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Abstract

A novel CC nanocomposite was synthesized by pyrolysis of well dispersed
individual functionalized SWNTs in a thermosetting resin, poly(furfuryl alcohol) (PFA).
Strong interaction between SWNT and nanoporous carbon derived from PFA (PFA-NPC)
was obtained with this strategy and the integrity of SWNTs was maintained after heat
treatment.

Usually, it is challenging to separate SWNT bundles and disperse them in
preparation of composites. 50 wt% SWNT/NPC composites prepared with solution
blending showed mass transfer rate of ~140% higher than the original NPC. The
improvement was not significant due to poor dispersion and the bundle structure of
SWNTs. Functionalization of SWNTs successfully separated the SWNT bundles and
solved the problems of dispersion. In this process, the SWNTSs were first functionalized
with sulfonic acid groups (SA-SWNT) on sidewall. Then they were converted to PFA-
grafted SWNT (PFA-SWNT) by in situ polymerization of furfuryl alcohol (FA).
NPC/SWNT nanocomposite was generated by pyrolysis of PFA-SWNT at 600°C.

The structural transformation of NPC/SWNT at high temperature was studied by
heating it at temperatures from 1200 to 2000 °C in vacuum and characterized with
HRTEM and Raman spectra. It was found that NPC and SWNT coalesce upon heat

treatment and NPC tended to graphitize along the axis of neighboring nanotubes at



iv

temperature higher than 1400 °C. Complete graphitization of NPC and SWNTs was
obtained at 2000 °C, when the NPC transformed to graphitic nanoribbons (GNRs) and
SWNT or DWNT collapsed within the confines of the GNR.

The mass transfer rate in 0.05 wt% SWNT/NPC nanocomposite was ~2 times
higher than that in the pure NPC. Similar improvement required SWNT concentration of
~60 wt% in the SWNT/NPC composites prepared by solution blending. SWNT/NPC
nanocomposite fibers prepared from 0.1 wt% SA-SWNT/FA had ~13% increase of
Young’s modulus over the pure NPC fibers when they were pyrolyzed at 400 — 1600 °C.
The augment was slightly higher than Halpin-Tsai’s model prediction for composites
with randomly dispersed fibers, indicating that the strong interaction between NPC and

SWNT strengthened the material.
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Chapterl

Introduction

Nanoporous carbon (NPC) is an amorphous carbon derived from controlled
pyrolysis of synthetic or natural precursors. It has a narrow pore sizes distributed in the
sub-nanometer range, which provides strong size and shape dependent effects in the
diffusion and adsorption of small gas molecules. [1] The NPC derived from poly(furfuryl
alcohol) (PFA-NPC) is a promising material for applications such as a catalyst support,
[2-4] as a membrane, [5, 6] in the production of supercapacitors, [7] as well for
deployment as binder in carbon/carbon (CC) composites. [8] This variety of potential and
realized applications arises from PFA-NPC different properties including its
microporosity, chemical inertness, thermal stability and mechanical properties.
Modification of the NPC, e.g. its porosity, tendency to graphitization and, its molecular

structure, is necessary for new and better applications for this carbon material.



As a new form of carbon receiving a great deal of interest for both of fundamental
and applied research, carbon nanotubes (CNTs), especially single wall carbon nanotubes
(SWNTs), have exceptional electronic [9] and mechanical properties [10], which make
them attractive candidates as constituents of new high performance composites. [11, 12]
Among the many kinds of composites that can be envisioned as having novel properties,
CC composites consisting of SWNTs and carbon matrix are among the most intriguing.
The combination of NPC with SWNT may not only produce a novel CC composite, but it
also provide new insight into the nature of the interaction between two allotropes of
carbon.

In this thesis, the SWNT/NPC composite and nanocomposite carbon with SWNT
and NPC are prepared by solution blending and covalent functionalization of the SWNTs,
respectively. Both of them were characterized to study the structural modification effect
of SWNTs to the host material, NPC. The thermal deformation of the NPC/SWNT
nanocomposite and the interaction between these two forms of carbon were studied after
thermal processing in different temperature regimes in order to better understand the

interaction at the interface between the two forms of carbon.



1.1 Structure and application of NPC

The nanoporous carbon (NPC) is globally amorphous but at the local level of tens
of nanometers the feature of the structure are quite regular. This best demonstrated by the
almost anomalously narrow pore size distribution typically centered around 0.5 nm. This
is anomalous because unlike zeolites and other crystalline porous materials, the
microporosity of most of the NPC does not arise from long-range order structures, but
instead from the regular misalignment of aromatic microdomains as shown figure 1.1. [8]
The regularity in the misalignment results from the fact that the great majority of the
carbon atoms present (>95 mol%) are in an sp2 trigonal configuration with small but real
deviations around the bond angle (120°) and bond lengths for such carbon or carbon

bonds.

Typical strong confluence

Figure 1.1 Model of the structure of polymeric carbon. (Adapted from [8])



Compared with zeolites, NPC is thermally more stable and it is inert to strong
non-oxidizing acids and bases. [1] The narrow distribution of micropores of NPC gives
rise strong variations in diffusion rates and extents of adsorption to molecules on the
basis of their size and shape. Thus NPC provides kinetic separation of some gases. In
such separations, the gases are discriminated on the basis of their global rates of
adsorption rather than on the different extents of their degrees of equilibrium adsorption.
An important commercial application of this property is the pressure swing adsorption
(PSA) process for air separation. In this process, despite the fact that the extent of N, and
O, adsorption at equilibrium are almost the same on NPC, N, can be effectively
recovered from air because O, transport through the micropores with rates that are two or
three orders of magnitude higher than those of N,. [13]

The NPC materials are prepared by controlled pyrolysis of synthetic or natural
precursors that generate solid that is mostly carbon. Synthetic precursors, including
poly(acrylonitrile) (PAN), poly(vinylidene chloride) (PVDC) and PFA, can produce NPC
with higher purity than that of natural precursors.[1] In this thesis, PFA has been used as

the precursor for the NPC used to make SWNT/NPC composites and nanocomposites.

]\
\W/ =
(a) (b) (©)

Figure 1.2 Schematic molecule structure of (a) FA; (b) linear PFA, and (c) crosslinking in
PFA.



PFA is a thermosetting polymer derived from the acid-catalyzed condensation of
furfuryl alcohol (FA) (figure 1.2a). Cross-linking (figure 1.2¢) is an inevitable feature in
the process of FA polymerization. The C-C bonds that make up the crosslinking are
retained at very high temperature (>2000°C) and the carbon derived from PFA is
generally considered as “nongraphitizing” because highly ordered graphite cannot be
obtained from it even after prolonged heat treatment at temperature as high as 2800 °C.
[14, 15] Upon heating under inert gas (or vacuum) at 400-800°C, the polymer
decomposes to give off H,O, CHy4, CO,, CO and H; to yield NPC solid. Mariwala and
Foley described the pyrolysis and pore forming process of PFA-NPC (figure 1.3). [16] In
this process, a chaotic but not truly amorphous (i.e. full random) structure consisting of
amorphous carbon and some aromatic microdomains is formed at low temperatures of
200-500 °C, leading to mesopores formation. When PFA is pyrolyzed at higher
temperatures (600-800 °C) and/or for a longer time, the aromatic microdomains become
larger in size by forming a slightly more ordered structure in the short range, but the
PFA-NPC is still highly disordered over the long range. As the pyrolysis temperature
increases to above 1200 °C, aromatic microdomains continued to grow and rearranged to
more ordered and more densely packed structures; meanwhile, the micropores resulting

from the spacing between aromatic microdomains starts to collapse.



Amorphous
Carbon
o=l Y —
regon, €% ==
. Aty & Y 4 At, N
PFA e o o
Graphitic R
Microcrystal C oo pore 2
AT, /At,

/ﬁ/ ATa 0N
i —

rpure 3

Figure 1.3 Conceptual model of structural evolution of PFA-NPC. [16]

The high-resolution transmission microscopy (HRTEM) images reveal that the
carbon prepared at 600-800 °C has a network of layered and corrugated domains with
spacing between 3.7-5 A, which is higher than that of graphite (3.35 A). [17] According
to the IUPAC standard, pores are classified into 3 categories, namely micropore (/ < 2
nm), mesopores (2 nm < / < 50 nm) and macropores (/ > 50 nm). These spacing between
the curved domains create the micropores in NPC which have a narrow pore size
distribution and a mode of about 4.8 A. [18] The structure model of PFA-NPC based on
its pair distribution function (PDF) is shown in figure 1.4, which it is composed of
misaligned layers of curved graphene carbon sheets. This structure is consistent with the

HRTEM observations. [19]



Figure 1.4 A structure model of PFA-NPC consisting of four layered turbostratic carbon
sheets based on its PDF experiments. Typically 10 turbostratic carbon sheets were used to
calculate the PDF. (Adapted from [19])

PFA-NPC has been widely investigated for use as membranes, catalyst supports
or even as a catalyst in its own right. An NPC membrane with very good small molecule
discrimination properties can be prepared by carefully coating PFA onto a porous
stainless steel support and pyrolysing. [5, 6] The PEA-NPC solid can be used as a catalyst
support for metals, such as Pt, [2-4] Fe [20] and alkali metals [21]. PFA-NPC itself can
also be used as a dehydrogenation catalyst to convert ethylbenzene to styrene. [22] Due
to its high apparent surface area arising from its microporosity, PFA-NPC has potential
for application as supercapacitors. [7] But these applications can be limited by the low
mass transport rates into and out of the micropores. Thus research in this thesis has

focused on modifying the structure of NPC for better mass transfer and wider application.



1.2 Properties of SWNT

Carbon nanotubes (CNTs) are a new form of carbon with very different structures
from graphite and diamond. There are two types of CNTs, multi-walled carbon nanotube
(MWNTs) and single walled carbon nanotube (SWNTs). A SWNT can be viewed as a
seamless cylinder formed by rolling up a section of a graphene sheet and capped with a
half fullerene molecule at each end. The MWNT is made of concentric cylinders with
interlayer distance of 3.4 A. This interlayer spacing is slightly larger than that of the
single-crystal graphite (3.35 A) because there is a severe geometrical constraint in

MWNT in forming the concentric seamless cylinders.
1.2.1 Discovery of SWNT

In 1991, Iijima discovered a tubular graphitic carbon, which was later dubbed the
MWNT. [23] This was formed in an arc-discharge stuck between a carbon cathode and
anode, which produced carbon soot. The initial discovery was made by examination with
transmission electron microscopy (TEM) of the solid deposited at the cathode. Later in
1993, Iijima’s group [24] and Bethune’s group [25] found SWNTs by the same methods,
but they did so independently. These discoveries became the keystones of what we now
call the field of nanotechnology. However, the observation of CNT can be traced back to
a much earlier time. In a paper by Endo and coworkers in 1976, dramatically clear
images of CNT were published (figure 1.5). [26] Based on the diameter of these CNT and
given that they were prepared in arc-discharge, it is highly likely that these were in fact
the first clear images published of what later became know as MWNTs. In an even earlier

paper in 1952 by Russian scientists, TEM images similar to those of CNT were also



reported. [27] Unfortunately, due to the low resolution of the images, none of these
authors realized the special tubular structure of these carbons and missed the chance to
claim to discover this new form of carbon. Therefore the plethora of experimental and
theoretical studies of CNT that has taken place over the last 15 years started only after

lijima’s discovery.

Figure 1.5 TEM image of CNT reported by Endo and coworkers in 1976. (Adapted from
[26])

1.2.2 Structure and properties of SWNT

The CNTs have many unique properties due to their special dimensional,
structural and topological configuration. The perfect alignment of the C-C bond lattice
along the tube axis and the closed topology endows CNTs with in-plane properties of

graphite such as high conductivity, chemical inertness, as well as excellent strength and
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stiffness. Theory and some experimental results showed that individual SWNTs have
very high Young’s moduli (640 GPa - 1 TPa) [28-30] and tensile strengths (150 -180
GPa) [31].

A SWNT may have various electronic properties based on its chiral vectors, along
which the graphene sheet is folded (figure 1.6). The chiral vector Cj, = na; + ma,, where
a; and a, are the graphene primitive vectors and n, m are integers. C}, is generally written

as (n, m).
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Figure 1.6 Three types of SWNTs formed by folding the graphene sheet along the
different chiral vectors Cj. (Adapted from [32])

The SWNT diameter d; can be calculated from the integers n and m as

J :%:\/3(m2+m;1[+n2)-acc (L1

where acc is the nearest neighbor C-C distance, and Cj, is the length of the chiral vector
C). It is usually assumed that SWNT has the same C-C bond length as that of graphite, in
which accis 1.421 A. But for a very small SWNT, e.g. a (4, 2) SWNT, calculation of the

C-C bond length is necessary due to the high degree of curvature of graphene sheet. [33]
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With various chiral vectors, three types of SWNT are formed: “Armchair” formed
by folding along (n, n), “zigzag” formed along (n, 0) and chiral SWNT formed along (n,
m) (n # m) as shown in figure 1.6. [32] Theoretical calculation and STM experiment
results show that the SWNT can be either metallic when (n-m)/3 is an integer or semi-
conductive when (n - m)/3 is not an integer. [34] However, due to the curvature effect,
only the armchair SWNTs are truly metallic, while chiral and zigzag SWNTSs with integer
(n - m)/3 are metallic at room temperature, but exhibit a very small chirality-dependent
energy gap at lower temperatures. [35] Usually these SWNTs are called semi-metallic to
differentiate them from metallic SWNTs.

Metallic SWNTs behave as coherent quantum wires since they can transport
electrons over long distance without significant scattering and the mean free path in these
systems is on the order of microns. [9] The phonon transfer mean free path in SWNT is
also high, resulting in a high thermal conductivity of ~6600 W/(m-K) based on theoretical
calculations. [36]

Similarly, some theoretical calculations and experiments showed high mass
transfer rate through CNT due to the super smooth channels inside SWNT. Skoulidas et
al used atomic simulations to predict the diffusive transport rate of CH4 and H, and found
the molecular fluxes through SWNT orders of magnitude greater than crystalline zeolites
with comparable pore size. [37] They considered the rapid transport of adsorbed gases in
SWNTs to arise from the smoothness of the potential energy surface in SWNTSs and not
strongly dependent on the details of the adsorbate-adsorbent interaction potentials. They
also simulated the diffusion of Ar and Ne through SWNT and found the self-diffusivities

are one to three orders of magnitude faster in SWNT than in silicalite, depending on
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loading. [38] The fluxes of both Ar and Ne are four orders of magnitude greater through
CNT membranes than through silicalite membranes of the same thickness.
Experimentally, Holt et al fabricated micro-membranes in which aligned CNTs with
diameters of less than 2 nm serve as pores and found the gas and water permeability
through the membrane are more than three orders higher than the commercial
polycarbonate membranes. [39] In addition, the nanosize of CNT, especially SWNT,
provides a large surface area. All of these properties are interesting because they suggest
novel behavior in applications such as gas adsorption and catalyst supports etc.

Currently, most studies on SWNT composites are focused on the improvement of
mechanical, electrical and optical properties. However, using SWNT to improve mass
transfer properties has not been reported yet. Since SWNT show improved rates of
diffusion and adsorption, it is reasonable to expect it may provide some improvement in

mass flux and adsorption capacity in SWNT/NPC nanocomposites.

1.2.3 Preparation of SWNT

SWNTs are mainly prepared by electric arc discharge, [40] laser ablation [41] and
chemical vapor deposition (CVD) [42]. Arc discharge and laser ablation methods involve
the evaporation of solid carbon source, usually graphite, and condensation of gaseous
carbon atoms on metal catalysts. Carbolex Inc. (Broomall, PA) produces SWNTs by the
electric arc discharge method with a Ni-Y catalyst. In the CVD process, a catalyst is used
to decompose the gaseous carbon source, usually hydrocarbons or CO, into CNTs.
Compared to other methods, CVD is better for large scale production because the process

is more controllable and the catalysts are less expensive. Carbon Nanotechnology Inc.
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(CNI, Huston, TX) produces SWNT with high pressure CO decomposition, a process
known as HiPco.

The as-prepared SWNTs are a mixture of SWNTs with different charalities,
diameters and lengths together with some impurities of metals, amorphous carbon and
graphitic carbon. The SWNTs are usually triangularly assembled in bundles that consist
of several tens of nanotubes, as shown in figure 1.7. [41] The diameter of the SWNT is
~1 nm with distance of ~0.34 nm between each. Theoretical calculations show that the
van der Waals force between two neighboring SWNTs is ~950 eV/um overlap length.
[43] For a SWNT embedded in the bundle, the cohesive energy can be as high as 29
keV/um. [44] The strong interaction between tubes makes it difficult to separate the

bundle into individual SWNTs.

Figure 1.7 TEM image of laser ablation prepared SWNT bundle (adapted from [41])
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1.3 CC composite and graphitization of pyrolyzed PFA

1.3.1 CC composites

CC materials are a class of composites similar to the graphite/epoxy family of
polymer matrix composites, in which the carbon fibers derived from PAN, pitch, rayon
and vapor grown are used to reinforce the brittle carbon matrix. They can be made into a
wide variety of forms, from one-dimensional to n-dimensional, depending upon different
arrangement and fabrication of carbon fibers in carbon matrix.

CC materials were first studied by NASA in 1953 and were used as high
temperature materials in the leading edge of the wings and nose cap of the Space Shuttle
orbiter. Due to their low specific weight, low thermal expansion, high thermal resistance
and good strength retention at high temperature, CC composites have been widely used as
electrodes in both steel making and aluminum production, as moderators for nuclear
reactors, rocket nozzles and exhausts, as aircraft brakes, as catalyst support, as adsorbent
and many other chemical and electrical applications. [45]

The carbon fibers have a range of Young’s modulus of 200-700 GPa and tensile
strength around 1.7-4.1 GPa which can be optimized to obtain desired properties in the
composites. [45] The diameter of the fibers used in the typical CC composite is about
~10um. Since the strength and stiffness of the CC composites is largely determined by
the fibers’ mechanical properties, their improvement required fillers with stronger
mechanical properties. Due to their extraordinary properties and much smaller size than
carbon fibers, SWNTs would be interesting to augment or replace carbon fibers with
SWNT in CC composites to create a nanocomposite. [46]

However, compared with CNT/polymer composites, CNT/carbon composites
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have not been extensively studied. One of the CN'T/carbon composites was prepared by
Andrews et al. They dispersed SWNT in isotropic petroleum pitch matrices to form NT
composite carbon fibers. [47] The tensile strength, modulus and electrical conductivity of

the host material were increased with adding SWNTs.

1.3.2 Graphitization of pyrolyzed PFA in CC composites

Preparation of SWNT/NPC nanocomposites may not only create a novel CC
composite, but also make it possible to study the interaction of SWNT and NPC.
Although PFA-NPC is a non-graphitizing carbon, because it cannot be completely
graphitized even after prolonged heat treatment at 2800 °C, extensive graphitization
below 2800 °C was observed when it was used as a continuous phase or binder phase in
CC composite. [48, 49] These effects were highly localized at the boundary between the
carbon fiber and PFA-NPC with basal planes along the carbon fiber axis. These
orientation effects could be attributed to the stress and strain accumulation caused by
large volume shrinkage during heat treatment. The graphitization of PFA-NPC forms an
“inter-phase” adjacent to the fibers, which may provide significant effect on the
mechanical properties due to efficient load transfer in the composite. [50] For the
composite carbon with SWNTs, due to the much smaller size of SWNTs compared to
typical carbon fibers, it would be interesting to learn if the interaction of SWNT and NPC

would lead to similar templating effect.

