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Abstract 

A nanocomposite is defined as a material of more than one solid phase, where at least one 

dimension falls in the nanometer range. The combination of carbon nanotubes (CNT) and 

conducting polymers offers an attractive route for the production of novel compounds that 

can be used in a variety of application such as sensors, actuators, and molecular scale 

electronic devices. The ultimate goal of this work is to develop and investigate CNT 

composites that provide a structural functionality together with one or more other key 

functions. 

 

A variety of novel CNT dispersions were prepared using commercially available CNT 

systems such as Rice single-walled carbon nanotubes (RCNT), HiPco single-walled carbon 

nanotubes (HCNT), and Multi-walled carbon nanotube (MWCNT). This study explored the 

application of novel functional dispersing agents. Deoxyribose Nucleic Acid (DNA) a 

biological molecule, N-isopropylacrylamide 2-acrylamido-2-methyl-1-propanesulfonic 

acid (NIPPAm-AMPS) a polyelectrolyte, Didodecyldimethyl ammonium bromide 

(DDAB) a polymerizable compound, Poly(methoxyaniline-5-sulfonic acid) (PMAS) an 

inherently conducting polymer, and PVA an insulating polymer were some of the agents used 

to disperse the CNT. These dispersions were then evaluated in term of their stability and 

ability to effectively disperse the CNT. Solid-state CNT composites (mats) were then 

prepared by means of pressure filtration of the CNT/dispersant solutions. These mats were 

characterized using a variety of different techniques to determine their viability to be used as 

mechanical actuators or electrochemical devices. The characterization methods included 

cyclic voltammetry, conductivity, capacitance, atomic force microscopy, scanning electron 

microscopy, Young’s modulus, and actuation measurements.  
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RCNT/conducting polymer composites were prepared by the electropolymerization of 

Pyrrole with a range of different dopant anions in the presence of different RCNT 

dispersions. In these composites, the RCNT were completely covered by the polymer, 

consequently the electrochemical responses of these composites were dominated by the 

electrochemistry of the polymers with the CNT functioning as a conductor element. 

  

Polypyrrole was also electropolymerized using functionalized multi-walled carbon nanotubes 

(FMWCNT) as dopant. Electropolymerization was carried out using galvanostatic and 

potentiostatic techniques on gold-coated Mylar and ITO-glass. It was determined that 

PPy/FMWCNT composites deposited on either electrode using potentiostatic deposition 

exhibited redox peaks. This redox behavior was not observed when the galvanostatic 

deposition was employed. 

 

HCNT/Polyaniline (PAn) composites were prepared by either casting a film from a solution 

of HCNT and PAn in 1,2-Dichlorobenzene, or by casting a film of PAn onto an existing 

HCNT mat. The latter exhibited the highest conductivity. The actuation behavior of these 

CNT composites was investigated and it was determined that the PAn component contributes 

to the actuation strain while the HCNT component contributes to Young’s modulus. The 

combination of the HCNT (with their mechanical properties) and PAn (with its actuator 

behavior) offers and attractive route not only to reinforce the polymer film but also to 

introduce new electronic properties based on morphological modifications or electronic 

interactions between the two components giving a robust blend of optimum properties. These 

results open the door for these composites to be used in a variety of applications that require 

a combination of the above characteristics such as mechanically reinforced actuator devices, 

robotics, optical fiber switches, prosthetic devices, and anti-vibration systems. 
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In addition, PPy with a range of dopant anions was electrodeposited galvanostatically, 

potentiostatically, and potentiodynamically on the surface of four different carbon electrodes, 

RCNT mat  (unannealed), RCNT mat (annealed), glassy carbon, and carbon foil. It was found 

that the method of electrodeposition was crucial to the electroactivity of the deposited 

polymers, particularly when deposited onto a RCNT mat due to the different interaction 

between the deposited polymer and the RCNT mat  

 

Finally, HCNT/SDS, HCNT/PMAS, and HCNT/DNA fibers were prepared using the Particle 

Coagulating Spinning method (PCS). The annealing process resulted in a dramatic increase 

in conductivity of up to 2600 times higher compared to the unannealed fibers. However, the 

annealing process did not play any role in keeping the fibers together or modifying the 

alignment of the carbon nanotubes ropes within the fibers. The HCNT/DNA fibers, with their 

biocompatibility, high conductivity, and good mechanical properties can be used as artificial 

muscles, bioelectronic sensors, or even as platforms to support the growth of nerve cells.  

 

This thesis delineates the methods of successful production of solid sate CNT mats and 

fibers, utilizing traditional polymeric and more novel multi-functional dispersant materials. 

Thereby, providing a series of new framework for which future device structures can be 

fabricated. 
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CHAPTER ONE 

CARBON NANOTUBES AND CONDUCTING POLYMERS  

 

1.1- CARBON NANOTUBES  

One goal of device science is miniaturization; hence nanotechnology has received 

considerable attention. The possibility that the unique properties of nanostructures 

will result in novel applications and devices is an enticing goal (1). Another reason 

for the great popularity of this field is that phenomenas occurring on this length scale 

are of interest to physicists, chemists, biologists, electrical and mechanical engineers, 

and computer scientists. Although many nanostructures such as large molecules and 

quantum dots are of interest, at present, one of the most active areas is the study of 

nanotubes. 

 

1.1.1 Carbon nanotubes, what are they? 

Iijima discovered carbon nanotubes in 1991 (2), and a method for the large-scale 

synthesis of nanotubes by Ebbesen and Ajayan was introduced in 1992 (3). This 

opened up a new era in material science and nanotechnology. Since then various 

nanotubes, with or without encapsulated metals, having a straight, curved, planar 

spiral, single and double helical shape have been experimentally produced either by 

the arc-discharge method or by vapor deposition of organic chemicals (4 - 19). These 

elongated tubes consist of carbon hexagons arranged in a concentric manner with 

both ends of the tubes normally capped by fullerene-like structures. They usually 
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have a diameter of the order of tens of Angstroms and the length of up to several 

micrometers, and can behave as semi-conductors or metal depending on the diameter 

and helicity of the arrangement of graphitic rings in the walls. 

Two distinct types of carbon nanotubes have been recognized. The first is Multi-

walled carbon nanotubes (MWCNT) that consist of more than one concentric 

cylindrical shell of graphene sheets, which are coaxially arranged around a central 

hollow with a constant interlayer separation of 3.4 Å. The second is Single-walled 

carbon nanotubes (SWCNT) that are made of single layers of graphene cylinders. The 

SWCNT have some distinct advantages over their MWCNT counterparts. For 

example, SWCNT are transparent to electromagnetic radiation including light, and 

furthermore, SWCNT show truly one-dimensional quantum effects.  

The smallest SWCNT can be viewed as a fullerene molecule that has been bisected at 

the equator, and the two resulting hemispheres joined with a monolayer graphene 

tube of the same diameter as C60. Because the graphene sheet can be rolled up with 

varying degrees of twist along its length, SWCNT can have a variety of chiral 

structures (20 - 22). If the C60 molecule is bisected normal to a five-fold axis, the so-

called armchair nanotube (Fig 1.1a) is formed. Likewise, a zigzag nanotube (Fig 

1.1b) results if the C60 molecule is bisected normal to a three-fold axis. Armchair and 

zigzag are achiral. The so-called chiral nanotubes (Fig 1.1c) can be produced when 

the C60 is bisected to a variety of other fold-axis other than a five or three-fold axis.  
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Fig 1.1   Schematic representation of SWCNT, a) Armchair, b) Zigzag, and c) Chiral 

(23). 

 

 In general, carbon nanotubes can be specified mathematically in terms of the unit 

cell, the smallest group of atoms that defines its structure through the so-called chiral 

vector of the nanotube Ch and the chiral angle θ. The Ch is given by Ch = na1 + ma2 

where a1 and a2 are unit vectors in the two dimensional hexagonal lattice and n and m 

are integers. The chiral angle θ is then the angle between Ch and a1 (24).  

The limiting achiral cases (n, 0) zigzag, and (n, n) armchair are indicated with dashed 

lines in (Fig 1.2). The translation vector T is along the tube axis and the orthogonal to 

Ch. The rolled up area swept out by T and Ch corresponds to the repeat unit of an (n, 

m) tube, hence a nanotube (n, m) symmetry determines the size of its unit cell, which 

can vary greatly among tubes (23, 25).  



Ch. 1 

 4

T

T

Zigzag (n, 0)

Armchair (n, n)

(0, 0)

(n, m)

a2

a1

Ch

 

Fig 1.2   A graphene sheet that can be rolled into a SWCNT. a1 and a2 are the unit 

vectors of the graphene lattice. The dashed lines denote the main symmetry directions 

in the graphene sheet, the zigzag (n, 0) and armchair (n, n). T is the translation vector 

and defines the one dimensional (1D) unit cell. The (n, m) along the T represent 

achiral nanotubes. Ch the chiral vector, and θ the chiral angle. 

 

When the graphene sheet is rolled up to form the cylindrical part of the nanotube, the 

chiral vector forms the circumference of the nanotubes circular cross-section with its 

ends meeting each other. Armchair nanotubes are formed when n = m and the chiral 

θ 
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angle is 30°, whereas zigzag nanotubes correspond to either n or m = 0 and θ = 0. All 

other chiral nanotubes have the chiral angle intermediate between 0° and 30°. 

The properties of nanotubes are determined by their diameter and chiral angle, which 

in turn depend on n and m. Theoretical studies have indicated that all armchair 

nanotubes are metallic, as are one-third of all possible zigzag nanotubes depending on 

their diameter and chiral angle (26). Graphite is semi-metal or zero gap 

semiconductor whose valence and conductance bands touch and are degenerate at six 

K (Kf) points, these six positions define the corners of the first Brilluion zone. As a 

finite piece of the two dimensional (2D) graphene sheet is rolled up to form a 1D 

tube, the periodic boundary conditions imposed by Ch can be used to enumerate the 

allowed 1D sub-bands, and the quantenized states resulting from radial confinements 

(27). If one of these allowed sub-bands passes through one or more of the K points, 

the nanotube will be metallic otherwise semiconducting. Thus zigzag (n, 0) or chiral 

(n, m) are metallic when (n-m)/3 is an integer and otherwise semiconducting. 

Therefore, independent of helicity, the energy gaps of semiconducting (n, 0) and (n, 

m) should depend inversely on diameter (27, 28). The semiconducting energy gap 

corresponds to the vertical separation between π and π* bands at the same K position 

of the 1D sub-band closest to K. Because the separation of 1D sub-bands is inversely 

proportional to diameter, larger semiconducting tubes will have an allowed state 

closer to K and have a correspondingly smaller energy gap. In addition, the finite 

curvature of the tubes also leads to mixing of π/σ bonding and π*/σ* antibonding 

orbitals on carbon (27, 29). 
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The chirality of the carbon nanotubes has significant implications on the material 

properties. In particular tube chirality is known to have a strong impact on the 

electronic properties of carbon nanotubes. Graphene is considered to be 

semiconducting, but it has been shown that nanotubes can be either metallic or 

semiconducting, depending on the tube chirality (30). MWCNT are essentially 

concentric SWCNT, where each individual tube can have different chirality. These 

concentric nanotubes are held together by secondary van der Waals forces (31). 

Signature features in the Density Of State (DOS) of a material appears at the band 

edges and are commonly referred to as Van Hove Singularities (VHS). In three 

dimensions VHS are kinks due to the increased degeneracy of the available phase 

space, while in two dimensions the VHS appear as stepwise discontinuities with 

increasing energy. Unique to one-dimensional systems the VHS are manifest as 

peaks. Hence, SWCNT are expected to exhibit spikes in the DOS due to the 1D 

nature of their band structure (27). One important fact is that the first set of VHS in 

the DOS for similar diameter tubes is three times larger for metallic tubes than for 

semiconducting tubes. 

In addition, in order to maximize Van Der Waals contact and lower their free energy, 

individual SWCNT align themselves with each other to form ropes. It was found that 

if the SWCNT comprising a rope are well aligned and packed closely together they 

often exhibit helicities similar to each other (27). Bernaerts et al have shown that 

SWCNT within ropes are found to comprise largely tubes of armchair chirality (32). 
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1.1.2 Synthesis 

In general, the most robust way of making carbon nanotubes is by electric arc-

discharge between two pure graphite electrodes in a helium atmosphere. During the 

arc-discharge, a deposit is grown on the cathode surface from plasma created by the 

evaporation of the anode. The deposit formed on the cathode has a soft core, which 

contains randomly oriented carbon nanotubes and polyhedral carbon particles (33). 

