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SUMMARY

Carbon nanotubes (CNTs) exhibit high electrical and thermal conductivity and
good mechanical properties, making them suitable fillers for composites. Their
effectiveness as a filler is affected by their stateaggregation. Various solvents,
surfactants, and processing techniques have been studied to improve CNT dispersion in
polymers. However, prior to this work there is no suitable solution for achieving good
CNT dispersion. In this study, a novel process heenbdeveloped that prevents CNT
aggregation. Ordered helical wrapping of poly (methyl methacrylate) (PMMA) has been
achieved on single wall carbon nanotubes (SWNTs). PMMA wrapped SWNT dispersions
in dimethylformamide (DMF) are found to be stable for oveeé months at room
temperature. Ordered PMMA wrapping has been confirmed-tayXliffraction, and the
wrapping behavior has also been verified using molecular modeling. PMMA only wraps
on SWNTs with diameter of ~1 nm and not on larger diameter CNTs,asutdw wall
and multi wall carbon nanotubes. PMMA wrapped SWNT dispersions have also been
characterized using UVis and Raman spectroscopy which confirm exfoliation of

PMMA wrapped SWNTSs.

The novel finding has been successfully leveraged for electmeabye storage
and mechanical reinforcemerBWNT buckypapers, typically have a surface area of
about 650 rfig. Using PMMA wrapping, SWNT buckypapers with surface area as high
as 950 Mg have been processed. These buckypapers exhibited significantly higher
energy storage performance when used as electrodes in electrochemical supercapacitor.

At a given power density, the energy density of the high surface electrodes was more than

XVi



four times higher than the best value reported in the literatudatefor cabon nanotube

or graphene electrodes.

Wrapping SWNTs with PMMA in buckypaper increased the modulus and tensile
strengthby a factor 06.9 and 3.7, respectively, compared to pristine SWNT buckypaper.
Stress transfer studies on buckypapers revealed thde wbnwrapped SWNTs
experienced negligible stress during deformation, PMMA wrapped SWNTSs took up to ~1
GPa stress before mechanical failure of the buckypaper. The modulus of composite films
with PMMA wrapped SWNTs was 75 % higher than wvaiapped SWNT fms. The
effect of PMMA wrapping on thermomechanical properties and electrical conductivity of

composite films is also reported.

PMMA wrapped and nowrapped SWNTs were incorporated in PAN fibers and
the effect of PMMA wrapping on mechanical propertiesd atress transfer was
characterized. The stress transfer analysis of SWNTs in precursor fiber indicated 45 %
higher interfacial shear strength in PMMA wrapped SWNTs compared tovrapped
SWNTs. PMMA wrapping effectively debundled SWNTSs in the PAN filzesrgvidenced
by Raman spectroscopy of the precursor fiber. SEM images of the carbon fiber fracture
surface revealed 60% reduction in fibril size when PMMA wrapped SWNTs were used

instead of norwrapped SWNTSs.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Carbon nanotube@CNTSs) are an allotrope of carbon that have received a lot of
attention since their discovery due to their electrical, mechanical, optical and thermal
properties. Despite its scientific popularity, the high cost associated with @Nd's
complexity of processinghemhas limited their wide spread use and restricted them to
high-end applications and basic fundamental rese&albon nanotubes can be utilized
in different ways, as filler materials, such as in nanocomposites and fibers, or in
freestanding form, buglpapers (CNT mats) and CNT fibers. Carbon nanotubes tend to
aggregate due to the van der Waals force between them. This limits their applicability as
functional fillers in other materials or as free standing CNT films. Improving the
dispersion ofCNTsin composites has always been a challenge. Due to aggregation, they
typically form bundles and the bundles form globules, whidlypgally detrimental for
the intended functional properties of the composite, such as electrical conductivity,
mechanical, magnie and optical properties. For electrical conductivity, aggregation
increases the percolation threshold and may even prevent conductivity at higher CNT

contenf[1].



1.2 Carbon Nanotubes

At first glance, carbon seems to be a simple element. Carbon is a very versatile
element; its compounds are the basis of life on earth, hydrocarbons are by far the most
common source of fuel, and the properties of its allotrayaeg widely. Its allotropes
include graphite, diamond, amorphous carbog, &d carbon nanotubdgigure 1-1).

When in diamondform, carbon is the hdest bulk material, it has great thermal
conductivity while being an insulator, whereas in graphitic formsbis andconductive.

The properties of carbon depend on how it is bonded to other carbon atoms or other
atoms. ltis the type of covalent bondinthat defines the structure and ultimately the
properties of the material, which also influences the monetary value. During recent
decades the discovery of nanoscale structures has greatly revived interest in this element.
Buckyballs were discovered by #to et al. in 19852] followed by the discovery of
carbon nanotubes by ljima in 19¢d]. Carbon nanotubes are cylindrical nanostructures
which can have a very large aspect ratio. CNTs can haveaettitfehiralities and can be
uniquely defined by a pair of indices, ). Valuesn andm represent the number of unit
vectors in the hexagonall2 lattice of graphenas shown irFigure 1-2. The band gap
varies with these indicesn,fn), and their electrical conductivity can show metallic or
semiconducting behavior. As a general rule the nanotube is a metallicaf o Qi is

an integer, otherwise it is a semiconductmchair and ziggag CNTs are chiralities

that have indicess & anda 1t (Figure 1-3), respectively,otherwise CNTs are
referred to ashiral. Carbon nanotubes can also consist of multiple CNTs inside one
another, referred to as multialled CNTs (MWNT). The synthesis technique determines

what types of tubes are made and the production yield. Thesdaqgieesrinclude arc



dischargd4], laser ablatiorf5], and chemical vapor deposition (CV[B]. Recent focus

has been on chirality selective synthesis to produce specific chirality ZIN8}s

Figure 1-2. Nanotube chirality (n,m) can be thought of as a vector, C, in graphene sheet
that describes how to roll the graphene sheet to make the nanotube. The vector
perpendicular to C is the CNT ax&nd a and a are the unit vectors of graphene.

Figure1-3. Two specific types of chiralities are armchair CNTs whenm, and zigzag
CNTs whemtm = 0.



1.2.1 CNT Aggregation and Dispersing CNTs

Different solvents, techniques and matrix materials have been investigated to
improve CNT dispersions. While some solvents have been shown to be more effective in
dispersing nanotubes, such as nitromethane and DMF, others, such as toluene and Methyl
ethyl ketone arenot as good10]. The solvenCNT interaction plays a big role in the
dispersion of the CNTs, olmwusly a better interaction will lead to less aggregation of the
nanotubes. DispersingNTs can be done in several ways. Depending on the dispersing
media, solvent or polymer, different approaches can be usesblvens, sonication,
homogenization and mrofluidization [11, 12] have been shown to be effective to
disperse nanotubes. These methods shear, cut and debundle nanotubes, resulting in
smallerbundles and mostly shorter nanotubes. However, after debundling, the nanotubes
are free to bundle again and form aggregates. To prevagfgregation, surfactants are
added to the suspension. These surfactants have hydrophilic and hydrophobic ends and
facilitate suspending CNTs in less favorable solvents, such as water. The hydrophobic
end interacts with the CNTs while the hydrophilic tail interacts with water for dissolution.
Rastogi et aJ13] investigated four different types of surfactants, Tritori00, sodium
dodecylsulfate (SDS), Tween 20, and Tween 80, with CNTs, congludat Triton %

100 is the most effective between them, resulting in bundle size as small as 4 nm, without
specifying the number of walls and outer diameter of the MWNTSs. They reported a 90%
extractability at a CNT concentration of 40 mg/L with CNT:Tri#éh00 1:350. The

large amount of surfactant with respect to MWNTSs was attributed to the large siorface
weight ratio of carbon nanotubes. Therefateean be deduced thaingle wall carbon

nanotubesYWNTS9 would require much higher surfactant concentration. Another study



investigated different conditions for suspending SWNTs in Aqueous Solutions of the
Anionic Surfactant NaDDB314] and found a maximum stable concentration of 260

mg/L.

Another approach is to functionalize the nanotubes to improve their interaction
with the solvent or matrixCNTs are typically dinctionalized using acid treatment to
introduce carboxylic acid or hydroxyl groups on the side of carbon nandtib4s].

These functional groupsnable suspension of CNTs in aqueous solvents, whereas they
would aggregate and sediment without functionalization. Since the functional gn@ups
covalently bonded -bomds@ndliesthe strubtea) integptyeohthet h e
CNTs, which can affect the electrical and mechanical propeBigfactantsisch as SDS

have been used to functionalize SWINIB. This has been done with and without
solvent.The advantage of the solveinte method is obviously that solvent will not be
required. However, more exfoliation and debundling is achieved with solvent and prior
sonication. The SWNTSs are sonicated in SDS, centrifuging the dispersion to sediment the
burdles and extracting the upper 75% of the suspension. This suspension was
functionalized with diazonium salts which could be completely removed through thermal
treatment. The thermal treatment returned the SWNTs to their pristine condition
according to Ramma spectroscopy. TEM was used to determine improvement of the

dispersion by measuring the bundle size.

Polymers have also been used to improve CNT dispersions. Stgi@} ased
the rigid polymer poly(metaphenylenevinylene) (PmPV) to improve SWNT dispersion in
DMF. It was found that as the polymer concentration was increased, the dispersion

improved, from an averageubhdle diameter of 7.1 nm to 3.2 nm using atomic force
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microscopy (AFM), and the bundle diameter distribution narrowed down, indicating that

the polymer had wrapped bundles, not individual CNTs.

Dispersing CNTs in many polymers including PMMA has been nsxiely
studied. Considering CNT/PMMA nanocomposite, some studies have suggested different
methods to improve CNT dispersion in the matrix. One study reported improvement of
the dispersion by melt mixing solvecasted MWNT/PMMA films, after several stepfs
melting and drying as evidenced by optical micrographs; even after 20 melting cycles
still some particles existd@0]. Other studies have suggested functionalization of carbon
nanotubes with nitric, sulfuric acid or hydrofluoric acid introduces functional groups such
as carboxyl, hydrofd or carbonyl on the sidewall of CNTs which in turn improve the
interaction between CNTs and different polymgt8-22]. Another approach is 4isitu
polymerization of polymers with CNT&2-25]. In this process the monomers and CNTs
are added to the solvent al ongbonds af the i ni t i
CNTs, hence chemically connecting the CNTs with polymer chains. These studies
generally rely on TEM, SEM, rheological and optical measurements to conclude better
dispersion. This technique is particularly effective for the preparation of atigrm
unstable and insoluble polymers, which cannot be processed by melt or solution
processing. While wsitu polymerization of polymers with SWNTs leads to a better
dispersion, this does not mean the nanotubes have been completely individualized.
Though @nerally the tensile properties improve with this method due to improved
dispersion and adhesion, but reduction in tensile properties has been reported. Lower

tensile properties has been reported for Poly(ether ketone) polymerize with



FWNTSs, whichhas been attributed to lower molecular weight when polymerization is

carried out in the presence of nanotuf2&g.
1.2.2 Theoretical Approach to Aggregation

A SWNT can be considered as a rolled up graphene layer. The specific surface
area can be easily calculated by considering a single hexagon unit. The side length of this
hexagon corresponds to the average cadashon bond length which is 0.142n. This
single unit has six carbons at each vertex, where each carbon is shared between three
hexagons. The mass of a single carbon atom, 1.994%g]l@an be obtained by dividing
the atomic weight by the Avogadro number. The specific surface ardapE& hexagon
is obtained by dividing the surface area of a single hexagon by the mass of two carbon
atoms; which results in the vali®1313 n#/g [27]. For MWNTSs the specific surface
area is lower and depends on the number of walls; the inner wall surface areas are not
accessible. Therefore while the inner walls contribute to the mass, they do not contribute

to the SSA which is expressed in €d-1).

ey Qe pQ (1-1)
VYO T%q £ pa POPO

where n is the number of walld,is the inner diametef2  0.34 nm is the shell
to shell distance. The SSA of individual MWNT as a function of number of walls is

shown inFigure1-4.
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Figure1-4. Specific surface area of nanotubes as a function of number of walls for CNTs
with inner diametedi=1.

For the purpose of calculating bundle size the bundle is approximated as a
hexagonal bundl@s shown inFigure 1-5, whereas only the outer CNT surfaces are
available,¢ , the total number of CNTs in a perfect bundle witHayers, follows the
relation€ o0 o0 p and the number of exposed CNTs which their surface are
available is¢ o0 ¢. The fraction of the exposed CNTs to the total CNTs follows
the ratio:

ol ¢ (1-2)
ol o0 p

Q —
€

Using this equation one can easily obtain the accessible surface area and hence
the SSA of a bundle of SWNTs or MWNTsSSA=SSA . fn. The size of the bundle,
is calculated according to egl-3 ), whered, is the outer diameter of the nanotube. The

influence of bundling on reduction of SSA is showirigure1-6.

0 &£ 383Q Q (1-3)



Figurel-5. Bundling of CNTs limit accessible surface area (four layers ircdgs N=4).
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Figure 1-6. Specific surface area as a function of bundle diameter for SWNT<lwith
nm.

A few examples of experimental CNT surface area in previous studies is shown in
Table 1-1. The materials are in powder or buckypaper form. Bacsa @28lprepared
individual CNTs with high surface area and compared the calculated surface area to the
measured surface area. Their CNTs which were predominantly single and double walled
had an experimental specific surface area of 94§ mhile their calculations predied
900-1000 nt/g. Hernandi et al[29] used zeolite support to synthesize their buckypaper
and removed the zeolite for SSA analysis. In another study, single walled carbon

nanohorns (SWNH) were sonicated with SWNT tbtan such high SSA, 1430
9



m2/g30]. The majority ofthis increase in surface area was due to opening of SWNH. In
another work, an agrown SWNT forest displayed a specific surface area of 160§, m
but the density was very low, 0.029 gkf81]. After densification of the SWNT forest
with a liquid such as water or alcohol, the density increased to 0.57 ghita the SSA

remained unchanged.

Table1-1. BET SSA of CNT samples from literature.

Type of CNT SSA (n?/g) Comments
SWNT/DWNT [28] 948 Powder

SWNT [29] 653 Buckypaper
SWNT-SWNH [30] 1430 nanocomposite
SWNT [30] 470 Buckypaper
SWNT [32] 642 Buckypaper
SWNT [31] 1000 Densified forest

1.2.3 Polymer Wrapping Around CNTs

There have been many reports on the polymer wrapping of carbon nanotubes over
the last two decadel83-37]. In some studies, microscopic techniques (AFM, SEM,
TEM) have been used to show polymer wrapping on carbon nanotubes [@2NZ}-40]
while in other studies spectroscopic methods such as photolumine$88n&d] UV-

Vis and Raman spectroscopi¢36] demonstrate selective interaction between the
polymer and certain chiralities. The polymers that have been shown to wrap on carbon
nanotubes include 9@octylfluorene derivates [33], polyvinyl pyrrolidone,
polystyrene sulfonatd38], DNA [41, 42] polybenzimidazole (PBIJ43], aromatic

polyimidg44], poly[(m-phenylenevinylenealt-(p-phenylenevinylene)] (PmP\[45].
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Helical wrapping of polymers has been suggested as early ag3898n this
study, by polymerizing poly(phenylacetylenes) (PPA) in the presence of MWNT, they
concluded helical wrapping of polymer aroutig nanotubes from TEMF(gure 1-7a).
While the TEM does show some coating, there is no evidence of helical wrapping. The
XRD data Figure1-7b) shows PPA in the structure, but in no way does it prove that the
polymer is wrapping the CNTs, let alone a helical morphology. From XRD, PPA
signature in the PPA/SWNT samples is similathtat of pure PPA, suggesting similar
morphology. Since the polymerization is carried out with the nanotubes, it is expected
that the nanotubes participate in the polymerization and the PPA would cling on the

sidewalls.

X15

b

20 (deg)

Figure 1-7. PPA/MWNT. a) TEM micrograph of PPA chains around nanotube sl
(scale bar 5 nm). b) Xay diffraction patterns of (A) nanotubes, (B) RRi#apped
nanotubes, and (C) PPA. Diffratograms were recorded powder diffractometer. Not
the similar peaks for PPA in B and C, indicating the same morphology with and w
MWNTSs [37].
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O6Connel | et al . suggested helical wr ap

(PVP) and polystyrene sulfonate (PSS) based on a thermodynamical agf&jadhey
consider the favorable interaction of individualized SWNT/polymer over, SWNT/water is
the main drive behind pgmer wrapping. Based on AFM measuremeriigfre 1-8a)

they determined that the monolayer is covering the surface uniformly with a monolayer
of polyme. Based on their observations they suggest a helical wrapping of polymer
around the nanotub&igure 1-8b). While there are some smaller bundles d&edheights

seem to be uniform (the height data is not provided). (But from the lateral dimensions, |
obtained a size of 11 nm, which seems to be more than a monolayer of polymer.
Considering a 1 nm nanotube, the thickness seems to be too much). Itcisltdidfi
discern bundled nanotubes from polymer coated nanotubes, or even polymer coated

bundles.

Figurel-8. PVP/SWNT. a) AFM images of PYBWNTs on a functionalized substrafe
em height image (top |l eft) and ampl it
(bottom left) and amplitude image (bottom right). b) Schematics of some po
wrapping arrangements of PVP on an (8,8) SWNT. A double helix (top) and a triple
(middle).[38].
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Another study relied on TEM to determine helical wrapping of the polymer which
was used in their studig40]. From the TEM images~{gure 1-9) it seems that small
polymer sections have helical arrangements, but the wrapping goes clockwise and
counter clockwise along the tube and does not arrange as an ordered helix. The
computational molecular dynamics initializes with the helical wrapping and es/@io
disordered wrapping. While polymer wrapping is observable from TEM, this could be
true for some tubes which have been individualized, due to the localized nature of TEM
imaging. The polymer wraps the nanotubes with a large pitch due to very aigic rof

the polymer that was used in this study.

