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ABSTRACT

Carbon Nanotube Characterization and Processing–Structure–Property

Relationships of Solution Spun Fibers for Electronic Clothing

by

Lauren Whitney Taylor

Carbon nanotubes (CNTs) have excellent mechanical strength, thermal conduc-

tivity, and electrical conductivity [1–5]. These properties make them particularly in-

teresting for high performance fiber applications such as lightweight cables and wires,

soft biological implants, next generation ballistic protection, and wearable electronics.

Initial efforts to develop strong and conductive CNT fibers were slow due to limited

CNT production and lack of a suitable solvent due to the strong van der Waals forces

between CNTs. However, significant progress in CNT fiber production came from

the development of gram-quantity synthesis from the high pressure carbon monoxide

(HiPCO) growth process and demonstration of CNT fiber spinning with superacid

solvents [6,7]. Since these developments in the early 2000’s, tensile strength and elec-

trical conductivity of CNT fibers have increased on average ∼ 20% per year. Research

conducted in this thesis has continued this trend and produced CNT fibers with a

tensile strength of 4.2 GPa and an electrical conductivity of 10.9 MS/m. These prop-

erties are now competitive with high strength fibers such as carbon fiber and aramid

fibers as well as metal conductors where weight savings, flexibility, or thermal con-

ductivity are important parameters. To improve CNT fiber performance, this thesis

studied the purification of CNTs for improved solubility in chlorosulfonic (CSA), and



the effect of CNT characteristics on fiber performance. This work demonstrates that

CNTs with fewer impurities produce fiber with higher electrical conductivity. How-

ever, more intense purification (furnace oxidation) decreases the aspect ratio (length

of the CNT/diameter of the CNT) which decreases both tensile strength and con-

ductivity. Therefore, purification conditions must be carefully considered to optimize

fiber properties. Furthermore, it was found that lower CNT concentration in the spin

dope increased tensile strength of CNT fibers. This enhancement in strength is be-

lieved to be the result of improved CNT bundle structure within the fiber. Additional

improvements in strength and electrical conductivity were also achieved by decreasing

the angle of the inlet cone of the spinneret. This result suggests that fiber properties

could be further improved by increasing the path length of the spinneret to allow

for additional stress relaxation of the solution before coagulation. Finally, this thesis

demonstrates that CNT fibers can used as wearable, textile electrodes. CNT fibers

were plyed into thread and sewn with a standard sewing machine into textiles to form

soft electrodes. These electrodes were able to obtain high quality electrocardiograms

(EKGs) on par with commercial wet electrodes. Furthermore, we show that CNT

fiber can also be used as transmission lines to carry signal from the recording site

to standard electronic components. These results demonstrate that CNT fiber is the

ideal material for wearable electronics because it is conductive, soft, washable, and

easy to integrate into clothing.

Figure 1 : Graphical abstract of this thesis.
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Chapter 1

Introduction

Since their discovery in 1991, carbon nanotubes (CNTs) have been extensively

studied due to their exceptional mechanical strength, thermal conductivity and elec-

trical conductivity [1–5]. This unique combination of properties makes them highly

desirable for high performance fiber applications such as lightweight wires and cables,

high efficiency electric motors, soft biological implants, next generation ballistic pro-

tection, and wearable electronics. However, it took almost 10 years after the discovery

of CNTs to produce the first CNT fibers [8]. The slow progress on CNT macromateri-

als stemmed from two problems: First, there was poor understanding of CNT growth

which limited production [9]. Second, CNTs bundle tightly together due to strong

van der Waals forces meaning that CNTs do not dissolve in traditional solvents such

as water or organics. By 2004, three methods for fiber production were introduced.

The most common fiber production method is direct spinning from floating-catalyst

chemical vapor deposition (FCCVD) CNT growth reactors [10]. In this process, large

quantities of CNTs are grown so that an aerogel is formed in the reactor. The aero-

gel is pulled from the reactor and densified to form a fiber. The second production

method is array spinning which grows vertically aligned CNTs on supported cata-

lyst [10]. The aligned CNTs can be pulled away from the support causing the CNTs

to bundle and form a fiber. Both of these methods are solid state approaches that

are similar to the production of textiles such as cotton or wool. The third method

is a solution spinning technique [7, 11, 12]. In this process, CNTs are dissolved in
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superacid, the only true solvent for CNTs [13,14], and extruded through a spinneret

into a coagulation bath. The acid diffuses away from the liquid filament and the

CNTs bundle together via van der Waals forces to form a stable fiber. This process

is similar to the production method for high performance fibers such as carbon fiber,

Kevlar R© and other aramid fibers, and Dyneema R©.

This thesis focuses on the production and application of CNT fiber produced with

the solution spinning method due to several key advantages over solid state spinning

approaches. First, the solution spinning process is easily scaled up. To increase

throughput of fiber, the number of holes in the spinneret can be increased [11]. On

the other hand, direct spinning methods can only produce a single filament of fiber per

FCCVD reactor. Furthermore, the solution spinning method is able to produce more

densely packed and better aligned fibers which improves the electrical conductivity

and Young’s modulus of the fibers. Finally, CNTs are purified before solution spinning

to remove amorphous carbon and residual catalyst. High purity CNTs, in combination

with residual acid in the fiber from the spinning process, results in fibers that are

significantly more conductive than direct spun fibers.

Chapter 3 of this thesis discusses purification of CNTs for improving solubility

of CNTs in chlorosulfonic acid (CSA). Most as produced CNTs do not dissolve into

CSA due to the presence of impurities during the growth process. These impurities

include catalyst and carbon impurities often referred to as amorphous carbon. Here,

we discuss the mechanism behind the improved solubility of purified CNTs and how

the purification method affects CNT aspect ratio (length of the CNT/diameter of the

CNT).

Chapter 4 discusses the improvement of CNT fiber properties as a result of this

thesis and puts the progress of CNT fibers properties in the broader context of the
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field. Since the first production of continuous CNT fibers over 20 years ago, the field

has made steady progress toward macroscopic articles with the properties of individ-

ual CNTs. Tensile strength and electrical conductivity of solution spun fibers have

improved an average of ∼20% per year. However, CNT fibers from all production

methods are continuing to improve in properties, and CNT production by corpora-

tions is growing quickly and rapidly dropping in price. Enhanced collaboration from

academic, government, and industrial partners is essential for accelerating advance-

ments to low material cost to enable broad adoption of CNT fibers in a wide array

of applications. Chapter 5 explores key solution spinning processing parameters to-

wards continuing to improve fiber properties and process efficiency. These parameters

include post-processing methods, choice of coagulant, CNT purity, CNT aspect ratio,

spinneret geometry, and concentration of CNTs in the spin dope.

Finally, in Chapter 6 we demonstrate that CNT fiber can be used as EKG sensors

and signal wires in clothing. Current wearable technology is limited to accessories

such as watches and glasses due to the difficulty of interfacing soft textiles with

rigid electronic components. CNT fiber is the ideal material for this application

because it is soft like cotton thread but has the electrical conductivity of metals. By

sewing CNT fiber into athletic shirts with a standard sewing machine, we can obtain

electrocardiograms that perform similar to commercial, wet electrodes using off the

shelf devices. These results pave the way for further innovation in wearable technology

and electronic textiles because devices such as fiber antennas [15], semiconductors

[16], and light emitting diodes [17] can be combined to create advanced devices and

interfaces.
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Chapter 2

Background on Carbon Nanotubes

2.1 Properties of Carbon Nanotubes

In 1991, Sumio Iijima discovered carbon nanotubes (CNTs) which sparked the

interest of the scientific community due to the outstanding combination of thermal,

electrical, and mechncial properties [1–5, 18]. The thermal conductivity of CNTs is

over 2000 W/mK and the electrical conductivity is ∼100 MS/m [19]. Additionally,

the Young’s modulus is ∼1 TPa, and the breaking strength is ∼100 GPa [3, 20].

These properties make CNTs of great interest as lightweight wires and cables, next

generation biomedical devices, advanced ballistic protection, and high performance

reinforcements.

CNTs can be thought of as a sheet of sp2 carbon (graphene) rolled into a seam-

less cylinder [21]. CNTs can be made up of one cylinder, called single-walled carbon

nanotubes (SWCNTs), two concentric cylinders, called double-walled carbon nan-

otubes (DWCNTs), or many concentric cylinders, called multi-walled carbon nan-

otubes (MWCNTs). CNTs typically have 10 – 40 carbon atoms around the circum-

ference of the nanotube and can be centimeters in length, making them a pseudo-

one-dimensional material [21]. CNTs can be described by a pair of integer indices,

(n,m), at graphene lattice vectors, a1 and a2, which corresponds to the chiral vector,

Ch = na1 +ma2 ≡ (n,m). (2.1)

This vector makes an angle, θ, with the zigzag direction shown as vector Ch in Figure
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2.1. The angle ranges from 0 to 30 degrees, where 0 ◦<θ< 30 ◦ corresponds to a chiral

CNT, meaning that the tube has two enantiomers: a right-handed and left-handed

spiral.

Figure 2.1 : A graphene sheet showing the lattice vectors a1 and a2 that compose

the folding (chiral) vector Ch. When n = m, the CNT has an armchair conformation,

and when m = 0, the CNT has a zigzag conformation [5].

The indices, (n,m), can also be used to determine if the CNT is semiconducting

or metallic. CNTs have an electronic band similar to that of graphene. However,

because they are “rolled up”, they experience quantum confinement, and they must

satisfy a periodic boundary condition. These conditions require the angular wave

function to be single-valued. This results in cutting lines of allowed wave vectors as
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Figure 2.2 : Zone folding diagram for (a) metallic and (b) semiconducting CNT. The

contours are lines of constant energy, and the solid lines are the folding lines consistent

with the CNT boundary condition [22].

shown in Figure 2.2 [22]. For metallic CNTs, the folding line falls on the K point,

meaning that there is no energy gap between the conduction and energy band. For

semiconducting CNTs, the folding line falls to the right or left of the K point creating

a band gap. Therefore, there are two types of semiconducting CNTs: MOD1 and

MOD2. The type of CNT can be determined as follows:

If the remainder of
n−m

3
=



0, the CNT is metallic.

1, the CNT is MOD1 semiconducting.

2, the CNT is MOD2 semiconducting.

Although pure metallic nanotubes would be desirable for electronic devices, current

methods used for large scale growth of CNTs produces a mixture of metallic and semi-
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conducting tubes, and separation of CNTs after synthesis is time intensive, damages

the CNTs, and is cost prohibitive. Therefore, typically mixtures of semiconducting

and metallic CNTs are used in macroscale CNT articles.

2.2 Phase Behavior of Carbon Nanotubes

The excellent properties of CNTs make them desirable for applications such as

separation membranes, sensors, field emission devices, electrochemical actuators, and

drug delivery systems [23]. However, CNTs must be processed to create macroscale

materials for them to be used in many of these applications. The processing is dif-

ficult because CNTs are held tightly together in bundles due to van der Waal at-

tractions [14]. These attractions are estimated to have an energy of 500 ev/µm of

tube-tube contact [24]. Additionally, the long aspect ratio (defined as the length of

the CNT divided by the diameter) and high flexibility of CNTs leads to entangle-

ment which further hinders the ability of CNTs to be dispersed in water or organic

solvents [25]. Significant research has been performed to disperse CNTs so that they

can be effectively incorporated into polymer composites and processed into macroscale

materials. Successful techniques include ultrasonicating CNTs [25–27], functionaliz-

ing CNTs [28–30], and dispersing CNTs in chlorosulfonic acid (CSA) [14, 31, 32].

Once dispersed, CNTs behave according to classical soft matter physics for rigid rod

polymers and form isotropic solutions or liquid crystals depending on the CNT con-

centration. Understanding these fundamental properties of the solution is important

for improved solution processing, and thus, better end result materials. The theoret-

ical phase behavior of rigid rods in solution and dispersion of CNTs in CSA will be

discussed further in the next sections.
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2.2.1 Phase Behavior of Rigid Rods

The first theory for the phase behavior of monodisperse rigid rods in solution was

developed by Onsager in 1949 [33]. His theory was based on statistical mechanics and

showed that the development of ordered phases stems from the competition between

orientational entropy and excluded volume potential. Thus, as the concentration of

rigid rods in solution increases, the rods tend to overlap and collide with one another.

This causes them to lose translational energy. To regain the transitional degrees of

freedom, the rods align, decreasing orientational degrees of freedom but resulting in an

overall increase in free energy. In 1955, Flory modeled the phase behavior of rigid rods

by using a lattice–based model [34]. Although his model did take into account solvent

interactions, it does not accurately describe long range attractions and short range

repulsions between rods which are common in colloidal systems. These theoretical

Figure 2.3 : Phase diagram for rigid rods in solution as a function of volume fraction

of rods [31].

predictions along with experimental data has shown that rigid rods have three main
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regimes: isotropic, biphasic, and liquid crystalline. Within the isotropic regime, the

rods can be dilute, semidilute or isotropic concentrated. This is shown in Figure 2.3.

The dilute phase transitions to the semidilute phase when rods begin to impair the

motion of other rods. More specifically, a sphere with the diameter of one rod must

only contain one rod for the solution to be considered dilute. For a solution to be

isotropic concentrated, the rods restrict the movement of one another, but not to the

point where orientational ordered is favored. When orientational order occurs, the

rods enter the biphasic regime meaning that there are both isotropic and anisotropic

phases present. Onsager determined that this transition occurs when

φi = 3.3
D

L
, (2.2)

where φi is the maximum volume fraction of rods that can all remain in the isotropic

phase, D is the diameter of the rod, and L is the length of the rod. On the other

hand, Flory determined that this transition occurs when

φi = 8
D

L
(1− 2

D

L
). (2.3)

Additionally, Onsager predicted that for biphasic solutions of polydisperse rods, the

longer rods would tend towards the anisotropic phase whereas the shorter rods would

prefer the isotropic phase. In 1950, Oster confirmed this prediction experimentally by

using polydisperse solutions of the rod-shaped tobacco mosaic virus (TMV). He ob-

served that, although the isotropic and anisotropic phases had similar concentrations

of TMV, the isotropic contained shorter TMV particles than the anisotropic phase.

This phenomena was later confirmed computationally by Wensink and Vroege [35].

Wensink and Vroege also demonstrated that as the polydispersity of the rods in-

creases, so does the range of concentrations where the biphasic regime exists. Further-

more, it is interesting to note the spatial distribution of the isotropic and anisotropic
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phases. The separation into two distinct phases is the thermodynamic minimum,

but this complete separation is not always quick kinetically, especially in solutions of

long rigid rods [36, 37]. For solutions of CNTs in superacids, it has been observed

experimentally that the solutions transition from bicontinuous to a phase separated

solution by forming nematic droplets called tactoids [36, 37]. The areas of alignment

can be seen using a polarized optical microscope (POM), and a polarizing optical mi-

crograph of tactiods formed by CNTs in CSA which can be seen in Figure 2.4. Over

time, the liquid crystal droplets merge to minimize surface energy creating larger and

larger droplets, eventually leading to a continuous phase. This process occurs faster

for rods with lower aspect than for rods with higher aspect ratio.

Figure 2.4 : Polarized optical micrograph of tactoids formed in a glass capillary from

solutions of 1000 ppm CCNI CNTs in CSA. The scale bar is 100 µm [37].

Finally, the nematic liquid crystal phase occurs when the rods have an overall

alignment in a single direction, but do not necessarily have positional order. Onsager

predicted this to occur at

φnem = 4.5
D

L
, (2.4)
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where φnem is the volume fraction of rods necessary to form the nematic phase. Flory’s

theory predicted that the transition occurred at

φnem = 12
D

L
. (2.5)

Although these theories clearly differ in the exact isotropic and nematic transition be-

cause they use different assumptions, they do agree that the transitions vary inversely

propositional to the aspect ratio of the rods.

2.2.2 Carbon Nanotube Dispersions in Chlorosulfonic Acid

As mentioned previously, CNTs can be dispersed through surfactants and ultra-

sonication, chemical functionalization, and dissolution in CSA [14, 25–32]. However,

ultrasonication can induce defects and shorten tubes which hinders the performance

of any resulting materials [38,39]. Functionalization degrades the electronic and ther-

mal properties because it converts sp2 carbon bonds into sp3 bonds which delocalizes

π orbitals [13, 25]. CSA (as well as other strong acids) are the only known true

solvents [13, 14]. As shown by Ramesh et al., CSA is able to overcome the strong

van der Waal attractions by protonating the CNT. This occurs because CNTs act

as a weak base which delocalizes a positive charge across the entire CNT, forming a

polycarbocation. The charge of the polycarbocations creates a repulsive force which

inhibits the tubes from bundling. Its stability depends on the conjugate base, and

can be viewed as the following reaction:

Cx + ySO3ClH−→ Cδ+x H(1−kδ)+
y + yA−

where k = x/y and δ is the positive fractional charge on each carbon atom in the

CNT.
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Figure 2.5 : Raman spectrum of HiPCo CNTs a) before dispersion in CSA (λexc =

780 nm), b) in a 2.5 wt% paste in CSA (λexc = 780 nm), and c) in a 2.5 wt% paste

in CSA (λexc = 514 nm). The inset shows a 23 cm−1 shift due to protonation [14].