The carbon arc-discharge method as employed for fullerenes was first used to 

produce MWCNT (3). Carbon nanotubes grow in bundles along with the formation of 

well-ordered carbon particles and other disordered carbonaceous material. Typically, 

the smallest bundle consists of 10 to 100 aligned nanotubes of nearly the same length. 

Later, it was discovered that MWCNT could also be produced by decomposition of 

hydrocarbon both in the presence and absence of metal catalysts; this was termed as 

vapor grown carbon nanotubes. The vapor grown carbon nanotubes exist also in 

bundles and often show internal bamboo-shaped structures, suggesting the capping of 

the inner layers along the length and tubular diameter (34). Also, the vaporizing of 

carbon in vacuum with either an electron beam or resistive heating followed by 

deposition on a cold surface, and electrolysis of molten alkali halide salts using 

carbon electrodes under an argon atmosphere have recently been reported (35 - 38). 

MWCNT have also been produced by high-temperature-graphitizing of the 

polyacrylonitrile nanotubes prepared within the pores of alumina template membrane 

or zeolite nanochannels (39, 40). Uniform hollow MWCNT with open ends were 

generated by chemical vapor deposition of organic hydrocarbons compounds directly 

within the pores of an alumina template membrane incorporated with or without a Ni 

catalyst. (41).   
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In 1993 SWCNT were observed for the first time in soot generated by the carbon arc-

discharge using metals containing carbon electrodes (42, 43). To produce the 

SWCNT, a pure carbon cathode and a carbon anode containing a mixture of a 

transient metal and graphite powder in a hole are normally used. Co-vaporization of 

carbon and the metal catalyst in the arc generator results in the formation of web-like 

deposits of SWCNT in the fullerene containing soot. However, this produced a low 

yield of SWCNT and the samples lack structural uniformity. It was the efficient 

synthesis of ordered SWCNT bundles by pulsed laser vaporization of carbon target 

by Thess et al in 1996, that made the goal of testing the properties of SWCNT 

possible (44, 45). 

Carbon nanotubes can be conveniently prepared via a new chemical approach by 

pyrolizing the composite fibers consisting of a pyrrole skin layer and a poly(ethylene 

terephtalate) PET core fiber at 1000 °C under a nitrogen (N2) atmosphere (46) (Fig 

1.3). 

Pyrrole

Reaction coating
1000  C

Carbonization

PET fiber PPy/PET fiber Carbon nanotube  

Fig 1.3   Pyrolization of composite fibers consisting of a pyrrole skin layer and a PET 

core fiber at 1000 °C under nitrogen (N2) atmosphere. 

 

 



Ch. 1 

 9

The basic idea is to utilize a thermally removable polymer fiber such as PET, as the 

growing template for a thermally more stable material such as conjugated polymer 

like Polypyrrole (PPy) (47). The resulting fiber is then subjected to thermal treatment 

to remove the PET template by thermal degradation, while the PPy skin layer is 

simultaneously carbonized to form a carbon tube.  

The tube wall thickness can be controlled by controlling the thickness of the PPy skin 

layer. Furthermore, the tube diameter can also be varied by changing the diameter of 

the PET core fiber. Interestingly, this method enables the preparation of well 

organized two or three-dimensional structure assemblies of carbon nanotubes via the 

use of appropriate woven templates. These carbon nanotubes are shown to be mostly 

amorphous in structure while the arc-discharge carbon nanotubes show a highly 

ordered cylindrical layer-stacking structure. 

Carbon nanotubes synthesized by most of the common techniques, such as arc-

discharge and catalytic pyrolysis, often exist in a randomly entangled state. However, 

aligned carbon nanotubes have been prepared either by post-synthesis fabrication (48 

- 49), and by synthesis induced alignment such as template synthesis (50 - 51). 

Aligned carbon nanotubes have also been prepared either by slicing nanotubes-

dispersed polymer composite or by rubbing a nanotube-deposited plastic surface with 

a thin Teflon sheet or aluminum foil (52, 53). Other researchers have prepared 

aligned carbon nanotubes by pyrolysis (54 - 56).  In addition, Tans et al synthesized 

large arrays of aligned carbon nanotubes by radio frequency sputter coating (57). 
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1.1.3 Purification 

In order to remove the amorphous carbon and catalytic particles many researchers 

heat the SWCNT material in nitric acid. The acid treated SWCNT and ropes of 

SWCNT are covered by debris, which consists of decomposition products. Due to the 

presence of carboxylic acid groups, the debris can be washed away by a basic 

aqueous solution. The washed material is then suspended in water with the aid of a 

non-ionic surfactant. To prevent the blocking of pores, cross-flow filtration systems 

are employed. In order to remove the surfactant residues subsequent to filtration, the 

tubes are annealed under nitrogen at 350 °C for 24 hours; this is followed by a 

treatment for 24 hours at 1600 °C to remove the remaining metal particles. This is a 

very long procedure in which the carbon nanotubes might be damaged and the purity 

of the final product is not significantly higher than that when the filtration method is 

applied. Oxidative methods have the advantage that metal particles and amorphous 

carbon are almost completely removed. More over, they are cheap and capable of 

purifying large quantities of material. On the other hand, there are several indications 

that the SWCNT are at least partially attacked during the acid treatment. The material 

loss during oxidation is larger than the content of impurities, which means that some 

SWCNT are destroyed, and the damaged SWCNT in the purified samples have 

different properties than the undamaged SWCNT (58). 

Reproducible high yield purification process of SWCNT was developed by Moon et 

al (59); this process combines thermal annealing in air and acid treatment. Control of 

the temperature and annealing times is crucial for high yield results. It was also noted 

that the acid treatment enhanced the bundling of SWCNT as compared to samples 
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that were only annealed without further acid treatment (59), this was attributed to the 

fact that the entangled SWCNT bundles are released in acid and aggregated 

themselves by van der Waals interactions. A similar procedure was also applied by 

Tohji and co-workers (60).  

Colomer et al proposed a purification method for carbon nanotubes produced by 

catalytic decomposition (61). This method involves the separation of nanotubes and 

catalytic particles by fluorhydric acid treatment. Then two ways of amorphous carbon 

elimination were applied: firstly, oxidation in air at high temperatures, secondly, 

oxidation in liquid phase at a given temperature by potassium permanganate. Li et al 

also developed a procedure for the purification of SWCNT produced by catalytic 

decomposition (62). This procedure involves washing with benzene, then acid, 

followed by ultrasonication and filtration, then the sample is frozen in liquid nitrogen, 

this is then followed by a second ultrasonication and filtration, finally the sample is 

washed with de-ionized water. It is believed that the ultrasonication treatment is able 

to remove the catalyst particles and amorphous carbon from the SWCNT bundles. 

Bandow et al (63), reported a method mainly based on microfiltration under high 

pressure. A major advantage of this process is that it is driven by pure 

physicochemical interactions of the carbon products with the amphilic molecules and 

the filter membrane, leaving the nanotubes undamaged. The most serious drawback is 

the dependence of this procedure on the quality of the starting material. It is known 

that sonicating SWCNT for long periods of time at high frequencies can cause 

damage by breaking the nanotubes into smaller pieces. 

Dujardin et al presented a one step method for the purification of SWCNT that does 

not appear to be sensitive to the quality of the starting material (64), moreover it 
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eliminates at the same time the carbonaceous material and most of the catalytic metal 

content. The SWCNT were produced by laser oven ablation, the sample was boiled in 

nitric acid, then refluxed for 4 hours in nitric acid at 129 °C. Transmission Electron 

Microscopy (TEM) pictures revealed no severe damage to the walls of the SWCNT. 

The nitric acid did not only react preferentially with the particles but left most of the 

SWCNT in the bundles intact. It was suggested that after the removal of the particles 

the acid reacts with the outermost nanotubes in the bundles, in other words the outer 

tubes protect the inner tubes within the bundle. 

A purification method for the extraction of iron (Fe) metal catalyst and non-SWCNT 

from nanotubes produced by the HiPco process was proposed by Chiang et al (65). 

Metal catalyzed oxidation at low temperature has been shown to selectively remove 

non-SWCNT and permit extraction of iron with concentrated hydrochloric acid 

(HCl). Prolonged catalyzed oxidation has been found to preferentially remove smaller 

diameter tubes. In addition, Raman spectroscopy indicated that small diameter tubes 

are preferentially lost during the annealing process. Thermogravimetric analysis 

(TGA) data for purified HiPco SWCNT illustrates that the SWCNT are able to 

withstand oxidation temperatures as high as 500 °C. However, it was suggested that 

oxidation above 325 °C provides little additional air stability, most likely because 

little iron remains after the 325 °C. In addition, Chiang reported that the dispersibility 

of the HiPco SWCNT before high temperature annealing is observed to be just as 

good as the raw HiPco SWCNT, moreover it was found that the annealed samples 

were harder to disperse after high temperature annealing; presumably because larger 

better ordered rope structures are formed at high temperatures.  
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MWCNT that are obtained by the arc-discharge method are usually well garphtized 

and have a lower density of defects or strained sites than most of the other carbon 

species in the raw sample. Consequently, several methods have been made at 

selectively oxidizing the carbon impurities, since an attack should preferentially take 

place on strained site or defects (58). During gas oxidation the soot is exposed to air 

or pure oxygen at high temperatures (66, 67), whereas for liquid phase oxidation the 

material is attacked by strong oxidizing agents (68, 69). Small nanoparticles are 

completely decomposed during the oxidative treatment and the MWCNT are also 

attacked but due to their size, relatively large tubes survive a strong oxidation. The 

oxidation of the tubes takes place at the tips, but also along the tube body. As a result 

thinned MWCNT with open caps and chemical functions such as hydroxyl, carbonyl, 

or carboxylic groups on the outer shell are obtained (58). 

Size exclusion chromatography has been successfully employed to purify micellar 

suspended MWCNT (58, 70, 71). This method is applied to surfactant stabilized 

dispersions of raw material, besides the removal of carbon nanospheres, metal 

particles, and amorphous carbon, a length separation of the carbon nanotubes is 

achieved. 

Gas phase oxidation which yields purified MWCNT destroys SWCNT (72). Bonrad 

et al introduced a non-destructive separation method for SWCNT and MWCNT soot 

(73); the carbon nanotubes are dispersed with the aid of ultrasonication in an aqueous 

surfactant solution and become incorporated into micelles. This incorporation is 

reversible and does not alter the tubes chemically. Subsequent centrifugation removes 

a large fraction of microscopic particles and amorphous carbon; purity of the carbon 

nanotubes is very high (58, 74). 
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MWCNT are more suitable to be oxidized than SWCNT because the inner layers can 

remain unreacted and the essential electronic structure can be retained. Oxidative 

treatment of catalytically grown carbon nanotubes using aqueous acids, introduces 

oxygen containing functional groups on the surface. After such treatment the 

nanotubes form a well dispersed electrostatically stabilized colloid in water, the 

apparent viscosity which rises as a function of nanotube concentration increases 

dramatically above the critical entanglement concentration. During continued drying 

the solvent mediates the formation of dense assemblies of nanotubes which then bond 

together through the surface groups. If the nanotubes are deposited from a diluted 

suspension by filtration they are able to maximize the number of intertube contacts by 

packing into a locally paralyzed structure. At higher concentrations, gels form which 

can be reversibly redispersed. Once the gel is dried a solid is formed which can swell 

reversibly (75). 

