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Abstract

Nanotubes, including carbon nanotubes (CNTs) and boron nitride nanotubes (BN-
NTs), are monolayer tubes with diameters on the order of nanometers and lengths up
to millimetres. CNTs have outstanding properties at the individual nanotube level,
including high strength, flexibility, and high thermal and electrical conductivities.
These properties have inspired potential applications such as transparent electrodes,
supercapacitors, nanoscale electronics, and nanocomposites. However, to be utilized
in real-world applications, novel 3D macroscopic CNT materials must be designed,
and their physical properties must be understood and optimized.

Although macroscopic CNT materials such as sheets and yarns show promise
for their high strength, low density, and high conductivities, their properties are
still orders of magnitude lower than those of individual CNTs. One feasible route
to improve these properties is high-temperature thermal annealing, which has been
shown to improve the crystallinity and transport properties of CNT materials.

In this work, CNT yarns were prepared and annealed at temperatures up to 2700
°C in Ar atmosphere. Raman spectroscopy showed a four fold increase in the relative
CNT crystallinity after annealing to 2700 °C. The thermal and electrical conduc-
tivities of yarns with annealing temperature of 2300 °C and 2700 °C and diameters
between 35 to 60 um were measured as a function of temperature. Both conductivities
increased by over 200 % at 300 K after annealing. Other properties studied include
IV-curves, magnetoresistance, and the effects of adsorbed Osand H,O.

In addition, the thermal conductivities of various boron nitride nanotube ma-
terials were measured, and initial measurements were carried out for the thermal

conductivities of ~10 pm reactor-spun CNT fibres.
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Chapter 1

Introduction

Modern technology continues to push the limits of materials science, demanding in-
creasingly light-weight, energy efficient, cost-effective, and sustainable materials. For
decades nano-scale materials have been touted as one way to meet these demands.
Nanotubes, including carbon nanotubes (CNTs) and boron nitride nanotubes (BN-

NTs) are among the most exciting nanomaterials.

Carbon nanotubes are hollow graphene cylinders with diameters typically between
2 nm and 20 nm. CNTs are the most studied nanomaterial because of their unique
combination of excellent mechanical [1], thermal [2], and electrical properties [3].
Carbon nanotubes have been researched extensively for the past two decades, with
the publication rate now at 20,000 per year according to Web of Science.

Although the properties of individual CNTs are extremely exciting, most real-
world applications of CNTs require 3D bulk CNT materials, including arrays [4],
sheets [5], and yarns [6]. These materials have shown promise for a variety of applica-
tions. However, the synthesis and processing of CNT yarns involves a large number
variables, which has slowed understanding of the structure-property relationships.

This thesis focuses on the physical properties of three types of bulk nanotube
materials: array-spun CNT yarns; reactor-spun CNT yarns; and BNNT sheets and
composites.

The main goal was to understand how high-temperature annealing affects the ther-
mal and electrical properties of CNT yarns. CNT yarns were produced by the author
at the University of Cincinnati in collaboration with the Nanoworld Laboratories.
This work clearly demonstrates the simultaneous improvement of the electrical and
thermal conductivities of the CNT yarns, showing that high-temperature annealing
could be a viable method to optimize the properties of CNT yarns.

Chapter [ provides an introduction to the electrical and thermal properties of

materials, and Chapter |3| discusses the structure and properties of CNTs and CNT

1



2

materials. Chapters[4 and [5] present the synthesis and physical properties of the CNT
yarns studied in this work.

Chapter [6] presents the synthesis and thermal conductivities of two small diameter
reactor-spun CNT fibres, provided by Professor Alan Windle’s group at the University
of Cambridge. The thermal conductivities of these fibres are the highest values of
any CNT fibre reported to date.

Chapter [0 also presents BNNT sheets, buckypapers, and composites. These mate-
rials were produced at the National Research Council Canada (NRC), Emerging Tech-
nologies Division, in collaboration with Dr. Mike Jakubinek. The induction thermal
plasma method developed at NRC produces small-diameter, highly crystalline BN-
NTs at record-setting rates of 20 grams per hour. These measurements are the first

direct thermal conductivity measurements made on bulk BNNT materials to date.



Chapter 2

Electrical and Thermal Properties of Materials

2.1 Electrical Conductivity

Electrical conductivity, o, describes a material’s ability to conduct electrical current,
and is measured by passing one-dimensional current along one direction of a sample
with flux, J,, such that:

Jy = 0, E,. (2.1)

Experimentally, o is calculated by measuring the electrical resistance, R, and

external dimension of a sample. The resistance of an object is given by Ohm’s law,

R=—. (2.2)

where V' is the voltage across the sample and [ is the current through the sample.

The material’s conductivity, o (and resistivity, p) are then defined by:

L 1L

o=p = RA (2.3)

where L is the sample length and A is the cross-sectional area of the sample along
the direction of current flow. Electrical conductivity is an intrinsic property of the
material and is independent of the sample dimensions for homogeneous materials, al-
though conductivity is temperature dependent. Therefore, the electrical conductivity
at a given temperature of a material with known dimensions can be calculated by

measuring the electrical resistance, R.

The values of o range several orders of magnitude, from > 10* S-m~! for metals, to
1073 to 10® S-m~! for semiconductors, and 1072 S‘m~! to 10~*® S-m~* for insulators
[7]. Superconductors are another class of materials in which electrical resistance drops

to zero (0 — o0), as the temperature is dropped below a transition temperature [§].

3



2.1.1 Free-Electron Theory

In metals, conduction electrons are delocalized and can therefore move easily through
the lattice, resulting in a high o [8]. Because the electrons in metals are so delocalized,
they can be modelled as a “gas” of electrons, free to move throughout the metal. The
free-electron gas theory can be used to describe the electrical conductivity, thermal
conductivity, and heat capacity of metals.

The possible energy levels of the free-electrons (Fj) are given by the Schrodinger

equation [8]:
h2
2me

Hipy, = ——V?Yy(r) = Epiy, (2.4)

where 1, is the wave function of an electron of wave vector k, m. is the electron
mass, and i = h/27 is the Dirac constant. The solutions to Equation for the

wavefunction and energy of a particle in a 3D box of length L are:

| -
U(r) = me”f (2.5)
and
h? 2 h? 2 2 2

The wave vectors are quantized according to k = 2nw/L, where n is the principle
quantum number. Due to the Pauli exclusion principle, each energy state can accom-
modate two electrons, one of each spin state [§].

The Fermi energy, Er, is defined as the energy of the highest filled energy level in

the ground state (absolute zero). For a 3D system of N electrons, the Fermi energy

B2 30N\
B (M) 2.)

is given by

where V' is the system volume.

As the temperature of the system is increased, the kinetic energy of the free elec-
trons increases, and the higher energy states begin to be occupied. The probability
that an energy level is occupied in an electron gas in thermal equilibrium at temper-

ature T, f(F), is given by the Fermi-Dirac distribution:

1
HE) = ST = ) Rt £ 1 (2:8)
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where p is the chemical potential. At absolute zero, p = Er, and at all temperatures

flp) =1/2.

2.1.2 Band Theory

The electronic properties of non-metals are well described by band-theory, which
modifies the free electron gas model to include interactions between the electron waves
and ion cores of the crystal lattice [8]. This interaction leads to bands of available
electron energy states, instead of the discrete energies of free electrons. The energy
bands are separated by regions of energy for which no wave-like electron orbital exists,

and the magnitude of this gap is known as the band gap energy, E,.

The ion cores of a crystal can be viewed as a periodic potential [§]. The solutions
to the time-independent Schrodinger equation for a periodic potential are plane waves
which are modulated by a periodic function with the same period as the lattice, known

as Bloch functions, Uy(r) [§]:

Uk(r) = Z Ck_Ge_iG'r7 (29)
G

where G is the reciprocal lattice vector, Cy_g are periodic reciprocal space coeffi-
cients, and r is the position vector. The resulting modulated plane wave, known as

the Bloch wave, is:

Y(r) = U(r)e ™. (2.10)

The energy bands are now periodic functions with the periodicity of the lattice:
E(k) = E(G + k). The conduction electrons act as plane waves in the first Brilluoin
zone, and are reflected at the zone boundaries [§]. The reflected waves form standing
waves which are the superposition of two states, 1, and ¢_, where the ¢, state has
maximal charge density at the ion cores (lower energy), and the ¢_ state has maximal
charge between the ion cores (higher energy). The difference in energy between these

two states relative to a free electron manifests as an energy gap, E,.

The nature of the band structure of a material determines its resulting electrical
properties [7]. The band structure of a metal, semiconductor, and insulator are shown

schematically in Figure [2.1
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Figure 2.1: Schematic electronic band structures of different materials. Adapted from
Ref. [7].

In metals there is no energy gap between the valence and conduction bands,
even at absolute zero [7]. At absolute zero, insulators and semiconductors have a
fully occupied band, the valence band, and an unoccupied band, the conduction
band, which are separated by an energy gap. The energy gap is typically <2 eV for
semiconductors and >2 eV for insulators [7]. Semi-metals, such as graphene, have a

near zero band gap for certain values of electron wave vector [9).

2.1.3 Temperature Dependence of Electrical Conductivity

The electrical resistiviities of metallic and semiconducting materials show significantly
different temperature dependences. Figure shows the qualitative differences in
p(T') between two typical metals (Cu and Al) and a typical semiconductor (Ge) [7].

In metals, phonons (quantized lattice vibrations) can cause backscattering of elec-
trons. Phonons will be discussed further is Section [2.3| Therefore, electrical conduc-

tivity decreases with the number of thermally activated phonons according to [8]:

o(T) = p(T)™! = ggexp (%) = 0 exp (%) : (2.11)

where hw, is the energy of the backscattering phonon, and 7, = hw,/kp.
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Figure 2.2: Electrical conductivity as a function of temperature for (a) typical metals,
copper and aluminum and (b) a typical semiconductor, germanium. Adapted from
Ref. [7].

In semiconductors, as temperature increases, the number of thermally excited
electrons increases, and more electrons have sufficient energy to jump across the
band gap from the valence band to the conduction band. Electron-phonon scattering
is still the dominant scattering process. The temperature dependent conductivity of

an intrinsic semiconductor is given by [8]:

o(T) = oy exp (_22}) , (2.12)

where £, is the band gap energy, T' is temperature, and oy is the high temperature

conductivity. At low temperatures ¢ — 0 (p — oo) for a semiconductor.

For electrically conductive polymers and carbon nanotube materials, the temper-
ature dependence of o can be described by VRH and fluctuation assisted tunneling
[10]. VRH involves the tunneling of electrons between localized states assisted by the
absorption of phonons. As kgT increases there are more nearby states with accessible
energy levels, and thus the amount of hopping conduction increases. The VRH model
predicts an exponential temperature dependence [10]:

1
Ty ™
(%)

o(T) = ogexp : (2.13)
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where 0y is the high-temperature limit of DC conductivity, Ty is associated with
thermally activated hopping between localized sites, and d is the dimensionality of
the conduction process (d = 1,2, or 3). Equation shows that the dimensionality
of the conduction process can be found by seeing which value of d gives the best linear
relationship in a plot of In(o (7)) vs. T-Y(+4 for d = 1,2, or 3.

In some amorphous materials there can be metallic regions separated by non-
conducting regions, which can be viewed as barriers to electron conduction [10].
Fluctuations in voltage across the barrier can result in electrons tunneling across
the barrier between the metallic regions. The voltage fluctuations increase with tem-
perature, and therefore the tunneling current will also increased with temperature.
If the metallic regions are large enough, it is also possible to have tunneling at low
temperatures (o(0 K) # 0) provided the wave functions of electrons in the metallic
regions overlap. A simplified version of the fluctuation assisted tunneling model is

[10]:

o(T) = oy exp K—Tﬁ T)] | (2.14)

where Ty, is related to the energy at which thermal voltage fluctuations become suf-
ficient to raise the electron energy above the barrier, and T,/T, gives the amount
of tunneling in the absence of thermal fluctuations, and therefore the conductance
remaining in the low temperature limit [10].

The full temperature dependence of conductive polymers and CNT materials can

then be described by combining metallic conduction (Equation [2.11]), variable range
hopping (Equation [2.13)), and fluctuation assisted tunneling (Equation [2.14)) |10]:

-1

B T, T, T, \ 4
o(T) = Aexp(Ts+T)+BeXp(T) +Cexp( (T) ), (2.15)

J
v~ ~~ . s

tunneling phonon scattering

~
variable range hopping

where A, B, and C' are positive constants.

A third conduction model is the weak localization model. In disordered metal-
lic materials, the wave functions of elastically scattered electrons can interfere con-
structively, which decreases o [10]. This is especially prevalent at low temperatures.

As temperature increases, inelastic scattering by phonons destroys the coherence of
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the backscattered electrons, which causes non-metallic temperature dependence in o.
Weak localization is generally a small contribution to total electrical conductivity for

most samples.
2.2 Magnetoresistance

Magnetoresistance is a measure of how a material’s resistivity, p, changes (by Ap) in

an external magnetic field, H. Magnetoresistance is defined as:

Ap _ p(H)—p(H=0)
S0~ pH=0) (2.16)

where p(0T) is the resistivity in the absence of an external field.

Several carbon allotropes, including CNTs, display negative magnetoresistance
that increases in magnitude as temperature is lowered [9]. CNTs are normally dia-
magnetic, and, due to their small dimensions, show quantum mechanical transport
effects that cannot be explained using classical magnetoresistance models, such as
ordinary magnetoresistance [9]. However, magnetic fields can greatly influence the
electronic band structures of CNTs. Three main phenomena influence the negative
magnetoresistance observed for CNTs: Aharonov-Bohm oscillations [11]; the forma-
tion of Landau levels [12]; and weak localization [13].

The Aharonov-Bohm effect occurs when a magnetic flux passes through cylindrical
conductors perpendicular to the cylinder axis, altering the relative phase of counter-
propagating electron waves [11]. The phase difference alters the interference between
the waves, and results in periodic oscillations in electrical resistance with changing
magnetic flux. Since CN'Ts are hollow cylindrical conductors, they display Aharonov-
Bohm oscillations for magnetic fields parallel to the tube axis, with the period of
the oscillation dependent on the tube diameter. Aharonov-Bohm oscillations are
typically only observed in isolated CNTs at low temperatures (<100 K) and high
magnetic fields (>8 T).

When a magnetic field is applied perpendicular to the tube axis the net flux
through the tube is zero. As the field intensity is increased, discrete Landau-like
levels form at the Fermi energy [14]. Landau levels are quantized energy levels which
occur for charged particles moving in magnetic fields as a result of the quantization of

the cyclotron orbits [9]. In large magnetic fields the electron wave functions become
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circumferentially localized at the top and bottom of the CNT. Since the zero-field
boundary conditions were based on the quantization of the circumferentially wave
functions, clearly the band structure in a magnetic field will be significantly different.
As a result, CNTs that were metallic or semiconducting in zero field will become
identical. These Landau levels cause an increase in the DOS at the Fermi energy
with increasing applied magnetic field, and thus negative magnetoresistance. Landau
levels are expected to dominate magnetoresistance at fields of 6.6 T and 26 T, 6.6 T,
and 1.6 T for 10 nm, 20 nm, and 40 nm tubes, respectively [14].

The weak localization model of magnetoresistance assumes that the applied mag-
netic field alters the relative phases of backscattered electrons [13]. The model as-
sumes that scattering is split into two paths, one in which electrons and holes travel in
the same direction, and one in which the electrons and holes travel in opposite direc-
tions. In the latter case, the interaction between electrons and holes increases resistiv-
ity. The phase shift caused by the magnetic field can reduce the interactions between
electrons and holes, thus causing negative magnetoresistance. As temperature in-
creases, electron-phonon scattering can destroy the coherence between backscattered
electrons, thus reducing the magnitude of negative magnetoresistance |10]. Scatter-
ing by chemical and magnetic impurities also decreases coherence [10]. The weak
localization model predicts the temperature dependence of magnetoresistance to be
proportional to 7" and In(7") for 1D and 2D systems, respectively, and temperature
independent for 3D systems [13].

2.3 Thermal Conductivity

When a system is exposed to a temperature gradient, heat transport occurs to restore
thermal equilibrium. In a solid, heat is transported either by lattice waves, electrons,
or both [15]. Thermal conductivity, , describes a material’s ability to conduct heat.

For an isotropic material, thermal conductivity is defined by Fourier’s law:

Q= —krVT (2.17)

where Q is the heat flux through the sample, T is the sample temperature, and k

is the scalar thermal conductivity. For anisotropic materials, thermal conductivity is
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dependent on the direction of the heat flux, and is therefore a tensor quantity. Typical
values of k at room temperature for bulk materials range from 0.2 W-m~1K~! for

polymers and aerogels to 2300 W-m~*-K~! for diamond [7].

The basic description of thermal conductivity is based on that of an ideal gas.

From the kinetic theory of gases, the thermal conductivity of the gas is:

K= %Cv)\, (2.18)

where C' is the heat capacity per unit volume, v is the mean molecular speed, and A

is the molecular mean free path between collisions [15].