1.4 Preparation of SWNT composites and nanocomposites
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The CNTs can be prepared as composites with many materials, such as polymers,
[51-53] ceramics, [54] metal, [55, 56] and colloidal dispersions [57] to enhance the
mechanical, electrical, or optical properties of the host materials. The dispersion and
alignment of CNT in the host materials and the interaction between them determine the
properties, especially the mechanical and electronic properties, of the composites. [58]

Since PFA was to be used as the NPC precursor in this thesis, the preparation of
the SWNT/PFA composites was the first challenge to be considered. The most important
issue in the preparation of SWNT/PFA is the problem of how to obtain a uniform
dispersion of the SWNT in the PFA polymer in order to develop a strong interaction
between them. To find a solution to this problem, it is important to review the strategies
deployed by previous researchers in the preparation of CNT/polymer composites and

nanocomposites.

1.4.1 Preparation of SWNT composites

(a) Solution blending

The most commonly used approach to prepare SWNT composites is to force the
dispersion of the SWNTs in a polymer solution by ultrasonication. A good solvent for
preparation of the composite should be compatible with both the polymer and SWNT.
Solvents with relatively good solubility for SWNT, such as toluene, [59]
dimethylformide (DMF) [52], o-dichlorobenzene (DCB) [60] were frequently used.
Chang et al blended PS/DCB and SWNT/DCB solution then cast the mixture in a dish
and heat to remove solvent. [60] The SWNT/PS composites so obtained showed good

improvement in electrical conductivity with a low percolation threshold of less than 0.3
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wt%, indicating good dispersion of SWNT.

The advantage of solution blending is that a relatively homogeneous dispersion
can be achieved, especially when the composites were made into thin films. The
structures of SWNT and polymer usually do not change in the process of fabrication with
this method. However, the SWNTs have very low solubility (<10 mg/L) in commonly
used organic solvents, such as DMF and toluene. DCB is one of the best organic solvent
for SWNT and the solubility of SWNTs in it is 95mg/L. [61] Such a low solubility make
it impractical to use sufficient solvent volume to dissolve SWNTs in composite
preparation. In most of the solution blending processes, SWNTSs are made into suspension
in solvent rather than solution. So the SWNTs always tend to agglomerate and settle as
soon as the ultrasonication is discontinued. Additionally, the solvent removal step
destabilizes the dispersion and causes further sedimentation of SWNTSs, resulting in
segregation from the polymer matrix and a diminished effect of the SWNT on the

polymer in the composite.

(b) Melt blending

Melt blending is an alternative way to prepare SWNT/polymer composites for
thermoplastic polymers, such as poly(methyl methacrylate) (PMMA). In this method heat
and high shear forces are applied to disperse SWNT in polymer matrix. A small volume
of solvent has been used in some instance to improve the dispersion. The solvent can
readily evaporate in melting process without causing the segregation of SWNT from
polymer.

The combination of solution processing and melt processing may improve both of
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the dispersion and alignment of SWNTs in polymer. Haggenmueller et al prepared
SWNT/PMMA composite films with the combination of two processes. [62] The
composite films were first obtained by mixing SWNT and PMMA in DMF and drying.
They were then broken and hot pressed repeatedly to obtain better mixing of the SWNTs
and PMMA. Highly aligned SWNT in PMMA could be obtained after 25 melting steps.
However, the combination process is not widely used because of its complexity.
Compared with solution blending, the melt blending is less effective in dispersion
of nanotubes and this method is limited to low concentration because the high viscosities
may limit shear at high nanotube loading. Additionally, it is not useful for thermosetting

polymers like PFA.

(c) In situ polymerization under ultrasonication

In situ polymerization under ultrasonication is a better way to disperse CNT
because the polymerization and agitation of CNT occur at the same time, which helps to
prevent the nanotubes from segregating out of the polymer.

Park et al prepared SWNT/polyimide (CP2) composite films by in situ
polymerization. [63] They blended the monomers, 1, 3-bis(3-aminophenoxy) benzene
(APB) with a SWNT/DMF before adding the dianhydride, 2,2-bis(3,4-anhydro-
dicarboxyphenyl) hexafluoropropane (6FDA) to start polymerization. A better dispersion
of SWNT bundles in the polymer was achieved than direct mixing SWNT/DMF with
CP2. The composite films showed electrical, optical and mechanical properties
enhancement. Jia et al prepared MWNT/PMMA composites by using 2,2’-azobis-

isobutyronitrile (AIBN) to open MWNTSs’s w-bonds of the CNTs to initiate reaction with
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MMA. [64] In their work, a strong interaction between the MWNTs and PMMA was
produced with the C-C bond between MWNT and PMMA, but the dispersion of the
CNTs in the polymer is rather poor because the CNTs can only react with a limited
number of polymer molecules and it might obstruct the further polymerization of MMA.
So the mechanical properties of the composites are low.

Usually, a stronger interaction can be achieved through in situ polymerization
than directly dispersing in polymer, but it requires that the CNT compatible with both the
monomers and polymers. Here the dispersion of CNTs is a potential problem. Therefore,
it is not applicable to all of the polymers. Also, since solvents are usually needed in this

method, it also has the redistribution problem.

1.4.2 Preparation of SWNT nanocomposites

The as-prepared SWNT exist as bundles with strong affinity between the tubes.
With methods discussed above focused on dispersing the SWNTSs, but despite this the
SWNT bundles were not effectively exfoliated (broken down to single tubes), so they
were still present in the composites in the agglomerate forms.

The benefits of exfoliating SWNT bundles into individual tubes is obvious: (1) an
effective improvement in properties should be achieved at lower loading levels; (2) the
structure of the host material can be effectively modified in nanoscale with individual
SWNTs. Currently there are not many convincing reports comparing the SWNT
composites and nanocomposites, because the SWNT properties are varied from different
preparation methods, different manufacturers, or even different batches from the same

manufacturer. However, an analogue of SWNT/polymer composites, the clay/polymer
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composites, clearly shows the effect of decreasing the size of fillers (Table 1.1). The
properties improvement of the composites of nylon 6 and clay nanocomposite make clear
size effect. These remarkable properties enhancement of nanocomposites is the result of
the changes in composition and structure at the nanoscale (figure 1.8). Similarly, to
distinguish the composites made with SWNT bundles and the composite with individual

SWNTs, they will be called “composite” and “nanocomposite” respectively in this thesis.

Table 1.1 mechanical and thermal properties of nylon 6 - clay composites [65-67]

Composite wt%  Tensile strength  Tensile modulus  Impact HDT (°C)
type clay (Mpa) (Mpa) (kJ/m?) at 18.5 kg/cm’
Pristine polymer 0 69 1.1 23 65
“Micro” (tactoids) 5.0 61 1.0 2.2 89
“Nano” (exfoliated) 4.2 107 2.1 2.8 145
| - o =
B = ===
A: Conventional Composite B: Intercalated Nanocomposite
[— e e, i —
-
e N oy o= N
- e — - S
C: Ordered Exfoliated D: Disordered Exfoliated
Nanocomposite Nanocomposite

Figure 1.8 Schematic illustrations of (A) conventional; (B) intercalated; (C) ordered
exfoliated; and (D) disordered exfoliated polymer—clay nanocomposite. (Adapted from
[68])
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Many chemists have explored several strategies to exfoliate the SWNT bundles
into individual SWNTs in order to improve their solubility in solvents, especially in

water, via covalent or noncovalent functionalization.

(a) Noncovalent functionalization

Noncovalent functionalization involves wrapping the SWNTs with polymers,
surfactant molecules, or other forms of macromolecules. This strategy can preserve the
unique physical properties of the SWNT.

Ionic surfactants have been widely used to disperse SWNT in water. [69, 70]
Strano et al studied the process of SWNT dispersing in the sodium dodecyl sulfate (SDS)
aqueous solution with Raman and fluorescent spectroscopy. [71] They described the
mechanism of exfoliation as: the free SDS molecules promoted the formation of gaps or
spaces at the bundle ends then the spaces propagated along the tube length, thereby the
individual SWNT was separated from the bundle. Although isolated SWNTs were found
in SDS solution, they were at very low concentration in equilibrium with the SWNT
bundles. So the surfactant-assistant method has little value in preparing SWNT
nanocomposites.

O'Connell et al. reported that SWNTSs could be reversibly wrapped with a variety
of linear polymers such as polyvinyl pyrrolidone (PVP) and polystyrene sulfonate (PSS)
in water. [44] The wrapping may change the hydrophobic SWNT surface and exfoliated
it from the bundle so that it could be soluble in water. Solubility in the g/L. concentration
range can be obtained with PVP wrapping.

Polysaccharides are another type of linear polymer that can wrap and solubilize

individual SWNTs in water. Starch [72] and gum Arabic [73] have been reported to have
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the ability to exfoliate and stabilize SWNTs.

Even though the noncovalent attachment does not alter the structure of the
SWNTs, which is good, at the same time the interactions between the wrapping molecule
and the nanotube are weak. Therefore, in a nanocomposite of this kind, the low load
transfer efficiency between SWNT and polymer matrix would be poor. Additionally, only
specific class of polymers, i.e. linear polymers, can be attached to the SWNTs with these
strategies. It is not practical to prepare SWNT/PFA nanocomposite with this strategy

because PFA is a hydrophobic crosslinking polymer.

(b) Covalent functionalization

Since the surface of a SWNT is highly inert, the covalent functionalization
usually happens under severe conditions. The first reports about the SWNT covalent
functionalization were under strong oxidative conditions. [74] For example, the mixture
of sulfuric acid and nitric acid reacts with SWNTs to “open” their ends and generate
functional groups, such as carboxylic acid, anhydride, quinone and ester groups at the
ends. [75, 76] Interestingly, a similar reaction on MWNTs also happens during ultra-
sonication. [77] These “defects” formation in such ways is helpful in solubilization of
SWNTs by disrupting their inert surface. However, the distribution of the functional
groups and the grafting density are not readily controlled in these oxidative processes.

Recently, several covalent strategies with specific functional groups and
significant functionalization densities were reported, including fluorination with
elemental fluorine, [78] ozonation, [79] cycloaddition with nitrene, carbene, or radicals,
[80-82] Bingel reaction, [83] and electro-chemical reduction of diazonium salts [84-88].

Among all of these strategies, the method using diazonium salts as developed by Tour et
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al could create aryl functional groups on the SWNT, which is quite interesting for
eventual preparation of SWNT/NPC nanocomposites. By Tour’s method, the diazonium
reagents, generally produced by mixing of aniline with nitrite, react with SWNTs to
functionalize the SWNT with aryl groups as shown in figure 1.9. [86] Fuming sulfuric
acid (oleum) was employed because SWNT can disperse in it as individual tubes with

concentration up to 10 wt%.
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Figure 1.9 (a) Functionalization of SWNTs with diazonium reagents in oleum. [86]

(b) Scheme of kinetic model displaying the reaction of 4-chlorobezene diazonium salt
with a SWNT. There are three possible states of the diazonium reagent during the SWNT
functionalization: (A) free diazonium salt in solution, (B) adsorbed on nanotube surface
and (C) covalently bound to nanotube. [89]
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With covalent functionalization, the functional groups on SWNT can be designed
to have good compatibility with the polymer matrix. This fabrication strategy also can be
readily extended to a wide range of polymers. Additionally, covalent functionalization
may effectively improve the interaction between SWNTSs and polymer through bonding.
Molecular simulations by Frankland et al indicated that the shear strength of the polymer-
nanotube interface can be increased by over an order of magnitude with grafting density
of only ~0.3%. [90] Experimentally, Geng et al used fluorinated SWNT to produce
nanocomposite films with poly(ethylene oxide) (PEO). [91] The nanocomposite with 1
wt % fluorinated SWNTs (F-SWNTs) had 3 times higher yield strength than that of PEO
and elastic modulus increased 45%. Gao et al. showed that the Young’s modulus of
nylon-6 fiber increase by 53% by adding 1 wt% carboxylic acid functionalized SWNT
(SWNT-COOH). [92] The excellent mechanical properties enhancement came from the
good dispersion and grafting of nylon chains on the SWNT. The monomer, caprolactam,
was an excellent solvent for SWNT-COOH and this allows the effective dispersal of the
SWNTs within it. Nylon chains were grafted to the SWNTs through condensation
reactions between the carboxylic-acid group on SWNT and the terminal amine group of
nylon chains, thus creating strong bonding between SWNTs and the polymer. In fact, at
low SWNT loadings (<0.5 wt %) the experimental Young’s moduli and the tensile
strength of these composite nylon fibers were higher than the theoretical predictions for
randomly dispersed composites. This suggested that the covalent bonding at the
nanotube/polymer interface can be very effective in strengthening the material. Dyke et al
fabricated poly (dimethyl-siloxane) (PDMS) composites with functionalized SWNT. [93]

The functional group was designed to be compatible with the polymer matrix. The tensile
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modulus and strength were significantly increased without obvious change in elongation
at break.

In summary, covalent functionalization is of great interest in making SWNT/
polymer by designing the functional groups on SWNT compatible with polymer so that a
high dispersion of SWNTs in polymer and strong bonding between them can be created.

This strategy will be used in this thesis to prepare SWNT/NPC nanocomposites.

1.5 Organization of the thesis

The goal of this thesis is:

(1) To develop novel CC composites with SWNT and NPC;

(2) To prepare SWNT/NPC composites and nanocomposites, to compare their
improvements in mass transfer and discuss the NPC structure change with SWNTs;

(3) To study the interaction between these two carbon allotropes in the novel CC
nanocomposites.

In Chapter 2, the general experiments and characterization tools used to
investigate the carbon materials are introduced. The pore structures of SWNT/NPC
composites were probed with pore size distribution (PSD) and mass transfer rate. Their
morphology and nanostructure were characterized with scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Raman spectra were used as an
important tool in studying the properties of carbon materials, especially SWNT.

In Chapter 3, SWNT/NPC composites prepared with solution blending were

characterized with the methods introduced in Chapter 2. The structure of the composites
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was discussed mainly based on the PSD and mass transfer rate evolution with respect to
the SWNT concentration.

To exfoliate the SWNT bundles and enhance the interaction between SWNT and
NPC, functionalization of SWNT was studied in Chapter 4. Arylsulfonic acid
functionalized SWNT (SA-SWNT) was first prepared via the diazonium salt method. The
PFA-grafted SWNT (PFA-SWNT) was fabricated by in situ polymerization of FA with
the SA-SWNT as a catalyst. To study the interaction between NPC and SWNT, a
NPC/SWNT nanocomposite was produced by pyrolysis of isolated PFA-SWNT. The
thermal deformation of NPC/SWNT was studied in Chapter 5 to investigate if there is
any templating effect of SWNTs on NPC graphitization as that of carbon fibers. In
Chapter 6, the SWNT/NPC nanocomposites were produced by dispersing SA-SWNT in
FA. How the SWNT change the mass transfer and mechanical properties of NPC with

small doping amount is discussed.
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Chapter2

General experiments and characterization methods

2.1 CH;Cl Adsorption

2.1.1 Apparatus

The pore size distribution (PSD) and the mass transfer rate through the
micropores are important properties of NPC and the SWNT/NPC composite carbons.
Both of them can be obtained from CH3Cl adsorption data. The scheme of the adsorption

apparatus is shown in figure 2.1.
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Figure 2.1 Scheme of the CH;Cl adsorption apparatus.
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The apparatus consists of a microbalance (MB-300), vacuum line, vent line,
CHj;Cl line, a chiller and a computer to control temperature, pressure and record data.
Prior to adsorption process started, the sample was loaded in the microbalance and
degassed by pumping down and baking out at high temperature (~350 °C) for 2-8 hours.
The Auto Adsorption mode is used, in which the isotherm with a series of preset
temperature (T) and pressure (P) is recorded. In this process, the isothermal conditions
are achieved by pumping the liquid in the chiller tank (mixture of ethylene glycol and
water) into the jacket outside of sample cell; the pressure was controlled by the valve in
the CH3Cl line, which is opened and closed by the computer. Once the equilibrium at a
(T, P) point is obtained, the system proceeds to the next one until the program is
completed. At the same time, the sample uptake was taken from the microbalance. With a
series of adsorption equilibrium data, the pore size distribution (PSD) can be obtained.

The details of PSD calculation will be introduced in section 2.1.2.

2.1.2 Pore size calculation

The adsorption of gas molecules in a porous material occurs in several stages as
the relative vapor pressure P/P, increases. When P/P, is very low, gas molecules are
adsorbed in micropores and form 1-3 layers of adsorbed phase. Adsorption in mesopores
happens when P/P, increases and the adsorbed material behaves like a liquid in a process
termed ‘“‘capillary condensation”.

For a specific relative pressure P/Py, the pores with sizes below Ix will be filled at
adsorption equilibrium. And the accumulative pore volume Vi (cc/g) of sizes below [k

can be calculated by
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w
Ve =—"%/w 2.1)
K pK C

where wy is the mass uptake at equilibrium, which is measured with the microbalance; px
is the density of the adsorbed phase, which can be taken as the density of the bulk liquid
phase at that temperature; and w¢ is the mass of the adsorbent. Assuming the PSD

function to be g(/), the relationship between Vi and Ik is

lK
V, = IO g(D)dl 2.2)
So we have
av
H=2" 2.3
g) i (2.3)

Practically, the PSD is calculated by

gt =2| VeV 2.4
dl |1:1K lK _lK—l
or PSD with unit of (cc/g) calculated by
av | (Ve Vil 2.5)

din()|_, L=,

when [, —[,_, is reasonably small.

The pore size cannot be determined directly but rather it must be calculated from
a model of the adsorbed phase in an ideal pore at fixed temperature, pressure and
equilibrium. For carbons having pores less than 1 nm in dimension, their micropore sizes
(<2nm) can be computed from each relative pressure by Horvath-Kawazoe (H-K) model.

[94] In this model, the micropores are assumed to be slit-shaped as shown in figure 2.2.
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Figure 2.2 Idealized geometry of slit-shaped pore.

The free energy change upon adsorption in these pores is related to the adsorbent-
adsorbate interaction energy, which is derived from 6-12 Lennard-Jones potential. An
approximation in the model is that compared to the enthalpy of adsorption at equilibrium,
the entropy term contribution is small enough in magnitude to be taken as negligible.
Hence the free energy of the ideal adsorbed phase at a given micropore size / can be

calculated by [94]

6

N,A, +N,A
RTln[PﬁJzNAV a7 2a % 1 ?

o I Py R P

(2.6)
where P is the pressure at adsorption equilibrium; Py is the saturation pressure, which is a
function of temperature; N, and N, are the area densities of adsorbate molecules and
adsorbent molecules respectively; A, and A4 are Kirkwood-Muller dispersion constants,
which were related with the polarizability and magnetic susceptibility of both adsorbent
and adsorbate; d is the diameter of the adsorbent atom, i.e. C atom; and o is the L-J

parameter.
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The gas adsorbed in the mesopores (2 nm< / <50 nm) is treated differently; it is
taken to behave as a “capillary condensed” phase. There is a condensed fluid meniscus
formed in the pore which is in equilibrium with gas phase above it. The curvature of the
pore can be calculated from the relative pressure by Kelvin equation. It relates the free

energy change to the capillary condensation and calculates the pore radius r by

P, RT r

where 7 is the surface tension of the adsorbate, CH3Cl, V, is the molar volume of the
liquid adsorbate, 0 is the liquid-solid contact angle (assumed to be 0).

