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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 state of aggregation. 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 has been developed 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 over three months at room 

temperature. Ordered PMMA wrapping has been confirmed by X-ray diffraction, 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, such as few wall 

and multi wall carbon nanotubes. PMMA wrapped SWNT dispersions have also been 

characterized using UV-vis and Raman spectroscopy which confirm exfoliation of 

PMMA wrapped SWNTs. 

The novel finding has been successfully leveraged for electrical energy storage 

and mechanical reinforcement. SWNT buckypapers, typically have a surface area of 

about 650 m2/g. Using PMMA wrapping, SWNT buckypapers with surface area as high 

as 950 m2/g 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 
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four times higher than the best value reported in the literature to-date for carbon nanotube 

or graphene electrodes.  

Wrapping SWNTs with PMMA in buckypaper increased the modulus and tensile 

strength by a factor of 5.9 and 3.7, respectively, compared to pristine SWNT buckypaper. 

Stress transfer studies on buckypapers revealed that while non-wrapped SWNTs 

experienced negligible stress during deformation, PMMA wrapped SWNTs 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 non-wrapped SWNT films. The 

effect of PMMA wrapping on thermomechanical properties and electrical conductivity of 

composite films is also reported. 

PMMA wrapped and non-wrapped SWNTs were incorporated in PAN fibers and 

the effect of PMMA wrapping on mechanical properties, and stress transfer was 

characterized. The stress transfer analysis of SWNTs in precursor fiber indicated 45 % 

higher interfacial shear strength in PMMA wrapped SWNTs compared to non-wrapped 

SWNTs. PMMA wrapping effectively debundled SWNTs in the PAN fibers as evidenced 

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 non-wrapped SWNTs.  
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          CHAPTER 1  

INTRODUCTION  

 

1.1 Overview 

Carbon nanotubes (CNTs) 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 CNTs and 

complexity of processing them has limited their wide spread use and restricted them to 

high-end applications and basic fundamental research. Carbon nanotubes can be utilized 

in different ways, as filler materials, such as in nanocomposites and fibers, or in 

freestanding form, buckypapers (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 of CNTs in composites has always been a challenge. Due to aggregation, they 

typically form bundles and the bundles form globules, which is typically detrimental for 

the intended functional properties of the composite, such as electrical conductivity, 

mechanical, magnetic and optical properties. For electrical conductivity, aggregation 

increases the percolation threshold and may even prevent conductivity at higher CNT 

content [1]. 
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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 allotropes vary widely. Its allotropes 

include graphite, diamond, amorphous carbon, C60 and carbon nanotubes (Figure 1-1). 

When in diamond form, carbon is the hardest bulk material, it has great thermal 

conductivity while being an insulator, whereas in graphitic form it is soft and conductive. 

The properties of carbon depend on how it is bonded to other carbon atoms or other 

atoms. It is the type of covalent bonding that 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 Kroto et al. in 1985 [2] followed by the discovery of 

carbon nanotubes by Ijima in 1991 [3]. Carbon nanotubes are cylindrical nanostructures 

which can have a very large aspect ratio. CNTs can have different chiralities and can be 

uniquely defined by a pair of indices (n,m). Values n and m represent the number of unit 

vectors in the hexagonal 2-D lattice of graphene as shown in Figure 1-2. The band gap 

varies with these indices, (n,m), and their electrical conductivity can show metallic or 

semiconducting behavior. As a general rule the nanotube is a metallic if ὲ ά σὭ, i is 

an integer, otherwise it is a semiconductor. Armchair and zig-zag CNTs are chiralities 

that have indices ὲ ά and ά π (Figure 1-3), respectively, otherwise CNTs are 

referred to as chiral. Carbon nanotubes can also consist of multiple CNTs inside one 

another, referred to as multi-walled CNTs (MWNT). The synthesis technique determines 

what types of tubes are made and the production yield. These techniques include arc 
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discharge [4], laser ablation [5], and chemical vapor deposition (CVD) [6]. Recent focus 

has been on chirality selective synthesis to produce specific chirality CNTs [7, 8]. 

 

 

Figure 1-1. Various allotropes of carbon [9]. 

 

 

 

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 axis, and a1 and a2 are the unit vectors of graphene. 

 

 

Figure 1-3. Two specific types of chiralities are armchair CNTs when n = m, and zig-zag 

CNTs when m = 0. 
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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 are not as good [10]. The solvent-CNT interaction plays a big role in the 

dispersion of the CNTs, obviously a better interaction will lead to less aggregation of the 

nanotubes. Dispersing CNTs can be done in several ways. Depending on the dispersing 

media, solvent or polymer, different approaches can be used. In solvents, sonication, 

homogenization and microfluidization [11, 12] have been shown to be effective to 

disperse nanotubes. These methods shear, cut and debundle nanotubes, resulting in 

smaller bundles and mostly shorter nanotubes. However, after debundling, the nanotubes 

are free to bundle again and form aggregates. To prevent re-aggregation, 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 al.[13] investigated four different types of surfactants, Triton X-100, sodium 

dodecylsulfate (SDS), Tween 20, and Tween 80, with CNTs, concluding that Triton X-

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 MWNTs. They reported a 90% 

extractability at a CNT concentration of 40 mg/L with CNT:Triton-X100 1:350. The 

large amount of surfactant with respect to MWNTs was attributed to the large surface-to-

weight ratio of carbon nanotubes. Therefore, it can be deduced that single wall carbon 

nanotubes (SWNTs) would require much higher surfactant concentration. Another study 
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investigated different conditions for suspending SWNTs in Aqueous Solutions of the 

Anionic Surfactant NaDDBS [14] 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 matrix. CNTs are typically functionalized using acid treatment to 

introduce carboxylic acid or hydroxyl groups on the side of carbon nanotubes [15-17]. 

These functional groups enable suspension of CNTs in aqueous solvents, whereas they 

would aggregate and sediment without functionalization. Since the functional groups are 

covalently bonded to CNTs, they open the ˊ-bonds and alter the structural integrity of the 

CNTs, which can affect the electrical and mechanical properties. Surfactants such as SDS 

have been used to functionalize SWNTs[18]. This has been done with and without 

solvent. The advantage of the solvent-free method is obviously that solvent will not be 

required. However, more exfoliation and debundling is achieved with solvent and prior 

sonication. The SWNTs are sonicated in SDS, centrifuging the dispersion to sediment the 

bundles 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 Raman spectroscopy. TEM was used to determine improvement of the 

dispersion by measuring the bundle size.  

Polymers have also been used to improve CNT dispersions. Star et al.[19] used 

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 average bundle 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 extensively 

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 solvent-casted MWNT/PMMA films, after several steps of 

melting and drying as evidenced by optical micrographs; even after 20 melting cycles 

still some particles existed [20]. Other studies have suggested functionalization of carbon 

nanotubes with nitric, sulfuric acid or hydrofluoric acid introduces functional groups such 

as carboxyl, hydroxyl or carbonyl on the sidewall of CNTs which in turn improve the 

interaction between CNTs and different polymers [20-22]. Another approach is in-situ 

polymerization of polymers with CNTs [22-25]. In this process the monomers and CNTs 

are added to the solvent along with initiators. The initiator can open ˊ-bonds of the 

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 thermally 

unstable and insoluble polymers, which cannot be processed by melt or solution 

processing. While in-situ polymerization of polymers with SWNTs leads to a better 

dispersion, this does not mean the nanotubes have been completely individualized. 

Though generally 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) polymerized in-situ with 
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FWNTs, which has been attributed to lower molecular weight when polymerization is 

carried out in the presence of nanotubes [26].  

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 carbon-carbon bond length which is 0.142 nm. 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 × 10-23 g, can be obtained by dividing 

the atomic weight by the Avogadro number. The specific surface area, SSA, of a hexagon 

is obtained by dividing the surface area of a single hexagon by the mass of two carbon 

atoms; which results in the value S=1313 m2/g [27]. For MWNTs 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 eq. ( 1-1 ). 

ὛὛὃ
“ὰὨ ςὲ ρὨ

“ὰὲὨ ὲὲ ρὨ
ρσρσ 

( 1-1 ) 

 

where n is the number of walls, di is the inner diameter, Ὠ 0.34 nm is the shell 

to shell distance. The SSA of individual MWNT as a function of number of walls is 

shown in Figure 1-4. 
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Figure 1-4. Specific surface area of nanotubes as a function of number of walls for CNTs 

with inner diameter di=1. 

 

For the purpose of calculating bundle size the bundle is approximated as a 

hexagonal bundle as shown in Figure 1-5, whereas only the outer CNT surfaces are 

available, ὲ, the total number of CNTs in a perfect bundle with N layers, follows the 

relation ὲ σὔ σὔ ρ and the number of exposed CNTs which their surface are 

available is ὲ σὔ ς. The fraction of the exposed CNTs to the total CNTs follows 

the ratio: 

Ὢ
ὲ

ὲ

σὔ ς

σὔ σὔ ρ
 

( 1-2 ) 

Using this equation one can easily obtain the accessible surface area and hence 

the SSA of a bundle of SWNTs or MWNTs is SSAb=SSAn . fN. The size of the bundle, db, 

is calculated according to eq. ( 1-3 ), where do is the outer diameter of the nanotube. The 

influence of bundling on reduction of SSA is shown in Figure 1-6. 

Ὠ ὲ Ȣ Ὠ Ὠ  ( 1-3 ) 
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Figure 1-5. Bundling of CNTs limit accessible surface area (four layers in this case N=4). 
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Figure 1-6. Specific surface area as a function of bundle diameter for SWNTs with di=1 

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 et al. [28] prepared 

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 948 m2/g while their calculations predicted 

900-1000 m2/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 to obtain such high SSA, 1430 
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m2/g[30]. The majority of this increase in surface area was due to opening of SWNH. In 

another work, an as-grown SWNT forest displayed a specific surface area of 1000 m2/g, 

but the density was very low, 0.029 g/cm3 [31]. After densification of the SWNT forest 

with a liquid such as water or alcohol, the density increased to 0.57 g/cm3 while the SSA 

remained unchanged.  

 

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

Type of CNT SSA (m2/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 decades [33-37]. In some studies, microscopic techniques (AFM, SEM, 

TEM) have been used to show polymer wrapping on carbon nanotubes (CNT) [22, 37-40] 

while in other studies spectroscopic methods such as photoluminescence [33, 35], UV-

Vis and Raman spectroscopies [36] demonstrate selective interaction between the 

polymer and certain chiralities. The polymers that have been shown to wrap on carbon 

nanotubes include 9,9-dioctylfluorene derivatives [33], polyvinyl pyrrolidone, 

polystyrene sulfonate [38], DNA [41, 42], polybenzimidazole (PBI) [43], aromatic 

polyimide[44], poly[(m-phenylenevinylene)-alt-(p-phenylenevinylene)] (PmPV) [45]. 
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Helical wrapping of polymers has been suggested as early as 1998 [37]. In this 

study, by polymerizing poly(phenylacetylenes) (PPA) in the presence of MWNT, they 

concluded helical wrapping of polymer around the nanotubes from TEM (Figure 1-7a). 

While the TEM does show some coating, there is no evidence of helical wrapping. The 

XRD data (Figure 1-7b) 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 similar to that 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.  

 

             

Figure 1-7. PPA/MWNT. a) TEM micrograph of PPA chains around nanotube shells. 

(scale bar 5 nm). b) X-ray diffraction patterns of (A) nanotubes, (B) PPA-wrapped 

nanotubes, and (C) PPA. Diffratograms were recorded on a powder diffractometer. Note 

the similar peaks for PPA in B and C, indicating the same morphology with and without 

MWNTs [37]. 