Experimentally, many methods do not directly measure x, but instead measure
the thermal conductance, K, of the material. For a homogeneous bulk sample, x is
defined using the thermal conductance of the sample, K, as well as its length, L, and

cross-sectional area, A [7]:

L
= K=, 2.1
k=K " (2.19)

For insulating solids the majority of heat is carried by quantized lattice vibrations,
called phonons. The phonon contribution to x can be defined using Equation [2.18]
with the C, v, and A being the phonon heat capacity, mean speed, and mean free
path. For most insulating solids, v is essentially temperature independent, whereas

C and X are generally strongly temperature dependent.

A simple crystalline material can be modelled as masses at lattice sites connected
by imaginary springs. Heat causes the atoms to vibrate about their equilibrium posi-
tions. Since the atoms are connected by springs, their vibrations are coupled, which
causes neighbouring atoms to form collective lattice waves. Under a temperature
gradient, the atoms with more energy will have a higher vibrational amplitude, and

therefore the lattice waves will propagate heat toward the less energetic atoms.

Consider a simple linear chain with two atoms per unit cell, shown in Figure [2.3]
where (3 is the force constant of the springs, a is the length of the unit cell, and u,

and vy are the displacements of the s atoms [8].
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u v Ugy1

Figure 2.3: A diatomic linear chain with atoms of M; and M, with lattice spacing a
and force constant (3, showing the equilibrium positions (top) and displaced positions
(bottom). Adapted from Ref. [§].

The solutions to the atomic displacements at time t are waves with angular fre-

quency w and wave vector k :

u, = ue' ket (2.20)

vy = vellsha=wh), (2.21)

The solution of w(k) is called the dispersion relation, and for this simple case is

given by:

1 1 1 1\? 4 . (ka
wQ(k:) = ﬂ (M + E) + ﬁ\/(ﬁl + E) — M1M2 SlIl2 (7> (2.22)

The phonon dispersion relation for a simple diatomic chain is shown in Figure [2.4]

The two phonon branches correspond to the optical phonons and acoustic phonons.
The acoustic branch corresponds to the the coherent movement of adjacent atoms,
as an acoustic wave. The frequency of acoustic phonons approaches 0 as k& — 0.
Optical phonons involve the out-of-phase movement of neighbouring atoms in the
crystal. Optical phonons remain non-zero for all values of k£ in the first Brillouin
zone. Phonon thermal energy travels at the group velocity, v, = dw/dk. Therefore
optical phonons do not contribute effectively to heat transport because they have

near zero speeds (dw/dk ~ 0) [§].
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Figure 2.4: Phonon dispersion curves in the k > 0 half of the first Brillouin zone for
a diatomic linear chain. The two branches are the optical (blue) and acoustic (red)
branches [§].

The phonon mean free path of an insulating solid decreases with increasing tem-
perature. This is because lattice vibrations in real materials are not perfectly har-
monic, and phonons can be scattered by crystal boundaries, impurities, or by other
phonons. Two types of phonon-phonon interactions are possible, shown in Figure 2.5
Two phonons with wave vectors k; and ks can interact to form a phonon with wave
vector ks. If ks is still within the first Brillouin zone, the scattering is known as the
Normal process. Normal process scattering occurs at low temperature and does not
affect thermal conductivity because phonon momentum is conserved [§].

The second process, known as the Umklapp process, involves the interaction of
phonons at higher temperatures, in which k% is outside of the first Brillouin zone. The
k3’ vector is brought back into the first Brillouin zone by subtraction of the reciprocal
lattice vector, G, resulting in a vector k3", as shown in Figure The final phonon
wave vector, kg”, is in the opposite direction of the original k; and ks, vectors, leading

to a reversal of phonon direction, and thus a reduction in thermal conductivity.
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Figure 2.5: Phonon scattering diagrams demonstrating the (a) Normal and (b) Umk-
lapp scattering processes in the first Brillouin zone. In the Normal process the re-
sultant phonon, k3, travels in the same direction as the net direction of the incident
phonons (ks = k; + k). In the Umklapp process the resultant phonon, k3", travels
in a direction other than that of the incident phonons (k3" = k; + ks — G). Adapted
from Ref. [8].

For metals, x is usually dominated at all temperatures by free electrons instead of
phonons [7]. The electrical contribution to thermal conductivity takes a similar form
to that given by the kinetic theory of gases (Equation , except with C, replacing
C, where C. is the electronic heat capacity per unit volume, and correspondingly, v,
is the electron mean thermal speed, and A, is the electron mean free path [7].

In metals, electrons dominate both thermal and electrical transport, and thermal

conductivity, x, and electrical conductivity, o, are related by the Wiedemann-Franz

Y 7T2 kB 2
= (2) =7 2.23
ol 3 (e) 0 (223)

law:

where Lg is the Lorenz number, 2.44x107% W Q K2 [8]. By comparing experi-
mentally measured values of the effective Lorenz number, Loz = k/0T, with the the
theoretical value of Ly, the relative contribution of electrons versus phonons to the to-
tal heat conduction of the material. If Log >> Lg, thermal conductivity is dominated

by phonons, not charge carriers.



Chapter 3

Carbon Nanotubes and Carbon Nanotube Materials

Carbon is capable of forming more allotropes than any other element because of
the diversity of its possible bonding architectures. The allotropes of carbon include
0D fullerenes, 1D nanotubes, 2D graphene, and 3D diamond and graphite [9]. The
physical properties of carbon allotropes are incredibly diverse, which makes carbon-
based materials suitable for a wide range of applications. For example, diamond is
hard, transparent, and electrically insulating, whereas graphite is soft, opaque, and
electrically conductive. This chapter presents the structure and properties of the
1D carbon allotrope, carbon nanotubes, and well as the synthesis, structure, and

properties of carbon nanotube yarns.

3.1 Carbon Nanotubes

CNTs were first characterized in 1991 by lijima using transmission electron mi-
croscopy [16]. However CNTs were produced as far back as the seventeenth century in
Damascus steel swords [17]. Since their initial identification, many amazing aspects
of CNTs have been discovered, including their high tensile strength, high electrical
and thermal conductivities, and many novel 1D quantum effects that are unique to
CNTs [9]. These properties have made CNTs the most studied nano-material over

the past several decades.

3.1.1 Carbon Nanotube Structure

The CNT structure is based on graphene, a monolayer of hexagonally bonded carbon
atoms. A SWCNT can be viewed as a single sheet of graphene rolled to form a hollow
cylinder, and capped with half fullerenes [9]. SWCNTSs typically have diameters of ~2
nm, and lengths up to mm, meaning the aspect ratio can be as high as 10°, making
them quasi-1D nanostructures. Multiple concentric nanotubes, known as MWCNTs

can also be formed, with typical diameters of 10 to 20 nm [9)].

15
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The physical properties of SWCNTs depend largely on the tube diameter and the
angle at which the graphene sheet is rolled, known as the chirality. The tube can
be rolled in any arbitrary direction, with the only distortion to the hexagonal lattice
coming from the curvature of the CN'T. The chirality is described by the chiral vector,
Cy, shown in Figure which runs perpendicular to the tube axis ﬂg[]:

Ch = mC_L'l + n&é (31)

where @; and dy are the unit vectors of the single layer graphene hexagonal lattice
(|@ =~ 2.46 A), and n and m are integers, known as the chiral indices. The three
possible CNT cross sections are “armchair” (n = m), “zig-zag” (m = 0), and chiral
(all other n and m), as shown in Figure [3.1]

armchair _ ( n,m )
zig-zag

-

=T\
eReoets

820

98
So04E

~

Figure 3.1: The hexagonal graphene structure including the chiral vector (bold black
arrow) of a (n,m) = (5,3) SWCNT, and the resulting tube structure. Adapted from

Ref. .

The diameter of the CNT can easily be found from the chiral vector, |C},|, which

is equal to the tube circumference:

™

d LV/n? ¥ m? + nm. (3.2)
™

3.1.2 Properties of Carbon Nanotubes
3.1.2.1 Electrical Properties

The electronic properties of CNTs can be estimated using the electric structure of

graphene. The 2s, 2p,, and 2p, orbitals of each carbon atom in the graphene lattice
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hybridize to form three sp? orbitals (covalent o bonds) in the plane of the graphene
sheet @I] The remaining p, orbital is perpendicular to the graphene plane and forms
7 bonds. The energy levels of the 7 orbitals are near the Fermi energy, and therefore
the 7 orbitals form delocalized states which allow for electrical transport.

Figure (a) shows the energy dispersion diagram of graphene near the Fermi
energy in the first Brillouin zone . Graphene is a semimetal in which the valence

and conduction bands touch at six Dirac points (K and K’) within the Brillouin zone.

Figure 3.2: (a) 3D schematic of the electron energy dispersion relations of graphene
near the Fermi energy, shown in the first Brillouin zone. The dashed lines indicate
the allowed values of £, for a CNT, and the red lines indicate the corresponding 1D
dispersion relations. (b) Metallic band structure of a CNT. (¢) Semiconducting band
structure of a CNT. Reprinted with permission from Ref. .

The band structures of CNTs can be calculated from that of graphene by imposing
a periodic boundary condition for the wave function of electrons moving along the
tube axis (the zone-folding scheme) []g[] By rolling graphene into a tube, the wave
vectors perpendicular to the tube axis, k,, become quantized according to k, - Cj, =
2mm, where C}, is the chiral vector and m is an integer. By quantizing %k, , the 1D
band structure of a SWCNT is generated by taking a cross-sectional slice of the 2D
graphene band structure, as shown in Figure The (n,m) values from Equation
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determine where the 1D CNT sub-band passes through first Brillouin zone of
graphene, and therefore the electrical properties of SWCNTSs are strongly dependent
on chirality and tube diameter. If the allowed k, states pass through the K or K’
points (Figure (b)), the CNT will be a zero band gap metal. However, if the k
states do not pass through any of the K or K’ points (Figure (c)) the CNT will
be semiconducting, with the band gap energy depending on the value of (n,m). On
average, 1/3 of nanotubes are metallic and 2/3 are semiconducting [9].

In MWCNT, there is also the possibility to have inter-tube conductance, perpen-
dicular to the tube axis. In graphite, interlayer conductance is quite small, but does
exist because of the overlap of m bands between layers. In MWCNTSs, the curvature
reduces the amount of overlap, and thus it is expected that MWCNTs should have
very small electrical conductance between tubes.

Negative magnetoresistance is observed in individual CNTs and CNT materials.
Negative magnetoresistance on the order of -15% at 2 K and 9 T has been reported
previously for CNT sheets [5] and yarns [6]. The negative magnetoresistance of CN'T

materials is typically explained using the Bright model and weak localization model.

3.1.2.2 Thermal Properties

The thermal conductivity of SWCNTs has been reported to be one of the highest
measured values of any known material: individual nanotubes have been measured
to have thermal conductivities greater than that of diamond, with room tempera-
ture conductivities of 3500 W-m~'-K~! [2], and molecular dynamics simulations have
predicted x values of up to 6600 W-m~1-K~! [20]. Individual CNTs have extremely
high thermal conductivities because of their high purity and stiffness, leading to long
phonon mean free paths [20].

The thermal conductivity and heat capacity of CNTs are dominated by phononic
modes, even in metallic CNTs and at low temperatures [21]. The phonon dispersion
relation for a SWCNT consists of four acoustic modes (one longitudinal, two trans-
verse, and one “twist” mode), and many optical modes [22]. The twist mode is caused
by torsion of the tube about its long axis.

At low temperatures, the thermal conductivity of CNTs is ballistic (A, longer

than the CNT length) and thermal conductivity increases linearly with temperature
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(k ~ T'). The ballistic regime becomes less dominant with increasing temperature as
phonon-phonon, phonon-boundary, and phonon-defect scattering become more preva-
lent. For example, ballistic transport is predicted to exist up to 100 K for a 10 um
long (10,10) SWCNT [23].

In the diffusive regime, the different forms of phonon scattering all contribute to
the overall thermal conductivity in CNTs [24]. The room temperature ), is estimated
to range from 50 nm to 1.5 pum in pristine SWCNTs, and as low as 4 nm is defective
CNTs. As temperature increases, more phonon modes become active, and both heat
capacity, C, and k increase (k ~ C' ~ T* «a ~ 2). Thermal conductivity then peaks
near 1" = 300 K as the excitation of high frequency phonon modes is offset by the
increased phonon scattering rate. Above 300 K, phonon-phonon scattering begins to
dominate, and s decreases continuously as x ~ T~ [2].

In MWCNTs, inter-shell forces mean that x is no longer purely one-dimensional.
MWCNTs are likely better for heat conduction applications because their larger di-
ameter allows for more phonon modes [25]. Also, the affect of intrinsic defects on the
thermal conductivity of MWCN'Ts is decreased relative to SWCNTs because adjacent
walls give alternate pathways for phonons to bypass defects and vacancies.

Defects in CNTSs, including flaws in the tube wall or impurities, can significantly
reduce k even at low defect concentration. Defects strongly suppress high-frequency
phonon modes, and have been shown in simulations to reduce x in SWCNTs up to
three fold at defect concentrations of only 0.25% [26]. In MWCNTs it is also likely
the wall defects increase inter-wall phonon scattering, further reducing x [27]. There-
fore, reduction of defects and impurities during production, or by post-treatment

techniques, is vital to optimize the thermal conductivity of CNTs.
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3.1.3 Synthesis

Historically the most significant road-block in the research and development of CNT's
has been their low production rate and high cost. Increased industrialization of CNT
production in the past decade has dropped the price of MWCNTSs from ~$1000/g in
the early 2000s to ~$100/kg presently [28]. However, the high price of quality CNTs
with well characterized properties, such as SWCNTs sorted by chirality ($1500/g)
or MWCNT arrays ($1500/cm?) (wwww.sigmaaldrich.com), limits the practicality of
CNTs for many potential applications.

The fundamental requirements for the synthesis of CNTs are heat, a carbon pre-
cursor, and a catalyst. The two main categories of CN'T synthesis are substrate-based,
such as CVD, or substrate-free methods, including arc discharge, and laser ablation
[28]. CNTs produced by these various methods have different structures, properties,
bulk morphologies, and yields. Substrate-free synthesis methods produce the largest
quantity of CNTs. However their low quality often means they are only suitable as
composite additives, not for thermal or electrical applications [29]. Also, production
rates for arc-discharge and laser ablation are on the order of 10s of g/day, whereas
CVD methods can produce 10s of kg/day |30]. Chemical vapour deposition is the

most relevant technique for this work, and will be discussed in more detail below.

3.1.3.1 Chemical Vapour Deposition (CVD)

Chemical vapour deposition involves the thermal decomposition of a carbon-containing
precursor gas (e.g. hydrocarbons, CO,, or alcohols) on a catalyst substrate. The cat-
alyst is most commonly a Si wafer with a SiO, layer (100s of nm), sputtered with
transition metal NPs, such as Fe, Mo, Co, Cu, and Cr [28]. Synthesis takes place in
a tube furnace at temperatures between 700 °C and 1100 °C.

At these temperatures the NPs are liquid, allowing for the precursor gas to be
decomposed and dissolved into the NP. When the carbon in the NP reaches saturation,
it will begin to precipitate out, forming a self-assembled CNT. The number of walls
and the diameters of CVD grown CNTs can be controlled by adjusting the NP size

and reaction temperature [31].
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CVD-grown CNT arrays have heights of 100s of ym up to several cm, and this is
the only method currently capable of growing such long CNTs [31]. The mass density
of these arrays is on the order of ~ 0.06 g cm™2 4], with CNT growth densities of
~ 101 em™2 [31].

CNT's cluster into groups of 100s of CN'T's because of the van der Waals forces be-
tween adjacent tubes. Defects in CVD grown CNTs are generally amorphous carbon
resulting from the relatively low synthesis temperature, or metallic impurities from
the catalyst [29]. However, post-growth annealing of CVD grown CNTs can be used
to improve crystallinity and remove impurities and amorphous carbon. The physical

properties of CVD-grown CNT arrays are discussed in Section [3.2.1]

3.2 Carbon Nanotube Materials

The objective of creating bulk assemblies of CN'T’s is to exploit the properties of CNT's
on a useable macroscopic scale. The downside is that the strength and conductivities
of these bulk materials are often several orders of magnitude lower than individual
CNTs because of weak CNT contacts, inter-tube thermal/electrical resistances, low
density, bulk defects, and impurities [28]. The structure and properties of CNT arrays

and yarns are discussed below.

3.2.1 Arrays

CNT arrays are the base for dry-spun CNT sheets and yarns, and also directly show
promise for specific applications, such as thermal interface materials for heat man-
agement in high density electronics |28]. Thermal conductivities of CVD grown CNT
arrays with heights up to 6 mm were measured by Jakubinek et al. [6]. Room
temperature thermal and electrical conductivities in the growth direction were ~ 1
W-m 1K' and ~10 S-em™!, respectively. These low conductivities were because of
the low density of the arrays (0.06 g/cm?).

CNT arrays also serve as the basis for other CN'T material architectures, including
CNT sheets and yarns. This is because continuous, low-density, horizontally aligned
CNT webs can be pulled from vertically aligned CNT arrays, a phenomenon first
discovered by Jiang et al. [32]. The ability of an array to form a continuous web is

known as its “drawability”, and depends strongly on the morphology of the CNTs
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in the array. The drawability of CNT arrays is key to forming other CNT materials,
such as sheets and yarns.