Thus, by taking a series of adsorption equilibrium data, the pore size at each point
can be caulculated with a combination of the H-K model (Eq 2.6) and the Kelvin model
(Eq 2.7) for mesopores (2 nm < [ < 50 nm). The accumulative pore volume at
corresponding pore size can be calculated from the mass uptake (Eq 2.1).

For NPC and the composite carbons, the assumptions of H-K model are
reasonable approximations because the micropores in the NPC are in fact approximately
slit-shaped pores from HRTEM images. Also, since H-K model gives reliable PSD for
SWNTs, [18] it can be considered as a reliable model for guiding the synthesis and
characterization of the SWNT/NPC composites.

In the present experiments, CH3Cl is used as adsorbate, instead of commonly used
adsorbate, N,. There are many advantages to use CH3Cl compared with N, for PSD
measurements. First of all, since CH3Cl has much higher boiling point than Ny, Py is
reasonably low at room temperature. Thus it becomes possible to measure the
microporosity under room temperature and moderately low pressure, as well as the

mesoporosity under moderately low temperature and sub-atmosphere. Generally the
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ultramicropore and micropore size distribution can be obtained at 30 °C and 3.5-200 torr,
and mesopore size distribution can be obtained at -25 °C and 200-600 torr with CH;Cl
adsorption. Experiments have shown these results were consistent with the PSD from N,
adsorption under 77K. [18] Secondly, the mass transfer rates of CH3;Cl in these
measurements are much higher than those of N, since it takes place at higher
temperature. For some samples with negligible mesopores and macropores, e.g. NPC-
PFA, the mass transfer of N; is too slow at 77K to probe the micropores, but with CH3Cl
the adsorption take place with relatively high transport rates and at moderate temperature
making the approach to equilibrium in the micropores attainable in acceptable

experimental time frames.

2.1.3 Mass transfer rate and modeling

Besides PSD, the microbalance system can also be used for adsorption rate, i.e.
mass transfer rate studies. By setting the system at a certain temperature and pressure,
and by recording the transient CH3Cl uptake values, the adsorption rate can be obtained.

The NPC can be considered as numerous microdomains interconnected with
some macropores, more or less depending on the synthesis method. [95-97] The mass
transfer (net adsorption) rate in NPC is controlled by the transport through the narrow
molecularly sized pores in the microdomains, and the resistance can be decomposed into
two components: the barrier resistance confined at the micropore mouth and the pore
diffusion resistance distributed in the micropore interior. The micropores of NPC were
ink bottle shaped with narrow pore opening whose size is comparable to the molecular

size, [1] so the pore mouth resistance is an important factor in mass transfer through
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NPC. The micropores of NPC are originated from the spacing between the turbostratic
layers. [19] There is considerable resistance for molecule diffusion in these pores due to
the corrugated channels.
To develop a mass transfer model through NPC and SWNT/NPC, following
assumptions are made
1) The NPC microdomains are spherical (figure 2.3) and the SWNT/NPC
composites have the similar microstructure. This geometric assumption is made
because NPC microdomains have similar sizes in each dimension. It is also
assumed that the micropores are evenly distributed and of the same dimension
throughout the microdomain, i.e. a pseudo-homogeneous assumption which is a

good one based on HRTEM images.
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Figure 2.3 Scheme of mass transfer in NPC microdomain.
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The mass transfer at pore mouth is modeled as thin film diffusion and can be

described by
dg .
—~ =kdlq - | 2.8
9% bl —4,_, (2.8)

where k, is the pore mouth mass transfer constant; ¢ is the adsorbate
concentration at time ¢ with a distance r to the center of microdomain; g* is the
equilibrium adsorbate concentration, which is related with temperature and
pressure only; r. is the radius of the NPC microdomain, and a is the average

adsorbate concentration, which is linearly correlated with the uptake of sample at

time ¢, w(t)

w(t)/M

We

q= (2.9)

where M is the molecular weight of adsorbate.

There is no mass transfer at the center of NPC microdomain.

9l _ (2.10)
ar r=0

There is no adsorbate on NPC when adsorption starts.
9|, =0 (2.11)

The mass transfer inside pores follows Fick’s law.
Although the mechanism of diffusion in micropore is complex, it is practical to
use Fick’s law to describe the total flow through the NPC microdomain. [95, 96,

98] So the diffusion inside the NPC microdomain can be described as

ag 1(d , 6 , dq J
A _ | T p=2L 2.12
ot r’ (ar r or 212)
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where and D is the diffusivity inside NPC. In the spherical microdomain,
- 3 r(‘
g=—5["q-r’dr (2.13)
rC

To solve Eq 2.8 and 2.12, two extreme cases are considered:

1. Barrier model

When the gas diffusion is controlled only by the barrier resistance, the resistance
to gas molecule diffusion inside the micropores is considered to be much lower and hence
the rate there is not limiting. Instead the diffusion experiences the highest resistance as it

goes through the pore entrance, and ¢ inside NPC microdomains tend to be uniform,

hence
qd,., =q (2.14)
Eq 2.8 becomes
—=k - 2.15
dr »(q —q) ( )

Transform Eq 2.15 and integrate from O to 7, the uptake change with time can be obtained

ln(l— ‘{J = —k,t (2.16)
q

q w(t)

According to eq 2.9, — is simply equal to fractional uptake — where w* is the
w

equilibrium uptake. So the pore mouth mass transfer constant k, can be obtained by

fitting ln[l — &QJ with respect to adsorption time.
w
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2. Pore model

When the gas molecule transfers through the micropore entrance with much less

resistance than it encounters when it diffuses inside the NPC micropores, then

*

Q{,:rc 04 (2.17)

With this boundary condition, the exact solution to Eq 2.12 can be obtained [98]

—(n;r)z%t
q=q"-6q Z (m) : (2.18a)
or
—(nﬂ)z%
-4 = 62 (M) ‘ (2.18b)
By fitting the fractional uptake KZ{) versus ¢ with Eq 2.16 and Eq 2.18
w

respectively, one can tell whether the resistance at pore mouth or the diffusion inside

micropores controls the mass transfer in NPC.

3. Combination of barrier model and pore model

In general conditions, the mass transfer may be controlled by both factors. A
nearly exact solution of this case can be obtained by computer simulation, but this
requires large amount of calculation; nearly as good a solution can obtained by a simple
approximation. The so-called linear driving force (LDF) approach is often used to
approximate the exact solution for pore diffusion [99] by imposing a quadratic form for

the adsorbate concentration profile at time t:

q=a(t)+b)r? (2.192)
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A more generalized concentration profile is given by
qg=alt)+br" (2.19b)
where n is an integer >2. The comparison of these approximations with the exact
solution was plotted in figure 2.4. It can be found that in short time range, the LDF
approximation with high n is closer to the exact solution than with low n, but the low n

value fits better at longer time range.

0.8
2
g 0.6 — exact solution
% —n=2
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Figure 2.4 Comparison of the LDF approximations with the exact solution of the pore
model.

From Eq 2.19b and boundary conditions the concentration profile can be obtained

q4=9q = )[q —q]-[l—(r—) ] (2.20)
Combining Eq 2.20 and Eq 2.12

dq _3(n+3)D . -

94 _3n+3ID, - (2.21)

ot r2

c
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Transforming Eq 2.21 and integrate from O to ¢ leads to

1{1 —ij __3e+3)D, (2.22)

* 2

q r,

c

Assuming that the pore diffusion rate constant can be related to the diffusivity and

+3)D
microdomain radius as k, = M, then an equation similar equation as Eq 2.16 can
rL‘
be obtained
qa)_
ln(l - j =—kt (2.23)
q

For the case that pore mouth resistance and micropore interior diffusion resistance

are comparable, it is straight forward to show that

q t
11{1 - ;’*J ==k (2.24)

1 1 1
where —=—+—.
k, k, k

p

Thus, with LDF approximation, the mass transfer rate of different materials can

be compared based on ln(l—wj and k;.

w*
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2.2 Morphology and structures in nanoscales

When an electron beam interacts with a specimen, there are several secondary
signals generated as shown in figure 2.5. [100] These signals emerge from the sample
within a few nanometers to several microns from the surface, depending on the beam
parameters, e.g. energy, and sample properties, e.g. atomic number. The emerging signals
can be detected with TEM, SEM, Raman spectroscopy, etc. and used to characterize the

specimen.

Incident
high-kV beam  Secondary
Backscattered
electrons
electrons Characteristic
Auger X-rays

electrons \ —~ _—> Visible light
Y

‘Adsorbed’ electrons €—— Specimen ——> Electron-hole pairs
T Bremstrahlung X-rays

Elastically scattered Inelastically scattered
electrons \ 2 electrons

Direct beam

Figure 2.5 signals generated when a high energy beam of electrons interacts with a thin
specimen. The directions shown for each signal only indicate, in a relative manner, where
the signal is strongest or where it is detected. [100]

Based on the depth from which they emerge, the various signals have different
interaction volumes arising from their different energy regimes as shown figure 2.6.

Some signals, such as Auger electrons and secondary electrons provide the information
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from the sample surface only, while backscattered electron and characteristic X-rays can

probe and provide information from much deeper within the sample.

Electron beam

,-—103. Auger electrons

50-500A Secondary electrons

Backscattered
electrons

Continuum X-rays

} Secondary fluorescence
//- bﬁ continuum and
characteristic X-rays

Figure 2.6 Illustration of interaction volumes for various electron-specimen interactions.
The secondary electrons emerge from depth of 50-500 A. [101]

In the present study, the morphology and nanostructure of NPC-PFA, SWNT, and
their composites were characterized with transmission electron microscope (TEM) and

scanning electron microscope (SEM).

221 TEM

Most of the secondary signals shown figure 2.5 can be detected by TEM with
different operation modes. Information such as crystalline structures, defects, strain fields
and chemical compositions at sub-nanometer length scales can be provided. In this thesis,
the high resolution transmission electron microscopy (HRTEM) imaging was used. In

this mode, the electron beam was generated from a LaBg or field emission electron gun



41

with high energy (generally 200 kV) and transmitted to the specimen through a series of
electromagnetic lenses. In HRTEM mode, the electrons beam is broad and almost parallel
in the plane of the specimen and transmitted through it. By adjusting the strength of
intermediate lens and objective lens, the electron beam works in such a way that it
projects the high resolution image of the specimen on the viewing screen with
magnification of ~10°.

Since the transmitted electrons are detected in HRTEM, the sample should be
very thin, typically within tens of nm. Usually the SWNT samples can be prepared by
dispersing them in organic solvent by ultrasonication, then dropping the suspension on
the holey carbon-coated grids. Since NPC is a “hard” carbon and the crosslinking bonds
cannot be broken by ultrasonication, preparation of the TEM sample requires that it
ground with an agate mortar and pestle in an organic solvent to make a suspension of
small particles. In this thesis, the HRTEM images were taken with a JEOL LaBg or JEOL

2010F operating at 200kV. The point to point resolution was ~2A.

2.2.2 SEM

SEM was used to characterize the surface morphology of SWNT, NPC and their
composites. In the operation of the SEM, a voltage between the sample and the filament
is applied, resulting in electron emission for the filament, and the electrons are guided to
the sample by a series of electromagnetic lenses in the electron column. To cause an
effective electron emission, the sample is required to be conducting. Nonconductive

specimens, e.g. NPC-PFA, are examined after coating with a thin layer (thickness < 20
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nm) of Au by vacuum “sputtering” for less than 1 minute. The samples also require
grinding for better focusing.

Secondary electrons are the most common signal used for investigation of surface
morphology. They are produced as a result of the weakly bound electrons in the
conduction band of the sample which is exited by the incident electron and then escapes
from the sample surface. Since secondary electrons are low energy (<50eV), only those
formed within the first few nanometers of the sample surface have enough energy to
escape and be detected. Some backscattered electrons may also create secondary
electrons which provide information from much deeper within the material. [102] The
SEM image is the result of mapping the intensity of the secondary electron emission from
the sample by scanning across the surface. The spatial resolution is mainly limited by the
size of the electron probe. At the same time, the electric current density in the probe must
be sufficient in magnitude to have the requisite signal to noise ratio. To optimize the
resolution, a small but powerful electron probe is needed. The small objective aperture
and short working distance are also use in imaging operations. In this thesis, the SEM

images were obtained on a Hitachi S3000-H SEM operated under high vacuum and 5 kV.

2.3 Raman spectra

Raman spectra are collected by irradiating a specimen with a powerful laser
source to generate Raman scattering. During a Raman scattering, an electron in the
specimen is excited from the valence energy band to the conduction energy band by
absorbing a photon from incident light, then the excited electron is scattered by emitting

(or absorbing) phonons and relaxes to the valence band by emitting photons. The
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generally observed Raman spectra are from the scattered photons whose energy is smaller
than that of the incident photons. Their energy difference is the energy of the scattered
phonon. By measuring the intensity of the scattered light versus its frequency downshift
(energy loss), the Raman spectra are obtained.

Raman spectra of SWNTs provide a lot of information about their phonon
structure and electron structure. Because the mechanical properties, elastic properties,
and thermal properties of SWNTs are strongly influenced by phonons, information about
the structure and properties of SWNTs can be obtained from their Raman spectra. The
SWNT has a unique one-dimensional (1D) structure with one atom in thickness, a few
tens of atoms in circumference, and many microns in length. The 1D confinement of
electronic and phonon states results in the so called van Hove singularities in the density
of states (DOS). Whenever the energy of the incident photons matches the joint van Hove
singularity in the DOS, resonant Raman enhancement happens. Due to the diverse
characters of van Hove singularities in SWNT and the 1D confinement, strong Raman
scattering intensity is observed. [103] It makes Raman microscopy an extremely powerful
tool, even for an isolated individual SWNT, to observe the vibrational properties of
SWNTs.

The number of emitted phonons before relaxation of the lattice can be one, two, or
more, which are called one-phonon, two-phonon or multi-phonon Raman processes
respectively. The Raman processes can also be classified as first-order and second-order
process based on whether the photon direction is changed or not in scattering. Generally,
the Raman spectra of SWNTs include (1) the first-order Raman process involving one-

phonon emission; (2) second-order involving one-phonon emission and (3) second-order
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involving two-phonon resonant Raman processes.[35]

There is only one first-order Raman feature in graphite, the so-called G band
located around 1582 cm™, which is associated with the symmetric sp* hybridized carbon
network vibration. With the rolled-up graphene sheets, the SWNTs have similar first-
order Raman spectra, G band, but it is composed with several features, including the
Raman active modes with frequencies of 1584cm'1, 1585 cm™ and 1590 ¢cm™! shown in
figure 2.7. These features arise from different tangential vibration modes of C atoms in
perfect sp2 network. [104] This sharp and strong mode can be found in the Raman
spectrum of any SWNT and they are almost independent of the laser excitation
wavelength. There are also other features in G band associate with the resonant Raman
enhancement from the separation between the van Hove singularities in the valence and
conduction bands of the DOS. These generally appear as a broad band from ~1500 to
1600 cm™. [105]

Besides the G band around 1590 cm_l, the SWNTs have another first-order mode,
the radial breathing mode (RBM). This is a bond-stretching out-of-plane phonon mode
for which all the carbon atoms move coherently in the radial direction as the Raman
active mode with frequency of 165 cm™ shown in figure 2.7. [104] The RBMs are usually
present in the range of 100-500 cm’'. Since they are uniquely observed in the Raman

spectra of SWNT, their presence is considered as a signature of SWNT.



45

Figure 2.7 Theoretically calculated Raman active mode eigenvectors and frequencies for
a (10, 10) nanotube. The red arrows indicate the magnitude and direction of the
appropriate C atom vibrations, and eigenvectors shown correspond to the seven most
intense modes in Raman spectra. The unit cell is shown schematically in the upper right
corner. (Adapted from [104])

Theoretically, the RBM frequency is inversely proportional to the tube diameter
and is expressed as

o, (cm™") = C/d,(nm) (2.25)
where C is a constant of value 224. [106] For a (10, 10) SWNT, the diameter is 1.36 nm,
and the theoretical calculated wg is 165 cm™ as shown in figure 2.7. But in reality, the
SWNTs are typically present as SWNT bundles, for which the tube-tube interaction
needs to be accounted. The interaction within a bundle has been predicted to cause a ~6-
20 cm™ upshift in wg with respect to that of the isolated SWNT based on different
theoretical calculations. [107-109] In this thesis, nanotube diameter d, is calculated from

the RBM frequency wg with [110]

@, (cm™") =224/ d, (nm)+14 (2.26)
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The intensity of the RBM is dependent on the excitation wavelength because it is
a resonant Raman scattering process, in which configurations whose band gaps match the
excitation energy are preferentially excited. The Katauru plot relates the electronic
transitions to the SWNT diameters and reveals that the incident light selectively interacts
with different types of SWNTs. [111] By means of Katauru plot, Raman spectra from
metallic SWNTs and semiconductive SWNTSs can be distinguished as shown in figure

2.8.[112]
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Figure 2.8 Revised Katauru plot based on experiment data of HiPco produced SWNT
related the transition energy and the SWNT diameter. (+) and (-) refer to high and low

energy transition respectively. v and c refer to valence and conduction band respectively.
(Adapted from [112])

The RBM intensity is also sensitive to bonding, defects and charge transfer. It can
be used as an indicator for the periodicity of sp2 network in SWNTs.

The so called D band associated with the scattering of an electron via phonon
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emission by the disordered sp2 network is also important in studying the SWNT
properties, especially functionalization of the sidewalls, because any change on the
nanotube wall that affects its periodicity may strengthen the D band scattering. It is a
weak band involving the one-phonon second-order Raman process. The D band
frequency is in the range of 1250-1450 cm™ and dependent on the laser excitation energy.
This behavior is called “dispersive”. [113-116] The D band frequency in graphite
changes by 53 cm™ with the laser energy changes by 1 eV. [35]

All forms of carbon show D band and G band in their Raman spectra with
different intensities and frequencies. Graphite has very weak or even unrecognizable D
band; [115] amorphous carbon has comparable weak D band and G band. [117] Usually
the G band frequency is ~1582 cm™ in graphite, and ~1591 cm™ in SWNT. It is the case
that while the Raman spectra of graphite and SWNT are frequently reported, those of
NPC are not so common. The following is the Raman spectra of NPC by the pyrolysis of
PFA at 600 °C taken with laser wavelength of 514.5 nm (energy of 2.41 eV). The PFA-

NPC has G band around 1605 cm™ and D band around 1350 cm™ as shown in figure 2.9.
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Figure 2.9 Raman spectra of NPC from pyrolysis of PFA at 600 °C. Excitation
wavelength of 514.5 nm was used.
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Chapter 3
Synthesis of SWNT/NPC Composites by

Dispersing SWNT in PFA Solution

3.1 Introduction

In this Chapter, SWNT/NPC composites were made by a simple liquid phase
blending process, in which the SWNTs were forced to disperse in a PFA/acetone solution
by ultrasonication; the dispersion so made was then subjected to pyrolysis. The SWNT
concentration in the composite was adjusted simply by changing the SWNT ratio to PFA.
Scanning electron microscopy (SEM) and high resolution transmission electron
microscopy (HRTEM) images and Raman spectra were used to characterize the
composite carbons. Pore size distribution (PSD) of the composite carbons and mass
transfer rate through them were measured by CH3Cl adsorption. A structural picture of
the SWNT/NPC composites was developed based on these characterization data and gas

adsorption properties.
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3.2 Experiments

3.2.1 Preparation

As prepared SWNT (AP-SWNT) (Carbolex Inc) was used to fabricate the
SWNT/NPC composites. The AP-SWNT was produced by electric arc-discharge method
with Ni-Y as the catalyst. PFA (Monomer-Polymer and Dajac Laboratory Inc) was
dissolved in acetone to make a ~10 wt% solution, then the SWNT powder were added in
with different weight ratios to PFA. The mixture was put into an ultrasonic bath for more
than 10 h to obtain suspensions of SWNT. The mixture was then poured into a quartz
boat and pyrolyzed in a tube furnace with a continuous flow of argon at 600 °C for 8 h.
The products were ground into powder and sieved for further analysis.

