 

Dmid decreases linearly with time, but the slope changes during the later stages of necking for 

both CNT samples.  The linear decrease in diameter during the later stages is Newtonian-like 

behavior, indicating that the CNTs in solution are not experiencing any (volume averaged) 

orientational changes during that period.  We calculate ηE,app using the thinning rate dD/dt 

during the later stages of necking because the assumption of a slender filament with negligible 

gravity, inertia and axial curvature is only appropriate in the thinning regime closest to filament 

breakup [McKinley and Tripathi 2000].   

 

Figure 3.5: Plot of Lv /d vs φ for Samsung Cheil, CCNI X647H, and CCNI XBC1001. Empty black 
symbols indicate the experimentally measured φiso for each sample. 
 

The fits to the diameter evolution curves used to determine ηE,app for Linde SEER and 

Samsung Cheil CNT solutions are shown in Figure 3.4C and the filament profile images 

corresponding to the fits are highlighted in Figure 3.4A and B. Figure 3.5 shows that the 

measured aspect ratios are independent of concentration (for solutions with breakup times < 

50 ms) as long as φ is less than about ~3 φiso.  This behavior is not completely unexpected, 
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because CNTs flow-align under extensional flow and hence transition into a single aligned phase 

during capillary thinning.  

To extract CNT aspect ratios from extensional viscosity measurements, the CNTs in a 

sample must be well-aligned in the stretching direction during capillary thinning.  Increasing 

strain during self-thinning should result in strain hardening (i.e., increasing extensional viscosity) 

if the degree of CNT alignment is still changing after the relatively high initial strain rate (100 s-1) 

imposed on the CNT solution during the initial stretching by the rheometer pistons. The absence 

of strain hardening throughout self-thinning implies that the average orientation of CNTs does 

not change after the initial step strain, but this does not prove that the CNTs are fully aligned 

during capillary thinning. 

However, previously reported capillary thinning experiments on CNT dispersions in 

epoxy indicated that 97 - 99 % of CNTs were aligned in the stretching direction immediately 

after the initial step strain was imposed by the rheometer [Ma et al. 2008]. The degree of CNT 

alignment was estimated by applying the Fokker-Planck equation to evaluate how CNT 

alignment evolved over time. In addition, extensional viscosity measurements performed with a 

filament stretching extensional rheometer (FiSER) on 0.05 wt. % HiPco SWNT dispersions 

stabilized with 31 % F68 pluronic surfactant suggest that imposing a high Hencky strain on a CNT 

dispersion is sufficient to fully align CNTs in solution [Nguyen et al. 2008]. Hencky strain ε is 

given by 
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where D0,mid is the initial diameter of the fluid filament before stretching. Because a FiSER 

measures extensional viscosity from the onset of filament stretching, it can probe a wider range 

of strains than a capillary thinning rheometer.  Nguyen et al. showed that the extensional 

viscosity for surfactant stabilized HiPco SWNT dispersions initially increases, but then plateaus 

when the Hencky strain exceeds 1. This effect was independent of extension rate for extension 

rates ranging from 120 to 230 s-1. The viscosity plateau, along with no evidence of extension rate 

dependence are both strong indications that CNTs in these solutions were fully aligned above a 

Hencky strain of 1. Therefore, extensional viscosity from capillary thinning experiments in this 

thesis was only calculated at Hencky strains above 1, when the CNTs in the acid solutions are 

expected to be fully aligned. 

 

Figure 3.6: Polarized light microscopy images for the determination of φiso for Teijin AC 299, 
SWeNT PXD1-1549, and HiPco 188.3 CNTs. The arrows at the top left indicate the relative 
orientation of the polarizer to the analyzer for all of the above images. All scalebars are 200 µm. 
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3.5. Isotropic Cloud Point Measurements 

In principle, the model used to relate extensional viscosity to length requires that the 

CNTs should be in the isotropic phase; however, the viscosity of isotropic CNT solutions was too 

low for self-thinning fluid filaments to form.  Therefore, CNTs were mixed at concentrations 

slightly above φiso, resulting in filament breakup times between 10-50 ms after the cessation of 

piston motion. Solutions with breakup times greater than 50 ms were not used for calculating 

aspect ratio because they exhibited thinning dynamics inconsistent with Newtonian dynamics. 

Although some amount of nematic phase is present in the CNT samples used in this work, we 

find that the presence of such a small amount of nematic phase does not appear to affect the 

estimation of CNT aspect ratio through extensional viscosity measurements.   

We measure φiso for each CNT sample to assess how CNT aspect ratio and length 

polydispersity affect CNT liquid crystalline phase behavior. Figure 3.6 shows cross polarized light 

microscopy images of CNT solutions in flame-sealed capillaries ranging from φ = 0.003 % (30 

ppm) to φ = 0.333 % (3330 ppm) for three different CNT samples. Isotropic CNT solutions appear 

dark, while solutions comprising a nematic liquid crystalline phase are birefringent. We define 

φiso as the concentration at the midpoint between the most concentrated not birefringent 

solution and the least concentrated birefringent solution. Teijin AC 299 CNTs had the lowest 

value of φiso of any of the tested samples (0.004 %); this value is more than one order of 

magnitude lower than φiso of f-actin solutions (~0.1 %) [Viamontes and Tang 2003] and it is 

significantly lower than previously reported values of φiso of CNT liquid crystalline solutions 

(~0.007 %) [Parra-Vasquez et al. 2010]. The extremely low φiso values for some of our CNT 

samples are indicative of the high aspect ratios of the CNTs, as well as of the presence of 

polydispersity in the samples.   
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Figure 3.7: Isotropic cloud point as a function of CNT aspect ratio for all the SWNT (red) and 
DWNT (blue) samples tested in this work. The black line is a power law fit to the experimental 
data. The orange line shows Onsager’s prediction for solutions of monodisperse rigid 
rods.[Onsager 1949] 
 

Onsager’s theory [Onsager 1949] predicts that in solutions of monodisperse rigid rods, 

φiso = 3.34(L/d)-1.  According to theory [Wensink and Vroege 2003], the scaling of φiso ~ (L/d)-1 

should still hold for samples of polydisperse rods as long as the rods’ polydispersities are 

comparable. We characterize the length polydispersity of CNT samples in section 3.6. Figure 3.7 

shows that φiso of CNT samples  scales like (Lv /d)-1.07, while length polydispersity lowers φiso by a 

factor of 6-10 compared to Onsager’s predicted isotropic cloud point φOnsager for monodisperse 

rods with L = Lv. The excellent agreement with Onsager’s scaling supports the reliability of both 

Lv /d and φiso measurements for evaluating relative length of different CNT samples. Both of 

these measurements are necessary to fully characterize CNT length distributions. 
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3.6. CNT Length Distribution Results 

We calculate the m and S parameters, as well as the moments of the length distribution 

for each CNT sample after determining Lv /d from extensional viscosity, d from TEM, and φiso 

from polarized light microscopy. The CNT samples ranged in length from Lv = 0.39 µm for HiPco 

188.3 CNTs to Lv = 20.17 µm for Teijin AC 299 CNTs. Table 3.1 shows the aspect ratio, diameter, 

isotropic cloud point, viscosity average length, polydispersity index, and average length of all 

tested CNT samples from various suppliers. The σL of the samples ranged from 1.19 to 1.67, 

which is surprisingly low by polymeric sample standards (typically polymeric samples are 

considered narrowly disperse when σL ≲ 2).  

 

Figure 3.8: The ratio of φiso to φOnsager as a function of σL for all the SWNT (red circles) and DWNT 
(blue squares) samples tested in this work.  



 49 

Table 3.1: Length distribution data for representative CNTs from each manufacturer. 

Sample Lv /d 
d  

(nm) 
φiso    

(ppm) 
Lv  

(µm) 
σL 

〈L〉 
(µm) 

Teijin AC 299 9610 ± 470 2.1 ± 0.7 39 ± 10 20.17 1.42 11.86 

Meijo EC1.5 6430 ± 290 1.5 ± 0.2 58 ± 13 9.65 1.43 5.63 

Samsung Cheil 6310 ± 440 2.2 ± 0.5 62 ± 12 13.89 1.35 8.87 

Samsung 98P 5150 ± 130 2.2 ± 0.5 87 ± 12 11.32 1.25 8.11 

SWeNT 1555 4900 ± 260 0.8 ± 0.1 82 ± 12 3.92 1.33 2.56 

SWeNT 1549 4440 ± 310 0.8 ± 0.1 84 ± 9 3.55 1.43 2.07 

SWeNT 1167 4330 ± 270 0.8 ± 0.1 117 ± 23 3.46 1.19 2.66 

UniDym UA 4010 ± 80 2.1 ± 0.6 90 ± 12 7.81 1.52 4.50 

CCNI X647H 3600 ± 160 2.3 ± 0.5 103 ± 26 8.41 1.45 4.82 

Linde SEER 3520 ± 20 1.7 ± 0.3 123 ± 18 5.98 1.27 4.18 

CCNI XBC1101 2810 ± 60 3.2 ± 1.0 151 ± 25 8.98 1.28 6.17 

CCNI X647H3 2610 ± 90 2.3 ± 0.5 194 ± 13 6.11 1.19 4.69 

CCNI XBC1001 2470 ± 30 1.9 ± 0.6 162 ± 23 4.68 1.34 3.03 

UniDym OE 2210 ± 80 1.9 ± 0.6 161 ± 23 4.16 1.67 1.92 

SWeNT 1392 2130 ± 50 0.8 ± 0.1 210 ± 23 1.71 1.25 1.23 

HiPco 183.6 1780 ± 190 1.1 ± 0.2 280 ± 60 2.04 1.21 1.51 

SWeNT CG300 1250 ± 60 0.8 ± 0.1 350 ± 120 1.00 1.26 0.71 

HiPco 188.3 340 ± 10 1.1 0.2 1390 ± 280 0.39 1.23 0.29 

 

In principle, the difference between measured φiso and φOnsager should be greater for 

samples with higher σL. Figure 3.8 confirms that this is indeed the case for the CNT samples 

tested in this work as it shows that the ratio of φiso to φOnsager decreases for samples with higher 

σL. These results confirm the prediction that increasing σL will lower the isotropic cloud point of 
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CNT solutions [Green et al. 2009]. Therefore, we deem that σL values estimated from our 

inferred length distributions for the various CNT samples are reasonable.  

3.7. Comparison to Cryo-TEM Length Measurements 

To check the quantitative accuracy of our inferred CNT length distributions, we compare 

the relevant length moments from our inferred lognormal length distribution for CCNI XBC1001 

to one measured directly by cryo-TEM imaging [Behabtu et al. 2013; Parra-Vasquez et al. 2010].  

Cryo-TEM of CNT solutions in CSA is currently the only direct measurement technique that can 

measure CNT length distributions without sonication, thereby avoiding breaking of CNTs. A total 

of 23 individual CCNI XBC1001 CNTs were measured with direct cryo-TEM imaging by tracing the 

entire length of each CNT. Figure 3.9 shows that the probability density function and cumulative 

distribution function of the cryo-TEM data agree well with the distribution that we calculate 

from our measurements of Lv /d and φiso. The average length measured by cryo-TEM for CCNI 

XBC1001, 〈L〉 = 2.91 µm, is within 4 % of the value calculated from Lv /d and φiso measurements, 

〈L〉 = 3.03 µm.  The close agreement between the inferred length distribution and the 

distribution measured by cryo-TEM validates the accuracy of length distributions inferred from 

Lv /d and φiso measurements.  Moreover, measuring Lv /d and φiso is significantly faster than using 

the direct imaging cryo-TEM method to characterize a CNT length distribution. In addition, direct 

imaging of CNTs longer than ~5 µm can result in underestimation of the average CNT length 

because it is difficult to follow CNTs longer than 5 µm from end to end—these issues can be 

partially circumvented by applying a statistical method [Bengio et al. 2014].   
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Figure 3.9: (A) Probability density function and (B) cumulative distribution function for length 
data from the Lv /d and φiso measurements (solid red line) and from direct cryo-TEM imaging 
(blue bars) of 23 individual CCNI XBC1001 CNTs.  
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3.8. Conclusions 