During CVD growth of CNT arrays, parameters such as temperature, gas partial
pressures, and growth time, can all be controlled. However, only a subset of the re-
sulting arrays will actually be “drawable”. All known drawable MWCNT arrays have
been produced using thermal CVD, with heights of 300 to 1000 gm and CNT diam-
eters of 10 to 20 nm . Several array properties are believed to significantly affect
drawability including: CNT height; catalyst size distribution; CNT surface structure;
and, likely most importantly, the formation of CN'T bundles and entanglement within
the array [33)].

Vertically aligned CNTs form bundles of up to 100s to CN'Ts because of the strong
van der Waals forces between adjacent tubes. Entanglement within the array then
occurs when individual CN'Ts migrate from one bundle to another, as shown in Figure
B.3] Kuznetsov et al. developed a model for how CNTs are drawn from arrays based
on the density of these CNT cross-linkage throughout the array .

Figure 3.3: Schematic view of how bundles of CNTs are drawn from a vertically
aligned array. The bundles are held together by van der Waals forces and CNT
entanglements between bundles. As bundles are pulled from the array, entanglements
become concentrated at the top and bottom of the array, allowing successive bundles
to be drawn from the array. Reprinted from Ref. . Used with permission from
the American Chemical Society.
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In the Kuznetsov et al. model, CNT bundles are pulled from the array because of
the “unzipping” of the interconnections between bundles [35]. Figure[3.3[shows neigh-
bouring CNT bundles (thick lines) and individual CNT interconnects (thin lines). In
the first frame, two CNT bundles with several interconnects are shown. The blue
bundle is pulled from the top to the right. As the pulling continues, the interconnects
“unzip”, concentrating the interconnects at the bottom of the two bundles. When
the density of interconnects reaches a critical value, the pulling force will be sufficient
to begin removing the second (red) bundle. As pulling continues, the process of un-
zipping interconnects repeats between the red bundle and second blue bundle, this

time from bottom to top.

3.2.2 Yarns

It is possible to create small diameter (<100 pm) yarns made from CNTs. The
yarn structure is extremely useful for many applications, because the quasi-1D struc-
ture allows for the linear transmission of tensile load, heat, and electricity, and also
because they can be woven and shaped into more complex structures. The most sig-
nificant advantage of CNT yarns over other bulk CNT materials, such as composites
and buckypapers, is the combination of higher density and alignment, which greatly

improves transport properties [28].

3.2.2.1 CNT Yarn Production

There are two main methods for CNT yarn production: liquid-state spinning and
solid-state spinning. In liquid-state spinning, introduced in 2000 by Vigolo et al.
[36], CNTs are dispersed into a fluid and extruded or coagulation spun into continuous
fibres, much like Kevlar® and other industrial fibres [37, 138]. In wet spinning the
CNT synthesis and yarn processing are decoupled, which allows each property to be
optimized individually. However, liquid-spun yarns are usually heavily doped with
the dispersant, and require post-treatment to improve physical properties.

In solid-state spinning the yarns are produced without any chemical dispersants
or additives. The first type of solid-state spinning involves pulling CNTs directly
from the furnace chamber, known as reactor spinning, and is often done with floating

catalyst CVD [39, 40]. Reactor spinning is efficient but produces short CNTs with
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high impurity content from the catalyst particles, often resulting in poor transport

properties of the as-produced yarns [28§].

Current dry-spinning methods, including the one used in this work, use motors
to simultaneously pull and spin the CNT web from the array, forming a continuous
yarn and allowing semi-automated yarn production and collection [6, 41]. Recent
advances to CNT yarn spinning have allowed spinning rates of 16 m/s [42]. A detailed

explanation of the yarn spinning process used in this work is given in Section [4.1.2]

A major drawback of dry spinning from arrays is the difficulty in scaling up to
an industrial level, since arrays are currently limited to ~20 cm diameters. Also,
dry spinning combines multiple steps into one, which makes it difficult to isolate and
optimize properties. Dry-spun yarns are generally low density, with many structural
and chemical impurities. However, dry-spun yarns have had promising physical prop-
erties to date because of the length of the CNTs (up to 1 mm), which decreases the

number of CNT junctions and increases strength and conductivities [2§].

3.2.2.2 CNT Yarn Structure

An untwisted bundle of CNT's has a fraction of the strength of the constituent individ-
ual CNTs, because the CNTs in the bundle interact very weakly. Twisting the bundle
causes radial compression, which increases the interaction between CNTs. Twisting
causes the CNTs to migrate repeatedly between the interior and exterior of the yarn
structure. This migration causes the ends of the CNT bundles to be trapped within
the yarn structure, greatly improving the tensile strength, and preventing the yarn
from unwinding. Individual CNTs in yarns can have several hundreds of contacts

with other CNTs over their length [43].

The degree to which a yarn is twisted has a large affect on the mechanical and
transport properties of the resulting yarn. The degree of twisting is often reported as
the residual twist, 7, which is the twist remaining after the yarn structure is allowed
to relax to a stable configuration after spinning, defined using the yarn surface twist

angle, 0, and diameter, d [44]:
tan(6)

=, (3.3)

T =

given in units of m™! (= turns-m™!'). The surface twist angle is shown in Figure [3.4]
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Figure 3.4: SEM micrograph of a pristine 60 pum diameter CNT yarn showing a
surface twist angle of 30°.

Sears et al. used FIB milling and SEM to study CNT yarn structure as a function
of twist angle, as shown in Figure [3.5] [44].

(d) ~15,000 m!

{e) 20,000 m

(c) ~10,000 m!

Figure 3.5: SEM micrographs showing the cross sections of CNT yarns as a function

of residual twist, as indicated in units of turns-m~!. The scale bars represent 5 pm.
Reprinted with permission from Ref. [44].

It was found that yarns with residual twists below ~1000 m~! had an irregular

cross section and highly porous structure. As twist was increased to ~ 6000 m™*
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the structure became more circular and homogeneous, and the packing density was
observed to increase monotonically with twist density, as seen in Figure[3.5](b) and (c).
As the yarns were twisted above 16000 m~! (Figure (d) and (e)) a ”core-sheath”
structure is formed, in which a high-density core is surrounded by a low-density
sheath. This structure is likely formed because the higher pressure at the centre of
the yarn increases the interaction between the CN'T bundles, thus increasing density.
When the yarn is torque stabilized after spinning, the loose outer bundles are able to

relax more than those at the centre, and the “core-sheath” structure is formed.

3.2.3 Thermal Conductivity

The focus of most research on CNT yarns has generally been on mechanical and elec-
trical properties, with few reports concerning thermal conductivity measurements.
In comparison to other carbon materials, CNT yarns, as with other bulk CNT ma-
terials, have significantly lower room temperature thermal conductivities. Table
shows the room-temperature thermal conductivities of a variety of carbon allotropes,

including CN'T materials.

Table 3.1: Room-temperature thermal conductivities of carbon allotropes.

CNT yarn Sample | Kqpp (300 K) /| Ref.
W-m LK!
Graphene 4840 i
Diamond 2310 [
SWCNT 3400 2] |
MWCNT 600 [25] |
MWCNT array 0.5- 1.2 [4] |
MWCNT sheet 2.54 + 0.48 5] |
MWCNT yarn 60 + 20 6] |

The definition of x given by Equation 2.19] assumes the composition and external
dimensions of the material are homogeneous [28]. For heterogenous materials, such
as composites, k can clearly vary significantly within the cross section. Experimental
measurements of composite materials therefore give a value of x that is the average

over the components of the composite, called the apparent thermal conductivity, Kqpp.
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CNT yarns can be viewed as low density CNT/air composites (CNT/vacuum
composites during measurements) [45]. By defining A in Equation for CNT
yarns as the outer yarn diameter, the apparent conductivity of the CNT/vacuum
composite is given: Ky, can be viewed as the value of x for a homogeneous material
with equivalent physical dimensions. Because the porosity of bulk CNT materials
is high, the actual cross section through which heat can flow is significantly smaller
than the physical cross-sectional area. Attempts can be made to correct for this
low density, such as normalizing measured values to the theoretical density of an
individual CNT. However, the apparent thermal conductivity is the value that is
relevant to applications, and is therefore how the results of this thesis are presented.

In addition to low density, the thermal conductivity of CNT materials is reduced
because when CNTs are bundled together the rotational and vibrational freedom of
the individual CNTs becomes suppressed. Aliev et al. observed a four fold reduction
in the thermal conductivity of a 120 SWCN'T bundle relative to an individual SWCNT
[25]. This considerable reduction was associated with the quenching of phonon modes
and high thermal resistance at tube-tube junctions.

Tube-tube interactions between pristine CN'Ts are dominated by van der Waals
forces. This van der Waals force acts over short distances (U oc —1/77°), essentially
vanishing for CNTs separated by more than 4 A [46]. Because of this weak interaction,
heat flow between overlapping CNTs is very low. In addition, the cylindrical shape
of CN'T's results in a very small overlapping surface area. However, in CN'T materials
the length of CNT-CNT overlapping is significantly larger than the CNT diameter.
Aliev et al. calculated that the ideal overlap length to minimize the thermal resistance
between two parallel 10 nm CNTs is ~ 30 pm [25].

CNT yarns are likely the ideal structure for a highly thermally conductive bulk
CNT material. Twisting means that their density is higher than spun CNT sheets,
and they also greatly reduce the surface area, which reduces radiative loses, which
can be very large at room temperature for MWCNT sheets |25]. The high alignment
of CNTs in the yarn structure also improves « relative to unaligned samples. Hone
et al. used vacuum filtration in a 25 T magnetic field to create magnetically aligned
SWCNT films [47], and measured a ~7.5 times increase in x for the aligned film

relative to an unaligned film [21].
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3.2.4 Electrical Conductivity

As with thermal conductivity, the electrical conductivity of CNT yarns is signifi-
cantly lower than that of individual CNTs [6]. However, CNT yarns have sufficient
electrical conductivity and tolerance to high-current density, along with low density,
to make them promising for some applications, such as microelectrodes for mechan-
ical implants, strong wires for microelectronics, or cables for aerospace applications
[28]. This is increasingly promising as the supply and price of copper continues to
rise. The potential application with the most impact would be using CNT thread
for electrical wiring [48]. Conventional metal cables have many downsides, including:
weight; poor mechanical strength (sagging power-lines); the skin effect (limiting use
in telecommunications); and increasing price (and decreasing supply) or metals such
as copper. All-carbon CNT wiring could reduce costs while improving performance.

The electrical conductivity of CNT yarns is several orders of magnitude below that
of individual CNTs because of the presence of impurities and defects, which cause
electron scattering and contact resistance. CNT yarns typically have room temper-
ature electrical conductivities on the order of 10? S-cm™!, and show semiconducting

temperature dependence.

3.2.4.1 Influence of Adsorbed Oxygen and Water Vapour

Adsorbed atmospheric species have been shown to influence the electrical conductivity
of CNTs and CNT materials [49, 50]. Electrical conduction in MWCNTSs in mostly
through the outer wall, and on the outer wall every atom is a surface atom. Therefore
any adsorbed species will have a large influence on the electrical properties. Changes
in humidity have also been shown to cause a 50 to 60% increase in CNT yarn weight,
which is an important consideration for potential applications [51].

Several mechanisms have been suggested to explain the influence of oxygen and
water vapour on the electrical properties of CNTs. It is generally accepted that
adsorbed oxygen molecules cause p-doping and an increase in electrical conductivity
however, the influence of water vapour is less clear. Simulations have given conflicting
results, but generally suggest that water molecules alone have a small affect on the

electrical conductivity of CNTs.
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Lekawa-Raus et al. studied the affect of atmosphere exposure on the electrical
properties of CNT fibres [52]. CNT yarns and films were produced by CVD, and the
electrical resistance was measured for up to 85 days of exposure to ambient conditions.
Exposure to these conditions resulted in a decrease in electrical resistance between 9
and 21 %. This change in resistance would be substantial in an application such as a
high-power cable, and therefore the adsorbed gas dependence of CNT materials must
be well understood.

When the CNT fibres were heated from 300 K to 800 K in vacuum (< 107°
Torr), three distinct local minima in resistance were observed, as shown in Figure
[52]. The first two valleys, at 300 K and 440 K, were attributed to the removal of
adsorbed oxygen and H,O. At the second valley R increased by ~ 50% relative to the
initial value. The third valley, near 630 K, was taken to be the removal of absorbed
hydrocarbons and possibly other impurities. All of these valleys were absent after

cooling to 300 K. The total increase in resistance was 100% [52].
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Figure 3.6: Hysteresis in R(T') for a CNT fibre after degassing in vacuum (10~¢ Torr)
to T'= 750 K. Data from Ref. [52].

Upon subsequent exposure to atmosphere for 4 months, and reentry into vacuum,
the resistance remained nearly 30% higher than the pristine yarn [52]. Also, the 300
K and 440 K valleys associated with water were still observed, but their influence
was less pronounced. The 640 K valley, however, was not present, suggesting that

the effect of high-temperature on the yarn was permanent [52].
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To distinguish between the influence of oxygen and H,O, the yarns were exposed
to either dry air or 80% relative-humidity air using a vacuum gas cell. Resistance
was measured during exposure to the different gases, and is shown in Figure|3.7, The
results indicate that exposure to dry O, (at ¢ = 4 hours in Figure (a)) had little
influence on the yarn’s resistance. However, exposure to wet air (at ¢ = 7 hours) in

Figure (b) caused a significant decrease in resistance[52].
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Figure 3.7: Electrical conductivity of a CNT yarn showing the influence of exposure

to (a) dry oxygen and (b) oxygen and water vapour. Reprinted from Ref. [52] with
permission from Elsevier.

Raman spectroscopy was carried out to study the possible mechanism for the
decreased resistance in the presence of water. Upon p-doping the fibres with acid,
a 10 cm™! blue shift in the G-peak resulted [52]. Yarns that were exposed to H,O
showed no change in G-peak position, indicating that p-doping is not the dominant
influence. This suggests that there is little charge transfer between the water and
CNTs, as has been demonstrated in simulation [52]. The most likely explanation is
that the water causes a decrease in the junction resistance between CN'T, which has
been shown with acid doping [53].

The influence of vacuum on electrical conductivity of the CNT yarns studied in

this work is discussed in Section [5.3

3.3 Raman Spectroscopy of CNT Materials

When a photon interacts with matter, there is a small probability that the photon
with be scattered by the electron cloud of an atom, causing a short-lived perturbation

of the electron cloud caused by the oscillating electric field of the incident photon.
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Atomic vibrations (phonons) can also perturb the electron clouds of the atoms in
a material. It is therefore possible for photons and phonons to interact, leading to

inelastic scattering, known as the Raman effect [54].

Raman spectroscopy is a technique used to measure the inelastic scattering of
monochromatic laser light by excitations in a material, usually phonons [54]. The
light interacts with the material through the polarizability of the valence electrons,
and can cause either emission (Stokes process) or absorption (anti-Stokes process)
of phonons with energy hr, where v is the phonon frequency. By measuring the
change in energy of the scattered light relative to the incident light, the frequency
of the corresponding phonon can be calculated. A typical Raman spectrum consists
of scattered phonon intensity plotted versus Raman shift, Av = A\;' — A[!, in units
of wavenumber. Each peak corresponds to a phonon mode, and therefore Raman

spectroscopy can be used to classify the vibrations in a material.

Raman spectroscopy is commonly used to assess the quality of sp? carbon ma-
terials, including CNTs [22, 55]. Raman spectroscopy is convenient because of its
ease of use and because of the presence of several distinct vibrational modes for sp?
carbon. Figure |3.8 shows example Raman spectra of graphene, carbon nanotubes,
and other sp? carbon materials [55]. The most significant vibrational modes for sp?

carbon materials are the D-band (~ 1350 cm™!) and G-band (~ 1582 cm™1) [55].

In highly crystalline single-layer graphene, shown in red in Figure the only
observed peaks are the first-order (one phonon) G-band (“graphitic”’-band) and the
second-order (two phonon) G’-band. The G-band corresponds to a vibrational mode
caused by the in-plane breathing of the carbon atoms in the hexagonal rings. In

pristine sp? carbon materials, only the G- and G’-bands would be active [55].

The presence of symmetry-breaking disorder in sp? carbon materials activates
several vibrational modes, including the D-band, D’-band, and combination D+G
mode, as shown in Figure for damaged graphene. The D-band a double-resonance
band caused by the breathing of carbon hexagons that become Raman active at the
borders of crystalline areas due to the loss of translational symmetry. Therefore the
D-band is often associated with defective carbon materials, since it would not be
present in a perfectly crystalline material. Much like the D mode, the D’ mode at

~ 1620 cm™! is a double-resonance mode associated with disorder and defects [55].
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Figure 3.8: Raman spectra (Stokes process only) for several sp? carbon materials:
highly crystalline mono-layer graphene; highly ordered pyrolytic graphite (HOPG);
SWCNT; damaged graphene; single walled nanohorns (SWNH); and amorphous car-
bon. Reprinted with permission from M.S. Dresselhaus et al., Nano Letters 10, pp.
953-973, 2010 . Copyright (2010) by American Chemical Society.

The ratio of the intensities of the D-band and G-band peaks is therefore an qual-
itative measure of the the graphitic quality (crystallinity) of a CNT based material.
Raman spectroscopy can therefore be used to track the changes in crystallinity after
post-treatment, including annealing. It is important to note that the intensity ratio,
I¢/Ip, is dependent on the laser wavelength and power used, and in general cannot
be compared directly for data taken from different Raman spectrometers , .