 

a b 
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OôConnell et al. suggested helical wrapping of CNTs with polyvinyl pyrrolidone 

(PVP) and polystyrene sulfonate (PSS) based on a thermodynamical approach [38]. They 

consider the favorable interaction of individualized SWNT/polymer over, SWNT/water is 

the main drive behind polymer wrapping. Based on AFM measurements (Figure 1-8a) 

they determined that the monolayer is covering the surface uniformly with a monolayer 

of polymer. Based on their observations they suggest a helical wrapping of polymer 

around the nanotube (Figure 1-8b). While there are some smaller bundles and the heights 

seem to be uniform (the height data is not provided). (But from the lateral dimensions, I 

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). It is difficult to 

discern bundled nanotubes from polymer coated nanotubes, or even polymer coated 

bundles. 

 

  

Figure 1-8. PVP/SWNT. a) AFM images of PVPïSWNTs on a functionalized substrate. 5 

ɛm height image (top left) and amplitude image (top right). 1 ɛm expanded height image 

(bottom left) and amplitude image (bottom right). b) Schematics of some possible 

wrapping arrangements of PVP on an (8,8) SWNT. A double helix (top) and a triple helix 

(middle). [38]. 

a b 
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Another study relied on TEM to determine helical wrapping of the polymer which 

was used in their studies [40]. From the TEM images (Figure 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 evolves into 

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 rigid nature of 

the polymer that was used in this study. 

 

 

Figure 1-9. TEM images highlighting expected left-handed helical structures formed by 

S-PBN(b)-Ph4PhCN-wrapped (AïC) and S-PBN(b)-Ph2PZn2-wrapped (DïF) [PLV 

SWNTs] (d = Ḑ1.4 nm) from corresponding aqueous suspensions [40]. 

 

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 related to DNA wrapping of HiPco SWNTs[41, 42]. They 

argued that the DNA phosphate 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. DNA-metallic CNT is expected to 

have less surface charge due to the opposite image charge created in the metallic tube, 

than DNA-semiconducting CNT. Ion-exchange liquid chromatography was used to 

exploit this difference in surface charge. After preparing the DNA/SWNT suspension, 

ion-exchange chromatography was carried 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 wavelengths (400-600 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 as well, which generally involve conjugated 

polymers[33, 35, 40, 45-47], due to the ́-stacking interaction between the polymers and 

SWNTs. Although chiral selectivity has been studied extensively, there has been no 

success 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 nanotubes (to-date) comes from 

computational studies [39-41, 45]. There are many studies on PMMA/CNT system [20-

22, 48-50]. 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 C60 (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 buckyballs, C70 and C84 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 wrapping. 

 

 

Figure 1-10. schematic of C60 encapsulated by helical PMMA [51]. 

 

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. Batteries 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 other situations, such as starting large machinery or 

regenerative braking, batteries cannot 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 



16 

 

power density in Figure 1-11. Batteries and supercapacitors rely on different 

electrochemical processes to store energy. Redox reactions power batteries and limit the 

power density. 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 surface of the 

conductive electrode as shown in Figure 1-12, hence why they are also known as electric 

double layer capacitors (EDLC).  

Many applications require rapid 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 quickly and 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 

electron-insulating and ion-conducting separator membrane. When a voltage is applied 

across these electrodes the electrolyte ions of the opposite sign accumulate on the surface 

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 porous carbon 

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 the increase the 

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 oxides, namely 

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.  

 

 

Figure 1-11. Comparison of energy and power density of different energy storage devices 

[52]. 
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Figure 1-12. Schematic of EDLC, showing charge storage on each electrode at the 

electrode-electrolyte interface. 

 

 

1.3.1 Electrodes 

Carbon based materials in a variety of dimensions, including activated carbon[53-

55], graphene [56-58] and CNTs [59, 60], and forms, such as powders [61], gels [62-64], 

and composite[65-67], have been commercially and scientifically utilized for energy 

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 surface area [62], other studies on 

activated carbon have shown that higher SSA results in improved EDL (electrical double 

layer) capacitance at low discharge current, however at high discharge currents larger 

pores play an important role, making them more suitable for high power applications [68, 

69]. Others have attributed the limitation of charge storage at higher SSA to space 

constriction for charge accommodation inside the pore walls [70]. There has not 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 making them 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 aggregation and increase SSA and alter the pore size 

and structure to facilitate ion movement and storage[71-74]. Adding functional groups to 

these carbon based materials by means of oxidation also leads to increased capacitance 

due to contributions from pseudocapacitance [75, 76]. Acid treatment, KOH activation 

and plasma treatment have been used to increase SSA by inducing defects and opening 

CNT tips [55, 77-80]. A method to produce aligned SWNTs with SSA of 1000 m2/g was 

proposed by Futaba et. al. [31], leading to a 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 Li-ion batteries but at higher power 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 high capacitance, 600 F/g at a current density 

of 1 A/g with capacitance retention of 92% after 5000 cycles [81]. Upon increasing the 

ALD cycles from 100 to 500 cycles the thickness of the coating increases leading to the 

decrease of capacitance. Increased 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 CNT/graphene oxide system which displayed high energy storage. 

They created an activated SWNT/graphene 3D network (Figure 1-13) using electrostatic 

self-assembly and KOH activation [73]. The activation provided functional 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.  

 

 

Figure 1-13. Schematic 3D block of activated SWNT/graphene [73]. 

 

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 that there is 

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 electrode and use that as 

a basis for calculating the energy density [31]; while this is completely unnecessary since 

the energy density and power density should be calculated 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 chloride, have 

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 compared to other solid 

molecules. Ionic 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 eq., Ὁ ὅὠ , 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 ions [82]. This means that some pores which 

are accessible 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 non-aqueous solvents such as acetonitrile and 

ethylene carbonate [83].  
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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 an important 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 transfer. If the interaction between the polymer and the nanotubes are 

not strong enough, upon applying loads the polymer chains will just slip past the CNTs, 

not only rendering them ineffective, but they become detrimental and areas for stress 

concentration. Hence efficient 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 polymer-CNT interface. As the 

composite is further strained, at 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 aspect ratio [85-87]. 

The influence of CNTs for mechanical reinforcement has been studied for many 

polymers and studied extensively as evidenced by the sheer amount of literature [88-

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 preparation and fabrication, 

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 worsening the dispersion 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 increased 45% [101]. 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 of arc-MWNTs, where the stiffness 

was increased from 1.5 to 2.5 GPa by addition of 1 wt% MWNTs [103]. Some studies 

have shown the importance of the quality of CNT dispersion in the matrix [104], 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 arc-MWNTs [92], where the 

modulus increased from 2.9 to 29 GPa on addition of 20 wt% nanotubes, suggesting . The 

nanotubes failed by the ñsword and sheathò method suggesting strong adhesion between 

the nanotubes and the matrix. It seems intuitive that the CNTs would be well dispersed if 

there is a good interaction between the CNTs and the dispersant media [10].  

1.4.1 Micromechanical Model for Prediction of Elastic Modulus 

Mechanical reinforcement of polymers by CNTs has been modeled by 

computational methods such as molecular dynamics [105-109], computational mechanics 

methods such as micromechanics [110-113] and multi-scale methods that combine both 

of these modeling approaches [114-116]. Another approach which requires less 

preparation compared to computational methods is micromechanics models, such as the 

modified Halpin-Tsai model [117] and the Cox model [86]. Some of these models will be 

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

Stress transfer from the matrix to the CNTs occurs due to shear stresses at the 

matrix-CNT interface due to differences in axial elastic displacements while the 

composite is under strain. Different methods of calculating the interfacial shear strength 

of polymer/CNT composites include CNT nano-pullout tests [118-121], molecular 

dynamics simulations [108, 122, 123], and Raman spectroscopy [124, 125]. In addition to 

requiring a substantial amount of sample preparation for CNT pull out test, other factors 

influence the results such as yielding leading to large variations during the pull-out test. 

Although molecular modeling does not require as much preparation when the model is 

set up, however, the results are directly influenced by the input 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 

Stress-induced Raman band shifts have been monitored in carbon fiber [126], 

individual SWNTs [127] and SWNT bundles [128]. SWNTs exhibit Raman active 

modes, which present themselves in four areas of the spectra; the radial breathing mode 

(RBM), disorder induced mode (D), graphitic mode (G), and the overtone of the D mode 

(Gô) (Figure 1-14). The D, G and Gô modes depend on the C-C bonds in the SWNTs. The 

stretching of these bonds, results in their weakening and down-shifting of their 

frequencies[129]. That is why these modes are used to monitor stress-induced shifts. This 

has been done by straining individual CNTs using AFM and monitoring the spectra using 

(

c) 
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micro-Raman spectroscopy [127], where the D, G, and Gô Raman modes are downshifted 

up to 27, 15 and 40 cm-1, respectively, at a strain of 1.65%. The highest value reported for 

the G band shift is 157 cm-1 for ultralong SWNTs at a strain of 6.2% and they achieved a 

maximum strain of 13.2% where the G band shift was 86 cm-1 [130].  
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Figure 1-14. Raman spectroscopy of CNTs. a) Vibration of carbons in SWNTs resulting 

in RBM. b) Planar vibration along the CNT axis (G+) and vibration in the circumferential 

direction (G-) constitute the G-band. c) Raman spectra of SWNTs normalized to the G 

band with the different bands labeled. 

 

 

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 

effectiveness of 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.  

(c) 
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1.6 Polyacrylonitrile Fibers 

Polyacrylonitrile (PAN) was first synthesized in the 1930s, but it was not until the 

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 spinning, dry-jet-wet spinning, 

gel spinning, and melt spinning. Dry-jet-wet and gel spinning can produce highly drawn 

fibers with the low number of micro-voids throughout the fiber. For melt spinning, PAN 

polymer needs to be pretreated with plasticizer due to its high melting temperature, which 

is higher than its degradation temperature. 

1.6.1 Polyacrylonitrile Based Carbon Fibers 

PAN is the most common carbon fiber precursor, accounting for more than 90 

percent of all carbon fiber production [131]. PAN based carbon fibers are widely used in 

composites due to their high tensile strength. Carbon fibers from PAN precursor is 

produced by stabilization (200-300 °C) and carbonization (+1000 °C). Stabilization and 

carbonization can be carried out in batch and continuous process. While, batch processing 

may provide flexibility to analyze different testing parameters, because of the nature of 

batch processing it is prone to unavoidable variations mainly 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 residence time.  

Small diameter PAN/CNT fibers have been shown to have better mechanical 

properties compared to PAN fibers [132]. CNTs have been shown to template the 
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graphitic structure of carbon fiber [133] which could be 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 discussed in detail in the 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.  

 

 

Figure 1-15. High resolution TEM image of PAN/CNT fibers. The arrow in (b2), shows 

evidence of graphitic templating and epitaxial growth at the surface of CNTs [133]. 

 

1.7 Objectives 

The objectives of this study are: 

1. To study the interaction between poly (methyl methacrylate) (PMMA) and single 

wall carbon nanotubes (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 single wall carbon 

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)/SWNT precursor 

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 

nanotubes (CNTs) is a well dispersed system of nanotubes, as shown in Figure 2-1a. In 

composites, aggregation of carbon nanotubes (Figure 2-1b) leads to an 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 aggregation may deteriorate 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 composite. CNTs entangle 

in buckypapers, which provides it with modest mechanical stability. If the accessible 

surface area is favorable, bundling (Figure 2-1c) can limit the available surface area and 

the entangled state in Figure 2-1b is preferred. But the question is: how can we tailor the 

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

(b) individual but entangled, (c) bundled.  

 

2.2 Experimental  

2.2.1 Materials 

HiPCOTM single wall carbon nanotubes (SWNTs) (grade SP0300, average 

diameter 0.9 nm, purity 98%) and few wall carbon nanotubes (FWNTs) (grade 

XOC231U, average diameter 2.7 nm, mainly two and three walled, purity 98.8%) from 

Carbon Nanotechnologies, Inc., and multi wall carbon nanotubes (MWNTs) (average 

diameter 25 nm, purity 95 %) from Cheaptubes Inc were used. Dimethylformamide 

(DMF, ACS grade, 99.8% purity) and poly(methyl methacrylate) (PMMA) (Mw= 8,000, 

350,000, and 996,000) was obtained from Sigma Aldrich. PTFE membranes (Zefon 

International, FPTPT147) with 1 mm and 5 mm pore size were used for the filtration.  