Raman spectroscopy can be used to determine the fractional charge. Sumanasek-

era et al. found that SWCNTs have an upshift in the Raman spectra of 320 cm−1 per

hole, per C-atom with bisulfate (HSO−
4 ) as a dopant [41]. This value is thought to be

universal for SWCNT acting as a proton acceptor. Ramesh et al. extended this finding

to SWCNTs in CSA. Figure 2.5a shows a Raman spectrum for SWNT taken with a

780 nm laser, and the E2g stretching mode was found to be at 1596 cm−1. Figure 2.5b

shows a Raman spectra for a 2.5 wt% SWCNT paste in CSA. This spectrum shows

only background scattering because the 780 nm laser probes the ν1−→c1 electronic
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Figure 2.6 : Raman spectra for a) HiPCo (D-peak at 1290 cm−1and G-peak at 1590

cm−1), b) CoMoCat (D-peak at 1285 cm−1 and G-peak at 1588 cm−1), arc discharge

(D-peak at 1290 cm−1 and G-peak at 1588 cm−1), and Sunnano (D-peak at 1295

cm−1 and G-peak at 1588 cm−1) before and after dissolution in CSA. Reprinted with

permission from [40]. Copyright 2010 American Chemical Society.

transition which is hindered by the protonation process. Figure 2.5c also shows a Ra-

man spectra for a 2.5 wt% SWCNT paste in CSA. However, this sample was probed

with a 514 nm laser. The 514 nm laser probes the ν2−→c2 electronic transition which

is unaffected by the protonation. The E2g appears at 1619 cm−1 which is a shift of

23 cm−1 from the dry SWCNT. Therefore, using Sumanasekera’s reported value, it

was estimated that a positive charge is shared by 14 carbon atoms. Additionally,
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Figure 2.7 : The top panel visually demonstrates the solubility of a) SWCNTs grown

for 15 min at 750 ◦C, b) SWCNTs grown for 30 min at 550 ◦C, c) and SWCNTs grown

for 30 min at 750 ◦C after centrifugation for 24 hours. The bottom panel shows Raman

spectra taken on each sample to demonstrate the quality of the tubes. Each sample

shows a G-peak at 1590 cm−1 and a D-peak at 1350 cm−1 which is a measure of sp3

carbon bonds. It can be seen that the highly defective sample, b, does not stay in

solution. Reprinted with permission from [40]. Copyright 2010 American Chemical

Society.

CSA directly protonates CNTs without causing oxidation. Furthermore, this process

is reversible as confirmed through Raman spectroscopy [40]. As shown in Figure 2.6,
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the Raman spectra do not show any shifts in the G-peak meaning that there is no

longer CNT protonation. The spectra also do not show any increase in the D-peak,

so the CSA did not cause any additional defects such as oxidization or sulfonation

of the CNTs. Furthermore, it has been shown that the protonation process is not

as effective with CNTs with high defects [40]. To demonstrate this concept, Para-

Vasquez et al. centrifuged solutions of CSA and pristine CNTs grown at 750 ◦C and

CSA and defective CNTs grown at 550 ◦C. The results are shown in Figures 2.7 a-c.

Additionally, Raman spectra are presented to demonstrate the relative defectiveness

of the samples.

CSA, the strongest of the superacids that have been studied, has been shown

to dissolve CNT bundles spontaneously (without stirring) at the fastest rate and at

the highest concentrations [13, 42]. It has been shown by Davis et al. that the acid

strength, and thus fractional charge per carbon, δ, affects the isotropic and nematic

point [13]. This diagram is shown in Figure 2.8. The diagram demonstrates the high

solubility of CNTs in super acids, and shows that at sufficient CNT concentration

and acid strength that liquid crystals form. The alignment of the solutions is shown

visually in the polarized optical micrographs, Figure 2.8 a-d. The model shown was

developed by Green et al. as an extension of Onsager’s theory for rigid rods [32].

The model takes into account attractive interactions which is essential for capturing

behaviors of CNT-superacid solutions. Understanding the phase diagram and phase

transitions is important for proper processing of CNTs which will be discussed in the

following chapters.
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Figure 2.8 : Phases shown are Isotropic (I), liquid crystalline (LC), crystal solvate

(CS), and solid (S). Black symbols represent experimental results and red symbols

represent model predictions from Green et al. [32]. Diamonds represent the concen-

tration of an initial system before phase separation. Circles represent the isotropic

phase,φi after phase separation. Red triangles represent φi and φhem for Onsager’s

theory of monodisperse hard rods. Red lines are the model predictions for isotropic

and nematic stability limits. Black dotted lines demonstrate experimental phase

boundaries. It is also theorized that a liquid crystal and crystal solvate biphasic

regime may exist within the shaded region. Blue squares represent the conditions for

the polarizing optical micrographs a-d [13].
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Chapter 3

Purification of Carbon Nanotubes for Solution

Processing in Chlorosulfonic Acid∗

3.1 Introduction

Carbon nanotubes (CNTs) have been widely studied due to the unique combina-

tion of thermal, electrical and mechanical properties [18]. Despite significant progress

in translating these excellent properties at the molecular scale to macroscale articles

such as fibers, the cost of the material has hindered widespread adoption of CNT fiber

(CNTF) [12, 43]. To reduce the cost of CNTF, the fiber itself must be produced in

an efficient and scalable manner. Furthermore, the efficiency of CNT growth must be

improved, and the scale of production must be increased. Solution spinning of CNTs

utilizes a technique that has already been successfully scaled up for other polymers

such as aramids (Twaron R© from Teijin and Kevlar R© from DuPont) and polyacry-

lonitrile (carbon fiber precursor) [44,45]. In the solution spinning process, CNTs are

dissolved into chlorosulfonic acid (CSA) [12,46,47]. At CNT concentrations used for

fiber spinning, CNTs form liquid crystals which aid in the alignment of CNTs during

processing [13, 14, 31]. To further improve the alignment, the solution is extruded

through a spinneret and drawn under tension in a coagulation bath [11–13]. The

fibers are then collected continuously onto a rotating drum. The production of the

fiber can be easily scaled up by introducing more holes in the spinneret to produce

∗This chapter is an updated version of a draft article in preparation for submission
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more filaments of fiber [11]. The other benefit to this fiber production method is

that CNT synthesis is decoupled from the spinning process. This means that CNT

production can be optimized for catalyst and cost efficiency instead of optimizing for

aerogel formation, which is required for solid state spinning methods that produce

fiber directly from a growth furnace [43]. However, many as produced CNTs do not

dissolve in CSA and require purification [12,13]. To continue to improve CNT fibers

and drive down costs, it is necessary to utilize CNTs from a variety of sources. There-

fore, it is crucial to understand the underlying mechanism that prohibits CNTs from

spontaneously dissolving in superacid [40].

Previous work has studied various purification methods for improved dissolution of

CNTs that included combinations of air oxidation, argon annealing and hydrochloric

acid (HCl) washing [46]. The authors of this work attributed the improved solubility

of the CNTs to the addition of oxygen sites into the sidewall of the CNT. Furthermore,

the authors report that iron catalyst expands and breaks the carbon shells that are

coating the particles during oxidation so that the particles are accessible during the

HCl wash. However, when the material is washed with HCl after annealing with

argon, the authors do not see the same phenomena as the sample still contains over

14% iron by weight. Here, we report that there is no evidence to suggest that the

purification process of CNTs induces additional oxygen groups. Instead, the CNTs

are coated with amorphous carbon which is removed during the oxidation step [48].

We propose that poor dissolution arises from amorphous carbon coating the sidewalls

of the CNTs. The amorphous carbon is not protonated by superacid and inhibits

the acid from accessing the sp2 bonded carbon along the backbone of the CNT.

Therefore, the coated CNTs are not individualized in solution. Furthermore, we

study the effects of the oxidation time and temperature on the remaining catalyst
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content, CNT crystallinity, and CNT aspect ratio after purification. Understanding

the relationship between purification, solubility, and aspect ratio is necessary for

optimizing fiber properties and reducing fiber costs.

3.2 Experimental Methods

3.2.1 Carbon Nanotube Purification

Sample
Oxidation

Temperature (◦C)

Oxidation Time

(hours)

1 400 12

2 420 12

3 440 12

4 460 12

5 420 3

6 420 6

7 420 24

Table 3.1 : Temperature and length of time for each purification method tested.

CNTs were purchased from OCSiAl (Tuball Single Wall Carbon Nanotubes, Batch

01RW01.N1.257). 100 mg of material was weighed (Denver Instruments APX–100)

and placed into an alumina boat. The boat was pushed into the center of a 2.5–inch

tube furnace (Mellen NACCI) under a flow rate of 20 sccm N2 (Matheson, industrial

grade nitrogen) and 80 sccm O2 (Matheson, industrial grade oxygen). The furnace

was ramped to the desired purification temperature at 5 ◦C/min, held at temperature
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for the indicated time, and cooled to 100 ◦C at 1.5 ◦C/min before the sample was

removed. The purification temperature and time for each study is shown in Table

3.1. The CNTs were weighed after oxidation and the weight loss was recorded. Next,

50 mg of the oxidized material was weighed and put into a 250 mL Erlenmeyer flask

with 150 mL of hydrochloric acid (HCl 37%, Sigma–Aldrich). The CNTs were stirred

at 400 rpm overnight and vacuum filtered to remove the HCl. The material was

rinsed thoroughly with water and returned to the Erlenmeyer flask with 150 mL of

water. The water was heated to 100 ◦C and the CNTs were stirred again at 400 rpm

overnight. The CNTs were vacuum filtered and lyophilized (Millrock Bench Top

Manifold Freezer Dryer BT48) to remove residual water. The CNTs were weighed

and the weight loss was recorded.

3.2.2 Carbon Nanotube Characterization

The G/D ratio of the CNTs was measured with Raman spectroscopy (Renishaw

InVia Confocal Raman microscope). Spectra were obtained with 532 nm, 633 nm,

and 785 nm wavelength lasers and the average G/D ratio was taken as a ratio of the

maximum of the G peak to the maximum of the D peak averaged over 10 measure-

ments. Thermogravimetric Analysis (TA Instruments, SDT Q600) was performed

from 100 ◦C to 1000 ◦C at a ramp rate of 10 ◦C/min under 100 mL/min of air

to determine the quantity of iron remaining after purification. X-ray photoelectron

spectroscopy (PHI Quantera) was performed using an aluminum kα X–ray source

from 282–294 eV for carbon, 527–536 eV for oxygen, and 707–726 eV for iron at a

step size of 0.1 eV and a pass energy of 26. Qualitative sample purity was assessed

by HR-TEM imaging (JEOL 2100–F) at 200 kV. CNTs were dispersed in acetone

with two minutes of tip sonication. Drops of the dispersion were placed on lacey
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carbon grids and blotted dry. SEM images were taken with an FEI Helios NanoLab

660 DualBeam system with an accelerating voltage of 5 kV and current of 100 pA.

Solutions of CNTs in CSA were imaged with a Zeiss Axioplan polarized optical mi-

croscope in 100 µm glass capillaries (VitroCom) that were sealed at the ends with a

butane torch. The viscosity averaged aspect ratios of the CNTs were measured with

dilute solutions of CNTs in CSA using extensional rheology (Cambridge Trimaster)

as described previously [49]. Measurements were performed in triplicate.

3.3 Results and Discussions

Figure 3.1 : Schematic of the purification process. First, CNTs are oxidized in a tube

furnace to remove amorphous carbon. Second, CNTs are washed with HCl to remove

iron catalyst.

CNTs were purified using a two–step process to remove both amorphous carbon

and iron catalyst impurities (Figure 3.1). First, CNTs were oxidized to remove amor-

phous carbon and low crystallinity (as described by low Raman G/D ratio) CNTs at

various temperatures and lengths of time in a tube furnace under a flow of 100 sccm

of air. Second, CNTs were washed in HCl to remove the iron catalyst in accordance
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with the following reaction:

Fe + 2HCl−→ FeCl2 + H2.

The CNTs were then filtered to remove the HCl, washed in water until a neutral pH

was obtained, and lyophilized to remove residual water.

Figure 3.2 : (a) The percent mass loss from oxidation at 420 ◦C with varying purifi-

cation time. The inset shows the rate of mass loss for each purification time. (b) The

percent mass loss from oxidation at 12 hours with varying purification temperature.

Figure 3.2a shows the sample mass loss while increasing the oxidation time but

holding the temperature constant (420 ◦C). With increasing time, the total mass loss

begins to plateau. This is further demonstrated by the inset in Figure 3.2a; the av-

erage rate of mass loss per hour drops significantly for the 24 hour purification time.

The mass loss of the sample with increasing temperature and constant purification
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time (12 hours) is described nicely by an exponential trend (Figure 3.2b). Further-

more, oxidizing at 440 ◦C or 460 ◦C for 12 hours burned more CNT sample than

when oxidizing the sample for 24 hours at 420 ◦C. Hotter temperatures enable the

oxidation of more stable carbon allotropes in the sample such as lower crystallinity

CNTs or faster oxidation of the ends of higher–crystallinity CNTs. Thermogravimet-

ric Analysis (TGA) was performed on each of the oxidized samples after washing with

HCl. As shown in Figures 3.3, the unpurified CNT material contained a significant

quantity of iron catalyst with a residual sample mass of ∼19 wt% after ramping to

1000 ◦C. Assuming complete oxidation of the iron into Fe2O3, the raw material is

estimated to contain ∼14 wt% iron. In contrast, all samples oxidized for 12 hours or

longer, regardless of the oxidation temperature, did not contain substantial quantities

of iron catalyst. However, the samples that were oxidized for 3 hours and 6 hours at

420 ◦C still had residual catalyst. This indicates that carbon that encapsulates some

of the iron catalyst particles were not fully removed during the oxidation process.

Therefore, the HCl could not access these particles to dissolve and remove them from

the sample.

Figure 3.4 display the Raman G/D ratio of the purified samples normalized to

the G/D ratio of the raw material. The G band appears at ∼1590 cm-1 and results

from stretching of sp2 hybridized carbon lattices. The D band appears at ∼1350 -1

and results from defects in the structure such as sp3 hybridized carbon or 5 or 7

membered rings. Therefore, a higher G/D ratio indicates a more pristine or crystalline

carbon lattice and is used as a qualitative measure of the crystallinity of CNTs. All

samples saw an improvement in the G/D ratio after purification indicating that we are

successfully removing defective CNTs from the samples and not inducing additional

defects such as oxygen into the CNT lattice. Oxidation at 440 ◦C for 12 hours showed
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Figure 3.3 : Thermogravimetric analysis on samples oxidized (a) at 420 ◦C for varying

times and (b) for 12 hours at varying temperatures. Mass loss derivatives of samples

oxidized (c) at 420 ◦C for varying times and (d) for 12 hours at varying temperatures.

the best improvement in G/D from the raw material; the G/D ratio improved from

an average of 48, 26, and 10 for the raw material to 88, 58, and 21 for the 532, 633,

and 785 nm lasers, respectively.
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Figure 3.4 : G/D ratios from Raman spectroscopy normalized to the as received

material for samples oxidized (a) at 420 ◦C for varying times and (b) for 12 hours at

varying temperatures.

Sample Carbon Oxygen Iron

As Received 96.5±1.6 at% 2.6±1.8 at% 1.0±0.1 at%

Oxidized 420 ◦C 12 hrs 91.7±1.2 at% 6.2±0.6 at% 2.4±0.4 at%

Oxidized 420 ◦C 12 hrs +

HCl Wash
97.0±0.2 at% 2.8±0.1 at% 0.3±0.1 at%

Table 3.2 : Atomic composition of Tuball from XPS analysis. After oxidation, there

is a significantly higher percentage of oxygen due to oxidation of the iron catalyst.
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Figure 3.5 : X–ray photoelectron spectra for as received CNTs (Unpurified, orange),

CNTs oxidized at 420 ◦C for 12 hours (Oxidized, yellow), and CNTs oxidized at

420 ◦C for 12 hours and washed with HCl (HCl Washed, blue) for a) carbon, b)

oxygen, and c) iron. The brown dotted line is the expected spectra for metallic iron

and the dark yellow dotted line is the expected spectra for Fe2O3 [50].
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X-ray photoelectron spectroscopy (XPS) was used to examine the changes in chem-

ical state of the elements present in the samples during both steps of the purification

process. A survey scan over the entire energy range indicated that the samples con-

tained carbon, oxygen and iron. A comparison of the raw material, material oxidized

at 420 ◦C for 12 hours, and material oxidized at 420 ◦C for 12 hours with an HCl

wash is shown in Figure 3.5. The spectra for carbon (Figure 3.5a) are very similar

for each sample. However, the large carbon peak was shifted slightly downwards

(284.6 eV) indicating an increase in the relative quantity of sp2 bonding from sp3

bonding in the sample. After oxidation, we saw an increase in the oxygen content in

our sample and a well-defined oxygen peak appeared at a binding energy of 530.1 eV

(Figure 3.5b). The location of this peak is consistent with the formation of α-Fe2O3

from the oxidation of the iron catalyst. This is confirmed by the spectra obtained

for iron (Figure 3.5c). The spectrum of the raw material displayed peaks at 707.3 eV

and 720.3 eV corresponding to Fe 2p3/2 and Fe 2p1/2 spin states. The experimental

data (solid orange line) aligns very well with the expected spectrum for metallic iron

(dotted brown line) [50]. However, for the oxidized sample, the peaks are shifted to

710.9 eV and 724.2 eV and the spectrum has an additional peak at 719 eV corre-

sponding to a Fe(III) 2p3/2 satellite feature. The experimentally obtained spectrum

is in good agreement with the spectrum expected for α-Fe2O3 (dotted dark yellow

line) [50]. Additionally, the sample washed with HCl does not display a significant

peak in the energy range expected for iron which further confirms that the iron was

successfully removed from the sample. Finally, a summary of the atomic composition

of the elements studied is shown in Table 3.2. The oxygen content is the highest for

the sample that was only oxidized. This increase in oxygen content is due to the

oxidation of the iron within the sample. Once the iron is removed from the CNTs,
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the sample has a similar oxygen content to the as received material. Moreover, the

oxidized sample also has the highest iron content. This can be attributed to the small

depth of analysis (∼5 nm) for XPS measurements. Before oxidation, the iron catalyst

is covered with a carbon shell, limiting the quantity of iron probed. Once the carbon

is removed, a larger quantity of iron can be probed by the X–rays. This result further

supports the idea that amorphous carbon is being removed from the sample.

Figure 3.6 : Transmission electron microscopy images of (a) as received CNTs, (b)

CNTs oxidized at 420 ◦C for 12 hours, and (c) CNTs oxidized at 420 ◦C for 12 hours

and washed with HCl. Scale bars are 100 nm. Scanning electron microscopy images

of (d) as received CNTs, (e) CNTs oxidized at 420 ◦C for 12 hours, and (f) CNTs

oxidized at 420 ◦C for 12 hours and washed with HCl. Scale bars are 1 µm. TEM

images courtesy of O. S. Dewey.