 

1.1.4 Conductivity of carbon nanotubes 

Some SWCNT are metallic (due to the presence of delocalized electrons at the Fermi 

level) while others are semi-metallic. In SWCNT there are two types of nuclear spins 

with different spin-lattice relaxation rates. The rapidly relaxing component follows 

the relaxation behavior expected from metals (76). SWCNT exhibit a decrease in the 

lifetime in the electrons excited to the π* bands with an increase in energy relative to 

the fermi-level. This in turn leads to lifetime-induced broadening of Van Hove 

singularities in the nanotube density of state (77). In SWCNT, electrical conduction 

occurs through well separated, discrete electron states that are quantum-mechanically 
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coherent over long distances (78, 79). Pure MWCNT exhibit a lower work function, 

while acid-oxidized MWCNT show a higher work function due to the disruption of 

π-conjugation and the introduction of surface dipole moments (80). Doping is 

expected to alter the electrical properties of pristine carbon nanotubes. Doping 

changes the carriers in the ropes from holes to the electron, the majority carriers 

(electrons) density is similar to that (for holes) in the pristine carbon nanotubes (81). 

Four-point conductivity measurement on doped carbon nanotubes demonstrate that 

doping involves charge transfer and that SWCNT are inherently p-type materials 

because of defects or inadvertent doping by exposure to air (82). Transport properties 

of SWCNT can also be modified by employing redox reactions (83). Van Hove 

singularities, characteristic of one-dimensional systems, disappear due to the loss of 

long-range ordering on intercalation.   

Changes in the transport properties of the SWCNT have been predicted in terms of 

change in the carbon-carbon bonds. However, to produce these changes mechanical 

stress has to be applied within the atomic structure of the SWCNT, the electronic 

properties of the nanotube change locally at the deformation point. This is consistent 

with the theoretical calculations, which indicates that mechanical distortion of the 

nanotube do not significantly affect the conductance, unless the stress applied is great 

enough to produce local deformation of the carbon bonds in the nanotubes (84). In 

addition, investigations of the electrical transport properties of metallic SWCNT 

containing defects, showed that the defects lead to an increase in resistance, inducing 

strong barriers for electron transport (85). 
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The conductivity of an individual rope is reported to be approximately 10000 S/cm 

(86). A model of a manifold of one-dimension interacting electron system to account 

for the superconductivity observed in ropes of carbon nanotubes have been proposed 

by Gonzale (87). He relied on the strong suppression of single-particle hopping 

between neighboring nanotubes in a disordered rope and concluded that the tunneling 

takes place in pairs of electrons, which are formed within each nanotube due to the 

existence of large superconducting correlations. 

It is difficult to determine the magnitude of conductivity in SWCNT mats. However, 

a metallic sample can have conductivity an order of magnitude less than a non-

metallic sample. One reason for this is likely to be the existence of samples with 

metallic conductivity only in a small fraction of their cross-sectional area, and so low 

overall conductivity. Consequently the conductivity is the result of a metallic on-tube 

conduction in series with an activated, hopping-like conduction of the contact regions 

(88, 89). This indicates that the effective conductivity of the mats is more than an 

order of magnitude less than the conductivity a rope. In addition, if conduction 

requires either scattering or tunneling then the resistance can be very large (90). This 

conduction mechanism is described by the heterogeneous model, involving regions of 

antistrophic metallic conduction coupled with electron hopping or tunneling through 

small electrical barriers corresponding to defects of various types (91). This model 

seems appropriate for understanding conduction in the individual ropes separated by 

tangled regions such as polymer or surfactant materials, and also for mats of tangled 

bundles of ropes in which inter-rope contact are likely to act as barriers (92). 

MWCNT are composed of several cylinders of different helicities, complicating any 

simple interpretation of transport based on theoretical predictions (93). When relating 
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the static conductivity of SWCNT to the static in plane conductivity of a graphite 

sheet it is concluded that isolated SWCNT are excellent conductors. In contrast, in 

MWCNT the electronic properties of bulk graphite are strongly affected by the outer 

sheet electron hopping, thus MWCNT may posses conductivities substantially below 

that of the sum of the constituent tubes. It was reported that the resistance of an 

individual MWCNT is 85 KΩ (94). For large radius MWCNT, the situation is 

probably most analogous to turbo-static graphite in which the parallel sheets are 

orientationally disordered (95), where a decrease in diameter results in an increase in 

conductivity (96). This means that the MWCNT that have a larger number of 

concentric cylinders will exhibit lower conductivities. Conduction in MWCNT is 

restricted to the outermost shell. However, we also have to consider the effect of 

inter-tube coupling as it promotes charge transfer between shells in the MWCNT (97, 

98).  

The conductivity of MWCNT mats is a complicated issue as the conductivity 

measure is a result of the contributing voltage passing through the aligned MWCNT 

only (99). MWCNT are mostly metallic and the main contribution to the conductivity 

comes from carriers (electrons) that hop directly between localized states via 

variable-range hopping (96, 100, 101). Four probe measurements on individual 

MWCNT showed a range of electronic behavior (metallic, and semi-metallic) (93). 

The electrical conductivity of individual MWCNT was estimated to be 1000-2000 

S/cm, and it was found that an enormously large current density of 106 A/cm2 could 

be passed through an individual MWCNT (102). However, it was also found that the 

conductivity varies depending on the helicity of the rings in the MWCNT, this 
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indicates that the MWCNT are not a single character of metallic or semi-conducting 

but include both types. This means that the current flow through a MWCNT will 

depend on the type of concentric “shells”, whether they are metallic, semi-metallic, or 

both (103). In addition, the transport might be ballistic, where suppression of 

backscattering in the metallic nanotubes is possible, transport can be ballistic over 

several microns in length.  

The pentagonal defects on the tips of the MWCNT can induce metallic character by 

introducing sharp resonance in the local density of state at the Fermi level (93). A 

weak magneto-resistance in the tubes indicates a very short free path for the 

conduction of electrons, most likely due to scattering by defects. On the other hand, 

the conductivity of aligned MWCNT in a film is due to the tunneling electron jump 

from one conducting tube to another (104), and the defects in the aligned MWCNT 

result in a decrease in the conductivity (105). 

 

1.1.5 Mechanical properties of carbon nanotubes 

While one might expect the axial elastic modules of carbon nanotubes to approach 

that of the basal plane of graphite crystals ~ 1 TPa., some theoretical predictions have 

suggested that nanotubes stiffness may be even higher (106 - 108). However, results 

obtained from theoretical estimations or molecular dynamic simulation present 

discrepancies, due to different definitions of Young’s modulus in these systems (109, 

110). From the point of view of the elasticity theory, the definition of the Young’s 

modulus involves the specification of the value of the thickness h of the tube wall. It 

is not clear how to define this width for SWCNT, where the wall is composed only of 

one shell of atoms. Consistent with the concepts established for graphite sheets, 
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almost all studies have defined the spacing between adjacent tubes h = 3.4 Å as the 

representative thickness of the SWCNT, with a corresponding Young’s modulus 

value of 1.1 TPa for individual SWCNT (111 - 115). However, to retain the classic 

relation D = Eh3/12 the thickness of SWCNT should be h = 0.06 Å, which is about 

five times smaller than 3.4 Å. In doing so the corresponding Young’s modulus is 5.5 

TPa (116 - 118). In addition, some studies were independent of the shell thickness 

where the results imply that the SWCNT have a Young’s modulus of 100-500 GPa 

(119, 120). Lourie and Wagner suggested that SWCNT have a Young’s modulus of 3 

TPa (121). Some theoretical estimates report values of the order of 5 TPa based on 

empirical Keating force-constant model. Applying Cox’s theory where the nanotubes 

is treated as the discontinuous fiber phase suspended in a polymeric matrix, the 

Young’s modulus of the SWCNT has been taken as the modulus of “material” within 

the thickness of the graphene sheet making up the cylindrical wall of the tube, 

corresponding to a Young’s modulus of 320 to 1470 GPa for an individual SWCNT 

(122, 123). 

Tracy et al (124) first investigated the elastic modulus of isolated MWCNT by 

measuring, in transmission electron microscopy, the amplitude of their intrinsic 

thermal vibrations, the average value obtained over 11 samples was 1.8 TPa. Wong 

and co-workers were the first to perform direct measurements of the stiffness and 

strength of individually isolated MWCNT using atomic-force microscopy. A value of 

1.26 TPa was obtained for the elastic modulus, and the average strength measured 

was 14.2 GPa (125). For SWCNT ropes the Young’s modulus is about one half that 

of diamond (115). There are many potential reasons why a rope might fail at a lower 

strain than an individual SWCNT. A rope might consist of overlapping nanotubes 
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that do not span the full width of the rope, in which case the forces between the 

adjacent tubes may be limiting, the rope might fail by slipping off or breaking its 

point of attachment. The nanotubes in ropes may contain pre-existing defects, if the 

rope had a smaller diameter over some portion of its length, that portion would 

undergo higher strain than the average strain calculated (126). The mechanical 

properties of SWCNT ropes were measured by Salvetat and co-workers (127), and it 

was found that as the diameter of the tube bundles increases, the axial and shear 

moduli decrease significantly. This suggests slipping of the nanotubes within the 

bundle. Walter et al further investigated the elastic strain of SWCNT with Atomic 

Force Microscopy (AFM) (128). On the basis of their experimental strain 

measurements and an assumed elastic modulus of 1.25 TPa, they calculated yield 

strength of 45 GPa for the single-walled nanotube ropes. However, the calculated 

value for the strength would be much lower if the elastic modulus of the nanotubes 

bundle is decreased as suggested by Salvetat (127). Yu and co-workers investigated 

the tensile loading of SWCNT and MWCNT ropes using AFM (129, 130). In their 

work, the nanotubes were attached between two opposing AFM tips and loaded under 

tension. For MWCNT the failure of the outermost tubes occurred followed by pullout 

of the inner tubes. The calculated tensile strength of the outermost layer ranged from 

11 to 63 GPa and the elastic modulus ranged from 270 to 950 GPa. For SWCNT it 

was assumed that only the outermost tubes assembled in the rope carried the load 

during the experiment and they calculated tensile strength of 13 to 52 GPa, and 

average elastic moduli of 320 to 1470 GPa.  

 

 



Ch. 1 

 21

The theoretical Young’s modulus has been calculated for several SWCNT aligned in 

the direction of the tubular axis. The results show that fibers composed entirely of 

aligned SWCNT have a high modulus which increases as the tubular radius decreases 

and as the distance between the closed-packed tubules in the fiber get shorter (131). 

The results indicate that SWCNT ropes, in fact have a very high strength similar to 

that of SWCNT fibers, even though the bonding between the ropes is low. The 

SWCNT ropes may slide with respect to each other in the SWCNT bundles during 

stress transfer since the inter-rope bonding is always weak in the SWCNT bundle. 

The Young’s modulus of bundles composed of aligned SWCNT ropes is 790 GPa 

(132). 

In SWCNT/polymer composites, the ropes play a very small role in strength 

enhancement (133). In these systems, there are two distinct deformation modes. 

Sideways buckling of thick tubes and collapse/fracture of thin tubes without any 

buckling (134). 

A fascinating issue is whether there is interdependence between mechanical 

properties and the diameter and chirality of the SWCNT. Some studies conclude that 

the Young’s modulus is independent of helicity and radius (121). On the other hand, 

different studies argues that for a given chirality, the stiffness of SWCNT is predicted 

to decrease with decreasing diameter, and for a given diameter, the stiffness should 

increase with increasing chiral angle. For nanotubes that are packed into ropes or that 

have larger diameters, these dependencies are expected to be more complex, and a 

sharp decrease in stiffness is predicted for SWCNT with diameters above 1.5 nm 

(111, 112, 114, 135, 136, 137). 
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Jishi and co-workers concluded that the elastic properties of nanotubes are insensitive 

to size and chirality (138). They predicted Young’s modulus of ~ 1 TPa, shear 

modulus ~ 0.45 TPa, and bulk modulus ~ 0.74 TPa that are comparable to those of 

diamond. Hernandez and co-workers performed similar measurements to those of 

Jishi and found slightly higher values for Young’s modules (139). But unlike Lu, they 

found that elastic moduli are sensitive to both tube diameter and chirality. Ru 

presented a modified elastic-honeycomb model to study elastic buckling of SWCNT 

ropes under high pressure (140). Ru gave a simple formula for the critical pressure as 

a function of nanotubes, Young’s modulus and wall thickness-to-radius ratio. It was 

concluded that SWCNT ropes are susceptible to elastic buckling under high pressure 

and elastic buckling is responsible for the pressure induced abnormalities of vibration 

modes and electrical resistivity of SWCNT. Lu et al also calculated the elastic 

properties of MWCNT by means of the empirical-lattice dynamics model (141). It 

was found that the elastic properties of MWCNT are insensitive to different 

combinations of parameters, such as chirality, tube radius and number of layers, and 

that the elastic properties are the same for all nanotubes with a radius larger than 1 

nm. Interlayer van der Waals interactions have a negligible contribution to both the 

tensile and shear stiffness. Ru, using the elastic-shell model, reached the same 

conclusion (142).  
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1.2- CONDUCTING POLYMERS 

Despite numerous attempts, it was not until recently that the production of 

macromolecular materials with conductivities similar to those of metal was possible. 