2.2.2 Buckypaper Processing 

A suspension containing 8 mg CNT in 600 mL DMF was homogenized (IKA 

ULTRA-TURRAX T18) for 30 minutes and then 80 mg PMMA (dissolved in 40 mL 

DMF) was added to this CNT/DMF suspension. The sonication concentration and 

PMMA content can vary based on the experiment. For all molecular weights used in this 

c b a 
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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 suspension was sonicated 

for 24 hours (Branson 3510R-MT, 100 W, 42 kHz). Then the suspension was filtered 

using the PTFE membrane and washed with methanol to remove DMF. The SWNTs 

were filtered using the 1 mm 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 ñas producedò buckypaper. PMMA that is interacting with the CNTs, as well as the 

PMMA that is entangled 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 was 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 Composite Processing 

PMMA was dissolved in DMF at a concentration of 150 mg per 10 mL, and the 

solution was 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 hours and poured into the mold. For PMMA wrapped SWNTs, SWNT and PMMA 

(1:1 weight ratio of SWNT:PMMA) were sonicated in 10 mL 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 X-ray diffraction (WAXD) data were obtained in transmission mode 

on a Rigaku Micromax-002 (ɚ=0.15418 nm) system. Raman spectra were obtained using 

a 785 nm laser on a HORIBA XploRA Raman Microscope System. UV-vis spectra were 

obtained on Perkin Elmer Lambda 35 instrument. BET surface area measurements were 

made with Micromeritics ASAP 2020. 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 and Discussions 

2.3.1 Polymer Wrapping Model 

In the first chapter, previous attempts to wrap CNTs with polymers were 

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 in-situ 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 impact desirable 

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 solvent and 
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different polymer matrices, at low weight percent. In the next step, we will study possible 

polymers which may wrap CNTs. 

Molecular dynamics was used to identify polymers which may wrap CNTs. 

ChemBio 3D was used to carry out simulations. Short polymer chains (3-6 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. In a head-to-tail configuration, 

which is usually the case, the bond angle of the backbone carbon with the pendant group 

is smaller than the CH2 due 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 methacrylate) (PMMA) and 

polyacrylonitrile (PAN) are used demonstrate the effect of side groups on the bond angles 

of the polymer backbone (Figure 2-2). The subsequent 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, can be 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 complete helix turn for each polymer is 

shown in Figure 2-3. The diameter of the PMMA helix is ~1.6 nm and PAN helix is ~6 

nm. Considering a van der Waals distance of 0.3 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. However, the polymer 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 chain-solvent interaction may not be favorable for a helix to 

be formed. Another factor is the stability of the polymer chain in all-trans configuration. 

If both hydrogens are substituted, the polymer chain is more likely to remain in trans 

state, as is the case of PMMA. But for PAN which has one hydrogen atom substituted 

with the nitrile group, it has a strong tendency to flip into gauche, due to lower steric 

hindrance. After verifying possible candidates, experimentation is required to determine 

if the polymer wraps the CNTs. 

  

  

Figure 2-2. Bond angles of two polymers in trans state after energy minimization: (a) 

atactic PMMA, (b) atactic PAN.  

 

b a 
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Figure 2-3. The diameter of (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 and Elemental Analysis  

All three PMMA dispersions (with SWNT, FWNT, and MWNTs) contained 91% 

PMMA with respect to the total weight of PMMA and CNT 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 is filtered out with 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 between 

PMMA and MWNTs.  

b a 
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Figure 2-4. Thermogravimetric analysis of (a) CNT/PMMA and (b) PMMA and SWNT 

buckypapers under Nitrogen at a heating rate of 10 °C/min up to 400 °C and held at that 

temperature for 5 minutes. The SWNT buckypaper has a 6 percent mass loss. 

 

The diffraction pattern of PMMA exhibits three amorphous peaks (Figure 2-5a). 

The diffraction pattern of the FWNT/PMMA and MWNT/PMMA buckypapers is similar 

to their control buckypaper patterns as shown in Figure 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 nm (Figure 2-6a). When the X-ray beam (Z-direction) was 

perpendicular to the buckypaper plane (XY plane), the diffraction pattern was isotropic, 

as expected. However, when the X-ray beam (Z-direction) was parallel to the plane of the 

buckypaper (XY plane), then the diffraction pattern exhibited anisotropy (Figure 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 disappeared and the 

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. (a) WAXD of SWNT, SWNT/PMMA, and SWNT/PMMA ï HT 

buckypapers. X-ray beam in all cases is perpendicular to the plane of the buckypaper. 

SWNT/PMMA ï HT is a sample, where PMMA is completely removed. Inset is the 2D 

pattern of SWNT/PMMA. (b) Meridional and equatorial scans of SWNT/PMMA 

buckypaper, and the 2D pattern (inset) when the X-ray beam is parallel to the plane of the 

buckypaper. 

 

The 0.83 nm peak was observed regardless of the PMMA molecular weight 

(Figure 2-7a). 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 prepared via filtration was comparable at ~37%. In contrast to filtration, 

b a 
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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 removed via evaporation, 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 0.83 nm 

ordered PMMA peak. However, this peak is almost dwarfed by the amorphous PMMA 

peak (Figure 2-7b).  
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Figure 2-7. WAXD of (a) SWNT/PMMA buckypapers fabricated with different 

molecular weight PMMA as indicated and (b) SWNT/PMMA buckypaper, where solvent 

was removed via evaporation. 

 

Polymer wrapping also takes place in other polar organic solvents such as 

dimethyl sulfoxide (DMSO) and nitromethane. When DMSO was used the intensity of 

the shark peak was smaller and shifted from 2ɗ=10.8° to 11.2°, corresponding to a 

d-spacing of 0.79 nm (Figure 2-8). The PMMA wrapped SWNTs did not disperse in 

DMSO and formed aggregates. This may be due to the interaction between the exposed 

methyl-methacrylate functional groups with the solvent.  
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The new peak was also observed when nitromethane, which is also a good solvent 

for both PMMA and SWNTs, was used instead of DMF. Since unpurified SWNTs were 

used, the diffraction pattern was swamped by the metallic impurities. Despite the strong 

baseline intensity from the impurities, the peak at ~10.8° was still visible in the 

buckypaper XRD (Figure 2-9).  
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Figure 2-8. X-ray diffraction of SWNT/PMMA buckypapers processed with DMF 

and DMSO. 
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Figure 2-9. X-ray diffraction pattern of unpurified SWNT and SWNT/PMMA processed 

with nitromethane. Despite the strong background intensity from the SWNT impurities, 

the new peak is still visible.  

 

The X-ray photoelectron spectroscopy (XPS) spectra of the pristine and PMMA 

processed buckypaper after removing PMMA, indicates that the elemental composition 

of the buckypaper does not change with PMMA processing (Table 2-1 and Figure 2-10). 

This suggests that the PMMA/SWNT interaction is non-covalent. The Raman spectra of 

the buckypapers have similar G:D band ratio, indicating no change in defect density upon 

PMMA processing and removal of the PMMA (Figure 2-11). 
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Figure 2-10. XPS plots of SWNT and HS-SWNT buckypapers. 

 

 

Table 2-1. Chemical composition of SWNT buckypapers determined from XPS spectra in 

Figure 2-10. 

Sample 
Atomic %  Ratio 

(C/O)  C O N 

HS-SWNT 94.65 5.35 0 17.7 

SWNT 94.5 5.50 0 17.2 
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Figure 2-11. Raman spectra of the three buckypapers showing similar D-band intensities. 

Intensities have been normalized to the G-band. 
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2.3.3 Helical Model Validation 

Helical wrapping of PMMA has been suggested for the SWNT/PMMA 

interaction (Figure 2-12). It has been proposed that PMMA wraps neatly around SWNTs 

and the sharp peak in the XRD corresponds to the distance 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 carbon. The model was initiated with these C-C-

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 vector. Each complete helical revolution consists of 21 to 

22 monomers, with a diameter of ~1.6 nm, 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-ˊ interactions are possibly the main drive for the wrapping, 

resulting in lower energy. The existence of CH-ˊ interactions has been known for a long 

time [135-137]. The strength of the CH-ˊ is one tenth of hydrogen bonding but multiple 

CH-ˊ interactions along the polymer chain length between the CH2 and the ˊ bonds can 

add up to make the helical wrapping energetically favorable. If the SWNT structure does 

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 shown in Figure 

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

ordered PMMA.  

 

 

Figure 2-12. SWNT (12,1) wrapped by PMMA (Colors: Carbon (gray), Oxygen (Red), 

Hydrogen hidden). 
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Figure 2-13. a) Ordered PMMA diffraction pattern in SWNT/PMMA buckypaper 

obtained by subtracting the SWNT diffraction pattern from the SWNT/PMMA pattern, b) 

Calculated diffraction pattern from model. 

 

Energy minimization (using Chembio3D molecular dynamics simulation) was 

carried out on the initial chain model shown in Figure 2-14a, and the minimum energy 

configuration is shown in Figure 2-14b. After this energy minimization, chain was heated 

a b 
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to 400 K, and the energy minimization process was again carried out. The resulting 

random coil configuration is shown in Figure 2-14c. 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. 

 

 

 

 

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 (E=2,890 kcal/mol). 
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2.3.4 Dispersion Analysis 

2.3.4.1 CNT suspension quality and its influence on Buckypaper and film quality 

The suspendability of CNTs are generally low, even in good solvents. In order to 

get a good SWNT suspension during sonication, a concentration of at most ~14mg/L is 

required. If the concentration of the SWNTs is too high, the nanotubes will not disperse 

regardless of the sonication time (Figure 2-15).  

 

 

Figure 2-15. SWNT/DMF (100 mg/L) suspension after 48 hours of sonication. At this 

concentration the aggregates do not disperse. 

 

As sonicated SWNT/DMF and SWNT/PMMA/DMF suspensions had similar 

appearance initially (Figure 2-16a,b). However, the 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 suspension after 2-hour centrifugation, d) SWNT/PMMA/DMF 

suspension after 72-hour centrifugation. 

 

The dispersion quality will have an influence on the preparation of the films, 

fibers and buckypapers. A bad dispersion will result in non-homogeneous samples which 

are difficult to process, and will have negative impact on the mechanical and functional 

properties of the composite. When the concentration is high and the SWNT dispersion is 

not well suspended, as in Figure 2-15, the resulting buckypaper does not have good 

integrity and tears easily upon peeling (Figure 2-17a). This is the result of individual 

aggregates stacking on each other during filtration (Figure 2-18a), resulting in a minimal 

interaction between these bundles. In addition to that, since the nanotubes are not 

entangled and restrained, the buckypaper shrinks a third in diameter upon drying. 

Therefore, just by visually examining the buckypaper the dispersion quality can be 

inferred.  

When a buckypaper is made with a well dispersed suspension at low CNT 

concentration, an entangled network of individual and small bundles of nanotubes is 

created (Figure 2-18b). The entangled network of CNTs provides the buckypaper with 

modest mechanical properties and integrity, which facilitates peeling and handling of the 
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buckypaper. By processing the SWNTs with PMMA, the SWNTs can be suspended at 

concentrations as high as (800 mg/L), where the resulting buckypapers exhibit the 

qualities of well dispersed SWNTs (Figure 2-17). 

 

 

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 obvious in dry cast 

PMMA films. PMMA/SWNT films were made with 0.1 wt% SWNT by dry casting. The 

suspensions were prepared at a concentration of 15 mg/L. The films were made with and 

without PMMA wrapped SWNTs. This was done by adding a small amount of PMMA 

(1:1 PMMA:SWNT) before sonication to achieve PMMA wrapping. After 24 hours of 

sonication, PMMA was added to the suspensions to reach the final PMMA:SWNT ratio 

of 1000:1 and stirred for 24 hours. For the SWNT wrapped system, the dispersion was 

a b 

a b c 
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stable and homogeneous resulting in a homogenous film (Figure 2-19). On the other 

hand, the non-wrapped SWNTs form aggregates in the film (Figure 2-19). While the 

SWNT suspension was visibly homogeneous after sonication, after adding PMMA 

powder and initiating stirring, the SWNTs started to form visible aggregates within 20 

minutes. Micrographs of the films presented in Figure 2-20 show severe aggregation and 

inhomogeneities in the non-wrapped SWNT film, while the wrapped SWNT film exhibits 

a fine uniform dispersion. 