In SWCNTs, there is another mode, the RBM (~ 200 cm™!), in which the carbon
atoms move simultaneously in the radial direction. This mode is unique to CNTs
and is thus one of the most frequently used methods for confirming the presence of
CNTs in a sample. Also, the Raman shift of the RBM strongly depends on the CNT
diameter, and can therefore be used to assess of diameter of the CNTs. In MWCNTs
the RBM is usual suppressed by adjacent tubes.
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3.4 Post-Processing of CNT Materials

The outstanding physical properties of CNTs, including high electrical and thermal
conductivities, do not directly translate to as-prepared bulk CNT materials because
of weak tube-tube contacts, low density, and defects in the CNTs or bulk structure.
This is especially true for CVD grown CN'T materials because of the low reaction tem-
perature [57]. Therefore efforts must be made to optimize the properties of the bulk
material using post-processing techniques. The most commonly used post-processing
techniques are: mechanical or solvent densification [58, [59]; doping [60]; and high-
temperature annealing [61]. Chemical treatments, such as acid treatment, remove
catalytic particles, but can cause severe damage to the tube walls [57]. The influence

of high-temperature annealing on CNT materials is discussed in more detail below.

3.4.1 Annealing

High-temperature annealing in inert atmosphere is a non-chemical method to remove
metal catalyst particles from the nanotubes, crystallize amorphous carbon, and also
improve the crystallinity of the CNT walls. Since the degree of CNT wall crystallinity
and defect density are closely related to the transport properties of CNT materials,
high-temperature annealing is a suitable method for optimizing the transport prop-

erties of CNT materials.

High-temperature annealing improves the crystallinity of carbon materials in a
stepwise manner. For example, the two most important temperature regimes for
crystallization of amorphous carbon to graphite are the carbonization temperature
(~650 °C to 750 °C) and the graphitization temperature (~ 2300 °C) [9]. Between
the carbonization and graphitization temperatures (at ambient pressure) carbon can
break and reconnect sp? covalent bonds to form the graphite planar structure (ABAB
stacking) from amorphous carbon [9]. C-H, C-O, and C-N bonds are broken to form
H,0, CO, CO,, and CH, during carbonization [9]. At slightly higher temperatures
C-C bonds are formed from the resulting dangling carbon bonds. Above the graphiti-
zation temperature the individual graphite planes become more linear and uniformly

spaced [55].
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Figure[3.9 shows a summary of the improvement of CN'T crystallinity with anneal-
ing temperature. As discussed in Section [3.3] Raman is the most common method to
compare the crystallinity of CN'T's. There is no significant improvement to the Raman
I /Ip ratio below annealing temperatures of 1500 °C, and then a rapid increase in
Ig/Ip above 2000 °C [14) 62, 63, 64, |65].
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Figure 3.9: Improvement to the Raman I /Ip with annealing temperature for various
CNT materials, with data from Refs. [14, (62} 63, |64} 65].

The suggested mechanism for the improvement in crystallinity is based on trans-
mission electron microscope (TEM) images, such as Figure , of CNTs after anneal-
ing at different temperatures. The graphitization is observed to occur in a step-wise
manner, as with the crystallization of graphite [9]. The pristine CNT consists of few-
layer thick turbostratic graphene (Figure [3.10] (a)), which remains after annealing to
1200 °C. After annealing to 1800 °C and 2200 °C (Figure [3.11] (b) and (c)) the do-
mains become joined and form a continuous wavy wall structure. As temperature is
increased to 2600 °C, the stacking faults in the CN'T walls are fixed, and the resulting
tube walls (Figure [3.10] (d)) are aligned and uniformly spaced, although some larger

defects remain.
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Figure 3.10: TEM images showing improvements in MWCNT wall crystallinity after
annealing at: (a) 1200 °C (b) 1800 °C (c) 2200 °C (d) 2600 °C. Adapted from [65].
Used with permission from Elsevier.

CNT materials grown by CVD typically use transition metal catalysts, and metal
impurities are often found at the CNT tips and between adjacent walls in MWCNTs.
The low temperatures used in CVD are insufficient to vaporize the metal catalyst
impurities in CVD grown CNT materials [66]. Annealing has also been shown to
completely remove metal particles, even those that are within CNTs. , . Figure
shows the residual Fe and S content, measured using X-ray fluorescence analysis,
in CVD grown CNTs after annealing in Ar atmosphere between 1250 °C and 2800 °C
. There is an abrupt removal of the catalyst particles above ~2000 °C.
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Figure 3.11: Change in Fe and S content in MWCNTs after high-temperature an-
nealing measured by X-ray fluorescence analysis. Reprinted from Ref. [14] with
permission from Elsevier.

The process of the catalytic particles defusing through the CN'T walls likely causes
internal stress on the walls of the nanotubes because of the change in density of the
catalyst as it is vapourized [14]. This stress is likely relieved after annealing at
temperatures above ~2000 °C. Also, many reports have suggested that removing
metal catalyst particles greatly reduces the toxicity of CNTs [68].

High-temperature annealing of CVD grown CNT materials in Ar atmosphere has
generally been shown to increase electrical conductivity [57, |61}, 69]. For example,
Mattia et al. measured a monotonic increase in ¢ with annealing temperature for
CNT films, with a ~20 fold increase after annealing at 2000 °C [69]. Annealing
has also been observed to increase the semiconducting temperature dependence of
electrical conductivity of CNT bundles [61].

The influence of high-temperature annealing of CNT material on thermal conduc-
tivity has not been studied in detail previously. For example, annealing a wet-spun
CNT yarn at 600 °C doubled & because of the removal of acid impurities [60]. Mayhew
et al. found annealing to 2800 °C for 20 hours improved the thermal conductivity of
carbon nanofibers from 4.5 W-m™'-K~! to 160 W-m~'-K~! [70]. Jin et al. measured
a 9 times increase in k(300 K) for bundles of MWCNTSs [61]. However, the precise in-
fluence of high-temperature annealing on the thermal conductivity of CN'T materials

is still unclear because of the lack of truly systematic investigations.



Chapter 4

Experimental Techniques

4.1 CNT Yarn Production

The carbon nanotube arrays and dry-spun CNT yarns used in this work were produced
by the author at the Nanoworld Laboratories at the University Cincinnati in August
2013. These yarns were produced to study how high-temperature annealing affects
the yarn’s thermal and electrical properties. The Nanoworld Laboratories group is
known for producing high quality, drawable, CNT arrays, and also for developing
the first semi-automated dry-spinning CNT yarn production methods [41]. These

spinnable arrays have been used previously to create CNT sheets [5] and yarns [6].

4.1.1 CNT Array Growth

The catalyst substrate for CVD was prepared by physical vapour deposition (PVD)
using a Kurt J. Lesker PVD 75 (base pressure of 1.9 x 1072 Torr). The catalytic thin
film of Fe and Co, totalling ~1.2 nm, was deposited onto a Si wafer substrate (10 cm
diameter) with a 5 nm Al,O, buffer layer. During PVD, the wafer was spun at ~17
rpm during sputtering to ensure even coverage of the substrate.

The circular wafer was scribed into 3 cm long sections with widths of 10 mm
(Array 1), 15 mm (Array 2), and 20 mm (Array 3). The width of the array substrate
is used to approximately control the resulting diameter of the CNT yarn, given a
constant twist angle [42]. The scrap pieces of substrate (the rounded sides) were
loaded into the CVD chamber to test the growth conditions. Since the width of the
rounded corner pieces changes, they were not suitable for spinning, and could thus
be sacrificed.

CVD growth of CNT arrays was done using a First Nano EasyTube®) 3000 cham-
ber. The chamber has a 12.7 cm quartz reactor, four mass flow controlled gas lines,

and a maximum temperature of 1100 °C [71]. The chamber also has a load lock,
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which reduced contamination and increased the repeatability of the CNT growth.
The CVD growth process was completely computer controlled, which allowed for the
repeatable production of drawable CNT arrays.

The CVD growth was done using ethylene as the carbon-containing precursor gas.
Growth took place at 750 °C at 740 Torr chamber pressure. When the reactor reached
750 °C, 300 standard cubic centimeters per minute (sccm) of C,H, and 1000 sccm
of argon were added to the chamber for 20 minutes. When growth was completed,
the arrays were cooled rapidly using 30 sccm of H,O and 2000 sccm of Ar to pro-
mote detachment from the substrate, which greatly assists the ease of yarn spinning.
Detaching the array from the substrate could also allow the substrate to be reused
for subsequent CVD growth, which could assist with the scale-up of CVD growth
methods . The entire CVD process took place in approximately two hours, and
the resulting arrays were ~ 300 pum in height. An example of a small section of an

array is shown in Figure [4.1]

Figure 4.1: SEM micrograph of a section of CVD grown CNT array with a height of
300 pm. Several bundles of CNT's can be seen, which are vital to the drawability of
the array. The CVD growth direction is from bottom to top in the image shown.

When the drawability of the arrays was confirmed, the scribed substrate sections
were loaded into the reactor, and the growth process was repeated. Due to the small

chamber size, only two arrays were grown at a time to avoid uneven gas distribution
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in the chamber. However, because the growth conditions are automatically controlled
by the chamber, multiple growths produce extremely similar arrays.

The CNTs produced by this technique typically have diameters of 10 to 15 nm,
spacing of 70 to 100 nm, and areal densities of ~ 10'© CNT-cm~2 [31]. The bundling
of CNTs within the array often means that the density of the array is slightly inho-

mogeneous. This can affect the diameter uniformity of the resulting yarns.

4.1.2 CNT Yarn Spinning

As mentioned in section |3.2.2.1) when CNTs are pulled from a “drawable” array, they
can form a continuous web perpendicular to the CNT growth direction. This web
can then be spun as it is pulled to produce a continuous CNT yarn, which can be
collected on a thread bobbin.

Figure shows a top view schematic of the CN'T yarn spinning assembly used
to create the CN'T yarns for this project. The array was held on an adjustable stand
so that the pulling direction was kept near horizontal. The main components of the
setup are two motors, the “spinning” and “pulling” motors, which were attached to
the collection bobbin. Both motors were controlled by small power supplies, which
allowed for the independent adjustment of the twisting and pulling rates. The pulling
motor drew the CNT web toward to collection bobbin, while the spinning motor

rotated the entire pulling motor/bobbin section about the pulling direction.

Collection
spool

CNT array \
CNT yarn

Figure 4.2: Top view schematic of the CN'T thread spinning method used to produce
continuous CNT yarns from CNT arrays.
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At the beginning of the spinning process, a CNT web was formed by pulling at
the edge of the CNT array using tweezers. This web was hand spun to form the
initial thread structure. The thread was then wrapped around the bobbin, and the
motors were turned on at a slow speed. As the thread began to be collected from the
array, the motors were ramped up to full speed, and then left at a constant value.
For each yarn the spinning rate was 900 rpm and the pulling rate was on the order
of mm-s~!. On average, each mm of array produces 1 m of yarn, meaning that each

array produced roughly 30 m of yarn.

As the spinning process continued, the thread was collected on the bobbin. Care
was taken to ensure that the yarn was evenly spread over the bobbin, and did not
accumulate in one location. Figure shows an image of a CNT array as it was

being spun into a thread.

Yarn

Figure 4.3: A CNT array being dry-spun, with the pulling direction to the upper
right corner. The array, web, and yarn are labelled.

A small amount of the array (<1 mm) on each side was not removed during the
spinning process. These sections were periodically removed by hand when they came
close to interfering with the spinning process. Spinning was done until the array was

completely consumed, and took approximately two hours per array.
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4.2 Annealing

High-temperature thermal annealing of the CNT yarns was performed by the author
at the Nanoworld Laboratories using a Materials Research Furnaces Inc. furnace with
an Allen Bradley 1000P gas system. The furnace used a graphite heating element,
graphite insulation, and was water cooled. Before annealing, the furnace was flushed
by cycling between Ar atmosphere (760 Torr) and vacuum (0.1 Torr) to remove as
much oxygen as possible. However, there were likely trace contaminants, including
oxygen, from the gas lines.

The yarns were wound around a 2 cm diameter graphite rod, which was placed
inside of the furnace. Because of their porous structure, CNT yarns are extremely
sensitive to any sort of compressive force, so excessive handling was avoided, and
tweezers were used only on the ends of the yarns. Several meter long sections of each
yarn were annealed at two different temperatures, 2300 °C and 2700 °C, for 2.5 hours.
As a result, each of the three arrays have three differently prepared yarns: pristine,
2300 °C annealed; and 2700 °C annealed. This allows for the affect of annealing on
the thermal and electrical properties of the yarns to be isolated, since each of the
yarns were processed using the same CVD and spinning conditions.

The samples were exposed to atmosphere after annealing and stored in sealed
plastic containers. Oxygen and water vapour can be adsorbed onto the surface of
CNT materials, and can affect the electrical properties |49} 72]. The affect of adsorbed
species on the electrical properties of these CNT yarns is discussed in Section [5.3.1]

4.3 Characterization

Each differently prepared yarn was characterized using scanning electron microscopy
(SEM) and Raman spectroscopy. SEM micrographs were taken to assess the structure
and quality of the yarns before and after annealing, and also to measure the diameters
and twist angles of the yarns for conductivity calculations.

Two SEMs were used in this work: a Hitachi S4700 cold field SEM for high quality
images, and a Phenom G2 Pro desktop SEM for rapid diameter measurements. The
yarns were sufficiently electrical conductive so that no gold sputtering was required

to remove static charge. The CNT yarns were mounted on double-sided carbon tape
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on a pin stub, and for both SEMs a 5 kV acceleration voltage was used. Example

SEM micrographs for the differently prepared yarns are shown in Chapter [5

Raman spectroscopy was used to assess the relative quality of the CNT yarns
before and after annealing, as discussed in Section [3.3] The Raman spectra were
collected at the Nanoworld Laboratories by the author using a Renishaw inVia Raman
microscope equipped with a 514 nm Ar ion laser. The small spot size of this Raman
microscope makes it possible to record spectra for these thin yarns. Spectra were

collected from 100 cm™t to 3200 cm ™.

A 2 c¢m long section of each yarn was mounted in the Raman microscope on a
glass microscope slide. The laser was first aligned in the middle of the yarn using
a H0x magnification optical microscope. Multiple spectra were collected at different
points along the length of each yarn to get average values of I5/Ip, since the small

spot size makes the spectra very sensitive to any local defects.

4.4 Physical Properties Measurement System

The Physical Properties Measurement System (PPMS) by Quantum Design (San
Diego, CA), is a versatile system used to measure the thermal and electrical prop-
erties of materials, including heat capacity, thermal conductivity, and electrical con-
ductivity. The PPMS can measure physical properties from 2 to 400 K under vacuum
(< 10™* Torr) and magnetic fields up to 9 T. A cross section of the PPMS chamber

is shown in Figure [4.4

The PPMS consists of a 2.5 cm diameter sample probe within a cryogenic vacuum
chamber. The sample is placed at the bottom of the sample chamber, on top of
heaters and a thermometers, which control and monitor the sample temperature.
The chamber is cooled by liquid helium, and surrounded by a vacuum jacket and
thermal insulation. The vacuum within the sample chamber can be adjusted from 3
Torr to 10~* Torr. The outer layer of the PPMS is a 9 T superconducting magnet
cooled by liquid helium.

The PPMS makes use of various sample platforms, known as “pucks”, for different
measurement, types. The pucks use 12-pin electrical contacts which allow to easy
sample insertion and removal. The two pucks used in this work to measure thermal

and electrical conductivity are discussed in detail below.
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Figure 4.4: Cross section of Physical Properties Measurement System chamber. From
Ref. , used with permission from the author.

4.4.1 Parallel Thermal Conductance Method

Traditional steady-state thermal conductivity methods are based on Equation 2.17]
Heat is applied to one end of the sample, and the resulting 1D temperature gradient,
dT'/dz, is measured using thermocouples that are attached to the sample. These
methods require rigid samples that can support the heater and thermocouples. Many
materials, including most bulk CN'T materials, are either too thin or too flexible to
use the traditional steady-state method, and other techniques must be used.

The parallel thermal conductance (PTC) method can be used for fragile samples
based on its success in measuring the thermal conductivity of thin film samples .
This method has been used previously to measure the thermal conductivity of CNT's
yarn [6] and CNT sheets [5]. The accuracy of the PTC method is often better than
10% [15].

The PTC method is a modified steady-state measurement in which the sample

is supported between two brass posts, and the background and radiation thermal
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conductances are accurately measured and subtracted. The PTC sample stage used
in this work is shown schematically in Figure [£.5(a)l One post has a 120 Q strain
gauge heater attached to it, and is connected to the base using cellulose acetate to
minimize heat conduction. The second post is heat-sinked to the base using a brass
strip in order to maximize heat conduction. The temperature difference between the
two posts, AT, was measured using a differential thermocouple. The samples were
attached to each stand using silver paint (DuPont 4929 N). For CNT yarns, up to
15 pieces were attached to maximize the thermal conductance. Measurements were
performed under high vacuum (< 10™* Torr), and a copper radiation shield was used

to reduce heat exchange with the surroundings.

Constantan Constantan
Chromel

!