CNTs were examined via transmission electron microscopy (TEM, Figure 3.6a–

c) and scanning electron microcopy (SEM, Figure 3.6d–f) before purification, after

oxidation at 420 ◦C for 12 hours, and after washing with HCl. The raw CNTs
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(Figure 3.6a) and the oxidized CNTs (Figure 3.6b) contained significant quantities

of catalyst particles dispersed throughout the sample. These particles are not seen

in the sample washed with HCl (Figure 3.6c). Under SEM, the effectiveness of the

purification is easily visualized. Figure 3.6d shows bundles of CNTs that are coated

with amorphous material and the presence of spherical particles. In Figure 3.6e,

the amorphous material has been removed, and the catalyst particles are now seen

very clearly covering the entire sample. Significantly more catalyst can be seen on the

oxidized sample because many of the particles are encapsulated within the amorphous

material and therefore, obscured in the as received material. Finally, Figure 3.6f shows

clean bundles of CNTs with minimal impurities.

The samples were tested for their solubility in chlorosulfonic acid (CSA) by speed-

mixing samples at a concentration of 500 ppmw and visualizing the samples under

a microscope with transmitted light and polarized light. As seen in Figure 3.7a,

the raw material does not dissolve in CSA. The CNTs remain tightly bundled to-

gether. Furthermore, under polarized light, the bundles themselves birefringe due to

the alignment within the bundles, but there do not appear to be liquid crystals, which

are expected for true solutions of CNTs of this aspect ratio and concentration [31].

However, by removing defective CNTs and amorphous carbon covering the CNTs, the

acid is accessible to the CNTs allowing for protonation and thus, dissolution (Figure

3.7b). Although there are undissolved particles in the sample, the CNTs themselves

appear fully debundled. The formation of liquid crystals is evident under cross po-

larizers (Figure 3.7e and h). Additionally, the presence of oxidized iron catalyst does

not inhibit the solubility of CNTs, but as discussed in Chapter 5, removal of the cat-

alyst particles is desirable because they can react with the CSA and decrease the acid

strength. If the acid strength decreases significantly, the CNTs do not fully individu-
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Figure 3.7 : Transmitted light microscopy images of (a) as received CNTs, (b) CNTs

oxidized at 420 ◦C for 12 hours, and (c) CNTs oxidized at 420 ◦C for 12 hours and

washed with HCl in CSA at a concentration of 500 ppmw. Scale bars are 200 µm.

Polarized light microscopy images of (d) and (g) as received CNTs and (e) and (h)

CNTs oxidized at 420 ◦C for 12 hours, and (f) and (i) CNTs oxidized at 420 ◦C for

12 hours and washed with HCl in CSA at a concentration of 500 ppmw. Scale bars

are 200 µm.

alize which hinders solution spinning. As with the oxidized sample, the sample after

the HCl wash also has some undissolved particles (Figure 3.7c) but forms well-defined

liquid crystals in solution (Figure 3.7f and i).

These results, along with the conclusions drawn from Raman spectroscopy, and
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Figure 3.8 : (a) Schematic of amorphous carbon shielding a CNT from protonation

by superacid. (b) Schematic of protonation of an oxidized CNT.

XPS, indicate that purification is essential for dissolution of Tuball into CSA because

the amorphous carbon and hinders the dissolution process. The amorphous carbon

covers the bundles of CNTs and does not allow the CSA to access the sidewall of

the CNT (Figure 3.8). This is essential for obtaining true solutions because sufficient

protonation is required for CNTs to overcome the van der Waals forces to individualize

in the solvent [14]. Therefore, a purification method that sufficiently removes the

amorphous carbon is necessary for effective solution processing as poorly dissolved

CNTs cannot be restructured into a highly aligned fiber and undissolved particulates

can clog the spinneret.

Finally, the aspect ratio (the length of CNT/the diameter of the CNT) was de-

termined for each of the purification methods using capillary breakup extensional

rheology [49]. As shown in Figure 3.9, the longer the time or higher the temperature

of the oxidation, the shorter the aspect ratio of the resulting CNTs. Moreover, the

decrease in aspect ratio with increasing time trends with the mass loss; there is a lev-
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Figure 3.9 : (a) The viscosity averaged aspect ratio of CNTs oxidized at 420 ◦C for

various lengths of time. (b) The viscosity average aspect ratio of CNTs oxidized for

12 hours at various temperatures.

eling off in both the mass loss and aspect ratio with increasing oxidation time. When

comparing the mass loss to the decrease in aspect ratio for increasing temperature,

we see a similar percentage change in mass loss ((∼ 5% and ∼ 12%) to the percent

change in aspect ratio (∼ 6% and ∼ 12%) for 420 ◦C and 440 ◦C. However, for the

460 ◦C purification, we see a much larger change in mass loss (∼ 25%) than change

in the aspect ratio (∼ 16%). This suggests that we are not only burning the ends of

the CNTs but perhaps amorphous carbon species or entire CNTs. As discussed later

in this thesis (Section 5.7), both the purity of the CNTs and the aspect ratio play im-

portant roles in improving CNT fiber properties. Therefore, optimizing the oxidation

condition is crucial for obtaining the best fiber properties from CNT samples.
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3.4 Conclusions

Understanding the underlying mechanism that prevents CNTs from dissolving

in superacids is essential for improving the efficiency and lowering the cost of CNT

macroscale materials produced through solution processing. We report that oxida-

tion of CNTs removes amorphous material from the sample. This was demonstrated

through the increase in Raman G/D ratio and visually through SEM. Furthermore,

we did not see evidence that oxidation resulted in the inclusion of additional oxy-

gen in the sidewall of the CNTs. By examining the samples with XPS, we saw an

increase in the oxygen content after oxidation, but this was due to the iron catalyst

oxidizing to form Fe2O3. After removing the iron with HCl, the oxygen content in the

sample returned to the initial atomic percentage. Furthermore, the average Raman

G/D increased for all samples which indicates that the CNTs remaining in the sam-

ple include fewer defects. Finally, we measured the aspect ratio of the CNTs under

various purification conditions. The viscosity averaged aspect ratio decreased with

increasing purification time and temperature. The optimization of purity and aspect

ratio should be considered when selecting purification conditions as these parameters

are directly related to the processability and properties of CNTF. By better under-

standing dissolution, further efforts can be put forth in improving the efficiency of

the production and processing of CNTs into CNTF. The adoption of CNTF can have

widespread impacts on CO2 emissions as methane can be used as a precursor material

to produce hydrogen fuel and CNTs [52, 53]. Furthermore, CNTF has the capability

of limiting the emission-heavy process of refining metal ore and reducing emissions by

light-weighting cars, planes, and spacecraft. This three–pronged approach to reduce

emissions makes CNTs a material that can truly make an impact in fighting climate
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change.



35

Chapter 4

Improved Properties, Increased Production, and

the Path to Broad Adoption of Carbon Nanotube

Fibers∗

4.1 Introduction

State-of-the-art carbon nanotube fibers (CNTF) have mechanical and electrical

properties that compete with both high-strength fibers (such as aramid or carbon

fiber) and metallic conductors, particularly in applications where flexibility or weight

savings are primary considerations. Realization of widespread CNTF adoption will

require large scale production with controllable and reproducible properties. Follow-

ing the breakthrough introduction of aqueous suspension CNTF spinning by Poulin’s

group [8], three main techniques have emerged for producing CNTF on a commer-

cial scale: solution spinning [11], hereafter termed SS-CNTF; direct spinning [55]

from floating-catalyst chemical vapor deposition CNT growth reactors, hereafter

termed DS-CNTF; and array spinning [10] from supported-catalyst CNT vertical

array growth reactors, hereafter termed AS-CNTF. Recently, Stallard et al. showed

that the best reported mechanical properties of macroscale CNTF produced from all

the methods converge when made into articles with the same density [56]. Despite

achieving similar mechanical properties, the fibers and production methods are dif-

ferent in key respects that are important considerations for the future development

∗This chapter is an updated version of a published article [54]
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of CNTF.

First, the microstructure and carbon nanotube (CNT) content vary considerably

for these production methods. Direct spinning and array spinning tend to yield fibers

with relatively low alignment and packing density; however, the constituent CNTs

are extremely long (∼0.1 to 1 mm) [55, 57, 58], which is known to contribute to high

tensile strengths [12, 51]. Conversely, solution spinning produces a highly-aligned

densely-packed microstructure composed of shorter CNTs (so far, below ∼10 µm).

Direct spinning and array spinning require specialized synthesis methods that yield

dry spinnable CNTs, yet the spinning methods work independently of CNT crys-

tallinity and have higher tolerance for impurities such as amorphous carbon. In

contrast, solution spinning only requires that the CNTs have high crystallinity (as

measured by Raman G to D ratio > ∼20), as any impurities can be reduced to ac-

ceptable levels through purification prior to processing (low amorphous carbon and

< 5wt% residual catalyst) [12]. This means that solution spinning works for a wide

range of CNT synthesis methods. These findings have driven the improvement of

several CNT synthesis techniques, and relatively long (∼10 µm) CNTs with these

characteristics are now available in bulk quantities. Interestingly, the mechanical

properties of SS-CNTF are similar to those of DS- and AS-CNTF because the im-

proved microstructure of SS-CNTF appears to improve inter-CNT stress transfer and

to compensate for the shorter length of the constituent CNTs [59]. Conversely, the

electrical conductivity and thermal conductivity of SS-CNTF significantly exceeds

that of DS and AS-CNTF because CNT crystallinity, alignment, and packing affect

these properties more than they affect strength – of course, the electrical conductiv-

ity of SS-CNTF is also increased by residual acid doping that is inherent in solution

processing, while it is often done as a post-processing step for DS and AS-CNTF.
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Because the solution spinning process decouples fiber production from CNT growth,

it allows for a clear link between raw CNT aspect ratio and CNTF properties [12,59].

The fundamental connection between the properties of the raw CNT material and the

properties of the macroscopic fiber reveals a clear path forward: high crystallinity,

high aspect ratio, and low impurity CNTs will deliver CNTF that approach individ-

ual CNT properties, provided that manufacturing is possible and that the scaling

laws hold beyond the regime tested so far. Here, we show that higher quality, longer

CNTs can be solution-processed into CNTF with record mechanical and electrical

properties while retaining flexibility.

4.2 Results and Discussions

Figure 4.1 : (a) Raman spectra of the raw Meijo 101 CNT material. (b) Raman

spectra of the radial breathing mode region showing peaks corresponding to small-

diameter CNTs.
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The CNTs used here were produced by Meijo Nano Carbon Co. (Meijo EC 101)

and spun from chlorosulfonic acid (CSA) (Sigma-Aldrich, 99%), coagulated into ace-

tone and collected onto a rotating drum, as previously described in [11,12]. Additional

details can be found in Section 5.2.1. Raman spectroscopy (Renishaw InVia Confocal

Raman microscope) was performed on the raw CNT material. Figure 4.1a shows rep-

resentative spectra of the G and D peaks using 532 nm, 633 nm and 785 nm excitation

wavelengths. The average G to D ratio was determined to be 56, 85 and 54 for the

532 nm, 633 nm and 785 nm, respectively, demonstrating the high crystallinity of the

CNTs (comparable to the leading material used in Ref [12]). The radial breathing

mode (RBM) region of the Raman spectra indicates the presence of 0.8–2 nm single

and double walled CNTs (Figure 4.1b). This result was confirmed using high reso-

Figure 4.2 : HR-TEM image of the CNTs showing individualized double-walled CNTs.

The histogram shows the 31 CNTs measured with HR-TEM showing the diameter

distribution, with a minimum of 1.3 nm, a maximum of 2.2 nm, and a mean of 1.76

nm. Images courtesy of O. S. Dewey.
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lution transmission electron microscopy (JEOL 2100F FEGTEM) (Figure 4.2) where

the average diameter was determined to be 1.76 nm with an average of 1.9 walls. The

viscosity averaged aspect ratio of the CNTs was 6700 (±100), as measured with a

capillary breakup extensional rheometer (Trimaster) [49], indicating an average CNT

length of ∼12 µm. Transmitted (Figure 4.3a) and polarized light (Figure 4.3b)

Figure 4.3 : (a) Optical microscope image of a 500 ppmw solution of raw CNTs in

CSA (diluted from the spin dope concentration of 5000 ppmw), showing texture and

few undissolved impurities. (b) Optical microscope image under crossed polarizers

(depicted by the arrows) showing strong birefringence and a Schlieren texture.

microscopy (Zeiss AxioPlan 2) of the CNT/CSA solutions shows that the CNTs are

fully dissolved, contain few impurities, and form well defined liquid crystals. The

spin dope was too dark to image, so it was diluted from 5000 ppmw to 500 ppmw

for solution visualization. Figure 4.4a shows a representative scanning electron mi-

croscopy (SEM) (FEI Helios NanoLab 660) image of the surface of CNTF, used to

assess morphology and measure the average diameter. The fiber is highly aligned

in the axial direction (Figure 4.4b) and has an average diameter of 8.9 ± 0.9 µm.
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Figure 4.4 : (a) SEM image of the surface morphology of the fiber. (b) High magnifi-

cation SEM image that depicts highly aligned CNT bundles. (c) Cross-section of the

fiber obtained using focused ion beam milling. The fiber is not perfectly round, indi-

cating imperfect coagulation; however, it shows few void spaces indicating a densely

packed structure, as in earlier reports [11, 12].

Figure 4.4c shows an SEM image of the CNTF cross–section obtained using focused

ion beam milling with an argon source. Although the fiber is not perfectly circular

in diameter, the fiber is highly packed with few void spaces. The fiber was charac-

terized for mechanical properties, electrical conductivity, and thermal conductivity.

Representative tensile testing curves obtained from an ARES G2 rheometer with ten-

sion fixture are shown in Figure 4.5a. Additionally, the tensile strength obtained

for each breaking test performed on the fiber were analyzed by fitting to a Weibull

distribution (Figure 4.5b). Here, we see that our data is linear except for two data

points at the low end of the spread. This suggests that the data is well-represented

by a Weibull distribution. The nominal Weibull tensile strength was determined to

be 4.2 ± 0.15 GPa. The Young’s modulus of 260 ± 40 GPa was calculated from the

slope of the tensile stress curve from 0–0.2% elongation. The elongation at break
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Figure 4.5 : (a) Representative stress-strain curves for the fibers reported here. The

four breaking curves shown are each from a different quartile of the data. A total of

17 samples from the same fiber spool were tested. (b) Weibull analysis of the fiber

ultimate tensile strengths. Black circles are the tensile strength data for each test

performed plotted against the theoretical cumulative Weibull probability distribution

for the data. The highest recorded strength (top rightmost point) was 4.57 GPa. The

black reference line joins the first and third quartiles of the data and shows where

data should lie if the data is from a Weibull distribution. The red dashed lines are

extrapolations of the reference line to the minimum and maximum values of the data.

averaged 3.5 ± 0.65% resulting in an average toughness of 50 ± 14 J/g. Compared to

earlier SS-CNTF, we did not find an increase in Young’s modulus (reported at ∼250

GPa in [68]) but did find a higher elongation to break (reported at 1.5% to 2.0%

in [12]). The electrical conductivity of the fiber was measured using an HP34401–A

multimeter with a 4–point probe, and the average room–temperature electrical con-
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Figure 4.6 : The properties of CNT fiber reported here compared to commercially

available carbon fibers (Hexcel IM10 [60], Toray T700G [61], Mitsubishi Dialead

K13D2U [62]), metals (where A36 steel is a typical structural steel and MS steel

is high strength Martensitic steel), other laboratory produced CNT fibers ( [63–66]),

and polymeric fibers (Dyneema, Spectra, Zylon HM, Kevlar [67]).
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ductivity was 10.9 ± 1.2 MS/m. Although the fibers are p–doped by residual acid,

their resistance was stable in laboratory conditions over the 15–month period between

the production of the fiber and the submission of ref [54]. The linear density of the

fibers (measured vibroscopically [69] at ∼35 to 70% of the fiber breaking force) was

1.2 ± 0.1 dtex. This method calculates linear density via a mathematical relation that

neglects the effect of intrinsic bending stiffness (which is negligible for CNT fibers due

to their low bending stiffness [70]). The specific strength was 2.1 ± 0.3 N/tex and the

specific conductivity was 5640 ± 600 S m2/kg. We used a steady-state fiber heating

method [71] to measure a thermal conductivity of 390 ± 60 W/m K at 300 K, com-

parable to earlier results on SS-CNTF made of ∼5 µm CNTs [11]. In this case, the

thermal conductivity did not increase with the use of longer CNTs, suggesting that

thermal transport may be dominated by intra–CNT transport rather than interfacial

resistance between CNTs. Fibers were suspended in vacuum by supporting their ends

between silver paste electrodes on a sapphire substrate. The suspended length was

measured for each fiber and was in the range of 2.9 to 3.2 mm. A four–point probe

method was used to measure the temperature–dependent sample resistance during

Joule heating (Keithley 2400) under 2 mTorr vacuum. Thermal modeling shows that

convection and radiation losses from the fiber were negligible. Figure 4.6 shows the

CNT fiber properties reported here compared to the properties of carbon fibers, DS-

CNTF, polymeric fibers, and metals. Consistent with previous reports, SS-CNTF

provide an excellent combination of the tensile strength of commercially available

carbon fibers and DS-CNTF with the electrical conductivity of metals. However, the

specific strength and conductivity of these new SS-CNTF are now within a factor of

leading fibers (IM10 for strength and aluminum for electrical conductivity) and on

par with the leading fibers for specific thermal conductivity (K13D2U). We plotted
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Figure 4.7 : The improvement in electrical conductivity and tensile strength of so-

lution spun CNT fibers at Rice University over time. The properties have been

improving on average over 20% per year.
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property improvements vs. time for SS-CNTF (Figure 4.7) and noted that electrical

conductivity and tensile strength have been growing by ∼20 to 25% per year, i.e.,

they doubled every three years, while thermal conductivity seems to have plateaued

at ∼400 W/m K. Because the theoretical limits are ∼100 MS/m for conductivity [72]

and ∼40 GPa for tensile strength [73] (an order of magnitude away from current prop-

erties) another doubling of properties could be achievable in 3 to 5 years. SS-CNTF

would then be stronger than any other fiber material and as electrically and thermally

conductive as most metals.