Chemists have long attempted to synthesis macromolecules with an extended π-

electron system as an integral part of the chain. It was hoped that delocalization of the 

electrons, assumed to take place in such systems, would necessarily lead to high 

concentration of charge carriers in the transport of current. However, the first 

molecules of this type prepared displayed low conductivity (143). It is known today 

that polymers with polyconjugated structures are usually insulators in the ground 

state. Electrons cannot move along polymer chains and through materials because of 

the lack of charge carriers (144). In order for polymers to be conductive they must 

possess not only charge carriers but also an orbital system that allows the charge 

carriers to move. Conjugated polymers can meet the second requirement through 

overlapping π-orbitals which provide reasonable carrier mobility along the polymer 

backbone. Since most organic polymers do not have intrinsic charge carriers, 

however, the charge carriers must be provided by an external process called doping 

(145, 146), namely by partial oxidation (p-doping) of the polymer chain with electron 

acceptors or by partial reduction (n-doping) with electron donors. Through such a 

doping process, charge defects (e.g polaron, bipolaron, and solution) are introduced 

(145, 147), which may then be available as charge carriers along the polymer 

backbone. The doping level is the most obvious factor that influences the 

conductivity of conducting polymers.  
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New insights into conducting polymers were introduced by Heeger and MacDiarmid 

in 1974 (148). In their work they demonstrated for the first time that Polyacetylene 

(PA), which is a semiconductor with a relatively large band gap, exhibited a dramatic 

increase in specific conductivity when treated with strong oxidizing or reducing 

agents. The behavior of the resulting polymer was comparable to that of classical 

semiconductors e.g. silicon, which upon doping can be transformed into a conducting 

state. Reactions of the polymer with for example halides, pseudohalides, alkali metal, 

or alkali metal derivatives was therefore, termed “doping” which is described in 

detail below. The most prominent example of such an organic metal is the charge-

transfer complex produced from tetrathiofulvalene (TTF) and 

tetracyanoquinodimethane (TCNQ) (143, 149). 

Following the work of Heeger and MacDiarmid, other polymers, that become 

conducting upon doping, were quickly found. Poly(thio-1,4-phenylene) (PTP) was 

the first example of a polymer that can be doped, its moldable and soluble (143). Pure 

PTP is an excellent insulator, but in the course of doping its conductivity 

characteristics change from that of a semiconductor to that of a semimetal. It is 

generally accepted that the increase in conductivity originates from a chemical 

reaction between the polymer and dopant which involves charge transfer from the 

dopant to the polymer. This results in an ionic polymer, in which the charge is 

delocalized along the polymer backbone. In addition, counterions which were derived 

from the dopant are also present in the polymer matrix. Redox reactions result in an 

increase in conductivity, in these reactions segments of polymer chain of lengths n 

are oxidized and structures are formed having the characteristics of a delocalized 
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radical cation. Undoubtedly, the most elegant method of doping involves 

electrochemical oxidation in the presence of a suitable supporting electrolyte (150). 

The preparation of Polypyrrole was first reported by Dall et al in 1968 (151), and this 

material was later investigated by Diaz and co-workers in 1979 (152). In 1982 Bull et 

al published the results of both the cyclic voltammetry (CV) and impedance 

measurements of PPy, which demonstrated that PPy films are porous to solvent and 

electrolyte, and that electron transfer reactions can occur at the PPy film surface itself 

(153). In 1982 Burgmayer and co-workers reported that ion movement through 

neutral polymers containing fixed polymer sites was dependent on the nature and 

number of such charged sites (154). Changing these factors was stated to change the 

PPy film ionic resistance. It was also shown that ionic resistance is electrochemically 

controlled via the oxidation of the redox sites within the polymer. They termed this 

phenomenon the “ion-gate”, since the resistance is varied from high to low and vice 

versa.  

In 1984 a more detailed study of the “ion-gate” phenomena using PPy was conducted 

by Burgmayer et al (148). This study included measurements of alternating current 

(AC) impedance curves of PPy films in the oxidized and reduced states, analytical 

permeation studies of chloride ion from potassium chloride (KCl) electrolyte, a study 

of the ion exchange properties of oxidized PPy, and the effect of 

electropolymerization parameters on ionic permeability. They concluded that the 

“ion-gate” phenomena reflected differences in the mobility of ions in oxidized and 

reduced PPy films. They also provided strong evidence that this was due only to 

changes in fixed ionic site concentrations within the film caused by the oxidation and 

reduction of PPy. The possibility that “ion-gate” activity was explained in terms of 
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the well-known electronic conductivity of PPy was ruled out. A simple experiment 

was conducted to further demonstrate that oxidized PPy films are permiselective. 

When used as the cell divider membrane in a concentration cell separating unequal 

concentrations of the same electrolyte, a potential across the PPy film was sensed 

between a pair of saturated calomel electrodes (SCE). This indicated that oxidized 

PPy, independent of its electronic properties, acted as a typical ion exchange 

membrane.  

Naio and co-workers conducted a study into the insertion/expulsion of ions by redox 

cycling of PPy (155). They concluded that the movement of ions during redox 

cycling of PPy films was dependent on the size of the anions. The PPy films prepared 

with small anions showed anion doping during oxidation, which meant that only 

anions provided charge compensation for oxidized sites in the polymer. The mass 

change due to the redox process was relatively small compared to that associated with 

electropolymerization, and the charge decrease corresponded to the mass decrease, 

which indicated that the film released anions during the reduction process. The films 

formed with large polymeric anions showed in contrast cation release and solvent 

motion during the oxidation process. The mass increased during the reduction 

process, which suggests that the film incorporated cations instead of releasing anions. 

Films prepared with medium-sized anions showed a somewhat intermediate behavior 

where both cation and anion movement were observed during the oxidation and 

reduction processes. 

The most common conducting polymers are polypyrrole (PPy), polyaniline (PAn), 

and polythiophene (PTh) (Fig 1.4). Conducting polymers are synthesized using either 

chemical or electrochemical polymerization (Fig 1.5). 
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Fig 1.4   Chemical structure of PPy, PAn, and PTh. 
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Fig 1.5   Polymerization of PPy, PAn, and PTh. 

 

Electrochemical polymerization is carried out in a two or three electrode cell. A 

three-electrode cell is more commonly used and it consists of a reference electrode an 

auxiliary electrode, and a working electrode on which the polymer is deposited. The 
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electrolyte in this cell consists of the monomer and a dopant. Conducting polymers 

can be produced electrochemically using constant current (gelvanostatically), 

constant potential (potentiostatically), or cyclic potential (potentiodynamically). The 

application of any of the three different methods depends largely on the monomer and 

dopant used where different polymers are produced with a much higher yield and 

better properties when different growth condition are applied.  

The electrochemical polymerization of PPy proceeds via radical-radical coupling 

mechanism, in which the repulsion between radicals was assumed to be mediated by 

the solvent, the counterions and even the monomer (156).  

The electrochemical polymerization of aniline to form conducting polymers requires 

strongly acidic solution conditions for two reasons (157): 

1- The aniline monomer is only soluble in water under acidic conditions. 

2- The conducting form of PAn only occurs in acidic solutions, as the polymer is 

doped by protonation as well as oxidation. The electrochemical and chemical 

doping occur concurrently, and the resulting structure is that of a polaron 

lattice, which is delocalized over the polymer.  

PTh can be synthesized either chemically or electrochemically. As with PPy the 

mechanism of polymerization involves the formation of radical cations that react with 

each other or the starting monomer to develop the polymeric structure. However, the 

potential required to oxidize the thiophene monomer also leads to overoxidation of 

the polymer itself (158). This is known as the “polythiophene paradox”. To achieve 

high conductivities, the polythiophene paradox must be overcome. Synthesis at 

reduced temperatures helps avoid overoxidation and can be used to increase the 

conductivity. The polymerization and conductivity of the resultant material are 
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influenced by the concentration of the monomer used during polymerization, since if 

this is too low the overoxidation reaction predominates (159, 160).  

As substitution may change the chemical and physical properties of the polymers, 

soluble forms of various conjugated polymers including polyacetylene, 

polythiophene, polypyrrole, and polyaniline, have been prepared by grafting suitable 

side groups and/or side chains along their conjugated backbones (161, 162). Another 

approach towards circumventing the intractability of conjugated polymers is to 

synthesis copolymers of conjugated polymer segments with various soluble 

components. This can be achieved by random and alternating copolymerization      

(163 - 171). Block and graft copolymers differ from random and alternating 

copolymers in that relatively long conjugated polymer blocks are attached to a 

soluble polymer chain or vice versa. Therefore, the integrity of conjugated structures 

can largely be preserved in block or graft copolymers suggesting better electrical 

properties (172, 173). 

Conducting polymers such as polypyrrole, polyaniline, and polythiophene are 

complex dynamic structures, making it possible to create conducting polymers with a 

diverse range of properties. For example, the chemical properties of these materials 

can be manipulated to produce materials capable of trapping simple anions (174), or 

to render them bioactive (175). Electrical properties can also be manipulated to 

produce materials with different conductivities and redox properties; the conductivity 

for polypyrrole, polyaniline, and polythiophene is 1 X 102-7.5 X 103, 30-400, and 10-

103 S/cm respectively (176). After synthesis, the properties of these fascinating 

structures can be manipulated further via the redox process. The application of 
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electrical stimuli can result in drastic changes in the chemical, electrical, and 

mechanical properties of conducting polymers (177).  

Conducting polymers have also had a tremendous impact on the development of new 

sensors. For example, sensing surfaces have been designed which are capable of 

interacting with simple anions (178), metal ions (179, 180), small organic molecules 

(181), or proteins (182). 

Cyclic voltammetry is recognized as a standard method for the study of 

electrochemical behavior. It is a versatile electroanalytical technique for the study of 

electroactive species. The effectiveness of the cyclic voltammetry is due to the ability 

to rapidly observe the redox behavior of a species over a wide range of potentials. 

Cyclic voltammogrames (CVs) can be used to study the electrochemical behavior of 

species diffusing to an electrode surface, interfacial phenomena at an electrode 

surface, and bulk properties of materials in or on the electrode. 

Cyclic voltammetry is recorded by cycling the potential of an electrode, which is 

immersed in solution and measuring the resulting current. The potential of the 

working electrode is controlled verses the reference electrode. The controlling 

potential that is applied across those two electrodes can be considered an excitation 

signal. An excitation signal for a CV is a linear potential scan with a triangular 

waveform. This triangular excitation signal sweeps the potential of the electrode 

between two values. A cyclic voltammetry is obtained by measuring the current at the 

working electrode during the potential scan. The current is considered the response 

signal, and the CV is displayed as the current verses the potential. The observed 

current behavior of a voltammogram is an increase to a peak current at which point 

the current decays due to depletion of electroactive species near the electrode. The 
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important measures of a CV is the anodic peak and anodic potential, and the cathodic 

peak and cathodic potential.  In a truly reversible system, the number of electrons 

exchanged with the working electrode can be determined from the separation 

between these two potentials. In addition, it should be noted that the faradaic 

oxidation process is essentially represented by the anodic peak-shaped wave, while 

the adjoining broad anodic wave represents the double layer capacity of the system 

(183).  