CNT yarns

«—— Cellulose
acetate

Brass

(a)

Figure 4.5: (a) Schematic and (b) image of the parallel thermal conductance method
sample platform.

The thermal conductance of the system, K, can be measured by applying power,
P, to the heater, and measuring the corresponding AT'. At each sample temperature
four values of AT were measured. The initial steady-state AT was measured with P
= 0. The power was then adjusted to give steady-state AT values of 1, 2, and 3% of
the cryostat temperature. The value of K was then given by P = KAT. The thermal
stability condition was defined as fluctuations less than 0.01 K. Data were typically
collected for 10 minutes at each value of AT once stability was reached. A plot of

P and T versus time at 300 K for the typical background measurement is shown in
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Figure . At 300 K, each run took approximately 1 hour (after thermal equilibrium

was reached), whereas runs typically took two hours at 50 K.

10 T T T T T
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(@] 0]
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AT/ K

Figure 4.6: Typical temperature and heater power versus time for a parallel thermal
conductance run at 300 K. AT was increase to 1, 2, and 3% of the system temperature.

Three measurements were required to accurately calculate thermal conductivity:
a total measurement, with the sample connected to both platforms; a radiation mea-
surement, with the sample only connected to the hot stage; and a background mea-
surement, with the sample completely detached. The sample thermal conductance is
then given by:
1
K, =Kin— K, —=(K,—Kp). (4.1)
—~— =~ ~—~ 2
sample total background —

radiation

The factor of 1/2 on the radiation contribution has been estimated by considering
the differences in the thermal gradient across the sample when it is both connected
and disconnected from the cold stage [74]. The radiation from the entire sample is
Ry oc L (T —T*), whereas that of the sample under a linear temperature gradient
(sample detached from cold stage) is Rpg o fOL [T(1)* — T*] dl, where L is the sample
length, T is the heater temperature, and 7(l) is the temperature of the sample at

point [. When these two equations are compared, a factor near 0.5 is obtained.
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The PTC method has the advantage of measuring a large effective length of yarn,
typically 8 cm. In comparison, many other thermal conductivity measurement tech-
niques measure much less sample: 1 mm to 1 cm for 3w [60, 75]; < 1 cm for T-type
probe [76]; < 5 c¢m for comparative approaches [77]). Measuring small lengths of

sample makes localized bulk defects a possible source of significant uncertainty.

The downside of the PTC technique is the amount of time required for the system
to reach thermal equilibrium, especially below 200 K. A set of data (sample, radiation,

and background measurements) from 300 to 50 K often took several days to collect.

4.4.2 FElectrical Resistance

As discussed in Section [2.1] electrical resistance must be measured to calculate a
material’s electrical conductivity. Much like x measurements, ¢ measurements are
designed to create 1D transport of charge carriers through a material. In-line electrical
resistance can be measured using either a 2-wire or 4-wire configuration. In the 2-
wire method the end contacts are used to both apply current, I, and measure the
corresponding voltage, V', whereas in the 4-wire method, shown in Figure ,
separate contacts are used to apply I and measure V. In the 2-wire setup, the
resistances of the leads and contacts can make a non-negligible contribution to the

measured voltage, Vo_ e

‘/waire = IRsample + 2[Rlead + 2[Rcontact- (42)

In a 4-wire measurement, the current through the voltmeter, Iy, is low (I << I),
and the measured voltage (and therefore resistance) is essentially independent of both

the lead and contact resistances, as shown by:

VmeasA—wire = (I - ]V) Rsample - 2]VRlead - 2I\/}%contact ~ IRsample + 2]Rlead~ (43)

The electrical conductivity can then be calculated from o = RA/L, where L is the

length between the inner voltage leads and A is the cross-sectional area of the material.
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The electrical resistance of the CN'T yarns was measured as a function of temper-
ature from 390 K to 2 K using a custom-built 4-wire resistance puck for the PPMS;,
shown in Figure This puck performs 4-wire resistance measurements for two
yarn samples. Samples were attached to the leads using conductivity silver paint
(Dupont 4929N) to minimize contact resistance. Care was taken to prevent silver

paint from wicking along the sample between the platform leads

R lead
R lead
R lead
Rlead

Rcontact
Rcontact

Rcontact

R contact

Figure 4.7: (a) Circuit diagram of a 4-wire resistance measurement. Adapted from
[73]. (b) The PPMS resistivity sample platform used to measure the resistance of
CNT yarns. Samples were attached to the four posts using silver paste.

Electrical resistance measurements were made using the PPMS as a cryogenic
chamber, with AC current (93 Hz) with I = 0.1 mA for 0.5 s under vacuum (~3
Torr). AC current was used to minimize electromagnetic line interference, and small
currents were used to minimize Joule heating. Values of R for the CNT yarns were

typically on the order of 100 to 300 €.

Magnetoresistance was measured parallel to the yarn axis up to 9 T at various
temperatures between 390 K to 2 K. IV-curves were measured from -1 to +1 mA at

60 Hz at the same temperatures as magnetoresistance.
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4.4.3 High-Current Failure

The thermal failure in atmosphere of the CNT yarns at high current was studied.
This is an important consideration for CNT yarns, especially if they are to replace
metal wire for high-current carrying applications. Individual CNTs have excellent
maximum current densities. However, in CNT yarns bulk defects and impurities limit
the maximum current carrying capacity. Joule heating of the yarn at high currents
causes thermal breakdown and failure of the yarn [78].

High-current failure was studied using a Keithley 220 constant current source in
a 2-wire configuration. Sections of yarn (~1 cm) were attached directly to banana
plugs using silver paste, which were attached to the current source. A DMM was
used to measure the corresponding voltage across the yarn. LabVIEW was used to
control the current and measure voltage. The current was increased by 1 mA every

2 s until the yarn failed. The results are discussed in Chapter 5]



Chapter 5

Results

5.1 Scanning Electron Microscopy

Scanning electron microscopy was performed to study the qualitative affects of an-
nealing on the CNT yarn structure, and also to measure the yarn diameter. Figure
shows SEM micrographs of yarns after three different annealing conditions. The
pristine yarn, Figure , shows a uniform diameter, with a ~35° twist angle and
few dangling CN'T bundles. However, the pristine yarn surface appears to be loosely
wound, suggesting the packing density of the yarn cross section is low.

The annealed yarns, shown in Figures and , appear to have a high
density structure. It should be noted that the decrease in diameter after annealing
shown in Figure [5.1]is likely not entirely due to the annealing process, but also from
variations in diameter between the sections of the same yarn that were annealed and
those that were not. After annealing, the yarn surface structure appears more dense
and uniform. There are, however, more dangling CN'T bundles on the surface, which
could be detrimental to transport properties. These dangling bundles were likely
caused by the handling that the annealed yarns experienced while being wrapped
around the graphite rod before annealing.

The different sections of the annealed yarn typically showed diameter fluctuations
on the order of £3 pum from the average. However, different regions of the pristine
yarns showed significant variation, up to a 15 pum variation in diameter over ~50 cm
in length for the yarns produced by Array 2 (45 um to 60 pum). There was no clear

trend in how the yarn diameter changed after annealing, however, the diameters of
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each yarn appeared to only change by £3 um after annealing, which is within the
range of diameter fluctuations typically observed for dry-spun CNT yarns.

The surface twist angle, 6, was also measured for each yarn and was used to
calculate the residual twist from Equation . Figure demonstrates that the
yarn diameter increased linearly with surface twist angle. Figure [5.2(b)| shows the
residual twist density of each yarn, 7, calculated using Equation .
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Figure 5.2: Structural characteristics of dry-spun CNT yarns, as measured using
scanning electron microscopy: (a) CNT yarn diameter versus residual surface twist
angle and (b) residual twist density versus CNT yarn diameter.

Figure |5.2(a)| shows that the array produced from the narrowest substrate (10
mm), Array 1, had the smallest diameter and smallest residual twist angle. For
Arrays 2 and 3 the twist angle and diameter increased with array width. Figure
show that the value of residual twist density varies nearly linearly between
~ 3000 m~! and 5000 m~! with decreasing yarn diameter.

As discussed in Section the residual twist density is one of the most im-
portant properties governing the CNT yarn structure and physical properties. The
increase in residual twist density with decreasing yarn diameter suggests that the
porosity of the yarn cross section likely increases with yarn diameter, meaning that
the large diameter yarns will be less dense. The impact of yarn diameter on electrical

and thermal conductivity will be discussed in Sections and respectively.



(a) pristine

(c) 2700 °C

Figure 5.1: SEM micrographs of CNT yarns after different annealing conditions:

pristine (b) 2300 °C (c) 2700 °C.

ol



52

5.2 Raman Spectroscopy

The normalized Raman spectrum for the pristine and annealed 35 pym CNT yarns
are shown in Figure [5.3] including all peak designations. The most significant peaks
are the D-peak at 1350 cm™!, the G-peak at 1580 cm™!, and the G’ overtone peak at
2700 cm™! [55]. As discussed in Section the relative intensities of the G-peak and
D-peak, I/Ip, can be used as a qualitative measure of the crystallinity of a CNT
material. For this pristine sample, the value of I5/Ip is ~2, which is high for pristine
CNT materials. This confirms that the CVD method used in this work produces high

quality CNTs, even without any post-processing.
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Figure 5.3: Raman spectrum of a 35 pym pristine CN'T yarn with intensity normalized
to the G-mode peak at 1580 cm™!.

The Raman spectra of each yarn was measured before and after high temperature

annealing to quantify the increase in CNT crystallinity. Figure |5.4(a)| to |5.4(c)| show

the Raman spectra for the differently annealed yarns from each of the three arrays. It
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should be noted that the slight frequency shifts observed in Figure[5.4] cannot be con-
firmed as frequency standards were not present during data collection.For each yarn,
the value of Ig/Ip increased continuously with annealing temperature, confirming

that high-temperature annealing improved the relative crystallinity of the CNTs.
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Figure 5.4: Raman D- and G-peaks of (a) 35 ym (b) ~ 45 um (c) ~ 50 pm CNT
yarns. Each sample shows a decrease in the relative intensity of the D-band to the
G-band after high-temperature annealing. Raman spectra were collected from three
points along each yarn.

The spectrum of each pristine sample featured high-intensity backgrounds between
the D-peaks and G- peaks (1400 cm™! to 1500 cm™!). This background corresponds
to tetrahedral (sp®) amorphous carbon, which has a broad Raman peak centred near
1550 em™!, as shown in Figure [55]. After annealing, each sample shows a sig-
nificant decrease in this background, which confirmed the amorphous carbon was
either removed completely or hybridized to sp? carbon [79]. The backgrounds re-
main unchanged between the 2300 °C and 2700 °C annealed samples, which suggests
that there was insignificant change to the amorphous carbon content after annealing
above 2300 °C. The full-width at half maximum (FWHM) of the Raman peaks is

related to the uniformity of the crystalline structure [22]. The FWHM of each band
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decreased after annealing to 2300 °C, but remained essentially unchanged after an-
nealing at 2700 °C. Also, the intensity of the second-order peaks and their overtones
(G’, D”+D, D+G) increased after annealing, implying that there was more structural
ordering in the CNTs [56].

Figure[5.5/shows a summary of I/Ip values for various CNTs and CNT materials
as a function of annealing temperature in Ar atmosphere, including results from this
work (large circles). Each CNT material shows a very similar evolution of increasing

I /Ip with annealing temperature.
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Figure 5.5: Summary of the Raman spectroscopy Ig/Ip ratios as a function of an-
nealing temperature for various CN'T materials, including the CNT yarns studied in
this work, and data from Refs. [14, 62, 63, 64, 65]. Pristine samples are shown at the
left axis.
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5.3 Electrical Properties

5.3.1 Influence of Adsorbed Gases

It has recently been demonstrated that adsorbed species can have a large effect on the
electrical properties of CNT yarns, as discussed in Section [52]. This influence
is not often discussed in the literature, which can lead to confusion when comparing
results between different groups. In an attempt to further understand this behaviour,
the influence of atmospheric oxygen and water on the electrical properties of CNT
yarns was studied by measuring resistance at various levels of vacuum at 300 K in
the PPMS. Figure |5.6| shows the percent change in electrical resistance as a function
of PPMS chamber pressure for two 60 um pristine CNT yarns. Measurements were
made using the 4-wire method discussed in Section [£.4.2] The high pressure value at
760 Torr corresponds to the atmosphere (outside the PPMS chamber), whereas the

other measurements were made in the PPMS chamber (3, 0.9, and ~ 10~* Torr).
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Figure 5.6: Percent change in resistance ((Ryacuum - Ratmosphere)/ Ratmosphere) ab vari-
ous vacuum pressures relative to atmosphere at T = 300 K for two 60 um pristine
CNT yarns. Similar pressure dependence was observed for annealed yarns. Lines are
included as a guide to the eye.
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Each yarn studied had a qualitatively similar pressure dependence to that shown
in Figure[5.6, The total change in resistance ranged from 4 —8 % at 10~* Torr. There
was no clear dependence on annealing temperature or yarn diameter. This increase
in resistance is associated with the removal of some adsorbed oxygen species on the
surface of the CNT yarns. At 300 K the vacuum used during PPMS resistivity mea-
surements is likely insufficient to remove adsorbed oxygen and water, and therefore
complete degassing should be done at higher temperatures [49].

The hysteresis in R(T") on heating and cooling in vacuum was also studied for
pristine and annealed yarn. Yarns were loaded in the PPMS and then the chamber
was evacuated (0.9 Torr). Resistance was then measured as temperature was cycled
between 2 K and 390 K at a rate of 2 K-min=!. When 390 K was achieved at this
temperature scanning rate, resistance reached a steady state, and changed less than
0.1 2 (0.05 %) after 20 minutes.

Figure[5.7|shows resistance as a function of temperature before and after degassing

for a 50 pm pristine CN'T yarn.
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Figure 5.7: Hysteresis in R(T') for a 50 pm pristine CNT yarn in vacuum (0.9 Torr)
between 390 K and 2 K. Resistance changed by 1 to 5 2 (~ 0.5 to 2 %) after degassing,
significantly less than observed for the annealed yarns (Figure .
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This pristine yarns showed only a small transition (< 10% increase in R) after
degassing at 390 K. This is likely because the adsorbed gases were more strongly
bound to the CNT pristine yarn structure, and were not completely removed, even
in vacuum at 390 K. Degassing would likely need to take place at up to 800 K [52],
but this temperature is not attainable in the PPMS.

Figure shows the hysteresis in R(T") for a 50 pm 2700 °C annealed yarn. The
first first heating and cooling cycle, from 300 K to 2 K and back to 300 K, shows
negligible changes in the resistance at 300 K (<1 €, 0.25 %). This result implies that

low temperatures have no permanent effect on the electrical properties of the yarns.
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Figure 5.8: Hysteresis in R(7") for a 50 pm 2700 °C annealed CNT yarn in vacuum
(0.9 Torr) between 390 K and 2 K. No hysteresis was observed upon cooling from
300 K to 2 K, but a 27 % increase in R(300 K) occured after heating to 390 K. This
increase in R remained down to 2 K, with no hysteresis observed after heating back
to 390 K.

However, considerable hysteresis, between 20 % and 50 %, was observed after
heating from 300 K to 390 K and back. This is because of the removal of adsorbed
oxygen and, likely more importantly, as discussed in Section [3.2.4.1} H,O molecules

[52]. The resistance of the degassed sample remained higher than that of the saturated
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sample on the subsequent cooling cycle to 2 K. As before, there was no significant
hysteresis in R(7T") from 2 K to 300 K after the yarn had been degassed.

Figure shows the high-temperature hysteresis in R(T") following 24 hours ex-
posure to atmosphere (21 °C, >90 % relative humidity) after the initial degassing.
Upon reentry in vacuum, the 300 K resistance value decreased from 27% above the
initial value down to 14%, showing that some oxygen and water were re-adsorbed
onto the yarn. After the second degassing, the resistance returned to the same value

as after the first degassing.
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Figure 5.9: Percent change in R(7") in vacuum (0.9 Torr) from 300 K to 390 K relative
to R(300 K) after first exposure to vacuum. Solid circles are from the first degassing,
and crosses are from the second degassing after 24 hours in atmosphere.

In conclusion, the electrical properties of CNT yarns clearly depend on their ex-
posure to atmosphere, with changes in resistance of ~20 % observed after degassing.
This behaviour must be considered when creating CNT yarns for electrical applica-

tions, since changes to resistance will after the performance and lifetime of the yarn.
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5.3.2 Electrical conductivity

Each measurement of electrical resistance for the different yarns was made under

vacuum (0.9 Torr) from 390 K to 2 K to ensure degassing. As shown in Figure [5.7]

the electrical resistance these CN'T yarns decreased monotonically with temperature,

implying semiconducting behaviour [10]. The electrical conductivity, o(T"), was cal-

culated using resistance and yarn diameter as measured using SEM. The largest con-

tribution to the uncertainty in o is the yarn diameter, which typically had standard

deviations of 1 um to 2 pum over each section of yarn, as measured by SEM.