This chapter shows that average CNT aspect ratio can be accurately determined from 

capillary thinning extensional viscosity measurements of semidilute CNT solutions in 

chlorosulfonic acid by applying Shaqfeh and Fredrickson’s equation for semidilute suspensions 

of rigid rods [Shaqfeh and Fredrickson 1990]. Determining aspect ratio from extensional 

viscosity measurements is faster and more reliable than cryo-TEM and it also circumvents all of 

the issues that plague AFM such as small sample size, use of surfactants, and a bias towards 

measuring longer CNTs.  Most importantly, the extensional viscosity technique makes it possible 

to accurately measure aspect ratio for CNTs over a wider range of lengths (few hundred 

nanometers to tens of microns) than previously possible. Optical birefringence measurements of 

the isotropic cloud point for the highest aspect ratio CNT samples result in isotropic cloud point 

values that are lower than any published experimental results for liquid crystalline solutions of 

rodlike molecules. For manufacturers of CNTs without access to an extensional rheometer, 

measuring isotropic cloud points could be used as a quick length indexing method for comparing 

different batches of CNTs.  Coupled with the aspect ratio and TEM diameter measurements, the 

isotropic cloud point measurements are used to determine the parameters of each CNT 

sample’s length distribution. The dependence of the isotropic cloud point on CNT aspect ratio is 

consistent with Onsager-like scaling due to the relatively narrow range of length polydispersities 

across the majority of the CNT samples. Because properties of CNT materials are highly 

dependent on the length of constituent CNTs, the ability to accurately measure length 

distributions for very long CNTs will be critical for developing superior CNT fibers and films. 
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Chapter 4 

CNT Purification 

We demonstrate that purifying several different types of CNT samples by exposure to 

concentrated hydrogen peroxide results in over 96 % purity and 80 % purification yield. We 

employ the extensional viscosity length measurement technique described in Chapter 3 to 

extensively study how purification affects CNT length. Until now, there was no suitable 

technique for accurately evaluating CNT length. Dissolving CNTs in chlorosulfonic acid enables 

the evaluation of CNT length by rheological methods, as well as fluid phase processing of the 

CNTs into films and fibers. By processing CNTs with chlorosulfonic acid, we are able to 

thoroughly evaluate CNT quality after purification by exposure to hydrogen peroxide. In 

addition, we use Raman spectroscopy, thermal gravimetric analysis (TGA), scanning electron 

microscopy (SEM), and transmission electron microscopy (TEM) to evaluate the effectiveness of 

the purification. 
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4.1. Review of CNT Purification Methods 

There are many processes for producing large quantities of carbon nanotubes, but none 

of these techniques can produce pure, high-quality CNTs without additional purification. CNT 

quality is a measure of the relative amount of defects on the sidewalls of CNTs. The smaller the 

amount of sp3 hybridized carbon in a sample of CNTs, the higher the quality of the CNTs. Purity 

is indicative of the amount of CNTs in a sample compared to the amount of residual catalyst 

particles and carbonaceous impurities. Large diameter MWNTs can be synthesized with 

nanotube purities above 99 %, but the quality of these MWNTs is usually very poor.  Conversely, 

SWNTs and FWNTs can be produced with very low amounts of defects, but the purity of these 

materials directly out of the reactor is typically well below 90 %.  Developing high-performance 

materials such as fibers from CNTs requires CNTs that are both pure and high-quality.  Since it is 

not possible to improve the quality of CNTs after they have been synthesized, purification of 

high-quality SWNTs and FWNTs is critical for developing CNTs for applications.   

4.1.1. CNT Quality and Purity Assessment 

The primary characterization techniques used to evaluate CNT quality are Raman 

spectroscopy and TEM. As an additional quality measurement, some studies also use AFM to 

determine CNT length.  However, AFM requires the use of sonication so the length 

measurement is not indicative of the original length of the CNTs prior to sonication. Structural 

defects in CNTs can be observed directly by TEM imaging, but it is not possible to obtain a 

quantitative assessment of the amount of defects in a CNT sample from TEM.  The relative 

amount of defects between different CNT samples can be quantified with Raman spectroscopy. 

The ratio of the intensities of the G peak (~1590 cm-1) to the D peak (1350 cm-1) at a specific 

laser wavelength is a measure of the amount of sp2 hybridized carbon to sp3 hybridized carbon 
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for CNT diameters that have vibrational modes in resonance with that specific wavelength of 

laser.  Comparing the G/D ratio of CNT samples at several different laser wavelengths is usually 

sufficient for determining which sample has the highest quality CNTs, but there is no established 

protocol for obtaining Raman spectra for CNTs. This leads to significant variations for Raman 

spectra even if they are from the same sample and makes Raman spectra for CNT samples from 

various studies difficult to compare.           

Purity can be evaluated with a combination of thermogravimetric analysis (TGA), SEM, 

TEM, and electron dispersive spectroscopy (EDS). Direct observation of impurities by SEM and 

TEM is used to reveal the type of impurities that are present in a CNT sample. The graphitic or 

amorphous nature of carbonaceous impurities can be readily identified with TEM. Metallic 

catalyst particles can be imaged with both TEM and SEM. Whereas, EDS makes it possible to 

identify the types of metals that are in a sample. Quantitative evaluation of the amount of 

carbonaceous and metal impurities in a CNT sample can be obtained by TGA of CNT samples 

that are burned in air.  The amount of amorphous carbon is calculated from the peaks of TGA 

curves that correspond to material that burned off below the critical oxidation temperature for 

CNTs. Metal catalyst content is determined from the ash weight of a sample that was 

completely oxidized during a TGA experiment.      

4.1.2. Purification techniques 

The most appropriate purification strategy for a CNT sample depends on the nature of 

the impurities that need to be removed and the application that the purified CNTs are required 

for.  A detailed review of the various techniques used for CNT purification [Hou et al. 2008] 

groups purification techniques into three categories: chemical, physical, and multi-step 

purification. Chemical purification primarily relies on selective oxidation for removing 
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carbonaceous impurities and acid treatment for removing metallic impurities.  Physical 

purification refers to processes such as filtration, centrifugation, and high temperature 

annealing. To achieve the highest purity CNTs possible without adversely affecting CNT quality, 

multi-step purification methods that combine both chemical and physical processes are also 

commonly used.  

The most effective methods for removing carbonaceous impurities from CNTs are gas 

phase and liquid phase oxidation.  These methods rely on the fact that oxidative chemicals 

preferentially attack carbon sites with structural defects.  Therefore, the rate of oxidation is 

much higher for amorphous carbon and graphitic carbon than for pristine carbon nanotubes.  

However, purifications that rely on oxidation still eventually induce defects in CNT sidewalls, 

open the CNT caps, and shorten CNTs. Most gas phase oxidations are performed at 

temperatures between 200 °C and 800 °C. Commonly used gases for carrying out oxidation 

include air, Cl2, H2O, HCl, O2, SF6, H2S, and HCl. Liquid-phase oxidation has been performed with 

H2O2, KMnO2, H2SO4, HNO3, HCl, and NaOH. To get high purity CNTs, these purifications require 

processing of CNTs under reflux for periods of time that can exceed several days. 

Several studies using scalable chemical oxidation processes have reported reduction of 

metal catalyst to as low as 1 % [Dujardin et al. 1998; Ebbesen et al. 1994; Xu 2005]. The ratio of 

purified CNT mass to mass of carbonaceous material in the unpurified CNT sample (i.e. not 

including metals), or purification yield, for these studies ranged anywhere from 2 – 75%. While 

the yield is dependent on the purity of the raw CNT sample, low yields are generally indicative 

that CNTs are being damaged or even consumed by the purification process, both of which are 

highly undesirable effects for developing high-performance materials. Purification processes 

with yields in excess of 50% and purity higher than 95% include exposure to hydrogen sulfide 
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gas [Jeong et al. 2001], reaction in mixtures of oxygen and SF6 or C2H2F4,[Xu 2005] sonication in 

nitric acid followed by magnetic stirring [Dujardin et al. 1998], and reaction in an aqueous 

mixture of H2O2 and HCl [Wang et al. 2007]. 

Physical purification techniques are able to achieve similar purification yields and purity 

levels as chemical oxidation, but without the oxidative damage to CNT sidewalls caused by 

exposure to oxidative chemicals.  Filtration of surfactant-stabilized CNTs in aqueous suspensions 

[Shelimov et al. 1998] and functionalized CNTs suspended in a conjugated organic polymer 

[Murphy et al. 2002] resulted in over 90 % pure CNTs with yields of up to 70%.  Centrifugation of 

CNTs functionalized with nitric acid can achieve 99% purity, but the purification yield is less than 

40% [Hu et al. 2005].  Since filtration and centrifugation require CNTs to be highly dispersed in 

solution, these methods usually rely either on sonication or functionalization of CNTs. These are 

major drawbacks since sonication is known to shorten CNTs and functionalization degrades the 

electronic properties of CNTs. High temperature annealing of MWNTs at over 1800 °C in an inert 

environment is able to effectively remove over 99% of metal catalyst impurities without 

significant structural damage to MWNTs [Huang et al. 2003]. However, annealing is not effective 

at removing carbonaceous impurities and it has been reported that annealing can lead to 

potentially undesirable phenomena such as SWNTs transforming into MWNTs [Yudasaka et al. 

2003]. 

By combining both physical and chemical purification methods, it should be possible to 

achieve a high CNT purity along with a high purification yield. However, most of the multi-step 

purification methods have been unsuccessful in achieving high yields.  Microfiltration to remove 

large graphitic aggregates followed by oxidation had less than a 20 % yield [Bandow et al. 1998]. 

A method that used filtration, followed by sonication in acid, and finally heat treatment in NH3 
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had only a 25 % yield [Montoro and Rosolen 2006]. The only method that has been shown to 

achieve over 90 % CNT purity and yield was high temperature annealing followed by sonication 

in a polymer solution of MWNTs [Zhang et al. 2006]. However, the high temperature and the 

sonication of CNTs make this method problematic. 

Since there is no universal method to effectively purify CNTs with high yield and without 

damaging the CNTs, most CNT samples will require optimization of a custom purification process 

to get the highest quality, purified CNTs possible.  While the impurity level and purification yield 

have been studied extensively for a wide range of purification techniques, few studies have 

thoroughly explored the effect of purification on CNT quality. In particular, the length of CNTs, 

thin film CNT properties, and CNT fiber properties have not been evaluated before and after 

purification.     

4.2. CNT Purification by Exposure to Concentrated H2O2 

We study how exposure of CNTs to concentrated H2O2 affects CNT purity, purification 

yield, and CNT quality for several different CNT samples. We demonstrate that this purification 

method results in over 96 % CNT purity and over 80% purification yield for samples from three 

different manufacturers. The purification reduces the aspect ratio of the CNTs, but the removal 

of carbonaceous and catalyst impurities results in increases of thin film conductivity for all three 

samples after purification.          

Although gaseous chemical oxidation is an effective technique for purifying some CNT 

samples in powder form, for other types of CNTs, liquid phase oxidative treatment is more 

appropriate. The morphology of raw CNTs produced by some production methods make it 

difficult for gases to access all of the areas of the sample.  Therefore, purification via gas-phase 
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chemical oxidation is not highly effective for mat-like raw CNTs such as Meijo EC. Figure 4.1A 

shows how a sample of raw HiPco SWNT powder looks qualitatively different in comparison to 

raw Meijo EC SWNTs in Figure 4.1B. We purify both DWNT and SWNT materials from several 

manufacturers and show that exposure to H2O2 is highly effective at removing metal catalyst in 

all samples. This purification technique actually improves the Raman G/D ratio for most 

samples, but is prone to cutting CNTs.  

 

Figure 4.1: (A) Image of raw HiPco SWNT powder and (B) image of raw Meijo EC SWNTs. 
 

Since H2O2 preferentially attacks defect sites on CNTs, purification with H2O2 is 

appropriate only for relatively low defect CNTs with G/D ratios above ~10.    We purified AC 299 

DWNTs provided by Teijin Aramid BV, EC 1.5 SWNTs produced by Meijo Nano Carbon Co., and 

Tuball 80 Cotton SWNTs produced by OCSiAl Group. 

Purifications experiments were conducted both at ambient and elevated temperatures 

for varying amounts of time.  Due to the significantly higher amount of catalyst impurities in the 

raw Tuball 80 Cotton SWNTs, these CNTs were mixed with a stir bar in 37% HCl solution (1 mg 

CNT per mL HCl) for at least 3 hours prior to purification with H2O2 in order to remove exposed 
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catalyst particles that were not encased by graphitic carbon. The as-received AC 299 and EC 1.5 

materials were purified directly without an intial HCl wash.  

Purification was carried out in Erlenmeyer flasks filled with 30% H2O2 solutions at a ratio 

of 2.5 mL H2O2 solution per 1 mg CNTs. The solutions were stirred at 200 rpm with Teflon coated 

magnetic stir bars and the Erlenmeyer flasks were capped to prevent H2O2 evaporation. Room 

temperature purifications (approximately 24 °C) were conducted for 24 hours. Elevated 

temperature purifications were conducted at 60 °C for periods of time ranging from 1 hour to 10 

hours. To ensure constant temperature throughout purification, the H2O2 solutions were heated 

to 60 °C before CNTs were added. For elevated temperature purifications lasting 8 hours or 

longer, an equal volume of heated H2O2 solution was added to the original solution after 5 hours 

of purification to compensate for any H2O2 loss due to reaction and evaporation. After the H2O2 

treatment, CNTs were filtered out via vacuum filtration and stirred for at least 8 hours in a flask 

of HCl solution (37% ACS) at a ratio of 1 mL HCl per mg CNT. Then, the CNT materials were 

recovered from HCl through vacuum filtration and washed with distilled water until the pH of 

the filtrate became neutral. Finally, the CNTs were freeze-dried and stored for further 

characterization. 