 

     

Figure 2-19. Image of 0.1 wt% SWNT films, with wrapped and non-wrapped SWNTs. 

SWNTs aggregate into small islands when they are not wrapped with polymer. Scale bar 

applies to both images. The red box outlines the section from which the optical 

micrograph was taken in Figure 2-20. 
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Figure 2-20. optical micrographs of PMMA/SWNT (1 wt %) film (a) wrapped SWNTs, 

(b) non-wrapped SWNTs.  

 

2.3.4.2 UV-vis spectroscopy of suspension 

The UV-vis absorption spectra of the SWNT/DMF and SWNT/PMMA/DMF 

suspensions before and after centrifugation are shown in Figure 2-21. The suspensions 

were centrifuged for 2 hours at 10,000 RPM and the supernatants were collected for UV-

vis. The SWNT/DMF suspension shows much lower absorbance after centrifugation due 

to higher re-aggregation and sedimentation of the nanotubes, resulting in lower SWNT 

concentration in the supernatant. The van Hove transitions in SWNT/PMMA/DMF were 

blue shifted 12-24 meV as compared to SWNT/DMF both before and after centrifugation 

(Figure 2-21). The van Hove transition energy of nanotubes redshift upon bundling [138]. 

This indicates that the SWNT reaggregation starts immediately after stopping sonication. 

So the PMMA wrapping not only prevents nanotube aggregation and sedimentation, but 

the PMMA wrapped nanotubes are more exfoliated compared to the SWNT suspension. 

 

a b 
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Figure 2-21. Absorption spectra of (a) as sonicated and (b) centrifuged supernatant 

SWNT/DMF and SWNT/PMMA/DMF suspensions. Significantly lower absorption in 

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

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

 

2.3.4.3 Monitoring aggregation using Raman spectroscopy 

The Raman spectra using a 785 nm laser in Figure 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/SWNT [139, 140], where the SDS surfactant is intended to exfoliate the 

bundled nanotubes. 

After removing the PMMA by heat treatment, the nanotube-nanotube 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 as the as sonicated SWNT. The redshift of E22 transition 

energy reverses the intensity of the peaks of the debundled SWNT/PMMA. Since the 

change in transition energy is not the same for all nanotubes [138], the intensities do not 

change proportionately. There is an upshift of ~2 cm-1 for all of the RBM frequencies in 

the SWNT/PMMA and SWNT samples compared to SWNT/PMMA-HT, which could be 

attributed to polymer wrapping [141-143] and bundling [144, 145], respectively.   
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Figure 2-22. Raman RBM spectra using 785 nm laser. (a) The samples were prepared by 

depositing SWNT/DMF or SWNT/PMMA/DMF on a glass slide. (b) Raman spectra after 

removing the PMMA wrapping. All intensities were normalized to G-band intensities. 

 

Table 2-2. 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 

(nm) 

Frequency 

(cm-1) 

E (indiv.) 

(nm) [eV] 

E (roped) 

(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]* 

 

a b 
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Sonicating SWNTs with another polyacrylate also resulted in a debundled state. 

The Raman spectrum of poly(butyl methacrylate) (PBMA)/SWNT samples also indicated 

debundled SWNTs (Figure 2-23). PBMA has a larger side chain than PMMA Figure 

2-24, but the bond angles are similar to that of PMMA, allowing it to wrap SWNTs. 
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Figure 2-23. Raman spectrum of SWNT wrapped with PBMA. Intensity normalized to 

Raman G band. 

 

 

Figure 2-24. Repeat unit of PBMA polymer. 
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2.3.4.4 Porosimetry 

The surface area and pore size of nanomaterials can be measured using gas 

adsorption. To analyze the porosity, the sample is first degassed to remove all moisture 

from the porous structure. The sample is heated to 90° C under vacuum and kept at that 

temperature for 16 hours to ensure complete removal of moisture. The sample tube is 

then backfilled with nitrogen gas. At this stage the sample is ready for analysis. In the 

beginning of the analysis, the sample tube is evacuated to very low pressures. Depending 

on the analysis gas and the bath temperature, different amounts of gas is admitted into 

sample tube to probe the material structure. When the adsorbate gas is nitrogen (N2) the 

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 pressure is plotted to generate 

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 beginning to form 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 Brunauerï

EmmettïTeller (BET) theory can be used to calculate the surface area of the material. 

The isotherm of silica alumina, which is used to ensure the accuracy of the porosimetry 

system, is shown in Figure 2-25. The BET equation is: 

ρ

ὺ
ὴ
ὴ ρ

ὧ ρ

ὺὧ

ὴ

ὴ

ρ

ὺὧ
 

( 2-1) 
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where ὴ and ὴ are the equilibrium and the saturation pressure of adsorbates at the 

adsorption temperature, ὺ is the adsorbed gas quantity, and ὺ  is the monolayer adsorbed 

gas quantity. c is the BET constant: 

ὧ
Ὁ Ὁ

ὙὝ
 

( 2-2) 

where Ὁ is the heat of adsorption for the first layer and Ὁ is that for higher layers, R is 

the gas constant and T is the temperature. The constant c can be regarded as the affinity 

of the solid with the adsorbate. The left side of ( 2-1) can be plotted as a function of  as 

a straight line which is called the BET plot. The linear relationship only holds within a 

limited range, usually πȢπυ πȢσυ. The value of slope A and intercept I of the fitted 

line is used to calculate the monolayer adsorbed gas quantity ὺ  and constant c, using the 

equations ὺ  and ὧ ρ . The BET plot of the reference silica alumina sample 

is shown in Figure 2-26. There are some criteria for correct selection of the pressure 

range from which I and A are calculated. First of all the constant c must be positive 

(c>0). Secondly, the Rouquerol transform ὺρ
ὴ
ὴ  should be increasing with 

ὴ
ὴ 

for the data selected to calculate the BET parameters. For the alumina silica sample the 

Rouquerol transform decreases above 
ὴ
ὴ πȢςυ (Figure 2-27). When the correct 

ranged is used to obtain the ὺ  and c values, the specific surface area is obtained by the 

following equation: 

Ὓ
ὺȢὔȢί

ὠȢά
 

( 2-3) 
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where N is the Avogadro number, s is the cross sectional area of the adsorbate molecule, 

V is the molar volume of the adsorbate gas and m is the sample mass. 
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Figure 2-25. Nitrogen adsorptionïdesorption isotherm of silica alumina standard sample 

at 77 K. 
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Figure 2-26. BET plot with a fitted line (in red) in the linear region.  
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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 presented in Table 

2-3. FWNTs have lower SSA than SWNTs since the inner walls are not accessible. The 

SWNT sample exhibits an SSA of 600 m2/g, since the nanotubes can rebundle after 

sonication and reduce surface area. However, for the high surface area PMMA processed 

buckypapers, HS-SWNT, we obtained SSA as high as 1030 m2/g (average bundles of 4 

SWNT from theoretical calculations). Measurements of 11 PMMA processed 

buckypapers yielded an average specific surface area of 943 ± 69 m2/g (nitrogen gas 

adsorption isotherms for these 11 samples are shown in Figure 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 SWNTs, resulting in 

higher SSA after the PMMA is removed. The added pores are mainly micro and 

mesopore in size, from 1 to 11 nm pore width, as shown in Figure 2-29. The additional 

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

shown in Figure 2-31. 

 

Table 2-3. Surface Area measurement for the CNT and CNT/PMMA buckypapers. 

SWNT sample average of 5 measurements and HS-SWNT sample average of 10 

measurements. 

Sample BET SSA (m2/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 processed- PMMA removed 
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Figure 2-28. N2 gas adsorption isotherms of PMMA processed buckypapers, with an 

average specific surface area of 943 m2/g. Each isotherm has been shifted 250 units 

vertically with respect to the previous plot for clarity. 
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Figure 2-29. Pore size distribution, (a) surface area and (b) pore volume at different pore 

size.  

 

 

Figure 2-30. PMMA wrapping around SWNTs prevent them from aggregating. 

Micropores are created when the wrapped PMMA from adjacent SWNTs is removed. 

 

 

 

a b 
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Figure 2-31. N2 adsorption isotherms of a) FWNT, b) SWNT slurry, c) SWNT, and d) 

HS-SWNT buckypapers at 77 K. 

 

2.4 Conclusions 

Carbon nanotubes tend to bundle due the collective van der Waals interaction 

along the length of CNTs. In this chapter we demonstrated a technique to wrap SWNTs 

with PMMA. The wrapping only takes place around CNTs with a diameter of ~1 nm, and 

it does not occur with FWNTs or MWNTs. This has been attributed to the bond angles of 

the PMMA backbone which provide a hole sized for SWNTs, and favorable interaction 

between the CH2 side chains of PMMA with SWNT and the polymer-solvent 

interactions. PMMA wraps in an ordered helical manner around SWNTs, and while the 

helical wrapping cannot be observed directly using TEM due to the dimensions of the 

a b 

c d 
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structure, the ordered morphology of the wrapping results in a sharp peak in the X-ray 

diffraction pattern. The helical morphology of PMMA was confirmed by simulating the 

diffraction pattern of the proposed model, which was a good match with the experimental 

diffraction pattern. 

The PMMA wrapping not only increases the suspendability of SWNTs from 

0.014 mg/mL to more than 1 mg/mL, but also improves the suspension stability over the 

period of several months as compared to days for as sonicated SWNTs. From UV-vis 

spectroscopy, we observed that all 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 bundling. From Raman spectroscopy, it was observed that 

all chiralities are debundled when processed with PMMA, ruling out wrapping selectivity 

for the SWNTs probed with 785 nm laser. Finally, the effect of PMMA wrapping on the 

porous structure and specific surface area of SWNTs was studied. PMMA processed 

buckypapers had a specific surface area of more than 1000 m2/g, showing a 50% increase 

in specific surface than as sonicated SWNTs.  

Altogether, all of the evidence such as increased suspendability, stability of 

suspensions, UV-vis and Raman spectroscopy analysis, X-ray diffraction pattern and 

simulation, and surface area analysis, support the PMMA wrapping of SWNTs. For the 

first time since the discovery of carbon nanotubes, a polymer has 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 materials that have a high surface area, such as carbon 

nanotubes (CNTs), are suitable for supercapacitor applications. In the previous chapter, it 

was demonstrated that single wall carbon nanotubes (SWNTs) have a higher specific 

surface area (SSA) than few wall carbon nanotubes (FWNTs). Buckypapers made from 

poly(methyl methacrylate) (PMMA) wrapped SWNTs have 58% higher SSA after the 

PMMA is removed compared to as-sonicated SWNT buckypapers.  

Energy is stored at the electrode-electrolyte interface in electric double layer 

capacitors (EDLCs) or supercapacitors. Since the energy is stored at the interface, 

increasing the interface results in improvement in energy storage performance of EDLCs. 

Energy storage is expected to increase linearly with SSA, however, other factors such as 

pore size and porous architecture can affect energy storage. In this chapter the effect of 

SSA on energy storage is studied. Also supercapacitors made from high surface area 

SWNT buckypapers are compared to recently reported CNT and graphene 

supercapacitors in literature. 
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3.2 Experimental 

3.2.1 Materials 

HiPCOTM SWNTs (grade sp300, average diameter 0.9 nm, 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% purity) and PMMA (Mw= 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 mL DMF was homogenized (IKA 

ULTRA-TURRAX T18) for 30 minutes and then 80 mg PMMA (dissolved in 40 mL 

DMF) was added to this SWNT/DMF suspension. After vigorous shaking, this 

PMMA/SWNT/DMF suspension was sonicated for 24 hours (Branson 3510R-MT, 100 

W, 42 kHz). The suspension was 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 and then by holding at 400 °C for 5 

minutes. The resulting sample is referred to as high-surface SWNT (HS-SWNT) 

buckypaper. SWNT and FWNT buckypapers were also made without the aid of PMMA. 