Figures 5.10] (a) and (b) show the electrical resistance and electrical conductivity

of ~50 um CNT yarns after annealing at different temperatures.
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Figure 5.10: (a) Electrical resistance and (b) electrical conductivity of ~50 ym CNT
yarns after high-temperature annealing. All samples were heated to 390 K in vacuum
(0.9 Torr) before measurement in an attempt to remove absorbed oxygen and water.
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Figure shows that high-temperature annealing improved o relative to the
pristine samples. Results are shown for two pieces of each yarn, which demonstrates
how consistent the measurement processes is for o(7) at all temperatures. The elec-
trical conductivity of the 35 um yarns show qualitatively similar temperature and
annealing dependence as that observed for the 50 um yarns.

The most obvious change in ¢(T') after annealing was the increased slope, which
has been observed in other annealed CNT materials [80, 81]. The temperature de-
pendence of electrical conductivity will be discussed further in Section [5.3.2.1

Figure [5.11] shows a summary of the 7" = 300 K electrical conductivities for each
differently prepared CNT yarn. The conductivities included in Figure|5.11] are all for
degassed yarns. It is important to note that when comparing these values to non-
degassed samples, about 20 % should be added to the conductivities of the annealed
samples. Annealed to 2300 °C and 2700 °C increased (300 K) by ~40 % and ~200

% for both the 35 um and 50 ym yarns.
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Figure 5.11: ¢(300 K) versus diameter for various CNT yarns before and after high-
temperature annealing. All samples were degassed at 390 K and 10~* Torr. The
uncertainty in diameter is typically 1.5 pm.
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Figure [5.11] also shows that increasing yarn diameter clearly causes a decrease in
electrical conductivity, regardless of annealing temperature, which suggests the CNT
yarns are not homogeneous. Jakubinek et al. previously studied the effect of yarn
diameter on o for dry-spun yarns produced in a very similar method to those used
in this work [6]. Figure shows electrical conductivity of pristine CN'T yarns as a

function of yarn diameter, using data from the present work and from Ref. [6].
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Figure 5.12: CNT yarn 7' = 300 K electrical conductivity versus diameter, d, with
data from Ref. [6], including a fit to d~'.

Figure shows that o decreases roughly as d~'. As discussed in Section [3.2.2.2]
the dependence of ¢ on yarn diameter is most likely because the density of small di-
ameter yarns is greater than that of large diameter yarns. As a result, the calculated
values of o are lower for larger diameter yarns. If density is roughly inversely pro-
portional to diameter (p ~ 1/d), and conductivity is also inversely proportional to
diameter (o ~ 1/d), then the specific conductivity, o/p would be constant, as ob-

served previously [43].
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It has been suggested that the Raman I /I ratio could be used as a predictor of
the relative electrical conductivities of CNT materials [57]. This is confirmed in the
present work, with Figure showing (300 K) versus Raman I/Ip. The nearly
linear increase in o with Ig/Ip suggest that Raman spectroscopy can be used as a
quality control method to quickly assess the relative electrical conductivity of CNT

yarns immediately after manufacturing.

400 I I T T T T T T
—e—i Yarn 1: 38 um
350H —* Yarn 2: 50 um
—e— Yarn 3: 50 um ———
T 300
5 47
N
# 250 1
g .
= 200 <
= +
% 150 S
100 *
50 1 1 1 1 1 1 1 1

0 1 2 3 4 5) 6 7 8 9
Raman I,/ value

Figure 5.13: T' = 300 K electrical conductivities after degassing at T' = 390 K as a
function of Raman I5/Ip ratio of three different CNT yarn samples. A nearly linear
increase in o was observed with increasing annealing temperature.

5.3.2.1 Temperature Dependence of Electrical Conductivity

Several models have been proposed to explain the temperature dependence of elec-
trical conductivity for CNT yarns, but there is still no consensus, and no global
explanation that works over a wide temperature range [48]. One of the simplest
and versatile models of o(T') for CNTs and CNT materials, Equation , combines
metallic conduction, tunneling barriers, phonon backscattering, and variable range

hopping |10} 82].
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For bulk CNT materials such as the CNT yarns studied in this work, the metallic
term is often insignificant in comparison with the other terms, and can therefore be

ignored. Equation [2.15| now simplifies to:

o(T) = Dexp <_Tﬁ T) +Clexp (- (%) +) (5.1)

where D = A~!. The hopping dimensionality, d, was taken to be 3 for simplicity.

Figure shows the fits to the normalized conductivity, o(T")/c(300 K) using
Equation for a pristine, 2300 °C, and 2700 °C annealed yarn, each with diameters
of ~ 50 pm. The fits for each yarn show excellent agreement with the experimental

results from 2 K to 300 K.
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Figure 5.14: Experimental data (open circles) and fits (solid lines) to o(7") for differ-
ently annealed 50 pm CNT yarns calculated using Equation [5.1} The fits show good
agreement with the data across the entire temperature range.

The fit parameters from Equation [5.1] for each CNT yarn shown in Figure[5.14] are
summarized in Table 5.1} The values of T}, and Ty drop for the 2300 °C, but remain
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constant to 2700 °C. This means the onset temperature for thermal voltage fluctua-
tions is decreased by annealing. The value of Tj increased after annealing from 0.6 K
for the pristine sample to 8.9 K for the 2700 °C annealed sample, implying that the
hopping distance of the electrons decreases. The decreased hopping distance means
that there are more nearby states with accessible energies at a given temperature for
the annealed samples, and therefore electrons do not have to hop as far [10]. Similar

trends were observed for the 35 yum yarns.

Table 5.1: Summary of the fit parameters from Equation for differently annealed
CNT yarns.

Annealing temperature | D /S-em™ | C /S-em™ | T, /K |T, /K | T, /K
Pristine 213 138 1190 250 0.6
2300 °C 631 164 979 148 6.4
2700 °C 1110 219 972 152 8.9

Figure [5.15| shows a breakdown of the tunneling and hopping contributions to the

fit of o(7'), normalized by (300 K).

2300 °C — 2700 °C ——

| Pristine

80

//:"
22 /Tunneling
//
50
40 //////' e
ol ]
20 / Hopping —— /

10 4"’////i::—"”"——————’—’_
—

100 150 200
Temperature / K

o, /0(300 K) / %

|

0 50

250 300

Figure 5.15: Hopping and tunneling contributions from Equation to the fit of
o(T) for three differently annealed 50 ym CNT yarns, normalized to (300 K).
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After annealing, the relative contribution of tunneling drops and the relative hop-
ping contribution increases. However, the value of tunneling conductance appears to
plateaus above 300 K to ~120 S-cm™! regardless of annealing temperature. The main
difference between the differently annealing yarns comes from the increased tunneling
conductance.

In the pristine samples, the values of ¢/0(300 K) remained significant at low
temperatures, and appear to extrapolate to a non-zero conductivity as 7' — 0 K.
This was likely due to the presence of metal catalyst particles in the pristine samples
(Figure , which increased the contribution of tunneling between metallic regions
at low temperatures, as seen in Figure|5.15, The low resistance of the pristine sample
relative to the annealed samples at low temperature is also seen in Figure m (a).

Although this model provides a qualitative fit to the electrical conductivities of the
CNT yarns from 2 K to 300 K, it provides limited potential for interpretation of the
physical characteristics of the CNT yarns. This model (Equation [5.1)) was designed
for conductive polymers and disordered metals, not nanotubes. Therefore, some of
the details of CNT conduction are not included, such as: conduction through the
inner tubes of MWCNTSs at higher temperatures; possible temperature dependence
of CNT-CNT contact resistance; and the influence of metal catalyst nanoparticles.
Ideally, a model of ¢(T") would provide useful information about the properties of the
individual CNTs, the macroscopic yarn morphology, and the influence of any dopants.
Lekawa-Raus et al. recently developed a model to describe o (7") for reactor-spun CNT
fibres [83]. Although this model provides some quantitative information about the
CNT fibre properties, the differences in o(7") between reaction-spun CNT fibres and

dry-spun MWCNT yarns makes it unsuitable for the yarns studied in this work.
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5.3.3 IV-curves

The I'V-curves of the differently annealed ~50 ym CNT yarns from -1 mA to 1 mA
are shown in Figure [5.16 Each IV-curve for the CNT yarns had linear behaviour,
as expected by Ohm’s law, at both 300 K and 100 K. The IV-curves of the other
diameter yarns show similar behaviour, and will therefore not be shown. Below 50
K, however, the curves became slightly non-ohmic (non-linear), and by 20 K the non-
linearity was very apparent. Non-linearity in /V-curves has been reported in many
CNT materials, and is often attributed to quantum phenomena, such as Coulomb
blockade [9]. However, the heat capacity of CNT materials is extremely low below 50

K, making Joule heating a possible source of the non-linearity of the IV-curves.
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Figure 5.16: I'V-curves of 45 um CNT yarns: (a) pristine (b) 2300 °C (c) 2700 °C.
Non-ohmic behaviour is observed for each sample below 50 K.
Accurately calculating the contribution from Joule heating to the non-ohmic be-
haviour of the I'V-curves is difficult because the measurement conditions are far from

adiabatic. However, given that the heat capacity of CNT materials is small at low
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temperatures, Joule heating is likely not insignificant at low temperatures. For ex-
ample, Pohls et al. measured the heat capacity of compacted CNT sheets using
relaxation calorimetry [5]. The sheets used in that work were prepared from CVD
grown arrays that were essentially identical to the arrays used to produce the CNT
yarns in this work, and should therefore provide a good estimate of the CNT yarn
heat capacity. The heat capacity of the CNT sheets was ~0.8 J-g7! at 300 K, and

< 0.005 J-g~! for temperatures below 10 K.

Two methods were used to test for Joule heating in the 2 K I'V-curves: changing
the initial direction of cycling (0 mA to 1 mA or 1 mA to 0 mA), and changing the
measurement dwell time from 0.5 s to 4 s (the limits of the PPMS). Altering the
cycle direction had a more apparent effect on the I'V-curves. Figure [5.17] shows the
IV-curves at T = 2 K for various 50 um CNT yarns with different initial current

directions, 0 mA to 1 mA (shown in red), and 1 mA to 0 mA (shown in blue).
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Figure 5.17: Hysteresis in IV -curves for a ~50 pm CNT yarns upon different current
cycle directions: 0 to 1 mA (red points) followed by 1 to 0 mA (blue points). The
down cycle (blue) shows lower voltage (lower resistance) than the up cycle (red) curve
below 0.6 mA, suggesting that Joule heating is significant in this range.
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If Joule heating were significant, the slope of the I'V-curve would decrease with
increasing current, since, as shown in Figure [5.10], resistance decreased monotonically
with increasing temperature for each yarn.

For the atmosphere-saturated yarns, increasing the dwell time from 0.5 s to 4 s
did not cause a noticeable change in the I'V-curve voltage (< 0.1 %) for all values
of current. After degassing, the affect of increasing dwell time above 0.5 s was more
apparent, with voltage increasing by ~0.35 % and ~0.55 % for dwell times of 2 s and
4s for annealed samples, but still < 0.1 % for the pristine samples. The increased
degassing of the annealed yarns, as observed in Figure |5.8] is associated with the
removal of adsorbed water and other gaseous species. Removing this water would
decrease the heat capacity of the yarn, and thus increase the effect of Joule heating
at low temperatures.

The Joule heating contribution to non-linearity is clearly significant, and therefore

the quantum mechanical contribution to non-ohmic behaviour will not be discussed.

5.3.4 High-Current Failure

The current-voltage behaviour up to failure was measured in atmosphere for differ-
ently annealed 50 ym yarns. During measurements, as current was increased the CNT
yarns began to glow. The intensity of the glow increased in a localized area (~1 mm)
until the yarn suddenly snapped, producing a flash and vapourizing a small section
(<1 mm) of the yarn. Shortly before failure the yarn began to glow, corresponding to
the sharp up-turn in voltage observed in Figure[5.18] The glow was typically brightest
near the midpoint between the two leads, but could be in a different location if a bulk
defect was present in the yarn. Bulk defects are significant sources of resistance, and

therefore cause the most Joule heating at high current.
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Figure [5.18 shows the I'V-curves up to failure for three sections of each different
yarn. The different sections show very repeatable I'V-curves and failure currents.
For each yarn the high-current failure was very sudden, within ~5 mA. Such sharp
failure is unfavourable for high-current applications because it makes failure almost

impossible to anticipate.
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Figure 5.18: Current-voltage behaviour up to failure in atmosphere for several 50 pym
CNT yarn samples.

The maximum current at failure for the pristine and annealed yarns were 60 mA
and 80 mA, respectfully. High-temperature annealing has been shown previously to
increase the maximum current density of individual CNTs [69]. Raman spectroscopy
has shown that annealing decreased the defect density, which in turn reduced that
number of oxygen-reactive sites. By decreasing the amount of oxygen on the CNTs,
their oxidation temperature will be increased, as had been demonstrated previously

in thermogravimetric analysis (TGA) measurements [84]
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The structure of the yarn where failure occurred was studied using SEM. Figure
shows the vapourized end of a 60 pym pristine yarn. The yarn tip showed a very

clean break, with an area only ~150 pum from the break showing noticeable damage.

Figure 5.19: SEM micrograph of a 40 pum pristine CNT yarn after high-current ther-
mal breakdown.

The maximum current densities measured under ambient conditions for the pris-
tine and annealed yarns were 750 A-cm~2 and 100 A-cm~2, respectively, which com-
pare well with values for other CNT yarns , . Although these values are much
lower than that for copper wires, they are sufficient for most applications. For exam-
ple, the current density in domestic insulated copper wiring is typically 200 to 400
A-cm™2 . Therefore these CN'T yarns could be useful in applications that do not

require significant current.
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5.4 Magnetoresistance

Magnetoresistance was measured as a function of temperature for each CNT yarn.
Negative magnetoresistance was observed, as had been reported previously for CNT
sheets [5] and yarns [6].

As with electrical conductivity, the magnetoresistance of the CNT yarns was mea-
sured before and after degassing at 390 K. Figure[5.20|shows magnetoresistance before
and after degassing for a 50 pm pristine CNT yarn. The magnetoresistance transi-
tioned from slightly positive before degassing to slightly negative after degassing,
consistent with the slight positive magnetoresistance measured at 300 K for CNT
sheets [5] and yarns [6]. At 2 K and 10 K, the change in magnetoresistance after
degassing was only an extra -0.5 %. The change was most significant above 3 T. This

behaviour was observed for for all pristine yarns.
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Figure 5.20: Magnetoresistance of a 50 um pristine CNT yarn before and after de-
gassing at T' = 390 K in vacuum, with temperature indicated on the right.

Figure shows the influence of degassing on 2700 °C annealed yarn. The
magnitude of magnetoresistance increased with annealing temperature. This fits the

trend that adsorbed gasses are more easily removed from the annealed samples.
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Figure 5.21: Magnetoresistance of a 50 um annealed CNT yarn before and after

degassing at T' = 390 K in vacuum, with temperature indicated on the right.

Figure [5.22| shows magnetoresistance for three ~50 ym differently annealed yarns.

At each temperature the annealed yarns had more negative magnetoresistance than

the pristine yarn.

(a) Pristine

(b) 2300 °C

(c) 2700 °C
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Figure 5.22: Magnetoresistance at from fields from 0 to 9 T and from 7" = 2 K to 390
K differently annealed ~50 um CNT yarns, after degassing at 390 K.
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The pristine yarn had a negative magnetoresistance of 13.8 % at 2 K, whereas the
2300 °C and 2700 °C annealed yarns had 2 K magnetoresistances of ~33.3 % and
~37.9 %, respectively. Each diameter yarn showed very similar temperature and field
dependence, only varying by a few percent.

The increased negative resistance after annealing can be understood by considering
the change in crystallinity of the CNTs after annealing. Kuznetsov et al. measured
the magnetoresistance of annealed MWCNTSs (~20 nm diameter) and graphite, and
showed that with increase annealing temperature the magnetoresistance of the CNT's
approaches that of graphite [34]. Figure shows the 300 K magnetoresistance of
differently anneal 50 pum yarns, as well as the magnetoresistance of graphite measured
by Kuznetsov et al. [84]. Figure confirms that the magnetoresistance of the CN'T

yarns in this work approach that of graphite with increasing annealing temperature.
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Figure 5.23: Magnetoresistance versus magnetic field at 300 K for differently annealed

50 pm CNT yarns and graphite. Graphite data taken from Ref. [84].

It is also likely that the removal of metallic nanoparticles after annealing reduced

the amount of coherence-breaking electron scattering, as discussed in Section[2.2] thus
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increasing the magnitude of negative magnetoresistance. However, the exact influence
of the nanoparticles on magnetoresistance in CNT materials remains unclear.
Figure [5.24] shows the magnetoresistance versus temperature for the 45 ym an-
nealed yarn after degassing at 390 K. Negative magnetoresistance was observed from
390 K to 2 K, decreasing monotonically to -35% at 2 K. This plot demonstrates the

smoothness of the magnetoresistance with decreasing temperature for CNT yarns.
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Figure 5.24: Magnetoresistance versus temperature for a 45 ym annealed CNT yarn
degassed at T' = 390 K. Negative magnetoresistance is observed for all T, increasing
in magnitude as 7' is decreased.