The average aspect ratio of the raw and purified CNTs was obtained from extensional 

viscosity measurements, as described in Chapter 3. CNTs were dispersed in chlorosulfonic acid 

by stir bar mixing at concentrations ranging from 50 ppm to 1000 ppm and their extensional 

viscosities were measured with a Cambridge Trimaster Capillary Thinning Rheometer.  

CNT thin films were prepared by vacuum filtration of 10 ppm CNT solutions in 

chlorosulfonic acid. 2 mL of solution were filtered through a 47 mm diameter, 0.02 um pore size, 

Whatman Anodisc membrane filter by applying vacuum through a vacuum pump. After the 
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solutions passed through the filter, approximately 5 ml of chloroform was poured on top of the 

nanotube film to facilitate coagulation. The filter containing the CNT thin film was then removed 

from the vacuum filtration setup and immersed in water. This immersion caused the film to float 

and detach from the filter. The thin film was collected onto a clean glass slide and air-dried. 

Resistance of the film was measured with a four-point probe, and the transparency was 

measured with a UV-spectrometer. 

Raman spectra were taken on the CNT thin films with a Renishaw InVia Confocal Raman 

microscope at 514, 633, and 785 nm excitation wavelengths. Every test was repeated at nine 

different locations on the thin film, and averages of the results were used to compare spectra 

between samples.  

TGA was performed on approximately 2 to 3 mg of raw and purified CNT samples. The 

CNTs were loaded into the furnace of a TA Instruments Q-600 TGA/DSC. Industrial quality air 

was supplied to the furnace at a flow rate of 100 mL/min. The samples were equilibrated at 150 

°C for 30 minutes and then heated to 850 °C at the rate of 2.5 °C/min. The temperature was 

kept at 850 °C for 60 minutes to ensure complete oxidation of the CNTs. 

Transmission electron microscopy images were acquired with an FEI Titan 80-300 FEG-

S/TEM at the Technion Institute of Technology in Haifa, Israel. Sample preparation was carried 

out by fabricating CNT thin films from chlorosulfonic acid solutions and depositing the films 

directly onto lacey carbon TEM grids after quenching with chloroform and water.  

High resolution scanning electron microscopy images (HRSEM) were acquired with a 

Zeiss Ultra Plus HRSEM at the Technion Institute of Technology in Haifa, Israel. The HRSEM was 

equipped with a Shottky field emission electron gun. This instrument was also used to perform 

electron dispersive spectroscopy on CNT samples before and after purification. 
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4.3. Purification of DWNTs  

We show that purification of AC 299 DWNTs by exposure to concentrated H2O2 is highly 

effective in removing catalyst impurities.  Since DWNTs generally have larger diameters than 

SWNT materials, they are more likely to survive under harsh purification conditions. Our study 

suggests that in addition to surviving the purification process, the quality of AC 299 DWNTs 

actually improves after purification. 

Several techniques confirm the removal of a significant amount of catalyst impurities by 

24 °C H2O2 purification for 24 hours. Figure 4.2 shows that the HCl filtrate after purification is 

clearly green, indicating that there are Fe ions dissolved in the HCl solution after exposure of the 

CNTs to H2O2. No color change was observed in the HCl solution when a sample of AC 299 was 

mixed in HCl prior to H2O2 treatment. TGA results shown in Figure 4.3A and B for the raw and 

purified AC 299 DWNTs, indicate that the amount of metal catalyst was reduced from 5.7 % to 

0.4 % after purification. The carbon nanotube purification yield was 83 %. EDS results for the 

raw and purified AC 299 samples shown in Figure 4.4 agree with the TGA data. In the EDS 

spectra, the disappearance of Fe peaks after purification suggests the removal of nearly all iron 

catalyst impurities by purification. However, the EDS spectrum of the purified CNTs also shows a 

Cl peak. This is likely due to the presence of residual HCl in the purified material. 

SEM and TEM images of AC 299 DWNTs before and after purification provide direct 

visual confirmation of the TGA and EDS results. The presence of catalyst particles in the raw AC 

299 material is observable in SEM images from the sample charging shown in Figure 4.5A and 

the bright spots visible in Figure 4.5B. No charging or bright spots are evident in the SEM images 

of the purified material in Figure 4.5C and Figure 4.5D. Moreover, the TEM images in Figure 4.6 
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show that H2O2 purification significantly reduces the number of dark catalyst particles in the 

purified AC 299 sample compared to the raw sample.  

 

Figure 4.2: Image of vacuum filtration flask with filtrate of HCl solution used to wash AC 299 
CNTs after purification. 
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Figure 4.3: Plots of weight percentage (green line) and temperature (blue line) as functions of 
time in the TGA furnace for (A) raw AC 299 and (B) purified AC 299. The residual weight at the 
end of both experiments is indicated at the bottom right of each plot. 
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Figure 4.4. EDS Spectra of AC 299 (A) raw material and (B) purified material. Spectra courtesy 
of Olga Kleinerman, Talmon group, Technion Institute of Technology, Haifa, Israel.  
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Figure 4.5. SEM bright field and dark field images of (A and B) raw and (C and D) purified AC 299 
DWNTs. Images courtesy of Olga Kleinerman, Talmon group, Technion Institute of Technology, 
Haifa, Israel. 
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Figure 4.6. TEM Images of (A) raw and (B) purified AC 299 DWNTs. Images courtesy of Olga 
Kleinerman, Talmon group, Technion Institute of Technology, Haifa, Israel. 
 

The H2O2 purification is clearly effective at removing catalyst impurities, but the effect of 

the purification on CNT quality and behavior in solution are also critical aspects of the 

purification process. Surprisingly, the quality of the AC 299 DWNTs actually improved after 

purification. Raman spectra in the area of the G and D peaks before and after purification are 

shown in Figure 4.7. Purification leads to an appreciable reduction in the D peak relative to the 

G peak. Table 4.1 shows that the Raman G/D ratios of the AC 299 CNTs at 514 nm, 633 nm, and 

785 nm excitation wavelengths all improve by a factor of ~2 after purification. The increased 

G/D ratios indicate that the either the purified CNTs have relatively fewer defects than the raw 

CNTs, or that there are fewer carbonaceous impurities in the purified CNTs. Either way, it means 

that the quality of purified AC 299 DWNTs is superior to the raw CNTs. This improvement is 

likely due to the propensity of H2O2 to preferentially attack defective, sp3 hybridized carbon 

structures. Thus, only the highly defective CNTs and amorphous carbon impurities are consumed 

by H2O2 during purification, leaving primarily pristine CNTs in the final purified sample. 
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Figure 4.7: Raman spectra at a 514 nm excitation wavelength of AC 299 CNTs before (raw) and 
after purification in concentrated H2O2 for 24 hours at 24 °C (purified).  
 

Table 4.1. Raman G/D ratios of AC 299 CNTs before and after H2O2 purification. 

Excitation Wavelength Raw 
24 °C Purified  
for 24 hours 

514 nm 10 20 

633 nm 6 10 

785 nm 2 4 

 

A reduction in the amount of defective CNTs in a sample is expected to improve the 

solubility of the sample in chlorosulfonic acid. Defective CNTs are harder to dissolve because 

acids only protonate sp2 hybridized sites on CNT sidewalls. We observe that purified AC 299 

DWNTs are qualitatively easier to dissolve than raw AC 299 DWNTs. To achieve a somewhat 
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homogeneous solution with raw AC 299 DWNTs, at least one hour of vigorous stir-bar mixing is 

required after 30 minutes of speedmixing. Whereas for purified AC 299 DWNTs, speedmixing for 

30 minutes is sufficient to achieve a homogeneous solution. Moreover, Figure 4.8 demonstrates 

that light microscopy images of the raw and purified AC 299 solutions are qualitatively different. 

Small aggregates are visible in the transmitted light image of the raw AC 299 solution and the 

image looks much more grainy than the transmitted light image of the purified AC 299 solution. 

In the cross polarized light images, the purified sample also appears to have a much sharper and 

more continuous liquid crystalline structure than the raw sample. The apparent improvements 

in CNT solution quality after purification should make it easier to process CNT materials purified 

by the H2O2 method into macroscopic articles such as fibers, films, and foams.  

CNT aspect ratio is also a critical parameter to consider for processing CNTs into fibers 

and films as properties improve when higher aspect ratio CNTs are used. Our extensional 

viscosity measurements on AC 299 DWNTs reveal that the aspect ratio after H2O2 purification 

actually increases from Lv /d = 2480 to Lv /d = 4410. Since it is highly unlikely that CNTs could 

increase in length during the purification process, the increase in aspect ratio may be due to 

either disentangling of small CNT aggregates or debundling of CNTs. Bundled CNTs or entangled 

CNTs should contribute less to the extensional viscosity of a solution than individually dissolved 

CNTs. Therefore, the presence of a significant amount of CNT aggregates in a sample would lead 

to overestimating the concentration of dissolved CNTs. When calculating aspect ratio from 

extensional viscosity, this leads to a value of aspect ratio that is lower than what the aspect ratio 

should be if all the CNTs were dissolved as individuals. 

We hypothesize that the purification process minimizes the amount of undispersed or 

aggregated CNTs in solution by removing graphitic impurities and catalyst particles that may still 
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be attached to CNTs. The presence of aggregates in the raw AC 299 DWNT solutions is 

highlighted by the small particles visible in light microscopy images and by how difficult the 

solutions are to mix homogeneously. It is unclear whether the purification is shortening some of 

the CNTs because the length measurement on the raw material is suspect due to the presence 

of aggregates in the solution.    

 

Figure 4.8. Light microscopy images of (A) raw AC 299 DWNTs under transmitted light, (B) raw 
AC 299 DWNTs under cross polarized light, (C) purified AC 299 DWNTs under transmitted light, 
and (D) purified AC 299 DWNTs under cross polarized light. 
 

Due to the limited availability of AC 299 DWNT material, we did not perform a 

comprehensive study of the effect of purification time on CNT aspect ratio for this material. The 

effect of purification time on aspect ratio is discussed in detail for the Tuball 80 Cotton SWNT 
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sample in section 4.4. While experimenting with the Tuball sample, we found that purifying 

Tuball 80 Cotton SWNTs for 5 hours in 60 °C H2O2 was about 4 times faster and resulted in 

higher quality CNTs compared to purifying the sample for 24 hours at room temperature.  

Because of these promising results, we focused on purifying the remaining AC 299 DWNT 

material for 5 hours in 60 °C H2O2. 

Table 4.2. Properties of AC 299 DWNTs purified at different temperatures.  

 Raw 
24 °C Purified  
for 24 hours 

60 °C Purified 
 for 5 hours 

Purity 94.3 % 99.5 % 96.3 % 

Purification Yield - 83 % 92 % 

Aspect Ratio 2480 4410 9610 

G/D @ 514 nm 10 20 56 

G/D @ 633 nm 6 10 21 

G/D @ 785 nm 2 4 7 

.  

The properties of the raw, 24 °C purified, and 60 °C purified AC 299 DWNTs are shown in 

Table 4.2. Both purifications removed a significant fraction of catalyst impurities. The 24 °C 

purification resulted in slightly higher sample purity, but had a lower purification yield.   Also, 

there was a significant improvement in CNT quality and an increase in CNT aspect ratio in the 

case of the 60 °C purification compared to the 24 °C purification. The G/D ratios at three 

different wavelengths and the measured aspect ratio for the 60 °C purified sample were a factor 

of ~2 higher than for the 24 °C purified sample. Both of the purified samples dissolved readily in 

chlorosulfonic acid after 30 minutes of speedmixing and little or no aggregates could be 

observed in light microscopy images of 500 ppm solutions of the purified samples. Therefore, 

the higher aspect ratio for the 60 °C purification compared to the 24°C purification is probably 
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due to something other than simply a reduction in CNT aggregates. A potential explanation is 

that the H2O2 may be cutting the length of CNTs during purification. Due to the longer time 

period of exposure to H2O2 in the 24 °C purification, the CNTs may be shortened significantly 

more than the CNTs in the 60 °C purified sample.  The higher purification yield in the 60 °C 

purified sample corroborates this hypothesis because it suggests that the 60 °C purification 

oxidized fewer CNTs than the 24 °C purification.  