Figure 1-9. TEM images highlighting expected l¢fanded helical structures formed by
S-PBN(b)}Ph4PhCNwrapped (AC) and SPBN(b}Ph2PZn2wrapped (DF) [PLV
SWNTs] (d =D1.4 nm) from corresponding aqueous suspengiiis

Polymer wrapping of SWNTs has been shown to be effective for separating
semiconducting nanotubes from metallic nanotubes. One of the earliest reports of
polymer assisted separation is relat@dNA wrapping of HiPco SWNT41, 42] They

argued that the DNAhosphate group provides a negative charge density on the surface
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of the carbon nanotube, the distribution of which should be a function of the DNA
sequence and electronic property of the nanotube. -Didfallic CNT is expected to
have less surface chargaedto the opposite image charge created in the metallic tube,
than DNAssemiconducting CNT. loexchange liquid chromatography was used to
exploit this difference in surface charge. After preparing the DNA/SWNT suspension,
ion-exchange chromatography wasread out and the suspensions were separated based
on elution time. Separated parts of the suspension displayed different absorption peaks
for the metallic and semiconducting peaks, with early fractions displaying higher
absorption at smaller wavelength®0Q-600 nm) characteristic of metallic tubes while
later fraction had a higher absorption at higher wavelengths. Complete removal of the
DNA wrapping after the sorting has not been reported. Selective CNT interaction has
been studied for other polymers asell, which generally involve conjugated
polymer$33, 35, 40, 4547], due to th€e -stacking interaction between the polymers and
SWNTs Although chiral selectivity has been studied extensively, there has been no
sucess in separating SWNTs from MWNTs and while selectivity and interaction has
been demonstrated, the only evidence pertaining to wrapping has been AFM and TEM,

which are local methods.

While these experimental studies report polymer wrapping on SWNT and/or
MWNT, they do not provide evidence of ordered polymer wrapping. The only evidence
which pertains to ordered polymer wrapping on carbon nanotubésat@p comes from
computational studie89-41, 45] There are many studies on PMMA/CNT systga-

22, 4850]. However, evidence of PMMA wrapping on CNTs has never been reported.

The only account of ordered helical wrapping is of wrapping of syndiotactic PMMA
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around Go (Figure 1-10) [51]. X-ray diffraction showed an ordered structure of st
PMMA around the buckyballs. The helical pitch of PMMA was ~0.9 nm, with the
possibility to incorporate larger buckyball€7o and Gs with slight alteration of the
helical pitch. Syndiotactic PMMA has also been shown to crystallize using solvent
induced crystallization with a helical pitch of 0.885 nm. But there has been no report of

atactic PMMA crystallization or helical wapping.

\ﬁ,"\f |
\W2e 4 ’\,\.ﬂ)’

Figure1-10. schematic of €3 encapsulated by helical PMMAL].

1.3 Electrochemical Capacitors

Energy storage has become crucial part of everyday life. With portable electronics
finding their way into our lives more and more every day, the need for portable energy
storage devices is sharply increasing. t®as power devices, such as cell phones,
laptops and tablets, throughout the day, and while they have high energy density it takes
some time for them to recharge. In otBé&uations,such as starting large machinery or
regenerative braking, batteriesnoat respond to the large charge/discharge rates. For
rapid energy delivery and recharging, electrochemical capacitors or supercapacitors are

used. Various types of energy storage devices are compared according to their energy and
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power density inFigure 1-11. Batteries and supercapacitors rely on different
electrochemical processes to store energy. Redox reactions power batteries and limit the
power desity. Energy storage in supercapacitors is based on the adsorption of electrolyte
ions on the surface area of electrically conductive porous electrodes, usually porous
carbons. Energy is stored by separation of charge in the double layer at the sutface of
conductive electrode as shownRigurel1-12, hence why they are also known as electric

double layer capacitors (EDLC).

Many applications requireapid storage and release of energy for high power
applications. While conventional batteries will suffice to start a car, for heavy machinery
higher power is required to start it. Also in emergency situations, for instance opening
aircraft doors quicklyand ejection, a high surge of power is required. Supercapacitors are
devices suited for such applications which are able to provide quick bursts of energy in
short durations, where the capacitance arises from the charge separation at an-electrode
electrolyte interface. The key advantages of EDLCs over batteries include lower internal
resistance, higher power density, broader temperature window of a stable operation, rapid
charging, and significantly longer life cycle. EDLCs are consisted of two high surface
area porous conductive electrodes immersed into electrolyte and separated by an
electroninsulating and iorconducting separator membrane. When a voltage is applied
across these electrodes the electrolyte ions of the opposite sign accumulate on the surfac
of each electrode. When the two electrodes are similar the cell is symmetric cell. For
asymmetric electrochemical capacitors different types of materials are used for the
positive and negative electrodes. Usually, in asymmetric cells one of the porbos ca

electrodes is replaced with a material used in batteries with high faradaic ion storage
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capability. Since the charge is confined to the surface, energy density of EDLCs is
limited by the surface area and are much less than batteries. In order dasentire

energy storage of EDLCs another mechanism was studied which involved redox
reactions at the surface of the electrodes, known as pseudocapacitance. Certain materials
result in pseudocapacitance in the electrode structure such as metal oxidey, namel
ruthenium oxide, vanadium oxide, manganese oxide, etc, and functional groups in carbon
materials. Pseudocapacitive materials enable high power energy storage devices with

energy density comparable to batteries.
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Figurel-11. Comparison of energy and power density of different energy storage devices
[52].
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Electrode / Separator

Activated carbon

Figure 1-12. Schematic of EDLC, showing charge storage on each electrode at the
electrodeelectrolyte interface.

1.3.1 Electrodes

Carbon based materials in a variety of dimensions, including activated [E8bon
55], grapheng56-58] and CNTY59, 60] and forms, such as powd¢éd ], gels[62-64],
and composif®5-67], have been commercially and scientifically utilized for eperg
storage applications. Activated carbon, due to its low cost, porous structure and high
specific surface area (SSA), is widely used in commercial supercapacitors. Although
some studies suggest that capacitance increases with surfa¢é2dyedher studies on
activated carbon have shown that higher SSA results in improved EDL (electrical double
layer) capacitancat low discharge current, however at high discharge currents larger
pores play an important role, making them more suitable for high power applid@8ons
69]. Others have attributed the limitation of charge storage at higher SSA to space

constriction for charge accommodation instde pore wall70]. There hasiot been a
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study which investigates the effect of SSA on CNTs without inducing defects, opening

them and adding functional groups.

Other forms of carbon such as CNTs and graphene also display high conductivity,
porous structure and high surface area ntakiem suitable candidate for EDLCs. Both
of these materials suffer from aggregation and agglomeration and different techniques
have been used to increase their performance. Hybrid structures of SWNT and graphene
have been proposed to overcome aggregati@hincrease SSA and alter the pore size
and structure to facilitate ion movement and stdiégé4]. Adding functional groups to
these carbon based materials by means of oxidation also leads to increased capacitance
due to contributions from pseudocapacitafit® 76] Acid treatment, KOH activation
and plasma treatment have been used to increase SSA by inducing defects and opening
CNT tips [55, 7780]. A method to produce aligned SWNTs with SSA of 106lyrwas

proposed by Futaba et. 1], leading toa specific capacitance of 80 F/g at 1 mV/s.

Due to its high conductivity and nanostructure, CNTs have been used as a
platform for other materials. As mentioned previously, some metal oxides have the
potential to compete with tion batteries but at high@ower rates. The porous structure
of carbon nanotubes can be used as the backbone network and by depositing thin layers
of metal oxides, high energy density can be achieved. Atomic layer deposition (ALD) of
vanadium oxide on MWNT resulted in very higtpaaitance, 600 F/g at a current density
of 1 A/g with capacitance retention of 92% after 5000 cy¢8d3. Upon increasing the
ALD cycles from 100 to 500 cycles the thickness of the coating increases leading to the
decrease of capacitance. keased thickness lowered the capacitance since only the top

surface was redox active, the increased thickness limited electrolyte ion access and the
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vanadium oxide was electrically insulating, hindering electron transport. Pham et al.
reported a hybrid CN8&faphene oxide system which displayed high energy storage.
They created an activated SWNT/graphene 3D netweidute 1-13) using electrostatic
seltfassembly and KOH activatiofr3]. The activation provided fgctional groups such
as carboxylic acid, epoxy and hydroxyl which contributed to its high energy density and

the porous network provided efficient ion diffusion for high power.

Electrostatic Self-Assembly ' KOH Activation

Figurel-13. Schematic 3D block of activated SWNT/graphgfs].

Reporting capacitance is helpful when comparing cells with various electrolytes
operating at different potential ranges. One should practice care when comparing values
of capacitance and energy storage from the literature. This is due to the fact #had ther
no widespread approach to reporting these values. Capacitance, which is the slope of
potential(x}charge(y) plot, will depend on what potential or potential range was used to
calculate it. Some studies use the specific capacitance of a single @extbdse that as
a basis for calculating the energy dengdy/]; while this is completely unnecessary since

the energy density and power density shdaddcalculated using the stored charge and
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voltage. This is especially crucial since determining capacitance has been rather arbitrary

throughout the literature.

1.3.2 Electrolytes

The choice of electrolyte plays an important role in the performance of EDLCs.
The potential window is the most important factor and has a large influence on the energy
density. Aqueous electrolytes consist of aqueous solutions of strong bases, such as
potassium hydroxide, acids, such as sulfuric acid or salts, such as sodium chiréle,
an operating potential window of 1V. Above this threshold electrolysis of water takes
place and the electrolyte deteriorates resulting in loss of performance. Due to the strong
ionic bond, common salts tend to melt at a higher temperature compavttetcsolid
molecules. lonic liquids (IL) on the other hand are salts with a melting point below 100°

C. The main advantage of these ionic liquids is their larger electrochemical potential
window, ~3V. According to the energy density €, -0w , this means that the

energy density of a cell with ionic liquid is 9 times higher than that of a cell with aqueous
electrolyte. However the energy density does not scale necessarily as such. The size of
the IL ions are ~2 times larger than KOH id8&]. This means that some pores which
areaccessible to the smaller ions are not available to the IL ions. Also aqueous electrolyte
ions generally diffuse quicker resulting in better response at higher powers. The of IL
ions can be improved by dissolving in ragueous solvents such as acetdaitand

ethylene carbona{&3].
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1.4 Mechanical Reinforcement by CNTs

There are several requirements for efficient mechanical reinforcement of CNTs in
polymers. These include good CNT dispersion, interfacial stress transfer, and large aspect
ratio [84]. CNT dispersion is amiportant factor to maximize the effectiveness of the
fillers. Uniform dispersion of isolated nanotubes which are coated by the polymer is
necessary since nanotube bundles can slip by each other. However, a good dispersion is
not enough for load transfef.the interaction between the polymer and the nanotubes are
not strong enough, upon applying loads the polymer chains will just slip past the CNTSs,
not only rendering them ineffective, but they become detrimental and areas for stress
concentration. Henceffeeient load transfer to the nanotubes is the most important
requirement for composites for mechanical properties. The stress transferred to the
nanotube is proportional to the shear stress at the pol@ié&r interface. As the
composite is further straideat some applied stress, known as the interfacial shear stress,
the interface will fail and no additional stress is transferred to the nanotubes. The last

requirement for improved load transfer to the nanotubes is a large aspe@5-8iQ.

The influence of CNTs for mechanical reinforcement has been studied for many
polymers and studied extensively as evidenced by the sheer amount of litg88ture
100]. While the impact of adding nanotubes vary from one study to another based on the
type of polymers, type and purity of the nanotubes, sample prepasaatibfabrication,
and testing methods, the general trend is similar in that a small addition of nanotubes
increases the modulus, however, at higher loadings the reinforcement diminishes and
may even deteriorate upon adding more nanotubes due to worsemidigplersion and

nanotube aggregation. Chang et al. reported a threefold increase in modulus of drawn
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polypropylene/SWNT fibers upon addition of 1 wt% SWNTs however upon further
increase of SWNT concentration up to 5 wt% the modulus increased1493% Another

work on polypropylene/SWNT fiber reported a 55% increase in modulus with 1 wt%
SWNT [102]. The difference may be due to the processing conditions or the nanotubes;
the nanotube purity is 70% while the purity was not reported by Chang et al. Velasco
Santos et al., polymerized PMMA in the presence ofMW¢NTS, where the stiffness

was increased from 1.5 to 2.5 GPa by addition of 1 wt% MWNUS8]. Some studies

have show the importance of the quality of CNT dispersion in the mafrd4d], while

other studies have emphasized the importance of the interaction between the CNT and
matrix to ensure favorable load transfer. In another study on PMMA/CNT composites,
PMMA was reinforced by the addition of PMMA grafted -MOWNTSs [92], where he
modulus increased from 2.9 to 29 GPa on addition of 20 wt% nanotubes, suggesting . The
nanotubes failed by the Asword and sheatho
the nanotubes and the matrix. It seems intuitive that the CNTs would be weliséidpf

there is a good interaction between the CNTs and the dispersant/iddia

1.4.1 Micromechanical Model for Prediction of Elastic M odulus

Mechanical reinforcement of polymers by CNTs has been modeled by
computational methods such as molecular dynaf@s-109], computational mechanics
methods such as micromechanjt&0-113] and multiscale methods that combine both
of these modeling approachd414-116]. Another approach which requires less
preparation compared to computational methods is micromechanics models, such as the
modified HalpirTsai mode[117] and the Cox modgB6]. Some of these models will be

discussed in detail and used for comparison with the experiments.
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1.5 StressTransfer from Polymer Matrix to CNT

Stress transfer from the matrix to the CNTs occurs due to shear stresses at the
matrixx-CNT interface due to differences in axial elastic displacements while the
composite is under strain. Different methods of calculating the int@irfslvear strength
of polymer/CNT composites include CNT napollout tests[118121], molecular
dynamics simulation§l08, 122, 123]and Raman spectroscofy?24, 125] In addition to
requiring a substantial amount of sample preparation for CNT putkstyjtother factors
influence the results such as yielding leading to large variations during theuptdst.
Although molecular modeling does not require as much preparation when the model is
set up, however, the results are directly influenced byirtpat parameters. Usually
simulations are compared with experiments to verify their accuracy. On the other hand,
Raman spectroscopy can be easily used to monitor CNT stress and strain, and requires

minimal preparation.

1.5.1 Monitoring Stress Transfer Using Raman Spectroscopy

Stressinduced Raman band shifts have been monitored in carbon[fiB6f,
individual SWNTs[127] and SWNT bundleg128]. SWNTs exhibit Raman active
modes, which present themselves in four areas of the spectra; the radial breathing mode
(RBM), disorcer induced mode (D), graphitic mode (G), and the overtone of the D mode
( G &igure(1-14). TheD, G andG dnodes depend on theCbonds in the SWNTs. The
stretching of these bonds, results in their weakening and -dhiitmg of their
frequenciegl29]. That is why these modes are usednonitor stressnduced shifts. This

has been done by straining individual CNTs using AFM and monitoring the spectra using
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micro-Raman spectroscof$27], where thed, G, andG @Raman modes are downshifted
up to 27, 15 and 40 chrespectively, at a strain of 1.65%. The highest value reported for
the G band shift is 157 crhfor ultralong SWNTSs at a strain of 6.2% and they achieved a

maximum $rain of 13.2% where the G band shift was 86'¢h30].
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Figure1-14. Raman spectroscopy GNTs. a) Vibration of carbons in SWNTSs resulting
in RBM. b) Planar vibration along the CNT axis'J@nd vibration in the circumferential

direction (G) constitute the dand. c) Raman spectra of SWNTs normalized to the G
band with the different bands ldéd.

As the composite is strained some of the stress is transferred from the matrix to
the nanotubes. By monitoring the downshift of the Raman bands the strain on the
nanotubes can be obtained and the interaction between the two components and the
effectivenessof the load transfer to the nanotubes can be studied. The failure of the
interface can be easily identified by monitoring the Raman shift behavior, indicated by
plateauing of the Raman band shift upon further straining the composite. This effectively
shows that while the composite is being strained no further strain is applied on the

nanotube and that the polymer chains are slipping past the nanotubes.
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1.6 Polyacrylonitrile Fibers

Polyacrylonitrile (PAN) was first synthesized in the 1930s, but it was ndtthati
1950s that it was commercialized for use as textile fibers by Dupont. The molecular
weight of PAN can vary from ~10,000 to several millions g/mol. Various spinning
methods can be used to produce PAN fibers, such as wet spinnijet-ast spinning,
gel spinning, and melt spinning. Dpgt-wet and gel spinning can produce highly drawn
fibers with the low number of micreoids throughout the fiber. For melt spinning, PAN
polymer needs to be pretreated with plasticizer due to its high melting tennpevettich

is higher than its degradation temperature.

1.6.1 Polyacrylonitrile BasedCarbon Fibers

PAN is the most common carbon fiber precursor, accounting for more than 90
percent of all carbon fiber producti¢pfi31]. PAN based carbon fibers are widely used in
composites due to their high tensile strength. Carbon fibers from PAN precursor is
produced by stabilization (26800 °C) and carbonization (+1000):Gtabilization and
carbaization can be carried out in batch and continuous proddsie, batch processy
may provide flexibility to analyze different testing parametbessause othe nature of
batch processing it is prone to unavoidable variatior@nly arising from sample
preparation There are multiple variables during stabilization and carbonization which
can affect the resulting carbon fiber structure, such as temperature ramp rate, stabilization

temperature and residence time, and carbonization temperature and ee8idenc

Small diameter PAN/CNT fibers have been shown to have better mechanical
properties compared to PAN fibef$32]. CNTs have been shown to template the
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graphitic struture of carbon fibef133] which could @ lead to improved mechanical
properties. However, it has been also demonstrated that as the CNTs bundle the
templating effect is diminished. Reinforcement of poly(methyl methacrylate) (PMMA)
composite films with carbon nanotubes (CNTs) was discussedtan oethe previous
chapter. In this chapter, the effect of PMMA wrapping on SWNTs on the structure and

properties of polyacrylonitrile precursor and carbon fibers will be studied and discussed.