In an ideal case, reversible cyclic voltammetry of redox active films should show 

completely symmetrical cathodic and anodic waves with identical peak potential and 

current levels.  This is valid for a monomolecular layer. However, in the case of films 

with greater thickness, account must be taken of the fact that charge transport is 

dependent on both electron exchange reactions between neighboring reduced and 

oxidized sites and the flux of counter ions in keeping with the principle of neutrality 

(183). The laws of diffusion can describe the mechanisms of these processes. All 

variants of the diffusive mass transport are possible depending on film thickness, 

values of the formal diffusion coefficient, and the experimental time scales. This 

implies that as the sweep rate increases there must be a shift from symmetrical to 

asymmetrical CVs. When the CV is asymmetrical this indicates electrochemical 

irreversibility, where the separation in potential between the anodic and cathodic 

peaks becomes larger and the peaks broader. Electrochemical irreversibility is caused 

by slow electron exchange of the redox species with the working electrode.  
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1.3- CARBON NANOTUBES AND CONDUCTING POLYMER 

COMPOSITES 

A nanocomposite is defined as a material consisting of more than one solid phase, 

metal ceramic or polymer, compositionally or structurally, where at least one 

dimension falls in the nanometer range. There have been great efforts to fabricate 

nanocomposites (184, 185); to obtain unique physical properties since the properties 

become increasingly size dependent at low dimensions. The nanophase thus acts as a 

functional component in the composite to deliver new size sensitive properties (33). 

The combination of carbon nanotubes with polymers offers an attractive route not 

only to reinforce polymer films but also to introduce new electronic properties based 

on morphological modifications or electronic interactions between the two 

components. 

Two distinct possibilities exist for creating carbon nanotubes based composites. First, 

the composite structures are made in the arc-discharge process itself by using a 

composite anode, metallic species are thereby introduced into the product, nanotubes 

encapsulating mostly metal carbides and sometimes pure metals can be made. 

Nanotubes with boron and nitrogen substituted in the hexagonal network have also 

been synthesized by this technique (176). Secondly, pure nanotubes are collected and 

then treated with other materials under different conditions to make composites (33). 

Filled nanotubes: the idea here is to utilize the central hollow channels in the 

nanotubes and fill them with a second phase material to obtain encapsulated tubes. 

One way to do this is again by introducing metallic species into the plasma zone 

where growth occurs, during the arc-discharge process. Another way to fill the 
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carbon nanotubes channels is by using the capillarity technique. Strong capillarity 

forces exist in nanotubes so that simultaneous opening and filling of molten material 

is possible by oxidation and melting of a second phase near the tube’s open ends 

(176). Based on the fact that the carbon nanotubes can be opened in solution, a 

general technique using capillarity has been developed recently by Sang et al (186), 

opening and filling of the tubes is done in solution under an oxidative environment. 

Deposits inside nanotubes are then obtained by calcining the tubes that have been wet 

by the solution with dissolved metal containing salts (33). The resulting structures are 

nearly one dimensional, retaining the dimensionality of nanotubes which are of 

nanometer sizes in two dimensions and micrometers in the length direction (33).  

Capillarity of carbon nanotubes is directly related to the surface energies of 

interactions between the liquid and the solid surface of the nanotube and therefore, it 

is a problem of wetting (187). This is clear when considering the Young-Laplace 

equation which relates the pressure difference across the liquid-vapor interface to the 

surface tension of the liquid and the contact angle between the solid and the liquid θ. 

If θ is larger than 90°, the contact is said to be non-wetting, which means that 

pressure will always have to be applied to force a liquid into a capillary. If θ is 

smaller than 90°, the liquid will spontaneously be pulled into a capillary. Raw carbon 

nanotubes samples are composed of nanotubes in bundles and nanoparticles. When 

compacted, the space between these particles can act as capillaries also (188). A 

liquid will be drawn into the material only if it has a wetting contact angle with the 

surface. Therefore, if the liquid is pulled into capillaries between the nanotubes along 

the outside surfaces, it should also be drawn into the inside of the nanotubes. In other 
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words, the low surface tension liquids which wet the outside surface should fill open 

nanotubes by capillary (187). Lead oxide, Bismuth oxides, and Vanadium oxides 

have unusually low surface tension which allows them to be pulled into the inside of 

the nanotubes (188 – 190). Liquid metals have a relatively high surface tension, one 

approach to filling the nanotubes with metal is to force the liquid metal inside by the 

application of a positive pressure (θ is larger than 90°), the sample should then be 

cooled to solidify the metal before dropping the pressure.  

Coated nanotubes: capillarity can also be used to coat the nanotubes uniformly with 

structures that form layered compounds such as Vanadium oxides, by annealing the 

carbon nanotubes and the oxide above the melting point of the oxide (33). 

Successful fabrication of carbon nanotubes polymer composites depends crucially on 

maintaining a stable colloidal mixture of nanotubes and polymer. Composite film of 

nanotubes and Poly(vinyl alcohol) (PVA) were prepared by Shaffer et al (191).  By 

dispersing the carbon nanotubes in PVA solution, followed by casting and then water 

evaporation. To form a stable mixture, each nanotube must be covered with an 

adsorbed layer of polymer before it is able to interact with a significant number of 

other nanotubes. In colloidal terms, the adsorbed polymer then stabilizes the 

nanotubes dispersion, and protects it against bridging flocculation and depletion 

aggregation caused by the free polymer (192). However, the layer of polymer will 

hinder the contact between the carbon nanotubes resulting in lower conductivity.  
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1.4- APPLICATIONS  

Carbon nanotubes due to their high mechanical strength and outstanding electrical 

properties, have attracted considerable interest for applications such as field emitters 

(193), mechanically reinforced composite material (194), scanning probe microscopy 

tips (195), as well as molecular scale electronic devices such as field-effect transistors 

(196), or sensors (197). For most of these potential applications, defects in the carbon 

nanotubes play a critical role in performance, reliability, and stability. Moreover, 

defects are considered as reactive sites during chemical tube modifications. The 

defects in carbon nanotubes can be classified into several categories including 

topological defects, incomplete bonding defects, and chemical defects consisting of 

atoms/groups covalently attached to the carbon lattice of the tube (198). The use of 

carbon nanotubes with or without polymer for biosensors or artificial application 

would require the chemical modification of the surface characteristics to meet certain 

specific requirements. Therefore, research on carbon nanotubes have recently been 

extended to include chemical modification such as treatment with certain acids 

(functionalization), side-wall fluorination, derivatization with highly reactive 

chemicals such as dichlorobenzene, and radio-frequency glow discharge plasma 

treatment.  

Because of their geometry nanotubes are sensitive to defects and impurities. This 

sensitivity gives rise to unusual properties. For example in three dimensions, we are 

accustomed to the fact that if one metal carrying current is put in contact with a 

second metal then the electrical current will flow across the junction from the first 

metal to the second. For two metallic carbon nanotubes, depending on the helicity, 
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the junction can stop the current because of the mismatch of wave function symmetry 

(50). Theoretical studies suggest that breaking the symmetry by bending the tubes 

will allow the current to flow. Another example which may lead to useful devices is 

the junction between a semiconducting and a metallic carbon nanotube, where the 

tubes are joined by a defect. The defect involves the rotation of bonds between two 

hexagons to form a five-fold ring and an adjacent seven-fold ring. 

Lefebvre et al presented three different types of SWCNT based devices: the SWCNT 

diode, the tube-tube junction and an ultra short SWCNT contacted with electrodes 

whose separation is less than 30 nm (199). The SWCNT diode behavior is due to the 

presence of a local impurity. It was also shown that a nanotube bundle and a metal 

electrode lying on top of a SWCNT induce the formation of an isolated quantum dot 

bound by the barriers. They have also indicated that in the case of the SWCNT 

junction, the barrier can be tuned away, thus transforming a nanotube that consists of 

two quantum dots into a single quantum wire. These features can be used to create 

various devices using SWCNT.  
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CHAPTER TWO 

PREPARATION AND CHARACTERIZATION OF 

DISPERSIONS AND MATS OF LASER PRODUCED RICE 

CARBON NANOTUBES/DISPERSANT COMPOSITES 

 

2.1- INTRODUCTION 

Production of stable Single-Walled Carbon-Nanotubes (SWCNT)/dispersant 

composites depends on the ability of the dispersant to wet the nanotubes, and to 

induce chemical properties that will stabilize the nanotubes in solution. This 

interaction is polymer or surfactant specific depending on the chemical nature of 

these compounds (200). 

SWCNT/polymer composites have been prepared by a number of groups. Stephane et 

al and Koshio et al prepared SWCNT/Poly(methyl methacrylatye) (PMMA), which is 

a non-conjugated polymer (201, 202). SWCNT/Poly(m-phenylenevinylene-co-2,5-

dioctyloxy-p-phenylenevinylene) (PmPV) which is a conjugated semi-conducting 

polymer was prepared by a number of research groups (200, 203, 204, 205). It was 

found that ropes of SWCNT are coated with a layer of this polymer about thirty times 

the diameter of the SWCNT ~ 1.2 – 1.4 nm, the thickness of the PmPV layer was 30-

50 nm (200, 205). The diameter of the SWCNT/PmPV ropes is in the range of 60-120 

nm, suggesting that these ropes consist of 20-80 SWCNT (200). It was also found 

that electron delocalization along the polymer chain in the composite is much less 

than in the pure PmPV as would be the case if the backbone conformation was 
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modified due to interaction with SWCNT. When a polymer capable of π-π stacking 

such as PmPV is wrapped around an individual tube the polymer rigidly adheres to 

the tube, while the presence of SWCNT reduces the polymer-polymer interactions 

(203). 

In other studies, Poly(vinyl alcohol) (PVA) which is a non-conducting polymer and 

SWCNT composite mats, with a wide range of SWCNT loading were prepared (206, 

207). It was found that the SWCNT in the SWCNT/PVA mat are completely isolated 

from each other by the presence of PVA, where the polymer covers the whole length 

of the rope (206).  

SWCNT are usually randomly oriented into ropes with a diameter of only 5-20 nm. 

Through the use of ultrasonication and surfactants, the ropes self organize into 

bundles comprising around 100 ropes. Samples prepared as a “mat” typically consist 

of randomly oriented interconnecting ropes (208). In some cases,  “superbundles” are 

formed where the SWCNT collapse into this configuration. The superbundle 

configuration arises from the minimized interactions between the SWCNT surfaces 

and the polymer or surfactant such that the van der Waals interactions along the axial 

length of the SWCNT are maximized leading to the formation of superbundles (209).  

On the other hand, the introduction of the polymer increases the distance between the 

nanotubes and therefore, the interactions between the nanotubes decrease (201). In 

addition, adhesion of the polymer or the surfactant around SWCNT prevents them 

from reforming thick bundles (202).  

When using low concentration of SWCNT the mats obtained are more uniform and 

homogenous than when using a higher concentration of SWCNT.  In mats where low 

Deleted: with 
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concentration of SWCNT is used, the ropes and bundles of SWCNT have a similar 

number of tubes, and the thickness is consistent throughout the mat (203). When the 

concentration of SWCNT is less than 2.5%, the nanotubes are uniformly dispersed in 

the polymer or surfactant matrix.  

 

In this chapter laser produced Rice Carbon nanotube (RCNT) dispersions and mats 

are prepared. Three different batches (I, II, III) of the RCNT were used to prepare 

three separate sets of dispersions and mats for comparison. In addition, using 

dispersions containing four times the concentration of the RCNT, thick mats were 

prepared in order to determine the effect of thickness on the properties of the 

different mats. A wide range of dispersants were tested and the dispersants chosen 

had the ability to disperse the RCNT, and a chemical function such as being cationic, 

anionic, neutral or a functional dispersant which are discussed separately. The 

characterization of the dispersions was carried out using a variety of techniques such 

as, cyclic voltammetry, particle-size, and Ultraviolet and Visible Absorption 

spectroscopy (UV-Vis). These dispersions were then filtered to produce 

RCNT/dispersant mats. The characterization of these mats was carried out using 

techniques such as, cyclic voltammetry, capacitance, and Atomic Force Microscopy 

(AFM). Conductivity, and Young’s modulus for the different RCNT mats were also 

measured.   
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2.2- EXPERIMENTAL  

Three different batches (I, II, and III) of RCNT were used to prepare RCNT 

dispersions and mats. Two sets were prepared using batch I and II, and also two sets 

were prepared using batch-III (IIIA and IIIB), in order to determine if these batches 

had similar or different properties. In addition, to examine the effect of mat thickness 

on the different properties of the mats, RCNT mats four times the thickness of the 

standard mats were prepared using batch-III.  