The SWNT concentration in the composite carbon was calculated from the
SWNT/PFA ratio in precursor. The following assumptions were made for the
calculations: the carbon yield of PFA is 33 % and it did not change with addition of
SWNTs; and there was no weight loss for SWNT in blending and pyrolysis. Both
assumptions were reasonable based on experiment data. The resulting composite carbons

had SWNT concentration range from 14 - 80 wt%.
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3.2.2 Characterization

The morphologies of the composite carbons, PFA-NPC and AP-SWNT samples
were characterized with SEM and HRTEM. The samples for SEM were grounded into
fine powder and affixed to a carbon tape. All of the carbon samples for imaging were
coated with gold by sputtering for 45 sec prior to imaging. The SEM images were
obtained with a Hitachi S3000-H SEM operated with 5 kV beam. Particles of the AP-
SWNT and a ~39 wt% SWNT/NPC composite were suspended in acetone and ground in
an agate mortar. The suspension was then dropped on the holey carbon-coated grid for
the TEM study. HRTEM images were taken with JEOL 2010 LaB6 under 200 kV.

Samples for Raman spectroscopy consisted of thin films formed by dropping a
suspension of the pulverized sample on glass slides. Raman spectra of the carbons were
obtained with a BOMAN DA3+ Fourior transform (FT) spectrometer and an excitation

wavelength of 1064 nm.

3.2.3 CHj;Cl adsorption

The pore size distribution (PSD) of the AP-SWNT, PFA-NPC and their composite
carbons was obtained with CH3Cl adsorption at -25 — 30 °C and 3.5 — 700 torr. The mass
transfer rate of CH3Cl through the composite carbon was studied with the microbalance.
The system temperature was set at 30 °C and CH3Cl was dosed into the sample in manual
control mode until the pressure was 40 torr. The instantaneous CH3;Cl uptake values were
recorded each minute and the adsorption rates were compared with model introduced in

chapter 2.
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3.3 Results and discussions

3.3.1 SEM images

Figure 3.1 SEM images of carbon derived from (a) PFA, (b) 14 wt% SWNT/PFA, (c) 39
wt% SWNT/PFA, (d) 50 wt% SWNT/PFA, (e) 80 wt% SWNT/PFA and (f) AP-SWNT
(Scale bars 1um)
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Figure 3.1 shows SEM images of the PFA-NPC, the composite carbons and AP-
SWNT. In the image of PFA-NPC is a glassy carbon and looks smooth and featureless,
while in the composite carbon and the AP-SWNT nanotube samples, bundles could be
seen clearly. These images confirmed that the SWNT bundles survived after
ultrasonication but most especially after pyrolysis of the polymer. In the composites
made with SWNT concentrations of 14 wt%, 39 wt%, and 50 wt%, the SWNTs were
embedded in NPC, with apparently similar structures despite the different SWNT
concentrations. When the SWNT concentration became very high, (~80 wt %), the
bundles formed a network to which the NPC particles clearly adhere. In the SEM images
of the composite carbons, the SWNT bundles were more evident than in the images of the
AP-SWNT sample. This was because the SWNT bundles were dispersed by the process
of ultrasonication which was used to drive them into the PFA solution, thus they became
easier to observe than they were even in the AP-SWNT starting material. Additionally,
the impurities, especially the catalyst particles with higher conductivity than SWNTs,
present in the AP-SWNT sample actually covered the SWNT bundles and made them
harder to image and observe in the SEM.

Although SWNT bundles were embedded in the NPC, from multiple SEM
observations they were not uniformly distributed, especially in the composites with low
nanotube concentration, e.g. composites with 14 wt% SWNT. It was obvious that there
were regions abundant in nanotubes but also many regions that were completely lacking
in any nanotubes. This is clearly due to SWNT settling during pyrolysis, since this step

lasted for more than 10 hours after ultrasonication stopped.
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3.3.2 TEM images

TEM images of AP-SWNT and a 39 wt% SWNT/NPC composite are shown in
figure 3.2. In both samples, SWNT bundles of ~10 nm can be seen, showing the integrity
of the SWNT bundle after ultrasonication and pyrolysis. In the composite carbon, it can
be seen that the SWNT bundles were covered with some amorphous carbon, which had
the same morphology as NPC. It showed that the SWNT bundles could be partially
“wetted” by PFA. There were some impurities in AP-SWNT. The bright spots were the
catalyst particles remaining from the preparation of SWNT. These impurities also existed

in the composite carbon.

@ — — O]

Figure 3.2 HRTEM images of (a) AP-SWNT and (b) 39 wt% SWNT/NPC composite.
The arrows were pointed to the SWNT bundles covered with NPC. (Scale bars 25 nm)
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3.3.3 Raman spectra

Raman spectroscopy is a powerful tool to provide deep insight into the structural
features of SWNTSs because it is so sensitive to even minor changes, as introduced in
Chapter 2. Raman spectra of the AP-SWNT and the 14 wt%, 50 wt% and 80 wt%
SWNT/NPC composite carbons are shown in figure 3.3.

There was a single peak at ~160 cm™ in the RBM of AP-SWNT, showing that the
SWNTs excited by wavelength of 1064 nm had an average diameter of 1.51 nm
according to Eq 2.16. [110] The intensity of the RBM is sensitive to bonding, defects and
charge transfer. If there is any chemical bonding between SWNT and NPC, which would
perturb the perfect periodicity of sp> network comprising the SWNT walls, then the RBM
intensity would decrease dramatically. The RBM of the composite carbons was not as
strong as in the AP-SWNT. To investigate the changes quantitatively, the RBM intensity
with respect to the SWNT concentration was plotted in the inset. It can be seen that the
intensity of RMB increased almost linearly with the SWNT concentration in the
composites. Therefore, the lower intensity of the RBM in the composite carbon compared
to AP-SWNT could be attributed simply to the lower concentrations than in the native
sample, rather than to interactions between SWNT and NPC. Additionally, the
frequencies of the RBM of the composite carbons were the same as those of AP-SWNT.
The spectra gave no indication that the SWNT bundles were either segregated or

chemically bonded with NPC.
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Figure 3.3 Raman spectra of AP-SWNT (Carbolex) and the SWNT/NPC composites. The excitation wavelength is 1064 nm. The
RBM intensities and G band intensities with respect to SWNT concentration in composite carbon are shown in the inset.
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In the tangential mode, there was a weak D band in spectrum of the native AP-
SWNT sample, indicating a small amount of defects and impurities. For the composite
samples, the intensity of the G band increased with SWNT concentration, as that
occurred with the RBM. Actually, the NPC had a much weaker G band than that of
SWNT, so it contributed little in the composite carbon thus SWNT concentration in the
composite determined the intensity of the G band. The relative intensity of D band to G
band, Ip/lg, increased with decreasing SWNT concentration because the NPC has more
disorder and a higher Ip/Ig ratio than SWNTs. Similar to the RBM, the frequencies and
widths of both G band and D band did not change in the composite carbons compared
with AP-SWNT.

In summary, the Raman spectra of the composite carbons confirmed that the
SWNT bundles were intact after pyrolysis, which is consistent with the conclusions from

the SEM and TEM studies.

3.3.4 Pore size distribution (PSD)

The PSD of PFA-NPC, AP-SWNT, and carbon composites derived from AP-
SWNT/PFA solution blending are shown in figure 3.4. For all of the composite carbons,
regardless of the concentration of SWNTs in the precursor, a sharp peak around 5A
appeared, which was a feature due to NPC and indicated the normal formation of NPC
micropores in all of these composites. When the SWNT concentration was less than 50
wt%, the composite carbons showed the properties of NPC only with very few mesopores
(figure 3.4a). None of the composites had the mesoporosity of the native SWNT sample

(figure 3.4b). Only when the concentration of SWNTSs in NPC becomes very high (~80
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wt%, Fig 3.4b), does the composite carbon begin to show some of the mesoporosity of

the SWNTs.

(6/99) wan|op alod
(6/99) awnjop aiod

o
o
=
o
=
<
[}
N
»
o
o
o
=
© - « o 0 < e B - °
o o o o o o o o
(NBoip/(6/29)AP (1)6olp/(6/29)AP

1000

100

(b)

Figure 3.4 PSD of (a) NPC-PFA, 14 wt%, 39wt%, and 50 wt% SWNT/NPC composites;
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(b) 80 wt% SWNT/NPC composite and AP-SWNT.
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The cumulative pore volumes of the composites decreased with the addition of
SWNTs when their concentrations were less than 50 wt% in total. It can be seen that the
lower pore volumes in the composite carbons when compared to that of the PFA-NPC
was simply a result of a decrease in mass of the micropore rich phase. To study the pore
volume evolution with respect to the SWNT concentration, the ultramicropore was
defined here as the pores with size below 0.7 nm. The ultramicropore, micropore and

mesopore volumes of the composites versus the SWNT concentration are plotted in

figure 3.5.
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Figure 3.5 Ultramicropore (/ < 0.7 nm), micropore (0.7 nm < / < 2 nm) and mesopore (2
nm < [/ < 50 nm)) volume evolution with SWNT concentration in composite carbons.
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The ultramicropore volume decreased linearly with the SWNT concentration. In
other words, it was the simple addition of the fractional contribution from the two
components. This indicates that the structures of SWNT and NPC at the nanoscale are not
changed by being in the composites. The micropore (0.7 nm < / < 2 nm) volume
decreased slightly when SWNT concentration was lower than 50 wt%; but increased
when SWNT concentration became higher. The mesopore volume showed a similar trend
to that of the micropore volume; it remained nearly constant at low SWNT

concentrations, then increased linearly in high concentration range.
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Figure 3.6 Scheme of different adsorption sites on SWNT bundles: inside tube (A);
interstitial channel (B); groove (C); and surface (D). [118]

To analyze the structure of the composite carbons from the PSD data, the
adsorption on SWNT bundles needs to be reviewed first. The adsorption sites of SWNT
bundles can be inside the tubes (A), in the interstitial triangular channels (B), in the
grooves (C) and at the surface (D) of the bundle (figure 3.6). Because the length of a
SWNT is in the range of ums, the adsorption sites of B, C and D can be considered as slit

pores. Although the site A is cylindrical, the slit pore approximation only causes a pore
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size error of less than 0.3 nm. [119] Therefore, the pore size calculation used above can
provide meaningful information about these adsorption sites.

Type A sites are available only when the SWNT is open-ended. Usually, in the as
prepared SWNT, more than 90% of the SWNTSs are close ended and the “open” SWNTs
have dangling bonds at the end, so the gas molecules are blocked from entry. Raman
spectra showed the AP-SWNT had an average diameter of ~1.5nm, but there was no
sharp peak around 1.5nm in its PSD (figure 3.4b). This confirmed that the SWNT were
close ended and that the CH;Cl was not adsorbed inside the nanotubes.

The distance between the neighboring SWNTs in a bundle is only ~3.4 A, so the
pore size of type B sites is not always big enough for gas molecule to enter. Whether or
not the gas can be adsorbed on sites B is dependent on the adsorbate molecule size and
shape, adsorption conditions, and the SWNT bundle structures etc. Theoretical
calculations and experiments showed that spherical molecules, such as Ne, Ar, Xe and
CH4, cannot be adsorbed on sites B. [120, 121]. A CH3Cl molecule is nearly spherical
with diameter of ~4.2 A so CH;5Cl at room temperature would not enter sites B either.
The PSD of SWNT lacked a sharp ultramicroporous peak corresponding to sites B so
adsorption on site B could be neglected.

Sites C and D on the exterior surface of SWNT bundles are always available for
adsorption, if they are exposed to gas. For the AP-SWNT sample, most of the CH3Cl
adsorption happened on these sites. The groove sites, C, could be considered as slit pores
with continuous and gradually increasing pore size. The pores below 5 A and the plateau
between 5-7.5 A in the PSD of AP-SWNT could be attributed to these sites. The exterior

sites, D, near the grooves contributed to the micropore volume in AP-SWNT. The D sites
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that are far from the grooves behave more like planar adsorption sites and contribute to
the adsorption attributed to the mesopores. The AP-SWNT sample had an approximately
constant dV/dlog(l) value for these pores, suggesting that a gas molecule were adsorbed
on different position of SWNT bundles’ exterior surface with equal probability.
According to the SEM images of the composite carbon, the SWNT bundles were
embedded in NPC when SWNT concentration was relatively low; alternatively, when
SWNT concentration is high, the SWNT bundles formed a network with nanosize NPC

particles adhering to it. The two types of structure can be drawn as figure 3.7.

NPC @ o000
O@® NPC particle
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Figure 3.7 Scheme of structure of SWNT/NPC composite carbon with NPC (a) and
SWNT (b) as the major component.

It is clear that most of the D sites are blocked in structure (a), when the volume
fraction of NPC is sufficient to cover all of the SWNT bundles. The microporosity and
mesoporosity of the composites with this structure (14 wt% and 50 wt% SWNT/NPC)
were almost the same as those of NPC. The approximately constant mesoporosity also
suggested that the size of the NPC microdomain remained the same when it contained

SWNT bundles with structure (a) because the mesopores in NPC only emerge at the
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edges of the microdomains. However, the linear change in ultramicroporosity with
SWNT concentration revealed that the bundle grooves (sites C) were not filled by NPC in
the composites. If PFA were tightly bonded with SWNT after blending, it could enter the
bundle grooves; then the PFA-NPC occupied these sites after pyrolysis, making the
ultramicropore volume lower than it would be for a simple linear addition of SWNT and
NPC. Therefore, the linear change of ultramicropore volume provided proof that NPC
was loosely attached to the SWINT bundles in these composites.

In the 80 wt% SWNT/NPC composite, SWNT bundles were the major component
in the composite and NPC formed particles on it (figure 3.7b). In this structure, only part
of sites D was covered, so the mesopore volume started to increase with SWNT
concentration. If the SWNT bundles were split in preparation of the composites, the

exterior surface area would increase. For example, when one SWNT bundle splits into

two bundles of the same size, the exterior surface theoretically increases by ~ V2 times.
Therefore, one may expect the mesopore volume to be significantly higher than the linear
addition of those of NPC and SWNT in structure (b) if SWNT bundles were split.
However, the linear volume increase conveyed that the SWNT bundles were intact in the
composite. The ultrasonication was not vigorous enough to break up the bundles. The
micropores, which were sites D near the grooves, had a little higher volume than that of
AP-SWNT, showing these sites were also open without NPC covering as sites C. It also
suggested that NPC particles were more loosely attached on the SWNT bundles exterior
surface than in structure (a). A slightly higher volume of micropores in 80 wt%
SWNT/NPC than in AP-SWNT might come from the removal of some impurity

nanoparticles from these sites during ultrasonication.
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3.3.5 Mass Transfer rate

The adsorption of CH3Cl on the PFA-NPC, AP-SWNT and their composite
carbons was done at the same temperature and pressure, so that the driving forces for
mass transfer were the same for all experiments. According to H-K model, the adsorption
at 30°C and 40 torr was associated with slit pores having sizes below 5.85A, so any
change in the transient uptake data would suggest change in the ultramicropore

structures.

—— AP-SWNT
——80 wt% SWNT/NPC
~+ 50 wt% SWNT/NPC

fractional uptake

——14 wi% SWNT/NPC
— PFA-NPC
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Figure 3.8 Normalized CH;Cl fractional uptakes in PFA-NPC, SWNT/NPC composites
and AP-SWNT at 30 °C and 40 mmHg.

The fractional uptake w(z)/w* with respect to the adsorption time was plotted in
figure 3.8. It can be seen that the mass transfer rate changed significantly in the
composite carbons compared with PFA-NPC, although some of them had less porosity

than NPC (figure 3.4). The uptake data in figure 3.8 were fitted to the barrier resistance
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model and to the pore resistance model as introduced in chapter 2; the results are shown

in figure 3.9.
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Figure 3.9 Fractional uptake of (a) PFA-NPC; (b) 14 wt% SWNT/NPC; (c) 50 wt%
SWNT/NPC; (d) 80 wt% SWNT/NPC and (e) AP-SWNT fitted with barrier resistance
model and to the pore resistance model respectively.
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For AP-SWNT and the 80 wt% SWNT/NPC composite, the barrier model nearly
perfectly fit the transient adsorption data. For the other samples, the barrier model fit the
short time range better, while the pore model fit the long time range better. This makes
sense intuitively since at short time the greatest resistance to transport of the gas
molecules is met overcoming the pore mouth resistance, while at longer times the
adsorbate concentration at the pore mouth, ¢g. becomes higher, approaches the
equilibrium adsorbate concentration ¢*, and the mass transfer becomes limited by the

resistance to transport due to internal pore diffusion experienced by the majority adsorbed

. . D . .
species. Therefore, we may obtain k, and —- from short time range and long time range,
r

c

respectively. The results are listed in table 3.1.

Table 3.1 Mass transfer constant in SWNT/NPC nanocomposites

14wt% 50 wt% 80 wt%
PFA-NPC | SWNT/NPC SWNT/NPC SWNT/PFA | SWNT

ky(min™) ( <15 min) 0.0757 0.0766 0.1076 0.3161 0.2742

22 (min™) (> 15 min)
-

c

0.00346 0.00490 0.00703 0.01894 0.02061

It was also found that pore model fit NPC-PFA data well from 10 min to 120 min,
but for SWNT/NPC composites, the barrier model was always a better fit than pore
model even with a low concentration of SWNT (5 wt%). This result suggests that for the
SWNT/NPC composites barrier resistance dominates and tends to control the rate until
very long time closer to saturation adsorption levels. The best explanation for this is a

decrease resistance arising from internal pore diffusion (an increase of diffusivity) within
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the microdomains and brought on by the presence of the SWNTs. From Eq 2.18, it can be

e s . .. D . .
seen that the pore diffusion rate increases with —-. As discussed above, although the size
r

of NPC microdomains might be the same in the composites with SWNT concentration
less than 50 wt% as in the AP-SWNT form, the structures were changed by having
SWNT bundles inside. The ultramicropores in NPC are slit pores with high tortuosity,
while those along the walls and grooves of SWNT bundles are straight channels. The
presence of the SWNT bundles leads to much higher average diffusivity in these
microdomains when compared to those for microdomains in the NPC alone. Not
surprisingly then, with increasing SWNT concentration, there were more ultramicropores

arising from nanotubes in the composites, thus resulting in the average diffusivity

increasing and the resistance from pore diffusion becoming less and less significant.
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Figure 3.10 Evolution of pore mouth resistance k;, versus the SWNT concentration in
composite carbon.