Several models have been suggested to explain the negative magnetoresistance
observed in CNT materials, including a recent semi-empirical model used by Barzola-
Quiquia et al. , . Although the Barzola-Quiquia et al. model provides a
qualitative fit to the magnetoresistance of the CNT yarns used in this work, the
freedom of the four parameters makes useful explanation of the fit results difficult, as
was noted by the authors . Therefore, attempts to model the magnetoresistance

of the CNT yarns will not be discussed.
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5.5 Thermal Conductivity

The thermal conductance of each CNT yarn sample was measured from 50 to 300 K
using the PTC method. An example of experimental thermal conductance values is

shown in Figure m The measured conductances are on the order of 1 mW-K~! .
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Figure 5.25: Thermal conductance breakdown for a 35 um yarn, showing all of the
conductance components shown in Equation 4.1, Many of the calculated error bars
are too small to see.

The thermal conductivity, x, of the sample can be calculated from the conductance

using the length, L, and cross sectional area, A,

S 6

where N is the number of pieces of yarn being measured (~15). The value of L (~7
mm) was taken to be the sum of the distances between the edges of the silver paste

on either post for each section of yarn.
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Below 50 K, the total thermal conductance began to converge with that back-
ground conductance (Figure , which lead to considerable uncertainty in the de-
termination of sample conductance. The sample conductance was often less than 10%
of the background conductance below 50 K, which is outside of the suggested limits
of the PTC method [74]. Above 300 K, the s values often showed a large increase,
likely because the radiation correction discussed in Section becomes insufficient
to compensate for radiative heat loss. These limitations mean that x(7) results are
only presented for 50 K to 300 K.

Figure [5.26] shows thermal conductivity results for the CNT yarns as a function

of temperature.
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Figure 5.26: Thermal conductivity of ~35 pm and ~50 pm CNT yarn samples as
a function of temperature. Thermal conductivity increased after high-temperature
annealing.

As with electrical conductivity, the main source of uncertainty in the value of s
is the yarn diameter. There is also uncertainty in the effective length of CN'T be-
ing measured because of variation in the mounting method. Each piece of yarn was

mounted separately, leading to slight variations in the distance between the silver
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paste for each piece of yarn (typically less than 0.5 mm). Uncertainties in the mea-
sured values of AT and P were negligible and therefore ignored. The uncertainty in
k was calculated by propagating the uncertainty in the physical dimensions and the

uncertainties in the linear fit of thermal conductance, and ranges from 10 to 25%.

The shape of k(T) for each material was similar to previously measured bulk CNT
materials [5, 6] and individual MWCNTSs [21]. As with electrical conductivity (5.12)),
the thermal conductivity of the CN'T yarns was observed to decrease with increase

yarn diameter because of the decrease in density.

The dominant phonon scattering mechanism in semiconducting MWCNTs is
phonon-phonon scattering, as discussed in Section [2.3, and there the phonon mean
free path has the largest affect on the temperature dependence of x [87]. Below 8 K,
large k phonons are not thermally excited, and no Umklapp scattering occurs. As
temperature increases to 50 K, more inter-tube phonon modes (allowing conduction
between adjacent concentric tubes of the MWCNTSs) become active, and thermal con-
ductivity becomes more three-dimensional, much like crystalline graphite [9]. From
50 K to 150 K, all of the interlayer phonon modes become active, and x(T) oc T?.
As temperature increases further, higher energy phonons become active, and Ump-
klapp scattering occurs. Above 300 K, x(T") likely would begin to peak, as observed
previously in MWCNTSs [21].

Each yarn shows increasing x with temperature, which means that the phonon
transport is dominated by phonon boundary and defect scattering, not Umpklapp
scattering [8]. Therefore, the improvement in x with annealing must be caused by
reducing boundary, defect, impurity, and amorphous region scattering. Based on
the Debye equation k = Cvl/3 [8], increasing the phonon mean free path, I, would
increase in k. However, it is unclear to what extent the speed of sound, v, and heat
capacity, C, of the CNT yarns are affected by high temperature annealing, and it is

therefore not possible at present to quantitatively assess the increase in .
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The annealed yarns showed improved thermal conductivity relative to the pristine
yarns of similar diameter. This result correlates with the Raman measurements, which
showed that annealing graphitized amorphous carbon and improved the crystallinity
of the CNT walls, thus increasing the phonon mean free path in the yarns.

Figure shows the normalized thermal conductivities (k(7")/x(300 K)) as a
function of temperature for various CNT yarns. This figure shows that annealing in-
creased the normalized conductivity between 250 K and 100 K relative to the pristine
yarns. This result again suggests that the phonon mean free path was increased after

high-temperature annealing.

. 38 wm 2700 °C = 46 wm 2700 °C
. 37 um 2300 °C = 48 um 2300 °C
° 35 wm pristine u 60 wm pristine
I o » .
—08F ' = :
™ :
(e}
R06F . 1
¥ ] o
> ]
Soa : |
I °
0.2 g
]
0750 100 150 200 250 300

Temperature / K

Figure 5.27: Normalized thermal conductivity as a function of temperature.

The room-temperature x values compare very well with previously reported results
for pristine, dry-spun MWCNT yarns, as summarized in Table [5.2] The yarns used
in this work were prepared in a very similar way to those in Ref. [6], in which the
highest (then world record) thermal conductivity was 60 W-m~'K~! for a 10 ym

yarn. The 300 K thermal conductivities of CNT yarns are much higher than other
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carbon fibre materials, such as Kevlar 49 ® (4 W-m~ 1K~ at 300 K [88]) or nylon
(0.25 W-m~t-K~! [89]).

Table 5.2: Room-temperature thermal conductivities of differently prepared CNT
yarn materials.

CNT yarn Sample Kapp (300 K) /| Measurement Type Ref.
W-m~1.K?

10 pm array-spun 60 £+ 20 PTC 6]

30 pm array-spun 20+ 4 PTC 6]

12.5 pm array-spun 40 3w [75]

13.9 pm array-spun 457 + 71 T-type [76]

~90 pm acid-spun 21 Comparative [37]

9 pum acid-spun 380 + 15 3w [60]

9 pm iodine doped 635 3w [60]
40 pm to 60 pum, pristine 2848 - 15+2 PTC this work
37 pm to 48 pm, 2300 °C annealed | 5248 - 41+£8 PTC this work
37 pm to 50 pm, 2700 °C annealed | 66+14 - 5614 PTC this work

The T' = 300 K thermal conductivity results for the differently annealed samples
are summarized in Figure [5.28 There is clearly a trend of increased thermal conduc-
tivity after high-temperature annealing. Also, thermal conductivity decreased with
increasing yarn diameter, as shown for electrical conductivity in Figure [5.13]

Figure [5.29 shows that the 7" = 300 K thermal conductivity of several CNT yarns
correlates with the Raman spectroscopy I /Ip ratio. Thermal conductivity increased
almost linearly with crystallinity, due to the increased phonon mean free path.

Since k measurements are very involved and time consuming, even in comparison
to the 0 measurements, this result shows that Raman spectroscopy can be used to
quickly assess the relative thermal conductivities of dry-spun CNT yarns, as has been

proposed for electrical conductivity [57].
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Figure 5.28: Room temperature thermal conductivity of differently annealed CNT
yarn samples as a function of yarn diameter. The uncertainty in diameter is typi-
cally 2 pm. This plot shows qualitatively similar trend with diameter and annealing
temperature to the o(300 K) results, Figure .
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Figure 5.29: T'= 300 K apparent thermal conductivity as a function of Raman I/Ip
ratio of three different CNT yarn samples. A nearly linear increase in « is observed
with increasing annealing temperature.
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5.5.1 Effective Lorenz Number

The effective Lorenz number, L.g = k/oT, gives the relative contributions of elec-
tronic versus phononic thermal conductivity. For metals, electrons contribute sig-
nificantly to x, and the Lorenz number, Ly &~ 2.44 x 1078 W Q K2 [8]. For CNT
materials, Leg is typically two orders of magnitude higher than L at all temperatures,
indicating that thermal conductivity is always dominated by phonons [6, |9].

In this work, the thermal and electrical conductivities of CN'T yarn samples were
measured, and therefore the L.g can be calculated as a function of temperature.
It should be noted o and xk measurements were made on similar, but not identical
sections of yarn. However, for each sample discussed here, the diameters of the yarns
used for k and o measurements were similar, allowing for L.g to be estimated.

Figure|5.30|shows the calculated value of L.g for a 50 pm pristine CN'T yarn from
25 K to 300 K, as well as for a CNT array [4] and CNT sheet [5]. It should be noted
that the values of ¢ used to calculate Leg in Figure |5.30] were without degassing in
vacuum, to compare with the o measurements in Refs. [4] and [5] which were made

without degassing.

- CNT array from Ref. [4
— 3 CNT sheet from Ref. [5
N 50 um pristine T yarn (this wor
\ 5 A CN h k) ||
R
a ) ’
4 Aat
@g J A L] o
o A " - & ¢
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5 1
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O I
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Temperature / K

Figure 5.30: Effective Lorenz number, L.g = k/0T, for several CNT materials, in-
cluding a 50 pm pristine CNT yarn from the present work [4} |5].
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The magnitude of x/cT for this pristine yarn is two orders of magnitude higher
than Ly, suggesting that x is dominated by phonons in this yarn, as with other CNT
materials [4, 5]. All of these CNT materials show a broad peak between 50 K and
100 K, indicating a maximum in the phononic contribution to thermal conductivity in
this temperature range. The fact that this peak is observed for each material suggests
that the phenomenon is likely an inherent property of the CNTs, and independent of
the bulk geometry.

Annealing the CNT yarns has a large affect on the magnitude of x/oT, as shown
in Figure . In this plot Leg was calculated using both oxygen/H,O saturated and
degassed values of o, but saturated values of k. The PTC stage used in this work is
not capable of being heated to 390 K for degassing because of the cellulose acetate

strip, and therefore k measurements were made without degassing.

—e—i 2700 °C saturated +——— 2700 °C degassed
—e—i 2300 °C saturated +——— 2300 °C degassed
—e— Pristine saturated ——— Pristine degassed
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Figure 5.31: Effective Lorenz number, Lqg, as a function of temperature for differently
annealed ~50 pm CNT yarns before and after degassing in vacuum. Annealing causes
an increase in the peak near 100 K. Lines are included as a guide to the eye. Note
that the pristine saturated and degassed data lie on top of each other.
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At each temperature the value of /0T increased significantly after annealing,
implying that annealing causes a more substantial increase to x than o at all temper-
atures. This behaviour was also observed for the 35 yum yarns. Improving the CNT
crystallinity likely has a larger impact on the phonon mean free path than on the elec-
tron mean free path. The increase in L.z was especially apparent in the range of the
peak. Since phonon conduction was observed to dominate in this temperatures range,
increasing the CNT crystallinity would clearly increase the phonon contribution, and
thus increase the peak.

After degassing, L.g increased for the annealed samples because degassing de-
creases o (increases R), as shown in Figure 5.8 The pristine samples (Figure do

not show significant degassing at 390 K, and therefore show little change in Lcg.



Chapter 6

Other Systems Investigated

6.1 Reactor-Spun CNT Fibres

The thermal conductivities of small diameter (~10 pym) CNT fibres from Prof. Alan
Windle’s group at the University of Cambridge were studied using the PTC method,
as discussed in Section [£.60f These CNT fibres were spun directly from a floating
catalyst CVD reactor, shown schematically in Figure in a method similar to
that discussed in Ref. [90]. The reactor-spinning technique has some advantages
over dry-spinning and liquid-spinning, including the reduction in the number of steps
required to produce CNT fibres, producing fibres with low wall-number CNTs, and
the possibility of using longer CN'T's, which would be advantageous for transport and

mechanical properties [90].

In the floating catalyst CVD method, ferrocene (Fe(C;H;),) and thiophene (C,H,S)
were decomposed to form Fe/S catalyst particles. The carbon precursor gas (either
methane or toluene) was then added at 1290 °C, and CNTs were grown on the cata-
lyst particles. The CNTs eventually reached a spatial density at which they formed
an aerogel that could be mechanically removed from the reactor. As the fibre was
removed it was condensed by collection onto two rotational winders, as shown in Fig-
ure The efficiency of carbon precursor converted to CNT fibre is on the order of
2 %, and roughly 50 % of the iron from the ferrocene precursor is thought to remain

in the fibre [91].

84
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Figure 6.1: Schematic of the floating catalyst CVD method used to produce direct-
spun CNT fibres. Reproduced from Ref. with permission from The Royal Society
of Chemistry.

The diameters and lengths of the CN'Ts in each fibre are on the order of 0.9 to
1.5 nm and 100 pm, respectively . The CNTs in the Type A fibre are a mix of
SWCNT and MWCNT (up to 15 walls), whereas the Type B fibre is thought to be
composed mainly of SWCNT's . The dimensions of the fibres are shown in Table
, including the linear mass density in tex (the mass of fibre in grams per 1000 m).
The Type A fibres had a mediocre strength of 0.6 to 1 N-tex~! while the Type B

fibres were much stronger, ~2 N-tex™!, similar to the strength of Kevlar® 49 .

Table 6.1: Summary of the physical dimensions and precursor carbon sources for two
CNT fibres, Type A (methane) and Type B (toluene).

CNT yarn sample | Average diameter / ym | Linear density / tex | Density / g-cm™

Type A: methane 8.1 0.026 0.505

Type B: toluene 7.4 0.023 0.535
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An SEM micrograph of the Type B yarn is shown in Figure[6.2] The cross section
of this fibre is clearly not homogeneous. This is because when the fibre was pulled
from the reactor, it often condensed into an oval or flattened shape [91]. However,
the measured linear densities of the yarns were consistent through the spinning pro-
cess, suggesting that changes to the cross-sectional structure of the yarns are only a

geometrical effect.

Figure 6.2: SEM micrograph of a Type B SWCNT yarn.

The thermal conductivities of the Type A and Type B yarns were measured using
the parallel thermal conductance method. As with the MWCNT yarns discussed pre-
viously, the cross-sectional area of these yarns were calculated from the outer dimen-
sions, as measured using SEM. Therefore, the presented values of xk are “apparent”
values, as discussed in Section [3.2.3]

Figure[6.3|shows the calculated apparent thermal conductivities of the Type A and
Type B fibres from 7" = 100 K to 325 K. For these small diameter yarns, radiation at
higher temperatures was less than the larger yarns discussed in Section [5.5] Because
of their small diameter, the samples were attached to the PTC stage by continuously

winding the fibres between the two platforms, instead of cutting the fibres into small
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segments. The sample conductances of these small diameter CN'T fibres were only 30
% of the typical conductances measured for the 35 um to 60 um CNT yarns discussed

is Section [5.5] which made measurements of x below 100 K impossible.
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= 500
R

T2 400

=
2300

app

¥ 200

1o i

0700 150 200 250 300 350

Temperature / K

Figure 6.3: Apparent thermal conductivity of two reactor-spun CNT fibres. The
precursor gases used to grow the Type A and Type B fibres were methane and toluene,
respectively.

The 300 K thermal conductivities of the Type A and Type B fibres were 460 +
50 W-m~5K~! and 560 £ 60 W-m~'-K~!, respectively. These conductivities are the
highest reported values to date for pristine CNT fibres, with the previous highest
being 456 W-m 1K~ for a 12.2 pm dry-spun CNT yarn [76]. Both fibres show
evidence of a broad peak in x(T") near 300 K, as has been observed previously in
individual SWCNTs [2] and some MWCNTSs [87].

Figure [6.3|shows that the Type B (toluene precursor) fibre had a thermal conduc-
tivity 90 W-m~1 K~ (20 %) higher at 300 K than the Type A (methane precursor)
fibre. This result in good agreement with previously measured differences in the me-
chanical and electrical properties of these two fibres, which have shown the Type B

fibres to be superior [91].



38

6.2 Boron Nitride Nanotube Materials

The thermal conductivities of several boron nitride nanotube materials were mea-
sured using the PTC method. The materials were provided by the National Research
Council of Canada Emerging Technologies Division.

H-BN is isostructural to graphite, and much as “rolling” graphene can form a car-
bon nanotube, BNNTs can be formed from rolling monolayer h-BN [92]. BNNTSs are
isostructural to CN'T's, with nitrogen and boron atoms alternately replacing carbon
atoms at close to a 1:1 ratio [93]. BNNTs were first synthesized in 1995, shortly after
the CNT structure was first identified [94].

BNNTs can be single-walled, but are usually multi-walled because the partially
ionic nature of the B-N bond increases the interaction between adjacent layers and
stabilizes the formation of multi-walled BNNTs [92]. These interactions also limit
rotational freedom between walls, and make it more likely for there to be a correlated
stacking order between walls, which is not observed in CNTs.

As with CNTs, individual BNNTs have many desirable physical properties, includ-
ing high thermal conductivity [95] and mechanical strength [96] equal to or greater
than CNTs, while being electrically insulating [97], 98] and more thermally and chem-
ically stable [99]. This combination of properties makes BNNTs more suitable than
CNTs for some applications, such as a composite filler that must be electrically in-
sulating but thermally conductive, or for use at high temperatures or in hazardous
environments [92].

BNNTs have a bandgap of 5.5 eV, essentially independent of tube diameter or
chirality [92], unlike CNTs which change bandgap from metallic to semiconducting
depending on chirality and diameter. Because of this large bandgap, pristine BNNT's

are white, which could be advantageous over black CNTs for certain applications.
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Simulations have predicted that the thermal conductivity of BNNT's could be equal
to that of SWCNTSs [95]. However, only a limited number of thermal conductivity
reports exist on BNNTs and BNNT materials. The highest thermal conductivities of
a BNNT material measured to date were 325 W-m™1-K~! at 300 K for isotopically
pure 'BNNTs, and 200 W-m~*K~! for natural-abundance BNNTs [100].