4.4. Purification of SWNTs  

The H2O2 purification process is about as effective at removing catalyst impurities from 

SWNT samples as from the AC 299 DWNT sample.  Table 4.3 shows that purification of EC 1.5 

SWNTs and Tuball 80 Cotton SWNTs in H2O2 at room temperature and at elevated temperature 

yields CNTs that have less than 3% catalyst impurities.  Despite the significantly higher initial 

metal content in the SWNT raw materials, the amount of catalyst remaining after purification is 

comparable to the amount left after purification of the AC 299 DWNTs. The carbon nanotube 

purification yield after 60 °C purification was also relatively high for both SWNT samples, with 

~100 % yield for the EC1.5 SWNTS, and 80 % yield for the Tuball 80 Cotton SWNTs.   

Table 4.3. Impurity content before and after purification for three CNT samples.  

 
Raw 

(% Carbon) 
24 °C Purified  

 for 24 hrs (% Carbon) 
60 °C Purified  

for 5 hrs (% Carbon) 

AC299 DWNT 94.3 99.5 96.3 

EC 1.5 SWNT 84.1 99.2 99.1 

Tuball 80 Cotton SWNT 75.9 97.1 97.6 

 

However, the effect of the purification on the Raman G/D ratio differed for the two 

SWNT samples. Raman G/D ratios at 514nm, 633 nm, and 785 nm excitation wavelengths are 
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presented in Figure 4.9. Similarly to the DWNT sample, there was a dramatic increase in G/D 

ratio at all wavelengths for the Tuball 80 Cotton SWNTs. Conversely, there were only marginal 

increases or decreases (depending on the excitation wavelength) in the G/D ratios for the EC 1.5 

SWNTs. The difference in behavior for the EC 1.5 SWNTs may be due to their high Raman G/D 

ratio in the raw state.  The G/D ratios of the raw EC 1.5 SWNTs are about the same as the G/D 

ratios of the purified AC 299 and Tuball 80 Cotton samples. The large increase in G/D ratios of 

the AC 299 and Tuball 80 Cotton samples after purification suggests that the purification 

removed a significant amount of defective carbon from these samples. There is less defective 

carbon in the EC1.5 sample to begin with so it is reasonable that the purification does not result 

in a significant change in Raman G/D ratios for the EC 1.5 SWNTs. Thus, the Raman spectra 

indicate that H2O2 purification does not significantly damage SWNT samples and can significantly 

improve the quality of some CNT samples by removing defective carbon. 
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Figure 4.9. Raman spectra of AC 299 DWNTs, EC 1.5 SWNTs, and Tuball 80 Cotton SWNTs before 
and after purification. 
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Figure 4.10. Average aspect ratios for raw and purified CNT samples. 

 

In addition to how purification affects SWNT quality, we also investigate the effect of 

purification on the SWNTs’ average aspect ratios.  Figure 4.10 shows that H2O2 purification 

causes a decrease in the aspect ratio of the SWNT samples, as opposed to the apparent increase 

observed for the AC 299 DWNT sample. In reality, it is likely that the purification actually 

shortened all of the CNT samples to some degree. The raw AC 299 DWNTs don’t fully dissolve in 

solution, leading to an erroneous underestimate of their aspect ratio from extensional viscosity 

measurements. After purification, the AC 299 DWNTs form a homogenous solution and thus the 

aspect ratio measurements are reliable for the purified AC 299 DWNTs. The SWNT sample 

solutions are also homogeneous only when purified SWNTs are used. However, no increase in 

aspect ratio was measured for the SWNT samples after any amount of exposure to H2O2. While 
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the measured aspect ratio of the raw SWNT samples is not completely accurate, it is clear that 

the H2O2 treatment significantly shortens the SWNTs. We speculate that the measured increase 

in aspect ratio after purification only occurs for the DWNT sample because the attractive van 

der Waals forces for entangled bundles of raw AC 299 DWNTs should be stronger than for the 

SWNT samples due to the higher length and number of walls in the DWNT sample.  

CNT length, number of walls, diameter, chirality, and defect density all influence how 

much CNTs will be cut during H2O2 purification. Further studies are necessary to evaluate the 

relative contribution of each of those factors on the mechanism of CNT shortening from H2O2 

exposure. Until CNT manufacturers figure out how to precisely control all of these factors during 

synthesis, it is critical to use purification conditions that will preserve the length and quality of 

CNTs as much as possible.    

To optimize the 60 °C H2O2 purification, we evaluate the effect of H2O2 purification time 

on the length and quality of Tuball 80 Cotton SWNTs. We measure the aspect ratio and Raman 

G/D ratios of the Tuball 80 Cotton sample after purifying the sample in 60 °C H2O2 for times 

ranging from 1 hour to 10 hours. While samples purified for less than 4 hours were difficult to 

mix and did not appear to completely dissolve in chlorosulfonic acid, samples purified for 4 

hours or longer all formed homogeneous solutions. This suggests that the majority of the 

catalyst and carbonaceous impurities are removed during the first 4 hours of purification. Plots 

of aspect ratio and Raman G/D ratios versus purification time are shown in Figure 4.11.  Both 

the aspect ratio and the G/D ratios of the Tuball 80 Cotton SWNTs change significantly during 

the first 4-5 hours of H2O2 treatment. The G/D ratios increase over the first 5 hours of 

purification, but appear to reach a plateau for H2O2 treatments longer than 5 hours. The 

increase in the G/D ratios is likely due to the removal of either carbonaceous impurities or 

defective CNTs.  



 77 

 

Figure 4.11. (A) Effect of purification time on aspect ratio and (B) effect of purification time on 
Raman G/D ratio for Tuball 80 Cotton SWNTs. 
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Furthermore, during the first 4 hours of exposure to H2O2, the average aspect ratio of 

the SWNTs steadily decreases from 3350 to 1100. For H2O2 treatments greater than 4 hours, the 

aspect ratio plateaus at ~1200. Therefore, it appears that a significant reduction in CNT length is 

unavoidable if the 60 °C purification is to be effective at removing impurities for the Tuball 80 

Cotton SWNTs. Since the EC 1.5 SWNTs also decrease in aspect ratio after 60 °C purification, it is 

likely that some cutting of the EC 1.5 SWNTs is also unavoidable during purification. Based on 

Figure 4.10 though, the purification does not appear to cut the EC 1.5 SWNTs as much as the 

Tuball 80 Cotton SWNTs. Since both samples have the same number of walls, it is likely that 

differences in diameter and chirality are responsible for the reduced amount of CNT shortening 

in the EC 1.5 sample compared to the Tuball 80 Cotton sample. 

4.5. Thin Film Performance of Purified CNTs  

The changes in CNT quality and aspect ratio during purification can affect the 

performance of macroscopic CNT materials.  We fabricate transparent and conductive CNT thin 

films from both raw and purified CNT samples to study the effect of purification on thin film 

properties. We use a figure of merit FOM to compare the electrical conductivity of films with 

varying thickness 

  lnsheetFOM R T   4.1 

where Rsheet is the electrical resistance of the film in Ω/□, and Tλ is optical transmittance of the 

film at a wavelength of 550 nm. Films with lower values of FOM are more conductive.  Figure 

4.12 shows that the thin film conductivity improves to some extent for three different samples 

after purification.  For the AC 299 DWNT sample, the FOM changed from 16.4 to 5.1 after 

purification. The improvement after purification was much smaller in the SWNT samples, but 
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the FOM values of the raw SWNT samples were both significantly better than for the raw AC 299 

DWNT sample. The relatively high FOM value for the raw AC 299 sample may be due to the high 

degree of bundling and aggregation in that sample that also led to an inaccurate aspect ratio 

measurement. After purification, FOM values for all three samples meet the requirements for 

applications of transparent and conductive thin films in touch screens and flexible electronics 

(i.e. FOM < 10 at ~90 % transparency). 

 

Figure 4.12. Figure of merit of CNT thin films before and after purification. 
 

Both quality and CNT length likely have a strong influence on thin film properties. Low 

defect CNTs lead to improved film conductivity [Hecht et al. 2011] due to the higher intrinsic 

conductivity of low defect CNTs. Figure 4.13A shows that the FOM across three different 

samples decreases as the G/D ratios of the CNT materials increase. The plot of FOM versus G/D 

ratio includes films made from both raw and purified CNTs. Because G/D ratios typically increase 

after purification, the purified CNTs result in thin films with higher conductivity. 
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Figure 4.13. Plots of (A) thin film FOM versus G/D ratio at 514 nm and (B) thin film FOM versus 
aspect ratio for three CNT samples. The aspect ratio plot only includes samples whose G/D ratios 
at 514 nm range from 50 to 65. 
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Longer CNTs reduce the number of CNT junctions in films and thus also increase the 

electrical conductivity of thin films [Hecht et al. 2006]. To compare the thin film performance of 

CNTs with different aspect ratios, the G/D ratios of the different samples must be comparable. 

Figure 4.13B plots thin film FOM versus aspect ratio for three different CNT samples that have 

G/D ratios which fall in the narrow range of 50-65. This plot confirms that the longer CNTs result 

in more conductive films because the FOM decreases as the average CNT aspect ratios get 

larger.  Even though we showed that purification can significantly shorten CNTs, the thin film 

FOM of all of the CNT samples tested here improved after purification. This suggests that 

improvement in CNT quality after purification plays a bigger role than a decrease in CNT length 

for a sample’s thin film performance. 

4.6. Conclusions 

We show that purification using a combination of H2O2 and HCl treatments is highly 

effective at removing catalyst and carbonaceous impurities from both DWNT and SWNT 

samples. Purities in excess of 99 % carbon content were achieved for three different CNT 

samples. The purification affected both the quality and average aspect ratio of all samples. 

Quality, as measured by Raman G/D ratio, improved significantly for the samples that had 

relatively low G/D ratios before purification, but the quality didn’t change much for the sample 

that already had a high G/D ratio to begin with. We attribute the improvement in CNT quality to 

the removal of defective CNTs and carbonaceous impurities by the purification.  

For the AC 299 DWNTs, the removal of these impurities led to an apparent increase in 

the aspect ratio of the DWNTs. We speculate that this apparent length increase was a 

measurement artifact resulting from the poor dissolution of the raw AC 299 DWNT sample in 
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chlorosulfonic acid. The AC 299 sample as well as the other samples were all significantly easier 

to dissolve and formed homogeneous solutions after purification. The improvements in solution 

quality were most likely due freeing up of CNTs that were aggregated around catalyst and 

carbon impurities prior to the removal of these impurities by purification. Unlike the DWNT 

sample, the measured aspect ratio of the SWNT samples decreased significantly after 

purification. It is not clear whether the DWNT sample may have also been shortened by 

purification, but it is possible that CNTs with more than one wall are less prone to being cut by 

exposure to H2O2.  

Although the length of CNTs was shortened by purification, the improvement in the 

Raman G/D ratios of the samples was enough to cause the thin film FOM of the samples to get 

better after purification. Future work can be focused on finding conditions that minimize how 

much CNTs get cut during purification, without reducing the effectiveness of the purification.  
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Chapter 5 

Influence of CNT Quality on Acid-Spun 

CNT Fiber Properties  

We explore how number of CNT walls, purity, graphitic character, and aspect ratio affect 

the properties of acid-spun fibers that consist of highly-aligned and densely packed, acid-doped 

CNTs. A reliable assessment of intrinsic CNT properties is critical for determining which sources 

of CNTs are the most suitable for producing high-performance CNT fibers.  There are several 

characterization techniques developed specifically for CNTs that can be used to predict CNT 

fiber performance. The key tests for determining whether CNTs are promising for making strong, 

highly conductive CNT fibers are: 

 Transmission electron microscopy (TEM) to determine average number of CNT walls 

and to evaluate CNT diameter distributions 

 Thermal Gravimetric Analysis (TGA) to determine levels of impurities 

 Raman Spectroscopy to determine the relative amount of defects in CNTs 

 Extensional viscosity measurements to determine CNT average aspect ratios 
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We perform these tests on dozens of CNT samples from suppliers that use a wide 

variety of different CNT synthesis techniques. Then, we produce fibers out of the most 

promising samples, using an established technique for spinning CNT fibers from solutions of 

strong acids [Behabtu et al. 2013; Ericson et al. 2004]. The resulting fiber properties reveal that 

neither strength nor conductivity depends strongly on whether single-walled carbon nanotubes 

(SWNTs) or double-walled carbon nanotubes (DWNTs) are used.   Our results also indicate that 

high CNT purity is important for effective processing of CNTs into fibers. Yet as long as CNT 

purity is above ~94 %, there is no significant effect of purity on fiber properties. There is 

however, a significant dependence of fiber properties on CNT Raman G/D ratio and on CNT 

aspect ratio measured by extensional viscosity. Both fiber strength and conductivity improve 

with increasing CNT Raman G/D ratio at a 785 nm excitation wavelength, as well as with 

increasing CNT aspect ratio.  

5.1. CNT Fiber Spinning Review 

While individual carbon nanotube molecules possess exceptional mechanical, electrical, 

and thermal properties, the properties of macroscopic assemblies of CNTs (fibers and films) are 

typically more than ten times worse than individual CNT molecule properties [Biercuk et al. 