 

2.2.1  Preparation of RCNT dispersions and mats                                      

RCNTs were obtained from Tubes @ Rice (Rice University, Houston TX) as a 

suspension in toluene, with a tube diameter of 1.2-1.38 nm. 1 g of RCNT dispersion 

(5.9 mg/mL), and 0.1 g TritonX 100  (TX100) (<3% w/v polyethylene glycol, 

Aldrich) were added to 100 mL Milli-Q-Water, and sonicated for 30 min. This 

produced the standard RCNT/TX100 dispersion. As shown in Scheme –2.1, a 50 ml 

aliquot of the standard RCNT/TX100 dispersion was filtered using a stirred filtration 

cell (model 8050 purchased from Amicon/Millipore) under nitrogen pressure of 400 

KPa. Polyvinylidene fluoride (PVDF) membranes with pore size of 0.22 µm were 

used as filters. The PVDF membranes were pre-soaked for 30 minutes in 50:50 v/v 

ethanol to Milli-Q-Water prior to use. After filtration the resultant RCNT mat, was 

washed with 150 mL Milli-Q-Water and 150 mL methanol to remove excess TX100. 

The RCNT mats were then peeled of the PVDF membrane and re-dispersed in 50 mL 

of the following solutions, 0.2% w/w Sodium dodecyl sulfate (SDS) (M.W. 288.37 

Da, Aldrich), 0.2% w/w Polyvinyl alcohol (PVA) (97% hydrolyzed, M.W. 50,000 – 
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85,000 Da, Aldrich), 0.2% w/w Polyvinyl pyrrolidone (PVP) (M.W. 25,000 Da, 

Merck), 0.2% w/w Poly(methoxyaniline-5-sulfonic acid) (PMAS) (M.W.  8,000 – 

12,000 Da, Nitto Chemical Industry), 0.2% w/w Allyl alcohol 1,2-butoxylate 

ethoxylate (AA12BE) (Aldrich), 0.2% w/w Benzalkonium chloride (BC) (M.W. 

339.5 Da, Aldrich), 0.2% w/w Noxamium 0.15  (N0.15) (Aldrich), 0.2% w/w 

Didodecyldimethyl ammonium bromide (DDAB) (M.W. 462.64 Da, Aldrich), 0.2% 

w/w N-isopropylacrylamide 2-acrylamido-2-methyl-1-propanesulfonic acid 

(NIPPAm-AMPS) (90:10 NIPPAm:AMPS w/w, synthesized organically, University 

of Wollongong), 0.2% w/w Deoxyribose Nucleic Acid (DNA) (Salmon sperm, 300 – 

600 base pairs), from Prof. N. Ogata (Sophia University, Japan). These mixtures were 

then sonicated for 2 hours. The resulting dispersions were filtered as described 

previously and RCNT/dispersant mats were obtained, Scheme-2.1. 

RCNT

Triton X 100. RCNT/TX 100 dispersion

Filtration
     +

Wash with 
Milli-Q-Water + 
methanol

PVDF

RCNT mat

Dispersant

Filtration

PVDF

RCNT  dispersion

Ultrasonication

Ultrasonication

Step - 1

RCNT mat

Step - 2

RCNT/disperant  mats

 

Scheme 2.1 Preparation of RCNT/dispersant mats. 
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2.2.1.1 Dispersant structures 
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2.2.2 Instrumentation 

2.2.2.1 Characterization of RCNT dispersions 

Cyclic voltammograms (CVs) were recorded for the different aqueous RCNT 

dispersions using MacLab/4e and a MacLab potentiostat. Silver/Silver-chloride 

(Ag/AgCl) electrode was used as the reference electrode and a Platinum (Pt)-mesh 

electrode as the auxiliary electrode. A Platinum (Pt), Glassy carbon (G.C.), or Gold 

(Au)-electrode were used separately as the working electrodes. The potential window 

for each CV recorded varied depending on the electrode used. In general, for the Pt-

electrode the potential window applied was E = -0.8, +1.2 V, for glassy carbon 

electrode and Au-electrode E = -0.4, +1.2 V, the scan rate applied was 50 mV/s. CVs 

were recorded with and without the addition of 0.1 M NaNO3.  

A UV-1601, UV-Visible spectrophotometer (Shimadzu) was employed to record the 

UV-Vis spectra of the dispersions. The absorbance (Abs.) was recorded between 350 

nm and 1100 nm for the different dispersions. In addition, a UV-Vis spectra was 

recorded for each of the different dispersions, using a constant wavelength of 600 nm, 

where the Abs was recorded every 15 min over a period of 48 hours.  

A Malvern Zetasizer 3000 was used to measure the particle size and the zeta potential 

(surface charge) of the different dispersions.  

 

2.2.2.2  Characterization of RCNT/dispersant mats 

Four-point probe conductivity measurements were carried out using 2.5 X 0.5 cm 

strip of each mat. A digital micrometer was used to measure the thickness of the 

mats. A constant current of 1 mA was passed through the sample and the voltage was 
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recorded using a Hewlett Packard model 34401A multimeter and an EG & G 

Princeton Applied Research model 363 Potentiostat/Galvanostat. 

CVs for the different RCNT/dispersant mats were recorded using a MacLabe/4e, in 

0.01 M potassium ferrocyanide (K4Fe(CN)6) with a supporting electrolyte of 0.1 M 

sodium nitrate (NaNO3), a potential window of E = -0.3, +0.6 V, and a scan rate of 50 

mV/s, were applied. CVs were also recorded over a wide range of potentials in 0.1 M 

NaNO3, E = -1, +1 V for the different RCNT/dispersant mats. The electrochemical 

cell consisted of RCNT/dispersant mats 2.5 X 0.5 cm strips (fully immersed) as the 

working electrode, Ag/AgCl as the reference electrode and Pt-mesh as the auxiliary 

electrode.  

The capacitance for the different RCNT/dispersant mats was measured by recording 

CVs at different scan rates 50, 25, 10 and 5 mV/s. The potential window used was E 

= -0.1, +0.3 V, and current measurements were taken at E = +0.1 V. The 

electrochemical cell was as described above with the electrolyte used being 1 M 

NaNO3.  

The mechanical properties were measured for the thick RCNT/dispersant mats using 

Instron 4302. The samples were prepared for testing by cutting them into 2-3 mm 

wide strips with a razor blade. A load cell of 10 N was used and a crosshead speed of 

1 mm/s was used to extend the samples.   

AFM pictures of RCNT/dispersant mats were taken using a DI Joel 2000 Microscope 

Multimode. The pictures were taken using the tapping mode, and the channels 

outputs were height and friction. 

Scanning electron microscopy (SEM) pictures were takes using a Hitachi S-900 

FESEM. 
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2.3- RESULTS & DISCUSSION 

2.3.1 RCNT dispersions characterization 

Different concentrations of the dispersants were investigated, and the optimum 

concentration was determined to be 0.2% for all dispersants investigated. It was 

found that at concentrations higher than 0.2%, the CNT coagulated and were difficult 

to disperse even with ultrasonication. 

 

2.3.1.1 Particle size and Zeta potential  

The particle size distribution for the different dispersions was measured to determine 

which was a more effective dispersant for the RCNT. The photon-correlation 

spectroscopy, with the analysis algorithms was modified to compensate for the non-

spherical nature of the carbon nanotube. Multi-exponential analysis mode was 

applied, where a number of size channels in this case 24 are used, and the correlation 

function is represented as a sum of discrete exponentials spaced logarithmically. The 

result of this analysis is a distribution of the 24 size classes on the X-axis, and the Y-

axis gives the relative intensity of the light scattered by particles in each size class. 

However, carbon nanotubes are non-spherical in nature, therefore, the size measured 

is not absolute but indicative. The zeta potential (surface charge) for the dispersions 

was also measured. The zeta potential was measured for the dispersions at different 

pHs ranging from 1 to 9, the surface charge was negative in all cases which indicated 

that the pH had no effect on the zeta potential measurements in this case. Therefore, 

the following zeta potential measurements were carried out at a neutral p H ~ 7. 

Table -2.1 represents the results for dispersions prepared from two different batches 
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(I and II), and Table -2.2 represents the results for dispersions prepared using batch 

(III). We find that there are significant differences in particle sizes even when the 

same dispersant is used with RCNT from different batches (I, II, and III). However, 

when the same batch of RCNT is used the results are very similar. In addition, we 

notice that the particle size was very large in general; this could be due to the fact that 

RCNT tend to form aggregated ropes, which are much larger than a single RCNT. 

Size determination using light scattering techniques produces a scatter intensity that 

is directly proportional to the particle size (I α r6). Therefore, if a small percentage of 

the RCNT in the dispersion existed as large entangled ropes this would skew the 

observed particle size resulting in significantly higher values. Regarding the zeta 

potential, in all cases it was negative as expected, since the RCNT are negatively 

charged (209). In addition, when BC a cationic surfactant was used, the zeta potential 

was positive which also agrees with what was expected. However, BC was not used 

as a dispersant with Batch-III due to the fact that it did not disperse the RCNT 

sufficiently.  
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Table –2.1   Particle size and zeta potential for RCNT/dispersant mats prepared 

from batches I and II. 

Batch-I Batch-II Dispersant  
Particle size 

(nm ± 1) 

Zeta potential 

(mV ± 0.1) 

Particle size 

(nm ± 1) 

Zeta potential 

(mV ± 0.1) 

TX100 166 -31.1 148 -1.6 

SDS 327 -47.5 328 -39.9 

PVP 431 -2.7 197 -23.7 

PVA 352 -4.5 112 -17.4 

PMAS 860 -55.6 1352 -44.7 

AA12BE 259 -33.1 617 -24.7 

BC  421 22.2 --- --- 

 

Table –2.2  Particle size and zeta potential for RCNT/dispersant mats prepared 

from batch III. 

Batch-IIIA Batch-IIIB Dispersant  
Particle size 

 (nm ± 1) 

Zeta potential 

(mV ± 0.1) 

Particle size 

(nm ± 1) 

Zeta potential 

(mV ± 0.1 ) 

TX100 257 -34.1 257 - 34.1 

SDS 384 -39.2 325 -37.9 

PVP 250 -22.0 270 -24.3 

PVA 182 -14.4 147 -11.8 

PMAS 157 -23.1 181 -27.4 

AA12BE 173 -25.9 215 -21.6 
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2.3.1.2 Cyclic voltammetry 

The CVs obtained for all the different RCNT dispersions investigated here exhibited 

similar characteristics. These CVs do not exhibit any oxidation/reduction peaks (Fig 

2.1). When PMAS was used as a dispersant redox peaks were observed (Fig 2.2), and 

these correlate with the expected electrochemical behavior of PMAS (210 - 212). 

Indicating that the presence of the RCNT has no significant effect on the 

electrochemical behavior of PMAS. This is understandable since PMAS is in large 

excess. 
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Fig 2.1   Cyclic voltammogram (2nd cycle) obtained using a glassy carbon electrode 

in RCNT/TX100 dispersion and 0.1 M NaNO3 (supporting electrolyte) with a scan 

rate of 50 mV/s.  
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Fig 2.2   Cyclic voltammogram (2nd cycle) obtained using a glassy carbon electrode, 

and a scan rate of 50 mV/s. (a) PMAS, (b) PMAS with 0.1 M NaNO3 added, (c) 

RCNT/PMAS dispersion, (d) RCNT/PMAS dispersion with 0.1 M NaNO3 added.  

 

2.3.1.3 Ultraviolet and Visible Absorption spectroscopy (UV-Vis spectra)  

The Abs. for the different dispersions was recorded as a function of wavelength 

starting at 300 nm and finishing at 1100 nm. The absorption band for PMAS (pH 3.5 

– 4) is expected to be between 330 and 425 nm, due to its yellow color (204). This 

band is broader in the UV-Vis spectra for RCNT/PMAS (Fig 2.3A), presumably as a 

result of π-π interactions between the RCNT and the fully conjugated PMAS 

backbone (204).  
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Fig 2.3A    UV-Vis spectra of RCNT dispersions. 
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Fig 2.3B   UV-Vis spectra of RCNT/TX100 and RCNT/PMAS between 600-

1100nm. 