Despite these exciting potential applications, fundamental research concerning
BNNTs and development of bulk BNNT materials has significantly lagged behind
that of CNTs, mainly because of the difficulty in producing useable quantities of

high-quality BNNTSs, as will be discussed below.

6.2.1 Synthesis

The majority of BNNT synthesis methods used to date have been based on methods
which are successful for CNT production, including CVD [101], ball-milling [102],
arc discharge |103], pyrolysis [104], arc-jet plasma [105], and laser ablation [106].
The BNNT yield from most of these synthesis methods is typically on the order of
grams per hour. Of this yield, most of the BNNTs are short, large diameter, large
wall-number, and low-quality [92].

Recently, major advances in the production of high quality BNNTs have been
made at the National Research Council Canada using a hydrogen-catalyzed induc-
tion thermal plasma technique [107]. This technique continuously produces small
diameter, high purity BNNTs at a rate of 20 g/hr, with ~200 g produced in a single
run. The overall conversion efficiency of the BN feedstock to BNNTs is 30-35% [107].

For the materials studied in this work, the induction thermal plasma technique
used a feedstock h-BN power with nitrogen and hydrogen gases injected into a high-
temperature plasma (>8000 K) |107]. The h-BN feedstock is only stable to 3500 K,
and was therefore vaporized by the plasma within milliseconds, decomposing into a

plasma of B, N, and H. As the plasma entered the reactor, it cooled at a rate of
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~ 10° K/s, and formed nano-scale boron droplets. Nitrogen-containing gas species
(polyborazylene, ammonia boron, etc.) reacted with the B droplets, which nucleated
BNNTs on the droplet surface. As the droplets moved through the reactor, more
nitrogen was incorporated onto the droplet surfaces, and BNNTs grew by the root-
growth mechanism. This growth continued until the droplet fell below the critical
reaction temperature (> 2300 K, the B-N solid-liquid transition temperature), or
until the droplet became encapsulated by h-BN. This root growth mechanism has
been confirmed by TEM [107].

The majority of BNNTs produced by the thermal plasma technique have a low
number of walls (2 to 5) and appear to be highly crystalline. TEM micrographs of
of BNNTs with different wall number produced by the thermal plasma technique are

shown in Figure [6.4

2 walls 4 walls
(4.5 nm) (4.2 nm)

Figure 6.4: SEM micrographs of small diameter BNNT's produced by plasma synthe-
sis. Reprinted with permission from Ref. [107]. Copyright (2014) by the American
Chemical Society.
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The yield from a typical synthesis run (~200 g) is shown in Figures (a) and
(b). The as-produced BNNTs were deposited on the sides of the reactor, and had a
beige appearance because of the presence of amorphous boron. The amorphous boron
was removed by thermal oxidation in air (425 °C for three days) to produce B,Os,

which was then removed using methanol or water [107].

6.2.2 BNNT Materials

As with carbon nanotubes, bulk BNNT materials such as yarns, sheets, and bucky-
papers, are required to fully utilize the properties of BNNTs. Producing bulk BNNT
materials has been difficult to date because of the very small quantities of high quality
BNNTSs available. This has limited bulk BNNT materials to rudimentary yarns [10§],
sheets [109], and BNNT /epoxy composites [110].

The induction plasma synthesis method discussed above is advantageous because
it is capable of producing several different bulk morphologies depending on where the
BNNTSs are deposited within the reactor, seen in Figure|6.5([107]. The bulk morpholo-
gies typically produced are: dense entangled fibrils (Figure (c)); cloth-like layered
sheets (Figure (d)); and low density cotton-like deposits (Figure (e)). These
bulk BNNT structures were formed by gas-flow driven segregation of the BNNTSs
during the reaction process. The structure and properties of the individual BNNTs
in each material are identical, only the mesoscopic and macroscopic morphologies are
different, as seen in Figure [6.6]

The dense fibrils were made of micrometer-sized strands, which have rough align-
ment along the fibril axis. Hand-spun yarns over 20 cm in length can be produced
from these fibrils. This rudimentary yarn has a Young’s modulus of 0.5 GPa and a
tensile strength of 10 MPa [107]. It is also possible that this method could be modi-
fied to produce continuously spun yarns directly from the reactor, as has been done

with CNTs [40].
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Figure 6.5: Different BNNT morphologies produced by the induction thermal plasma
synthesis method. (A) and (B) ~200 g of BNNTs produced during an 11 hour
synthesis run (C) dense BNNT fibrils (D) multi-layered BNNT sheets showing a single
layer being removed (E) a low density BNNT deposit. Reprinted with permission from
Ref. . Copyright (2014) by the American Chemical Society.

The cloth-like BNNTs were deposited as ~20x50 cm? sheets that were on the
order of millimetres thick. The APs consisted of multiple layers that can be easily
separated. Two AP sheets were studied in this work, referred to as AP1 and AP2,

and were produced by the thermal plasma method using slightly different synthesis

conditions. The density of the AP sheets were ~ 0.15 g/cm?.

Bulk BN nanotube materials can also be processed from solution to create non-
woven, unaligned sheets up to 30x30 nm in area, known as BPs [107, [111]. Similar
materials have been produced previously using CNTs [112, 113]. The BNNT BPs

were produced by dispersion of randomly oriented purified BNNTSs produced by the
thermal plasma synthesis method in methanol, followed by vacuum filtration [107].

The resulting BPs are flexible, ~ 15 to 150 pum thick, and have densities of ~ 0.45
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g/cm?®. Preliminary mechanical measurements have shown a Young’s modulus of 0.3

GPa and tensile strength of 1.5 MPa [107].

Figure 6.6: SEM micrographs of BNNT materials produced by plasma synthesis
showing different morphologies: (A) and (B) dense fibrils showing rough alignment
(C) randomly oriented sheet-like material (D) a low-density BNNT deposit. Reprinted
with permission from Ref. . Copyright (2014) by the American Chemical Society.

BNNT /polymer composites were prepared by impregnating the BNNT BPs with
two different epoxies, as discussed in detail in Ref. [111]. The resulting compos-
ites were ~30 wt. % BNNT, and were higher density than the pristine BPs. The

composites were cut into 1 mm x 3 mm sections to be mounted on the PTC stage.

6.2.3 Results and Discussion

The apparent thermal conductivities of the AP1 sheet and 100 pum thick BP were
measured from 7' = 50 K to 300 K using the PTC method are shown in Figure [6.7]
The AP1 sheet and BP show 300 K conductivity values of 1.3 £ 0.2 W-m~1.K~! and

0.5 £ 0.1 W-m 1K™, respectively.



94

1.6 T T T

BNNT AP sheet +——e—
BNNT buckypaper +——e—

14}

1.2 F

<
o

-1 41
Kypp / W m™ K
o
0]

———

, :

0.2

0 100 150 200 250 300

U e —e—i

Temperature / K

Figure 6.7: Thermal conductivity of two BNNT materials: (blue) as-prepared BNNT
sheet and (red) vacuum filtered BNNT buckypaper.

These values are two orders of magnitude lower than the experimental thermal
conductivities of individual BNNTs (~ 300 W-m~!-K~1) [100], but compare well with
previous measurements of similar BNNT and CNT materials [5], [114]. As with all bulk
materials based on nanotubes, the measured thermal conductivity is much lower than
the values of individual nanotubes because of the decreased density, misalignment,
and thermal resistance between individual tubes [5, |6]. The thermal conductivity of
the BP is higher than that of the AP sheet in large part because of the ~3 times

difference in density.

Figure shows a summary of the x(300 K) results for the various BNNT mate-
rials measured. All of the results are very self-consistent. The AP1 and AP2 sheets
show no significant difference in thermal conductivity, suggesting that the two synthe-
sis methods produced similar BNNTs. Composite 1 shows slightly higher conductivity
(2.7 £ 0.3 W-m™ . K™!) than Composite 2 (2.2 + 0.2 W-m'K™'). The slight dis-
crepancy between the two measured conductivities for Composite 1 are likely due to

imperfect cutting of the edges in the composite sample, which lowered &.
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Figure 6.8: Apparent thermal conductivities of various BNNT sheet and buckypaper
materials as determined using the parallel thermal conductance method.

The difference in thermal conductivity between the buckypapers and sheets is
mostly due to the ~ 3 times density difference. Figure shows the density-corrected
T = 300 K thermal conductivities (x/p) of the two materials, which show much better
agreement than the results shown in Figure This suggests that the thermal

conductivity of the individual BNNTs in the AP sheet and BP are likely very similar.
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Figure 6.9: Density normalized apparent thermal conductivities of various BNNT
sheet and buckypaper materials.
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The values of kK measured in this work compare well with previously measured
thermal conductivities of BNNT and CNT materials, as shown in Table[6.2] Although
the thermal conductivities of these materials are low in comparison to denser and more
aligned nanotube materials, they could still be thermally conductive enough for some
applications, such as an electrically insulating but thermally conductive packaging or

substrate material.

Table 6.2: Summary of T" = 300 K apparent thermal conductivity results for several
BNNT materials and composites.

Sample Kapp (300 K) / Ref.
W-m tK!
CNT sheet 2.54 + 0.48 [5]

BNNT mat 2 [114]

BCN nanotube mat 4 [114]

Isotopically pure individual 1'BNNT 325 [100]

BNNT/PVA composite 0.54 [110]
Pristine BNNT sheet 0.50 - 0.8 this work
BNNT buckypaper 1.33 - 1.67 this work
BNNT /polymer composites 2.2-29 this work




Chapter 7

Conclusions

There is a large range of data (quality and quantity) in the literature for the thermal
and electrical conductivities of bulk carbon nanotube materials because of the dif-
ferences in synthesis and measurement techniques. This fact has made it difficult to
understand how the synthesis techniques, nanotube properties, and bulk morpholo-
gies impact the properties of the resulting materials. A major goal of this work was to
isolate the influence of one parameter, namely high-temperature annealing, to study

how it influences the physical properties of dry-spun CNT yarns.

Carbon nanotube arrays were synthesized using chemical vapour deposition, and
CNT yarns with diameters between 35 and 60 pum were spun from the CNT arrays
using a semi-automated technique. The yarns were then annealed up to 2700 °C in
argon atmosphere. The influence of annealing on the crystallinity and thermal and

electrical properties of the yarns were then measured using a variety of techniques.

Raman spectroscopy was performed to characterize the relative quality of the
CNTs in the yarns before and after annealing. The ratio of intensities of the Ra-
man D-peak (associated with defects) and G-peak (associated with graphitic planes)
was used to compare the relative crystallinity of the samples. The value of I5/Ip
was found to increase monotonically with annealing temperature, from an average of
1.5 for the pristine yarns up to ~ 7 after annealing at 2700 °C, impling that high-
temperature annealing greatly improved the crystallinity of the CN'T yarns. Also, the
broad amorphous carbon peak observed for the pristine yarns decreased after anneal-

ing due to the removal of amorphous carbon leftover from the synthesis process. The

97
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improvement in crystallinity and removal of amorphous carbon are both important

steps in optimizing the transport properties of CNT materials.

Electrical properties, including electrical conductivity, IV -curves, and magnetore-
sistance, were measured from 2 to 390 K in vacuum using a Physical Properties
Measurement System. It was observed that the electronic properties of these CNT
yarns are extremely sensitive to adsorbed species, including oxygen and water, as was
demonstrated recently [52]. The presence of adsorbed species is not often discussed
in the literature, and could contribute to the discrepancy between reported electrical
properties of CNT materials. Degassing at 390 K under vacuum (10~* Torr) was ob-
served to cause an increase in electrical resistance of ~10 % for the pristine yarns and
~25 % for the annealing yarns. It is possible that degassing at 390 K is not sufficient
to remove the adsorbed species from the pristine yarns, since gases are more tightly

bonded to CNT defects [52].

Electrical conductivities of the pristine yarns decreased with increasing yarn di-
ameter, d, from 160 & 10 S-cm™! for the 35 um yarn to ~100 & 6 S-cm™! for the 60
pm yarn. This trend has been observed previously, and is likely due to the decrease
in yarn density with increasing diameter [6]. The values of o fit well to a d~* trend

with data from similarly prepared yarns [44].

Electrical conductivity was improved after annealing for each CNT yarn. For the
2300 °C and 2700 °C samples, conductivity increased ~40 % and ~100 %, respectively,
for both the 35 pym and 50 pm yarns. The highest measured electrical conductivity
was 310 £ 25 S:em™! for a 37 pum yarn annealed at 2700 °C. This improvement
was due to the improved crystallinity of the CNTs in the yarns, which increased
the electron mean free path. The semiconducting temperature dependence of the
yarns also increased after annealing. The electrical conductivity as a function of
temperature was found to fit well to a model combining variable-range hopping and

fluctuation-assisted tunneling [82].
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The IV -curves of the yarns were found to become non-linear below 10 K, as has
been observed previously for CNT materials [6, 5]. Joule heating was shown to be a

likely contribution to the non-ohmic behaviour at these low temperatures.

Negative magnetoresistance was measured at all temperatures for the yarns after
degassing. Without degassing, slightly positive magnetoresistance was observed above
300 K. For the annealed yarns, the magnitude of negative magnetoresistance was
significantly larger at all temperatures, as has been seen previously [84].

The high-current behaviour in atmosphere up to thermal failure was measured
for 50 um CNT yarns. The pristine yarn reached a maximum current of 60 mA,
whereas the annealed samples reached currents of ~80 mA. The improvement in
maximum current was because of the reduction in bulk defects. Failure was observed
to occur suddenly, which could be detrimental to some potential applications of CNT
yarns [78]. Post-failure SEM showed that failure results in a clean break of the yarn
structure, vapourizing the CNTs and leaving behind no visible residue.

Thermal conductivity, x, was measured between 50 K and 300 K under vacuum
using the PTC method. The PTC method was improved in comparison to the ver-
sions used previously [5, [6] by adding a more precise current source and improving
automation. As with o, x was observed to be dependent on diameter, and varied
from 30 & 8 W-m~1.K~! for the 35 pm pristine yarn to 15 &£ 2 W-m~1.K~! for the
60 pum pristine yarn. As with o, annealing caused a monotonic increase in k. The
conductivity of the 2300 °C annealed samples improved by between 190 % to 220 %
relative to the pristine samples, and the 2700 °C annealed samples improved further
by between 240 % and 300 %.

The effective Lorenz number, L.g, gives the relative contribution of phonon and
electrons to the thermal conductivity of a material. For these CN'T yarns, L.g was two
orders of magnitude larger than that of an ideal metal, showing that x is donimated

by phonons. L. displayed a broad peak near 75 K, where the phonon contribution
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to k is a maximum. This has been observed previously for other CNT materials 4]
5, [6]. After annealing, the peak in Leg became more pronounced, likely because the
improvement in crystallinity had a larger affect on the phonon mean free path and
the electron mean free path, and therefore the increase in the phonon contribution to

k was more significant.

In conclusion, high-temperature annealing of CN'T yarns was found to improve
their crystallinity, electrical conductivity, and thermal conductivity. This work showed
that annealing could be a viable method to improve the properties of dry-spun CNT
yarns, and that Raman spectroscopy could be used to rapidly assess the relative

conductivities of CNT materials.

The thermal conductivities of various BNNT materials and small-diameter CNT

fibres were also measured using the parallel thermal conductance method.

The apparent thermal conductivity of pristine BNNT sheets and buckypapers
were found to be ~0.65 = 0.06 W-m~1-K~! and 1.3 £ 0.2 W-m~'K™!, respectively.
The density corrected thermal conductivities of BNNT sheets and buckypapers were
found to all be on the order of ~4 W-m™t-K~l.cm™.g7!, suggesting that the con-
ductivities of the individual BNNTSs in each material are similar. The thermal con-
ductivities of two BNNT /polymer composites had 7" = 300 K conductivities of 2.7
0.3 Wm nK ! and 2.2 & 0.2 W-m™1-K~!. These results are the first known direct

measurements of thermal conductivity for bulk BNNT materials.

The thermal conductivities of two reactor-spun ~10 pym CN'T fibres prepared from
methane and toluene precursors were found to be 460 £ 50 W-m~'-K~! and 560 =+
60 W-m~1. K1 at 300 K. These values are the highest known thermal conductivities

reported to date for CNT fibres [76].

In future work, efforts could be made to improve the PTC method. The back-

ground conductance should be reduced to improve the relative contribution of the
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sample to the measured conductance. This would improve the accuracy of the mea-
surement and also allow for the thermal conductivity of smaller diameter or lower
conductance samples to be measured over a larger temperature range. Furthermore,
an improved technique would be developed for the sample mounting process for the
PTC method. This would improve consistency between different samples, and make
the mount process faster. Effort could also be made to make the PTC method data
collection more automated.

Other nanotube materials could also be studied. For example, a variety of CNT
sheets have been provided by the Prof. Alan Windle’s group for both thermal con-
ductivity and electrical conductivity measurements. This work will investigate the
influence of various precursor carbon gases, as well as geometric influences (width and

thickness) on the transport properties of CNT sheets.
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