2008; Peng et al. 2008; Tans et al. 1997]. CNT fiber properties are highly dependent on intrinsic 

CNT properties, doping, CNT alignment, and CNT packing. Fabricating CNT fibers with properties 

that approach single molecule levels, will require synthesis of the highest quality CNTs possible, 

as well as processing that leads to highly oriented, densely packed fibers. 



 85 

5.1.1. CNT Production Methods 

The properties of CNT fibers are invariably linked to CNT quality. Synthesis methods that 

produce longer, higher purity, defect-free CNTs lead to the fabrication of CNT fibers with 

superior properties [Behabtu et al. 2008; Behabtu et al. 2013; Zhang et al. 2007]. There are a 

multitude of CNT synthesis methods that have been developed since the initial discovery of 

CNTs [Iijima 1991]. Each synthesis or growth technique has its own advantages and drawbacks. 

Techniques that are able to produce CNTs with a production capacity exceeding one gram per 

day include arc-discharge [Ebbesen and Ajayan 1992], laser oven [Thess et al. 1996], high-

pressure carbon monoxide (HiPco) [Nikolaev 2004], fluidized bed carbon vapor deposition (CVD) 

[Resasco et al. 2002], catalytic gas flow CVD [Koziol et al. 2007; Lashmore et al. 2009; Li et al. 

2004], plasma enhanced CVD [Predtechensky et al. 2013], enhanced direct injection pyrolytic 

synthesis (eDIPS) [Saito et al. 2008], and carpet/substrate growth [Fan et al. 1999; Li et al. 2006]. 

We have performed an extensive evaluation of available CNT materials using CNTs 

synthesized by all of the different aforementioned synthesis techniques. We evaluated the CNT 

quality of 20 prominent CNT suppliers from all over the world. The production method, 

predominant CNT type, highest measurable Raman G/D ratio (at 514 nm, 633 nm, or 785 nm 

excitation wavelengths), and carbon purity of the CNTs from these suppliers is shown in Table 

5.1. Except for SWNTs from Raymor and CNRC, CNT samples with purities below 90 % were as-

produced CNTs that had not been purified by the supplier. Multiple different CNT samples were 

evaluated from several of the suppliers listed in Table 5.1, and only data for the best samples is 

shown.  
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Table 5.1: Evaluation of CNTs produced by various manufacturers and production methods. CNT 
purity and Raman G/D ratio were either measured by the manufacuter or at Rice University, 
unless otherwise noted. 

CNT Manufacturer or 
Supplier 

Production Method CNT Type 
Raman 

G/D Ratio 
Purity  

(% Carbon) 

Teijin Aramid BV (AC 299) 
Enhanced Direct Injection 
Pyrolytic Synthesis (eDIPS) 

DWNT > 50 94 

Meijo Nano Carbon Co. 
Enhanced Direct Injection 
Pyrolytic Synthesis (eDIPS) 

SWNT > 50 88 

Samsung Cheil Floating catalyst CVD DWNT > 50 98 

OCSiAl Group (Tuball) Plasma enhanced CVD SWNT > 50 76 

Raymor Industries Plasma torch CVD SWNT > 50 75 

UniDym 
High Pressure Carbon 

Monoxide (HiPco) 
DWNT > 50 96 

Continental Carbon 
Nanotechnologies  

High Pressure Carbon 
Monoxide (HiPco) 

DWNT > 50 94 

Linde Group CVD SWNT > 50 90 

Canada National Research 
Council (CNRC) 

Laser oven SWNT > 50 80 

Southwest 
Nanotechnologies  

Fluidized bed CVD 
(CoMoCAT) 

SWNT 30 97 

Rice University 
High Pressure Carbon 

Monoxide (HiPco) 
SWNT 30 80 

Nano-C Combustion synthesis SWNT 30 97 

Carbon Solutions Arc discharge SWNT 30 90 

KH Chemicals Catalytic gas flow CVD SWNT 20 80 

Nanocyl Catalytic gas flow CVD DWNT 20 90 

TimesNano CVD SWNT  20 95 

Klean Carbon  CVD SWNT 10 90 

NanoComp Catalytic gas flow CVD MWNT 2† 90 

CNano Catalytic gas flow CVD MWNT 1 95 

General Nano Carpet growth MWNT 1‡ 95 

†Source: [Harvey 2011], ‡Source: [Keller et al. 2014] 
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Both SWNT and DWNT samples are available from multiple suppliers with high Raman 

G/D ratios and high purity. However, we did not find any MWNT samples with G/D ratios greater 

than 10. Since defective CNTs have poor solubility in strong acids [Parra-Vasquez et al. 2010], 

solid-state spinning or aqueous solution spinning techniques for processing MWNT samples into 

fibers are preferable to wet-spinning MWNTs from acid solutions. On the other hand, CNTs from 

most of the CNT production methods featured in Table 5.1 cannot be processed into fibers via 

solid-state spinning and are difficult to disperse in aqueous systems at high concentrations. Thus 

wet-spinning from acid solutions is one of the only ways to make fibers from the majority of 

high quality, commercially available CNTs.      

5.1.2. Fabrication of CNT Fibers  

CNT fibers can be fabricated either by processing CNTs via wet-spinning from a CNT 

solution or by solid state spinning from an aligned CNT array, from entangled cotton-like CNTs,  

or directly from a CNT reaction chamber. While solution spinning methods typically produce 

fibers with superior CNT packing and alignment, solid-state spinning methods can be used to 

process significantly longer CNTs than solution spinning methods.  

  The first continuous CNT fibers produced by solid-state spinning were spun directly 

from a CVD synthesis zone in a reactor [Li et al. 2004]. A similar spinning approach has been 

commercialized by Nanocomp Technologies, Inc. to produce kilometers of CNT fiber per day 

[Lashmore et al. 2009]. Another variation of this type of spinning technique involves blowing as-

produced CNTs out of a tube furnace, through a cylindrical assembly and condensing them into 

ribbons in a water or alcohol bath [Wang et al. 2014]. In addition there are several studies that 

report production of continuous CNT fibers by pulling or twisting directly from a vertically 

aligned CNT carpet [Li et al. 2006; Zhang et al. 2004; Zhang et al. 2007]. This technique has been 
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applied to CNT carpets that are several millimeters in height. Other solid-state spinning 

techniques involve spinning fibers directly out of cotton-like CNT material [Ci et al. 2007; Zheng 

et al. 2007], but cotton-like material spinning has not been able to produce CNT fibers longer 

than tens of centimeters. Research indicates that considerable improvements in solid-state spun 

CNT fiber alignment, packing, and properties can be gained by post-processing techniques such 

as doping and densification [Alvarenga et al. 2010]. However, the most aligned and densely 

packed CNT fibers are produced by solution spinning. 

The first continuous solution spun CNT fibers consisted of up to 40 wt. % polymers and 

were produced from surfactant-stabilized aqueous CNT suspensions that were coagulated in 

aqueous poly-vinyl alcohol (PVA) baths [Vigolo et al. 2000; Vigolo et al. 2002]. Other studies 

used aqueous PVA coagulant baths for fabrication of CNT fibers from DNA-stabilized aqueous 

CNT suspensions [Barisci et al. 2004]. Neat CNT fibers were later produced by coagulating 

surfactant stabilized-CNT solutions in either acids or bases [Kozlov et al. 2005]. CNT 

polyelectrolyte suspensions in dimethyl sulfoxide stabilized by crown ether have also been spun 

into continuous, neat CNT fibers [Jiang et al. 2014]. Despite the high degree of CNT packing and 

alignment obtained in fibers by some of the aforementioned solution spinning methods, the 

mechanical and electrical properties of these fibers have been significantly worse than the 

properties of fibers produced by solid-state spinning methods. This poor performance of 

solution spun fibers is largely due to the fact that aqueous and polyelectrolyte CNT dispersions 

have been limited to using relatively short CNTs (average length < 1 µm).            

Recently, wet-spinning of CNTs from acid solutions at Rice University has been 

successfully applied to CNTs with average lengths of ~5 µm [Behabtu et al. 2013]. Fibers made 

by the acid-spinning process have achieved some of the highest levels of performance in terms 
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of strength and conductivity for continuous CNT fibers [Behabtu et al. 2013]. The properties of 

earlier acid-spun fibers [Davis et al. 2009; Ericson et al. 2004] were limited because the fibers 

were produced from relatively short CNTs.  

The key steps involved in manufacturing CNT fibers via wet-spinning [Behabtu et al. 

2013] are shown in the process flow diagram in Figure 5.1. The diagram highlights the various 

stages of the spinning process which include mixing CNTs in chlorosulfonic acid at 

concentrations of 2% to 6% by mass to form a spinnable liquid crystalline dope, filtering the 

dope to remove solid particles, extruding the dope through a spinneret with a diameter of 65 

µm or 130 µm into a coagulant bath of either acetone or water, and stretching the fiber during 

coagulation by collecting it on a drum rotating with a linear velocity greater than the extrusion 

velocity of the dope. High shear forces at the spinneret exit, along with the tension applied by 

the rotating drum contribute to a densely-packed, highly aligned CNT morphology in the fibers. 

 

Figure 5.1: Process steps for creating acid-spun fiber from raw CNT material. Images of various 
stages of the process are shown next to the relevant process step. 
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Figure 5.2: (A) HR-SEM image of highly-aligned, densely-packed acid-spun CNT fiber, reproduced 
from [Behabtu et al. 2013]. (B) SEM image of twisted CNT fiber fabricated by solid-state 
spinnning from aligned CNT arrays, reproduced from [Zhang et al. 2007]. 
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5.1.3. CNT Fiber Properties  

Compared to solid-state spun CNT fibers, acid-spun fibers typically have much higher 

density and degree of CNT alignment.  The superior alignment and packing in an acid-spun fiber 

over a solid-state spun fiber twisted from a vertical array of CNTs are apparent from the SEM 

images in Figure 5.2. Based on a full-width at half maximum (FWHM) of 9.4° from an azimuthal 

scan of reflections at 2θ = 25.3° from single filament wide-angle x-ray diffraction (WAXD) 

patterns, a Herman orientation factor of 0.986 has been reported for acid-spun CNT fibers 

[Behabtu et al. 2013]. Even after densification by pressurized rolling, WAXD on single filaments 

of the strongest solid-state spun fibers in the literature yields an orientation factor of only 0.826 

[Wang et al. 2014]. However, solid-state spinning methods are able to process CNTs that are 

orders of magnitude longer than the average lengths of CNTs that have thus far been processed 

via solution spinning. On the other hand, the very long CNTs in most solid-state spun fibers are 

highly defective compared to CNTs in acid-spun fibers. For achieving good CNT fiber properties, 

both fiber morphology and the quality of constituent CNTs are critical.  

We compare the properties of acid-spun CNT fibers to properties of metals, carbon 

fibers, and the best, continuous solid-state spun CNT fibers. Figure 5.3 demonstrates that acid-

spun Rice 2013 fibers [Behabtu et al. 2013] have a combination of specific strength and specific 

electrical conductivity that sets these fibers apart from all other engineering materials. Carbon 

fibers and some solid-state spun CNT fibers have higher specific strength than the Rice 2013 

fibers, but only the Rice 2013 fibers are comparable to metals in specific electrical conductivity. 

The average conductivity of the acid-doped Rice 2013 fibers was 2.9 MS/m.  Iodine doped Rice 

2013 fibers had an average conductivity of 5 MS/m. This is more than 3 times higher than doped 

solid-state spun fibers (~1.3 MS/m [Alvarenga et al. 2010]), and more than a factor of 2 higher 
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than the most conductive, undoped solid-state spun ribbons (~2 MS/m [Wang et al. 2014]). 

However, the solid state spun ribbons produced by Wang et al. do have the highest reported 

tensile strength (~3.7 GPa at 20 mm gauge length) of any continuous CNT fiber. The very high 

strength and good conductivity of these ribbons is somewhat surprising, considering that the 

ribbons were undoped and produced from relatively low quality, (514 nm Raman G/D ratio = 4), 

unpurified DWNTs*.  

Other important CNT fiber properties include tensile modulus, flex fatigue, and thermal 

conductivity. In terms of tensile modulus, the Rice 2013 fibers are the stiffest CNT fibers 

reported thus far (~200 GPa Young’s modulus). Meanwhile, both solid-state spun fibers and 

acid-spun fibers are typically flexible and have high flexure tolerance. Side-by-side flex fatigue 

tests showed that solid-state spun CNT fibers did not show any signs of flex fatigue after 

200,000 bend cycles, while commercial metal wires began to fail after about 8,000 cycles [Jarosz 

et al. 2011]. Similar, unpublished results have been obtained for the flexure tolerance of Rice 

2013 acid-spun CNT fibers. For thermal conductivity, iodine doped Rice 2013 fibers have the 

highest value ever reported for CNT fibers. With a room temperature thermal conductivity of 

over 600 W/m-K, the only fiber/wire material with higher thermal conductivity than the Rice 

2013 fibers is pitch carbon fiber. Although the properties of CNT fibers are already quite 

impressive, there is still a lot of room for improvement.    