TS N3

Figure1-15. High resolution TEM image d?PAN/CNT fibers. The arrow ifb2), shows
evidence of graphitic templating and epitaxial growth at the surface of (183

1.7 Objectives

The objectives of this study are:

1. To study the interaction between poly (methyl methacrylate) (PMMA) and single
wall carbon anotubes (SWNT).
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2. To process high surface area carbon nanotube electrodes for electrochemical
supercapacitors with the goal of improving the energy storage performance of
CNT electrodes.

3. To study the effect of poly (methyl methacrylate) wrapping on singlecarbon
nanotubes on the mechanical, thermomechanical, and electrical properties of
PMMA/SWNT films.

4. To study the effect of poly (methyl methacrylate) wrapping on SWNTs on the
structure and mechanical properties of polyacrylonitrile (PAN)/SV¥RECursor

fibers and carbon fibers.
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CHAPTER 2

POLYMER ASSISTED DISPERSION

2.1 Introduction

As mentioned in the first chapter, the main key to efficient use of carbon
nanotubegCNTSs)is a well dispersed system of nanotyksess shown irFigure2-1a. In
composites, aggregation of carbon nanotultégu(e 2-1b) leads toan inhomogeneous
distribution of nanotubes in the matrix. Due to a mismatch in modulus of regions with
different nanotube concentration, the PMMA rich regions will experience much higher
stress, coupled with lower strength of the PMMA, severe aggregatigileteriorate the
mechanical properties. Well dispersed individualized nanotube dispersion as shown in
Figure 2-1a will provide the best mechanical reinforcement and maximize functional
properties, such as electrical and thermal conductivity, of the compGsltes entangle
in buckypapers, which providas with modest mechanical stability. If the accessible
surfacearea is favorable, bundlingrigure2-1c) can limit the available surface area and
the entangledstate inFigure2-1b is preferred. But the question is: how can we tailor the

dispersion of CNTs in composites to maximize benefits of these fillers?
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Figure 2-1. Nanotubes in different aggregation states (a) individual and well dispersed,
(b) individual but entangledc) bundéd

2.2 Experimental

2.2.1 Materials

HiPCO™ single wall carbon nanotubesSWNTS (grade SP®B00, average
diameter 0.9 nm, purity 98%) andew wall carbon nanotubesFWNTs) (grade
XOC231U, average diameter 2.7 nm, mainly two and three walled, purity 98.8%) from
Carbon Nanotechnologies, Inc., antlti wall carbon nanotubesMWNTSs) (average
diameter 25 nm, purity 95 %yom Cheaptubes Inc were used. Dimethylformamide
(DMF, ACS grade, 99.8% purity) amubly(methyl methacrylatePMMA) (Mw= 8,000,
350,000, and 996,000) as obtained from Sigma Aldrich. PTFE membran@efon

International, FPTPT147) withrim and 5mm pore size were used for the filtration.

2.2.2 Buckypaper Processing

A suspension containing 8 mg CNT in 660 DMF was homogenized (IKA
ULTRA-TURRAX T18) for 30 minutes and then 80 mg PMMA (dissolved innd0
DMF) was added to this CNT/DMF suspension. The sdimn concentration and

PMMA content can vary based on the experiment. For all molecular weights used in this
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study, the PMMA concentration in the suspension is well below the critical overlap
concentration. After vigorous shaking, this PMMA/CNT/DMF susp@m was sonicated

for 24 hours (Branson 3510KT, 100 W, 42 kHz). Then the suspension was filtered
using the PTFE membrane and washed with methanol to remove DIMFSWNTSs

were filtered using the Im membrane, while the FWNTs and MWNTs were filtered
using 5 mm. The produced PMMA/CNT buckypaper was peeled from the PTFE
membrane and dried in vacuum oven at 70 °C for 3 days. These buckypapers are referred
to as fas producedo buckypaper. PMMA t hat
PMMA that is enangled or trapped, will remain in the buckypaper, and the rest of the
PMMA will be filtered out. To analyze the weight of the buckypaper, thermo gravimetric
analysis (TGA) was done in nitrogen at a heating rate of 10 °C/min. The TGA study
shows that PMMA s removed from the PMMA/CNT buckypapers by heat treatment at
400 °C. Control buckypapers (without the use of PMMA) from different CNTs were also

made for comparison using the above.

2.2.3 CompositeProcessing

PMMA was dissolved in DMF at a concentration of X8 per 10mL, andthe
solutionwas dry cast in a glass mold. For CNT composites, CNTs were sonicated in 10
mL of DMF for 24 hours and the polymer powder was added to the solvent and stirred
for 24 hoursand poured into the maléfor PMMA wrapped SWNTs, SMT and PMMA
(1:1 weight ratio of SWNT:PMMA) were sonicated in . of DMF. Then polymer

powder was added and stirred for 24 hours and dry cast.
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2.2.4 Characterization

Wide-angle Xray diffraction (WAXD) data were obtained in transmission mode
on a Rigaku Micromx0 02 (a&=0.15418 nm) system. Raman
a 785 nm laser on a HORIBA XploRA Raman Microscope Systemvig\épectra were
obtained on Perkin EImer Lambda 35 instrument. BET surface area measurements were
made with Micromeritics ASAP 2. MATLAB was used to generate initial PMMA
coordinates and Chembio3D was used for energy minimization. After energy
minimization the atom coordinates were used to simulate the diffraction pattern using

Debyer[134].

2.3 Results andDiscussions

2.3.1 Polymer Wrapping Model

In the first chapter, previous attempts to wrap CNTs with polymesgse w
discussed. While some rigid polymers were shown to interact with CNTs no evidence of
improvement of dispersion was provided. Other methods such as CNT functionalization
and insitu polymerization improve the interaction between CNTs and solvent or matrix
material at the cost of altering the mechanical and electronic properties of the nanotubes
and may not be very effective. The use of surfactants may not be possible in some cases,
such as incompatibility with other components and can negatively impacthlesi
properties, e.g. mechanical properties. Also a high quantity of surfactants is usually
required to achieve a good dispersion in a solvent. For these reasons an approach is

required which prevents bundling and aggregation of nanotubes in the sohcent a
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different polymer matrices, at low weight percent. In the next step, we will study possible

polymers which may wrap CNTSs.

Molecular dynamics was used to identify polymers which may wrap CNTSs.
ChemBio 3D was used to carry out simulations. Short polymains (36 monomers)
were initialized in trans configuration and allowed to relax to reach a minimum energy
state and the bond angles of the backbone were measured. Inta-tegbdonfiguration,
which is usually the case, the bond angle of the backbar®n with the pendant group
is smaller than the CHdue to the steric hindrance from the large side group. The
difference between the bond angles determines the curvature and ultimately the diameter
of the helix the polymer makes. Poly (methyl methateyla(PMMA) and
polyacrylonitrile (PAN) are used demonstrate the effect of side groups on the bond angles
of the polymer backbonéigure2-2). Thesubsequent bond angles are ~107 and 124° for
PMMA and ~111 and 115° for PAN. The slight variation of the bond angles from one
carbon to the other is due to the tacticity of the polymers. The difference between bond
angles, ~17° for PMMA and ~4° for PAN, rtdbe used to determine the approximate
number of monomers to form one complete helix turn by dividing 360° degrees (one
complete turn) by the bond angle difference. This results in ~21 monomers and ~90
monomers for PMMA and PAN respectively. A completaxhalrn for each polymer is
shown inFigure 2-3. The diameter of the PMMA helix is ~1.6 nm and PAN helix is ~6
nm. Considering a van der Waals distant®.3 nm, a ~1 nm CNT could fit inside the
PMMA chain and ~5.4 nm CNT inside the PAN chain. The helical polymer can
accommodate CNTs with diameters within close range of the target diameter by minor

change in bond angles and dihedral angles. Howeverpohgner chain may not
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necessarily form such a helical conformation. This can be due to more favorable
morphologies, for example crystallization of PAN may lead to lower energy than the
helical state, or that the side chaiolvent interaction may not baviorable for a helix to

be formed. Another factor is the stability of the polymer chain wrafis configuration.

If both hydroges are substituted, the polymer chain is more likely to remain in trans
state, as is the case of PMMA. But for PAN which bas hydrogen atom substituted
with the nitrile group, it has a strong tendency to flip into gauche, due to lower steric
hindrance. After verifying possible candidgtegperimentation is required to determine

if the polymer wraps the CNTs.
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Figure 2-2. Bond angles of two polymers in trans state after energy minimization: (a)
atactic PMMA, (b) atactic PAN.
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Figure 2-3. The diameterof (a) PMMA and (b) PAN, when the chain is in trans
configuration. The diameter of the helix created by these two polymers is ~1.6 and ~6 nm
for PMMA and PAN, respectively.

2.3.2 TGA, XRD, and Raman Spectroscopy andElemental Analysis

All three PMMA dispersions (with SWNT, FWNT, and MWNTS) contained 91%
PMMA with respect to the total weight of PMM&ndCNT in DMF. However, based on
the TGA study Figure 2-4) and the weight of the buckypaper after drying, it was
estimated that the PMMA in FWNT/PMMA and MWNT/PMMA as produced
buckypaper was 9% and 7%, respectively, while it was 37% in as produced
SWNT/PMMA buckypaper. The remaining PMMA filtered outwith DMF during
vacuum filtration Higher PMMA weight retention in SWNT containing samples as
compared to FWNT and MWNT containing samples suggested a specific interaction
between PMMA and SWNT, and not between PMMA and FWNTs, and nor é&etwe

PMMA and MWNTSs.
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Figure2-4. Thermogravimetric analysis ¢a) CNT/PMMA and(b) PMMA and SWNT
buckypapers under Nitrogen at a heating rate dfClénin up to 400C and held athat
temperature for 5 minute§he SWNT buckypaper has a 6 percent mass loss.

The diffraction pattern of PMMA exhibits three amorphous peb&kyu(e 2-5a).
The diffraction pattern of the FWNT/PMMA and MWNT/PMMA buckypapersimilar
to their control buckypaper patterns as showikigure 2-5b. Sonication of SWNTs and
PMMA in DMF resulted in a stable suspension, which after filtering the solvent,
displayed a sharp peak at 0.83 rifig(ire2-6a). When the Xay beam (Zdirection) was
perpendicular to the buckypaper plane (XY plane), the diffraction pattern was isotropic,
as expected. However, when theaa§ beam (Zdirection) was paralléb the plane of the
buckypaper (XY plane), then the diffraction pattern exhibited anisotreigyre 2-6b).
The new strong intensity peak at 0.83 nm appeared on the meridian, which suggested that
the feature giving rise to this peak is oriented along the CNT axis. After burning out the
PMMA at 400 °C in the presence of nitrogen, the sharp peak disappeatethean
resulting diffraction pattern was similar to that of the control SWNT buckypaper

processed without PMMA.
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Figure 2-5. WAXD of (a) PMMA, and (b) FWNT and MWNT control and PMMA
processed buckypapers.
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Figure 2-6. (&) WAXD of SWNT, SWNT/PMMA, and SWNT/PMMAiT HT
buckypapers. Xay beam in all cases is perpendicular to the plane of the buckypaper.
SWNT/PMMA'i HT is a sample, where PMMA is completeBmoved Inset is the 2D
pattern of SWNT/PMMA. (b) Meridional andgeatorial scans of SWNT/PMMA
buckypaper, and the 2D pattern (inset) when thayKbeam is parallel to the plane of the
buckypaper.

The 0.83 nm peak was observed regardless of the PMMA molecular weight
(Figure2-7a). Three different molecular weight PMMA samples were used. The 0.83 nm
peak intensity increases with molecular weight, while the PMMA content in all three

buckypapers prepareda filtration was comparable at ~37%n contrast to filtration,
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where approximately 95% of the PMMA is filtered out with the solvent for the
PMMA/SWNT buckypaper, when the solvent is removedevaporation, all the PMMA
remains in the buckypaper. Thus, the SWNT/PMMA buckypaper prepared by
evaporation results in almost 20 times more PMMA than the buckypaper prepared by
filtration. The SWNT/PMMA buckypaper prepared by evaporation still shows 83
ordered PMMA peak. Howevgthis peak is almost dwarfed by the amorphous PMMA

peak Figure2-7b).
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Figure 2-7. WAXD of (a) SWNT/PMMA buckypapers fabricated with different
molecular weight PMMA as indicated afld) SWNT/PMMA buckypaper, where solvent
was removedia evaporation.
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Polymer wrapping also takes place in other paeaganic solverg such as
dimethyl sulfoxide (DMSQ® and nitromethane. When DMSO was usled intensity of
the shark peak was smaller andifted from 2=10.8 to 11.2, corresponding to a
d-spacing of 0.79 nnfFigure 2-8). The PMMA wrapped SWNTs did not dispelin
DMSO andformedaggregatesThis may be due tthe interaction between the exposed

methylmethacrylate functional groups with the solvent.
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Thenew peakwvas also observaghennitromethangwhich is also a good solvent
for both PMMA and SWNTSs, wasgsedinstead of DMFE Since unpurifiedcSWNTs were
used thediffraction pattern waswamped by thenetallic impurities. @spite the strong
baselineintensity from the impuritiesthe peak at ~10°8was still visible in the

buckypapeiXRD (Figure2-9).
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Figure2-8. X-ray diffraction of SWNT/PMMA buckypapers processed with DMF
and DMSO.
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Figure 2-9. X-ray diffraction pattern ofinpurified SWNTand SWNT/PMMAprocessed
with nitromethaneDespite the strong background intensity from the SWNT impurities,
the new peak is still visible.

The X-ray photoelectron spectroscopyRS) spectra of the pristine and PMMA
processed buckypaper after removing PMMA, indicates that the elemental composition
of the buckypaper does not change with PMMA procesdiafl€2-1 andFigure 2-10).

This suggests that the PMMA/SWNT interaction is 4conalent.The Raman spectra of
the buckypaperbBave similar G:D band ratio, indicating no change in defect density upon

PMMA processing and removal of the PMMRigure2-11).
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Figure2-10. XPS plots of SWNT and HSWNT buckypapers.

Table2-1. Chemical composition of SWNT buckypapers determined from XPS spectra in
Figure2-10.

Atomic % Ratio
C @) N (C/O)
HS-SWNT 94.65 5.35 0 17.7
SWNT 945 550 O 17.2

Sample
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0.8
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0.2 +
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Figure2-11. Raman spectra of the three buckypapers showing simikemid intensities.
Intensities have been normalized to thédhd.
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2.3.3 Helical Model Validation

Helical wrapping of PMMA has been suggested for the SWNT/PMMA
interaction(Figure2-12). It has been proposed that PMMA wraps neatly ar@&WiNTs
and he sharp peak the XRDcorresponds to théistance between pendant groups along
the nanotube axis. From energy minimization of PMMA chains in trans configuration, the
C-C-C bond angle in the backbone is ~107°, when methyl methacrylate (MMA) is on the
central carbon, and ~123°, for the other carbthe model was initiated with theseGz
C bond angles. The dihedral angle was chosen to match the helical pitch of 0.83 nm. The
tacticity was achieved by assigning the methacrylate group to the left or right side based
on a randomly generated binary v@ctEach complete helical revolution consists of 21 to
22 monomers, with a diameter of 6-hm, creating a hole sized for smaller nanotubes.
Energy minimization (using Chembio3D molecular dynamics simulation) was carried out

on the initial chain model.

Enthalpy driven CH* i nt er acti ons are possibly th,
resulting in lower energy. The existence ofCH i nt er acti ons has been
time [135-137]. The strengthofthe GH i s one tenth of hydroger
CH" interactions along the pa&ang medndscarhai n |
add up to make the helical wrapping energetically favorable. If the SWNTws#&wites
not change significantly after removing the PMMA as a first order approximate, the
diffraction pattern of the PMMA in the SWNT/PMMA buckypaper can be obtained by
subtracting the diffraction pattern of SWNT from SWNT/PMMA as showrrigure

2-13a. The diffraction pattern of the energy minimized helical model was obtained using
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Debyer and is shown iRigure 2-13b, which is similar to the diffraction pattern of the

ordered PMMA.

Figure2-12. SWNT (12,1) wrapped by PMMA (Colors: Carbon (grayxy@en (Red),
Hydrogen hidden)
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Figure 2-13. a) Ordered PMMA diffraction pattern in SWNT/PMMA buckypaper
obtained bysubtracting the SWNliffraction patternfrom the SWNT/PMMA patternb)
Calculated diffraction pattern from model

Energy minimization (using Chembio3D molecular dynamics simulation) was
carried out on the initial chain model shownFigure 2-14a, and the minimum energy

configuration is shown ifigure2-14b. After this energy mimization, chain was heated
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to 400 K, and the energy minimization process was again carried out. The resulting
random coil configuration is shown Figure2-14c. The total energy of the PMMA went
from 77670, to 2980, and subsequently to 2890 kcal/mol, showing that the energy for the

helical configuration is slightly higher than that of the random coiled state.
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Figure 2-14. PMMA With 220 monomers (a) initial configuration (E=77,670 kcal/mol)
(b) After energy minimization (E=2,980 kcal/mol) (c) Configuration in (b) was heated to
400 K and then the energy minimization step was repeated (E3&;88Mol).
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2.3.4 DispersionAnalysis

2.3.4.1 CNT suspension qualitgnd its influence on Buckypaper and film quality

The suspendabilityof CNTs are generally lowgven in good solventsn order to
get a good SWNT suspension during sonication, a concentration ofsat-dmg/L is
required. If the concentration of the SWNTSs is too high, the nanotubes will not disperse

regardless of the sonication tinfaqure2-15).