 

Moreover, for RCNT dispersions with the exception of RCNT/PMAS dispersion, the 

broad peaks that are observed at ~ 650 and ~ 900 nm (Fig 2.3A) are characteristic of 



Ch. 2 

 51 

the transition between the first pair of singularities in the density of state (DOS) of 

the metallic SWCNT (213, 214). The peak at 650 nm is assigned to the first Van 

Hove transition of metallic SWCNT, while the peak at 900 nm is due to the second 

Van Hove singularity. The Van Hove peaks are a sensitive function of RCNT 

diameters. Smaller diameter tubes exhibit Van Hove transitions at shorter 

wavelengths; the observed peaks are due to overlapping of Van Hove transition from 

all nanotubes sizes and chiral indices that are present (215, 216).  

The spectra of RCNT/PMAS in this region is essentially featureless (Fig 2.3B), the 

loss of structure indicates that a significant electronic perturbation of the nanotubes 

and disruption of the extended π network has occurred due to the presence of the 

conducting polymer. This effect indicates covalent functionalization rather than 

simple adsorption to the nanotubes walls or ends (204). 

In order to determine the stability of different RCNT dispersions, the light absorption 

characteristics were measured as a function of time, the Abs. for the different 

dispersions was recorded every 15 min over a period of 48-hours at λ = 600 nm (Fig 

2.4). A wavelength of 600 nm was selected as it is directly related to the first Van 

Hove transition of carbon nanotubes and thus was clear of other interferences. 

RCNT/PMAS, RCNT/DDAB, and RCNT/DNA had a constant absorption throughout 

the 48-hours, which indicated that these dispersions are very stable over time. In 

general, the Abs. for all other dispersions started to decrease at 150 min, which 

indicated that the RCNT started to settle and/or coagulate. This was confirmed by the 

accompanying time lapse pictures (Fig 2.5 and 2.6). 
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Fig 2.4   Abs. for different RCNT dispersions over a period of 48-hours at 600 nm. 

 

 

Fig 2.5   RCNT dispersions at t = 0.00 min. 
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Fig 2.6   RCNT dispersions at t = 48 hours. 

 

2.3.2 Characterization of RCNT/dispersant mats 

PVDF membranes were weighed before and after the microfiltration of 50 mL of 

each of the different dispersions. The difference between the two weights is therefore 

the weight of the RCNT mat. In addition, the mats were prepared using 50 ml aliquot 

of the standard RCNT/TX100 dispersion; this aliquot contains 2.95 mg RCNT. The 

thick RCNT mats were prepared using four times the concentration. Where 200 ml 

aliquot of the standard RCNT/TX100 dispersion was used, this aliquot contains    

11.8 mg RCNT. Therefore, the difference between the weight of the mat and the 

weight of the RCNT is the weight of the dispersant retained within the matrix of the 

RCNT mat, Tables 2.3 and 2.4.  
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Table –2.3  Weight of RCNT/dispersant mats prepared from batches I and II. 

Batch-I Batch-II Dispersant  
Weight of mat 

 (mg ± 0.1) 

Weight of 

dispersant  

(mg ± 0.01) 

Weight of mat 

(mg ± 0.1) 

Weight of 

dispersant  

(mg ± 0.01) 

TX100 3.2 0.25 3.1 0.15 

SDS 3.5 0.55 3.2 0.25 

PVP 3.8 0.85 3.4 0.45 

PVA 43.3 40.35 41.4 38.45 

PMAS 15.2 12.25 14.1 11.15 

AA12BE 31.2 28.25 29.8 26.85 

N0.15 7.8 4.85 6.5 3.55 

 

Table – 2.4  Weight of RCNT/dispersant mats prepared from batch III. 

Dispersant  Batch-III 

 IIIA  IIB  III thick mats 
 Wight of 

IIIA mats  

(mg ± 0.1) 

Wight of 

dispersant  

(mg ± 0.01) 

Wight of 

IIB mats  

(mg ± 0.1) 

Wight of 

dispersant 

(mg ± 0.01) 

Wight of III 

thick mats  

(mg ± 0.1) 

Wight of 

dispersant 

(mg ± 0.1) 

TX100 5.6 2.65 5.6 2.65 15.2 3.4 

SDS 4.7 1.75 4.9 1.95 17.9 6.1 

PVP 4.5 1.55 5.1 2.15 22.9 11.1 

PVA 17.4 14.45 19.6 16.65 62.1 50.3 

PMAS 7.6 4.65 7.5 4.55 26.0 14.2 

AA12BE 12.8 9.85 14.0 11.05 48.8 37.0 

N0.15 9.4 6.45 11.2 8.25 31.3 19.5 
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Comparing the values in Table –2.3 and Table –2.4 we can see that the weight of the 

mats when using the same dispersant but different RCNT batches differs markedly, 

while when using RCNT from the same batch as in Table –2.4 the differences in the 

weight of the mats are much less significant. This shows that different batches of 

RCNT from the same manufacturer have different properties. In addition, there are 

significant differences between the weights of the different RCNT/dispersant mats 

prepared using the same RCNT batch. This is due to the fact that a certain amount of 

the dispersant used is retained in the mat. The chemical nature of the dispersant 

determines the types of chemical/physical interactions between the dispersant and the 

RCNT, ultimately affecting the RCNT uptake of the dispersant. The weight of the 

mat will also depend on the molecular weight of the dispersant, where a high 

molecular weight dispersant will result in high mat weight. Therefore, the weight of 

the mat will depend on the mass of the dispersant retained.  

 

2.3.2.1 Conductivity 

Theoretical calculations predict that some SWCNT are metallic while others are 

semi-conducting. Metallic materials usually have conductivities in the range of 100 

S/cm. However, a metallic sample can have conductivity an order of magnitude or 

more less than a non-metallic sample. One reason for this is likely to be the existence 

of samples with good metallic conductivity only in a small fraction of their cross-

sectional area, and so low overall conductivity, such as the case in 

SWCNT/dispersant mats (208). Mats are made of bundles of ropes of nanotube, 

electrical measurements indicate that SWCNT ropes are metallic, with a single rope 

resistivity lower than 10-4 Ωcm at room temperature (217), and 6 Ωcm for a mat 
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(218). However, we should also note that the effects of inter-tube interactions in a 

disordered rope are quite different from what is obtained for a crystalline rope (219). 

Therefore, it is difficult to determine the exact conductivity of SWCNT mats, but 

since the conductivity of an individual rope is approximate 10000 S/cm (208), the 

expected effective conductivity of the mats samples is expected to be more than an 

order of magnitude less than that for a rope. 

 

The following equations were used to calculate the resistance and conductivity of the 

RCNT/dispersant mats; the results are presented in Tables –2.5, 2.6, and 2.7. 

R = ρ L / A; 

R = Resistance in Ω, 

       R = V / I 

       V= Voltage difference (mV), I = Current (mA). 

L = Distance between the two inner electrodes in the four point probe measurement 

device = 0.2 cm. 

A = Cross section area (cm2) 

        A = T X W, 

        T = Thickness (cm), W = Width (cm) = 0.3 cm. 

ρ = 1 / σ, σ = Conductivity (1/Ω . cm) or (S/cm). 
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Table –2.5  Conductivity measurements for RCNT/dispersant mats prepared from 

batch I and II. 

Batch-I Batch-II Dispersant  

Thickness  

(µµµµm ± 0.1) 

Conductivity

(S/cm ± 0.1) 

Thickness  

(µµµµm ± 0.1) 

Conductivity 

(S/cm ± 0.1) 

TX100 10.3 176.9 1.2 137.7 

SDS 7.0 214.1 0.4 18.9 

PVP 3.3 18.5 0.4 26.4 

PVA 6.0 15.2 3.2 4.0 X 10-3 

PMAS 8.5 45.5 1.1 25.2 

AA12BE 7.3 45.5 0.8 11.3 

N0.15 8.2 61.2 4.2 45.3 

 

Table –2.6  Conductivity measurements for RCNT/dispersant mats prepared from 

batch III. 

Batch-IIIA Batch-IIIB Dispersant  

Thickness 

 (µµµµm ± 0.1) 

Conductivity

(S/cm ± 0.1) 

Thickness  

(µµµµm ± 0.1) 

Conductivity  

(S/cm ± 0.1) 

TX100 19.0 97.0 19.0 97.0 

SDS 14.0 109.8 6.3 100.3 

PVP 8.0 108.1 9.7 105.6 

PVA 11.0 3.3 X10-3 9.0 3 X 10-3 

PMAS 5.8 109.5 8.8 111.5 

AA12BE 8.8 56.3 5.8 59.1 

N0.15 10.9 80.3 9.7 77.3 
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Table –2.7 Conductivity measurements for thick RCNT/dispersant mats prepared 

from batch III. 

Batch-III Thick mats Dispersant  

Thickness (µµµµm ± 0.1) Conductivity (S/cm ± 0.1) 

TX100 41.5 159.1 

SDS 33.5 176.0 

PVP 26.5 181.0 

PVA 22.7 1.5 X 10-5 

PMAS 19.8 307.0 

AA12BE 26.0 65.7 

N0.15 38.0 143.2 

 

The SWCNT/dispersant mats consist of ropes of SWCNT, themselves containing 

strands of metallic and semi-conducting tubes loosely touching each other. This 

means that the conductivity of these mats is the result of a metallic on-tube 

conduction in series with an activated, hopping-like conduction of the contact regions 

(220, 221). If conduction requires either scattering or tunneling then the resistance 

can be very large (222). The value of the resistance maximum is related to the inter-

tube coupling resistance between the involved tubes, the resistance was shown to be 

caused by direct tunneling between tubes (223). 

The heterogeneous model, involving regions of antistrophic metallic conduction 

together with hopping or tunneling through small electrical barriers corresponding to 

defects of various types (224), seems appropriate for understanding conduction in the 

individual ropes separated by tangled regions, and also for mats of tangled ropes in 
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which inter-rope contact are likely to act as barriers (218, 225) this is applicable to 

the mats investigated in this study. The increase in the non-metallic terms in the mats 

relative to the single rope indicates that inter-rope contacts make a significant 

contribution to resistance in the mats, and the large hopping term for the rope within 

tangled regions suggests a large contribution from disordered semiconductor-like 

conduction in the tangled regions (221, 224).  

Introduction of SWCNT to a semi-conjugated polymer (e.g. PMAS) to form a 

composite mat can result in increases of conductivity by up to ten orders of 

magnitude (206, 226, 227). The increase in conductivity as a result of CNT addition 

is characteristic of percolation; the first percolation threshold for these composites is 

approximately 8.5% mass fraction. This is mainly due to the introduction of 

conducting paths to the polymer. As the concentration of SWCNT increase the 

distance between the tubes becomes sufficiently small for the electrons to tunnel 

through the polymer or for physical contacts between the tubes to be formed (228 - 

230). Therefore, the introduction of SWCNT to the polymer increases the 

conductivity, this has been observed in the current investigation with regard to 

RCNT/PMAS composite mat. 

We find that there are significant and some large differences in terms of conductivity 

for mats prepared using the same dispersant but RCNT from different batches. On the 

other hand, mats prepared using the same dispersant and RCNT from the same batch 

(e.g. batch-IIIA and IIIB), have very similar conductivities. This indicated that 

dispersions or mats prepared from the same original material have similar properties. 

Which in turn is different to the properties of dispersions prepared from different 

starting material. We find that the average conductivity for the RCNT/TX100 is ~100 
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S/cm. In addition, we notice that RCNT/PMAS mat exhibits the highest conductivity 

due to the introduction of conducting paths to the polymer as discussed previously. 

The conductivity increased dramatically from ~ 0.01 S/cm for pure PMAS to ~307 

S/cm for the RCNT/PMAS mat. In contrast RCNT/PVA mats where PVA is a non-

conducting polymer always exhibited the lowest conductivity, in some cases the 

decrease in conductivity was four orders of magnitude less, compared to the 

conductivity of the other RCNT/dispersant mats. This indicated that the properties of 

the dispersant used affects the corresponding properties of the RCNT mat.  

For the composite mats that were prepared using four times the concentration of the 

RCNT Table –2.7, we notice that the thickness of the mats in some cases (e.g. 