                                                           
*
 The strength of these CNT ribbons is the highest ever reported for continuous CNT fibers tested 

with gauge lengths of at least 20 mm, and the electrical conductivity is the highest ever reported for solid-
state spun CNT fibers. However, there are concerns about the accuracy of the strength and conductivity 
measurements because the authors determine the cross-sectional areas of their ribbons by measuring 
ribbon edge thickness with SEM and assume that the thickness is equal throughout the ribbon. The 
authors state that the key reason for improvement in CNT ribbon properties after pressurized rolling is 
due to a 10-fold reduction in cross-sectional area, and not due to a significant increase in breaking force 
or reduction in ribbon resistance. Without fiber linear density measurements or confirmation of cross-
sectional areas by other measurement techniques, the strength and conductivity values reported by 
Wang et al. are highly suspect.  
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Figure 5.3: A) Specific tensile strength (normalized by density) vs. specific conductivity for 
common engineering materials.  The 2013 Rice fibers [Behabtu et al. 2013] combine the specific 
strength of the carbon fibers typically used for mechanical reinforcement with the specific 
electrical conductivity typical of metal conductors.  The 2004 Rice fibers, [Ericson et al. 2004], 
made from shorter CNTs spun from fuming sulfuric acid, are represented by the blue circle. 
Solid-state spun CNT fibers [Liu et al. 2010; Zhong et al. 2010] are designated by black squares 
and labeled as CNTf. CNT ribbons densified by pressurized rolling (assuming an average density 
of 1.5 g/cm3)are labeled as CNTr [Wang et al. 2014]. C) 50g LED bulb suspended from and 
powered by two acid-spun DWNT fiber filaments, demonstrating the combination of mechanical 
and electrical properties possessed by the fiber. Adapted from [Behabtu et al. 2013]. 
 

5.1. Improved Acid-Spun Fiber Properties 

The electrical and mechanical properties of CNT fibers have both improved about an 

order of magnitude since 2004, when spinning of CNT fibers from acid solutions was 

demonstrated for the first time [Ericson et al. 2004]. Figure 5.4 shows that over the course of 

ten years, fibers produced by the acid spinning process improved from 0.5 MS/m in electrical 

conductivity and 0.1 GPa in tensile strength all the way to 8.5 MS/m and 2.5 GPa, respectively. 

The improved properties were a result of better processing as well as the use of longer, higher 

quality CNTs.  Fibers were spun from relatively short HiPco SWNTs (0.5 µm average length) in 



 94 

2004 and 2009.  Better processing in 2009, including applying tension during spinning and using 

lower viscosity coagulants, was the main reason for the improved properties of these HiPco 

fibers [Davis et al. 2009]. While there were slight improvements in processing since 2009, 

properties in 2013 improved primarily because of the use of much longer and higher quality 

CNTs [Behabtu et al. 2013]. Even longer and higher quality CNTs resulted in significantly 

improved strength and conductivity in 2015 fibers.      

 

Figure 5.4: Electrical conductivity versus strength of CNT fibers produced by superacid spinning 
at Rice University since 2004 [Behabtu et al. 2013; Davis et al. 2009; Ericson et al. 2004] 
compared to the theoretical limit for fibers based on reported strength and conductivity of 
individual CNTs [Biercuk et al. 2008; Peng et al. 2008]. 
 

Although high aspect ratio and high quality CNTs are both critical for further fiber 

property improvements, good processing is important for achieving the best possible fiber 

properties for any specific CNT sample. Good processing is achieved by optimizing critical 

spinning parameters such as dope concentration, filtration, spinneret diameter, extrusion 
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speed, coagulation, and spin-draw ratio. A thorough investigation of the effects of these 

spinning parameters on fiber properties concluded that spinning conditions which enable spin-

draw ratios ranging from 1.5 to 2.0 lead to optimal fiber strength and conductivity [Behabtu 

2012]. Behabtu reported that the key parameters influencing spin-draw ratio were choice of 

coagulant, spin dope concentration, and spin dope flow rate. Both acetone and water were 

coagulants that enabled high draw ratio and good fiber properties, but fibers coagulated in 

water had slightly irregular morphology. However, high draw ratios were limited at spin dope 

concentrations over 6 wt. %. While optimal spin dope concentration varied for different CNT 

samples, dope concentrations ranging from 3-6 wt. % typically yielded the best results. It also 

turned out to be difficult to achieve high draw ratios at higher dope flow rates (e.g., at linear 

extrusion rates over 5 m/min). However, this may have been due to reduced residence time at 

fast extrusion rates in the relatively short coagulation bath, and a longer coagulation bath may 

enable high draw ratios at faster extrusion rates. Processing parameters that were not as critical 

to achieving high draw ratios were spinneret diameter and filtration. However, filtration was 

important for ensuring uniform fiber properties and morphology.    

Even with very high aspect ratio CNTs that have excellent graphitic character, it is 

possible to spin fibers with poor properties if inappropriate processing conditions are used. 

Figure 5.5 shows that the tensile strength of acid-spun CNT fibers is highly dependent on 

processing conditions as well as on CNT aspect ratio. Sub-optimal processing leads to poor fiber 

strength even for the highest aspect ratio CNTs. This fact is also true for fiber conductivity.  To 

understand which intrinsic CNT properties are the keys to improving CNT fiber strength and 

conductivity, it is critical to compare CNT fibers from different CNT samples that were all 

processed under near-optimal conditions.     
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Figure 5.5: Fiber tensile strength versus the average aspect ratio of the constituent CNTs for 
fibers processed under various spinning conditions. Red diamonds represent fibers that were 
processed under sub-optimal conditions. Blue circles correspond to the best fiber properties 
obtained for any particular CNT sample. 
 

Optimizing spinning conditions for long, high quality, purified AC 299 DWNTs has 

resulted in the most conductive, continuous CNT fibers ever reported in the literature up to 

now. Regarding strength, these fibers are second only to the strength of recently reported CNT 

ribbons densified by pressurized rolling [Wang et al. 2014]. Figure 5.6 shows that the tensile 

strength, tensile modulus, and electrical conductivity of the AC 299 fibers are all significantly 

higher compared to Rice 2013 fibers [Behabtu et al. 2013]. In addition, the modulus and 

conductivity of the AC 299 fibers are significantly higher than the best fibers in the literature 

produced by methods other than acid-spinning [Alvarenga et al. 2010; Zhang et al. 2007].  
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Figure 5.6: Properties of continuous CNT fibers normalized by the maximum values of each 
property that has been achieved to date.  
 

We fabricated our CNT fibers by wet-spinning purified AC 299 DWNTs from 

chlorosulfonic acid solutions according to the procedure described in our prior work [Behabtu et 

al. 2013]. After spinning, fibers were annealed at 115 °C for 12 hours and then washed in 60 °C 

water for 3 hours to make sure that the room temperature conductivity of the fibers was stable 

prior to testing. Strongly adsorbed acid dopant is still present in the fibers since acid-spun fibers 

are always acid-doped as a result of the spinning process. Using 4-terminal sensing to measure 

DC electrical conductivity, we measured stable, average values of 7.7 ± 0.3 MS/m and a best 

value of 8.5 MS/m. An average fiber density of 1.6 ± 0.1 g/cm3 was determined from SEM 

diameter measurements (20 ± 2 µm) in conjunction with linear density measurements 

performed with a microbalance (5.2 ± 0.1 dtex). The specific conductivity of the best fiber was 

5510 Sm2/kg, approaching the specific conductivity of copper (6500 Sm2/kg). Reaching a specific 

conductivity value that is comparable to copper would be a major milestone for CNT fibers.   
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Meanwhile, the strength of the AC 299 fibers is already ~8 times higher than that of 

copper. Using an Instron 1000 Tensile Tester at Rice University, we measured an average tensile 

strength of 2.4 ± 0.1 GPa (best value 2.5 GPa) and an average Young’s modulus of 250 ± 60 GPa 

for the AC 299 fibers. The tenacity of the fibers was 1540 ± 90 mN/tex (best value 1620 mN/tex) 

and the specific modulus was 160 ± 40 N/tex. We confirmed the accuracy of the mechanical 

properties of these fibers by also performing strength and modulus measurements with a Kolsky 

Bar Tensile Tester at NIST. Figure 5.7 shows that representative strength and modulus values 

measured at NIST are within one standard deviation of the average values obtained at Rice 

University. For lightweight, high conductivity materials, the AC 299 fibers are in a league of their 

own when it comes to strength.  

Further fiber property improvements will require the use of even better CNTs or the 

application of post-processing techniques such doping [Grigorian et al. 1998; Zhao et al. 2011] to 

improve electrical conductivity and chemical cross-linking to improve strength. Studying the 

dependence of fiber conductivity and strength on specific CNT properties can help identify 

which CNT properties are most critical to improving CNT fiber performance. 

 

Figure 5.7: (A) Representative tensile stress versus strain curve and (B) initial linear portion of 
the curve for a 22.1 µm diameter, purified AC 299 fiber measured on a Kolsky Bar Tensile Tester. 
Data courtesy of Jae Hyun Kim, Sustainable Polymers Group, NIST, Gaithersburg, MD.  
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5.2. Single-walled Versus Double-walled CNTs for Fibers 

We explore whether CNT fibers made out of single-walled CNTs have qualitatively 

different performance than CNT fibers made out of predominantly double-walled or few-walled 

CNTs.  In principle, the inner walls of multi-walled carbon nanotubes are not load-bearing and it 

is not clear how much the inner walls contribute to fiber conductivity. Thus, smaller diameter 

SWNTs comparable in length, purity, and graphitic character to MWNTs are expected to lead to 

better fiber properties than fibers made from MWNTs. Despite this, the strongest and most 

conductive CNT fibers in the literature so far have all been made out of either few-walled or 

multi-walled CNTs [Behabtu et al. 2013; Koziol et al. 2007; Zhao et al. 2011]. The superior 

properties of DWNT and MWNT fibers over SWNT fibers thus far can primarily be attributed to 

the fact that the quality and aspect ratio of DWNTs and MWNTs has been superior to available 

sources of SWNTs. Recently, CNT suppliers such as Meijo Nano Carbon Co., Southwest 

Nanotechnologies, and OCSiAl Group have developed very high aspect ratio, low-defect SWNTs. 

Spinning fibers from these SWNTs should lead to fiber properties that are comparable or better 

than fibers spun from DWNTs and MWNTs of similar quality. 

We spin fibers using an established acid-spinning process [Behabtu et al. 2013; Ericson 

et al. 2004] from five different SWNT and DWNT samples and demonstrate that the strength 

and conductivity of high quality SWNT fibers can be about as high as that of fibers spun from the 

best available DWNT samples. Fiber processing conditions were optimized separately for each 

CNT sample and all samples were spun at least twice to make sure that the samples were spun 

as well as possible. The standard deviation of measured strength and conductivity of the 

resulting fibers ranged from 5-10 % of the average values. All fibers were spun from CNT 

samples with greater than 94 % carbon purity and all the fibers were highly aligned since they 
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were spun with draw ratios of at least 1.5. Thus, variability in strength and conductivity across 

the fiber samples is primarily due to differences in the intrinsic properties of the CNTs as 

opposed to differences in processing. The key CNT intrinsic properties that are likely to affect 

fiber strength and conductivity include graphitic character, chirality / diameter distribution, and 

aspect ratio.     

Figure 5.8 shows plots of conductivity versus tensile strength and specific conductivity 

versus tenacity for different SWNT and DWNT fiber samples. The dependence of fiber 

conductivity on strength and vice versa is similar for both SWNT and DWNT fibers. The trend of 

improved conductivity with increasing strength results from the fact that both conductivity and 

strength are dependent on CNT quality.  Properties of both SWNT and DWNT fibers fall over a 

wide range of overlapping values, suggesting that fibers made from higher quality CNTs (e.g. 

high aspect ratio, low-defect, etc.) have better properties regardless of whether the fibers 

consist of SWNTs or DWNTs.  

Until now, only DWNT samples have been used to produce CNT fibers with conductivity 

values over 1 MS/m [Lekawa-Raus et al. 2014]. Our results show that both DWNTs and SWNTs 

can be used to produce highly conductive CNT fibers (conductivity > 4 MS/m), despite prior 

research that suggests that DWNTs are fundamentally more conductive than SWNTs [Chen et al. 