4.3 Conclusions and Future Outlook

CNTF technology has advanced dramatically in the two decades since the revo-

lutionary spinning of the first continuous fibers [8] – which amazingly was achieved

within a decade after the material was discovered and within five years of the first

gram–level production [18, 74, 75]. For comparison, it took nearly a century from

the production of the first carbon filaments by Joseph Swan and Thomas Edison to

the development of high-strength carbon fibers by Roger Bacon [76–78]. Continued

research has led to CNT fibers with competitive properties at increasing scale of

production, which is essential for the broad adoption of CNT materials. Moreover,

CNTF appear to have other advantages over conventional fibers. A knot strength of

100% (related to flexibility and likely high compression strength) has been reported

by multiple authors [10, 79]. CNTF have demonstrated promising performance in

composites as well. In one report, CNTF composites retained 69% of the specific

strength of the CNTF, compared to 45% retained for IM7 carbon fiber, the lead-

ing commercial product [80]. Likewise, CNTF composites are competitive with IM7

composites in certain applications, such as pressure vessel overwraps [81]. Recently,
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Xie et al. demonstrated that SS-CNTF have superior dynamic tensile strength to

aramid fibers under supersonic impacts, despite lower static tensile strength. Their

work demonstrates that the failure mechanism includes molecular CNT damage un-

der such conditions, indicating that higher fiber strengths can be achieved through

better coupling between the constituent CNTs [82]. In fact, Bai et al. demonstrated

that the tensile strengths of bundles of CNT spanning the whole testing gap exceeds

40 GPa, as the bundles fail via the breaking of the constituent CNTs [73].

Challenges still remain for CNTF to become a viable substitute for polymeric and

metal materials; the production rate of CNTs must increase and the overall cost of

the material must significantly decrease. Companies such as OCSiAl, Meijo Nano

Carbon, Huntsman Corporation (formerly NanoComp), Tortech, Muratec, DexMat,

and Lintec NSTC, as well as their academic counterparts, are continuously working

to improve quality and lower production costs; LG Chem is a major CNT producer

with recent research and developemnt efforts in CNTF production demonstrating very

high specific strengths [83]. As of 2019, the annual production of fiber-grade CNTs is

∼100 tons at sale prices of ∼$2,000 to $100,000/kg; production costs are significantly

lower. Although total production is still small, it represents about two orders of

magnitude increase in capacity and about two orders of magnitude price reduction

in the past five years. At the low end, production cost is now within one order of

magnitude of the typical cost required for widespread material applications (carbon

and aramid fibers are ∼$10 to $200/kg depending on properties and are produced at

∼100,000 ton/yr). The property improvements and increase in production of CNTs

and CNTF, as demonstrated here, have been remarkable. No other material has the

combination of strength, thermal and electrical conductivity, and flexibility offered by

CNTF. The use of CNTF for a wide range of applications, from biomedical devices
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to next generation wiring and cables, is only just beginning. By expanding and

improving collaboration between academic and corporate partners, this progress can

be accelerated further. Ultimately, these efforts will bring to market a new class of

affordable, high performance materials with transformational properties.
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Chapter 5

Key Process Parameters for Solution Spun Carbon

Nanotube Fibers

5.1 Introduction

As mentioned in the previous chapter, solution spinning has several benefits over

other CNT fiber production methods. One of the most important advantages of so-

Figure 5.1 : Diagram of CNT fiber spinning process parameters. Process parameters

discussed in the chapter are highlighted in blue.

lution spinning is that this method has already been shown to successfully scale up

production of high performance fibers such as polyacrylonitrile (precursor for carbon
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fiber), Kevlar R© and other aramid fibers, and Dyneema R©. However, to fully scale

up CNT fiber production, a deep understanding of the system is necessary as fiber

properties, process consistency, process efficiency, environmental impact and produc-

tion cost are important considerations. Unfortunately, the CNT process parameter

space is vast and complex consisting of fluid flow of a complex fluid, mass transfer

and chemical reactions within the coagulation bath, and large sample to sample vari-

ation of the constituent CNTs. Some of the key processing parameters can be seen

in Figure 5.3 where the parameters discussed in this thesis are highlighted in blue.

This chapter focuses on developing a clearer understanding of how key parameters

affect fiber processing with the aim to improve process efficiency and overall fiber

properties. In particular, this chapter discusses the effect of:

• post-processing on the stability of fiber electrical conductivity,

• the coagulant on fiber morphology and process efficiency,

• spinneret geometry and diameter on fiber coagulation,

• variances in CNT properties such as purity and aspect ratio on fiber perfor-

mance, and

• the concentration of CNTs in the spin dope on fiber structure.

5.2 General Fiber Spinning Methods

5.2.1 Carbon Nanotube Fiber Spinning Process

The fiber spinning process is shown in Figure 5.2. CNTs (Meijo Nanocarbons)

were purified by thermal oxidation (Thermolyne, Thermo Scientific) to remove carbon

impurities and washed in hydrochloric acid (HCl 37%, Sigma-Aldrich) as needed for
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Figure 5.2 : Diagram showing the fiber spinning process. First, CNTs are dissolved

in CSA. The solution is filtered to remove undissolved particles. Finally, the solution

is extruded through a spinneret into a coagulation bath and collected onto a rotating

drum.

dissolution into chlorosulfonic acid (CSA). CNTs and CSA were mixed at the desired

concentration (0.25 wt% - 10 wt%) in a speed mixer (Flaktech) for 2 hours to form

the spin dope. The dope was loaded into a 316 stainless-steel chamber and filtered

through a 500-mesh stainless steel filter into a syringe. This filtration process removes
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any large undissolved particles that can potentially clog the spinneret. The dope filled

syringe was connected to a 1/8” tube fitted with a spinneret. The spinneret had a

single, 150 µm diameter hole unless otherwise specified. The syringe was loaded into

a syringe pump (Harvard Apparatus) and the spinneret was placed into a coagulation

bath (typically acetone - HPLC grade, Sigma Aldrich). The dope was slowly extruded

into the coagulation bath at 0.009 mL/min to 0.36 mL/min (corresponding to a linear

extrusion of 0.5 m/min to 2 m/min). Next, the CSA diffused away from the liquid

filament causing the CNTs to hold together via van der Waals forces to form a stable

fiber. Finally, the fiber was collected onto a rotating drum. The ratio between the

drum speed and the extrusion speed, called the draw ratio, was optimized for each

set of experiments.

5.2.2 Carbon Nanotube Fiber Characterization

CNT fiber was characterized for surface morphology, engineering strength, specific

strength, electrical conductivity, specific conductivity, and linear density. Scanning

electron microscopy (SEM) (FEI Quanta 400 ESEM) was used to measure CNT

fiber diameter and view surface morphology. Samples were obtained from 1 cm

pieces of fiber from 4 sections of fibers spanning 3 meters in length. Break force

was measured using an ARES G2 rheometer (TA Instruments) with a rectangular

tension fixture. The average break force was obtained from at least 10 samples of

fiber using a 20 mm gauge length at a speed of 0.1mm/sec. The resistance of the

CNTF was measured using a 4-point probe (HP34401) with a 7 cm spacing. An

average resistance was obtained from 10 measurements over several meters of fiber.

The linear density was obtained by measuring a known length of fiber (typically 2-4

meters) on a microbalance (Citizen, CM 21 X) or by using a vibroscopic method
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described in Ref [69].

5.3 Stabilization of Carbon Nanotube Fiber Electrical Con-

ductivity

Many high performance solution spun fibers such as polyacrylonitrile (PAN) based

carbon fiber or aramid fibers utilize additional washing steps after the coagulation

bath to remove excess solvent [84]. This step is important because excess solvent

can degrade the polymers [36]. Previous studies in the Pasquali lab indicated that

additional processing steps were needed after spinning to ensure stable electrical con-

ductivity over long periods of time [68]. Post treatment steps (shown in Figure 5.3)

were developed to remove any volatile acid dopant still present in the fiber after spin-

ning. This section explores the stability and overall resistance of CNT fiber over a

3 year time period for as-produced fibers and different post-treatment techniques.

These treatments include water washes, additional coagulant washes, and heat treat-

ments.

5.3.1 Experimental Details

Meijo 1.5 P (Lot 8302305) was dissolved at 1 wt% in CSA. The mixed dope

was extruded at 0.36 mL/min (2.0 m/min) into a coagulation bath of acetone and

collected onto a rotating drum at 3.0 m/min. A few meters of the as produced fiber

was taken off of the drum and taped into a Manila file folder (Pendaflex) and the

resistance was measured with a 4 point probe (HP34401) with a 7 cm distance. The

drum with the remaining fiber was then soaked in distilled water for 30 minutes at

room temperature. A few meters of fiber was taken off of the drum and taped into

another file folder. Next, the drum with the remaining fiber was then placed in an
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Figure 5.3 : Flowchart of the fiber stabilization procedure. As produced fiber is

washed with room temperature water, heated in an oven at 115 ◦C overnight, and

washed with 60 ◦C water for 3 hours. Fiber was collected after each step, and the

resistance was measured periodically.

oven at 115 ◦C overnight in air. Once again, a few meters of fiber was taken off of

the drum and taped in a file folder. Finally, the drum was washed in 60 ◦C water

for 3 hours, and a few meters of fiber was taped into a file folder. A flow diagram of

this described process is shown in Figure 5.3. The file folders of fiber were stored at

ambient lab conditions and the resistance of the fiber at the various conditions was

measured periodically spanning a time period of 3 years.

A similar procedure was followed to study the effect of washing fiber in coagulant

(acetone) rather than distilled water. Fibers were produced as described above. A

few meters of as produced fiber was taped into a folder. The drum of fiber was then

soaked in a bath of clean acetone for 30 minutes. Again, a few meters of fiber was

taped into a drum. Finally, the drum of fiber was heated at 115 ◦C overnight in

air and fiber was collected and taped into a file folder. As described previously, the

resistance of the fiber was measured periodically. This process is shown in Figure 5.4.
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Figure 5.4 : Flowchart of the fiber stabilization procedure using acetone as a washing

medium. As produced fiber is washed with room temperature acetone and heated in

an oven at 115 ◦C overnight. Fiber was collected after each step, and the resistance

was measured periodically.

5.3.2 Results and Discussions

As described in the experimental methods and shown in Figure 5.3, fiber was

collected after each step in a series of post-processing procedures and the resistance

was measured over time. The resistance was measured directly after production, 1 day

after production, a few days after production, 1 year after production, and 3 years

after production. These results are plotted in Figure 5.5. The as produced fiber

and water washed fiber are significantly less resistive than the fibers that underwent

heat treatment (labeled as “heated” and “hot water” in Figure 5.5) over the entire

course of the study. The percent change from the initial resistance measurement of

the as produced fiber after 1 day and 3 years in shown in Figure 5.6. We see a small

increase (∼2.6%) in the resistance for the as-produced fiber. However, this is within

the error of the resistance measurements. After water washing, we see a decrease

in the resistance of ∼8% in comparison to the as produced fiber. After 3 years,
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Figure 5.5 : Fiber resistance over time for as produced fiber (pink circle), water

washed fiber (orange triangle), heat treated fiber (yellow square), and hot water

washed fiber (green diamond).

the resistance increased and is nearly identical to the as-produced fiber. After heat

treating the fiber, the resistance initially increases over 32%. However, by washing the

heat treated fiber in warm water, the conductivity can be partially recovered. This is

because the heat treatment partially drives off residual acid as well as absorbed water.

The acid is permanently removed in the heating process leading to an unrecoverable

increase in resistance. Water, on the other hand, can be reabsorbed into the fiber

through the hot water wash process. Figure 5.7 shows the percent change in resistance

of each fiber over time. The hot water treated fiber is highly stable over the 3 year

period. The resistance of the heat treated fiber decreases, particularly in the first

several days after post processing, due to the absorption of water into the fiber.

Finally, we see good stability for the as-produced fiber and improved resistance at



56

Figure 5.6 : Percent change in resistance of post-processed fiber compared to as

produced fiber after 1 day and 3 years.

Figure 5.7 : Percent change in fiber resistance from the first measurement over time

for as produced fiber (pink circle), water washed fiber (orange triangle), heat treated

fiber (yellow square), and hot water washed fiber (green diamond).
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Figure 5.8 : Fiber resistance over time for acetone stabilization method for as pro-

duced fiber (pink circle), acetone washed fiber (light blue triangle), and heat treated

fiber (purple square).

Figure 5.9 : Percent change in resistance of acetone washed fiber compared to as

produced fiber after 1 day and 3 years.
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room temperature.

Fibers were also washed in fresh coagulant to remove residual acid and heated to

remove any residual volatile material. The resistance over time is shown in Figure 5.8,

and the change in resistance compared to the initial as produced fiber measurement is

in Figure 5.9. Similar to the previous study, the as produced fiber is relatively constant

over time. After washing with acetone, the resistance after 1 day was ∼6% higher and

increased to ∼13% more resistive after 3 years. Finally, heating the acetone fiber led

to over a 50% increase in resistance. However, the resistance decreased slightly over

time due to the reabsorption of water into the fiber. Overall, additional washing in

acetone does not improve stabilization and resulted in an overall lower conductivity.

5.4 Choice of Coagulant and Coagulant Longevity

CNT fibers can be used to replace carbon fiber to lightweight cars, airplanes,

and spacecraft to limit fuel usage. They can also provide additional weight savings

in these vehicles by replacing copper and aluminum; this replacement would have

further environmental impacts as copper and aluminum mining is an extremely CO2

and energy intensive process [85]. However, to realize the full benefits of the material,

the efficiency of the fiber spinning process needs to be improved.

One particularly inefficient step of the spinning process is the coagulation step.

Currently, acetone has been shown to be the best coagulant for solutions of CNTs

in CSA for fiber performance [11, 47]. When evaluating acetone in terms of process

efficiency, it has a number of issues. As a flammable and volatile organic solvent,

it poses process safety concerns. More importantly, acetone and CSA react to form

polymeric compounds. As this reaction proceeds, the coagulation bath discolors to

yellow and eventually dark red. Once the acetone and CSA reacts, it is difficult to
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separate the CSA from the acetone and polymeric species. This means the coagu-

lant and solvent cannot be recycled and reused causing a big waste disposal issue.

Additionally, the coagulant strength decreases with progression of the CSA/acetone

reaction which decreases fiber performance.

This section explores the effect of various coagulants on the properties of CNT

fibers. Acetone with ammonium acetate was explored to inhibit the reaction of CSA

with acetone. Diethyl ether was studied due to its limited reactivity with CSA and

slow rate of coagulation. Methyl ethyl ketone (MEK) and diethyl ketone (DEK) were

tested as they are chemically similar to acetone. Finally, water was studied as it is

the best coagulant from a process standpoint since it is inexpensive, safe, and easy

to recycle. Although water is the best from an efficiency standpoint, it reacts readily

and violently with CSA. This reaction produces gaseous HCl which, in standard

spinning conditions, destroys the alignment of the fiber and produces a porous, low

performance material.

5.4.1 Experimental Details

Meijo 1.5 P (Lot 7110205) was dissolved at 2 wt% in CSA. A syringe pump,

short coagulation bath (∼40 cm of coagulation length), and collection motor with

drum were placed into the fume hood. Dope was extruded through a single 150 µm

spinneret at 0.036 mL/min corresponding to a linear rate of 2.0 m/min. Fibers were

produced at a draw ratio of 1.2 and a maximum draw ratio (1.5). The maximum draw

ratio was determined by slowly speeding up the collection drum until the filament

broke. The collection drum was then set to a speed slightly below where the filament

broke. The ratio between this drum speed (as measured by a CyberTech tachometer)

and the extrusion speed is the maximum draw ratio. After fibers were produced
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Figure 5.10 : Photograph of the spinning setup in the fume hood. The coagulation

bath is filled with 80 vol% diethyl ether and 20 vol% water.

with the desired coagulant, the bath was drained, dried, and filled with the next

coagulant. Between coagulants, the dope was left extruding in air to prevent the

spinneret from clogging. The coagulants used in this study were acetone (HPLC

grade, Sigma-Aldrich), acetone with 60 mL distilled water (∼5 vol% water), acetone

with 60 mL of 4 M ammonium acetate (≥97%, Fisher Scientific), diethyl ether (≥99%,

Fisher Scientific), diethyl ether with 20 vol% water, and methyl ethyl ketone (≥99%,

Sigma-Aldrich). The coagulant and draw ration can be found in Table 5.1.

Additionally, Meijo EC DX303 (Lot 5R80C25C) was dissolved at 3 wt% in CSA

and extruded at 0.18mL/min through a single 150 µm spinneret. (The extrusion rate

was reduced due to filament breakage.) The fiber was coagulated in a warm (30 ◦C)

bath of acetone with 200 mL of 1.5 M ammonium acetate at a draw ratio of 1.3.

Fiber was collected at various increments to determine fiber properties over time.
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Meijo EC DX303 (Lot 5R80C25C) was dissolved at 1 wt% in CSA, and the spin-

ning setup was placed into a fume hood. Dope was extruded at a rate of 0.36 mL/min

through a single 150 µm spinneret into a bath of acetone (HPLC grade, Sigma-

Aldrich) or DEK (≥99%, Sigma-Aldrich). The fiber was collected at a draw ratio of

1.3 and 1.5.

For fibers produced with a water coagulant, Meijo ECL 1.5P (Lot 8602905) was

dissolved at 5 wt% and at 1 wt% in CSA. Dope was extruded at a rate of 0.36mL/min

through single 150 µm spinneret into a bath of distilled water. A jet of distilled water

was aimed at the face of the spinneret. Due to the short length of the fibers, the

diameter was measured with an optical microscope (Zeiss Axioplan).

Finally, all fibers were characterized as described in Section 5.2.2.