Figure 2-15. SWNT/DMF (100 mg/L) suspensiaafter 48 hours of sonicatioit this
concentration the aggregates do not disperse.

As sonicated SWNT/DMF and SWNT/PMMA/DMF suspensions had similar
appearanceitially (Figure2-16a,b). Howeverthe SWNT/DMF suspension precipitated
within 2 hours of centrifugation at 2,000 g while the SWNT/PMMA/DMF dispersion was
quite stable and exhibited very little sedimentation under comparable centrifugation
conditions Figure 2-16c¢,d). This SWNT/PMMA/DMF suspension exhibited no further
change even after prolonged centrifugation time of 72 hours, and it remained stable

indefinitely (observed for 3 months).
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Figure 2-16. As sonicated (a) SWNT/DMF, and (b) SWNT/PMMA/DMF suspensions.
(c) SWNT/DMF suspensionafter 2-hour centrifugation, d) SWT/PMMA/DMF
suspension after 72our centrifugation.

The dispersion quality will have an influence on the preparation of the films,
fibers and buckypapers. A bad dispersion vault innonrhomogeneous samples which
are difficult to processand will have negative impact on theechanicabnd functional
properties of theeomposite When the concentration is high and the SWNT dispersion is
not well suspendedas in Figure 2-15, the resulting buckypaperods not have good
integrity and tears easily upon peelifggure 2-17a). This is the result of individual
aggregates stacking on each other duriligafion (Figure2-18a), resulting in a minimal
interaction between these bundles. In addition to that, since the nanotubes are not
entangled and restrained, theickypapershrinks a third in diameter upon drying.
Therefore, just by visually examining the buckypaper theetiggn quality can be

inferred.

When a buckypaper is made with a well dispersed suspension at low CNT
concentrationan entanglednetwork of individual and small bundles of nanotubies
created(Figure 2-18b). The entagled network of CNTs providethe buckypapewith

modest mechanical properties and integrity, which fatt peeling and handling of the
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buckypaper. By processing the SWNTs with PMMAe tBWNTs can be suspended at
concentrations as high as (800 mg/L), where the resulting buckypapers exhibit the

qualities of well dispersed SWNTEigure2-17).

Figure 2-17. SWNT Buckypapers made at concentrations of (a) SWNT/DMF (160
mg/L), (b) SWNT/DMF (30 mg/L), (c) SWNT/PMMA/DMF (800 mg/L, 1:1 ratio
SWNT:PMMA)

Figure 2-18. Schematic of a) well dispersed nanotubes and b) stacked aggregated
bundles

The effect of PMMA wrapping on dispersion is even more obvioudryncast
PMMA films. PMMA/SWNT films were made witl®.1 wt% SWNT by dry casting. The
suspensions weregpared at a concentration of dig/L. The films were made with and
without PMMA wrapped SWNTSs. This was done by adding a small amount of PMMA
(1:1 PMMA:SWNT) before sonication to achieve PMMA wrapping. Af2dr hours of
sonication, PMMA was added to the suspensions to reach théPfifidiA: SWNT ratio

of 1000:1and stirred for24 hours.For the SWNT wrapped system, the dispersion was
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stable and homogeneous resulting in a homogenous Figurg 2-19). On the other
hand, thenonwrappedSWNTs form aggregates in the filnfFigure 2-19). While the
SWNT suspension was visibly homogeneous after sonicasifiar adding PMMA
powderand initiating stirring, theSWNTs started tdorm visible aggregates within 20
minutes Micrographs of the filmgresentedn Figure2-20 show severe aggregation and
inhomogeneities in the nemrapped SWNT film, while the wrapped SWNT film exitgb

a fine uniform dispersion.

Wrapped SWNTs Non-wrapped SWNTs

Figure 2-19. Image of 0.1 wt% SWNT films, with wrapped andnwrappedSWNTSs.
SWNTSs aggregate into small islands when they are not wrapped with pofcads. bar
applies to both imagesThe red box outlines the section from which the optical
micrograph was taken rigure2-20.
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Figure 2-20. optical micrographs of PMMA/SWNT (1 wt %) film (a) wrapped SWNTSs,
(b) nonwrapped SWNTSs.

2.3.4.2 UV-vis spectroscopy of suspension

The UV-vis absorption spectra of the SWNT/DMF and SWNT/PMMA/DMF
suspensionsdfore and after centrifugation are shownFigure 2-21. The suspensions
were centrifuged for 2 hosiat 10,000 RPM and the supernatants were collected fer UV
vis. The SWNT/DMF suspension shows much lower absorbance after centrifugation due
to higher reaggregation and sedimentation of the nanotubes, resulting in lower SWNT
concentration in the supernatamhe van Hove transitions in SWNT/PMMA/DMF were
blue shiftedl2-24 meV as compared to SWNT/DMieth before and after centrifugation
(Figure2-21). The van Hove transition energy of nanotubes redshift upon burjdBag
This indicates that the SWNT reaggregation starts immediately after stopping sonication.
So he PMMA wrapping not onlyprevents nanotubaggregatiorand sedimentatigrbut

the PMMA wrappednanotubes amnore exfoliated compared to the SWNT suspension
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Figure 2-21. Absorption spectra ofa) as sonicated and (b) centrifuged supernatant

SWNT/DMF and SWNT/PMMA/DMF suspensions. Significantower absorption in

SWNT/DMF suspension as compared to SWNT/PMMA/DMF suspension after

centrifugation is due to sedimentation WENT/DMF than in SWNT/PMMA/DMF.

2.3.4.3 Monitoring aggregation using Raman spectroscopy

The Raman spectra using a 785 nm lasdfigure 2-22a shows higher intensity
for (12,1), (10,5) and (9,7) and lower intensity for (10,2), (9,4) and (13,3) nanotubes for
SWNT/PMMA compared to SWNT samples; at that laser energy the former three
nanotubes are in resonance when individualized while the latter three are in resonance
while bundled[138] (Table 2-2), showing the influence of polymer wrapping on
individualizing the nanotubes. The Raman profile of the SWNT/PMMA sample is similar
to that of SDS/SWNT139, 140] where the SDS surfactant is intended to exfoliate the

burdled nanotubes.

After removingthe PMMA by heat treatmenthe nanotub@anotube interaction
increases, causing a redshift in the transition energy, hence a change in RBM intensities

(Figure 2-22b). The nanotubes are restricted in the buckypaper network and are not free
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to rebundle and pack as well #ee as sonicated SWNThe redshift of & transition
energy reverses the intensity the peaks of the debundled SWNT/PMMA. Since the
change in transition energy is not the same for all nano{dB&$ the intensities do not
change proportionatelyl.here is an upshift of ~2 chfor all of the RBM frequencies in
the SWNT/PMMA and SWNT samples compared to SWNT/PMMA which could be

attributed to polymer wrappind41-143]and bundling144, 145] respectively.

a b
0.8 - SWNT/PMMA HT
(10,2) ) A
0.8 1 (11,3) "
(10,5) [\
_ SWNT/PMMA || SWNT < 061
S 0.6 1 supernatant (12,1) G
(6 N—
g 2
2 ‘@ 0.4
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~ \\
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Figure2-22. Raman RBM spectra using 785 nm laser.T{@ samples were prepared by
depositing SWNT/DMF or SWNT/PMMA/DMIen a glass slide(b) Raman spectra after
removing the PMMA wrappindAll intensities were normalized to-@and intensities.

Table2-2. HiPco chiralities that can be detected with the 785 nm excitation wavelength
[138]. *close to excitation wavelength, 785 nm, of the laser.

(n.m) Diameter Frequency E (indiv.) E (roped)
’ (hm) (cm) (nm) [eV] (nm) [eV]
(10,2) 0.88 264 729 [1.7] 776 [1.6]*
(9,4) 0.92 256 718 [1.73] 763 [1.62]*
(12,1) 0.99 236 792 [1.57]* 825 [1.50]
(11,3) 1.04 233 792 [1.57]* -
(10,5) 1.05 225 784 [1.58]* 819 [1.51]
(9,7) 1.10 215 789 [1.57]* 820 [1.51]
(13,3) 1.17 205 754 [1.64] 787 [1.58]*
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SonicatingSWNTs with another polyacrylate also resdlin a debundled state.
The Raman spectrum obly(butyl methacrylate]PBMA)/SWNT samples also indicated
debundled SWNTgFigure 2-23). PBMA has a larger side chain than PMMAgure

2-24, but the bond angles are simitarthat of PMMA, allowing it to wrap SWNTSs.
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Figure 2-23. Raman spectrum of SWNT wrapped with PBMA. Intensity normalized to
Raman G band.
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Figure2-24. Repeat unit of PBMA polymer.
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2.3.4.4 Porosimetry

The surface area and pore size nanomaterials can beneasured using gas
adsorption.To analyze the porosityh¢ sample is first degassed to remove all moisture
from the poroustsucture. The sample is heated to 90° C under vacanuhkept at that
temperaturegor 16 hours to ensure complete removal of moisture. The sample tube is
then backfilled with nitrogen gag#\t this stage the sampie ready for analysis. In the
beginning ofthe analysis, the sample tube is evacuated to very low pressures. Depending
on the analysis gas and the bath temperatifierent amounts of gas is admitted into
sample tube to probe the material structure. When the adsorbate gas is nitrydba (N
bath temperature is maintained at 77 K. Nitrogen is admitted in incremental doses at
different partial pressures up to the gas saturation pressure to probe the pore structure of
the material. The amount of gas quantity adsorbed vs gas pressureed faajenerate
an adsorption isotherm, which can reveal the structure of the adsorbing material (called
adsorbent) from the shape of isotherm. The classical adsorption theory assumes that the
adsorbate first forms a monolayer on the surface before begit;mform a second layer.

The surface area is calculated using the adsorbate molecule dimensions and the number
of molecules admitted to the sample tube at increasing partial pressures. The Brunauer
Emmett Teller (BET) theory can be used to calculate thdage area of thenaterial.

The isotherm of silica aluminavhich is used to ensure the accuracy of the porosimetry

systemis shown inFigure2-25. The BET equation is:

(2-1)

P %)
0

pA P
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wheren andr) are the equilibrium and the saturation pressure of adsorbates at the
adsorption temperaturs,is the adsorbed gas quantity, andis the monolayer adsorbed
gasquantity. c is the BET constant:

5 o © (2-2)
YUY

whereO is the heat of adsorption for the first layer &ddis that for higher layerR is

the gas constant andis the temperaturd he constant can be regarded as the affinity
of the solid with the adsorbatéhe left side of 2-1) can be plotted as a function-efas
a straight line which is called the BET plot. The linear relationship only holds within a

limited rangeusuallyT@t v — 1@ vThe value of slop@ and intercept of the fitted

line is used to calculate the monolayer adsorbed gas quantignd constant, using the
equationsy —and® p -. The BET plot of the reference silica alumina sample

is shown inFigure 2-26. There aresomecriteria for correct selection of the pressure

range from whichl and A are calculated. First of all the constantmust be positive
(c>0). Secodly, the Rouquerol transfortin p f n  should be increasing wit'Px n

for the data selected to calculate the BET paramedtersthe alumina silica sample the
Rouquerol transform decreases abgl/ﬁ & v (Figure 2-27). When the correct

ranged is used to obtain the andc values, he specific surface areaabtainedby the

following equation:

b &d (2-3)
wa
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whereN is the Avogadro numbes,is the cross sectional area of the adsorbate molecule,

Vis the molar volume of the adsorbate gasrarnsthe sample mass.
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Figure 2-25. Nitrogen adsorptidrdesorption sotherm of silica aluminatandard sample
at 77 K.
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Figure2-26. BET plot with a fittedine (in red)in the linearegion.
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Figure 2-27. The Rouquerol transform as a function of partial pressure for the silica
alumina sample. The red line denotes the cut of point where the Rouquerol transform
starts to decrease.

The specific surface area (SSA) of the different buckypapers is presefitaiolén
2-3. FWNTs have lower SSA than SWNTs since itheer walls are not accessiblEhe
SWNT sample exhibits an SSA of 6007/g) since the nanotubes can rebundle after
sonicationand reduce surface arédowever, br the high surface area PMMA processed
buckypapers, HSWNT, we obtained SSA as high 3830 m?/g (average bundlesf 4
SWNT from theoretical calculations)Measurements of 11 PMMA processed
buckypapers yielded an average specific surface area oft ®Bm?/g (nitrogen gas
adsorption isotherms for these 11 samples are showAigure 2-28). The increase of
SSA for the PMMA processed SWNT buckypaper compared to the SWNT buckypaper
confirms that the PMMA wrapping prevents the aggregation of the SWNTSs, resulting in
higher SSA aftr the PMMA isremoved The added pores are mainly micro and
mesopore in size, from 1 to 11 nm pore width, as showsguare 2-29. The additional

suiface area in the 1 nm region are likely due to the removed PMMA wrapping, resulting
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in micropores between adjacent nanotulbegure 2-30). The isotherm of the sample is

shown inFigure2-31.

Table 2-3. Surface Area measurement for the CNTd &@NT/PMMA buckypapers.
SWNT sample average of 5 measurements andSWSIT sample average of 10
measurements.

Sample BET SSA (nv/g) Comments
FWNT 260 Slurry
FWNT 450 As sonicated
SWNT 460 Slurry
SWNT 600 £ 100 As sonicated
SWNT/PMMA 280 PMMA processed
HS-SWNT 950+ 70 PMMA processedPMMA removed
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Figure 2-28. N> gas adsorption isotherms of PMMA processed buckypapers, with an
average specific surface area of 94%gnEachisotherm has been shifted 250 units
vertically with respect to the previous plot for clarity.
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Figure 2-30. PMMA wrapping around SWNTs prevent them from aggregating.
Micropores are created when the wrapped PMMA from adjacent SWNTSs is removed.
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Figure 2-31. N2 adsorption isotherms @& FWNT, b) SWNT slurry, c)SWNT, andd)
HS-SWNT buckypapers at 77 K.

2.4 Conclusions

Carbon nanotubetend to bundle du¢he collective van der Waals inteten
along the length of CNTS$n this chapter we demonstrated a technique to wrap SWNTs
with PMMA. The wrapping only talsplace around CNJwith a diameter of ~1 nnand
it does not occur with FWNTs or MWNTShis has been attributed to the bond angles of
the PMMA backbonevhich provide a hole sized for SWNTandfavorableinteraction
between theCH. side chains of PMMA with SWNT and the polyrsaivent
interactions PMMA wraps in & orderedhelical manner around SWNTSs, and while the

helical wrapping cannot be observed directly using TEM due to the dimsrtdidhe
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structure the ordered morphologyf ahe wrappingresults ina sharp peak in the-ky
diffraction pattern. Thdelical morphology of PMMA was confirmed lsymulating the
diffraction patterrof the proposed modelhich was a good match withe experimental

diffraction pattern.

The PMMA wrapping not only increasethe suspendability of SWNTs from
0.014 mgmL to more thanl mgiL, but also improves the suspension stability over the
period of several months as compared to days for as sonicated S\Fi§ms.UV-vis
spectroscopy, we observed tradk excitation bands of SWNTs blue shift upon being
wrapped with PMMA. This is consistent with debundling of SWNTs, since SWNT van
Hove transitions red shift upon bundlifgom Raman spectroscopy, it was observed that
all chiralities are debundled whemopessed with PMMA, ruling out wrapping selectivity
for the SWNTs probed with 785 nm lasEmally, the effect of PMMA wrapping on the
porous structure andpecific surface area of SWNTs was studied. PMMA processed
buckypapers had a specific surface areaore than 1000 ffg, showing a 50% increase

in specific surface than as sonicated SWNTSs.

Altogether, all of the evidence such as incrdasaspendability, stability of
suspensions, UWis and Raman spectroscopy analysisfa} diffraction pattern and
simulation, and surface area analysigpport the PMMA wrapping of SWNTs. For the
first time since the discovery of carbon nanotubes, a polyrag been found that wraps

CNTs in this manner.
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CHAPTER 3
HIGH SURFACE AREA CA RBON NANOTUBE ELECTR ODES
OBTAINED FROM POLYME R WRAPPED CARBON NANOTUBES

FOR SUPERCAPACITORS

3.1 Introduction

Porous conductive materiakhat have a high surface ayesuch as carbon
nanotues (CNTs)are suitable for supercapacitor applicatidnghe previous chapter, it
was demonstrated that single wall carbon nanotubes (SWNTs) have a higher specific
surface area (SSA) than few wall carbon nanotubes (FWNBIskypapers made from
poly(mehyl methacrylate) (PMMA) wrapped SWNTs have 58% higher SSA after the

PMMA is removed compared to-asnicated SWNT buckypapers.

Energy is stored at the electredectrolyte interface in electric double layer
capacitors (EDLCs) or supercapacitors. Sinice energy is stored at the interface,
increasing the interface results in improvement in energy storage performance of EDLCSs.
Energy storage is expected to increase linearly with SSA, howaher, factors such as
pore size and porous architectuwan affect energy storagen this chapter the effect of
SSA onenergy storage istudied Also supercapacitors made fromgh surface area
SWNT buckypapers are compared to recentigported CNT and graphene

supercapacitors literature.
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3.2 Experimental

3.2.1 Materials

HIiPCO™ SWNTs (grade sp300, average diameter 0.9 purity 98%) and few
wall CNTs (grade XOC231U, average diameter 2.7 nm, mainly two and three walled,
purity 98.8%) were obtained from Carbon Nanotechnologies, Inc. Dimethylformamide
(DMF, ACS grade, 99.8%vurity) and PMMA (M= 350,000 g/mol) polymer were
obtained from Sigma Aldrich. PTFE membrane (Zefon International, FPTPT147) with 1

mm pore size was used for the filtration.