The increase of k, with SWNT concentration also confirmed there are structural
changes in NPC microdomains due to their presence. Unlike the ink bottle structure of

the ultramicropores in the microdomains within the NPC, the addition of SWNTs
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diminishes resistance at edges and through the microdomain by providing straight
channel with low resistance into its interior. However, k; did not increase sharply when
the SWNT concentration was less than 50 wt% in the composite because at such levels of
SWNT concentrations, the bundles were embedded in the NPC phase and most of the
sites C were covered and thus they did not provide “super highways” to the interior of the
microdomains. The k; in these composites reflects the resistance from the NPC. With
increasing SWNT concentration, on average the diffusion lengths within the NPC became
shorter and as they did &, slowly increased. The percolation threshold was between 50
and 80 wt%. The SWNT bundles started to have an open exterior surface in this
concentration range and their ultramicropores were easy to access. The higher &, of the
80 wt% SWNT/NPC composite than the SWNT, corresponds to its higher microporosity
than that of SWNT (figure 3.5), and may also be attributed to the removal of impurities

on the bundle surface.
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3.4 Summary and conclusions

In summary, the SWNT/NPC composites with various nanotube concentrations
were prepared with solution blending of SWNT and PFA in acetone followed by
pyrolysis. The SWNT bundles were intact after ultrasonication and pyrolysis. There was
no significant exfoliation or splitting of the bundles in the process of preparation.
However, the local structure of PFA-NPC was modified by adding SWNT bundles, even
though the constituent microdomains remained the same size as those in the pure form
when SWNT concentration was less than 50 wt% in the composites. In these composites,
the SWNT bundles were embedded in NPC and rendered mostly “in communicado”.
When SWNT concentration became high, the NPC formed particles that were attached on
their exterior surface. The NPC and SWNT were only loosely attached and no chemical
bonding between SWNT and NPC was found.

Since the SWNT bundle grooves were straight pores, they had much less
diffusion resistance and pore mouth resistance than the ultramicropores of NPC. By
modifying NPC structure with SWNT bundles, the pore diffusion resistance became less
significant and the mass transfer through composite carbons was controlled by a barrier at
the pore mouth. However, the enhancement of pore mouth mass transfer constant k, was
not significant when the SWNT concentration was lower than 50 wt% because most of
the bundle grooves were covered with NPC. However, k;, started to increase sharply when

SWNT concentration was high enough to have free exterior surface.
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Chapter 4
Functionalization of SWNTs and

preparation of NPC/SWNT nanocomposite

4.1 Introduction

The as-produced SWNTs are self-assembled in bundles with relatively strong
interaction energies between neighboring tubes (~950 eV/um along the tube-tube contact
length). [43] This, plus their inherent non-polarity, makes it difficult to dissolve SWNTs
in water, organic solvents or in most polymeric hosts. Therefore, the inability to
manipulate and process SWNTs by methods used to make other composites has slowed
progress in preparing new nanocomposites.

Some work has been done within the constraints of solubility and dispersion
imposed by the properties of the native SWNTs. The most common method used to

disperse SWNTs in a polymer is to suspend the nanotubes in a solvent containing the



71

polymer and then to ultrasonicate the mixture to drive them into a dispersion. [47, 52, 53,
59, 122] Although this is easy and readily done, it is of limited value as a general method
of nanocomposite preparation since precipitation and settling of the SWNTs begins to
occur almost immediately after sonication is discontinued. Nonetheless, by dispersing the
SWNTs in monomer followed by rapid in situ polymerization, polymer-SWNT
nanocomposites have been made. [63, 64, 123, 124] However, a homogeneous dispersion
within the polymer of the SWNTs is far from guaranteed due to their inherent
insolubility.

To approach a more uniform dispersion, the SWNTs should be modified to make
their surfaces more compatible with the polymer matrix. It is commonly agreed that
nanotubes decorated with polymers that are structurally similar to the polymer matrix
should have good compatibility and should lead to much better nanocomposites. [125,
126] Therefore to prepare a well-developed SWNT/NPC composite, the SWNTs will first
be dispersed in FA, followed by polymerization of FA to form a polymer around the
tubes. The PFA wrapped SWNTs will be pyrolyzed to create a strong carbon-carbon
interface between the SWNTs and the NPC. Thus, the dispersion of SWNTs in PFA is
achieved by actually decorating the SWNTs with PFA.

Modification of SWNTSs with polymers has been widely studied with the ultimate
purpose of controlling their solubility and processibility, either through covalent bonding
or non-covalent bonding. It has been reported some linear polymers can reversibly wrap
SWNTs and make them soluble in water with concentration in the range of grams per

liter. [44] The structure of the SWNTs is not altered by such noncovalent attachment.
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However, since the interactions between the wrapping molecule and the nanotube are
weak, the load transfer between SWNT and polymer matrix would be poor if a nano-
composite was prepared with such noncovalent functionalization. Additionally, only
specific classes of polymers can be attached on SWNT with these strategies.

On the other hand, a much stronger interaction between SWNTs and a polymer
might be achieved by covalent functionalization. Several covalent functionalization
strategies were studied recently, including fluorination with elemental fluorine, [78]
ozonation, [79] cycloaddition with nitrene, carbene, or radicals, [80-82] by the Bingel
reaction, [83] and via electrochemical reduction of diazonium salts [84-88]. After being
functionalized using one of these strategies, the SWNTs can then be grafted to some
polymers, with their tailored chemical and surface properties, in order to prepare
polymer-SWNT nanocomposites. [127-129]

Since PFA is a crosslinking polymer, [130] it would be difficult to wrap it around
a SWNT simply through noncovalent interactions. However, through covalent
interactions it would be possible for PFA to bond with the SWNTSs and to enwrap them.
To obtain such a PEA-wrapped SWNT, a functionalized SWNT which is compatible with
both of FA and PFA must be utilized. Sulfonic acids, such as para-toluene sulfonic acid
(p-TSA), are commonly used as catalyst for FA polymerization, and they have good
solubility in both FA and PFA. [131] So it can be expected that a SWNT with pendant
sulfonic acid groups should be dispersible in FA and should catalyze FA polymerization.
Now quite conveniently, for testing this line of reasoning, SWNTs with arylsulfonic acid

groups may be prepared through a diazonium salt functionalization methodology
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developed by Tour et al. [84-88] Based on these ideas, a methodology is presented to
prepare a SWNT and NPC nanocomposite. In this process, SWNTs made from high
pressure CO disproportionation (HiPco) are functionalized with arylsulfonic acid (SA-
SWNT, Figure 4.1), which is similar to p-TSA with a methyl group substituted by a
SWNT. The “grafting-to” process begins when the monomer, FA is polymerized by the
SA-SWNTs dispersed within it and the produced PFA then graft to these tubes to obtain
PFA grafted SWNTs (PFA-SWNTs, Figure 4.2). A carbon-carbon nanocomposite was
then obtained by simple pyrolysis of the PFA-SWNT. Characterization of the PFA-

SWNTs and the nanocomposite carbon is presented and discussed.
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Figure 4.1 Scheme of functionalization of SWNT with sulfonic acid groups.
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Figure 4.2 Scheme of preparation of PFA wrapped SWNT (PFA-SWNT) and
NPC/SWNT.

4.2 Experiments

4.2.1 Materials

HiPco produced Single wall carbon nanotubes (SWNTs) were purchased from
Carbon Nanotechnologies, Inc. (Houston, TX). HCI (36.5wt%), Oleum (20% free SOs,
A.C.S regent), sodium nitrite (99.99+%, RegentPlusTM) sulfanilic acid (99% A.C.S
regent), 2,2’-azobisisobutyronitrile (98% A.C.S regent), furfuryl alcohol (99%) were

purchased from Sigma-Aldrich (Allentown, PA). Polycarbonate track-etch membranes
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(0.2p, Whatman Nuclepore®) and Anodisc filter membranes (0.2p, Whatman Anodisc®)

were obtained from Fisher Scientific (Pittsburgh, PA).

4.2.2 Purification of SWNT

The as-prepared SWNTs usually contain the metallic catalyst particles covered
with graphitic carbon shells and other forms of carbon impurities. The oxidative stability
of carbon is

Graphitic carbon > SWNT > amorphous carbon

So the amorphous carbon can be selectively removed by controlled oxidation. The
graphitic carbon shells may also be partially removed without consuming the SWNTs by
the catalytic oxidation resulting from the metal inside them. In the process of purification,
the first step is to use wet air oxidation to remove amorphous carbon. This step is also
helpful for the next step to remove metal impurities because the graphitic carbon shells
surrounding them are catalytically oxidized. The second step is prolonged acid treatment.
As a result of acid treatment, the metal particles are removed. There are also some
SWNTs “opened” and some dangling bonds formed due to their reactions with oxidative
acid. An annealing step is necessary to remove these dangling bonds.

In a typical process of purification, 100mg of AP-SWNT was put in a tube
furnace for wet air oxidation. Air passing through a water bubbler at room temperature
flowed into the furnace tube at a rate of 200sccm. The SWNTs were heated to 225°C and
kept at this temperature for 18h. The wet air oxidized SWNTs were then driven to

disperse in 50ml of concentrated HCI in a 100ml flask by ultrasonication for 1h. This step
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was followed by stirring and refluxing at 60°C for 18h. The SWNT material was
recovered after these treatment steps by filtration, washing and drying; the dried solid
was labeled as pre-SWNT and characterized with TGA. Finally, the pre-SWNT was

heated in Ar at 800°C for 1h to obtain purified SWNT (p-SWNT).

4.2.3 Functionalization of SWNT with sulfonic acid group

Oleum is used as the solvent in functionalization because the SWNTs disperse as
single tubes in it with concentrations up to 10 wt%. [132] In a process of
functionalization of SWNTs (figure 4.1), 5S0mg of p-SWNTs were stirred in 50ml oleum
in a 100ml flask for 3h. Then it was heated to 80°C and 1.15g sodium nitrite (4 equiv/mol
C), 2.886¢ sulfanilic acid (4 equiv/mol C) and 0.137g AIBN, (0.2 equiv/mol C) were
added, kept at 80°C under stirring for 1 h. The mixture was poured slowly and carefully
into more than 500ml water and filtered through a 0.2 track-etch membrane. The filter
cake was washed with acetone and water, repeatedly. After vacuum drying the filter cake

at 100°C overnight, SA-SWNT was collected by peeling off from the membrane.

4.2.4 Synthesis of PFA-SWNT

In 10ml FA 5 mg SA-SWNT were dispersed in a 20 ml vial using a 6mm
ultrasonic probe of an ultrasonic processor (PGC Scientifics, 130 W). To reduce
spontaneous thermal polymerization, which might cause too fast reaction rate and
SWNTs agglomeration, 50% of the maximum amplitude (power) was applied and the

vial was kept in an ice bath. A cycle of 5 sec of ultrasonication followed with 5 sec of
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pause for heat transfer and re-equilibration of the sample was used. After Sh of ultra-
sonication, the suspension was poured in 100ml water and filtered through a 0.2p Anodic
membrane. The filter cake was washed with a large volume of acetone and water
repeatedly and then vacuum dried at room temperature. Isolated PFA-SWNT can be

obtained by peeling the filter cake from Anodic membrane.

4.2.5 Synthesis of NPC/SWNT

Samples of PFA-SWNT were pyrolyzed in Ar to convert into NPC/SWNT. In this
process, 5Smg PFA-SWNT was heated to 600°C with heating rate of 10 °C/min and
soaked for another 1h in flowing Ar. For comparison, 5Smg SA-SWNT was also treated

under the same conditions.

4.2.6 Characterization

HiPco SWNT (CNI Inc.), pre-SWNT and p-SWNT were analyzed by temperature
programmed oxidation (TPO) using a TA instruments SDT 2960. In this process, each
sample was heated in flowing air with a constant heating rate of 5 °C/min from room
temperature to 800 °C. The instantaneous weight changes with respect to temperature
were recorded.

To prepare specimens for HRTEM and Raman spectroscopy, p-SWNT, SA-
SWNT, oleum-treated p-SWNT, PFA-SWNT, and annealed SA-SWNT were dispersed in
ethyl alcohol with ultrasonic processor for 30 min to create suspension. NPC/SWNT was

ground in ethyl alcohol in an agate mortar followed by ultrasonication. HRTEM samples
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were made by dropping the suspensions on the holey carbon-coated grids. Samples for
Raman spectroscopy were thin films formed by their dispersion on glass slides. HRTEM
images were taken with a JEOL 2010F operating at 200 kV. The point to point resolution
was ~2A. Raman spectra were collected under ambient conditions with a Jabin-Yvon
Horiba T64000 micro Raman spectrometer. Excitation was provided by an Ar-Kr laser at
1-3 mW incident power. An excitation wavelength of 514.5nm was used.

Thin films of SA-SWNT and PFA-SWNT were prepared by filtering their water
suspension through the track-etch membranes or Anodisc membranes. SEM images of
the thin films on the track-etch membranes were taken with Hitachi S-3000H operating at
S5kV. Both samples were sputtered with gold for 1 min before imaging. Contact angles of
water on these materials were measured with a goniometer equipped with CCD camera
on the Anodisc membranes.

Infrared spectra of p-SWNT, SA-SWNT and PFA-SWNT were taken using
Nexus 670 FT-IR spectrometer. The samples were mixed with KBr and pelletized. The

measurements were done in transmission mode.
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4.3 Results and Discussions

4.3.1 Purification of HiPco SWNT

The TPO data of SWNTs revealed their oxidative stability at high temperature
and the residue after oxidation indicated the ratio of metal impurities in them. The TPO
data for AP-SWNT, pre-SWNT and p-SWNT are shown in figure 4.3. The residue was
assumed to be Fe,O; since the metal impurities in HiPco SWNT, namely iron, was
oxidized under the heating conditions. The residue was ~8.5 wt% for the AP-SWNT, so
it could be calculated that the AP-SWNT contained ~6 wt% Fe. After purification, the
residue decreased to ~5 wt% for both pre-SWNT and p-SWNT, indicating that the metal

impurities decreased to ~ 3.6 wt%.
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Figure 4.3 TPO of AP-SWNT, pre-SWNT and p-SWNT in flowing air.
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The first derivative of TPO with respect to temperature (DTPO) shows the
difference in oxidation temperature for various forms of carbon. Usually the amorphous
carbon is oxidized at lower temperature than SWNTs and the oxidation temperature for
graphitic carbon is the highest. By decomposing the DTPO curve into Gaussians, the
ratio of the amounts of different carbons can be roughly calculated from the area under
the corresponding Gaussian curves (figure 4.4). The results showed that there were ~33
wt% amorphous carbon with oxidation peak temperature at 422°C, ~54 wt% SWNT with
oxidation peak temperature at 503°C, and 7 wt% graphitic carbon with an oxidation peak
at 600°C in AP-SWNT. After wet air oxidation and acid treatment, the amorphous carbon
ratio decreased to ~7 wt% and the SWNT ratio increased to ~78 wt%. Due to the removal
of metal particles, the oxidation temperature of amorphous carbon, SWNTSs and graphitic
carbon increased to 441, 538 and 667 °C, respectively. The biggest peak shift happened in
the graphitic carbon because it was the carbon in close contact with the metal particles
and its oxidation temperature was most significantly influenced by the metal catalysis in
the oxidation. The smallest peak shift was for the amorphous carbon because it generally

had no contact with metal particles.
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Figure 4.4 DTPO of (a) AP-SWNT, (b) pre-SWNT, and (c) p-SWNT.

An annealing step is necessary to remove the dangling bonds on SWNT formed
from the acid treatment. Following annealing, the DTPO of p-SWNT became an almost

perfect Gaussian curve centered at 559 °C, showing the removal of amorphous carbon
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and graphitic carbon. The increase of oxidation temperature seen in figure 4.3c could be
contributed to the removal of dangling bonds since the SWNTs became more difficult to
oxidize when the defects are decreased.

An HRTEM image of p-SWNT is shown in figure 4.5. Large SWNT bundles with
diameters bigger than 10 nm can be seen. Generally, each bundle contained tens to
hundreds of nanotubes. Also it is evident that some fullerene-like carbon shells remained,

which contributed to the weight loss of p-SWNT under 400 °C (figure 4.3).

Figure 4.5 HRTEM image of p-SWNT.
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4.3.2 Functionalization of SWNTs with sulfonic acid groups on the sidewall

Raman spectroscopy is an important tool in characterization of SWNTSs because
the Raman resonant scattering in SWNTSs is sensitive to their structural changes. The
Raman spectra of p-SWNT (a), p-SWNT treated with oleum only (b), SA-SWNT (c), and
SA-SWNT annealed in Ar at 600°C for 1h (d) are shown in figure 4.6. The spectra appear
in two panels: 100—400 cm™ associated with the radial breathing mode (RBM) of SWNT
and 1250 — 1850 cm™ associated with the tangential mode of SWNT, including the G
band and D band. For comparison, all of the spectra are normalized with strongest G
band intensity near 1590 cm.

By decomposing the RBM of p-SWNTs (figure 4.6a) with Lorentzians, 4 main
bands at 247, 262, 268 and 271 cm™' were obtained. According to Eq 2.26, they were
associated with the radial breathing vibrations of SWNTs with diameters of ~0.96, ~0.90,
0.88 and ~0.87 nm, respectively. On the basis of the accepted Kataura plot, [111, 112] all
of these bands are associated with metallic tubes. A relatively weak peak at 186 cm™ is
also observed, which was associated with the semi-conducting nanotubes with diameters

of ~1.30 nm.
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Figure 4.6 Raman spectra of p-SWNT (a); p-SWNT treated with oleum only (b); SA-
SWNT (c); SA-SWNT after annealing in Ar at 600°C for 1h (d). For comparison, all the
spectra were normalized with their strongest G band and RBM were strengthened by 3
times.

There is a weak D band in p-SWNT, suggesting a small amount of defects and
impurities in it, which are also observed from HRTEM. In the G band, p-SWNT has a
sharp and strong mode around 1590cm™. This feature can be found in the Raman spectra

of any SWNTs and its frequency is almost independent of the laser excitation
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wavelength. However, the broad shoulder with a maximum at ~1520cm™ is not so
common and only appears when a specific excitation wavelength is used. Pimenta et al.
found this resonance enhancement over the tangential mode, including G and D bands,
was related to a broad diameter distribution of metallic nanotubes. [105] For a metallic

SWNT with diameter d, the Raman enhancement will occur whenever the incident or

scattered photon is in resonance with Ei;(d) = E./(d) - E,;(d), the energy separation

between the first pair of electronic density of states (DOS) singularities in the valence (v)
and conduction (¢) bands. [133] The overall enhancement is the sum of the contribution
from each metallic SWNT with different diameters. In p-SWNT, there are significant
amount of metallic nanotubes excited by the wavelength of 514.5nm and their diameters
are broadly distributed, resulting in a strong Raman enhancement in the tangential mode.