For these buckypapers, SWNT was dispersed at 1.3 mg/100 mL in DMF and sonicated 

for 24 hours. FWNT was dispersed at 1.3 mg/100 mL 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, isothermal N2 gas 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 

distribution, 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. X-ray photoelectron spectroscopy (XPS) (Thermal Scientific 

K-alpha XPS instrument) 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 an accelerating voltage of 5 kV. SEM was done 

on buckypapers without any metal coating. X-ray photoelectron spectroscopy (XPS) 

(Thermal Scientific K-alpha XPS instrument) 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. Galvanostatic constant 

current (CC) charging-discharging and cyclic voltammetry (CV) measurements were 

carried out on Solartron 1470 at room temperature, using two film electrodes. Electrode 

diameter, thickness and mass were approximately 6.4 mm, 15 ɛm, and 0.3 mg, 

respectively. The electrode density was 0.63 ± 0.02 g/cm3, 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 0 
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to 1 V and 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) with a potential 

range of 0 to 3 V were used as the electrolytes. For the constant current measurements, 

the specific capacitance was obtained using ὅ
Ў

Ў
 where I is the current, m1 

and m2 are the masses of the two electrodes, ȹt is the discharge time, ȹV is the discharge 

voltage during that time. Determination of ȹt/ȹV excludes the IR drop occurring at the 

beginning of the discharge. The energy density was calculated using Ὁ
᷿

, and 

power density is ὖ , where td is the total discharge time. The specific capacitance of 

the cyclic voltammetry measurements of each electrode was obtained using ὅ

᷿

Ў
 , where the integral is the area enclosed in the V-I plot, R is the CV scan 

rate and æV is the potential window.  

3.3 Results and Discussions 

3.3.1 Porosity 

The buckypaper made from FWNT had the SSA of 300 m2/g, and the one made 

from SWNT without the aid of PMMA had the SSA of 650 m2/g. The highest surface 

area SWNT buckypaper obtained with the aid of PMMA, exhibited the surface area of 

950 m2/g, and this buckypaper is denoted as HS-SWNT buckypaper (Figure 3-1). The 

SWNT has lower SSA than HS-SWNT, as in the absence of PMMA, nanotubes re-bundle 

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 wrapping results in smaller diameter SWNT bundles and hence higher specific 

surface area, after PMMA has been removed. HS-SWNT, not only shows higher surface 
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area than SWNT and FWNT buckypapers, but it also shows higher pore volume (Figure 

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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Figure 3-1. N2 gas adsorption isotherms of FWNT, SWNT, and HS-SWNT buckypapers 

at 77 K. 
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Figure 3-2. Pore size distribution obtained 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, and HS-SWNT) surfaces 

are given in Figure 3-3. The average CNT bundle diameters for FWNT, SWNT and HS-

SWNT buckypapers measured from these images, using ImageJ software, are 22 ± 10 

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 vice-versa.  

   

 

Figure 3-3. SEM images of (a) FWNT, (b) SWNT, and (c) HS-SWNT buckypapers.  

 

c 

a b 
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3.3.2 Aqueous Electrolyte 

The CC charge-discharge plots of the three different types of electrodes (FWNT, 

SWNT, and HS-SWNT) are shown in Figure 3-4. The specific capacitance and energy 

density values obtained from the CC measurements are given in Figure 3-5a and 5b. The 

capacitance and energy density decrease with increasing current densities. The energy 

density was calculated directly from current, voltage and discharge time, rather than from 

capacitance (Ὁ ὅὠ ), as sometimes done. Thermogravimetric analysis in the previous 

chapter confirmed that PMMA is completely removed under the heat treatment 

conditions used for HS-SWNT 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 SWNT and HS-SWNT was ~11 (Figure 3-6). Presence of 

any amorphous carbon or SWNT functionalization would have resulted in a decreased 

G/D ratio, but this has not been observed. XPS data show that the C/O ratio in both 

SWNT and HS-SWNT buckypapers is also the same (Table 2-1). This confirms that the 

enhanced energy storage of HS-SWNT was only due to its higher surface area as 

compared to SWNT. Figure 3-5c 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 HS-SWNT shows much lower IR-drop, as compared to SWNT 

and FWNT electrodes. Lower internal resistance of the HS-SWNT capacitor suggests that 

the electrolyte is more readily accessible to various pores in HS-SWNT, as compared to 

SWNT and FWNTs, even at high current densities. The CV measurements do not show 

an oxidation peak, confirming the absence of pseudo capacitance (Figure 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/s (Figure 3-7b). 

 

 

 

0 50 100 150 200

0.0

0.2

0.4

0.6

0.8

1.0

P
o
te

n
ti
a
l 
(V

)

Time (s)

 0.25 A/g

 0.63 A/g

 1.25 A/g

0 2 4 6 8

0.0

0.2

0.4

0.6

0.8

1.0
P

o
te

n
ti
a
l 
(V

)

Time (s)

 2.5 A/g

 6.3 A/g

 

  

Figure 3-4. CC measurements of the three buckypaper electrodes with KOH electrolyte, 

a) FWNT, b) SWNT, c) HS-SWNT. 
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Figure 3-5. Evaluation of the electrochemical performance of FWNT, SWNT and HS-

SWNT electrodes in KOH electrolyte. (a) Specific capacitance as a function of current 

density. (b) Energy density as a function of current density. (c) IR-drop of the electrodes 

as a function of current density. 
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Figure 3-6. Raman spectra of SWNT and HS-SWNT. Normalized to G band intensity and 

shifted vertically for clarity. G/D ratio in both spectra is ~11.  
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Figure 3-7. Cyclic voltammetry of HS-SWNT in KOH electrolyte at various scan rates. 

 



71 

 

0.0 0.2 0.4 0.6 0.8 1.0

-0.4

-0.2

0.0

0.2

0.4

0.6

C
u

rr
e

n
t 

(m
A

)

E (V)   

0.0 0.2 0.4 0.6 0.8 1.0

-1

0

1

C
u
rr

e
n
t 
(m

A
)

E (V)  

Figure 3-8. CV of (a) FWNT and (b) SWNT 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 900 m2/g. Measurements of 11 PMMA 

processed buckypapers yielded an average specific surface area of 943 ± 69 m2/g. Two 

trials using PMMA, resulted in buckypapers with surface areas of 805 and 870 m2/g, and 

these were also tested for their performance as supercapacitor electrode. Thus in total five 

electrodes were tested with surface area in the range of 300 to 950 m2/g, and 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 error. Typical of CNT 

electrodes, the HS-SWNT displayed excellent capacitance retention after 10000 charge-

discharge cycles (Figure 3-10).  
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Figure 3-9. Buckypaper capacitance as a function of specific surface area (SSA) 

measured using 6 M KOH electrolyte at (a) 5 mV/s and (b) 100 mV/s. 
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Figure 3-10. Capacitance retention of HS-SWNT electrode with 6 M KOH electrolyte for 

10000 charge - discharge cycles. The cell was charged and discharged at a rate of 1 A/g.  

 

3.3.3 Ionic Electrolyte 

The HS-SWNT electrode was also tested using ionic liquid electrolyte, 

EMIMBF4. Ionic liquids enable storage of more energy due to their higher operating 

potential window, since stored energy scales with square of voltage, Ὁ ‌ ὠ . Constant 

current plots of HS-SWNT with ionic electrolyte are presented in Figure 3-11, in which 

the IR drop increases to 1.5 V at 100 A/g. No oxidation peaks are observed in the CV 

a b 
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plots (Figure 3-12). Cycling of the HS-SWNT in ionic electrolyte does not show a 

reduction in capacitance over 10000 cycles (Figure 3-13). The Ragone plots of the HS-

SWNT electrodes based on ionic liquid and KOH electrolyte tests area given in Figure 

3-14. As expected, due to large potential window, the energy density is ~9 times higher 

using the ionic liquid electrolyte than 6 molar KOH electrolyte.   

 

 

Figure 3-11. CC measurements of HS-SWNT at 1 to 100 A/g currents using ionic liquid 

electrolyte, EMIMBF4. 

 

 

Figure 3-12. CV of HS-SWNT at 100 mV/s and 3 V/s rate in EMIMBF4 electrolyte. 
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Figure 3-13. Capacitance retention of HS-SWNT electrode with EMIMBF4 electrolyte. 
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Figure 3-14. Ragone plots (in gravimetric and volumetric units) of HS-SWNT electrodes 

using 6M KOH and EMIMBF4 electrolytes. 
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the HS-SWNT film was 0.63±0.02 g/cm3. Since supercapacitors are primarily used for 

high power applications, the HS-SWNT provides great performance.  

In order to demonstrate the performance of the HS-SWNT, a Ragone plot is 

presented in Figure 3-15, comparing the performance of HS-SWNT with recent best 

literature data on SWNT and graphene electrodes. This includes a commercial 3.5 V/25 

mF activated carbon supercapacitor, CNT/graphene [71] and laser scribed graphene [146] 

electrodes. The volumetric energy density of HS-SWNT electrode is more than 4 times 

higher than the previously reported highest energy density (CNT or graphene based 

supercapacitors with no pseudocapacitance) at the very high power density of 54 W/cm3, 

and 6.5 times higher energy density at low power density. 

Micro-supercapacitors have gained attention due to their application as power 

sources in micro-electrical systems. Micro-supercapacitors can also be made using the 

current technique, as the PMMA wrapped SWNTs can be deposited on any 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 HS-SWNT compared with that of a 

commercial 3.5 V/25 mF activated carbon supercapacitor (data from [147]), laser scribed 

graphene (LSG, ionic electrolyte) super capacitor [146], and Graphene/CNT (ionic 

electrolyte) [71] micro supercapacitor. 

 

3.4 Conclusions 

Carbon nanotube supercapacitor electrodes with specific surface area in the range 

of 300 to 950 m2/g 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 exhibited no 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 950 m2/g (referred 

to as HS-SWNT buckypaper) exhibited 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 literature to-date 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 800-950 GPa and tensile strength 

of 52-100 GPa [130, 148-150]. 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 modulus. The addition of 

CNTs to various polymers and its impact on mechanical, viscoelastic and electrical 

properties has been discussed in detail in literature [22, 49, 103, 151-155]. Different 

PMMA/CNT preparation methods have been proposed to improve reinforcement by 

CNTs in composite films [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% increase in 

modulus at 8wt% SWNT content compared to PMMA fibers. Another study used 

coagulation bath to precipitate the PMMA/SWNT suspension [48]. 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 during in-situ 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 CNTs [156]. 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 CNTs [22]. 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 PMMA, which 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 composite films are shown in Table 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 properties than 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 MWNTs [153], while aligning the MWNTs 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 PMMA [49]. Composite films were 
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made with two different SWNT purities, 65 wt% and 97.8 wt%, 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 included for comparison. Values in 

parenthesis indicate improvement (or decrease) compared to the control samples without 

SWNT. 
CNT 

(wt%) 

Tensile Modulus 

(GPa) 

Tensile Strength 

(MPa) 

Conductivity 

(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 polymerization [152] 

10 3.7 GPa (+38%) 80 (+25%) - 
MWNT, dry blend and melt extrusion [153], 

oriented 

1 N/A (0%) 44 (0%) - 
Hydroxylamine hydrochloric acid salt treated 

SWNTs [154] 

10 

4.4 (+144%) 63 (+26%) 854 
SWNT (2.4 wt% impurity), sonicating and 

stirring [49] 

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 CNT-CNT junctions, 

which results in slipping of CNTs during deformation. The challenge is to improve the 

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 material [157]. Buckypaper 

modulus increased by 94% when cellulose 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 potentioamperometric polymerization of pyrrole onto 

the CNT network [158]. The buckypaper was then immersed into cyanate ester (CE) resin 

and processed to make SWNT-PPy-CE buckypaper. The mechanical properties of the 

SWNT-PPy-CE improved significantly compared to the control buckypaper as shown in 

the table. While the mechanical properties of BP-CE and BP-PPy buckypapers was 

higher than the control SWNT buckypaper, the properties were lower than BPïPPy-CE. 