3.2.2 Sample Preparation

A suspension containing 8 mg SWNT in 100 DMF was homogenid (IKA
ULTRA-TURRAX T18) for 30 minutes and then 80 mg PMMA (dissolved inndl0
DMF) was added to this SWNT/DMF suspension. After vigorous shaking, this
PMMA/SWNT/DMF suspension was sonicated for 24 hours (Branson 38I0RLO0
W, 42 kHz). The suspensiomas filtered using the PTFE membrane and washed with
methanol to remove DMF. The PMMA/SWNT buckypaper was peeled from the PTFE
membrane and dried in vacuum oven at 70 °C for 3 days. The PMMA was removed by
heating to 400 °C at 10 °C/min under nitrogen #émeh by holding at 400 °C for 5
minutes. The resulting sample is referred to as -bigface SWNT (HSWNT)
buckypaper. SWNT and FWNT buckypapers were also made withewid of PMMA.

For these buckyapers, SWNT was dispersed at 1.3 mg/&0in DMF andsonicated

for 24 hours. FWNT was dispersed at 1.3 mg/bd0 in DMF and sonicated for 5
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minutes. Both the SWNT and FWNT suspensions were filtered using the PTFE

membrane, washed in methanol, and the dried in vacuum at 70 °C for three days.

3.2.3 Characterization

For surface area and pore size analysis, isothermghBl adsorption study was
carried out on various buckypapers using ASAP 2020 (Micromeritics Inc.) at 77 Kelvin.
BET and BJH theories were used to obtain the specific surface area and pore size
distribuion, respectively.Scanning electron microscopy (SEM) was performed on a
Hitachi SU8010 at an accelerating voltage of 5 kV. SEM was done on buckypapers
without any metal coating. -Xay photoelectron spectroscopy (XPS) (Thermal Scientific
K-alpha XPS instmment) was employed to analyze the buckypaper chemical
composition. Raman spectroscopy on the buckypapers was carried out using 785 nm laser
HORIBA XploRA Raman Microscope System. Scanning electron microscopy (SEM)
was performed on a Hitachi SU8010 at anederating voltage of 5 kV. SEM was done
on buckypapers without any metal coatingray photoelectron spectroscopy (XPS)
(Thermal Scientific Kalpha XPS instrument) was employed to analyze the buckypaper
chemical composition. Raman spectroscopy on thé&ympapers was carried out using
785 nm laser HORIBA XploRA Raman Microscope Systéaalvanostatic constant
current (CC) charginglischarging and cyclic voltammetry (CV) measurements were
carried out on Solartron 1470 at room temperature, using two filnredes. Electrode
diameter, thickness and mass were approximately 6.4 mmgni5and 0.3 mg,
respectively. The electrode density was 0#63.02 g/cn?, and the electrodes were
separated by Celgard 3400 microporous membrane and were sandwiched between

stainless steel current collectors. KOH aqueous solution (6 M) with potential range of O
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to 1 V and 1Ethyl-3-methylimidazolium tetrafluoroborate (EMIMBJFwith a potential

range of 0 ta3 V were used as the electrolytes. For the constant current meastgeme

the specific capacitance was obtained using yi — — wherel is the currentim

andm are the masses of the two electrodpss the discharge timep\s the discharge

voltage during that time. Determination @t / exdludes thdR drop occurring at the

beginning of the dischargdhe energy density was calculated usfg = , and

power density i®9 —, wheretq is the total discharge time. The specific capacitance of
the cyclic voltammetry measurements of each electrode was obtained dusing

= — where the integral is the area enclosed iniiglot, R is the CV scan

rate andeV is thepotential window.
3.3 Results and Discussions
3.3.1 Porosity

The buckypaper made from FWNT had the SSA of 38@nand the one made
from SWNT without the aid of PMMA had the SSA of 656/gn The highest surface
area SWNT buckypaper obtained with the aid of PMM#hibited the surface area of
950 nt/g, and this buckypaper is denoted as-$8NT buckypaperRigure 3-1). The
SWNT has lower SSA than HSWNT, as in the absence of PMMA, nanotubebuedle
after sonication. The increase of SSA for the PMMA processed SWNT buckypaper
compared to the buckypaper without the use of PMMA, supports the hypothesis that
PMMA wrappng results in smaller diameter SWNT bundles and hence higher specific
surface area, after PMMA has been removedSNENT, not only shows higher surface
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area than SWNT and FWNT buckypapers, but it also shows higher pore véliguaes (
3-2). The data presented in shows that the higher pore volume was mostly due to micro

and mesopores, with sizes in the range of 1 to 11 nm.
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200 4
100 1
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Figure 3-1. N> gas adsorption isotherms of FWNT, SWNT, and&8NT buckypapers
at 77 K.
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Figure3-2. Pore size distributionbtained from BJH theory, (a) surface area and (b) pore
volume at different pore size.
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SEM images of the three buckypaper (FWNT, SWNT, andSM8NT) surfaces
are given inFigure3-3. The average CNT bundle diameters RWNT, SWNT and HS
SWNT buckypapersneasured from these images, using ImageJ software, atel@2
nm, 9+ 4 nm, and 3 £+ 2 nm respectively. These bundle diameters are qualitatively
consistent with the surface area values measured from the nitrogen gas adsorption. In
other words, as expected, buckypapers with low surface area have large bundle diameter

and vie-versa.

Figure3-3. SEM images of (a) FWNT, (b) SWNT, and (c)438VNT buckypapers.
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3.3.2 AqueousElectrolyte

The CC chargelischarge plots of the three different types of electrodes (FWNT,
SWNT, and HSSWNT) are shown irFigure 3-4. The specific capacitance and energy
density values obtained from the CC measurements are givegure3-5a and 5b. The
capacitance and energy density decrease with increasing current densities. The energy

density was calculated directly from currentitage and discharge time, rather than from
capacitance@® -0w ), as sometimes don&hermogravimetric analysis the previous

chapter confirmedthat PMMA is completely removed under the heat treatment
conditions used for HSWNT processing, and there is no degradation and/or
functionalization of SWNT This has also been confirmed by Raman spectroscopy and
XPS. Raman G/D ratio for both SWNand HSSWNT was ~11Kigure3-6). Presence of

any amorphous carbon or SWNT functionalization would have resulted in a decreased
G/D ratio, but this has notelen observed. XPS data show that the C/O ratio in both
SWNT and HSSWNT buckypapers is alsbd sameTable2-1). This confirms that the
enhanced eneygstorage of HSSWNT was only due to its higher surface area as
compared to SWNTEFigure 3-5¢ shows the IR drop for each electrode as a function of
current density, and shows that among the three types of electrodes studied in this work,
at a given current density H®SNVNT shows much lower Hdrop, as compared to SWNT

and FWNT electrodes. Lower internal resistance of theSMBNT capacitor suggests that

the electrolyte is more readily accessible to various pores {8\WNT, as compared to
SWNT and FWNTSs, even at high current densities. The CV measurements do not show

an oxidation peak, confirming the absence of pseudo capacitkigpeg 3-7a). HS
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SWNT electrode exhibited good rate capability, with a capacitance of 23 F/g at a high

rate of 50 V/sFEigure3-7b).
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Figure3-4. CC measurements of the three buckypaper electrodekwith electrolyte,
a) FWNT, b) SWNT, ¢) HSWNT.
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Figure 3-5. Evaluation of the electrochemical performance of FWNT, SWNT l48d
SWNT electrodes in KOH electrolyte. (a) Specific capacitance as a function of current
density. (b) Energy density as a function of current density. (cyrdR of the electrodes

as a function of current density.
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Figure3-6. Raman spectra of SWNT and #88VNT. Normalized to G band intensity and
shifted vertically for clarity. G/D ratio in both spectra is ~11.

——05Vis
a b 1501 ——50V/s
20 | 1
100
T 10+ < 1
£ E 507
z o0 =
5 -10 = .
O

O 50 -
-20 4 ]
] -100

S e e A E e m ey B p 1 1r - 111

00 02 04 06 08 10 00 02 04 06 08 10

E (V) E (V)

Figure3-7. Cyclic voltammetry of HSSWNT in KOH electrolyte at various scan rates.
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Figure3-8. CV of (a) FWNT and (bPWNT at 100 mV/s in KOH electrolyte.

For EDLCs, if the entire surface area is accessible, then capacitance should
increase linearly with SSA. PMMA processing of SWNTs repeatedly produced
buckypapers with specific surface area above 98@.nMeasurementsf 11 PMMA
processed buckypapers yielded an average specific surface areai6948%/g. Two
trials using PMMA, resulted in buckypapers with surface areas of 805 and?&y,Card
these were also tested for their performance as supercapacitor elebnaglen total five
electrodes were tested with surface area in the range of 300 to ¥§0amd their
specific capacitance as a function of specific surface area are plotted at 5 and 100 mV/s in
Figure 3-9, showing reasonable correlation within experimental eirgpical of CNT
electrodes, the HSWNT displayed excellent capacitance retention after 10000 echarge

discharge cycleg~gure3-10).
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Figure 3-9. Buckypaper capacitance as a function of specific surface (&@8a)
measured using 6 M KOH electrolyte at $ mV/s andlf) 100 mV/s.
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Figure3-10. Capacitance retention of HBRNNT electrode with 6 M KOH electrolyte for
10000 charge dischage cycles. The cell was charged and discharged at a rate of 1 A/g.

3.3.3 lonic Electrolyte

The HSSWNT electrode was also tested using ionic liquid electrolyte,
EMIMBF.. lonic liquids enable storage of more energye do their higher operating
potentialwindow, sincestoredenergy scales with square of volta@§®, & . Constant
currentplots of HSSWNT with ionic electrolyte are presentedFigure 3-11, in which
the IR drop increases to 1.5 V at 100 A/g. No oxidation peaks are observed in the CV

72



plots Figure 3-12). Cycling of the HSSWNT in ionic electrolyte does not show a
reduction in capacitance over 10000 cyclesire 3-13). The Ragone plots of the HS
SWNT electrodes based on ionic liquid and KOH electelgsts area given iRigure
3-14. As expected, due to large potential window, the energy dessi§ times higher

using the ionic liquid electrolyte than 6 molar KOH electrolyte.
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Figure3-11. CC measurements of HBNNT at 1 to 100 A/g currents using ionic liquid
electrolyte, EMIMBE.
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Figure3-12. CV of HSSWNT at 100 mV/s and 3 V/s rateBMIMBF 4 electrolyte.
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Figure3-13. Capacitance retention of HBANT electrode with EMIMBIE-electrolyte.
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Figure3-14. Ragone plots (in gravimetric and volumetric units) ofSMNT electrodes
using 6M KOH ancEMIMBF4 electrolytes.

3.3.4 Comparison with Recent CNT andGraphene Supercapacitors

Packaging and size of the energy storage device are important factors. If the
volumetric capacitance is too low, then a large electrode volume will be required for
storing certain amount of charge. This may not always be pradttoaiefore along with

high gravimetric capacitance, a high electrode density is often required. The Density of
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the HSSWNT film was 0.630.02 g/cni. Since supercapacitors are primarily used for

high power applications, the HRNVNT provides great performance.

In order to demonstte the performance of the HESVNT, a Ragone plot is
presented inFigure 3-15, comparing the performance of FEWNT with recent best
literature data olSWNT and graphene electrodes. This includes a commercial 3.5 V/25
mF activated carbon supercapacitor, CNT/grapléband laser scribed graphejie6]
electrodes. The volumeétrenergy density of HSWNT electrode is more than 4 times
higher than the previously reported highest energy density (CNT or graphene based
supercapacitors with noseudocapacitangat the very high power density of 54 Wf&m

and 6.5 times higher energegnsity at low power density.

Micro-supercapacitors have gained attention due to their application as power
sources in micrelectrical systems. Micrsupercapacitors can also be made using the
current technique, as the PMMA wrapped SWNTs can be depositady substrate. The
simple processing method for achieving high surface area SWNT buckypapers with
record high energy and power densities, makes this method an excellent candidate for

future commercial applications.
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Figure 3-15. Energy and power density of HSNNT compared with that ofa
commercial 3.5 V/25 mF activated carbon supercapacitor (data] i#n}, laser scribd

graphene (LSG, ionic electrolyte) super capac[tbt6], and Graphene/CNT (ionic
electrolyte)[71] micro supercapacitor.

3.4 Conclusiors

Carbon nanotube supercapacitor electradés specific surface area in the range
of 300 to 950 rffg were fabricated to understand the influence of surface area on energy
storage. This was achieved without introducing defects or functionalizing the nanotubes,
and thus all the electrodes exhibiteal pseudo capacitance. Capacitance exhibited good
correlation with specific surface area at low CV rates, but the correlation was relatively
poor at high CV rates. The SWNT buckypaper with a surface area of 3§qraferred
to as HSSWNT buckypaper) exhited high energy density of 3.13 kWh/kg at a high

power density of 84 kW/kg. At a given power density, this energy density is at least four
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times higher than the best value reported in the literatudate for the carbon nanotube

electrodes.
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CHAPTER 4
THE EFFECT OF POLYMER WRAPPI NG OF CARBON
NANOTUBES ON THE PROPERTIES OF BUCKYPAPERS AND

POLY (METHYL METHACR YLATE) COMPOSITE FILMS

4.1 Introduction

Carbon nanotubes (CNTs) have been studied as filler materials in composites for
mechanical reinforcement and to introduce functional properties such as electrical
conductivity and electromagnetic shielding in composites. Experimental measurements of
individual SWNT bundles yielded a tensile modulus of-880 GPa and tensile strength
of 52-100 GPa[130, 148150]. While CNT mechanical properties are impressive, load
transfer from the matrix to the nanotubes is required, otherwise, they can act as locations
for stress concentration and crack formation without increasing mmdtihe addition of
CNTs to various polymers and its impact on mechanical, viscoelastic and electrical
properties has been discussed in detail in litergi2®e 49, 103, 15155]. Different
PMMA/CNT preparation methad have been proposed to improve reinforcement by
CNTs in composite film§20, 48, 156] One study suggested multiple melt mixing cycles
of SWNTs in PMMA which resulted in better SWNT dispersion as evidenced by optical
micrographs[20]. Melt spun fibers from this method resulted in a 150% incré@ase
modulus at 8wit% SWNT content compared to PMMA fibers. Another study used

coagulation bath to precipitate the PMMA/SWNT suspengl8h Melt spun fibers from
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the precipitant resulted in a 33 % and 88 % increase in modulus upon addition of 1 wt%
and 2 wt%SWNT to PMMA, respectively. Another study pointed out the importance of
the nanotube dispersion duringsitu polymerization of PMMA in the presence of CNTs
[156]. The addition of surfactant to the MWNT suspension before polymerization led to a
16 % increase in modulus at 6 wt% CNT, while the mechanical properties of the
composite without surfactant decreased upon addition of ¢hNo&. Jia et al. reported
reduction of tensile strength and toughness of PMMA/CNT composites prepared by in
situ polymerization of PMMA in the presence of CNTZ2]. However, grinding the
CNTs in a ball mill and then carrying out polymerization resulted in 30% higher tensile
strength and 12% higher impact strength as compared to pure PMMiBh was

attributed to improved dispersion upon ball milling of nanotubes.

Incorporation of CNTs in PMMA films has yielded composites with varying
properties in previous studies. The increase (or decrease) of modulus and tensile strength
of PMMA and compsite films are shown iffable 4-1. The low tensile properties of
PMMA in ref. [151] and[152] is due to the low molecular weight of PMMA which were
even shorter than the nanotube lengths. The CNT reinforced composite films had even
lower mechanical propertiesah neat PMMA films with a molecular weight of 350,000
g/mol. Another study which used dry blending and melt extrusion reported negligible
improvement upon addition of unoriented MWNI$3], while digning the MWNTSs led
to a 38% and 25% higher modulus and tensile strength along the CNT direction,
respectively. Ref[154] reported a 130% increase in strain to failure, but no impact on
modulus and strength upon addition of 1 wt% SWNTs. Using nitromethane as the solvent

has also shown promise for dispersing SWNTs in PMM®]. Composite films were
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made with two different SWNT purities, 65 wt% and 986, showing the detrimental

effect of impurities on tensile strength.

Table 4-1. Mechanical properties and electrical conductivity of PMMA/CNT films in
literature. The results of the current study are imnetudor comparisonValues in
parenthesis indicate improvement (or decrease) compared to the control samples without
SWNT.

CNT | Tensile ModulugTensile Strengt| Conductivity

wit%w)|  (GPa) (MPa) (S/m) Comments
10 1.78 (+70%) 23 (-5%) 100 MWNT <90% purity[151], solvent casting
0.25 1.38 (+90%) 37 (+363%) - MWNT, in situ polymerizatioj152]
10 3.7 GPa (+38%) 80 (+25%) i MWNT, dry blend gnd melt extrusida53],
oriented
Hydroxylamine hydrochloric acid salt treate
0, 0 -
1 N/A (0%) 44 (0%) SWNTs[154]
o . —
4.4 (+144%) 63 (+26%) 854 SWNT (2.4 wt% impurity), sonicating and
10 stirring [49]
o - —
4.1 (+127%) 23 (54%) 1430 SWNT (35 wt% impurity), sonicating and
stirring [49]
10 3.2 (+100%) 48 (-11%) 26 This work, SWNT (35 wt% impurity)

Entangled carbon nanotubes form a freestanding film referred to as buckypaper.
They have low tensile modulus (~ 1 GPa) and strength (~15 MPa) despite the high tensile
properties of CNTs, due to weak van der Waals interaction at the@NNTjunctions,
which results in slipping of CNTs during deformation. The challenge is to impreve th
inter-bundle interaction and prevent slippage of CNTs at low stresses. A summary of
previous efforts to improve the mechanical properties of buckypapers is presented in
Table 4-2. One study investigated the effect of several parameters, such as sonication
time, type of surfactant or biopolymer, membrane filter matdfi&l7]. Buckypaper
modulus increased by 94% whecellulose nitrate (CN) was used instead of

polytetrafluoroethylene (PTFE) membrane, but no explanation was provided as to why

the properties improve with the type of membrane. In another work, the buckypaper was
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coated with polypyrrole (PPy) by potentiopemrometric polymerization of pyrrole onto

the CNT networK158]. The buckypaper was then immersed into cyanate ester ¢8B) r

and processed to make SWIRPyCE buckypaper. The mechanical properties of the
SWNT-PPyCE improved significantly compared to the control buckypaper as shown in
the table. While the mechanical properties of-&P and BPPPy buckypapers was
higher tharthe control SWNT buckypaper, the properties were lower tharPBRCE.