When the p-SWNT was treated with oleum, it showed G band narrowing (figure
4.6b). This was because the SWNTs were protonated with oleum and the Raman resonant
enhancement was weakened. Although there were RBM decreases in the oleum treated p-
SWNT, its D band was weaker than that of p-SWNT. This indicated that SWNTs were
not functionalized or oxidized by oleum. The decrease of RBM in oleum treated SWNT
was a result of decreasing Raman resonant enhancement.

Further narrowing of the G band and a significant increase in D band intensity
were observed upon functionalization (figure 4.6c). Usually the metallic SWNTs were
more reactive than semi-conducting ones when reacting with diazonium salt. [134] After
the reaction, the extended m-conjugation of SWNTSs was disrupted and the electrons were

localized, which caused the disappearance of the van Hove singularity transitions. Since
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the Raman enhancement was associated with the energy separation between the first pair
of DOS singularities of metallic tubes, it would vanish with loss of the van Hove
singularities. The intensity of the D band can be used to probe the degree of
functionalization. The strengthened D band indicated the formation of covalent bonds to
the SWNTs. Compared with the Raman spectrum of oleum-treated SWNT, it was clear
that the disruption of sp” network in SA-SWNT was caused by diazonium reagent.
Besides the change on the tangential mode, the RBMs also sharply decay due to the
attached functional groups.

When the SA-SWNT was heated in Ar at 600°C for 1 h to remove the functional
groups, there was an approximate 20wt% weight loss brought about by this annealing
step. This indicated that about one sulfonic acid group was appended per 50 carbon atoms
in the SA-SWNT. Elemental analysis using XPS suggested one sulfur atom, i.e. sulfonic
acid group per 26 carbon atoms. Although the results differ by a factor of two, this is
actually reasonably good agreement between the XPS and TGA measurements when we
take into account the fact that XPS is a surface rather than a bulk measurement. The
Raman spectrum of the annealed SA-SWNT verified the integrity of the SWNT skeleton.
Almost all of the features of p-SWNT were restored, including the RBM, resonance
enhancement and weak D band. This indicated that the functionalization did not destroy
the skeleton of the SWNT and that the process was reversible.

Images of SA-SWNT were also taken with high resolution transmission electron
microscopy (HRTEM). Compared with the purified SWNTs, which are in bundles and

which have a tendency to agglomerate into thick membranes, the SA-SWNTs are much
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easier to disperse on a carbon grid. They are constituted from much smaller bundles and
some isolated tubes due to the exfoliation brought about by functionalization. From
comparisons of many images, which are representative, it is clear that the bundles
become much smaller and the number of isolated SWNTs increases after
functionalization. In Figure 4.7 thin bundles with only 2 - 4 nanotubes on which the

functional groups attached can be clearly seen.

Figure 4.7 HRTEM image of SA-SWNT. Thin bundles of SWNTs with 2-4 nanotubes
can be seen.
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4.3.3 Synthesis and characterization of PFA-SWNT

Once the PFA-SWNT suspension was obtained by ultrasonication of the SA-
SWNT in FA, it was subject to characterizations, such as contact angle, SEM, Raman
spectra and FT-IR, to confirm the structure as proposed in figure 4.2.

After SA-SWNTs were ultrasonicated in FA and poured into large amount of
water, a significant change in the water solubility was observed upon wrapping of PFA
around the SWNT (figure 4.8a, b). Due to the hydrophilic nature of the sulfonic acid
group, SA-SWNTs were well dispersed in water and the solution was dark; however,
after being treated with FA (PFA-SWNT), they became insoluble and the solution was
clear with the nanotubes lying at the bottom of the vessel. Since FA is miscible with
water, the insolubility of the PFA-SWNT in water was due to the formation of PFA on
the tube, since the PFA is quite hydrophobic.

Contact angles of water on a film of SA-SWNT versus on a film of PFA-SWNT
were measured to confirm that a transition from hydrophilic to hydrophobic had occurred
on SA-SWNT after being treated with FA (figure 4.8c, d). For this objective, films of
SA-SWNT and PFA-SWNT were prepared by casting them from a water suspension onto
a 0.2 p Anodisc filter membrane. The film of PFA-SWNT was washed thoroughly with
water and acetone repeatedly to remove monomer FA and unattached PFA. The contact
angle of water the SA-SWNT was ~40°. The film of PFA-SWNT was hydrophobic with a

much higher water contact angle of 90+5°.
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Figure 4.8 Photograph of (a) PFA-SWNT and (b) SA-SWNT in water. PFA-SWNT
showed a clear supernatant and precipitate versus SA-SWNT with a dark supernatant due
to dispersion and solubility. Water contact angles of (¢) PFA-SWNT and (d) SA-SWNT
films.

Scanning electron microscopy (SEM) images were taken of both films on track-
etch membranes (figure 4.9). The morphology is similar for both SA-SWNT and PFA-
SWNT. Bundles of SWNTs could be seen on both films without obvious size changes.
The images of the washed PFA-SWNT membrane confirmed that the hydrophobic
character did not arise through a simple covering of the nanotube mat by bulk PFA,

thereby changing the contact angle.
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(a) )
Figure 4.9 SEM image of membrane of (a) SA-SWNT and (b) PFA-SWNT.

All of the above results indicated that PFA was formed on the surface of the
SWNT after FA treatment and that the polymer was strongly bonded with SWNT
because it could not be removed even after extensive washing and filtration.

Raman and FT-IR spectra were taken for isolated PFA-SWNT to investigate its
structure. The Raman spectrum of PFA-SWNT (figure 4.10) does not show a significant
difference in either RBM or the tangential mode versus the SA-SWNT. The intensity
ratio of the D band to G band (Ip/Ig) was almost the same with that of SA-SWNT (figure
4.6¢c), suggesting that PFA wrapping did not alter the hybridization of the carbon atoms
within the SWNT framework. It was consistent with the scheme shown in figure 4.2, in
which the PFA was only attached on the end of the sulfonic acid group. It was also
observed that the RBM of PFA-SWNT became even weaker than SA-SWNT. This would
be expected if the attachment of the macromolecule would restrict the radial breathing
mode of the SWNTs more than the arylsulfonic acid group alone, a conclusion which

seems logical.
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Figure 4.10 Raman spectra of PFA-SWNT. The spectra were normalized with the
strongest G band and RBM were strengthened by 3 times.

IR spectroscopy is a useful tool in identifying the functional groups appended to
the SWNTs. [76] Figure 4.11 shows the IR spectra of p-SWNT (A), SA-SWNT (B) and
the PFA-SWNT (C). The large IR band observed at ca. ~3400cm™ was attributed to
asymmetrical stretching vibrations of traces of water adsorbed in the KBr pellet used for
the analysis. The aromatic C=C stretch at 1627cm™ is commonly seen in IR spectra of
SWNTSs. After functionalization, new bands at 1081 and 1045 cm™ appeared which
corresponded to the sulfonic acid group. It was interesting to note that the bands for PFA-
SWNT shifted to lower frequencies by about 20 cm™ compared with SA-SWNT. This
clearly suggested that there could be ionic attractions between the sulfonic acid groups
and the growing chains of PFA. The new signal at 1112 cm™ was from the ether linkage
in PFA, which is a proof of FA polymerization. Enhancement of the C-H stretching mode

at 2922 and 2853 cm! also confirmed the existence of PFA.



(A)
i (B)
e V

2 W ]r"
<
g ©)
@ B%s N— T
©

3500 1500

Wave number (cm-)

(B) (B)
/S \/\/
o —
IS © ()
= o
& & S b
S = g 8
= 9 — 2 =

(=2} -
[g\]

3000 2900 1100 1000

Wave number (cm')

(b)

acid group stretch.

Wave number (cm™)

()

Figure 4.11 (a) IR spectra of p-SWNT (A), SA-SWNT (B) and PFA-SWNT (C); (b)
expanded region of 3000~2800, highlighting the enhancement of C-H stretch; and (c)
expanded region of 1200~1000, showing appearance of ether linkage and shift of sulfonic
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4.3.4 Synthesis and characterization of NPC/SWNT nanocomposite

PFA-SWNT was pyrolyzed under the same conditions as used to anneal the SA-
SWNT. Upon pyrolysis, the PFA wrapped around the SA-SWNT was converted into
NPC. The resulting NPC/SWNT nanocomposite was characterized with HRTEM and
Raman.

The Raman spectrum of NPC/SWNT showed strong RBMs, as did the p-SWNT
and the annealed SA-SWNT (figure 4.6d). Although wrapped with PFA, the heat
treatment in inert gas could still cleave the arylsulfonic acid group from the SA-SWNT to
restore the spectroscopic signature of the p-SWNT. The restoration of the RBMs means
that the SWNTs are intact after ultrasonication and, more importantly, even after

pyrolysis.

X3

Raman Shift (cm-)

Figure 4.12 Raman spectra of NPC/SWNT. The spectra were normalized with the
strongest G band and RBM were strengthened by 3 times.
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By decomposing the RBM with Lorentzians, it was found that all the bands of
NPC/SWNT were shifted to higher wavenumbers compared with p-SWNT and FWHM
kept almost the same (Table 4.1). All of RBM of the metallic SWNTs shift by 2-3 cm’!
and the semiconducting SWNTs with diameters of 1.30 nm shift by 5 cm™'. These shifts
were attributed to molecular forces being exerted by the NPC on the SWNT. Since the
RBMs of NPC/SWNT have intensities comparable to that of the p-SWNT and annealed
SA-SWNT, it is assumed that there is no chemical bonding between the SWNTs and the
NPC. However, the existence of NPC around the SWNT may restrict the C-C stretching
along the radial axis, leading to higher energy emission from the same modes. Compared
with the SWNT/NPC composites prepared in chapter 3, in which the RBM had no
frequency change, it was obvious that there was strong interaction between NPC and
SWNTs through pyrolysis of PFA grafted SWNTs. Very small downshifts of RBM
frequencies were observed for the annealed SA-SWNT. It was attributed to the splitting

up of the SWNT bundles, resulting in smaller interaction between tubes.

Table 4.1 Comparison of Raman factors of RBM of p-SWNT, annealed SA-SWNT and
NPC/SWNT.

RBM 1 2 3 4 5
Sample ® |[FWHM | @ |FWHM | @ |FWHM | @ | FWHM | ® | FWHM
p-SWNT 185 137 | 247 9.0 262 7.6 268 7.1 271 5.9
Annealed

SASWNT 184 13.9 | 246 8.7 261 7.5 266 7.2 270 5.7
NPC/SWNT 190 159 | 250 8.3 264 7.5 270 6.7 274 6.4

o: Raman frequency
FWHM: frequency width at half maximum
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In the tangential mode, by comparing the spectra of NPC/SWNT (figure 4.12)
with the annealed SA-SWNT (figure 4.6d), it was found that NPC/SWNT had a slightly
stronger D band than the annealed SA-SWNT. Although the NPC had a higher Ip/lg than
that of SWNT, the absolute tangential mode intensity was much lower due to lack of van
Hove singularities in NPC. Hence, when the amount of NPC and SWNT is comparable in
the composite, the NPC component contributes little to the overall intensity of tangential
mode of the composite. Although the exact concentration of NPC in the NPC/SWNT
nanocomposite cannot be measured directly, the approximate weight ratio of NPC to
SWNT can be calculated by the weight change during the synthesis of the NPC/SWNT
nanocomposite. Usually, this ratio is from 1:1 to 2:1 in the nanocomposite prepared with
the method described above. So the D band increase could not be attributed to the
existence of NPC only. Actually, when PFA-SWNT was pyrolyzed, there was volume
shrinkage of the PFA, which may cause stress between the NPC and the SWNT. This
stress will disrupt the symmetry of the graphene plane. Therefore it is more likely that the
small enhancement in the D band intensity is caused by the molecular interaction
between NPC and SWNT.

The NPC/SWNT nanocomposite retains the thin bundle structure similar to that of
the SA-SWNT as shown in the HRTEM images (figure 4.13). A high magnification
image of NPC/SWNT reveals that SWNTs are covered with some amorphous carbon. In
another image showing an individual SWNT, it can be seen that there is a gap of 3-4A
between the NPC and the SWNT (figure 4.13b). This indicates a van der Waals

interaction rather than covalent bonding between the two components. This is consistent
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with the hypothesis made based upon the Raman spectra. All of these images imply that a
continuous phase was formed between these two distinct types of carbon. Thus the
preparation of a nanocomposite carbon with SWNT becomes possible by modifying the

SWNT with carbonizable polymer.

- (b)

Figure 4.13 HRTEM of SWNT/NPC nanocomposite (a) SWNT bundles covered with
NPC (b) individual SWNT surrounded with NPC. The white triangles are pointed to the
gap between NPC and SWNT.
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4.4 Summary and conclusions

A novel nanocomposite carbon was prepared by grafting a carbonizable polymer
to SWNT. The SWNTs were first functionalized with a sulfonic acid group, which acted
as a catalyst for FA polymerization, allowing the formation of PFA-wrapped SWNT
(PFA-SWNT). Contact angle measurements and SEM images showed that the surface
properties of the SWNTs were changed after being treated with FA. The IR spectrum
provided further evidence of formation of PFA and electrostatic attraction between the
sulfonic acid group and PFA. The formation of PFA-SWNT provided a way to overcome
the inherently low interaction between pure SWNTSs and the carbon precursor. Pyrolysis
of the PFA-SWNT produced a nanocomposite carbon with NPC covering the SWNT.
This procedure leads to intimate contact between the NPC and SWNT without affecting
the integrity of the SWNT. A continuous phase is formed between the NPC and the
SWNT which prevents the segregation of the SWNT from the NPC matrix. This suggests
potential application of the PFA-wrapped SWNT in the preparation of advanced C/C

nanocomposites.
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Chapter 5
Deformation of NPC/SWNT nanocomposite

at high temperature

5.1 Introduction

Carbon nanotubes, especially single wall carbon nanotubes (SWNTs), exhibit
unusual mechanical and electronic properties, [9, 10, 35] which have made them the
focus of much research — both fundamental and applied. [11, 135, 136] Although the
CNTs have been subjected to extensive investigation, some of their basic properties
remain obscure. For example, their behavior at high temperature and the structural
deformations that result from such treatment are not fully understood, even though some
experimental and theoretical studies of thermal stability of SWNTs have been
undertaken. [137-144] These recent studies have shown that, smaller diameter SWNTSs
coalesce into larger diameter nanotubes at temperatures between ~1300-1400 °C, and
these gradually transform to even more stable and more ordered structures — especially

multiwall nanotubes (MWNTSs). When treated at temperatures in excess of ~1600 "C



99

MWNTs or graphitic nanoribbons (GNR) are observed to form. Under even more forcing
conditions, at temperatures higher than 2000 °C, all these intermediate and
thermodynamically unstable allotropes of carbon tend to graphitize completely. The van
der Waals force between nanotubes [145] may play an important role in the processes of
deformation and coalescence that take place between them. Whereas, the interaction of
SWNTs with each other has begun to be assessed, their interactions with other forms of
carbon at high temperature have not been carefully studied; but it is just such interactions
that are of critical importance to many of the applications envisioned for the SWNTs [43]
For example the SWNTs are of considerable interest for preparing composites [11, 12]
and among the many kinds of composites that could be very useful are carbon-carbon
(CC) nanocomposites. Such materials may be multifunctional e.g. at one and the same
time fulfilling the role of a structural element and while also being electronically active.
This kind of multifunctionality could be among the more intriguing aspects of SWNTs.
Therefore before applications of this kind can be pursued rationally, it is important to
study the interaction and chemistry of SWNTSs with other materials and in particular with
other forms of carbon.

In the preparation of composites with SWNT, a strong interface between SWNTs
and the host matrix would be necessary for good load transfer. [46, 146, 147] We have
reported that a continuous interface was obtained in a nanoporous carbon (NPC)/SWNT
nanocomposite, which was prepared by pyrolysis at 600 °C of the poly(furfuryl alcohol)
(PFA) functionalized SWNTs. [148]

Because PFA is a crosslinking polymer, the NPC derived from it has a complex

three-dimensional (3D) but non-crystalline, porous structure. Many very strong carbon-
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carbon bonds need to be broken and rearranged in succession in order to graphitize PFA-
derived carbon. Highly ordered graphite cannot be obtained from PFA-derived carbon
even after prolonged heat treatment at 2800 °C. For this reason and based on decades of
empirical versification, PFA-derived carbon has been dubbed “non-graphitizing” quite
appropriately by scientists and technologists alike. However, PFA-derived NPC can be
graphitized at temperatures in the vicinity of 2800 °C when it surrounds the carbon fibers
included in “traditional” carbon-carbon (CC) composites. [49, 149] When alignment of
the basal planes in the graphite derived from PFA-carbon occurs parallel to the fiber
axis,, this creates a strong interface between the carbon fiber and the host carbon and
excellent mechanical properties. It is the strength of this interface that controls the overall
properties of the composite and not solely the intrinsic strength of the fibers. [150] Hence
knowing whether graphitization can occur and understanding its causes in such systems is
of more than just fundamental interest. However, at the fundamental level, it is
considered that the formation of graphite at the micro-fiber interface in a CC composite
occurs because during the heating process stress and strain accumulates at the boundary
between the fiber and the NPC. It is these localized forces that cause graphitization to
take place in the non-graphitizing carbon. The question then becomes is it reasonable to
expect the same sort of effect to happen in a NPC/SWNT nanocomposite, since the
SWNT would have to cause a similar effect to that of the carbon fiber, although it is
many orders of magnitude smaller in diameter. The answer to this question is at the core
of creating new nanoscale carbon composite structures. In this chapter, the deformation

of the NPC/SWNT nanocomposites at temperatures between 1200 - 2000 °C is reported.
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5.2 Experiments
5.2.1 Preparation

The NPC/SWNT nanocomposite was heat treated in a high-temperature vacuum
furnace (“Red Devil” R. D. Webb Inc.). Preparation of the NPC/SWNT was described in
Chapter 4. In a typical process of heat treatment, ~5Smg of NPC/SWNT were placed in the
furnace and degassed at 10” Torr and 200 °C overnight. After degassing, the furnace was
heated to the target temperature at a rate of 10 °C/min and kept at that target temperature
for 2 h. Samples were prepared in this way with final heat treatment temperatures (HTT)
of 1200 °C, 1400 °C, 1600 °C, 1800 °C and 2000 °C. Pure NPC samples prepared from
PFA were also treated at 1200 °C, 1800 °C and 2000 °C ie. at the similar conditions to

provide control samples.

5.2.2 Characterization

After heating, the samples were allowed to cool under vacuum and were then
taken from the furnace and dispersed in ethanol (Aldrich) for high resolution transmission
microscopy (HRTEM) imaging and Raman spectral studies. Samples for HRTEM were
made by dropping the suspension on a mesh of copper lacey carbon grids. HRTEM
images were taken with a JEOL 2010F operating at 200kV. The point to point resolution
was ~2A. Samples for Raman spectroscopy were thin films formed by their dispersion on
glass slides. Raman spectra were taken with a Jabin-Yvon Horiba T64000 micro-Raman
spectrometer. Excitation was provided by an Ar-Kr laser at 1.5 mW incident power. An

excitation wavelength of 514.5nm was used.
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5.3 Results and Discussion

5.3.1 HRTEM images

An HRTEM image of NPC pyrolyzed at 800 °C is shown in figure 5.1. It is a
globally amorphous carbon lacking of long range order. The HRTEM images of
NPC/SWNT prior to high temperature treatment (figure 4.13) showed that SWNT

bundles were covered with this type of amorphous carbon.