2014; Li et al. 2007]. However, because our results are based on fibers made from just ten 

different CNT samples and only partially controlled experiments, there is not sufficient data to 

refute or confirm whether DWNTs or SWNTs are more conductive. The remainder of this 

chapter shows that sufficiently high CNT purity and intrinsic CNT properties such as graphitic 

character and average aspect ratio appear to influence CNT fiber properties more strongly than 

small differences in number of CNT walls. 
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Figure 5.8: (A) CNT Fiber conductivity versus tensile strength and (B) CNT fiber specific 
conductivity versus tenacity for fibers made out of SWNTs and DWNTs from different 
manufacturers. 
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5.3. Influence of Impurities on CNT Fiber Properties 

The presence of impurities in CNT fibers can degrade both the electrical and mechanical 

properties of the fibers. Impurities reduce strength because they do not bear load while adding 

weight, creating defects along the fiber, and disrupting CNT alignment. The effects of impurities 

on electrical conductivity are less clear, but defect points due to impurities are expected to 

reduce conductivity because the effective cross-section of the fiber is reduced if there are 

defects. 

The types of impurities in a CNT fiber depend on the production method used by the 

CNT manufacturer as well as on how the fiber was processed. Residual catalyst content depends 

primarily on the CNT production method. In addition, fabrication of CNT fibers by wet-spinning 

from acid solutions can introduce acid impurities. For example, as-received CNTs from 

Southwest Nanotechnologies contain ~2.0 % residual cobalt and molybdenum catalyst 

impurities. After acid spinning of the CNTs, these impurities are present in the resulting fibers 

along with the residual acid dopant from the spinning process. The energy dispersive X-ray 

spectroscopy (EDS) spectrum in Figure 5.9 shows that the CNT fibers consist primarily of carbon. 

The peaks corresponding to copper are due to the use of a copper sample holder. In addition, 

the EDS spectrum has peaks corresponding to cobalt and molybdenum, as well as oxygen, iron, 

sulfur, and chlorine. The iron may be due to iron particles that come off the stainless steel filters 

used during filtration of the spin dope. Sulfur and chlorine are stable acid dopants that remain in 

the fibers even after 115 °C oven heating and 60 °C water washing of the fibers. Employing 

compositional analysis techniques such as inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) may help to get further insight into the quantitative amounts of the 
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residual metal impurities in CNT fibers. The amounts of these impurities are likely to be similar 

to the level of impurities in the raw or purified CNT material used for producing the fibers.  

 

Figure 5.9: EDS spectrum of CG301X SWNT fiber from Southwest Nanotechnologies. Spectrum 
courtesy of Jim Gaier, Senior Research Scientist, NASA Glenn Research Center, Cleveland, OH. 
 

 For CNT samples with less than 6 % catalyst impurities, we show that the amount of 

impurities does not appear to significantly affect fiber strength or conductivity. However, fiber 

properties are severely affected when CNTs with 10% or more catalyst impurities are spun into 

fibers. The main reason that relatively high amounts of impurities (> 10 %) degrade fiber 

properties is because these impurities make it very difficult to homogenously mix CNTs into spin 

dopes. Poorly mixed spin dopes cannot be processed with draw ratios higher than ~1 and 

therefore result in poorly aligned fibers with large variations in diameter. Figure 5.10 shows the 

difference between a poorly mixed dope from raw AC 209 SWNTs (15% impurities) compared to 

a homogenous dope from AC 209 SWNTs (5% impurities) purified according to the room 
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temperature purification procedure described in section 4.2. Both dopes were mixed for 1.5 

hours. The unpurified sample forms a gel-like structure that looks chunky and does not flow. The 

purified sample is smooth and slowly flows when the vial is tilted. While purified AC 209 SWNTs 

produce strong, conductive CNT fibers, the unpurified AC 209 SWNTs are not even spinnable at 

concentrations above 1.0 wt %. 

 

Figure 5.10: (A) Image of a vial of 1.5 % spin dope from unpurified AC 209 SWNTs with ~15% 
impurities and (B) an image of a 1.5 % spin dope from purified AC 209 SWNTs with less than ~5% 
impurities. 
 

It was possible to spin fibers from raw AC 209 at concentrations below 1.0 wt %. The 

spinning conditions and properties of fibers made with raw and purified AC 209 SWNTs are 

shown in Table 5.2. A draw ratio above 1 could not be achieved when spinning the 0.9 wt. % raw 
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AC 209 dope. On the contrary, the purified AC 209 sample was spun from a 3.0 wt % dope with a 

draw ratio of 2.0; this resulted in fiber more than 2 times stronger and 8 times more conductive 

than fiber made from the raw AC 209 sample.    

 

Table 5.2. AC 209 SWNT fiber properties before and after purification.  

 Raw AC 209 Purified AC 209 

% Catalyst Impurities 15 5 

Spin Dope Concentration (wt %) 0.9 3.0 

Spin-Draw Ratio 0.6 2.0 

Tenacity (mN/Tex) 310 560 

Specific Conductivity (kSm2/kg) 350 2730 

 

Microscopy of high concentration CNT dopes provides visual evidence for why spin 

dopes from samples with significant amounts of impurities are difficult to process. Figure 5.11A 

shows that a 3.0 wt. % dope of raw CCNI X647H2 DWNTs has some impurities that are hundreds 

of microns in size and lots of impurities that are on the order of several microns in size. Filtration 

with a kt-15 stainless steel mesh filter (effective size is ~10 µm) can remove most of the larger 

impurities, but the smaller impurities remain (see Figure 5.11B).  When there are a lot of these 

small impurities, spin dopes become very viscous and difficult to process. Thus, for samples with 

more than a few percent impurities, purification is typically necessary. Figure 5.11C shows that a 

3.0 wt % dope made from purified AC 299 DWNTs has almost no large impurities, and has very 

low amounts of small impurities. This dope flows well and it was possible to achieve a spin-draw 

ratio of 2 with this dope. Thus, the fibers produced from this dope were highly conductive and 

strong.       
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Figure 5.11: Transmitted light microscopy images of 3.0 % CNT spin dopes from A) unfiltered, 
raw CCNI X647H2 DWNTs, (B) raw CCNI X647H2 filtered through kt-15 metal mesh, and (C) AC 
299 purified by exposure to hydrogen peroxide at room temperature. 
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For samples with less than 6% impurities, fiber properties do not appear to be 

significantly affected by different levels of impurities as long as it is possible to make a 

homogenous dope at concentrations above 1.0 wt %. CCNI XBC1101 and CCNI X647H2 samples 

are both high quality CNTs with Raman G/D ratios greater than 15 at 514 nm, 633 nm, and 785 

nm wavelengths. Table 5.3 shows that both these samples have similar aspect ratios, but CCNI 

X647H2 has fewer catalyst impurities by ~4%. Despite a higher level of impurities, the tenacity 

and conductivity for the CCNI XBC1101 CNTs are actually higher than for the CCNI X647H2 CNTs. 

The difference in fiber properties between the two samples could be a result of various factors 

including differences in defect density, length polydispersity, diameter, and number of walls 

distributions. However, it appears that small differences in impurity levels between two samples 

do not significantly affect fiber performance.         

Table 5.3. CNT fiber properties and spinning conditions for CCNI XBC1101 and CCNI X647H2. 

 CCNI XBC1101 CCNI X647H2 

% Catalyst Impurities 5.6 1.9 

Spin Dope Concentration (wt %) 3.0 2.0 

Spin-Draw Ratio 2.0 2.0 

Aspect Ratio 2800 2600 

Tenacity (mN/Tex) 770 560 

Specific Conductivity (kSm2/kg) 4180 3340 

 

5.4. Influence of CNT Graphitic Character on CNT Fiber Properties 

We evaluate how CNT graphitic character affects fiber conductivity and strength by 

measuring Raman G/D ratios of CNT samples and correlating these measurements to the fiber 
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properties produced from those same samples. The ratio of maximum G band intensity to 

maximum D band intensity in a CNT Raman spectrum gives a qualitative measurement of the 

level of defects in a CNT sample. A higher G/D ratio indicates fewer defects. Figure 5.12 shows 

example Raman spectra for two CNT samples with different defect densities. These spectra were 

taken using a 785 nm wavelength laser, which is appropriate for probing CNTs with diameters in 

the same range as the average diameters of the two samples shown in Figure 5.12. The AC 299 

sample has significantly fewer defects than the Tuball 80 sample because the G/D ratio of AC 

299 DWNTs is more than 3 times greater than the G/D ratio of Tuball 80 Cotton SWNTs. We 

evaluate G/D ratios at several excitation wavelengths for 9 different CNT samples and show that 

for one of the excitation wavelengths, there is a clear correlation of fiber properties improving 

with increasing G/D ratio.       

 

Figure 5.12: Raman spectrum taken with a 785 nm excitation wavelength, comparing the G and 
D peaks of purified Tuball 80 Cotton SWNTs to purified AC 299 DWNTs. The G/D ratio is ~9 for 
the Tuball 80 Cotton SWNTs and ~32 for the AC 299 DWNTs.  
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Figure 5.13: (A) CNT fiber tensile strength and (B) CNT fiber conductivity versus Raman G/D ratio 
at 514 nm and 633 nm excitation wavelengths. 
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Figure 5.14: (A) CNT fiber tensile strength versus Raman G/D ratio and (B) CNT fiber tenacity 
versus Raman G/D ratio for fibers made out of SWNTs and DWNTs from different 
manufacturers. A 785 nm excitation wavelength was used for the Raman measurements.  
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Figure 5.15: (A) CNT fiber conductivity versus Raman G/D ratio and (B) CNT fiber specific 
conductivity versus Raman G/D ratio for fibers made out of SWNTs and DWNTs from different 
manufacturers. A 785 nm excitation wavelength was used for the Raman measurements.  
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Raman spectra were taken with a Renishaw InVia Confocal Raman microscope at 514, 

633, and 785 nm excitation wavelengths on the same high purity CNT samples described in 

section 5.2. For the Raman spectra taken with the 514 nm and 633 nm excitation wavelengths, 

Figure 5.13 shows that there was no discernible dependence of fiber properties on Raman G/D 

ratio. This could be because these particular wavelengths probe CNTs diameters that are not 

present in large quantities in some of the samples. On the other hand, there is a clear 

dependence of fiber conductivity and strength on G/D ratios determined from Raman spectra 

taken with the 785 nm excitation wavelength laser.  

Figure 5.14 shows that fiber tensile strength and tenacity both scale with G/D ratio like 

~G/D(0.5-0.6). There is a lot of scatter in the data, but it does appear that fewer CNT defects 

generally lead to stronger fibers. These defects can consist of either sp3 hybridized carbon bonds 

on CNT end caps, or sp3 hybridized carbon on CNT sidewalls as a result of functional groups, 

pentagon-heptagon structures, and vacancies. Sidewall defects can undermine CNT packing and 

alignment in a fiber, and thus are likely to reduce fiber strength. Therefore, the trend of 

increasing strength with G/D ratio is not completely unexpected. However, more research needs 

to be done to gain a good understanding for why this trend is only evident for G/D ratios 

obtained with the 785 nm laser.  

Electrical conductivity also improves with CNT G/D ratios determined from spectra 

obtained by the 785 nm laser. Figure 5.15 shows that both conductivity and specific conductivity 

scale with G/D ratio like ~G/D(0.7-0.8). Samples with less defective CNTs are expected to produce 

more conductive fibers because CNT defects reduce the intrinsic conductivity of CNTs [Biercuk 

et al. 2008]. It is worth noting that the power law scaling exponent for the conductivity versus 

G/D ratio data is significantly higher than the power law scaling exponent for the strength versus 
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G/D ratio data. This indicates that there is probably a stronger dependence on CNT graphitic 

character for fiber conductivity than for fiber strength. Intrinsic conductivity of CNTs should 

certainly influence fiber conductivity. However, intrinsic CNT strength is unlikely to affect the 

strength of current fibers because the predominant breaking mechanism for fibers with 

strengths on the order of several GPa is CNTs slipping past each other as opposed to breaking of 

individual CNTs [Yakobson et al. 2000]. Increasing the amount of frictional force between CNTs 

in a fiber is the key the improving fiber strength. Therefore, CNT aspect ratio is likely to 

influence CNT fiber strength significantly more than CNT defect density.       

5.5. Influence of CNT Aspect Ratio on CNT Fiber Properties 

Higher aspect ratio CNTs are expected to yield CNT fibers with superior mechanical and 

electrical properties. For transparent and conductive CNT films, experimental studies have 

shown that thin film conductivity improves with CNT length [Hecht et al. 2006; Mirri et al. 2012]. 

Therefore fiber conductivity should also improve with longer / higher aspect ratio CNTs. 

Moreover, both experimental [Behabtu et al. 2008; Behabtu et al. 2013] and theoretical studies 

[Yakobson et al. 2000] have demonstrated that longer constituent CNTs significantly increase 

CNT fiber strength. 

Theory predicts that for a sample of perfectly aligned, diameter and length 

monodisperse CNTs, an aspect ratio of at least 1x105 would be necessary to achieve fiber 

strengths that are close to the strength of an individual nanotube [Yakobson et al. 2000]. Below 

this aspect ratio, fiber fracture occurs due to slippage between CNTs as opposed to individual 

CNT fracture. 
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Figure 5.16: Normalized CNT fiber strength versus the aspect ratio of the constituent CNTs in the 
fiber, assuming perfectly aligned CNTs that are monodisperse in length and diameter. Adapted 
from [Yakobson et al. 2000]. 