5.4.2 Results and Discussions

Figure 5.11 : Scanning electron microscopy images of fibers coagulated in (a) acetone,

(b,c) acetone with 5 vol% water, (d,e) acetone with 5 vol% 4 M ammonium acetate,

(f) diethyl ether, (g,h) diethyl ether with 20 vol% water, and (i,j) methyl ethyl ketone.

Scale bars are 30 µm.
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Fibers were produced with various coagulants using the same CNT spinning dope

under the same spinning conditions (spinneret, extrusion rate, and draw ratio). The

fiber produced in acetone, the standard choice of coagulant, was used as a control.

Fibers were also produced at a maximum draw ratio to optimize the spinning condi-

tions for each coagulant. SEM images of the fibers produced with acetone, acetone

with 5 vol% water, acetone with 5 vol% 4 M ammonium acetate, diethyl ether, diethyl

ether with 20 vol% water, and MEK are shown in Figure 5.11. Fibers coagulated in

Figure 5.12 : (a) Fiber diameter, (b) electrical conductivity, and (c) tensile strength

for fibers produced in various coagulants as a function of draw ratio.

acetone (Figure 5.11a) and MEK (Figure 5.11i and j) have a smooth, cylindrical sur-

face even at low draw (1.2). Fibers coagulated at low draw in mixtures of water and

acetone (Figure 5.11b and d), diethyl ether (Figure 5.11f), and water and diethyl

ether (Figure 5.11g) show some surface roughness and misalignment of CNT bundles

indicating sub-optimal processing conditions. At a higher draw ratio, a better fiber

morphology is obtained for the mixtures of water and acetone (Figure 5.11c and e),

and water and diethyl ether (Figure 5.11h). However, fibers could not be produced at

a higher draw ratio when coagulated in pure diethyl ether due to the filament break-
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age. Furthermore, the fiber properties (diameter, electrical conductivity, and tensile

strength) as a function of draw ratio is shown in Figure 5.12. As expected, when

Figure 5.13 : Tensile strength vs electrical conductivity for fiber produced with various

coagulants.

increasing the draw ratio, the filament stretches further, resulting in a decrease in

fiber diameter. Additionally, the properties tended to improve with increasing draw

ratio regardless of the coagulant used. The tensile strength and electrical conductiv-

ity for each coagulant and draw ratio is shown in Figure 5.13. When at the same

draw ratio, there is not a significant difference in fiber properties between acetone

and MEK. However, there is a significant decrease in performance when using diethyl

ether as a coagulant. Diethyl ether is a slower acting coagulant. By adding water

to the diethyl ether, we are able to speed up the coagulation process as water reacts
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Coagulant
Draw

Ratio

Diameter

(µm)

Electrical

Conductivity

(MS/m)

Tensile

Strength

(GPa)

Acetone 1.2 22.5±1.8 5.9±0.9 1.5±0.3

Acetone + 5 vol%

Water
1.2 22.9±2.2 5.3±0.7 1.3±0.3

Acetone + 5 vol%

Water
1.5 20.2±1.3 5.9±0.7 1.5±0.2

Acetone + 5 vol%

4 M Ammonium

Acetate

1.2 22.1±0.9 5.8±0.9 1.3±0.1

Acetone + 5 vol%

4 M Ammonium

Acetate

1.5 19.9±1.0 6.5±0.5 1.5±0.2

Diethyl Ether 1.2 24.4±3.0 4.6±0.7 1.0±0.3

Diethyl Ether +

20 vol% Water
1.2 23.0±1.0 4.8±0.7 1.3±0.1

Diethyl Ether +

20 vol% Water
1.4 21.2±1.6 6.0±0.6 1.5±0.3

Methyl Ethyl

Ketone (MEK)
1.2 23.3±1.2 6.0±0.5 1.4±0.2

Methyl Ethyl

Ketone (MEK)
1.5 20.3±2.1 6.3±1.1 1.8±0.4

Table 5.1 : Diameter, electrical conductivity, and tensile strength of fibers spun in

various coagulants



65

readily with CSA. We see a fairly significant improvement in fiber properties with the

diethyl ether and water mixture in comparison to pure diethyl ether. This decrease in

performance with a slower acting coagulant indicates that the structure of the fiber

is formed within the spinneret rather than along the length of the bath. Finally, a

small quantity of water was added to acetone to study the use of ammonium acetate

to inhibit the reaction between CSA and acetone. The water was necessary because

ammonium acetate is insoluble in acetone.

There was a small decrease in tensile strength for the fiber coagulated in acetone

and water and acetone and ammonium acetate. However, the fiber coagulated in

the acetone and ammonium acetate bath performed similar to the acetone (control)

fiber. Importantly, there was no noticeable color change with the acetone and am-

monium acetate bath meaning that there was no significant production of polymeric

compounds. A summary of the fiber properties from each set of spinning conditions

can be found in Table 5.1.

The acetone and ammonium acetate bath demonstrated promising initial results

for increasing the longevity of the coagulation bath. To demonstrate that the am-

monium acetate inhibits the CSA/acetone reaction, fiber was spun over an extended

period of time (5 hours), and the fiber properties were measured periodically. Addi-

tionally, the acetone/ammonium acetate bath was heated to ∼ 30 ◦C as the rate of

reaction between the CSA and acetone increases with increasing temperature. The

properties of the sampled fibers, shown in Figure 5.14, demonstrate that the conduc-

tivity and tensile strength did not change over time. This indicates that the coagulant

bath did not degrade over the 5-hour experiment. Furthermore, we confirmed these

results visually throughout the course of the experiment. Pristine acetone is trans-

parent. However, as the CSA and acetone reacts, the coagulation bath turns yellow
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Figure 5.14 : Electrical conductivity (left) and tensile strength (right)for fiber co-

agulated in acetone and ammonium acetate over time. The properties are constant

indicating that the coagulant bath did not degrade.

Figure 5.15 : Scanning electron microscopy images of fibers coagulated in (a) acetone

at 1.3 draw, (b) acetone at 1.5 draw, (c) diethyl ketone at 1.3 draw, and (d) diethyl

ketone at 1.5 draw. Scale bars are 10 µm.

and continues to discolor to dark red when the acetone is fully reacted. During this

experiment, the coagulation bath did not discolor. These results demonstrate that

ammonium acetate can be used to increase the longevity of the coagulation bath.

Further experiments were carried out comparing acetone coagulation to diethyl
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Coagulant
Draw

Ratio

Electrical

Conductivity

(MS/m)

Specific

Conductivity

(S m2/kg)

Acetone 1.3 7.9±0.6 5000±100

Acetone 1.5 8.0±0.9 4800±140

DEK 1.3 8.5±0.6 5100±120

DEK 1.5 8.1±0.9 5200±150

Table 5.2 : Electrical conductivity and specific electrical conductivity of fibers spun

in acetone and diethyl ketone.

Coagulant
Draw

Ratio

Tensile

Strength

(GPa)

Specific

Strength

(N/tex)

Young’s

Modulus

(GPa)

Acetone 1.3 2.2±0.4 1.4±0.2 240±30

Acetone 1.5 2.3±0.5 1.4±0.1 240±30

DEK 1.3 2.3±0.3 1.4±0.1 240±30

DEK 1.5 2.1±0.4 1.4±0.1 230±20

Table 5.3 : Tensile strength, specific strength, and Young’s modulus of fibers spun in

acetone and diethyl ketone.
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Figure 5.16 : Photograph of spinning with a water jet pointing at the spin-

neret/coagulant interface. When the jet is turned on, the fiber is densified resulting

in a good fiber morphology.

ketone (DEK) to determine if larger ketones had an effect on coagulation. Fiber was

collected using each coagulant at a draw ratio of 1.3 and 1.5. SEM images of the fiber

collected in acetone and DEK are shown in Figure 5.15. All fibers were cylindrical

in shape with a smooth surface which is indicative of a good coagulation. As shown

in Table 5.2 and Table 5.3, there was not a significant difference in the electrical

conductivity, tensile strength, or Young’s modulus for either coagulant or draw ratio.

As discussed in the introduction to this section, water would be an ideal coagulant

due to its low cost, environmental footprint, and toxicity. However, CSA and water

react violently to form HCl gas. The HCl gas bubbles out of the water and disrupts

the structure of the fiber creating a low density, highly porous structure with poor
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Dope Con-

centration

Electrical

Conductiv-

ity

(MS/m)

Tensile

Strength

(GPa)

Specific

Conductiv-

ity (S

m2/kg)

Specific

Strength

(N/tex)

5 wt% 5.2 0.75 5100 0.76

1 wt% 3.5 0.86 4400 1.16

Table 5.4 : Electrical conductivity, tensile strength, specific conductivity, and specific

strength of fibers spun in water with a water jet.

macroscopic properties. Fiber was spun at 5 wt% to slow down coagulation and

minimize the quantity of CSA reacting with the water coagulation bath. Although

a decrease in bubble formation was observed for higher concentration spinning dope,

the fiber performance was still hindered by a porous structure. To further minimize

bubbling, a stream of distilled water was pointed at the interface of the spinneret and

the coagulation bath as shown in Figure 5.16. With the water at a sufficient flow rate,

the HCl is fully soluble in the water so no bubbling occurs. This allows the CNTs

to completely densify. This spinning technique was also attempted with a 1 wt%

spinning solution. The properties of these fibers are shown in Table 5.4. Although

the performance of these fibers are lower than state of the art fibers, these studies are

a big step forward towards fiber production in water. Further studies are underway to

optimize water as a coagulant. These studies include decreasing the diameter of the

spinneret, decreasing the extrusion rate, and designing a co-flow (core and sheath)

spinneret.
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5.5 Spinneret Diameter and Cone Angle

Results from the previous section on coagulants suggests that the fiber structure

forms in the spinneret. Therefore, the design of the spinneret should play an im-

portant role in fiber properties and coagulation. In the standard 150 µm spinneret

configuration used here, the solution undergoes high shear through a 30◦ inlet cone

followed by stress relaxation from flow through a capillary with a 2:1 aspect ratio

(length of capillary/diameter of capillary). By changing the angle of the inlet cone,

more shear (larger cone angle) or more relaxation (smaller cone angle) can be in-

duced. A large cone angle will be important if it can produce better alignment of

the CNTs within the fiber, whereas a small cone angle would help reduce possible

disorder caused by die swell. Hence, the effect of the angle of the inlet cone on the

structure and properties of the fiber is studied. Furthermore, we study the effect of

increasing spinneret diameter as a means to increase fiber output.

5.5.1 Experimental Details

Meijo 1.5P (Lot 8302305) was dissolved at 0.5 wt% in CSA. Fiber was produced

through 3 different spinnerets: 150 µm, 250 µm, and 500 µm. Due to limitations with

spinneret manufacturing, each spinneret has an outlet capillary with an aspect ratio

(length of capillary/diameter of capillary) of 2 and an overall thickness of 1 mm.

Therefore, the spinneret with a diameter of 500 µm is a throughhole, whereas the

150 µm and 250 µm spinnerets have an inlet cone region. The inlet cone for both

the 150 and 250 µm spinnerets is 30◦. The design of the spinnerets are shown in

Figure 5.17. The dope was extruded into acetone at a linear velocity of 2 m/min

corresponding to an extrusion rate of 0.036 mL/min, 0.1 mL/min, and 0.4 mL/min
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Figure 5.17 : Diagrams of spinnerets with varying outlet diameter. Each spinneret

has a capillary with an aspect ratio of 2.

for the 150 µm, 250 µm, and 500 µm spinnerets, respectively. Fiber was collected at

a draw ratio of 1.4. The fibers were characterized as described in Section 5.2.2.

Fibers were also produced using spinnerets with varying inlet cones (15◦, 30◦, and

45◦) and outlet diameters of 150 µm and 250 µm. The design of the spinnerets are

shown in Figure 5.18. Meijo EC DX301 (Lot 5R79H06C) was purified by heating in

a box furnace (Thermolyne, Thermo Scientific) in air at 450 ◦C for 72 hours. The

purified CNTS were dissolved in CSA at 1 wt% and 3 wt% in CSA. Solutions were

extruded at 2 m/min corresponding to a volumetric extrusion rate of 0.036 mL/min

and 0.1 mL/min for the 150 µm, 250 µm diameter spinnerets, respectively. All fibers
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Figure 5.18 : Diagrams for (a,b,c) 150 µm diameter spinnerets with 15◦, 30◦, and 45◦

inlet cones and (d,e,f) 250 µm diameter spinnerets with 15◦, 30◦, and 45◦ inlet cones.

were collected at 2.7 m/min resulting in a draw ratio of 1.35. The order of use of

the spinnerets were randomized to ensure that trends were not a result of order of

production. The acetone bath was changed when discoloration occurred. The fibers

were also characterized as described in Section 5.2.2.

5.5.2 Results and Discussions

Fibers produced with a 150 µm, 250 µm, and 500 µm diameter spinneret are shown

in Figure 5.19. The fiber produced with the smallest spinneret (150 µm) appears to
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Figure 5.19 : Scanning electron microscopy images of CNT fiber produced at 0.5 wt%

with a (a) 150 µm, (b) 250 µm, and (c) 500 µm diameter spinneret.

Figure 5.20 : Fiber diameter, density, electrical conductivity, and specific conductivity

of CNT fibers spun of 0.5 wt% as a function of spinneret diameter.
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Figure 5.21 : Tensile strength, specific strength, Young’s modulus, and elongation at

break of CNT fibers spun at 0.5 wt% as a function of spinneret diameter.

have the best surface morphology; the fiber is relatively smooth and cylindrical in

shape. The fiber spun with the 250 µm appears to have a slight bean shape which is

indicative of the outer shell of the fiber coagulating before the inside of the fiber. The

coagulated outside collapses giving rise to the irregular shape. This phenomenon is

more pronounced with the fiber spun from the 500 µm; the fiber (Figure 5.19c) has

a rough surface and a completely collapsed (ribbon) structure.

As expected, the fiber diameter increases with increasing spinneret diameter (Fig-

ure 5.20a). However, due to the poor coagulation of the fiber spun from a 500 µm
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Figure 5.22 : Scanning electron microscopy images of fibers produced from spinnerets

with 15◦, 30◦, and 45◦ inlet cones. Fiber produced at 1 wt% with a 150 µm spinneret

and a (a) 15◦, (b) 30◦, and (c) 45◦ inlet cone. Scale bars are 20 µm. Fiber produced

at 3 wt% with a 150 µm spinneret and a (d) 15◦, (e) 30◦, and (f) 45◦ inlet cone. Scale

bars are 50 µm. Fiber produced at 1 wt% with a 250 µm spinneret and a (g) 15◦, (h)

30◦, and (i) 45◦ inlet cone. Scale bars are 40 µm.

diameter spinneret, there is a much larger error in the diameter measurement (∼20%

compared to ∼5% for the fibers produced with a 150 µm and 250 µm diameter spin-

neret). Furthermore, Figure 5.20b shows the density for each fiber. The fiber spun

from a 500 µm has a low density for a solution spun fiber which, again, indicates
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Figure 5.23 : Diameter and density of fiber spun at 1 wt% and 3 wt% from 150 µm

diameter spinnerets and 1 wt% through 250 µm diameter spinnerets at varying inlet

cone angles.

poor coagulation. The poor coagulation is also evident in low electrical conductiv-

ity (Figure 5.20c), tensile strength (Figure 5.21b), specific strength (Figure 5.21a),

Young’s modulus (Figure 5.21c), and elongation at break (Figure 5.21d). Conversely,

the specific conductivity is the same for all fibers. This result suggests that the spe-

cific conductivity of the fibers is not sensitive to CNT fiber structure. Instead, the

specific conductivity is dependent on the constituent CNTs, as discussed in Section

5.8 and Section 5.7. Fibers produced with a 150 µm spinneret showed the best prop-

erties, but the properties were reasonably similar to those of the fibers produced with

a 250 µm spinneret.
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Figure 5.24 : Tensile strength and electrical conductivity of fiber spun at 1 wt%

and 3 wt% from 150 µm diameter spinnerets and 1 wt% through 250 µm diameter

spinnerets at varying inlet cone angles.

SEM images of fibers produced at 1 wt% from a 150 µm diameter spinneret with

an inlet cone of 15◦, 30◦, and 45◦ are shown in Figure 5.22a-c, fibers produced at 3 wt%

from a 150 µm diameter spinneret with an inlet cone of 15◦, 30◦, and 45◦ are shown

in Figure 5.22d-f, and fibers produced at 1 wt% from a 250 µm diameter spinneret

with an inlet cone of 15◦, 30◦, and 45◦ are shown in Figure 5.22g-i. Visually, there

is not any significant difference in the fibers as a function of cone angle. All fibers

are approximately cylindrical in shape with some surface texture. They show good

alignment in the axial direction. Figure 5.23 compares the fiber diameter, density,

electrical conductivity, and tensile strength for fibers spun from a 150 µm diameter
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spinneret. For both solution concentrations, the 15◦ inlet cone produced fibers with a

slightly lower average diameter with a higher density. Furthermore, the 15◦ inlet cone

showed an ∼20% improvement in electrical conductivity and tensile strength over the

other spinnerets.

The results from fibers produced at 1 wt% with a 250 µm spinneret are shown in

Figure 5.24. The fibers had similar diameters for all cone angles. However, the fiber

produced with the 45◦ spinneret had a lower density than the other two inlet cones.

Moreover, the fibers produced with a 15◦ and 30◦ inlet cone had similar electrical

and tensile properties, whereas the fiber produced with a 45◦ inlet cone had an ∼15%

decrease in tensile strength.

These initial results suggest that, similar to other complex polymer systems, the

liquid filament undergoes some degree of die swell caused by stress stored in the fluid.

By increasing the length of the capillary region of the spinneret, a greater portion of

this stress can be dissipated by viscous forces. This could be increasingly important

when looking for efficiency improvements in the process as die swell increases with

increasing concentration. Further studies will use spinnerets with smaller inlet cone

angles as well as inlet cones that are 500 µm longer to obtain a better understanding

of optimal spinneret design.