Figure 5.1 HRTEM image of PFA-NPC before HTT.

When the NPC was heated at 1200 °C, short range order of approximately 2 nm
along the a axis and approximately 5 A in ¢ axis direction was observed (figure 5.2a). No
specific orientation preference could be found in this sample. When the NPC/SWNT
nanocomposite was treated at this temperature, again very little ordering happened except

at very short ranges (figure 5.2b). A higher magnification image (figure 5.2c) showed
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evidence for a nascent templating effect of SWNT, in which the graphene sheets derived
from the NPC did prefer to orient either along the nanotube axis or along the
circumference. The blurring of the sidewall of the SWNT suggests the disruption of the

SWNT when it was surrounded by NPC. However, some SWNTs also remained fully

intact at 1200 °C if they were not interacting with the NPC (figure 5.2d).

Figure 5.2 HRTEM images of (a) pure NPC treated at 1200°C; (b)-(d) NPC/SWNT
treated at 1200°C. The arrows are pointed to the graphene sheets derived from NPC
oriented along the SWNT axis or circumference.
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When NPC/SWNT was heated at 1400 °C, large SWNTs with diameters > 2 nm
appeared (figure 5.3a), showing that the coalescence of neighboring SWNTs started at
this temperature. At the same time, however, multilayer carbon shells were observed in
this sample. It is noteworthy that these multilayer shells are not like the multi-wall
nanotubes (MWNTs), which have pairs of graphitic shells as shown in TEM images.
They come from graphitization of NPC. The extent of graphitization of NPC/SWNT
increases with HTT (figure 5.3a-c). Some double-wall nanotubes (DWNTs) and MWNTs
appeared when HTT was conducted at temperatures higher than 1600 °C. Pure NPC also
showed the trend of increasing order with temperature, but the structure was very
different from that of graphite. Compared with the randomly aligned graphene sheets in
the pure NPC treated at 1800 °C (figure 5.3d), the NPC in the nanocomposite carbon
exhibited a higher preference for ordering along the SWNT axis with increasing

temperature.



105

Figure 5.3 HRTEM images of NPC/SWNT treated at (a) 1400°C; (b) 1600°C; (c) 1800°C
and (d) pure NPC annealed at 1800°C. The arrows are pointed to the multilayer carbon
shells come from NPC graphitization.

Significant changes in the structure of the NPC were obtained when it was heated
at 2000 °C (figure 5.4a). Both the size of the graphene sheets and extent of their layering,
increased compared with the sample heated at 1800 °C. Similarly, the NPC in the

nanocomposite carbon was even more ordered. In contrast with pure NPC, the orientation
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of the graphene sheets of NPC in contact with the SWNTSs appeared to be exclusively
along nanotube axis (figure 5.4b, c), indicating a templating effect of SWNTs. These
graphene sheets could be considered to be graphitic nanoribbons (GNR). It was also
observed that when confined by the GNRs, the walls of the large SWNTs and some
DWNTs collapsed into graphene sheets, with the result that the ends of these large
SWNTs became “bulbs”. When purified HiPco SWNTs in the absence of the NPC were
treated at the same conditions, only multi-wall nanotubes (MWNTs) were found due to
their broad diameter distribution. [141] However, in this nanocomposite carbon, since the
SWNT bundles were segregated by NPC, the massive bond rearrangement taking place
between neighboring SWNTs was reduced, resulting in lowered rates of formation of
MWNTs. It is reasonable to assume that the stress accumulated at the boundary of the
SWNTs and the NPC would apply significant and increasing pressure at the interface
with increasing temperature. At 2000 °C the magnitude of the stress becomes large
enough to collapse the SWNTs and DWNTs into graphene sheets. In the same sample we
observed that some SWNTs with less NPC surrounding them survived intact even at
2000 °C (figure 5.4d). There was also some amorphous carbon noted on the surface of
other SWNTs in NPC/SWNT treated at 2000 °C. It was, however, obviously a different
structure of carbon than that we have seen in the original NPC, so we attribute the source
of this carbon to be from the so called “wipe-off” carbon atoms, which are derived from

the SWNTs.
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Figure 5.4 HRTEM images of (a) pure NPC and (b-d) NPC/SWNT each annealed at 2000
°C. The arrows are pointed to the “neck” between GNC and nanobulbs.

To summarize these results: the HRTEM images showed that the NPC alone
behaved as a “non-graphitizing” carbon with only low levels of ordering and with no
preferential orientation even after treatment at high temperatures. However, in the
presence of the SWNTSs, at high temperature (2000 °C) the NPC did begin to graphitize

and did so with a strong preference along the tube wall and in parallel to the tube axis.
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Other phenomena such as nanonbulb formation were also observed at the tube end. The
imaging strongly suggested that solid state reaction chemistry between NPC and SWNTs

does take place at the elevated temperature.

5.3.2 Raman spectra

Although HRTEM imaging provides clear pictures of the nanostructure
deformation of NPC/SWNT, it is not by any means a method for obtaining statistically
average behaviors. By contrast, Raman spectroscopy is quite sensitive to the subtle
changes in the environment of the SWNTs and the spectra of bulk samples do provide
“average” properties. Raman spectra of NPC/SWNT after HTTs are shown in figure S.5.
For comparison, all the spectra were normalized by the highest intensity feature that of

the G band at ~1590 cm™’.
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Figure 5.5 Raman spectra of NPC/SWNT after HTT. All the spectra were normalized
with the strongest G bands. The RBM features from metallic tubes and semiconducting
tubes are marked as “m” and “s” respectively. RBM of NPC/SWNT treated at 2000 °C
was not shown because it was too weak to recognize.
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In the NPC/SWNT nanocomposite before heat treatment, there are 3 main peaks
at 250, 275, 273 cm™ and a relatively weak peak at ~190 cm™. On the basis of Kataura
plot [111, 112] and Eq 2.26, [110] these peaks arise from the metallic SWNTs with
diameters between 0.85 - 1 nm and the semi-conducting tubes SWNTSs having diameters
of approximately 1.3 nm. The RBMs of the SWNTs decayed dramatically when
NPC/SWNT was heated at 1200 °C and there was also a sudden increase in the D band
intensity at the same time. These changes showed that a dramatic increase in defect
concentration in the SWNTs had taken place. It is noteworthy that in reports dealing with
SWNT coalescence, Raman spectra observation, the same methodology used here, there
was no observation of an increase in defects during or after the coalescence of SWNTs
took place. [139, 143] This indicates that either defects did not form during SWNT
coalescence or that the defects were annealed immediately at times less than experiment
time (~15min). Clearly, based on the experiments detailed here defects did form during
the coalescence of the SWNTs with NPC and the defects were persistent in time. From
HRTEM images, we noted that some disruption of the SWNT walls was found at the
boundary of the SWNTs and the NPC. Therefore it is evident that SWNTSs coalesce with
neighboring NPC and the process lead to formation of “defective” SWNTs even at
temperatures as low as 1200 °C. The reason for reaction to form defects in the SWNTs
must be that the NPC is a lower energy form of carbon than the small diameter SWNTs
but it may also have sites at edges that are highly reactive. When the NPC is in contact
with carbon at the surface of a small diameter SWNT a reaction pathway becomes
available with a low enough activation energy barrier for carbon to transfer from the

SWNT to a site on the NPC which is more thermodynamically stable. This leaves a
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vacancy on SWNT surface. By comparison defect formation at the surface of the SWNT
by evaporation of a carbon atom to vacuum has a set of large energy barriers to prevent it
from occurring and it is wholly thermodynamically unfavorable.

Pressure accumulation on the boundary can also lead to a weakening of the RBM.
Significantly, in a paper it was reported that the RBM of the SWNTs suddenly
disappeared at pressures higher than 1.5GPa. [109] In natural graphite/glassy carbon
composites, the stress on the boundary due to thermal expansion of graphite can be as
high as kilobars.[151] Due to the orders of magnitude smaller size of the SWNTs
compared to the micron-sized natural graphite particles and due to the stronger volume
change that accompanies the thermal treatment of NPC, the stress at the boundary of
SWNTs and NPC is expected to be orders of magnitude larger than that at the boundary
of graphite and glassy carbon; thus it could very well be in the GPa range. Such a high
stress would provide the force necessary to deform the SWNT and to affect the intensity
of this vibrational mode.

A new band at approximately 120 cm™ corresponding to the double-sized SWNT
could not be identified until the HTT was taken to 1800 °C. This is because the intensities
of the RBMs are known to decrease with tube diameter, which makes the RBM of the
coalesced tubes too weak to observe. Thus the RBMs disappeared completely when the
sample was treated at 2000 °C. Although small numbers of double-sized SWNTs
survived at this temperature, they were highly defective and had no contribution to RBM.

The G band of the SWNTs actually contains several components. In order to
evaluate the thermal evolution of the NPC/SWNT nanocomposite in detail, curve fitting

with Lorentzians of the band intensities was carried out for the G band from all the
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samples. The resultant Raman parameters are listed in Table 5.1. A minimum number of

Lorentzian curves were used to fit the data in every case.

Table 5.1. Raman factors of tangential mode of NPC/SWNT treated at different HTT
temperature.

HTT temperature (°C) G band (cm’y D band (cm” Ip/lg
® FWHM Q
Before annealing 1591 16.2 1335 0.04
1200 1596 35.1 1340 0.18
1400 1595 28.9 1339 0.22
1600 1596 29.1 1343 0.36
1800 1594 25.0 1345 0.33
2000 1584 30.9 1350 0.54

o: Raman frequency
FWHM: frequency width at half maximum

Ip/Ig: Intensity ratio of D band over G band.

The most intensive component of the G band near 1590 cm’ is associated with
the ordered sp2 hybridized carbon vibration along the nanotube axis. [115] Broadening of
this component was observed after heat treatment, even for an HTT of 1200 °C, which
was a sign of more disorder in the graphene structure of SWNT walls. The broadening of
the G band, the intensity increase in the D band, and the decrease in the RBM confirmed
the formation of defects on SWNT walls due to heat treatment. Another change in the G
band component near 1590 cm™ was a shift to higher frequency (in wavenumbers) after
HTTs in the range from 1200-1800 °C. It has been well established that both the
tangential mode and the RBM shift toward higher frequency with increasingly higher
pressure. [109, 152] Since there is significant volume shrinkage of the NPC upon heating,
this will cause further stress accumulation at the boundary of the SWNT and the NPC.

From the molecular point of view, this deformation of the NPC at high temperature may
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apply pressure directly to the SWNT. Therefore we attribute the G band upshifts also to
stress accumulation at the boundary between SWNT and NPC.

When NPC/SWNT was heated at 2000 °C, the RBM became too weak to record,
and the G band reduced to only one component at ~1584 cm™, showing now that
graphitic carbon was the predominant in the sample. The full width at half the maximum
(FWHM) of the G band is ~31 cm™'. Usually, the G band of well-ordered graphite or
MWNTs with inner diameter larger than 3-5 nm is located at approximately 1582 cm’™
with a FWHM of ~18 cm™. The shift of G band to higher frequency (in wavenumbers)
was found in some samples with extremely small crystal sizes. [113, 115] Additionally,
there is also a small shoulder located at ~1620 cm™ with the main G band, which is
usually assigned as D’ or G~ band. This feature is associated with the edge planes of the
graphene sheets. [153] The upshift and broadening of the G band compared to graphite,
and the appearance of the D’ band, together with the increase in the intensity of the D
band, confirmed the finite lateral size of the GNR layers and that there are only a limited
number of layers of in any GNR stack, both of which were consistent with the HRTEM
images.

The narrow shoulder of the G band - in the vicinity of 1570cm™ is related to the
vibration along the circumference of the SWNT and this frequency is diameter
dependent. [154] The circumferential frequency was observed to downshift slightly upon
heating, an observation similar to that of heat treatment of the DWNTs. [142] It could be

evidence for small tubes coalescencing or decomposing. The broad shoulder of the G

band with a maximum at ~1520 cm™' is associated with the energy separation (Ey; = E.; -

E,;) between the first pair of electronic density of states (DOS) singularities in the
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valence (v) and conduction (c¢) bands of the metallic nanotubes. [105] This feature of
metallic tubes decreased gradually with increasing HTT and vanished completely when
the HTT was done at 1800 °C or higher. It is consistent with the change of RBM, in
which the signature of the metallic tubes disappeared in HTT of 1800 "C. It shows that

smaller nanotubes are less thermally stable than are the larger nanotubes.

5.4 Summary and conclusions

In summary, the SWNTs and the NPC affect each other during high temperature
heat treatment. From a thermodynamic point of view, both the NPC and the SWNT are
metastable structures. Thus there is a free energy driving force for transforming them
toward the more stable structure of graphitic carbon at high temperature. The free energy
can be released only if there is a pathway with a low enough activation barrier for the
transformation to happen in experimental time. However, the final products of high
temperature heat treatment of either NPC or SWNTs when not in contact with each
other,and when done on each separately are detectably different from each other because
their morphologies are so different in their starting states. The 1D SWNTs transform to
1D MWNTs or 1D GNRs; the NPC transforms to semi 2D GNRs. However, the
pathways available to the NPC and SWNTs when they are present together and in contact
with one another in the NPC/SWNT nanocomposite and treated at high temperature are
quite different than those available to either component. As a result the deformations and
structural outcomes at high temperature lead to new morphologies in the NPC/SWNT

nanocomposite.
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Figure 5.6 Scheme of NPC/SWNT nanocomposite deformation under HTT.

Figure 5.6 outlines the transformation of the NPC/SWNT nanocomposite due to
high temperature treatment. When the NPC/SWNT was heated at ~1200 °C, the NPC was
partially graphitized. The orientation of the NPC was only slightly affected by SWNTs
and with most nanodomains lying mostly parallel along nanotube axis, but many also
lying across the circumference at an angle to the axis. Although the SWNTs remained
intact when treated alone at this temperature, at the interface of SWNT and NPC new
reaction pathways, thermodynamics and stress accumulation caused deformation of NPC
caused chemistry the disruption of SWNT walls. When HTT was done in the range of
1400-1800 °C, the SWNTs started to coalesce into double diameter tubes. With a further
increase in the HTT, the extent of graphitization of the NPC increased and the formation
of graphene sheets along nanotube axis became dominant. At approximately 2000 °C, the
NPC was completely graphitized into GNRs because of the template effect of SWNTs. At
the same time, forces induced by NPC confinement collapsed SWNTs and DWNTs into
GNRs, but when the ends of the tubes not in contact with the GNRs, they bulged to

produce the “nanobulbs” that were observed.
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Chapter 6
Properties of SWNT/ NPC nanocomposites

prepared with SA-SWNT

6.1 Introduction

The sulfonic acid functionalized SWNT (SA-SWNT) is compatible with both of
FA and PFA, thus it becomes possible to prepare SWNT/NPC nanocomposites
containing individual SWNTs. In Chapter 4, the PFA-SWNT was separated from its FA
suspension for characterization. If it was kept in FA and the FA continued to polymerize,
a uniform dispersion of isolated SWNT in PFA could be obtained because PFA-SWNT
was compatible with both FA and PFA. In this Chapter, SWNT/NPC nanocomposites
with low SWNT concentrations were prepared with such a protocol. Two important
characteristics, the extent and rate of gas adsorption and the mechanical properties of the

SWNT/NPC nanocomposites were investigated.
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The results shown in Chapter 3, indicate that the mass transfer and adsorption
rates in the SWNT/NPC composites was higher than that of the original PFA-NPC. The
adsorption experiments revealed that the exterior surface of SWNT bundles was the most
important factor for modifying the behavior of the NPC and in increasing the mass
transfer rate. However, the extent of this augmentation in rate was not large when the
SWNT concentration in the composite was lower than 50 wt%. This is because most of
the nanotubes were confined in bundles and as such they had much less exterior surface
exposed for transport Schematics of the structures of the NPC, the SWNT/NPC
composite, and the SWNT/NPC nanocomposite are shown in figure 6.1. It is clear that
isolated individual SWNTs can provide much more exterior surface than the SWNT
bundles at the same mass, thus with the nanocomposite it may be possible to obtain
higher augmentation of the rate at lower SWNT loading. In this chapter, the SWNT/NPC
nanocomposite was prepared by ultrasonicating SA-SWNT in FA followed by pyrolysis.
The FA polymerization was catalyzed in situ by the sulfonic acid groups on SWNT. Pore
size distribution (PSD) and mass transfer rates for the SWNT/NPC nanocomposites were

studied by CH3Cl adsorption.
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Figure 6.1 Schematic structure of (a) NPC, (b) SWNT/NPC composite with SWNT
bundle; and (c) SWNT/NPC nanocomposite with individual SWNT.

In the research on SWNT composites, mechanical properties reinforcement is one
of the most active areas of focus due to the small size and remarkable mechanical
properties of SWNTs. [12, 60, 90-92, 155-157] Since pyrolyzed PFA is often used as a
binder in CC composites, [8, 48, 49, 149] enhancement of mechanical properties might
be of interest in such applications. To study the effect of individual SWNT in improving
mechanical properties of pyrolyzed PFA, SWNT/NPC nanocomposite fibers were

prepared and their tensile strength was tested.
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6.2 Mass transfer rate in SWNT/NPC nanocomposites
6.2.1 Preparation of SWNT/NPC nanocomposites

The SWNT/NPC nanocomposites used for mass transfer study were prepared by
adding ~0.5 - 3 mg SA-SWNT in 15 ml FA and dispersed with the ultrasonic processor
(PGC Scientifics, 130W) at 70% of the maximum power amplitude. A cycle of 5 sec of
ultra-sonication followed by a 15 sec pause was used. After 3 days, the mixture was
poured in a quartz boat and pyrolyzed in flowing Ar at 600 °C for 8 h. As a control
sample, NPC from FA (FA-NPC) was pyrolyzed at the same conditions. The resulting
carbon samples were ground into powder for CH3Cl adsorption to study the PSD and

mass transfer rate.
6.2.2 CH;Cl adsorption

The PSD of the nanocomposite carbon in the range of 4 - 300 A was obtained by
CH;Cl adsorption under 4.5 - 650 torr and -25 - 30 °C. The mass transfer rate was studied

with the transient uptake between 40 and 60 torr at 30 °C.
6.2.3 Results and discussion

The PSD and pore volume of the SWNT/NPC nanocomposites and the NPC from
FA are shown in figure 6.2. Since a very small amount of SA-SWNT was added to form
the nanocomposite, there was not much difference between the PSD of the

nanocomposites and that of FA-NPC. All of them had the same PSD with a maximum at

~5 A.
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Figure 6.2 (a) PSD and (b) cumulative pore volume of nanocomposite carbon prepared

from SA-SWNT/FA and FA-NPC.
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Close observation of the accumulative pore volume with respect to pore size
(figure 6.2b) revealed small difference among them. These changes were plotted as the
evolution of the ultramicropore, micropore and mesopore volumes versus SA-SWNT
concentrations in nanocomposites (figure 6.3). It can be found that the ultramicropore
volume increased linearly with the SA-SWNT concentration while the micropore volume
decreased linearly. The mesopore volume remained nearly constant with increasing

nanotube concentrations.
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Figure 6.3 Ultramicropore (I <7 A), micropore (7 A<i<2 nm) and mesopore (2 nm </
< 30 nm)) volume evolution with SWNT concentration in nanocomposite carbon
prepared from SA-SWNT dispersed in FA.