This enhancement was attributed to improved interactions between nanotubes in the 

intra-bundle as PPy chains wrap the bundles and individual nanotubes, although there 

was no discussion on how it improved inter-bundle 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 strength [159, 

160]. In another study, mechanical properties of the buckypaper improved as SWNTs 

were refluxed with stronger acids used up to 10 M nitric acid concentration [161]. SEM 

images indicate a reduction in bundle diameter at higher acid concentrations, as acid 

treatment of aqueous suspensions improves the dispersion of SWNTs. 

 

Table 4-2. Properties of buckypapers reported in literature and the current study. Values 

in parenthesis indicate improvement compared to control SWNT buckypapers. 

Buckypaper 
CNT 

(wt%) 

Modulus 

(GPa) 

Strength 

(MPa) 

Conductivity 

(S/m) 
Comments 

SWNT [157] 100 1.6 15.7 12700 5 µm PTFE, Triton X-100 

SWNT [157] 100 3.1 (+94%) 35.0 (+123%) 10600 (-17%) 0.2 µm CN, Triton X-100 

SWNT [158]1 100 3.3 14.3 19600 Pristine SWNTs 

SWNT-PPy-CE [158] 73 17.8 (+493%) 68.7 (+380%) 17100 (-13%) PPy wrapped SWNTs 

SWNT [159] 100 2.3 6.5 20410 Pristine SWNTs 

SWNT/PC2 [159] 48 5.1 (+122%) 18.9 (+190%) 12350 (-40%) Polycarbonate infiltrated BP 

SWNT [161] 100 0.8 10 30000 Pristine SWNTs 

10 M 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 
1 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 Raman band shifts [130, 162]. Stretching and weakening of the carbon-

carbon bond of the nanotubes results in downshift of the D, G and Gô bands, while Gô 

band shows the most shift [163] and is typically used to monitor stress transfer from the 

polymer to the nanotubes [125].  

In this study, using a technique described elsewhere [164] 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 SWNTs, which in turn led to better 

mechanical properties. 

4.2 Experimental 

4.2.1 Materials 

HiPCOTM 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% purity) and PMMA (Mw= 350,000 g/mol) 

polymer was purchased from Sigma Aldrich. PTFE membrane (Zefon International, 

FPTPT147) with 1 ɛm pore size was used for the filtration. 
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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 set without PMMA wrapping, with 0.1 to 10 wt% SWNT content. 

The non-wrapped PMMA/SWNT was prepared by sonicating SWNTs (Branson 3510R-

MT, 100 W, 42 kHz), 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. Then the 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 µm thick films. The films were dried at 65 ºC under vacuum for 

24 hours. The SWNT buckypaper suspension was prepared by sonicating 12.3 mg of 

unpurified SWNTs (8 mg SWNTs) in 400 mL DMF for 24 hours. The PMMA-wrapped 

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. Buckypapers were 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 

accelerating voltage of 5 kV. Tensile measurements and dynamic mechanical analysis 

(DMA) were carried out by RSA III (Rheometrics Scientific) solid analyzer equipped 
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with a linear tension clamp. The tensile 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 films and buckypaper samples were ~40 ɛm and ~20 

ɛm, 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 microscope. Electrical conductivity of various SWNT films 

was measured by a standard four-point probe configuration (Signatone). 

4.3 Results and 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 micrographs (Figure 4-2) of the PMMA/SWNT films 

clearly show the effect of wrapping on film quality and SWNT aggregation. Non-

wrapped SWNTs phase separate into distinct islands at 0.1 wt% SWNT content. Such 

phase separation was visible in the 1 wt% non-wrapped SWNT films (Figure 4-3), though 

they did not aggregate into separate islands as in the 0.1 wt% SWNT film. The 5 and 10 

wt% non-wrapped SWNT films were completely opaque and PMMA rich regions were 
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not visible demonstrating better homogeneity than 0.1 and 1 wt% non-wrapped SWNT 

films. The addition of PMMA during sonication leads to wrapping, which prevents 

SWNT aggregation upon adding PMMA and stirring, while the non-wrapped SWNTs 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 micrograph was taken in Figure 4-2b. 

 

       

Figure 4-2. Optical micrographs of 0.1 wt% SWNT films, a) wrapped SWNTs b) non-

wrapped SWNTs. 
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Figure 4-3. Non-wrapped 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 resonance based on their band gap energy relative to the laser energy, making it a 

beneficial tool to monitor bundling [138, 140]. The Raman spectra of the wrapped SWNT 

films indicated debundled SWNTs from the radial breathing mode (RBM), while the 

RBM mode of the non-wrapped SWNTs indicates aggregated SWNTs (Figure 4-4). The 

RBM at 268 cm-1 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 shown in Figure 4-4, because the band gap 

energies approach the laser energy when the SWNTs are individualized. Interestingly, all 

of the wrapped SWNT films and buckypapers followed this behavior, regardless of 

SWNT content, while the non-wrapped SWNTs 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. 
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Figure 4-4. 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 stress is transferred from the matrix to the 

nanotubes at the CNT-polymer 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 mechanical properties in buckypapers 

(Table 4-3). The modulus and tensile strength of the SWNT/PMMA buckypaper was 5.9 

and 3.7 times that of the SWNT buckypaper, respectively. The tensile properties of the 
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wrapped SWNT films were generally better than the non-wrapped films as shown in 

Table 4-4. The non-wrapped 1 wt% film had lower mechanical properties compared to 

the PMMA film due to visible inhomogeneities (Figure 4-3). The large mismatch 

between the 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-

homogeneous structure. This causes an earlier onset of failure and lower tensile 

properties, which could explain the lower modulus and strength of 1 wt% non-wrapped 

SWNT film. While the SWNTs in the non-wrapped 5 and 10 wt% SWNT film are 

aggregated on a nanoscale similar to 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 non-wrapped 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 wt% non-wrapped film has very low 

tensile properties due to its inhomogeneity coupled with the 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 detrimental to 

the structure (Figure 4-5). Comparison of these results to those in Table 4-1 show that 

only the composites processed with nitromethane have higher improvement of 

mechanical properties [49]. In this work, non-wrapped carbon nanotubes aggregated and 

precipitated without exception during stirring, while no aggregation was observed in [49]. 

It is possible that the SWNTs may have also been wrapped with PMMA in [49]. The 
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specific modulus of SWNT/PMMA buckypapers with a specific density of ~0.74 gm/cm3 

(neglecting the mass of metallic impurities) is 8.8 GPa/g/cm3. For comparison, an 

isotropic T300/N5208 carbon fiber epoxy composite laminate (E1= 151, E1= 10.3 GPa, 

density 1.52 g/cm3), with a symmetric 0/45/-45/90 ° lay-up is ~40 GPa/g/cm3. 

Mechanical reinforcement of PMMA fibers by MWNTs is presented in Appendix A. 

 

Table 4-3. 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 ± 0.4 59 ± 12 1.4 ± 0.5 

 

Table 4-4. Tensile properties and Gô band shift of PMMA/SWNT films (stress-strain 

plots provided in Figure 4-6).  

SWNT content 

Modulus (GPa) 
Tensile Strength 

(MPa) 

Elongation at break 

(%) 

wrapped*  
non-

wrapped 
wrapped 

non-

wrapped 
wrapped 

non-

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 % 2.1 ± 0.2 1.2 ± 0.1 60 ± 3 30 ± 6 9.6 ± 2.2 3.4 ± 0.9 

5 % 2.5 ± 0.2 1.9 ± 0.1 54 ±2 46 ± 8 5.3 ± 0.4 5.2 ± 1.2 

10 % 3.2 ± 0.4 2.6 ± 0.3 48 ± 8 47 ± 7 1.9 ± 0.3 2.6 ± 0.7 

* Purified SWNTs 

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

PMMA wrapping. 
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Figure 4-5. TEM image of SWNTs showing the size of impurities. 

 

0 2 4 6 8 10

-10

0

10

20

30

40

50

60

70

S
tr

e
s
s
 (

M
P

a
)

Strain (%)

 PMMA

 1 wt% wrapped

 1 wt% non-wrapped

 10 wt% wrapped

 10 wt% non-wrapped

 

Figure 4-6. Stress-strain curves of PMMA composite films. 
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4.3.3 Micromechanical Model of SWNT Reinforcement 

Halpin-Tsai [165] and shear-lag 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 composite, Ec, using the rule of mixtures [166-169]. This 

particular model is used because it captures the effect of length, waviness and random 

orientation of SWNTs in the composite: 

Ὁ Ὁ ȟ Ȣὠ ὉȢρ ὠ  

Ὁ ȟ Ὁ ȢὯȢὯȢὯ 

Ὧ ρ
ÔÁÎÈ‍
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Ὁ , ὠ , l, Ὠ are the CNT modulus, volume fraction, length and diameter 

respectively. Ὁ , ὺ  are the polymer matrix modulus and Poisson ratio (ὺ πȢσσ, 

respectively. Assuming the SWNTs are mainly individualized upon polymer wrapping, 

Ὠ=0.93 nm and l/d =500 (approximate length from ref. [11]) and Ὁ = 760 GPA [170]. 

Ὁ ȟ  is the effective modulus of the CNT which takes into account CNT orientation 

factor, Ὧ, waviness, Ὧ, and length, Ὧ, factors. For randomly oriented three 

dimensionally isotropic CNTs in the matrix, Ὧ=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 state in the PMMA 

wrapped SWNT (l/d =500), the waviness factor is fitted using the data Ὧ=0.25 (Figure 

4-7). Using the same Ὧ value, the non-wrapped composite modulus is fitted to obtain l/d 

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

the wrapped SWNT composite films.  
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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 Gô band shift during straining of the buckypapers (Figure 

4-10), no significant change in Gô band position of the SWNT buckypaper was observed. 

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 contact points in SWNT buckypaper compared to 

SWNT/PMMA buckypaper (Figure 4-11). The weakest component fails upon straining 

the buckypaper. In this case, slippage occurs at the nanotube-nanotube 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 at CNT cross over points. To 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 crossover points in the entangled structure to individual 

SWNTs. This allows sufficient stress to be transferred to the nanotubes to induce 

measurable Gô Raman band shift. However, when there are fewer crossover points, the 

bundles slip before adequate stress is experienced by the CNTs in the bundle, resulting in 

negligible Gô Raman band shift.  

Alternatively, the improved mechanical properties may be directly due to the 

polymer wrapping. This might be due to better adhesion between PMMA-PMMA side 

chains compared to SWNT-SWNT interaction, or the nano-ridges created by the helical 

wrapping on SWNTs (Figure 4-8). Another hypothesis is that individual PMMA chains 

are likely to wrap multiple SWNTs. This allows the polymer to link multiple SWNTs 

together and prevent their slipping at low stress (Figure 4-9). 
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Figure 4-8. Schematic of two helically wrapped SWNTs. PMMA wrapping may improve 

mechanical properties due to improved interaction from the side chains of PMMA. 

 

 

Figure 4-9. 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 Gô Raman band shift rate of individual semiconducting SWNTs of 37.3 

cm-1/% strain is used. This value has been determined by straining individual SWNTs 

using atomic force microscopy and measuring the Gô Raman band shift [127]. The strain 

experienced by individual nanotubes can be expressed as ‐ ὛȾσχȢσ %, where Sm is 

the maximum Gô band shift. For the SWNT/PMMA buckypaper when the buckypaper is 

strained at 0.77 %, Ὓ 5 cm-1 (Figure 4-10), so the strain on individual tubes is ‐=0.14 

% (corresponds to ůi=1.06 GPa, considering SWNT modulus 760 GPa (from ref. [170] 
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considering an average SWNT diameter of 0.93 nm [171]). The rest of the strain comes 

from slipping of the nanotubes and straightening out of the curvatures.  