This enhancement was attributed to improved interactions between nanotubes in the
intracbundle as PPy chains wrap the bundles and individual nanotubes, although there
was no discussionon how it improved intebundle strength. It was also argued that the
PPy bridge between CNTs and CE improved the network strength. Infusing buckypapers
with polycarbonate (PC) resulted in an increase in modulus and tensile sfrEs@th

160]. In another study, mechanical properties of the buckypaper improved as SWNTs
were refluxed with stronger acids used up to 10 M nitric acid concentfaédh SEM
images indicate a reduction in bundle diameter at higher acid concentrations, as acid

treatment of aqueous suspensionpriones the dispersion of SWNTS.

Table4-2. Properties of buckypapers reported in literature and the current &tathes
in parenthesis indicate improvement compared to control SWNT buckypapers.

Buckypaper CNT |Modulus Strength Conductivity Comments

(Wt%)|(GPa) (MPa) (S/m)
SWNT [157] 100 |1.6 15.7 12700 5 pm PTFE, Triton X100
SWNT [157] 100 3.1 (+94%) |35.0 (+123%10600(-17%)0.2 um CN, Triton X100
SWNT [158] 100 |3.3 14.3 19600 Pristine SWNTSs
SWNT-PPyCE[158] |73 |17.8 (+493%]/68.7 (+380% 17100 (13%) PPy wrapped SWNTs
SWNT [159] 100 |2.3 6.5 20410 Pristine SWNTSs
SWNT/PC2[159] 48 5.1 (+122%)|18.9 (+190%]12350 (40%)Polycarbonate infiltrated B
SWNT [161] 100 |0.8 10 30000 Pristine SWNTs
10M HNO3 SWNT[161]]100 |5.0 (+525%)|74 (+640%) |12000 (60%)Acid treated buckypapers
SWNT 100 |1.1 16 10000 This work
SWNT/PMMA 65 6.5 (+490%) |59 (+269%) |1100 £89%) |This work

! Tensile modulus is more than typically reported values for pristine buckypapers.
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To gain better understanding of the reinforcement mechanism of CNTs in
composites, CNT stress can be monitored during composite deformation. CNTs exhibit
stress induced Ramdrand shifts[130, 162] Stretching and weakening of the carbon
carbon bond of the nanotubes results in downshift bfe D, G and GO banct
band shows the most shjft63] and is typically used to monitor stress transfer from the

polymer to the nanotubg$25].

In this study, using a technique described elsewlie$d] to helically wrap
SWNTs with PMMA, films and buckypapers with and without PMMA wrapping were
made and the effect of PMMA wrapping on the stress transfer from the matrix to the
nanotubes was investigated. The PMMA wrapping greatly improved SWNT dispersion,
and individualized SWNTs in buckypapers and composites films. The debundling and
isolation of SWNTs improved stress transfer to the SWNTSs, which in turn led to better

mechanicaproperties.

4.2 Experimental

4.2.1 Materials

HiPCO™ raw SWNTs (65 % purity) and purified SWNTs (grade sp300, average
diameter 0.93 nm, purity 98%) were obtained from Carbon Nanotechnologies, Inc.
Dimethylformamide ACS grade, 99.8% purityand PMMA (M,= 350,000 g/rol)
polymer was purchased from Sigma Aldrich. PTFE membrane (Zefon International,

FPTPT147) with 1 em pore size was used for
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4.2.2 Sample Preparation

Two types of PMMA/SWNT composite films were prepared, one set with PMMA
wrapping and another seithout PMMA wrapping, with 0.1 to 10 wt% SWNT content.
The nonwrapped PMMA/SWNT was prepared by sonicating SWNHimigson 3510R
MT, 100 W, 42 kH}, 0.15 (0.1 wt%), 1.5 (1 wt%), 7.5 (5 wt%) and 15 mg (10 wt%), in
15 mL DMF for 24 hours, then adding PMMA to obtain a solid content of 150 mg and
mixed by stirring for 12 hours. The wrapped PMMA/SWNT films were prepared by
sonicating SWNTs in DMF in the presence of PMMA with a 1:1 PMMA to SWNT
weight ratio for 24 hours. Thetle remaining amount of PMMA is added to obtain a
solid content of 150 mg and mixed by stirring for 12 hours. The suspensions were cast in
a glass mold to form ~40 um thick films. The films were dried at 65 °C under vacuum for
24 hours. The SWNT buckypapsuspension was prepared by sonicating 12.3 mg of
unpurified SWNTs (8 mg SWNTSs) in 400 mL DMF for 24 hours. The PMiM&pped
SWNT suspension was prepared by sonicating 12.3 mg of unpurified SWNTs with 8 mg
of PMMA in 50 mL of DMF for 24 hours. Buckypapensre made by vacuum filtration
of the suspensions, with subsequent wash with MeOH, and were then peeled off from the
filter and dried. The purified tubes were used only for the 0.1 wt% SWNT film and the

rest of the samples were made with the raw nanotubes

4.2.3 Characterization

Scanning electron microscopy (SEM) was performed on a Hitachi SU8010 at an
acceleratingvoltage of 5 kV. Tensile measurements and dynamic mechanical analysis

(DMA) were carried out by RSA 1l (Rheometrics Scientific) solid analyzer pgupd
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with a linear tension clamp. Thensile test samples had a width of ~2 mm. The gauge
length and the strain rate for the tensile tests were set at 10 mm and 0.50 %/s,
respectively. The thickness of the flms and buckypaper samples werem-4ad ~20

em, respectively. Dynamic mechanical properties as a function of temperature were
determined at 1 Hz frequency, with static force adjusted to be 20 % larger than dynamic
force. Raman spectra were obtained using a 785 nm laser on a HORIBA XploRA Raman
Microscope System. Raman spectra were collected during film deformation at a gauge
length of 10 mm by straining 2 mm thin strips using a stretching rig. The Raman spectra
were collected using parallel (VV) polarizers with the straining direction parallel to the
polarizer and analyzer directions. Infrared spectra (IR) were collected with a Perkin
Elmer Spectrum One infrared microscopéectrical conductivity of various SWNT films

was measured by a standard fpoint probe configuration (Signatone).

4.3 Resultsand Discussions

4.3.1 Effect of PMMA Wrapping on SWNT Aggregation and Dispersion in Films

and Buckypapers

Wrapping the SWNTs with PMMA greatly increases dispersion quality in DMF.
Images Figure 4-1) and optical micrographg=igure 4-2) of the PMMA/SWNT films
clearly show the effect of wrapping on film qualignd SWNT aggregation. Nen
wrapped SWNTs phase separate into distinct islands at 0.1 wt% SWNT content. Such
phase separation was visible in the 1 wt%-noapped SWNT filmsKigure4-3), though
they did not aggregate into separate islands as in the 0.1 wt% SWNT film. The 5 and 10

wt% nonwrapped SWNT films were completely opaque and PMMA rich regions were
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not visible demonstrating better homogeneityntidal and 1 wt% ncewrapped SWNT
films. The addition of PMMA during sonication leads to wrapping, which prevents
SWNT aggregation upon adding PMMA and stirring, while the-woapped SWNTSs are

free to aggregate upon stirring.

Figure 4-1. Photographs of 0.1 wt% SWNT films, with a) wrapped, and b) unwrapped
SWNTs. SWNTs aggregate into small islands when they are not wrapped with the
polymer. The scale bar applies to both images. The red box outlines the section from

which the optical microgph was taken iRigure4-2b.

50 pm

Figure 4-2. Optical micrographs of 0.1 wt% SWNT films, a) wrag@®WNTs b) non
wrapped SWNTSs.
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PMMA
rich
areas

Figure 4-3. Nonwrapped 1 wt% PMMA/SWNT film, with numerous PMMA rich
regions indicating phase separation.

Raman spectroscopy is a useful characterization tool for SWNTs. SWNTs that
have bandgaps close to the exciting laser energy are probed. The resonance energy of
carbon nanotubes red shifts upon bundling, causing the nanotubes to go in resonance or
off resorance based on their band gap energy relative to the laser energy, making it a
beneficialtool to monitor bundling138, 140] The Raman spectra of the wrapped SWNT
films indicated debundled SWNTs from thadral breathing mode (RBMwhile the
RBM mode of the nonwrapped SWNTSs indicates aggregated SWNHigure4-4). The
RBM at 268 crmt corresponds to nanotube (10,2). Upon bundling (10,2) bandgap energy
approaches the laser energy and the intensity of that RBM peak increases. The opposite
happens for the three other RBM peaks as showfigare 4-4, because the band gap
energies approach the laser energy when the SWNTSs are individualized. Interestingly, all
of the wrapped SWNT films and buckypapers followed this behavior, regardiess o

SWNT content, while the newrapped SWNTSs in the films and buckypapers indicated
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aggregation. This confirms that the state of aggregation or bundling is independent of

CNT loading.
Wrapped 1 wt%

184 SWNT/PMMA buckypaper 1.0 Wrapped 10 wt%

1.6 A
14l o8- Non-Wrapped 1 wt%
S T [ SWNT buckypaper & 0.6 \_Non-Wrapped
> 107 ~od > M 10 wt%
G 081 @
9 0.6 _. Q 0.4 4
= 04 =

02 0.2 -

0.0

0.2 —7——T— 0.0 — T T T T T T T 1

200 220 240 260 280 300 200 220 240 260 280 300
Wavenumber (cm™) Wavenumber (cm™)

Figure4-4. Raman spectra of SWNT and SWNT/PMMA (65 wt%/35 wt%) buckypapers
and PMMA/SWNT films, normalized to G band intensity. The arrows show the direction
of intensity upon bundling.

4.3.2 Effect of PMMA wrapping on the Mechanical Properties of Buckypapers

and Films

Buckypapers and films are essentially different types of composite material from
stress transfer point of view because of their structural architecture. In the films, the
polymer matrix surrounds CNTs and sBeis transferred from the matrix to the
nanotubes at the CNpolymer interface. In the buckypapers, stress is transferred through
the entanglements or CNT junctions. PMMA wrapping, which consisted ~35 wt% of the
SWNT/PMMA buckypaper, resulted in better chanical properties in buckypapers
(Table4-3). The modulus and tensile strength of the SWNT/PMMA buckypaper was 5.9

and 3.7 times that of the SWNT liypaper, respectively. The tensile properties of the
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wrapped SWNT films were generally better than tmerwrappedfilms as shown in
Table 4-4. The nom-wrapped 1 wt% film had lower mechanical properties compared to
the PMMA film due to visible inhomogeneitiesigure 4-3). The large mismatch
betweenthe stiffness of CNT rich areas compared to parts of the composite with less
CNTs leads to larger deformation in parts of the composite with lower stiffness. This
simply means that the effective cross section of deformation is smaller in-a non
homogeneousstructure. This causes an earlier onset of failure and lower tensile
properties, which could explain the lower modulus and strength of 1 wt%wrapped
SWNT film. While the SWNTs in the newrapped 5 and 10 wt% SWNT film are
aggregated on a nanoscale $amto the aggregates formed in the 0.1 and 1 wt% non
wrapped SWNT films, the films are completely opaque with no PMMA rich regions
visible. For the PMMA wrapped films, tensile strength peaks at 1% SWNT and decreases
at higher SWNT loadings. For the namapped SWNT films tensile strength is reduced
by 45 percent at 1 wt% SWNT and increases at higher SWNT loadings but remains
below the strength of neat PMMA film. The 1 wit% nerapped film has very low
tensile properties due to its inhomogeneity coupled wviite impurities. The high
impurity of the SWNTs (35 wt%) may be the main reason of the reduction of tensile
strength and elongation at break. The impurities which are ~4 nm, can be deffitoe

the structure Kigure 4-5). Comparison of these results to thoseTable 4-1 show that

only the compages processed with nitromethane have higher improvement of
mechanical propertigg9]. In this work, noAvrapped carbon nanotubes aggregated and
precipitated without exception during stirring, while no aggregationolvasrved irj49].

It is possible that the SWNTs may have also been wrapped with PMM#9]n The
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specific modulus of SWNT/PMMA buckypapers with a specific density of ~0.74 gin/cm
(neglecting the mass of metallic impurities) is 8.8 GPa/§/dRor comparison, an

isotropic T300/N5208 carbon fiber epoxy composite lamingte (51, E;= 10.3 GPa,

density 1.52 g/cA), with a symmetric 0/4545/90 ° lay-up is ~40 GPa/g/ctn

Mechanical renforcementof PMMA fibersby MWNTSsis presented in Appendix A.

Table4-3. Tensile properties of buckypapers of SWNT and SWNT/PMMA (65 wt%/35
wt%) buckypapers.

Buckypaper | Modulus (GPa) Tensile Strength (MPa)| Elongation at break (%
SWNT 1.1+£0.2 16+3 1.8+£0.9
SWNT/PMMA 6.5+04 59+12 1.4+05
Table 4-4. Tensile properties and GO esssrand

plots provided irFigure4-6).

Modulus (GPa) Tensill\;:PStrength EIongatié)n at breal
SWNT content (MPa) (%0)
wrapped norr wrapped nor wrapped norr
wrapped wrapped wrapped
0 % (PMMA) 1.6+0.1 54+ 10 8.4+3
0.1%* 1.8+0.2 - 47 £ 3 - 9.7+1.8 -
1% 21+02 | 12+0.1] 60+3 30+6 |9.6+22 3.4+0.9
5% 25+0.2 | 1.9+0.1| 54+2 46+8 |53+0452+1.2
10 % 32+04 | 26+0.3| 48+8 47+7 |1.9+£0.3 2.6 £0.7

* Purified SWNTs

* Wrapped: samples prepared with PMMA wrapping on CNT.-Moapped: samples prepared with no

PMMA wrapping.
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Figure4-6. Stressstrain curves of PMMA composite films.
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4.3.3 Micromechanical Model of SWNT Reinforcement

Halpin-Tsai [165] and sheatag model[86] have been proposed to predict the
mechanical properties of fiber reinforced composites. A modified Cox model is used to
estimate the modulus of the composi, using the rule of mixtureEl66-169]. This
particular model is used because it captures the effect of length, waviness and random

orientation of SWNTSs in the composite:

Q p : E
Q
0O
I
o 8p 0 a1 —&__
w o
O ,w ,I, Qare the CNT modulus, volume fraction, length and diameter

respectively.O , 0 are the polymer matrix modulus and Poisson ralio ( T@® o,
respectively. Assuming the SWNTs are mainly individualized upon polymer wrapping,
(=0.93 nm and/d =500 (approximate length from rgfl1]) andO = 760 GPA[170].

O | s the effective modulus of the CNT which takes into account CNT orientation
factor, 'Q, waviness Q, and length 'Q, factors For randomly oriented three

dimensionally isotropic CNTs in the matri¥XQ2=0.2 [162]. Waviness can affect the
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effective CNT length and modulus. CNT waviness can vary based on the type of
nanotube and processing. Assuming an individualized SWNT stathe PMMA
wrapped SWNTI(d =500), the waviness factor is fitted using the d@ta0.25 Figure

4-7). Using the sam®& value the norwrapped corposite modulus is fitted to obtalf

=85, indicating ~6 times larger bundle diameter in the-waapped films compared to

the wrapped SWNT composite films.

45 - e wrapped L/D= 500
4_0_‘ v N-wrapped

< 3.5

P

O 3.0

2.5

Modulus (

2.0

1.5

1.0

CNT content (vol%)

Figure 4-7. Experimental data (discrete data points) and the micromechanical model

(fitted line).

4.3.4 Effect of PMMA Wrapping on Stress Transfer to SWNTs

By monitoring the GO6 band shifFigureduri ng
4-10) , no significant change in G6 band posi

The stress is transferred through van der Waals interaction between the nanotubes in the
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buckypaper. In addition to the RBM Raman intensities, surface area measurements
indicate larger bundles in the SWNT buckypaper compared to the SWNT/PMMA
buckypaper[164]. This means that for the same amount of nanotubes there are less
bundles and fewer discrete contacbirgs in SWNT buckypaper compared to
SWNT/PMMA buckypaper Kigure 4-11). The weakest component fails upon straining

the buckypaper. In this case, sigge occurs at the nanotub@notube interface. Slippage

is unlikely to occur between nanotubes in a bundle since the continuous nanotube
interface between nanotubes in a bundle is much larger than discrete contact points,
resulting in slippage occurring &NT cross over pointd.o delay the onset of slipping,
discrete contact points should be maximized, which can be achieved by complete
individualization of the CNTs. When SWNT/PMMA buckypaper is strained, stress is
transferred through the many crossovemfs in the entangled structure to individual
SWNTs. This allows sufficient stress to be transferred to the nanotubes to induce
measur able G6 Raman band shift. However,
bundles slip before adequate stress is eepeed by the CNTs in the bundle, resulting in

negligible G6 Raman band shift.