 

Figure 5.16 shows the dependence of fiber strength on aspect ratio of constituent CNTs 

and identifies the cause of fracture in three different regions of the curve. If the aspect ratio of 

the nanotubes is less than 10, then the strength of the fiber depends on the surface tension 

force that accounts for the surface exposure that occurs during nanotube pullout. In this regime 

the strength is proportional to  /d, where   is the surface energy and d is the nanotube 

diameter. With constituent CNT aspect ratios above 1x105, fiber strength is expected to 

approach the strength of an individual nanotube. For CNT aspect ratios between 10 and 1x105, 

fiber strength is directly proportional to nanotube length L and lateral friction f (Yakobson 2000).  
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Although the acid-spinning process uses diameter and length polydisperse CNT samples 

that yield fibers with imperfect alignment and occasional impurities, the scaling of acid-spun 

fiber strength with average CNT aspect ratio is very close to the power law of 1 scaling predicted 

by Eq. 5.1. Figure 5.17 shows that both tensile strength and tenacity scale like ~(L/d)0.9 for fibers 

spun from CNT samples from seven different CNT manufacturers. The CNT samples have 

different diameter distributions, number of wall distributions, and graphitic character. Despite 

all of these variables, there is a clear dependence on CNT aspect ratio for both fiber strength 

and tenacity.  

Today, acid-spun CNT fibers with 2.4 GPa strength have been produced from CNTs with 

an average aspect ratio of 4.5 x 103. We have measured aspect ratios as high as 1.0 x 104 for 

small quantity (< 50 mg) CNT samples. If larger quantities of these samples can be obtained for 

spinning fibers and the experimental strength versus aspect ratio dependence remains the 

same, we can expect to produce fibers with strengths around 3.5 GPa. Further extrapolation of 

the strength versus aspect ratio trend, suggests that CNTs with average aspect ratios as high as 

1.0 x 105 could yield fibers with strengths around 31 GPa. This predicted value is similar to the 

experimentally measured, mean tensile strength value of 30 GPa for 15 individual SWNTs 

synthesized by the arc discharge method [Yu et al. 2000]. Thus, the strength of acid-spun fibers 

and the extrapolated strength of fibers consisting of longer aspect ratio CNTs are consistent with 

theoretical predictions [Yakobson et al. 2000]. As manufacturers continue to increase the length 

of high quality CNTs, further improvements in CNT fiber strength are likely.  
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Increasing CNT aspect ratio should also lead to higher CNT fiber conductivity, but there 

is no rigorous theoretical framework for how CNT fiber conductivity should scale with CNT 

aspect ratio. Past experimental studies showed that there was a dramatic 10-fold increase in 

fiber conductivity when CNTs with ~5 µm average length were spun compared to when ~0.5 µm 

CNTs were spun [Behabtu et al. 2013]. The authors also speculated that CNT fiber conductivity 

will depend strongly on a combination of CNT length, chirality, and graphitic character, as well 

as on doping.  

 In principle, greater CNT length and higher degrees of CNT alignment in a fiber should 

improve conductivity because the amount of contact resistance between CNTs is minimized with 

longer, more aligned CNTs.  Figure 5.18 shows that for CNT fibers made from different CNTs 

with comparable alignment and acid-doping levels, both conductivity and specific conductivity 

increase with CNT aspect ratio. Because drying and washing of the CNT fibers shown in Figure 

5.18 was performed under different conditions in some cases, the conductivity values in the 

plots are based on 4-point probe resistance measurements made prior to washing and drying. 

Thus, all of the fibers are expected to contain similar amounts of acid dopant. All the fibers in 

the plots should also have a high degree of alignment because all of the fibers were processed 

with draw ratios of at least 1.5.     

Differences in chirality and graphitic character across the CNT samples contribute to the 

scatter in the conductivity versus aspect ratio data. For example, the SWNT sample outlier with 

an aspect ratio of ~2800 is a CoMoCAT sample from Southwest Nanotechnologies consisting 

primarily of semiconducting chirality CNTs. The lower conductivity of this sample compared to 

similar aspect ratio, mixed chirality samples shown in Figure 5.18 is most likely due to the 

chirality dependence of fiber conductivity.     
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Figure 5.17: (A) CNT fiber tensile strength versus aspect ratio and (B) CNT fiber tenacity versus 
aspect ratio for fibers made out of SWNTs and DWNTs from different manufacturers.  
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Figure 5.18: (A) CNT fiber conductivity versus aspect ratio and (B) CNT fiber specific conductivity 
versus aspect ratio for fibers made out of SWNTs and DWNTs from different manufacturers.  
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Nevertheless, there is a clear trend of increasing conductivity with CNT aspect ratio. The 

specific conductivity of the most conductive CNT fiber sample (5600 kSm2/kg) is already very 

close to the specific conductivity of copper (6600 kSm2/kg). If we extrapolate the conductivity 

versus aspect ratio plot in Figure 5.18A, at an average CNT aspect ratio of 1 x 105, CNT fibers 

would have a conductivity of 67 MS/m and would surpass the conductivity of copper (60 MS/m). 

However, it may be easier to improve CNT fiber conductivity by using primarily metallic CNTs, 

using defect-free CNTs, or by improving doping since fiber conductivity also depends strongly on 

these other factors.  

We have demonstrated that both CNT fiber conductivity and strength improve 

dramatically with higher aspect ratio constituent CNTs.  All of the fiber samples consisted of 

CNTs that had excellent graphitic character (Raman G/D ratio at 785 nm > 10) and had relatively 

low amounts of impurities (carbon purity > 94 %). As long as low-defect, high purity CNTs are 

used for making CNT fibers, we expect that strength and conductivity will continue to improve 

with the use of higher aspect ratio CNTs.    

5.6. Conclusions 

This study shows that CNTs with superior intrinsic properties are the key to improving 

the strength and conductivity of acid-spun CNT fibers. CNT fiber properties improved 

considerably with better CNT graphitic character and with higher aspect ratio CNTs. No 

significant fiber property dependence on CNT number of walls or CNT purity was observed. 

However, we found that CNT samples with less than ~90 % impurities are difficult to process 

into highly-aligned, densely packed fibers. In addition, we demonstrated for the first time that 

conductivity values greater than 4 MS/m could be achieved with both SWNT and DWNT 
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samples. Using the highest quality CNT sample (AC 299) in terms of graphitic character and 

aspect ratio, we were able to spin CNT fibers with an average strength of 2.4 GPa and an 

average conductivity of ~8 MS/m. These fibers are among the strongest continuous CNT fibers 

reported in the literature and their conductivity values greatly exceed the values for all 

previously reported continuous CNT fibers. The insights presented here about the importance of 

high Raman G/D ratio and high aspect ratio CNTs for producing high-performance CNT fibers can 

help CNT manufacturers and CNT fiber producers work together in the future to make the 

strongest, most conductive CNT fibers possible.    
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Chapter 6 

Conclusions 

The strength and conductivity of acid-spun CNT fibers have reached levels that make 

these fibers suitable for a variety of niche applications, including use as field emission cathodes 

[Fairchild et al. 2015], audio cables, and deep brain stimulation electrodes [Vitale et al. 2015]. 

However, for widespread use of CNT fibers as wiring in commercial aviation or automotive 

engineering applications, further property improvements are necessary [Jarosz et al. 2011].  A 

thorough understanding of how CNT fiber properties are influenced by the material properties 

of their constituent CNTs is crucial for future enhancements in CNT fiber performance. The 

present thesis reports a novel technique to quickly and accurately measure CNT aspect ratio, 

and applies this technique to optimize CNT purification and to study the effect of CNT aspect 

ratio on fiber properties.  We report significant advances in the performance of acid-spun CNT 

fibers and correlate improvements in fiber strength and conductivity directly to CNT material 

properties, such as number of walls, purity, graphitic character, and aspect ratio.  
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An accurate length measurement technique applicable for a wide range of CNT lengths 

is critical for determining which CNTs can be processed into high-performance films, coatings, 

and fibers. We show that CNT aspect ratio can be determined from extensional viscosity 

measurements of semidilute CNT solutions in chlorosulfonic acid. This is the first bulk CNT 

length measurement technique that is capable of measuring CNTs with average lengths greater 

than 1 µm, without having to rely on sonication. For one of the CNT samples, we measured an 

average length of more than 20 µm. Moreover, we fully characterize CNT length distributions by 

combining our extensional viscosity measurements with measurements of CNTs’ isotropic to 

nematic transition concentrations. The length polydispersity indices across a wide variety of CNT 

suppliers and samples fall in a relatively narrow range of 1.2 – 1.7.  Our results also indicate that 

the scaling of experimentally measured transition concentration with CNT aspect ratio is 

consistent with theoretical predictions [Onsager 1949]. Further research on the effect of CNT 

length polydispersity on phase behavior and rheology could provide even more experimental 

validation for theories that describe rigid rod solution behavior. The ability to accurately 

determine CNT length distributions for a variety of different types of CNT samples will serve as 

an invaluable tool to researchers who study CNTs.         

We apply the extensional viscosity length measurement technique to evaluate the effect 

of CNT purification on CNT length. Purification was performed by exposure of CNTs to 

concentrated hydrogen peroxide, followed by washing with hydrochloric acid. This purification 

technique was highly effective at removing catalyst impurities and had high purification yields 

for CNT samples from several different suppliers. In addition, purified CNT solutions were much 

easier to mix and process than solutions consisting of raw CNTs. Moreover, the Raman G/D ratio 

of CNT samples typically improved after purification, leading to improved transparent and 

conductive thin film properties. However, prolonged exposure of CNTs to concentrated 
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hydrogen peroxide resulted in significant shortening of CNTs. Purification treatments carried out 

for 5 hours at 60 °C appeared to minimize CNT shortening, while still removing the vast majority 

of catalyst impurities. Even though some cutting of CNTs appears unavoidable with the 

hydrogen peroxide purification process, the efficient removal of catalyst particles, high yield, 

improved CNT processibility, and enhanced CNT Raman G/D ratios make it a very useful 

treatment for CNT materials that will be processed into films and fibers. 

We produce CNT fibers with some of the highest conductivity and strength values ever 

reported by using purified, high quality, long CNTs. To achieve these properties, it was critical to 

understand which CNT material properties are important for improving specific fiber properties. 

Table 6.1 shows the progression of acid-spun CNT fiber properties over the past ten years. This 

table also shows that the vastly improved properties in 2013 and 2015 coincided with higher 

CNT aspect ratio and higher CNT Raman G/D ratio at a 785 nm excitation wavelength. The trend 

of improved fiber strength and conductivity with CNT aspect ratio and Raman G/D ratio is true 

for fibers spun from a variety of different CNT samples. Although the best fibers in 2013 and 

2015 were produced from double-walled CNTs, our studies suggest that generally there is no 

clear advantage from using single-walled CNTs versus double-walled CNTs. However, purity 

turned out to be important for achieving good CNT packing and alignment, both of which are 

important for maximizing fiber properties [Behabtu 2012]. Based on this research, we believe 

that the roadmap to significantly improving CNT fiber properties will require tuning CNT reactor 

conditions to produce CNTs with the highest aspect ratio possible, while still maintaining 

excellent CNT graphitic character. In addition, more research needs to be done to study the 

effect of length polydispersity on fiber properties and to optimize post-processing techniques 

such as doping and cross-linking.      
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Table 6.1: CNT material and fiber properties for the best acid doped CNT fibers spun since 2004. 

 Units 2004 2009 2013 2015 

CNT Supplier - HiPco HiPco CCNI Teijin 

CNT Type - SWNT SWNT DWNT DWNT 

CNT Aspect Ratio  - 400 400 2800 4400 

G/D Ratio @ 785 nm - 5 5 25 32 

Purity  % 0.98 0.98 0.94 1.00 

Density  g/cm3 1.1 1.1 1.3 1.6 

Electrical  Conductivity  MS/m 0.5 0.8 2.9 8.5 

Specific Conductivity  kSm2/kg 460 530 2200 5510 

Tensile Strength  GPa 0.1 0.3 1.3 2.5 

Tenacity  mN/tex 90 270 1000 1620 

 

CNT fiber properties are already approaching materials like copper in terms of specific 

conductivity and materials like Kevlar in terms of strength. This combination of strength and 

conductivity is unrivaled by any other material. We have demonstrated that further 

improvements in fiber properties can be readily attained by applying our understanding of how 

intrinsic CNT properties influence fiber properties.  This knowledge is instrumental for carbon 

nanotubes to finally be able to deliver on the promise of being the ultimate molecule for 

superior, multifunctional materials.   
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