5.6 Carbon Nanotube Fiber Solution Processed with TiO2

Nanoparticles

The unique combination of flexibility, conductivity, and mechanical strength make

CNT fibers of significant interest for composites with additional functionality such as

charge storage, sensing or catalysis [86–89]. In particular, there is interest in combin-
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ing TiO2 with CNT fibers to create high efficiency photocatalyst composites for water

purification [89]. This is because TiO2 is a low cost and safe photocatalyst, but it has

low efficiency due to the quick recombination of the electron and hole pairs and lim-

ited surface area [90]. Due to the high electrical conductivity of CNTs, electrons can

travel freely through CNT structure which suppresses electron-hole recombination,

thus enhancing the photocatlytic ability of the TiO2. Furthermore, CNTs can act as

a support structure for TiO2 nanoparticles which further improves the efficiency.

Previous work indicated that high levels (>6%) of iron nanoparticles (residual cat-

alyst), impeded processing of fibers [68]. Spin dopes with ∼15 wt% catalyst particles

did not form a viscoelastic solution, and a draw ratio above 1 could not be obtained.

Due to poor processability, the fiber properties were severely hindered. Here, the

feasibility of CNT/TiO2 composite fibers was studied by spinning mixtures of CNT

and TiO2 in CSA.

5.6.1 Experimental Details

A spin dope was prepared by adding 1 wt% Meijo 1.5P (Lot 8302305) and 1 wt%

titanium dioxide nanopowder (US Research Nanomaterials, Inc., 80% anatase 20%

rutile, >99%, 20nm) to CSA. Fiber spinning was carried out as described in Section

5.2.1. Dope was extruded at 0.036 mL/min and collected at a draw ratio of 1.35,

1.5, and 1.6. Fibers were washed in room temperature water, heated in an oven

at 115 ◦C overnight, and then washed in warm water (60 ◦C) for 3 hours. Fiber

was characterized as described in Section 5.2.2. Fiber was also cut using an argon

source focused ion beam (FEI, Helios NanoLab 660 DualBeam) to view the internal

structure.
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5.6.2 Results and Discussions

Figure 5.25 : Scanning electron microscopy images of CNT fiber with intercalated

TiO2. Scale bars are (a) 30 µm, (b,c) 5 µm, and (d) 2 µm.

Fiber was produced with a 1:1 weight ratio of CNTs and TiO2 nanoparticles

at three draw ratios - 1.35, 1.5 and a maximum draw of 1.6. Fiber was produced

continuously without any processing difficulties such as spinneret clogging or filament

breakup; collection was manually stopped at 30 minutes for each draw ratio resulting

in fibers that were ∼100 m long. Visually, the surface of the TiO2/CNT fibers were

matte gray rather than the shiny black appearance of neat CNT fibers. Figure 5.25a

and b show SEM images of fiber produced at 1.5 draw. As with neat CNT fiber,

the fiber is cylindrical in shape, and there is good alignment of the CNT bundles

along the length of the fiber. In between the CNT bundles, there are aggregates of

TiO2 nanoparticles. These aggregates are evenly distributed along the fiber. Figure
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Draw Ratio Diameter (µm),

Electrical

Conductivity

(MS/m)

Tensile

Strength

(GPa)

1.35 23.0±2.0 2.2±0.6 0.69±0.13

1.5 22.8±1.5 2.1±1.0 0.65±0.09

1.6 21.4±0.8 2.2±0.8 0.66±0.08

Table 5.5 : Diameter, electrical conductivity, and tensile strength of CNT/TiO2 com-

posite fibers. Properties were consistent for all draw ratios.

Type of Fiber Diameter (µm),

Electrical

Conductivity

(MS/m)

Tensile

Strength

(GPa)

Neat CNT 16.4±1.9 6.8±0.9 1.5±0.4

CNT/TiO2 22.8±1.5 2.1±1.0 0.65±0.09

Table 5.6 : Diameter, electrical conductivity, and tensile strength of neat CNT fibers

and CNT/TiO2 composite fibers.

Type of Fiber
Resistance

(Ω/m)

Break Force

(gf)

Neat CNT 700±20 32.4±1.6

CNT/TiO2 1170±50 27.1±1.2

Table 5.7 : Resistance and break force of neat CNT fibers and CNT/TiO2 composite

fibers.
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5.25c and d show a fiber with a section milled with a focused ion beam (FIB) to view

the internal structure of the fiber. These images show that the TiO2 nanoparticles

are intercalated throughout the fiber and the structure seems fairly homogeneous.

Additionally, there are visible void spaces within the fiber that are not present in

neat fibers.

Table 5.5 shows the engineering properties of the fibers produced at each draw

ratio. As expected, the fiber diameter decreases with increasing draw ratio. However,

the electrical conductivity and tensile strength do not vary with draw ratio. To put

these results in context, the fiber properties are compared to the properties of fiber

produced at 1 wt% with the same batch of CNTs from Meijo Nanocarbons at the

same draw ratio (1.5) without TiO2 (Table 5.6 and 5.7). There is an ∼40% increases

in the diameter due to the presence of TiO2 nanoparticles and additional void spaces.

Furthermore, the electrical conductivity and tensile strength decreased by 69% and

57%, respectively. However, these large decreases in properties are expected due to the

fact that TiO2 is not conductive and is not load bearing. In fact, high performance

fibers such as carbon fiber tend to be limited in strength due to the presence of

inclusions and voids within the fiber [91]. So we would expect to see an immense

decrease in fiber strength. Here, we only see a 16% decrease in absolute breaking force

between the composite and neat fiber. On the other hand, we see a 67% decrease in

resistance. This suggests that packing density and purity have a bigger impact on

fiber conductivity than tensile strength. Additionally, although the composite fibers

do have significantly decreased engineering properties, they still out perform materials

such as A36 structural steel in electrical conductivity and tensile strength (1.5 MS/m

and 0.55 GPa). Finally, and perhaps most importantly, these results show that CNTs

are still solution processable even with 50 wt% impurities. These results demonstrate



83

that the processability of CNTs with large quantities of nanoscale catalyst is not

hindered by the presence of catalyst itself. Instead, unlike TiO2, the iron catalyst

reacts with the CSA [92] which decreases the acid strength which, in turn, decreases

the level of protonation of the CNTs.

5.7 Carbon Nanotube Aspect Ratio and Purity

Previous theoretical [51] and experimental [12] research has demonstrated that

increasing the aspect ratio (L/D) of constituent CNTs improves macroscopic fiber

properties. However, these experimental studies utilized CNTs from different man-

ufacturers (HiPCO, Meijo Nanocarbons, OCSiAl, Samsung, UniDym, CCNI, and

SweNT), so the effect of additional CNT characteristics such as CNT purity are not

accounted for and can vary significantly from sample to sample. Furthermore, as

discussed in Chapter 3, the method of purification can affect the aspect ratio; as the

CNTs are more thoroughly oxidized, the CNTs have a lower aspect ratio. Here, we

thermally and mechanically shortened CNTs so that we can control for variances in

CNT samples from different manufacturers. By thermally oxidizing the CNTs, the

reactive ends of the CNTs will oxidize and shorten the CNTs. However, this tech-

nique also removes additional reactive carbon species in the sample. On the other

hand, mechanical shearing will shorten the CNTs, but the impurities present in the

samples will remain constant.

5.7.1 Experimental Details

CNTs were purchased from Meijo Nanocarbons (Meijo 1.5P, Lot 9300505) and

purified before use by oxidizing for 1 hour at 400 ◦C in a box furnace (Thermolyne,

Thermo Scientific). The viscosity averaged aspect ratio of the CNTs was measured
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using a capillary breakup extensional rheology method as described previously [12].

The material was then shortened using two different techniques: oxidation in a box

Figure 5.26 : CNTs were shortened by (a) thermal oxidation in a box furnace or (b)

mechanical shearing with a rare earth stir bar.

furnace and high shear mechanical mixing (Figure 5.26). For the box furnace tech-

nique, the material was oxidized in the box furnace at a temperature of 550 ◦C and

725 ◦C resulting in an aspect ratio of 3310 and 2730, respectively. For mechanical

shortening, the CNTs were dissolved in CSA at 1 wt% in a vial, speed mixed for

2 hours, and sheared with a rare earth stir bar at 2500 rpm on a stir plate (Fisher

Scientific). Small quantities of the solution were removed from the vial periodically

and diluted to ∼100–170 ppmw to perform aspect ratio measurement. Based on these

measurements, the solutions were sheared for 8 hours and 32 hours resulting in an

aspect ratio of 2930 and 2160, respectively. For comparison Meijo EC DX301 (Lot

5R79H06C) was thermally oxidized to obtain aspect ratios of ∼4300 and ∼3500. The

solutions were then spun into fibers as described in Section 5.2.1 with an extrusion
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rate of 0.036 mL/min and a draw ratio of 1.35. Finally, the fibers were characterized

as described in Section 5.2.2.

5.7.2 Results and Discussions

Figure 5.27 : Viscosity averaged aspect ratio of a 1wt% solution of CNTs in CSA

over time while stirred with a rare earth stir bar. Data courtesy of R. J. Headrick.

Solutions of 1 wt% CNTs in CSA were subjected to high shear mixing, and the

aspect ratio was measured after 1, 2, 4, 8, 16, 24, and 32 hours of mixing (Figure

5.27). This data shows a significant decrease in aspect ratio over time with mechanical

mixing. Although these results show a promising method to shorten CNTs without

altering CNT diameter distribution or purity content, it can also be problematic if

using a stir bar to aid in the dissolution of CNTs. Based on these results, two 1 wt%
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Figure 5.28 : (a) The tensile strength and (b) electrical conductivity for fibers pro-

duced with CNTs that were shortened mechanically and thermally.

solutions were speed–mixed for 8 hours and 32 hour to obtain CNTs with an average

aspect ratio of ∼3000 and ∼2000, respectively.

The properties of the fibers spun with the maximum aspect ratio CNTs (L/D∼4500),

thermally oxidized CNTs (L/D ∼3300 and ∼2700 and L/D ∼4300 and ∼3500 for

Meijo 301), and mechanically shortened CNTs (L/D∼2900 and ∼2200) are shown

in Figure 5.28. In agreement with previous results discussed in Section 5.7, the ten-

sile strength trends upward with increasing aspect ratio for both shortening methods

(Figure 5.28a). There is a very strong agreement in the trend of tensile strength

with aspect ratio for with CNTs spun with both shortening methods from Meijo Lot

9300505, whereas fibers spun with Meijo 301 Lot 5R79H06C have a higher tensile

strength for similar aspect ratios. With electrical conductivity, we see a very different

trend between the two shortening methods. The fibers spun from mechanically short-

ened CNTs show an improvement in electrical conductivity with increasing aspect
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ratio. Conversely, both sets of thermally shortened CNTs do not show an improve-

ment in electrical conductivity with increased aspect ratio. This suggests that the

purity of the CNTs has an important impact on the macroscale electrical conductivity

of the fibers. Furthermore, similar to the tensile strength data, we see a discrepancy

in properties between the two lots of CNTs with the Meijo 301 having a higher elec-

trical conductivity. These results suggest that another CNT characteristic beyond

aspect ratio such as diameter distribution, polydispersity, or number of walls could

play an important role to further improve CNT fiber properties.

5.8 Concentration of Carbon Nanotubes in the Spin Dope

As the properties of CNT fibers continue to improve, there is increasing interest

in expanding the scale of production. To make the adoption of CNT fiber into ap-

plications such as fiber reinforcements and coaxial cable feasible, the process must

be energy efficient and cost effective. An important parameter to improve efficiency

is to increase the concentration of CNTs in the spin dope as other high performance

fibers such as Kevlar only become economically viable when spun at 20 wt% [93].

Previous studies in the Pasquali lab found that the optimal spin dope concentration

was ∼2.0-3.0 wt% CNTs [11, 36]. Since these studies were performed, there were

significant changes in CNT properties used for fiber spinning and changes in the

spinning process itself. The original studies used material produced by Continental

Carbon Nanotechnologies Inc. These CNTs had an average diameter of 3.2 nm and

an average length of 4.3 µm resulting in an average aspect ratio of ∼1300. Further-

more, this material had an average of 2.6 walls. Conversely, current fiber spinning

studies use CNTs produced by Meijo Nanocarbons. Although there is batch to batch

variability, typical CNTs have an average diameter of 1.7–2.0 nm, an aspect ratio of
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3500–4500, and an average of 1.5–2 walls. This large increase in aspect ratio increases

the viscosity of the spin dope and the phase behavior [94]. Furthermore, the previous

studies were performed with small diameter (65 µm) spinnerets, which limited the

production of fibers from low concentration spin dopes (1.5 wt%) because the fibers

were small in diameter and difficult to measure [36]. Finally, the spin line was altered

to directly extrude the spin dope rather than use an oil driven piston. Therefore,

we studied fiber properties as a function of CNT concentration and explored the

underlying mechanism for property improvement.

5.8.1 Experimental Details

5.8.1.1 Fiber Spinning

CNTs were purchased from Meijo Nanocarbons (Meijo 1.5P Lot 7110205) and

used as received. The CNTs were dissolved into CSA at 0.5 wt%, 1 wt%, 1.5 wt%,

2.0 wt% and 3.0 wt% and mixed with a speed mixer (Flaktech). Fibers were pro-

duced as described in Section 5.2.1. Fiber was also produced at 3.0 wt% using a

100 µm spinneret with a 30◦ inlet cone angle to study coagulation affects. For each

concentration, the draw ratio and extrusion rate were optimized to obtain fibers with

the best tensile strength and electrical conductivity. Additional CNT fibers were

produced using Meijo 301 (Lot 5R79H06C) at 1 wt%, 3 wt%, 5 wt% and 10 wt%

to validate results and produce fiber for characterization with ultra small neutron

scattering (USANS). Finally, Meijo 1.5 P (Lot 8302305, L/D ∼3600), Tuball (OC-

SiAL, experimental batch provided to Rice University, L/D ∼1100), and Meijo 101

(L/D ∼6700) were spun at 0.5 wt% to study fiber properties as a function of aspect

ratio when spun at low concentration. It should be noted that spinning substantially

below 0.5 wt% is limited due to the fact that coagulated fibers become so small that
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they are not visible by eye.

5.8.1.2 Additional Fiber Characterization Methods

Fibers were characterized as described in Section 5.2.2. Nano-computed tomog-

raphy (Xradia UltraXRM-L2000) was performed in Zernike phase contrast mode to

increase the phase contrast. Wide-angle X-ray scattering was performed on a single

CNT fiber with a wide–angle diffractometer (Molecular Metrology SAXS system).

Polarized Raman spectroscopy (Renishaw InVia Confocal Raman microscope 532 nm

excitation) was performed to determine surface alignment of CNT fibers. The G peak

intensity (I) was measured by three different scattering geometries, and the orienta-

tional order parameter, S
R∆ was calculated by the following relation corrected for

anisotropic absorbance of incident and scattered light where ∆ is the dichroic ratio:

S
R∆ =

6∆Ivv + 3(1 +∆)IV H − 8IHH

6∆Ivv + 12(1 +∆)IV H + 16IHH
. (5.1)

Figure 5.29 : (a) Schematic of a sample holder. The fiber was wrapped around a

1/8 inch acrylic holder. The holder was mounted to 3/8 inch blocks for support. (b)

Photograph of 5 wt% fiber wrapped around the sample holder.
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USANS sample holders were laser cut from 1/8 inch acrylic (McMaster Carr).

Fiber produced at 1 wt%, 3 wt%, 5 wt% and 10 wt% (∼100 m) was wrapped tightly

around the holder to form thick bundles. Finally, these holders were mounted on 3/8

inch blocks of acrylic so that they are self-supported in the beam line. A schematic

and photograph of the samples are shown in Figure 5.29.

5.8.2 Results and Discussions

Figure 5.30 : Scanning electron microscopy images of fibers produced with a CNT

concentration of (a) 0.5 wt%, (b) 1.0 wt%, (c) 1.5 wt%, (d) 2.0 wt%, and (e) 3.0 wt%

from a 150 µm spinneret and (f) 3.0 wt% from a 100 µm spinneret. Scale bars are

10 µm.

Figure 5.30 shows SEM images of fiber produced with varying CNT concentration

in the spin dope. All fibers have good alignment in the axial direction and are fairly

cylindrical in shape. All images are taken at the same magnification (2,500x) so that

visual size comparisons can be made. As expected, the fibers increase in diameter
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Figure 5.31 : (a) Fiber diameter, (b) tensile strength, and (c) electrical conductivity

as a function of CNT concentration in the spin dope. The blue triangle represents

3 wt% spun with a 100 µm spinneret.

Figure 5.32 : (a) Linear density and (b) density of fibers produced with varying CNT

concentration in the spin dope. The linear density of the fibers increases with CNT

concentration (with the exception of the blue triangle which represents 3 wt% spun

with a 100 µm spinneret). The density is constant with CNT concentration.

with increasing CNT concentration because the throughput of solution is the same for

Figures 5.30a–e and the draw ratios are similar. Figure 5.30f shows fiber produced
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Figure 5.33 : Nano–computed tomography images of fibers produced at (a) 0.5 wt%,

(b) 1.0 wt%, (c) 1.5 wt%, (d) 2.0 wt%, and (e) 3.0 wt% from a 150 µm spinneret and

(f) 3.0 wt% from a 100 µm spinneret.

with a 3.0 wt% solution with a 100 µm spinneret. The throughput through this

spinneret was decreased to study the same linear extrusion rates (0.5 m/min – 2.0

m/min). The trend of fiber diameter is shown in Figure 5.31a. This figure also shows

that the average diameter of the fiber produced at 1 wt% with a 150 µm spinneret

is similar to the diameter of the fiber produced at 3 wt% with a 100 µm spinneret.