Alternatively, the improved mechanical properties may be directly due to the
polymer wrapping. This might be due to better adhesion between RRIMIMA side
chains compared toVBNT-SWNT interaction, or the naridges created by the helical
wrapping on SWNTsKigure 4-8). Another hypothesis is that individual PMMA chains
are lkely to wrap multiple SWNTs. This allows the polymer to link multiple SWNTs

together and prevent their slipping at low strésguyre4-9).
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Figure4-8. Schematic of two helically wrapped SWNTs. PMMA wrapping may improve
mechanical properties due to improved interaction from the side chains of PMMA.

Figure4-9. Schematic representation of a single PMMA chain wrapping two SWNTs and
linking them together.

To measure the strain/stress of the nanotubes irrespective of the slippage that is
occurring, the GO6 Raman b ancting SWNT$ of 37r3at e o
cmi/% strain is used. This value has been determined by straining individual SWNTs
using atomic force microscopy [lathThestrarms ur i n
experienced by individual nanotubes can be expressed a8y 7o ® %, whereSyis
the maxi mum G&6 band shift. For the SWNT/ PN
strained at 0.77 %Y 5 cm! (Figure4-10), so the strain on individual tubes-is0.14

% (corresponds tGi=1.06 GPa, considering SWNT modulus 760 Gffam ref. [170]
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considering an average SWNT diameter of 0.93[hf1]). The rest of the strain comes

from slipping of the nanot@s and straightening out of the curvatures.

The effect of straining on the GO6 band
shown inFigure4-12. Inaddit on t o the downshifting of th
peak not previously observed in PMMA or SWNTs were observed. The improvement of
modulus upon addition of CNTs in a polymer matrix requires stress transfer to CNTSs.

The higher the strain/stress tségrred from the matrix to the nanotubes, the higher the
composite modul us. Fortunately, Raman spec
band shift in the films during deformation as showifrigure4-13. The maximum band

shift is related to the maximum amount of stress that can be transferred to the nanotubes.
The nanotub® MMA i nterface fails when the GO bal
being strained the nanotubes are not further strained significantly. The 10 wt% wrapped
film exhibits the highest Raman band si§ft=15.4 cmt, which corresponds to a stress of
0i=3.14 GPa in the SWNT®his is contrary to the work on polyacrylonitrile/CNT fibers
[125] where a larger Raman bastiift was observed at lower SWNT concentrations
which was attributed to dispersion quality. As supported by the Raman RBM intensity,
increasing SWNT concentration does not negatively affect the SWNT dispersion or
bundle size in the composite films. As ¢pras the bundle size is similar in the
composites, there is no reduction in stress transfer at higher SWNT concentrations,
resulting in similar stress transfer to SWNTs. All of wrapped SWNT films have higher
maximum band shiftS,, compared to the newrapped SWNT films. This is likely due

to better dispersion on the nanoscale supported by the RBM interiSitjese@d-4).
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The maxi mum GO iRIargeain théocampdsitesfilms ¢ompared to
the buckypapers. This difference can be explained by distinguishing how stress is
transferred to the nanotubes in the composite and the buckypapers. In the films, stress is
transferred through the continuous FIMM-SWNT interface along the whole length of the
nanotube Kigure 4-14). Meanwhile, stress is transferred through discrete nanotube

nanotube interface in the SWNT/PMMA buckypapeg(re4-11).

—a— SWNT/PMMA buckypaper
1 —e— SWNT buckypaper

0+ —e @ e & o

DG' (cm™)

—0.1'070'071'O!2'073'074'075'076'077'078'

Strain (%)
Figure 4-10. G6 band peak position @Fwto3awt%)SWNT &
buckypapers upon straining.

CNT entanglement b

Figure 4-11. Nanotubes in a) bundled, and b) individualized state. There are more
entanglements in the individualized state compared to the bundled state. The higher
number of entanglement points improve stress transfer.
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Figure4-12. Raman spectra of 1 wt% wrapped PMMA/SWNT film at different strains.

Pl ots have been shifted vertically for <cl a
band at 0% strain.

a —=— Wrapped (1wt%) k. —=— Non wrapped (1wt%)
®  Wrapped (10wt%) —e— Non wrapped (10wt%)

0 e 0

‘T‘E _2_- E -2

L 44 2 -4

% -6 % -6 \

o ] % 8] o \

% ] °

g 104 2104

T 124 S 10

% 12 ] g 12

S 144 i 14

O 164 .16 -
05 00 05 10 15 20 25 30 35 o 1 2 3 4 5 &

Strain (%) Strain (%)
Figure 4-13. G6 band shift of di fferent fil ms u

PMMA/SWNT film, b) norwrapped PMMA/SWNT films.

97



Figure 4-14. Stress transfer from the matrix to a) individual SWNT wrapped with
PMMA, and b) SWNT bundle.

Apart from the influence of PMMA wrapping on the RBM, there are several
additional distinct features whiclppear upon PMMA wrapping as shownHRigure4-15.
The first feature is a broad peak from 1GWDO cm!, which can be seen in 1 wt%
wrapped SWNT films and the SWNT/PMMA buckypaper. Another feature was an
additional broad peak at 2276 ¢énwhich exist in all of the wrapped films, but not in the
SWNT/PMMA buckypapers and nemrapped films at this SWNT loading. The new
peaks do nooriginate from PMMA(Figure4-16). At 10 wt% SWNT loading, the peak
still appeardan the wrapped filmsKigure4-17), but it also appears in some of then
wrapped composite films but not all ofetn (Figure4-18) albeit at a smaller intensity.
The peak also exists in 0.1 wt% wrapped film Raman spactruling out infuence from
impurities Eigure 4-19). From these observations there seems to be an interaction

between amorphous and helical PMMA deay to the new peak. When the film is
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strained the new peak at 2276 tmpshifts Figure4-12) and the peak shift plateaus at

1.5% strain as shown Figure4-20.

—— Non wrapped (1wt%)
2.0 —— Wrapped (1 wt%)
iz ] —— SWNT/PMMA Buckypaper
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Figure4-15. Raman spectra of PMMA/SWNT films and buckypapers at 785 nm. Spectra
have been normalized to the G band and shifted vertically.

7 6000
50 4

45 5000 -
40 ]
35
30
25
20
15 1000 -

10 _ 0 ] L’VAMKML—J

5 T T T T T T T T T T T 1

T T T T 1 LI B L |
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

4000 +

3000 ~

Intensity (a.u.)
Intensity (a.u.)

2000

Wavenumber (cm™) Wavenumber (cm™)

Figure4-16. Raman spectra of PMMA film at different power and accumulation times: a)
same power and accumulation time as the composite films, b) 100 times higher power
and 20 times longer accumulation time than PMMA/SWNT film.
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Figure4-17. Raman spectrum of 10 wt% wrapped composite films.
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Figure 4-18. Raman spectra of 10 wt% n@mapped composite films. Some spectra
display the peak at ~2300 cnwhile others do not. The new peak intensity is weaker
than the GO6 band intensity in these plots.
wrapped SWNT composite films is strongerthamthG6 band i ntensity.
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Figure4-19. Raman spectrum of 0.1 wt% (purified) wrapped composite film.
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Figure 4-20. Upshift of the new peak at 2276 ¢rapon straining the 1 wt% wrapped
SWNT film.

4.3.5 Effect of PMMA wrapping on the Dynamic Mechanical Response of Films

and Buckypapers

PMMA relaxation and glass transition was monitored by DMA. To maintain the
static stress and prevent the sample from buckling the static stress was maintained at 20%
higher than the dynamic stress, which results in creep during each DMA cycle. DMA of
the AMIMA film exhibiteda shoulder around 10TC and a scattered tanpeak located
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around 125C (Figure4-21a). While the tani peak was attributed to tlgtass transition

of PMMA, the shoulder was ascribed to the solMeRMA interactions, which could be
removed after the first heat treatmdm#2]. This suggests that some residual DMF
remains in the structure even after drying at 70 °C under vacuum for more than 24 hours.
After complete removal of the solvent by repeating DMA measurements on the sample or
by heating the film up to 11fC under vacum, DMA of PMMA film exhibited a more
developed tati peak centered around 12C. Residual DMF was also detected from the

IR spetrum of the PMMA film Eigure4-22a). The band at 1680 chis attributed to the
absorption of amide of DMF, and disappears upon heating the film up ttCl#0gure

4-22b). The residual solvent is also observed with the incorporation of SWiNbsth 1

wt% wrapped (b) and newrapped (Figurd=igure4-21c) PMMA/SWNT films. For the
PMMA film, the magnitudeof the shoulder is 50 percent lower than thetanp e a k. Si n ¢
the magnitude of the shoulder peak is comparable to the that of the SWIpdsitatan

O peak, it stasnéms at besht hant BApepthedfirst DMA a s h
heat treatment, significant increase of igmeak temperatures were observed from both 1
wt% wrapped and newrapped PMMA/SWNT films, owing to the remowval solvent

PMMA interactions (the DMF could also be removed by heating the film up to 120 °C).
Marginal increase of tafi peak temperatures was observed after theur® 4" DMA

heat treatments which can be attributed to the alignment of SWNTs arismgslight
elongation during subsequent DMA cyclésgure 4-23 shows the tani peaks for the
PMMA and 1 wt% composite films after the first heatingley The tani peaks are at

127° C, 131° C and 134° C for the PMMA film, 1 wt% aerapped SWNT and 1 wt%

wrapped SWNT films, respectively. Previous study on PMMA and MWNTs showed that

102



Ty increased with increased MWNT loading since the nanotubes hindered the segmental
motions of PMMA chaing173]. While the polymer molecule segments in proximity of
CNTs are more constrained ahdve a higheilg, the unconstrained polymer segments
would exhibit theTy of bulk polymer matrix, resulting in broadening of tiae U peaks

(30% higher full width half maximum of wrapped SWNT film compared to-weepped

film) as previous studies indiat[173-175]. Interestinglytant peak of 1 wt% wrapped

film in the current study showed a further redutadli magnitude and a broadentzoh U

width when compared to that af wt% nonwrapped film. We know from the Raman
study that the bundles are smaller in the PMMA wrapped SWNTs, which will result in a
larger polymeiSWNT interface compared to the ramapped S8VNTs which has larger
bundles. A larger PMMASWNT interface results in more polymer chains that have
hindered motion, increasing the fraction of the constrained polymer, leading to shifting of
tantto higher temperature and suppressing its magniftidehelical PMMA wrapping
around the SWNTs is constrained to further increadk.itt is possible that the helical
PMMA facilitates the packing of the amorphous chains in the interphase region. The
dynamic mechanical data also show confinement of the polghens upon addition of

the SWNT and restricts polymer chain movement at higher temperatures for both
wrapped and noewrapped films Figure 4-23b). At 60 °C the 1 wt% nomrapped
SWNT has the lowest storage modulus. At 150 °C the storage modulus of PMMA
decreases the most, with storage modulus of 1 wt% wrapped andrapped SWNTs

being 12.5 times and 4.2 times that of PMMA, respectively.

The SWNT/PMMA (65 wt%/35 wt%) buckypaper did not show any glass

transition Figure 4-24), since the PMMA chains were in helical form and the chain

103



segments were imobilized. The small ta value suggests near elastic response in this
temperature range. The storage modulus steadily decreases as temperature increases. The
buckypaper elongates up to 4.5 % percent at 180 °C during DMA. The reduction in
storage modulusnd increase in tal could be due to slipping of nanotubes resulting in

fewer nanotub@anotube junctions.
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Figure 4-21. DMA of PMMA and PMMA/SWNT composites repeated on the same
sample a) PMMA, b) 1 wt% wrapped, c) 1 wt% nerapped.
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Figure 4-22. FTIR spectrum of dry cast PMMA film (a) before, and (b) after heat
treatment. (a) The 1680 chabsorption band is attributed to amide C=0 bond in DMF.
(b) This absorption band disappears upon heating the film &tCL88r 10 minutes.
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Figure 4-23. DMA of PMMA and PMMA/SWNT composites. The results are for
samples with no residual DMF.

106



0.40 .
| T §_ 8E9 a
0359 e ' 3 ©
030 1 . E_ 6E9 9
§ =
© 0.25 - N
3] 1 : %
S 0.20 - O
. - e
8 0.15 : m
- -2E9 ©
0.10 tand .. o :
I FORT LU L 8
0.05 o ==mmrmememeem 5

0.00 I ' | | | |

50 100 150 200

Temperature (°C)

Figure4-24. DMA of SWNT/PMMA (65 wt%/35 wt%)ouckypaper.

4.3.6 Effect of PMMA Wrapping on the Electrical Conductivity of Films and

Buckypapers

While PMMA wrapped SWNTs were superior to rerapped SWNTSs in terms

of improving the mechanical properties of buckypapers and composite films, the PMMA
wrapping reduced the electrical conduity of the samples. The conductivity of the
pristine buckypaper was an order of magnitude higher than that of SWNT/PMMA (65
wt%/35 wt%) buckypaperT@ble 4-5). The PMMA wrapped SWNTs are no longer
directly in contact with each other due to the insulating polymer layer separating them at
SWNT junctions. Electrons have to pass through two monolayers of polymer coating
SWNTs. The conductivity of the wrapg SWNT film was very low at 1 wt% SWNT
content. This has been attributed to the good dispersion of the PMMA wrapped SWNTs

which prevents electrical percolation of the nanotubes coupled with the PMMA coating
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which further prevents SWNSWNT contact. Howewvethe 1 wt% norwrapped SWNT

film had conductivity several orders of magnitude higher than that of the wrapped SWNT
film. The aggregation of SWNTSs leads to a lower percolation threshold as compared to
well dispersed SWNTs at 1 wt%-igure 4-25). The aggregation of the 0.1 wt% nRon
wrapped SWNT films irFigure4-1 shows that the@anotubes phase separate until they
form islands of connected nanotubes in the film. At 1 wt%, phase separation leads to a
nornthomogenous structure throughout the whole film as showfigare 4-3 (not
islands), resulting in a percolated network in the film. At higher CNT content the
conductivity of the PMMA wrapped SWNTs and remapped SWNT films become
similar. At higher SWNT concentration, as SVWASWNT overlaps increases the

conductivity of the films increases.

Table 4-5- Electrical conductivity of the SWNT and SWNT/PMMA (65 wt%/35

wt%) buckypapers and composite films with and without PMMA wrapping.
PMMA wrapped Non-wrapped

Conductivity (S/m)| Conductivity (S/m)

SWNT/PMMA buckypapel 1100+ 100

10000+ 500

SWNT buckypaper -
1 wt% 1.785x1® + 3x107 0.978+ 0.06
5 wt% 0.17+ 0.01 12.7+ 0.5
10 wt% 26.5+ 3.5 24.8+ 2.6
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Figure4-25. Schematic of PMMA wrapped SWNTs films a) 1wt% and b) 10 wt%, and
nontwrapped SWNT films ¢) 1 wt% and d) 10 wt%.

4.4 Conclusions

Wrapping SWNTs with PMMA irbuckypaper increases the modulus and tensile
strength 5.9 and 3.7 times, respectively, compared to pristine SWNT buckypaper. This
increase is attributed to the debundling effect of the helical PMMA around SWNTs. The
debundled SWNTs form a network of intlual SWNTs that are more effective in
transferring stress to the nanotubes in the buckypaper compared to bundled SWNTSs in
the pristine buckypaper. While SWNTSs in the PMMA wrapped buckypaper experience 1
GPa stress, corresponding to 5tmh i f t oRfamah bhaed, tBe0SWNTSs in the
pristine buckypaper do not exhibit any shi
stress is transferred from the matrix to SWNTs, hence higher stress transfer can be
achieved by maximizing the SWNIMMA interface by deburmhg the SWNTSs.
SWNTs in the PMMA wrapped SWNT composite experience 3.1 GPa stress, twice as
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much stress as the SWNTs in the wwaapped SWNT film. This results in up to 75%
higher modulus in wrapped SWNT films compared to-mwapped SWNT films. Théyg

of the composite with the wrapped SWNTs is 3° C higher compared tevrapped
SWNT film, suggesting higher fraction of constrained polymer chains due to better
dispersion in the PMMA wrapped SWNTHelically wrapped PMMA has negligible
chain mobility dueits strong interaction with SWNTs and does not exhibit a glass
transition temperaturéWrapping the SWNTs in the buckypaper with the insulating

PMMA reduces the electrical conductivity of the buckypaper by an order of magnitude.
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CHAPTER 5
CARBON NANOTUBE REIN FORCEMENT OF

POLYACRYLONITRILE PR ECURSOR AND CARBON HBERS

5.1 Introduction

Polyacrylonitrile (PAN) is a synthetic semiystalline polymer made from
polymerization of acrylonitrile. It has a melting temperature of +3DQbut degrades
before melting. PAN filmsand fibers can be processed from polymer solution to avoid
degradation, where PAN is dissolved in solvents such as dimethylformamide (DMF) and
dimethylacetamide. Fiber spinning from polymer solutions is carried out with a variety of
techniques such as wspinning, dry spinning and gel spinning. In dry spinning, the
solvent is removed from the fiber by stream of air or inert gas. In wet and gel spinning
the dissolved polymer is coagulated in a 4soivent bath. Gel spinning enables
production of highly orieted fibers with high strength and modulus. PAN is the
predominant precursor material for the production of carbon fiber. Commercial high
performance PAN based carbon fibers possess great tensile properties (tensile strength 3
7 GPa and tensile modulus 2390 GPa). PAN fibers with different fillers, such as lignin
and carbon nanotubes (CNTs), have been made for renewability, cost and improved
properties. Lignin which is a biorenewable byproduct of pulp and paper industry has been
incorporated in PAN to regte cost of fiber precursor, and can also decrease time and
energy cost of carbon fiber productiftv6, 177] CNTs have been proposed as fillers to

improve the mehanical properties of carbon fibdis32]. The improvement of carbon
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fiber properties upon addition of CNTs may be attributed to the templating effect of
CNTs on the grapht structure of carbon fibef433] or on the load bearing capability of

CNTs. Nonetheless, well dispersed CNTs are necessary to maximize their effect.