The effect of straining on the Gô band shift of 1 wt% wrapped SWNT film is 

shown in Figure 4-12. In addition to the downshifting of the Gô band shift, upshift of a 

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 CNTs. 

The higher the strain/stress transferred from the matrix to the nanotubes, the higher the 

composite modulus. Fortunately, Raman spectroscopy can also be used to monitor the Gô 

band shift in the films during deformation as shown in Figure 4-13. The maximum band 

shift is related to the maximum amount of stress that can be transferred to the nanotubes. 

The nanotube-PMMA interface fails when the Gô band shift plateaus; as the matrix is 

being strained the nanotubes are not further strained significantly. The 10 wt% wrapped 

film exhibits the highest Raman band shift Sm=15.4 cm-1, which corresponds to a stress of 

ůi=3.14 GPa in the SWNTs. This is contrary to the work on polyacrylonitrile/CNT fibers 

[125] where a larger Raman band shift 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 long as 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 shift, Sm, compared to the non-wrapped SWNT films. This is likely due 

to better dispersion on the nanoscale supported by the RBM intensities (Figure 4-4). 
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The maximum Gô Raman band shift is larger in the composite films compared 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 PMMA-SWNT interface along the whole length of the 

nanotube (Figure 4-14). Meanwhile, stress is transferred through discrete nanotube-

nanotube interface in the SWNT/PMMA buckypaper (Figure 4-11).  
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Figure 4-10. Gô band peak position of the SWNT and SWNT/PMMA (65 wt%/35 wt%) 

buckypapers upon straining. 

 

 

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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Figure 4-12. Raman spectra of 1 wt% wrapped PMMA/SWNT film at different strains. 

Plots have been shifted vertically for clarity. Vertical dotted line indicates position of Gô 

band at 0% strain. 
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Figure 4-13. Gô band shift of different films under straining conditions. a) wrapped 

PMMA/SWNT film, b) non-wrapped PMMA/SWNT films. 

 

a b 
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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 which appear upon PMMA wrapping as shown in Figure 4-15. 

The first feature is a broad peak from 1000-3000 cm-1, which can be seen in 1 wt% 

wrapped SWNT films and the SWNT/PMMA buckypaper. Another feature was an 

additional broad peak at 2276 cm-1, which exist in all of the wrapped films, but not in the 

SWNT/PMMA buckypapers and non-wrapped films at this SWNT loading. The new 

peaks do not originate from PMMA (Figure 4-16). At 10 wt% SWNT loading, the peak 

still appears in the wrapped films (Figure 4-17), but it also appears in some of the non-

wrapped composite films but not all of them (Figure 4-18) albeit at a smaller intensity. 

The peak also exists in 0.1 wt% wrapped film Raman spectrum, ruling out influence from 

impurities (Figure 4-19). From these observations there seems to be an interaction 

between amorphous and helical PMMA leading to the new peak. When the film is 
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strained the new peak at 2276 cm-1 upshifts (Figure 4-12) and the peak shift plateaus at 

1.5% strain as shown in Figure 4-20. 
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Figure 4-15. Raman spectra of PMMA/SWNT films and buckypapers at 785 nm. Spectra 

have been normalized to the G band and shifted vertically. 
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Figure 4-16. 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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Figure 4-17. Raman spectrum of 10 wt% wrapped composite films. 
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Figure 4-18. Raman spectra of 10 wt% non-wrapped composite films. Some spectra 

display the peak at ~2300 cm-1 while others do not. The new peak intensity is weaker 

than the Gô band intensity in these plots. However, the intensity of this peak in PMMA 

wrapped SWNT composite films is stronger than the Gô band intensity. 
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Figure 4-19. Raman spectrum of 0.1 wt% (purified) wrapped composite film.  
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Figure 4-20. Upshift of the new peak at 2276 cm-1 upon 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 PMMA film exhibited a shoulder around 100 °C and a scattered tan ŭ peak located 
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around 125 °C (Figure 4-21a). While the tan ŭ peak was attributed to the glass transition 

of PMMA, the shoulder was ascribed to the solvent-PMMA interactions, which could be 

removed after the first heat treatment [172]. 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 110 °C under vacuum, DMA of PMMA film exhibited a more 

developed tan ŭ peak centered around 127 °C. Residual DMF was also detected from the 

IR spectrum of the PMMA film (Figure 4-22a). The band at 1680 cm-1 is attributed to the 

absorption of amide of DMF, and disappears upon heating the film up to 130 °C (Figure 

4-22b). The residual solvent is also observed with the incorporation of SWNTs, in both 1 

wt% wrapped (b) and non-wrapped (Figure Figure 4-21c) PMMA/SWNT films. For the 

PMMA film, the magnitude of the shoulder is 50 percent lower than the tan ŭ peak. Since 

the magnitude of the shoulder peak is comparable to the that of the SWNT composite tan 

ŭ peak, it seems to shift the tan ŭ rather than appear as a shoulder. After the first DMA 

heat treatment, significant increase of tan ŭ peak temperatures were observed from both 1 

wt% wrapped and non-wrapped PMMA/SWNT films, owing to the removal of solvent-

PMMA interactions (the DMF could also be removed by heating the film up to 120 °C). 

Marginal increase of tan ŭ peak temperatures was observed after the 3rd and 4th DMA 

heat treatments which can be attributed to the alignment of SWNTs arising from slight 

elongation during subsequent DMA cycles. Figure 4-23 shows the tan ŭ peaks for the 

PMMA and 1 wt% composite films after the first heating cycle. The tan ŭ peaks are at 

127° C, 131° C and 134° C for the PMMA film, 1 wt% non-wrapped SWNT and 1 wt% 

wrapped SWNT films, respectively. Previous study on PMMA and MWNTs showed that 
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Tg increased with increased MWNT loading since the nanotubes hindered the segmental 

motions of PMMA chains [173]. While the polymer molecule segments in proximity of 

CNTs are more constrained and have a higher Tg, the unconstrained polymer segments 

would exhibit the Tg of bulk polymer matrix, resulting in broadening of the tan ŭ peaks 

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

film) as previous studies indicated [173-175]. Interestingly, tan ŭ peak of 1 wt% wrapped 

film in the current study showed a further reduced tan ŭ magnitude and a broadened tan ŭ 

width when compared to that of 1 wt% non-wrapped film. We know from the Raman 

study that the bundles are smaller in the PMMA wrapped SWNTs, which will result in a 

larger polymer-SWNT interface compared to the non-wrapped SWNTs which has larger 

bundles. A larger PMMA-SWNT interface results in more polymer chains that have 

hindered motion, increasing the fraction of the constrained polymer, leading to shifting of 

tan ŭ to higher temperature and suppressing its magnitude. The helical PMMA wrapping 

around the SWNTs is constrained to further increase in Tg. It 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 polymer chains upon addition of 

the SWNT and restricts polymer chain movement at higher temperatures for both 

wrapped and non-wrapped films (Figure 4-23b). At 60 °C the 1 wt% non-wrapped 

SWNT has the lowest storage modulus. At 150 °C the storage modulus of PMMA 

decreases the most, with storage modulus of 1 wt% wrapped and non-wrapped 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 
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segments were immobilized. The small tan ŭ 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 modulus, and increase in tan ŭ, could be due to slipping of nanotubes resulting in 

fewer nanotube-nanotube 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% non-wrapped. 

a 

b 

c 



106 

 

2000 1800 1600 1400 1200 1000

0

10

20

30

40

50

60

%
T

Wavenumber (cm
-1
)

1680

2000 1800 1600 1400 1200 1000

0

20

40

60

80

100

%
T

Wavenumber (cm
-1
)

 

Figure 4-22. FTIR spectrum of dry cast PMMA film (a) before, and (b) after heat 

treatment. (a) The 1680 cm-1 absorption band is attributed to amide C=O bond in DMF. 

(b) This absorption band disappears upon heating the film at 130 °C for 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. 
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Figure 4-24. DMA of SWNT/PMMA (65 wt%/35 wt%) buckypaper.  

 

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

Buckypapers 

While PMMA wrapped SWNTs were superior to non-wrapped SWNTs in terms 

of improving the mechanical properties of buckypapers and composite films, the PMMA 

wrapping reduced the electrical conductivity of the samples. The conductivity of the 

pristine buckypaper was an order of magnitude higher than that of SWNT/PMMA (65 

wt%/35 wt%) buckypaper (Table 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 wrapped 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 SWNT-SWNT contact. However, the 1 wt% non-wrapped SWNT 

film had conductivity several orders of magnitude higher than that of the wrapped SWNT 

film. The aggregation of SWNTs leads to a lower percolation threshold as compared to 

well dispersed SWNTs at 1 wt% (Figure 4-25). The aggregation of the 0.1 wt% non-

wrapped SWNT films in Figure 4-1 shows that the nanotubes phase separate until they 

form islands of connected nanotubes in the film. At 1 wt%, phase separation leads to a 

non-homogenous structure throughout the whole film as shown in Figure 4-3 (not 

islands), resulting in a percolated network in the film. At higher CNT content the 

conductivity of the PMMA wrapped SWNTs and non-wrapped SWNT films become 

similar. At higher SWNT concentration, as SWNT-SWNT 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 

Conductivity (S/m) 

Non-wrapped 

Conductivity (S/m) 

SWNT/PMMA buckypaper 1100 ± 100 - 

SWNT buckypaper - 10000 ± 500 

1 wt% 1.785×10-5 ± 3×10-7 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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Figure 4-25. Schematic of PMMA wrapped SWNTs films a) 1wt% and b) 10 wt%, and 

non-wrapped SWNT films c) 1 wt% and d) 10 wt%.  

 

4.4 Conclusions 

Wrapping SWNTs with PMMA in buckypaper 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 individual SWNTs that are more effective in 

transferring stress to the nanotubes in the buckypaper compared to bundled SWNTs in 

the pristine buckypaper. While SWNTs in the PMMA wrapped buckypaper experience 1 

GPa stress, corresponding to 5 cm-1 shift of the Gô Raman band, the SWNTs in the 

pristine buckypaper do not exhibit any shift of the Gô Raman band. In composite films, 

stress is transferred from the matrix to SWNTs, hence higher stress transfer can be 

achieved by maximizing the SWNT-PMMA interface by debundling the SWNTs. 

SWNTs in the PMMA wrapped SWNT composite experience 3.1 GPa stress, twice as 

a b 

c d 
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much stress as the SWNTs in the non-wrapped SWNT film. This results in up to 75% 

higher modulus in wrapped SWNT films compared to non-wrapped SWNT films. The Tg 

of the composite with the wrapped SWNTs is 3° C higher compared to non-wrapped 

SWNT film, suggesting higher fraction of constrained polymer chains due to better 

dispersion in the PMMA wrapped SWNTs. Helically wrapped PMMA has negligible 

chain mobility due its strong interaction with SWNTs and does not exhibit a glass 

transition temperature. Wrapping 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 FIBERS 

5.1 Introduction  

Polyacrylonitrile (PAN) is a synthetic semi-crystalline polymer made from 

polymerization of acrylonitrile. It has a melting temperature of +300 °C, but degrades 

before melting. PAN films and 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 wet spinning, 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 non-solvent bath. Gel spinning enables 

production of highly oriented 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 230-590 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 reduce cost of fiber precursor, and can also decrease time and 

energy cost of carbon fiber production [176, 177]. CNTs have been proposed as fillers to 

improve the mechanical properties of carbon fibers [132]. 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 graphitic structure of carbon fibers [133] 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 (SWNTs) in poly(methyl methacrylate) 

(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 and align the PAN 

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 drawing [178]. CNT 

exfoliation was evidence by sharpness of van Hove transition using UV-vis spectroscopy 

[178]. However, a more accurate method to determine debundling is by comparison of 

the radial breathing mode (RBM) intensities as discussed in chapter 2 and Ref. [164, 179, 

180]. 