Figure 5.31b shows that there is a very strong increasing trend in tensile strength with

decreasing CNT concentration. On the other hand, Figure 5.31c shows that electrical
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conductivity is not affected by CNT concentration as it is relatively constant across

all concentrations tested. Furthermore, the 3 wt% fiber produced with a 150 µm

and 100 µm spinneret have nearly identical properties. This indicates two things:

First, the decrease in tensile strength with CNT concentration in the spin dope is

not a result of increasing fiber diameter. This is an interesting observation as carbon

fiber tends to increase in tensile strength with decreasing diameter due to a decrease

in defects per unit volume [95]. Secondly, this result suggests that the decrease in

strength is not a result of diffusion limitations during coagulation. By decreasing the

diameter of the spinneret from 150 µm to 100 µm, the surface area to volume ratio

increased by 50% which would improve the diffusion of the acid out of the fiber and

the coagulant into the fiber.

To understand the underlying mechanism for tensile strength improvement, addi-

tional properties of the CNT fibers were studied. Figure 5.32 shows the linear density

and density of the fibers. As with diameter, the linear density of the fibers increases

with increasing CNT concentration. This is, of course, with the exception of the

3 wt% fiber spun with the 100 µm spinneret. The linear density of this fiber is sim-

ilar to the fiber produced at 1.5 wt%. The density is relatively constant with CNT

concentration indicating that all of the fibers have similar packing density. This result

was explored further with nano–computed tomography. The images in Figure 5.33

show density differences down the length of several microns of fiber. The results from

this study indicate that there is not a well-defined trend of packing density on fiber

strength; although the 0.5 wt% fiber (Figure 5.33a) has few indications of density

differences (i.e. inclusions or void spaces in the fiber) down the axis of the fiber and

the 3.0 wt% fiber (Figure 5.33e) has many small density differences, the 3.0 wt% spun

with a 100 µm spinneret (Figure 5.33f) has significantly fewer density differences than
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the 3.0 wt% fiber spun with a 150 µm spinneret despite having identical properties.

Furthermore, the 1.0 wt% (Figure 5.33b) fiber has many density differences and is

almost as strong as the 0.5 wt% fiber. These results indicate that there is not a

discernible difference in packing density between the fibers.

Figure 5.34 : Alignment from (a) wide angle X–ray scattering and (b) polarized raman

spectroscopy of fibers produced with varying CNT concentration in the spin dope.

The alignment of the fibers were also compared (Figure 5.34). Wide angle x-ray

scattering was used to determine the full width of half maximum (FWHM) for each

fiber produced. The FWHM is a measure of the anisotropy of the material; the smaller

the FWHM, the higher the anisotropy or alignment of the material. Here, there is no

correlation between the FWHM and the CNT concentration. This result is confirmed

with polarized Raman spectroscopy; there is no correlation between the orientational

order parameter (SR) (described in Section 5.8.1.2) and CNT concentration. Thus,

the increase in tensile strength with decreasing CNT concentration does not depend

on the alignment of the fibers. We can also note that the alignment of solution spun

CNT fiber has improved over time from 32◦ in 2004 and 9.4◦ in 2013 to ∼ 6◦ in this

thesis [7, 11].
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Figure 5.35 : (a) Young’s modulus, (b) elongation at break, and (c) toughness of

fibers produced with varying CNT concentration in the spin dope.

Figure 5.36 : Schematic of the Hierarchical Structure of CNT Fibers.
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Additional mechanical properties of the CNT fibers were also compared. Figure

5.35a shows the Young’s modulus with increasing CNT concentration. In general,

there is an improvement in Young’s modulus with decreasing CNT concentration.

However, this trend is not as well-established as the trend with tensile strength. This

could be attributed to the fact that Young’s modulus is sensitive to alignment in

fibers - better alignment results in a higher Young’s modulus. More interestingly,

there is a strong trend with elongation at break (Figure 5.35b). The elongation

at break increases with decreasing CNT concentration. These results suggest that

the increase in tensile strength could be attributed to the arrangement of the CNTs

within the fiber. Figure 5.36 shows a schematic of the hierarchical structure of CNT

fibers. CNTs aggregate together to form densely–packed bundles. These bundles

then assemble to form the fiber. In the lower concentration solutions, the CNTs have

a smaller excluded volume and are able to move more freely. The CNTs may be able

to assemble into bundles with a longer effective aspect ratio. This would result in

the bundles having further to slide past one another leading to a higher elongation at

break. In future studies, USANS will be used to look at large scale ordering within

the fibers and CNT/CSA solutions. Finally, Figure 5.35c shows toughness of the

fibers with CNT concentration. With a large increase in both tensile strength and

elongation at break at low concentration spin dope solutions, the 0.5 wt% fibers have

∼350% increase in toughness over the 3.0 wt% fibers.

Fibers were also spun from a different lot of CNTs (Meijo 301 Lot 5R79H06C)

to produce fibers for USANS experiments and confirm the results above. As shown

in Figure 5.37, the fibers spun with this material shows similar trends. The diame-

ter increases with increasing CNT concentration, the tensile strength decreases with

increasing CNT concentration, and the electrical conductivity is relatively constant.
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Figure 5.37 : (a) Fiber diameter, (b) tensile strength, and (c) electrical conductivity

as a function of CNT concentration in the spin dope.

However, the 10 wt% fiber has a lower conductivity than the other fibers; this can

be attributed to the processing difficulties of high concentration CNT/CSA solutions.

Solutions at 10 wt% have an extremely high viscosity and do not flow. This can cause

void spaces in the fiber due to the presence of air in the high viscosity spin dope. By

understanding the mechanism for improvement in tensile strength, post-processing

methods can be developed to obtained the desired fiber structure in fibers spun at

high concentration.

Due to the promising results of spinning of these experiments, CNTs with different

aspect ratios (Tuball - L/D 1100, Meijo Lot 8302305 – L/D 3600, Meijo Lot 7110205 –

L/D 4300, and Meijo 101 – L/D 6700) were spun at 0.5 wt% to optimize fiber tensile

properties. The results are shown in (Figure 5.38). The tensile strength and electrical

conductivity trend with a power law of ∼0.8–0.9 with aspect ratio. This is in good

agreement with the results discussed in Section 5.7. Due to the improved processing

conditions, the tensile strength has a very strong correlation. However, the conduc-

tivity data has more noise likely due to variances in CNT sample purity. Finally,
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Figure 5.38 : (a) Tensile Strength and (b) Electrical Conductivity of Fibers spun at

0.5 wt% with Various Aspect Ratio CNTs.

these results are compared with data from Ref [59]. In this work, highly aligned films

were created by quickly shearing two glass sandwiched with CNT/CSA solution. The

films were briefly coagulated, and pieces of film were tightly twisted together to form

small fibers. These twisted film based fibers outperformed solution spun fibers when

accounting for aspect ratios. However, by decreasing the concentration of CNTs in

the spin dope, the gap in properties between these two methods can reconciled.

5.9 Conclusions

In this chapter, improvements in CNT fiber properties and process efficiency (cost

and CO2 footprint) were studied to obtain better understanding of the underlying

mechanisms of fiber performance. By studying fiber electrical conductivity over a 3

year period, we demonstrated that post-processing steps such as washing in water or

heating in an oven are not necessary for stable fiber performance at room temper-

ature. In fact, these post–processing steps drive off a portion of acid doping which
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Figure 5.39 : Tensile data from fiber spun at 0.5 wt% compared with results for

twisted filaments. The dotted line is the trend line for the twisted films. Figure

adapted from Ref [59].

results in lower electrical conductivity. To improve fiber spinning efficiency, the choice

of coagulant was studied as acetone is expensive, flammable, and not recyclable as it

reacts irreversibly with CSA. These experiments demonstrated that a fast coagula-

tion is necessary to obtain high performance properties without post processing; this

suggests that the structure of the fiber is formed within the spinneret. Furthermore,

we demonstrated that ammonium acetate can be added to the coagulation bath to
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improve the longevity of acetone without hindering fiber performance. We also show

promising results towards using water as coagulant. By flushing the interface of the

spinneret with water, we are able to suppress the formation of bubbles during the

reaction of CSA and water to form a densified fiber. Further studies are necessary to

improve the stability of the process.

Research was also performed to understand how the design on the spinneret (i.e.

the angle of the inlet cone and diameter of the spinneret) affects fiber formation and

ultimate properties. Initial results show that having a smaller inlet cone can improve

fiber properties. These results indicate that the fiber may be experiencing die swell

and that further property improvements may be obtained by increasing the capillary

length of the spinnerets. Furthermore, we demonstrated that CNT purity plays an

important role in fiber conductivity, whereas the inclusion of carbon impurities do

not have a significant effect on fiber tensile strength. Finally, we see that spinning at

low concentration (0.5 wt%) improves the tensile strength of the fibers. Current data

suggests that this increase in tensile strength can be attributed to improved structure

of CNT bundles within the fiber. These conclusions have driven progress in fiber

properties to continue the trend of an average improvement in tensile strength and

electrical conductivity of 20% per year to produce CNT fibers with record properties.

Continued improvements such as these will allow for the adoption of CNT fibers in a

number of important applications with implications for reducing CO2 emissions.
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Chapter 6

Washable, Sewable, All-Carbon Electrodes and

Signal Wires for Electronic Clothing∗

6.1 Introduction

Wearable electronics are a rapidly growing technology poised to be a $70 billion

industry by 2025. The growth of this industry is spurred by consumers’ desire to track

their daily health and fitness, the expansion of human-machine interfaces driven by

the internet of things (IoT), and military and civilian interest to improve monitoring

and tracking of personnel performance. Currently, most wearable devices are rigid

accessories such as watches, chest straps, or glasses because traditional sensors and

signal wires cannot be easily integrated into fabrics [96]. For example, state-of-the-art

technology for heart monitoring uses thick, conducting polymer straps that must be

worn under athletic clothing (e.g., Polar H10), or indirect sensors that rely on the

change in absorbance of flashing light (e.g., Fitbit, Apple Watch). These technologies

provide minimal health information because they continuously record heart rate and

not electrocardiograms (EKG). High quality EKGs are needed for detecting conditions

such as heart conduction disorders and arrhythmias. However, medical grade EKG

electrodes cannot be used over an extended period of time. These electrodes require

a conductive gel to lower the impedance between the skin-electrode interface. These

gels dry out over time (∼5 days), which increases the impedance and degrades the

∗This chapter is an updated version of a submitted article
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quality of EKG recordings [97]. Moreover, commercial EKG electrodes need strong

adhesive to achieve good contact with the skin. Both the adhesive and gel can cause

skin irritation and allergic reactions [98–100].

To overcome these issues, recent studies have proposed dry EKG electrodes. A

common design leverages thin film polymer-based patches that are placed on the

skin [101–106]. These patches have good contact impedance because they can conform

to the skin surface. However, their ultrathin design can make them difficult to apply,

and they must be replaced periodically to limit skin irritation [106]. Fabric-based

electrodes are also being developed [107–113]. These electrodes are formed by either

dip–coating [107] or screen printing [108–113] conductive inks onto woven textiles.

Although fabric-based electrodes are soft and breathable, they are not practical for

long-term monitoring because the conductive inks degrade with washing and sweating.

Here, we integrate carbon nanotube thread (CNTT) into stretchable textiles us-

ing standard sewing methods to create soft, wearable, dry sensors for noninvasive and

continuous EKG monitoring. CNTT is strong and electrically conductive [54], has ex-

cellent (low) contact impedance with skin and tissue, [114–116] yet it is also soft and

flexible so that it has the mechanical behavior and sensory feeling of a textile thread

rather than a thin metal wire [70, 114, 117]. Furthermore, previous work has shown

that CNTT is nontoxic on multiple biological scales [118]. CNTT has good cytocom-

patibility with multiple cell lines, has no impact on immune cells or blood parameters,

and no leachable toxicity. We demonstrate that CNTT sensors sewn in a T-shirt can

continuously monitor EKG signals as well as commercial (nonwearable) medical elec-

trodes. The same CNTT doubles up as sewable transmission wire, decoupling the

placement of sensing, recording, and transmitting electronics, and simplifying signal

transmission and fabrication. Finally, the device (T-shirt) can be machine washed



103

repeatedly without any performance degradation. These properties, combined with

recent scaling of CNTT production, make CNTT the material of choice for electrodes

and signal wires in wearable sensing, monitoring, and diagnostics.

6.2 Experimental Methods

6.2.1 Fabrication of CNT Thread and Dip–Coated Thread

Fibers were produced via solution spinning as described in the previous chapter.

In short, CNTs (EC 1.5 P, Meijo Nano Carbon Co., Ltd.) were used as received

and dissolved at 2 wt% in chlorosulfonic acid (99%, Sigma-Aldrich). The solution

was extruded through a seven-filament spinneret into a coagulation bath of acetone

(99.9%, Sigma-Aldrich). The coagulated fibers were collected on a rotating drum.

The drums of fiber were then soaked in room temperature water for 1 hour, heated

in oven at 115 ◦C overnight, and soaked in 60 ◦C water for 3 hours. The fiber

was removed from the drums and plyed together using a custom rope-making device

to form thread (Figure 6.1). CNT ink was fabricated by tip sonicating (Qsonica

Q55) 0.2 wt% CNTs (EC 1.5 P, Meijo Nano Carbon Co., Ltd.) in 10mL of 1 wt%

aqueous sodium deoxycholate (Fisher Scientific) for 60 minutes at 15 W. The CNT

ink was then centrifuged at 10000g (Thermo Scientific Sorvall Legend x1) for 2 hours

to remove undispersed solids. Cotton thread (Coats & Clark) was dip-coated in the

CNT ink and washed with ethanol (200 proof, Decon Laboratories) to remove sodium

deoxycholate before being allowed to air dry.
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Figure 6.1 : Custom-built continuous rope plying machine. Bundles of 7 filaments of

fiber twisted together and three of these twisted bundles are plyed together with an

opposite twist to create 21-filament threads.

6.2.2 Characterization of CNTs and CNT Fiber

The raw CNTs were imaged using transmission electron microscopy (JOEL 2100–F

HR TEM). The G/D ratios of the CNTs are averages from three measurements for

three different lasers (532 nm, 633 nm, and 785 nm wavelength lasers) using a Ren-

ishaw InVia Confocal Raman microscope. The viscosity averaged aspect ratio (L/D)

was measured via a capillary breakup extensional rheometer using a dilute solution

(79 ppmw) of CNTs in chlorosulfonic acid (Trimaster Capillary Thinning Rheometer)

as described in Ref [49]. The diameter of the fiber was measured by taking top-down

SEM images of 36 segments of fiber (FEI Helios NanoLab 660 DualBeam). The ten-

sile strength was determined by averaging the breaking strength of 42 samples using

a 20 mm gauge length at a speed of 0.1 mm/s (TA Instruments ARES G2 Rheome-
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ter). The DC resistance of the CNT fiber and dip-coated thread was measured using

a custom-built four-point probe connected to a multimeter (HP 34401A). The di-

ameter of the dip-coated thread was measured using an optical microscope (Zeiss

Axioplan light microscope). Nitrogen adsorption isotherms of CNTT were measured

on a Quantachrome Autosorb iQ3 BET Surface Analyzer at 77K.

6.2.3 Fabrication of CNTT Electrode

CNTT was sewn into elastic textiles using a Singer 2277 Tradition sewing machine.

Cotton thread (Coats & Clark, Inc.) was used as the secondary thread and electrodes

were sewn using a zigzag stitch to form patches of CNTT. Electrodes were sewn with

2, 15, 30 and 60 cm of fiber. CNT dip-coated thread was sewn into electrodes using

30 cm of thread with the same process described above. Wearable electronic textiles

were also fabricated by sewing CNTT inside of athletic t-shirts so that the thread

could contact the skin. One shirt was sewn with 5 (4 working electrodes and 1 ground

electrode), 15 cm electrodes into the chest of a shirt. CNTT transmission wires were

sewn to carry the EKG signal from the sensors to standard electrode clips on the

right side of the body. A second shirt was sewn with 2, 15 cm electrodes under the

chest area of the shirt. In this shirt, CNTT data transmission wires were sewn on

the top of the shirt from the electrodes to the back of the neck. At the neck, snaps

(Prym) were inserted and connected to the terminal of the CNT transmission wire.

6.2.4 Characterization and Testing of Electrodes

Electrochemical impedance spectroscopy of the skin-electrode interface was ac-

quired using a Gamry Reference 600 Potentiostat-Galvanostat from 1 to 10,000 Hz.

EKG measurements were obtained using a Ganglion Board from OpenBCI using a
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sampling rate of 200 Hz. EKGs from 3M
TM

Red Dot
TM

electrodes and CNTT elec-

trodes were acquired simultaneously. Studies were performed with two sets of CNTT

electrodes on 3 authors (2 males and 1 female). A Savitzky-Golay filter was used

offline to correct the baseline of the raw data for analyzing. Data was analyzed by

calculating the amplitude of the QRS complex and the variance of the noise over 1000

data point regions. This was repeated for each data set and duplicated for a second

Device Subject 1 Subject 2 Subject 3

2 cm CNT Devices 0.017 – 0.004

15 cm CNT Devices 0.16 0.31 0.057

30 cm CNT Devices 0.14 0.16 0.097

60 cm CNT Devices 0.28 0.40 0.39

Dip–Coated Devices 0.45 0.55 0.15

Washed Dip–Coated Devices 0.0069 0.013 0.00017

Washed 30 cm CNT Devices 0.30 0.58 0.82

Stretched 30 cm CNT Devices 0.54 0.43 0.92

Table 6.1 : P values for each set of testing conditions from an unpaired t–test. Sig-

nificant results are highlighted in light blue (P<0.05).

set of devices to determine a mean signal–to–noise ratio (SNR) and standard devia-

tion for each category of device tested. The textile electrodes were washed using a

portable washing machine (Panda) with Tide R© Free and Gentle
TM

detergent. Bands

were spun dry and heated in an oven at 45 ◦C for 1 hour to remove residual water. 30

cm CNTT electrodes were subjected to cyclic stretching on an electric motor. Devices
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Figure 6.2 : Blinded EKG signals sent to three cardiologists to evaluate. The cardi-

ologists were asked which of the following statements best described the data:

1. The blue is much better than the green.

2. The blue is slightly better than the green.

3. The blue and the green are about the same quality.

4. The green is slightly better than the blue.

5. The green is much better than the blue.

All three cardiologists selected option 2, that the CNT shirt (blue) is slightly better

than the 3M electrode (green).

were stretched to 60% strain at a frequency of ∼20 min-1 for over 1000 cycles. Results

from all tests were analyzed by unpaired t–test with an alpha value of 0.05. All P

values are shown in Table 6.1. A Bluetooth transmitter from a commercial heart

rate monitor (Polar H10) was connected via the snaps into the neck of the athletic

t-shirt sewn with 2 CNTT electrodes. The Polar Beat app was downloaded onto a

smartphone and synced with a Polar H10. An author wore the shirt and periodically

ran and walked to vary his heart rate. Running, jogging, and walking refer to speeds

of ∼12, 5, and and 2 miles per hour. The heart rate was transmitted to a smartphone
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via Bluetooth. An FDA–approved [119] Holter (TLC5007, CONTEC Med) was used

to record EKGs from the 5-electrode shirt. Then, commercial electrodes were placed

at the same testing sites and EKGs were taken directly afterwards for comparison.