Aggregation of CNTs was addressed in detail in chapter 2. We obtained
individual or near individual single wall CNTs (SWNTSs) in poly(methyl maetylate)
(PMMA) polymer. The SWNTs were individualized by wrapping them with PMMA.
PMMA wrapping prevented SWNT aggregation and exfoliated them in buckypapers and

PMMA composite films.

Gel spun PAN fibers are drawn in one or more stages to extend gmdheiPAN
chains in the fibers. Fiber drawing is essential to obtain high modulus and strength
precursor fibers. The modulus and tensile strength increases by several factors upon
drawing. It has been suggested that CNTs are exfoliated upon fiber dfaw8)gCNT
exfoliationwas evidence by sharpnessvah Hove transition using UVis spectroscopy
[178]. However, a more accurate method to determine debundling is by comparison of
the radial breathing mode (RB intensities as discussed in chapter 2 and [Ré#, 179,

180],

CNTs can be dispersed in solvents and polymers that have good interaction with
CNTs. Polymers with stiffer lekbones are reported to interact favorably with CNTs
[181]. Molecular dynamics simulations have suggested that polymers with stiffer
backbones, such as conjugated polymers, have a better interaction with SWNTs
compared to flexible chain polymdiE32]. Wrapping of rigid chain conjugated polymers

around SWNTs has been reported and evidenced by [8&MThe favorable interaction
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bet ween conjugated pol ymer-" antda/I8BNUsgy h a s
molecular dynamics approach, Yang et HI84] reported that in comparison to
polystyrene, poly(phenydcetylene) which has conjugated chain structure in the

backbone, exhibits better interaction with SWNT.

Among the class of flexible chain polymers, PAN is unique polymer, containing
strongly polar nitrile group. Being a precursor to manufacture high strength carbon fiber,
thermal oxidative stabilization of PAN has been extensively studied. Oxidative
stabilization involves three steps; dehydrogenation, cyclization and oxid&igared
5-1). Dehydrogenation of PAN leads to conjugated nitrile structure. Conley [@i88l.
studied oxidative degradation of PAN at temperatures between 100 °C to 200 °C, which
is lower than typically used temperatures during oxidation of PAN precursor to
manugcture carbon fibers. It has been reported that strongriedrR) absorbance peak
corresponding teC=C- (at wavenumber of 1600 chhappears within first hour of heat
treatment at 150 °C in air atmosphere. When the heat treatment is carried atih60 °C
vacuum or nitrogen atmosphere, no significant change is observed in the IR spectrum.
When studied at 200 °C, continual increase in the absorbance peak corresponding to
C=C was reported until 150 minute§igure 5-2). During this time, no change in
absorbance was observed corresponding:tb N . The | ack of <change
demonstrates that the process is dehydrogenation and not cycliZzéised on the
Arrhenius equationt wascalculatedthat to attain the same spectral state of degradation
on identical PAN samples, heat treatment time required at 100 °C, 150 °C and 200 °C

550 hours, 11 hours and 2 hours, respectively.
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Chae et al. reported that upon incorporation of 1 wt% SWNT in PAN, carbonized
PAN/SWNT fibers possssed 49% higher tensile modulus and 64% higher tensile
strength as compared to carbonized PAN fijgB8¥]. Such an enhancement in carbon
fiber properties was attributed to the differences between the fracture mechanics between
the two fibers. The fracture surface of carbonized PAN/SWNT fibers showed numerous
fibrils embedded in the brittle carbon matrix as shown in the scanning electron
microscopy (SEM) imagefFigure 5-3a), whereas carbonized PAN fibers did not show
such fibrils(Figure5-3b). Fibrils in the case of carbon@@®AN/SWNT fibers have been
shown to be consisted of CNTs surrounded by highly ordered graphitic regions of
carbonized PANKigure5-4af). Such a grgphitic region was absent and only turbostratic

structure was present in the case of carbonized PAN fibeysré5-4q).

Figure5-3. SEM micrographs of carbonized a) PAN and b) PAN/SWNT fiiE8g].
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Figure 5-4. (af) High resolution transmission electron microscqp¥M) images and
schematic representation of PAN/SWNT carbon fiber. (g) TEM image of carbonized
PAN fiber[187].

In this chapter, two hypotheses regarding improving SWN interaction are
studied. Improved SWNPAN interaction mayead to better precursor and carbon fiber
properties. The first hypothesis relates to the PMMA wrapping of SWNTs. The second

hypothesis relates to the conjugation of PAN structure in the solution.

We have observed that PMMA helically wraps around SWNWBVIR wrapping
is expected to prevent the aggregation of SWNTs in PAN and improve SWNT dispersion
in the fiber. PMMA degradation during stabilization and carbonization may lead to voids
in the carbon fiber structure. PMMA completely degrades and burns bothnair and
nitrogen. However, PMMA carbonization and graphitization has been reported by
electron beam stabilizatioii88, 189] Some fillers such as polysulfide polym¢i®0]
and ZnO[191] havebeen shown to stabilize PMMA. Incorporation of hydroxyapatite

nanorods in PMMA have been shown to induce PMMA carboniz§t@iy.
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The main mechanism of PMMA degradation is main chain scission of e C
bonds. Two main processes of decomposition of PMMA are terminal C=C bond scission
and random main chai@-C scissior193, 194] The first stagef PMMA degradation is
initiated by terminal C=C bonds, starting at ~220° C. The second stage is initiate@ by C
scission at ~300° C. The intermediate products decompose and generate MMA monomer.
There is a possibility that the PAN matrix surrounding ieécal PMMA can stabilize
the MMA monomers. If the PMMA degrades during stabilization, we would expect
minimal stress transfer to SWNTSs, due to structure discontinuity around SWNTSs in the
stabilized fiber. Electron microscopy may also reveal the gragtiticture surrounding
the SWNTs and the effect of PMMA wrapping on the graphitic structure. The effect of
PMMA wrapping on SWNTs in polyacrylonitrile (PAN) fibers is investigated. This will
be done by incorporating PMMA wrapped amah-wrappedSWNTSs in tle PAN solution
and processing fibers from these solutions. Structure and properties of the precursor and

carbon fibers are studied.

Several researchers have reported that polymer/CNT interaction is stronger in
conjugated polymers than in neonjugated plymers. If conjugated PAN can be formed
during solution preparation for processing PAN/CNT based precursor fiber, stronger
interaction between CNT and conjugated PAN may be possible. Such an enhanced
PAN/CNT interaction would then lead to templating of PANthe presence of CNT
causing enhancement of ordered chain confirmation of PAN surrounding CNTs. Upon
stabilization and carbonization, enhanced order of PAN molecules in PAN/CNT
precursor fibers would then result in highly ordered graphitic region irvitneity of

CNTs that will ultimately play a crucial role in enhancing the tensile strength and tensile
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modulus of resulting carbon fibers. It has been reported that oxidative atmosphere is
necessary to form C=C double bonds in PAN structure at loweretenupeq185]. To
understand the effect of oxidative atmosphere during solution preparation, PAN/SWNT
solutions under air and nitrogen atmosphamre preparedandchanges irthe chemical
structureis analyzedrom IR spectroscopy. The SWNT dispersion quastinvestigated

using Raman spectroscopy. The effect of air processing on precursor and cabo fib

also studied.

To understand the role of PMMA wrapping and air processing, PAN/SWNT fibers with
and without PMMA wrapping and PAN/SWNT fibers processed under air and nitrogen

are made and their mechanical properties are compared.

5.2 Experimental

5.2.1 Materials

HiPco™ SWNTs (gradeSP0300Q average diameter 0.9 nm, purity 98@arbon
Nanotechnologies Incwere used in this study. Dimethylformamide (DMF, ACS grade,
99.8% purity) and PMMA (MW= 350,000 g/mol) polymer were obtained from Sigma
Aldrich. Polyacrylonitrileco-methacrylic acid copolymer, (PAbBob-MAA) (96/4 by
weight) with a viscosity average moigar weight of 247,000 g/mol wasirchasedrom

Exlan, Co. (Japan).

5.2.2 Solution Preparation and Fiber Processing

15 g of PANco-MAA was added to 100nL DMF at room temperaturevhile

stirring inside a 1 L reactor. The reactor was transferred to an ice bath and stirring was
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started immediately at 300 RPM under nitrogen purge (30 SGHKtd). three hours the
chilled water bath waseplacedwith silicone oil bath and the bath temperatunas
increased gradually from 25 to 8C. This initial preparation stage was the same for all

trials. The PAN solution was stirred at 9G for 4 hours and control fiber was spun (T1).

Master batch SWNT suspensions were prepared by adding 150 mg SW30Ds to
mL DMF, and homogenized for 10 minut& mL of this suspension (containing 15 mg
SWNT) was added to 30enL DMF and sonicated for 24 hour$he first sonicated
SWNT dispersionwas transferred to the reactoontaining the dissolved PAMNNd
vacuum disllation was startedTen bottles containing DMF/SWNiWvere added to the
reactor and distillation was carried out during day time over the period of 1 week. The
solution was kept under stirring condition (300 RPM) overnight with bath temperature of

75-80 °C undemitrogenflow of 30 SCFH (T2

The PMMA wrapped SWNT solution was prepared by adding 15 mg PMMA
along with 15 mg SWNTs in DMF and sonicating for 24 hours. Ten bottles containing
DMF/SWNT/PMMA were added to the reactor and distillation was carngddaring
day time over the period of 1 week. The solution was kept under stirring condition (300
RPM) overnight with bath temperature of-86 °C under nitrogen flow of 30 SCFH

(T3).

To study the effect of air atmosphere the purge gas was switcheditoiag the
night. PAN/SWNT (T4) and PAN/SWNT/PMMA (T5) fibers were prepared from
solution which were kept under stirring condition (300 RPM) overnight with bath

temperature of 890 °C under air flow of 30 SCFH.
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For spinning, the solutions weteansferred to the barrelf a spinning system
designed by Hills, Inc. and a spinnerette with a g60diameter holevasused for fiber
spinning. The barrel temperature was kept at*5@nd the spinneret temperature at ~75
°C. All fibers were spun intonethanol coagulation bath at abed® °C with an air gap
of~3cm.Asspun fibers were stored in a methano
subsequently drawn at room temperature followed by drawing in a glycerol bath at ~160

°C. The solutions andder spinning trials are summarizedTiable5-1.

Table5-1. Summary of solutions that were preparad aharacterized.

Trial Composition S(VV\JE/I//PM%')A‘ So(c\i(;)c)mt' SDRCDRHDR Er);%v
T1 PAN-N 0/0 14 3 |15| 6 27
T2 PAN/SWNT-NA 1/0 13.8 3 ]15| 6 27
T3 | PAN/SWNT/PMM-N 1/1 16.7 3 |15|54] 245
T4 PAN/SWNT-AA 1/0 - - - - -
T5 | PAN/SWNT/PMMA-A 1/1 14.5 3 ]115|59| 265

SDR: spin draw ratio, CDR: cold draw ratio, HDR: hot draw ratio

" T4 Fiber was not spudue to failure of stirring mechanism during solution preparation
but the solution was characterized using Raman and §{JéRtroscopy.

AAtmospheric gasA: Air, N: Nitrogen

Y Solid content inadvertently higher than target.

Stabilization and carbonization was done in an MHI tube furrackial mount
setup was used to process two set up fibers simultanedusnperature ramp rate of 5
°C/min was used for all steps. Carbonization scheme was carried out &C1364 held

at that temperature for 5 minutes and allowed to cool down under nitrogen purge.
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5.2.3 Characterization

Single filament PAN precursor and carbidrer tensile testing was performed on
a FAVIMAT+ (Measured Solutions, Inc.). A gauge length of 25.4 mm was used for
testing. The strain rates for tensile testing for precursors and carbon fibers were 1%/s and
0.1%/s, respectively. The linear density atcke filament tested was measured by inline
vibroscope. Raman spectra were obtained using a 785 nm laser on a HORIBA XploRA
Raman Microscope System. Raman spectra were collected during fiber deformation at a
gauge length of 25 mm by straining individualdibfilaments strips using a stretching
rig. The Raman spectra were collected using parallel (VV) polarizers with the straining
direction parallel to the polarizer and analyzer directions. Infrared spectra (IR) were
collected with a Perkin Elmer Spectrum éOmfrared microscopeWide-angle Xray
diffraction (WAXD) data were obtained in transmission mode on a Rigaku Micromax
002 (e&=0. 154 S&nningme)ectrenymsctoseopy (SEM) was performed on a

Hitachi SU8010 at an accelerating voltage of 5 kV.

5.3 Resdts and Discussion

5.3.1 Effect of Atmosphere During Solution Preparation on the Chemical

Structure of PAN

To study the chemical structure of PAN, the PAN/SWNT solutiat) pfocessed
under air atmospher@as sampled at different times during solution preparafithe
samples were collected at 0, 6 and 72 hours after the reactor was purged with air. The
samples were used to cast a thin filmhich was dried in vacuum at 6% for 1 day.
These films were used to collect IR spectra. The strong peak at ~167Bdungs to
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amide group ofDMF. The intensity of 1675 cthvaries slightly from one sample to
another and is due to residual DMF which was also observed in PMMA films. The peaks
at ~1730 crt and 2240 are attributed to the methacrylic acid and the nitrilepgro
respectively. Conjugation is mainly identified by monitoring an increase in intensity of
C=C and C=N absorption bands and suppressi
The C=C peak is at ~1600 cdnand the C=N peak is around 1660 trfihe IR spectra of

the PAN/SWNT film did notshow any evolution with increased processing time that
would suggestdehydrogenatioror conjugation Figure 5-5). Since a previous study
showed that at 100 °C PAN stabilizes after 550 hdu&5], higher processig
temperature/timés necessary to achieve dehydrogenatidme effect of stabilization on

the IR spectra has been demonstrated in PAN and PAN/CNT fibers stabilized for various
times Eigure5-6) [195], in which during stabilizationabsorbance increases over a broad

range, from 1100 to 1750 ¢in

Comparisonof the solutions processed undeir and nitrogenatmosphereas
shownin Figure 5-7, and demonstrate no change in the chemical structure of PAN
indicating dehydrogenation or formation of C=C bandshere are some subtle
differences in peak intensities between the nitrogah a@r treated PAN/SWNT films,

such as the peak at 1390 ¢mwhich is attributed to Ckbending.
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Figure5-5. IR of PAN and PAN/SWNT solution stirred under air purge for increasing
durations at 90C. The first sample was collected before adding SWNTs to the PAN
solution. Stabilization is not supported by FTIR spectroscopg.spectra were collected
from thin film samplesThe spectra have been shifted vertically for clarity.
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Figure5-6. FTIR spectra of precursor and stabilized PAN and PAN/CNT fibers. Fibers
were stabilized at 267C for 2, 6 or 10 hourgl95].
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Figure 5-7. IR spectra of PAN/SWNT films processed under nitrogen and air after 72
hours. Air spectrurshifted vertically for clarity.

The effect of air processing on the mechanical degradation and chain length of
PAN is unknown in this study. Mechanical degradation and reduction in molecular
weight of various polymers solution under shear stress haséeened196, 197] One
study foundpolymer degradation is faster under oxygen compared to artasi,
reporting that even one percent oxygen content is enough to accelerate rate of
degradationDuring mechanical degradation, radicals are formed when the bonds are
ruptured. These radicals can recombine and causing the polymer chain to heal and
prevent mechanical degradation. When oxygen is present, oxygen can react with the
radicals and terminatthe broken chain segments while under nitrogen the chains can

recombine and prevent reduction of the molecular weight of the polymer.
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5.3.2 Carbon Nanotube Dispersion in Polymer Matrix

The SWNT state of aggregation can be determined by investigating the RBM
peakintensitiesin Raman spectrapon debundling the intensity of some RBM peaks
decrease while the intensity of other peaks increase. The change in intensity depends on
the excitation energy of the chiralities and where it lies relative to the laser wgthelen
The excitation energy of SWNTs red shift upon bundling, so if the excitation energy of
the SWNT approaches the Raman laser energy, upon bundling the nanotube goes off
resonance and the intensity of that specific RBM chirality decreases. If the iercitat
energy is slightly higher than the laser energy, upon bundling the excitation energy
approaches the laser energy and the RBM intensity of that chirality incréagese (

5-8). For this purpose, two chiralities are chosen to study SWNT exfoliation, (11,3) and
(10,2) labelled as RBM1 and RBMEiQure5-8a), respectively. One important feature is
the ratio of RBM1 intensity compared to RBM2 intensity. When SWNTs are
individualized, the intensity of RBM2 is much lower than that of RBM1, RBM1:RBM2 >
1. In a bundled state, the intensity of RBM2 suspasthe intensity of RBMIhence

RBM1:RBM2 < 1[179, 180]
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Figure 5-8. Raman spectra and schematic representation of a) individualized, and b)
bundled SNWTsThe effect of dispersion on the RBM intensities of the Raman spectra
using a 785 nm laser. Two peaks are chosen to show the effect of bundling on the RBM
intensities, paks RBM1 and RBM2. As the nanotubes start bundling, RBM2 intensity
increases, exceeding RBML1 intensity. The RBM1 intensity decreases upon bundling
[140].

5.3.2.1 Effect of Atmosphere During Solution Preparation SWNT Dispersion

The Raman spectra of nitrogen and air processed PAN/SWNT solution is shown
in Figure5-9. The ratio of RBM1:RBM2 intensity is 0.41 for air processed solution and
0.7 for nitrogen processed solution. While the RBM1:RBM2 intensity is higher in the

nitrogen processed, the SWNTSs are aggregated in both systems since RBM1:RBM2<1.
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