CNTs can be dispersed in solvents and polymers that have good interaction with 

CNTs. Polymers with stiffer backbones 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 polymers [182]. Wrapping of rigid chain conjugated polymers 

around SWNTs has been reported and evidenced by SEM [40]. The favorable interaction 
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between conjugated polymer and CNTs has been attributed ˊ-ˊ stacking [183]. Using 

molecular dynamics approach, Yang et al. [184] reported that in comparison to 

polystyrene, poly(phenyl-acetylene) 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 oxidation (Figure 

5-1). Dehydrogenation of PAN leads to conjugated nitrile structure. Conley et al. [185] 

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 

manufacture carbon fibers. It has been reported that strong infra-red (IR) absorbance peak 

corresponding to -C=C- (at wavenumber of 1600 cm-1) appears within first hour of heat 

treatment at 150 °C in air atmosphere. When the heat treatment is carried at 160 °C in 

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 minutes (Figure 5-2). During this time, no change in 

absorbance was observed corresponding to -CſN. The lack of change in the nitrile peak 

demonstrates that the process is dehydrogenation and not cyclization. Based on the 

Arrhenius equation, it was calculated that to attain the same spectral state of degradation 

on identical PAN samples, heat treatment time required at 100 °C, 150 °C and 200 °C is 

550 hours, 11 hours and 2 hours, respectively. 
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Figure 5-1. Chemical reaction schemes occurring during stabilization of PAN [186]. 

 

 

Figure 5-2. IR intensity of nitrile and C=C bonds monitored during PAN oxidation in air at 200 

°C [185]. 
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Chae et al. reported that upon incorporation of 1 wt% SWNT in PAN, carbonized 

PAN/SWNT fibers possessed 49% higher tensile modulus and 64% higher tensile 

strength as compared to carbonized PAN fibers [187]. 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) images (Figure 5-3a), whereas carbonized PAN fibers did not show 

such fibrils (Figure 5-3b). Fibrils in the case of carbonized PAN/SWNT fibers have been 

shown to be consisted of CNTs surrounded by highly ordered graphitic regions of 

carbonized PAN (Figure 5-4a-f). Such a graphitic region was absent and only turbostratic 

structure was present in the case of carbonized PAN fibers (Figure 5-4g).  

 

 

Figure 5-3. SEM micrographs of carbonized a) PAN and b) PAN/SWNT fibers [187]. 

a b 
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Figure 5-4. (a-f) High resolution transmission electron microscopy (TEM) images and 

schematic representation of PAN/SWNT carbon fiber. (g) TEM image of carbonized 

PAN fiber [187]. 

 

In this chapter, two hypotheses regarding improving SWNT-PAN interaction are 

studied. Improved SWNT-PAN interaction may lead 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 SWNTs. PMMA 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 out in both air and 

nitrogen. However, PMMA carbonization and graphitization has been reported by 

electron beam stabilization [188, 189]. Some fillers such as polysulfide polymers [190] 

and ZnO [191] have been shown to stabilize PMMA. Incorporation of hydroxyapatite 

nanorods in PMMA have been shown to induce PMMA carbonization [192]. 
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The main mechanism of PMMA degradation is main chain scission of the C-C 

bonds. Two main processes of decomposition of PMMA are terminal C=C bond scission 

and random main chain C-C scission [193, 194]. The first stage of PMMA degradation is 

initiated by terminal C=C bonds, starting at ~220° C. The second stage is initiated by C-C 

scission at ~300° C. The intermediate products decompose and generate MMA monomer. 

There is a possibility that the PAN matrix surrounding the helical PMMA can stabilize 

the MMA monomers. If the PMMA degrades during stabilization, we would expect 

minimal stress transfer to SWNTs, due to structure discontinuity around SWNTs in the 

stabilized fiber. Electron microscopy may also reveal the graphitic structure 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 and non-wrapped SWNTs in the 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 non-conjugated polymers. 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 PAN in the 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 in the vicinity 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 lower temperatures [185]. To 

understand the effect of oxidative atmosphere during solution preparation, PAN/SWNT 

solutions under air and nitrogen atmosphere are prepared, and changes in the chemical 

structure is analyzed from IR spectroscopy. The SWNT dispersion quality is investigated 

using Raman spectroscopy. The effect of air processing on precursor and carbon fiber is 

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 Material s 

HiPcoTM SWNTs (grade SP0300, average diameter 0.9 nm, purity 98%, Carbon 

Nanotechnologies Inc.) were used in this study. Dimethylformamide (DMF, ACS grade, 

99.8% purity) and PMMA (MW= 350,000 g/mol) polymer were obtained from Sigma 

Aldrich. Polyacrylonitrile-co-methacrylic acid copolymer, (PAN-co-MAA) (96/4 by 

weight) with a viscosity average molecular weight of 247,000 g/mol was purchased from 

Exlan, Co. (Japan). 

5.2.2 Solution Preparation and Fiber Processing 

15 g of PAN-co-MAA was added to 100 mL DMF at room temperature while 

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 SCFH). After three hours the 

chilled water bath was replaced with silicone oil bath and the bath temperature was 

increased gradually from 25 to 80 °C. This initial preparation stage was the same for all 

trials. The PAN solution was stirred at 90 °C for 4 hours and control fiber was spun (T1).  

Master batch SWNT suspensions were prepared by adding 150 mg SWNTs to 300 

mL DMF, and homogenized for 10 minutes. 30 mL of this suspension (containing 15 mg 

SWNT) was added to 300 mL DMF and sonicated for 24 hours. The first sonicated 

SWNT dispersion was transferred to the reactor containing the dissolved PAN and 

vacuum distillation was started. Ten bottles containing DMF/SWNT were 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 under nitrogen flow 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 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 under nitrogen flow of 30 SCFH 

(T3). 

To study the effect of air atmosphere the purge gas was switched to air during 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 85-90 °C under air flow of 30 SCFH. 
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For spinning, the solutions were transferred to the barrel of a spinning system 

designed by Hills, Inc. and a spinnerette with a 200 µm diameter hole was used for fiber 

spinning. The barrel temperature was kept at ~56 °C and the spinneret temperature at ~75 

°C. All fibers were spun into methanol coagulation bath at about -40 °C with an air gap 

of ~ 3 cm. As-spun fibers were stored in a methanol bath at ī30 ÁC for over 20 hours and 

subsequently drawn at room temperature followed by drawing in a glycerol bath at ~160 

°C. The solutions and fiber spinning trials are summarized in Table 5-1. 

 

Table 5-1. Summary of solutions that were prepared and characterized. 

Trial Composition 
SWNT/PMMA 

(wt% / wt%) 

Solid cont. 

(wt%) 
SDR CDR HDR 

Draw 

ratio 

T1 PAN-N 0 / 0 14 3 1.5 6 27 

T2 PAN/SWNT-NÀ 1 / 0 13.8 3 1.5 6 27 

T3 PAN/SWNT/PMM-N 1 / 1 16.7ÿ 3 1.5 5.4 24.5 

T4* PAN/SWNT-AÀ 1 / 0 - - - - - 

T5 PAN/SWNT/PMMA-A 1 / 1 14.5 3 1.5 5.9 26.5 

SDR: spin draw ratio, CDR: cold draw ratio, HDR: hot draw ratio 
* T4 Fiber was not spun due to failure of stirring mechanism during solution preparation, 

but the solution was characterized using Raman and FTIR spectroscopy. 
À Atmospheric gas; A: Air, N: Nitrogen 
ÿ Solid content inadvertently higher than target. 

 

Stabilization and carbonization was done in an MHI tube furnace. A dual mount 

setup was used to process two set up fibers simultaneously. A temperature ramp rate of 5 

°C/min was used for all steps. Carbonization scheme was carried out at 1300 °C and 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 carbon fiber 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 of each 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 individual fiber filaments 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 microscope. Wide-angle X-ray 

diffraction (WAXD) data were obtained in transmission mode on a Rigaku Micromax-

002 (ɚ=0.15418 nm) system. Scanning electron microscopy (SEM) was performed on a 

Hitachi SU8010 at an accelerating voltage of 5 kV. 

5.3 Results 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 solution (T4) processed 

under air atmosphere was sampled at different times during solution preparation. The 

samples were collected at 0, 6 and 72 hours after the reactor was purged with air. The 

samples were used to cast a thin film, which was dried in vacuum at 65 °C for 1 day. 

These films were used to collect IR spectra. The strong peak at ~1675 cm-1 belongs to 
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amide group of DMF. The intensity of 1675 cm-1 varies slightly from one sample to 

another and is due to residual DMF which was also observed in PMMA films. The peaks 

at ~1730 cm-1 and 2240 are attributed to the methacrylic acid and the nitrile group, 

respectively. Conjugation is mainly identified by monitoring an increase in intensity of 

C=C and C=N absorption bands and suppression of the nitrile, CſN, absorption band. 

The C=C peak is at ~1600 cm-1 and the C=N peak is around 1660 cm-1. The IR spectra of 

the PAN/SWNT film did not show any evolution with increased processing time that 

would suggest dehydrogenation or conjugation (Figure 5-5). Since a previous study 

showed that at 100 °C PAN stabilizes after 550 hours [185], higher processing 

temperature/time is necessary to achieve dehydrogenation. The effect of stabilization on 

the IR spectra has been demonstrated in PAN and PAN/CNT fibers stabilized for various 

times (Figure 5-6) [195], in which during stabilization, absorbance increases over a broad 

range, from 1100 to 1750 cm-1. 

Comparison of the solutions processed under air and nitrogen atmosphere is 

shown in Figure 5-7, and demonstrates no change in the chemical structure of PAN 

indicating dehydrogenation or formation of C=C bonds. There are some subtle 

differences in peak intensities between the nitrogen and air treated PAN/SWNT films, 

such as the peak at 1390 cm-1, which is attributed to CH3 bending.  
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Figure 5-5. IR of PAN and PAN/SWNT solution stirred under air purge for increasing 

durations at 90 °C. The first sample was collected before adding SWNTs to the PAN 

solution. Stabilization is not supported by FTIR spectroscopy. The spectra were collected 

from thin film samples. The spectra have been shifted vertically for clarity. 

 

Figure 5-6. FTIR spectra of precursor and stabilized PAN and PAN/CNT fibers. Fibers 

were stabilized at 267° C for 2, 6 or 10 hours [195].  
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Figure 5-7. IR spectra of PAN/SWNT films processed under nitrogen and air after 72 

hours. Air spectrum shifted 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 has been reported [196, 197]. One 

study found polymer degradation is faster under oxygen compared to argon [198], 

reporting that even one percent oxygen content is enough to accelerate rate of 

degradation. During 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 terminate the 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 

peak intensities in Raman spectra. Upon 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 wavelength. 

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 excitation 

energy is slightly higher than the laser energy, upon bundling the excitation energy 

approaches the laser energy and the RBM intensity of that chirality increases (Figure 

5-8). For this purpose, two chiralities are chosen to study SWNT exfoliation, (11,3) and 

(10,2) labelled as RBM1 and RBM2 (Figure 5-8a), 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 surpasses the intensity of RBM1, hence 

RBM1:RBM2 < 1 [179, 180].  
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Figure 5-8. Raman spectra and schematic representation of a) individualized, and b) 

bundled SNWTs. The 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, peaks RBM1 and RBM2. As the nanotubes start bundling, RBM2 intensity 

increases, exceeding RBM1 intensity. The RBM1 intensity decreases upon bundling 

[140]. 

 

5.3.2.1 Effect of Atmosphere During Solution Preparation on SWNT Dispersion 

The Raman spectra of nitrogen and air processed PAN/SWNT solution is shown 

in Figure 5-9. 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 SWNTs are aggregated in both systems since RBM1:RBM2<1.  

a 

RBM2 

b 
RBM1 




































