Three cardiologists were sent blinded signals to evaluate the quality of the EKGs

(Figure 6.2).

6.3 Results and Discussions

6.3.1 CNT and CNTT Characterization

Neat, monofilament CNT fibers were produced by solution spinning [11, 12, 54].

The constituent CNTs had an average diameter of 1.8 nm and 1.5 walls (measured

by transmission electron microscopy, Figure 6.3) and a viscosity-average aspect ratio

(length to diameter ratio) of 4100, corresponding to an average length of∼7.4 µm [49].

The crystallinity of the CNTs was measured by comparing the relative intensity of

Figure 6.3 : Transmission electron microscopy images of Meijo 1.5 P CNTs used for

this study. The CNTs have an average diameter of 1.8 nm with an average of 1.5

walls. Images courtesy of O. S. Dewey.

the Raman G peak (arising from sp2 hybridized carbon-carbon stretching) to the
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Figure 6.4 : Representative Raman spectra of raw CNTs using a 532 nm, 633 nm,

and 785 nm laser. The G peak is located at ∼1590 cm-1 and the D peak is located

at ∼1350 cm-1. Spectra are shifted 0.2 a.u. for visualization of the D peak. The

G/D ratios of 70, 65, and 44 for 532 nm, 633 nm, and 785 nm lasers, respectively

demonstrate the high crystallinity of the CNTs.

Figure 6.5 : (a) Scanning electron microscopy images of a single filament of CNT

fiber and (b) 21 filament CNTT.
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Raman D peak (arising from defected six–member rings or sp3 hybridized carbon–

carbon stretching). The CNTs had average Raman G to D ratios of 70, 65, and 44 for

532 nm, 633 nm, and 785 nm lasers, respectively, indicating the CNTs were highly

crystalline (Figure 6.4). A scanning electron microscopy (SEM) image of a single,

continuous filament of CNT fiber is shown in Figure 6.5a, indicating high CNTs axial

alignment. The fiber filament was cylindrical in shape with 22.0 ± 1.0 µm diameter,

1570 kg/m3 density, 6.6 ± 0.7 MS/m electrical conductivity (specific conductivity

of 4.2 ± 0.1 kS m2/kg) and 1.7 ± 0.2 GPa tensile strength (tenacity of 1.1 ± 0.1

N/tex). Figure 6.6 shows representative stress–strain curves of single filaments of

fiber. A custom–built rope making device (Figure 6.1) was used to ply 21 filaments of

Figure 6.6 : Representative stress–strain curves for individual filaments of CNTF

used to create the CNT EKG electrodes. The ultimate tensile strength is ∼1.7 GPa

and the elongation at break for the filaments is ∼2%.

CNT fiber to form a sewing thread; an SEM image of the CNTT is shown in Figure
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6.5b. Finally, the specific surface area of the CNTT using Brunauer–Emmett–Teller

(BET) theory was 630 m2/g, with an external surface area (i.e., excluding the internal

CNT cavities) of 470 m2/g and a geometrical surface area of 0.116 m2/g (Figure 6.7).

Figure 6.7 : (a) Brunauer–Emmett–Teller (BET) plot of N2 adsorption isotherms for

typical CNT thread used in these studies. A reduced BET region was used to avoid

overestimation of the surface area by micropore filling. The BET surface area is esti-

mated as 630 m2/g. (b) Corresponding N2 adsorption t–plot using the Harkins–Jura

isotherm. The y–intercept indicates a micropore volume of 0.98 cm3/g demonstrating

the highly microporous nature of the CNT thread. The specific external surface area

is 470m2/g. Data courtesy of S. M. Williams.

6.3.2 Evaluation of CNTT Electrodes

We sewed CNTT into stretchable textiles to create electrodes that can be worn on

the wrists (Figure 6.8a). From left to right in Figure 6.8a, the 1.5 cm wide textiles were

sewn with 2 cm, 15 cm, 30 cm, and 60 cm of CNTT corresponding to a macroscopic

geometric surface area of 0.1 cm2, 0.9 cm2, 1.8 cm2, and 3.6 cm2, respectively. As the

individual CNT fiber filaments have high axial stiffness (∼140 GPa, ∼2% elongation
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Figure 6.8 : (a) A photograph of CNTT sewn into elastic textiles. CNTT was sewn at

2 cm (purple), 15 cm (pink), 30 cm (teal) and 60 cm (green) lengths. (b) A diagram of

the placement of the CNT and commercial electrodes during testing. The commercial

electrode closer to the elbow was used as a ground electrode.

to break) but low bending stiffness [70], they were sewn in a zigzag pattern which

enabled the CNTT structure to stretch together with the textile (Figure 6.6).

The elastic textiles were tied on the wrists to test the sensor impedance and to

collect EKG signals. A 3M
TM

Red Dot
TM

ground electrode was placed in the arm

cubital fossa and two additional 3M
TM

Red Dot
TM

electrodes were placed adjacent to

the CNTT electrodes for side-by-side comparison of the acquired signals. Figure 6.8b

shows the EKG recording setup, and Figure 6.9a shows the skin-electrode impedance

over a frequency range of 1 Hz to 10 kHz for the CNTT electrodes, and the commercial

electrodes. Increasing the size of the CNTT electrode does not significantly reduce

the impedance, and the higher impedance for the CNTT electrodes compared to

the commercial electrodes does not negatively affect sensor performance. Figure
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Figure 6.9 : Impedance spectra of CNTT electrodes and commercial electrodes.

6.10 shows a representative EKG signal collected simultaneously from a 3 cm by 1.5

cm patch containing 30 cm (1.8 cm2) of CNTT (top) and 3M
TM

Red Dot
TM

electrode

(bottom). The signals were collected using a Ganglion board equipped with a 100 MΩ

instrumentation amplifier. Both sets of electrodes can clearly detect the P wave (atrial

depolarization), QRS complex (ventricular depolarization), and T wave (ventricular

repolarization) which are important for assessing the heart rhythm. The EKGs from

the CNTT and commercial electrodes are indistinguishable, demonstrating the high

quality of the signal obtained with CNTT electrodes. CNTT electrodes were also used

to collect a surface electromyogram (EMG). For this experiment, a CNTT electrode

was placed on the wrist and on the forearm and a commercial ground electrode was

placed near the elbow (Figure 6.11). The subject then engaged the muscles in his

forearm by clenching his fist. Figure 6.11 shows the EMG collected by the CNTT

electrodes where the white arrows denote the subject engaging the muscles and the

black arrows denote the subject relaxing the muscles. The activation potential of the
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Figure 6.10 : Representative EKG signals over time from 30 cm CNTT electrodes

(top) and commercial electrodes (bottom). The signals show no significant differences,

and both clearly show the QRS complex, T-wave, and P-wave.

muscles is clearly distinguishable from the baseline signal demonstrating that CNTT

electrodes can function as noninvasive EMG electrodes.

The signal quality of various lengths of CNTT were tested using two identical sets

of electrodes on three subjects. The SNR of the EKG was calculated as

SNR =
Asignal

σnoise
, (6.1)

where Asignal is the amplitude of the RS complex, and σnoise is the variance in the

noise of the baseline (the region between the T and P wave). SNR can vary drasti-

cally from subject to subject and day to day, due to variations in environmental and

skin conditions such as humidity and skin dryness, as well as natural differences in

cardiac rhythm. Therefore, the SNR for the CNTT electrodes and 3M
TM

Red Dot
TM

electrodes were compared for each electrode type and each subject and are shown in

Figure 6.12. For CNTT electrodes with 15 cm (0.9 cm2) of thread and longer, there is

no significant difference between the SNR acquired from the CNTT electrodes and the
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Figure 6.11 : Top: Placement of the CNT thread electrodes during EMG testing.

The clinched fist (left) demonstrates muscle contraction, and the hand open (right)

demonstrates the relaxed state. The red stars denote the placement of the commer-

cial ground electrode on the elbow. Bottom: EMG signals recorded from activating

muscles in the forearm. The white arrows indicate the beginning of the muscle con-

traction and the black arrows indicate the end of the contraction and the beginning

of the relaxation phase.

commercial electrodes for any of the subjects (P>0.05)–the signal quality degrades

once the electrode is smaller than ∼2 cm (0.1 cm2).

6.3.3 Comparison with Dip–Coated Materials and Performance Under

Stress

We compared our CNTT electrodes to devices sewn with cotton thread dip–coated

in surfactant–dispersed CNT solution to demonstrate the practicality of neat CNTT.
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Figure 6.12 : SNRs for each length of the CNTT electrode for three subjects

(* P<0.05).

The dip–coated cotton thread had a diameter of ∼240 µm and a conductivity of

∼0.01 MS/m. Each of the electrodes used ∼30 cm of dip–coated cotton thread. The

same experimental protocol was followed for the dip–coated thread devices. Figure

6.13 shows that the CNTT and dip-coated thread electrodes had a SNR statisti-

cally identical to the commercial wet electrode (P>0.05). The electrodes were then

Figure 6.13 : SNR of pristine CNTT electrodes and CNT dip–coated thread compared

to CNTT and dip–coated thread that was washed 10 times. There was a noticeable

degradation in SNR for the dip-coated thread after washing (* P<0.05).
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Figure 6.14 : Image of a pristine dip–coated cotton thread (top) and dip–coated

cotton thread after 10 washing cycles (bottom). The pristine thread is uniformly

black in color. After the washing cycles, the CNT coating is now nonuniform and

noticeably lighter in color.

Figure 6.15 : EKG signal for washed dip-coated thread electrodes compared to com-

mercial electrodes. The P-wave and T-wave are indistinguishable from the noise for

the dip-coated thread.
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washed in a washing machine using commercial detergent and dried in an oven at

45 ◦C. This process was repeated 10 times, and the electrodes were retested. The

CNTT electrodes maintained a SNR comparable to the commercial electrode in all

of the experiments (P>0.05). However, the dip–coated thread showed noticeable

degradation after washing (P<0.05). Visually, the cotton thread was lighter in color

indicating that the CNTs do not adhere strongly to the cotton and were partially

removed during washing (Figure 6.14). Additionally, a direct comparison of the sig-

nal obtained by the washed CNTT electrodes and dip-coated electrodes versus the

commercial electrodes is shown in Figure 6.15 The RS complex was still somewhat

discernible for the dip–coated signal but the lower–amplitude features such as the

P–wave and T–wave were lost in the background noise. Finally, the CNTT electrodes

were strained to the textile’s maximum strain (∼60%) and relaxed over 1000 times.

The CNTT electrodes showed no discernible degradation in SNR after repeated strain

(Figure 6.16).

6.3.4 CNTT Electrode Shirts

CNTT was sewn into the chest of athletic shirts to demonstrate functioning elec-

tronic textiles. In Figure 6.17a, we connected two CNTT electrodes to the Bluetooth

transmitter of a commercial heart rate monitor (Polar H10) that is designed to work

with a polymeric strap and embedded silicon sensors that is worn across the user’s

chest (Figure 6.17a inset). The electrodes were sewn into the inside of the shirt

around the rib area to allow contact with the skin. Additionally, CNTT was sewn

on the outside of the shirt from the electrodes on the chest to the back of the neck.

At the neck of the shirt, the CNTT thread was connected via standard electrode

buttons to the Bluetooth transmitter (Figure 6.18) that sent heart rate data to a
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Figure 6.16 : (a) Representative EKG signals from 30 cm CNTT electrodes stretched

1000 times and commercial 3M electrodes. Signal to noise ratio of 30 cm CNT devices

before stretching (b) and after 1000 stretch cycles (c). In both cases, the signal to

noise ratio is within error of the 3M electrode (P<0.05).

smart phone (Figure 6.17a) while the subject ran and walked. Figure 6.17b shows

EKG signals obtained from a Holter monitor using a CNTT electrode athletic shirt

and commercial electrodes. CNTT carries the signal to the side of the shirt so that

the electronics can fit into a pocket. In a blinded study, three cardiologists evalu-

ated the signals and independently determined that signal from the CNT shirt was

slightly better than the 3M electrodes due to better definition of the p-wave (Figure

6.2). These results demonstrate that CNTT sensors and wires integrate seamlessly
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Figure 6.17 : (a) An athletic shirt sewn with 2 CNTT electrodes. The electrodes

are connected to a commercial wireless heart rate monitor using CNTT transmission

wires. The shirt was worn by an author, and the heart rate while running, jogging,

walking, and sitting was recorded overtime and transmitted to a cell phone. The inset

shows a commercial Polar H10 chest strap. (b) An athletic shirt sewn with 5 CNTT

electrodes. The electrodes are connected to standard clips to measure an EKG signal

(shown below). The electrodes can acquire a quality signal with all of the features

easily discernable. Note: The commercial logos have been blurred and replaced with

Rice University logos.
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Figure 6.18 : Placement of the Polar H10 Bluetooth transmitter on CNTT shirt.

into preexisting systems while functioning as both electrodes and a data transmission

line while also allowing transmitting electronics to be placed anywhere on the body

to optimize user comfort.

6.4 Conclusions

CNTT is ideal for wearable textiles; it is soft and flexible, machine washable, and is

easily integrated into clothing or textiles, like standard thread. Its electrical conduc-

tivity is on par with metals, yet has better chemical resistance, can withstand greater

flex fatigue, and has a higher tensile strength. We have demonstrated that neat

CNTT can be sewn into textiles and used to obtain EKGs similar in quality to com-

mercially available, adhesive, wet electrodes. Moreover, CNTT electrodes function as

sensors for surface EMG. Finally, CNTT can also be used as transmission wires to

carry signal to other locations on the body, allowing the placement of transmitters in

convenient locations away from the signal collection sites. The results demonstrated

in this work open a number of possibilities for future studies of CNTT in textile–based
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electronics and health monitoring systems. CNTT can be used to bridge soft compo-

nents and sensors to traditional electronic components making them a key component

towards development of fully textile-based circuits. CNTT-derived technologies such

as fiber-based antennas [15], light emitting diodes [17], or semiconducting fibers [16]

can be similarly sewn into textiles. Moreover, minor modifications to CNTT geom-

etry and microelectronics could allow other health-monitoring applications including

blood pressure, force exertion, and respiratory rate sensing capabilities. CNTT could

transform the next generation military uniforms as ballistic protection [82], vitals

monitoring, and location tracking could be easily incorporated into a single plat-

form. Moreover, woven electronics could also improve human-machine interfaces in

car upholstery and soft robotics. As demonstrated here, the integration of multiple

functionalities would be straightforward as minimal engineering is needed to combine

like-materials. The unique combination of sewablity, durability, and functionality

demonstrated in this work represents a major step forward towards truly wearable

electronic textiles.
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Chapter 7

Conclusions

Most as produced CNTs contain a significant amount of impurities in the form of

amorphous carbon and catalyst. Amorphous carbon adheres to the sidewalls of the

CNTs which impedes protonation by CSA molecules, limiting CNT dissolution. By

heating CNTs to moderate temperatures (400-460 ◦C) in air, the amorphous carbon

can be removed which allows for CNT solubility. Beyond enhanced solubility, purifi-

cation plays an important role in CNT fiber properties. We demonstrated that sample

purity has a large effect on fiber electrical conductivity, whereas it does not have a

significant effect on tensile strength. While increasing oxidation temperature or oxi-

dation time will remove additional carbonaceous impurities, it also will decrease the

aspect ratio of the CNTs. This is an important consideration when selecting purifica-

tion conditions because shorter CNTs will decrease both fiber electrical conductivity

and tensile strength.

We also show that improvements in tensile strength can be obtained by decreas-

ing the concentration of CNTs in the spin dope. We attribute this enhancement in

tensile strength to improved ordering of CNTs within the fiber. By understanding

the structure-property relationships of CNT fibers, we can develop post processing

methods to mimic the structure of fibers spun at low concentration with fibers spun

at higher concentration. This is essential for improving fiber spinning efficiency. We

also demonstrate that additional gains in properties can be achieved by decreasing

the angle of the spinneret inlet cone. This result indicates that the fiber is under-
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going die–swell and that further improvements in fiber properties may be possible

by increasing the length of spinneret to provide additional stress dissipation by vis-

cous forces. These developments in fiber spinning has lead to the production of CNT

fibers with a tensile strength of 4.2 GPa and an electrical conductivity of 10.9 MS/m,

the highest electrical conductivity for CNT fibers in literature. These advancements

have continued an impressive trend in solution spun CNT fiber properties over time;

the tensile strength and electrical conductivity have improved an average of ∼20%

per year. With continued progress, CNT fibers will soon become the strongest fiber

material with conductivity on par with the best metals.

Finally, we demonstrate the application of CNT fiber for wearable health moni-

toring. CNT fiber was able to be sewn into textiles and athletic shirts to be used

as washable EKG electrodes. An athletic shirt was sewn with five CNTT. These

electrodes were connected to CNTT transmission lines that carried the signal to a

convenient position to connect with a Holter. The shirt was able to obtain EKG

signals of similar quality to commercial electrodes. These results are exciting for

additional applications of CNT thread for electronic textiles. This material has the

potential to be used for additional monitoring applications such as blood pressure,

force exertion, and respiratory rate sensing as well as be a key component to develop

fully integrated textile circuits.
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