When the SWNT bundles are split, or exfoliated, more groove sites and exterior
surface will be available on pairs of tubes and thin bundles compared with the original

large bundles. Since SA-SWNTs were exfoliated and their thin bundles or isolated
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nanotube structures survived pyrolysis, the SWNT/NPC nanocomposite displayed
increased volumes of ultramicropores compared to those composites described in Chapter
3 with the same amount of SWNT. When SA-SWNT concentration was very small in the
nanocomposites, agglomeration of SWNTs was minimized and the ultramicropores
generated by the presence of the SWNTs increased linearly with their concentration in
the nanocomposites. However, it did not mean that the increase was brought on only by
the ultramicroporosity of the SWNTs. The slope of ultramicropore volume with respect
to SWNT concentration was ~0.1 cc/wt% SWNT, corresponding to a value of 10 cc of
ultramicropore volume created by each 1 g increase in SWNT content. Such a pore
volume if it were to be pictured as being around each isolated SWNT, which it is now,
would require an average void width of ~2.6 nm around each isolated SWNT. No such
empty space around the SWNTs exits; and even if it did, it would not contribute to ultra-
microporosity because the dimensions are too large. Therefore, the inclusion of ultra-
microporosity from SWNTs was not the only reason for the change in behavior of the
nanocomposite carbon.

The ultramicropores in NPC arise from the spacing between turbostratic layers,
which are tortuous and corrugated channels containing many narrow necks. These necks
at front of ink-bottle pores make part of the pores the lie with less accessible for gas
molecules due to super slow mass transfer through them; and wholly inaccessible when
they are blocked. With the incorporation of the SWNTSs, the connectivity of the pore
network within nanocomposites was enhance thereby increasing overall accessibility in

the material,, thus the measurable ultramicropore volume of the nanocomposites was
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increased. This effect was not so significant in SWNT/NPC composites prepared by
solution blending in Chapter 3 because the SWNTs were not well enough to produce this
effect through the majority of the solid since most of them remained confined in bundles.

The linear decrease of microporosity can arise in principal from two factors: the
covering of SWNTs with NPC as described in Chapter 3; and by the improvement of
ultramicropore connectivity. The first factor is not significant because the mesopore
volume decreased with SWNT concentration with a slope of ~0.09 cc/wt%, suggesting
that a mesopore volume of ~9 cc from per gram SWNTs was covered by NPC, which
was too high for SWNTs. The second factor is more important factor in the apparent
decrease in microporosity. When the ultramicropores are poorly connected, the mass
transfer rate to them and within them is quite slow; therefore in experimental time the
sample and the adsorbing gas do not reach true equilibrium. Hence measured mass uptake
arises mostly from adsorption in the larger micropores and this mass will be lower than
the “true” equilibrium value. For the micropore volume, the counting is not significantly
affected by the mass transfer rate; but for the ultramicropores, an undercounting may
occur due to the high resistance in these slit pores. When better transport through the
sample is created with the inclusion of the SWNTSs, within experimental time the sample
comes much closer to the true equilibrium condition and all of the pores, especially the
ultramicropores are well counted. That the mesoporosity did not change and remained
constant suggested that the size of NPC microdomains did not change even after
including the SA-SWNT, is a natural result of the low concentrations of SWNTs being

deployed.
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The increase in the mass transfer rate within the SWNT/NPC nanocomposites
confirmed that the ultramicropores contributed from SWNTs played an important role
(figure 6.4). Since the data was taken between 40 to 60 torr under 30 °C, it was
associated with the mass transfer through the ultramicropores with sizes between 5.85 A
and 6.18 A. For FA-NPC, the mass transfer was controlled by both the resistance at the
pore mouth and the diffusion in the ultramicropores. But for the SWNT/NPC
nanocomposites, the barrier model can fit all of the date well, even for the nanocomposite
with only 0.05 wt% SA-SWNT. This indicates that the diffusion through the
ultramicropores in the nanocomposites was very fast so that the diffusion resistance
became negligible. This was a result of improved pore network connectivity with the
straight pores provided by SWNTs. At the same time, the pore mouth mass transfer
coefficient k;, increased sharply by adding SA-SWNT. With only 0.05 wt% SA-SWNT in
nanocomposite carbon, k;, increased by more than a factor of two. The effect the same
extent of rate augmentation in the original SWNT/NPC composites, we needed a SWNT
concentration of ~60 wt% (figure 3.10) because most of the SWNTs were confined in

bundles!
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Figure 6.4 Normalized transient uptake
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6.3 Mechanical properties of SWNT/NPC nanocomposites

6.3.1 Preparation of SWNT/NPC nanocomposite fibers

Ultrasonicate SA-SWNT (mg) in FA (ml) for 5Sh

Add SA-SWNT/FA suspension in 1M p-TSA/triton

Polymerize for 3.5 h

Put 0.4mm capillary tubes in the vial

A4

polymerize for 1 day

l

Curing l
60 °C for 1 day, 100 °C for 1 day

v

Pyrolyze at specific temperature for 10h

Pull out fiber from capillary tubes l

fibers

Figure 6.5 Scheme of preparation of SWNT/NPC nanocomposite fibers

The SWNT/NPC nanocomposite fibers were prepared with the process shown in
figure 6.5. In this process, 3 mg SA-SWNT were added to ~3 g FA and dispersed with
the ultrasonic processor (PGC Scientifics, 130W) for 5 h. at 50% of the maximum power
amplitude while the vial in which this was done was kept in an ice bath. A cycle of 5 sec
of ultrasonication followed by a 5 sec pause was used. Then the 2.5 ml suspension was

added to a 2.5 ml 1M p-TSA/triton solution with a syringe pump. The addition rate was
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5.0 ml/h. The mixture was polymerized while stirring in an ice bath for 3.5 h before
dipping the open ends of the capillary tubes into it. Capillary forces drew the mixture into
the tubes. After 1 day of polymerization at room temperature, the capillary tubes with
SWNT/PFA inside were put in oven at 60 °C for 1 day and 100 °C for another day to
cure. Due to volume shrinkage, the resulting polymeric fibers could be pulled out of the
capillary tubes after curing for measurements. They had diameters between 0.32 - 0.34
mm.

Carbon fibers were prepared by heating under flowing Ar at 300 — 600 °C the
polymeric fibers so formed within the capillary tubes. The pyrolysis step was done at a
specific temperature for 10 h. To avoid deformation of the capillary tubes and fracture of
fibers, a very slow heating rate of 1 °C /min was used and the cooling rate was also kept
low. After pyrolysis, the carbon fibers were pulled out of capillary tubes. The average
diameter of carbon fibers decreased with increasing pyrolysis temperature, and it was
~0.25 mm at 600 °C.

To obtain carbon fibers at higher temperature, the fibers prepared at 600 °C were
further pyrolyzed at 800, 1200, 1400 and 1600 °C for 10 h. The “Red Devil” (R. D.
Webb Inc.) vacuum furnace was used for heat treatment above 1200 °C. Further
Diameter shrinkage was not significant when pyrolysis temperature was raised to higher
than 600 °C and the average value remained fixed at ~ 0.24 mm. As a control sample,

polymeric PFA and carbonaceous NPC fibers were prepared with the same process.
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6.3.2 Mechanical properties measurement

The SWNT/NPC nanocomposite fibers and NPC-PFA fibers were tested with an
Instron 4202 at room temperature. The fibers were clamped with Instron fiber clamps and
the maximum capacity is SN; 10 kN Instron 2527 Dynacell was used to bring in strain
forces. A testing length of 20 mm and a loading rate of 0.3 mm/min were used for fibers
prepared at 500 °C and below. A testing length of 10 mm and a loading rate of 0.2

mm/min were used for fibers prepared at 600 °C and above.

6.3.3 Characterization

An SEM image of the fracture surface of the SA-SWNT/PFA fibers was taken
with the Hitachi S3000-H SEM operated 5 kV. The bulk SWNT/NPC nanocomposite
carbon was prepared with the same polymerization process as those of the nanocomposite
fibers and was pyrolyzed at 800 °C for 8 h. The carbon was ground in ethyl alcohol to
make a suspension and it was dropped on the holey carbon-coated grids for TEM study.

HRTEM images were taken with JEOL 2010F under 200 kV.

6.3.4 Results and discussions

The typical stress-strain profile of polymeric and carbon fibers are shown in
figure 6.6. It can be seen that the PFA and its nanocomposite fibers cured at 100 °C had a
yield region, whereas the fibers tested after pyrolysis were quite brittle, and displayed

properties attributable to unreinforced glassy carbon.
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Figure 6.6 Typical tensile stress-strain profiles of (a) PFA fibers and 0.1wt% SA-
SWNT/PFA fibers cured at 100 °C; (b) NPC-PFA fibers and 0.1wt% SA-SWNT/NPC
fibers pyrolyzed at 600 °C.

The Young’s moduli of the NPC and SWNT/NPC nanocomposite fibers were
calculated from their stress-strain profiles and compared in figure 6.7. For the polymer
fibers, the fibers with SA-SWNT had lower Young’s modulus than the pure PFA fibers.
However, SEM image of the fracture cross-section of this nanocomposite fiber did not
show obvious voids or defects (figure 6.8), indicating that the SA-SWNT was well
dispersed in PFA. So the weakening effect may actually come from “defects” on SWNT.
Although strong bonding between SWNT and PFA could be obtained through the
sulfonic acid groups on SWNT walls, the functionalization is also known to disrupt the

periodicity of the carbon network, thus diminishing the SWNTs strength.
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Figure 6.7 Young’s moduli of the NPC-PFA and 0.1% SWNT/NPC nanocomposite fibers pyrolyzed at different temperature.
Sample prepared at 100 °C were PFA and SA-SWNT/PFA fibers. The enhancement of SWNT for the fibers pyrolyzed at 400 —
1600 °C is shown in the inset.
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Figure 6.8 SEM image of SA-SWNT/PFA nanocomposite fiber at the fracture cross-
section.

Upon pyrolysis, the functional groups were cleaved from SWNTs and their
integrity was restored, resulting in SWNT reinforcement of the NPC matrix. The
enhancement of the nanocomposite fibers treated at 400 — 1600 °C was approximately
constant with an average value of ~13 %, as shown in the inset of figure 6.7.

The TEM image of the SWNT/NPC nanocomposite carbon prepared at 800 °C
showed finitely-size graphitic domains and nanobulbs (figure 6.9). Based on results of the
study in Chapter 5, it was easy to tell these were collapsed SWNTs arising from
confinement by the NPC. Because the SWNT:NPC ratio here was orders of magnitude
lower than that of NPC/SWNT nano-composites studied in Chapter 5, the SWNTs
suffered more pressure from confinement of NPC at the same temperature. So the
SWNTs collapsed at much lower temperature. However, the enhancement of
nanocomposite fibers did not decrease with increasing temperature, showing these
“collapsed” SWNTs still had strong mechanical properties and the ability to reinforce the

NPC matrix.
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Figure 6.9 HRTEM image of SWNT/NPC nanocomposite carbon. The white arrows were pointed to the finite graphitic
domain and the nanobulb from collapsed SWNTs.
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The fracture strengths of NPC and SWNT/NPC nanocomposite fibers prepared at
600 °C or below are shown in figure 6.10. With pyrolysis temperature increasing, the
fibers were converted from polymer to carbon, and their fracture strength increased. The
reinforcement effect of the SWNTs also increased with temperature. When the pyrolysis
temperature was lower than 400 °C, the nanocomposite fibers had lower fracture strength
than that of NPC. By 500 °C they had achieved the same strength as that of NPC and
their fracture strength became higher than that of NPC at 600 °C. This indicated the
expected enhancements due to inclusion of the SWNTSs were recovered with increasing

temperature.
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Figure 6.10 Fracture strength of PFA, SA-SWNT/PFA fibers cured at 100 °C, and NPC,
SWNT/NPC nanocomposite fibers pyrolyzed at 300-600 °C.

According to the Halpin-Tsai’s equation, in which the fibers are assumed to be
uniformly distributed in the matrix, but not bonded with it, the tensile modulus of a

composite with randomly oriented fibers can be approximated by [12]



134

Y,
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where Y¢ is the modulus of the composite, Y,, is the matrix modulus, V;is the volume

percentage of fiber, { is the aspect ratio of the fiber { = 2%) , and

n = Y, /¥, -1 6.2)
‘ Yf/Ym+;

Eq 6.1 is valid when the SWNT concentration is very low in the composites.

Y
Assuming Yy = 500 GPa for SWNT, and Y,, = 2.5 GPa for NPC, Y—f is ~200 and

assuming that the SWNTs were isolated or in very thin bundles, that the average bundle

diameter was ~4 nm, and that the SWNTs length was ~ Ium with a { of ~500, then

‘I;C /Ym is estimated to be ~55. Experimentally, the 0.1% SWNT/NPC was prepared
f

from ~0.1 wt% SA-SWNT/FA. Counting in the addition of p-TSA/triton solution, the

weight loss upon pyrolysis and the density difference between SWNT and NPC, V; was ~

Y, . D .
0.16% thus V—C Y of the experiments was ~80 which is in good agreement with the
f

estimated value derived by calculation. That the enhancement was slightly higher
experimentally than the calculation based on the Halpin-Tsai’s model, indicates that the
SWNTs were well dispersed in the nanocomposite fibers as individual tubes or at least as
very thin bundles. It also suggests that the interaction between SWNT and NPC

strengthened the nanocomposite structure.
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6.4 Summary and conclusions

SWNT/NPC nanocomposites with isolated SWNTs were prepared with SA-
SWNT. The nanocomposite carbon had a significant higher mass transfer rate within it
and the pore mouth mass transfer coefficient k; increased by more than 2 times with
addition only 0.05 wt% SWNT. Similar enhancements in mass transfer without surface
functionalization of the SWNTs had required adding the SWNTSs at concentrations of ~60
wt% in SWNT/NPC because these remained as SWNT bundles. These data show the
extraordinary potential for structural modifications that can be achieved with low
concentrations of the isolated SWNTs.

Assuming that the SWNTs were isolated or in a thin bundle, the Halpin-Tsai’s
equation gave the Young’s moduli reinforcement just slightly lower than the actual
experimental values, indicating that the dispersion of SA-SWNT in NPC matrix was very
good and that there was strong interaction between the SWNTs and the NPC.

The enhancement in both the mass transfer rate and Young’s modulus revealed
the advantage of carefully preparing SWNT nanocomposites with rational the chemistry
of surface functionalization, and by doing so we can see that the properties of host

material can be greatly improved even with small levels of doping by the SWNTs.
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Chapter 7

Summary and future work

In this thesis, the novel CC composites and nanocomposites with SWNT and NPC
were prepared and characterized in order to investigate their structure properties and
characteristics. The SWNT/NPC composites containing SWNT bundles showed higher
mass transfer rates than PFA-NPC, but only at a very high concentration. The percolation
threshold for these SWNT/NPC composites occurred at SWNT concentrations higher
than 50 wt%. This was because the SWNTs were not well dispersed and most of them
were confined into large bundles within the carbon matrix.

To improve matters, a PFA grafted SWNT (PFA-SWNT) was designed and
synthesized with the intent of separating the tubes within the bundles and improving the
compatibility of the SWNTs with the PFA. Intimate contact between NPC phase and
surfaces of the individual SWNTSs was found in the nanocomposite carbon formed by the
pyrolysis of the PFA-SWNT. Characterization of the NPC/SWNT treated at 1200 — 2000
°C indicated that there is a templating effect of SWNTs on NPC leading to local

graphitization at the nanoscale even at low temperatures (>1400 °C) thus confirming the
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strong interaction between the two types of carbon.

Improvement in both gas adsorption properties and mechanical properties were
obtained in the SWNT/NPC nanocomposites that were prepared from well dispersed,
individual and functionalized SWNTs in FA. With only 0.05 wt% SWNTs in NPC, the
nanocomposite had a mass transfer rate a factor of two times higher than that of NPC. To
achieve a similar enhancement in rate using unfunctionalized SWNTs required as much
as ~60 wt% SWNTs in a composite. This is because prior to functionalization the
SWNTs are in bundles. The functionalization of the SWNTs successfully separated the
bundles into individual tubes and much improved the dispersion of SWNTs in FA and in
PFA. The Young’s moduli of the SWNT/NPC nanocomposite fibers increased by a factor
slightly higher than Halpin-Tsai’s prediction, indicating that the strong interaction arising
from the templating effect of SWNT strengthened the NPC matrix.

This work can be the beginning of several interesting future studies. Firstly, the
strategies developed in this thesis can be used to prepare novel CC composites with
SWNTs. Since SWNTs ideally have extraordinary mechanical and electronic properties
with small size and low density, it is highly possible for them to replace carbon fibers in
traditional CC composites. The functionalization of the SWNTs can lead to a new
category of CC materials for further study and for future applications. This work has
provided a way to prepare novel CC composites with SWNTs by doping them into the
carbon precursor. Secondly, the processibility of SWNTs can be improved by
functionalization. By designing the functional groups on SWNTs to be compatible with
the host material, good dispersion and strong interaction between SWNT and the matrix

can be obtained. This strategy can be extended to other of host materials, including
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polymers, metals, etc. Thirdly, the integrity of the functionalized SWNTs can be
recovered by heat treatment. Covalent functionalization is not always preferred in
nanocomposite preparation because it disrupts the periodicity of walls of the SWNTSs by
creating defects, thereby diminishing their ideal properties, especially their electronic
properties. However, it was found in this thesis that the integrity of SWNTs can be
restored even at low temperature by pyrolysis, when they are embedded in a reactive
carbon matrix. This provides a way to produce nanocomposites with high interaction
between the SWNTs and the matrix while simultaneously rejuvenating the SWNTs.
Fourthly, the SWNTs do have a templating effects on NPC graphitization at nanoscale
with only low to medium temperature treatments. This phenomenon is quite interesting
from the perspective of fundamental carbon science. Although PFA-NPC has been
widely used for years, its structural evolution with temperature has not been fully
understood. This study which shows conclusively the SWNT templating effect, may be
helpful to understand to the structure and reactivity of the PFA-NPC. Additionally, the
formation of an inter-phase between the SWNTs and the carbon matrix may enhance
macroscopic mechanical properties of a composite by preventing or delaying the SWNTs
from pulling out from the matrix. It will definitely be interesting to study novel CC
composites made from functionalized SWNTs. Finally, the technique of probing the NPC
structure with gas adsorption properties can be applied to other microporous materials.
Much of the work on microporous materials is limited to measurements of surface area
and pore size distribution (PSD). However, the rate of mass transfer and connectivity
within the pore network are also very important factors controlling the behavior and

performance of adsorbents, catalyst supports and membranes. Studies that combine mass
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transfer properties with detailed PSD data lead to new insight that can result in the

rational design and synthesis of new composites and nanocomposites containing SWNTs.
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