RCNT/TX100 mat) was only twice and not four times the thickness of the mats that 

were prepared using a quarter of the RCNT concentration Table –2.6. This could be 

due to the effect of the dispersant on the packing order of ropes with in the mats, and 

to the effect of the dispersant on the size of these ropes.  

 

2.3.2.2 Cyclic voltammetry of RCNT/dispersant mats over a wide potential 

range in 0.01 M K4Fe(CN)6 

Cyclic voltammetry is recognized as a standard method for the study of 

electrochemical behavior. It is a versatile electroanalytical technique for the study of 

electroactive species. The effectiveness of the cyclic voltammetry is due to the ability 

to rapidly observe the redox behavior of a species over a wide range of potentials. 

CVs can be used to study the electrochemical behavior of species diffusing to an 

electrode surface, interfacial phenomena at an electrode surface, and bulk properties 

of materials in or on the electrode. 
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All the CVs obtained for the different mats were similar to these observed for 

RCNT/TX100 (Fig 2.7). However, the CV for RCNT/PMAS exhibited very broad 

redox peaks (Fig 2.8). This indicates the large double layer capacity of the system 

(183). This could also indicate the slow electron exchange with the RCNT/PMAS 

mats. Previous studies of the cyclic voltammetry responses and capacitive behavior 

of SWCNT mats show broad redox responses in aqueous solutions that are probably 

due to the presence of oxygen-containing groups bound to the surface of the 

nanotubes or the impurities produced during nanotubes purification (231, 232). The 

CV for the RCNT/PVA mat exhibited significantly broad peaks due to the high 

resistivity of the composite (Fig 2.9). The CV for N0.15 (Fig 2.10), exhibited broad 

but more defined peaks, which could indicate a faster electron exchange of the redox 

species with the RCNT/N0.15 mat, this in turn could be due to the cationic nature of 

N0.15. 
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Fig 2.7   Cyclic voltammogram (2nd cycle) of RCNT/TX100 mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 
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Fig 2.8   Cyclic voltammogram (2nd cycle) of RCNT/PMAS mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 
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Fig 2.9   Cyclic voltammogram (2nd cycle) of RCNT/PVA mat in 0.01 M K4Fe(CN)6 

with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 50 mV/s. 

 



Ch. 2 

 63 

RCNT/N0.15

-2

-1.5

-1

-0.5

0

0.5

1

1.5

-1.5 -1 -0.5 0 0.5 1 1.5
E vs. Ag/AgCl (V)

C
ur

re
nt

 (m
A

)

 

Fig 2.10   Cyclic voltammogram (2nd cycle) of RCNT/N0.15 mat in 0.01 M 

K4Fe(CN)6 with  0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 

 

2.3.2.3 Capacitance  

CVs were recorded for the different mats using different scan rates. The difference 

between the oxidation and reduction current at E = 0.1 V (Fig 2.11), was plotted as a 

function of the scan rate (Fig 2.12), the best straight line was graphed and slope 

calculated. Capacitance = ½ slope (F), Specific Capacitance = Capacitance/weight 

(F/g). The results are presented in Tables 2.8, and 2.9.  
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Fig   2.11   Cyclic voltammogram of RCNT/TX100 mat in 0.1 M NaNO3, E = -0.1, + 

0.3 V, scan rate of 50, 25, 10, and 5 mV/s. 

 
Range = 1 mA, where 0.2 mA = 1.1 cm 

The difference between the oxidation and reduction current at 0.1 V. 

For scan rate of 50 mV/s → (a-a`) = 5.7 cm → 1.03 mA 

For scan rate of 25 mV/s → (b-b`) = 2.6 cm → 0.472 mA 

For scan rate of 10 mV/s → (c-c`) = 0.85 cm → 0.0154 mA 

For scan rate of 5 mV/s →  (d- d`) = 0.3 cm → 0.00545 mA 
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Fig 2.12   ∆Current vs. Scan rate.  

 

Capacitance = slope / 2 = (23.2 / 2) = 11.6 F 

The area of the mat that was submerged in the 1 M NaNO3 = 0.7 cm2 

The weight of the mat = 5.6 mg. Therefore, the weight of 0.7 cm2 = 0.29 mg 

Specific capacitance = Capacitance / weight = (11.6 / 0.29) = 40.0 F/g 

Table –2.8 Capacitance measurements for RCNT/dispersant mats prepared from 

batch I and II. 

Specific Capacitance (F/g ± 0.1) Dispersant  

Batch-I  Batch-II  

TX100 3.6 11.8 

SDS 4.3 11.3 

PVP 2.0 4.7 

PVA 0.5 0.3 

PMAS 22.7 23.2 

AA12BE 5.0 13.2 

N0.15 12.4 17.5 
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Table –2.9 Capacitance measurements for mat RCNT/dispersant prepared from 

batch III.   

Specific Capacitance (F/g ± 0.1) Dispersant  

Batch-IIIA Batch-IIIB Batch-III Thick mats 

TX100 40.0 40.0 37.0 

SDS 37.1 35.4 32.8 

PVP 13.4 12.9 24.0 

PVA 2.0 2.9 0.02 

PMAS 25.5 27.5 28.5 

AA12BE 7.6 10.1 10.4 

N0.15 16.2 14.3 14.5 

 
 

There are big differences between the capacitance of the different RCNT/dispersant 

mats that were prepared from different starting material. However, when looking at 

RCNT/dispersant mats prepared using the same batch (e.g. batches-IIIA and IIIB), 

the capacitance measurements are very similar. This provides further evidence to the 

fact that the dispersions or mats prepared form the same original material have 

similar properties, which are at the same time different from the properties of the 

dispersions or mats that were prepared using different starting materials. In addition, 

regardless of the starting material RCNT/PVA exhibited the lowest capacitance 

value. This agrees with the CV and conductivity measurements obtained for this 

composite mat. The capacity for RCNT/TX100 mats ~39 F/g is lower than the 

reported values of 104 F/g (233). However, we should keep in mind that this value 

was measured for aligned SWCNT and that the electrolyte used was H2SO4. 



Ch. 2 

 67 

2.3.2.4 Atomic Force Microscopy (AFM) 

AFM pictures of the different RCNT/dispersant mats were taken to see if there were 

any differences in the RCNT alignments, lengths or bundles that might have resulted 

from the use of different dispersants (Fig 2.13). 

a) 

 
                                         1µµµµm 
b)  

 
                                               1µµµµm 
 
 
 
 
 
 
 
 
 

a1 

b1

a2 

b2 
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c) 

 
                                             1µµµµm  
 
Fig 2.13   AFM pictures of a) RCNT/TX100, b) RCNT/PMAS, and c) RCNT/PVP 

mats. The images on the left are height data; the images on the right are friction data.  

 

We can see that the ropes in RCNT/TX100 (a1) are much smaller in diameter than 

that for RCNT/PMAS (b1). In addition, in the RCNT/TX100 mat the ropes seem to be 

more entangled and entwined with each other (a2). The presence of different 

dispersants seems to affect the packing order of ropes in the mats, in RCNT/PVP mat; 

the ropes seem to be more entwined and smaller (c2). On the other hand, in the 

RCNT/PMAS mats, the ropes are more entangled, bulkier and longer (b2). This 

means that different dispersants affect the packing order of the RCNT ropes within 

the matrix of the mats, which in turn will affect the mechanical properties of these 

mats. However, that does not affect the chemical and electrochemical properties of 

the different mats. It was not possible to obtain pictures of RCNT/PVA and 

RCNT/AA12BE mat due to the fact that these mats had a very adhesive surface that 

resulted in the AFM tip becoming stuck to the mat. 

 

c2

c1 
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2.3.2.5 Mechanical properties  

The mechanical properties were measured for batch-III Thick mats, a load cell of 10 

N was used, and a crosshead speed of 1mm/s was used to extend the sample. From 

the recorded measurements Force (N) was plotted against Extension (m), and Stress 

(σ) (MPa) was plotted against strain (ε). 

Stress (MPa) = F(N) / W(m) X T (m) 

Strain = Extension(m)/Gauge length(m) 

 

From the plot of Stress vs. Strain (Fig 2.14), we can obtain σ Break (MPa), and ε Break, 

where σ Break is the stress value, and ε Break is the corresponding strain at the breaking 

point. Also, from the slope of the curve we can calculate Young’s modulus Y (GPa). 

As can be seen in the stress-strain curves (Fig 2.14), the samples exhibit brittle 

behavior with a slight dectility at high stress-strain values. This is presumably due to 

the creep/slippage of the ropes within the matrix of the mat near the break point.  
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                                           (c) 
Fig 2.14   Stress-Strain curves of a) RCNT/TX100, b) RCNT/PVP, and c) 

RCNT/PMAS mats.  

 

When looking at our results in Table –2.10, there are many factors to consider. First, 

the RCNT/dispersant mats that were used in these measurements were not annealed. 

Also, these mats consist of bundles of combined non-aligned ropes, which means that 

the Young’s modulus value will be very small, as discussed in Ch. 1, section 1.1.5. In 

addition, the value for the cross sectional area used when calculating the stress values 

is not the real area, since we are using a mesh of ropes and not a single rope. This 

also means that there are pockets of air within the mesh. Finally, the stress values 

obtained are more probably due to shear stress than to tension stress. Young’s 
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modulus for the RCNT/PMAS mat was 6.4 GPa, this is a very high value especially 

where conducting polymers are concerned. Also, for RCNT/PVP mat, the Young’s 

modulus was 2.1 GPa that is also higher than that for conducting polymers. 

Table –2.10  Mechanical properties for thick RCNT/dispersant mats prepared from 

batch III. 

Dispersant  σσσσBreak (MPa ± 0.1) εεεεBreak ± 0.1  Y (GPa ± 0.1) 

TX100 3.0 3.0 0.2 

SDS Weak Weak Weak 

PVP 39.1 5.5 2.1 

PVA Weak Weak Weak 

PMAS 47.0 1.0 6.4 

 

2.3.3 RCNT/functional-dispersants mats characterization 

Functional dispersants are discussed separately because each of these has a function 

other than dispersing the RCNT. The functional dispersants used were DNA a 

biological molecule, NIPPAm-AMPS a temperature sensitive polyelectrolyte, and 

DDAB an organic compound that can be polymerized in addition to being cationic.  

PVDF membranes were weighed before and after the microfiltration of 50 mL of 

each of the different dispersions. The difference between the two weights is therefore 

the weight of the RCNT/Functional-dispersant mat Table –2.11.  
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Table –2.11 Weight of RCNT/functional-dispersants mats.  

Dispersant  Weight of mats (mg ± 0.1) 

DNA 21.7 

DDAB 8.9 

NIPPAm-AMPS 4.2 

 
 

There are differences between the weights of the different mats prepared. This is due 

to the fact that a certain amount of the dispersant used is retained in the mat. 

Therefore, the weight of the mat also depends on the mass of the dispersant retained, 

as discussed in section 2.3.2.  

 

2.3.3.1 Conductivity 

The conductivity was calculated as described earlier section 2.3.2.1, and the results 

are presented in Table –2.12. 

Table –2.12 Conductivity for RCNT/functional-dispersants mats. 

Dispersant  Thickness (µµµµm ± 0.1) Conductivity (S/cm ± 0.1) 

DNA 17.0 2.4 

DDAB 18.3 31.5 

NIPPAm-AMPS 10.5 71.4 

 
 

Following the discussion in section 2.3.2.1, we find that in general the conductivity of 

the RCNT/functional-dispersant mats is lower than that for the other 

RCNT/dispersant mats (Table –5, 6, and 7). This could be due to the different 
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physical/chemical interaction between the functional-dispersants molecules and the 

RCNT.  

 
 
2.3.3.2 Cyclic voltammetry for RCNT/functional-dispersant mats over a wide 

potential range in 0.01 M K4Fe(CN)6 

The CV for RCNT/DDAB, and RCNT/NIPPAm-AMPS mats were similar (Fig 2.15, 

and Fig 2.16). The broad peaks are attributed to the high surface area of the mats. In 

addition, the CV for the RCNT/DNA mat exhibited broad but more defined peaks 

(Fig 2.17). This could indicate the slow electron exchange with the mats. Also, it 

could be due to the presence of oxygen-containing groups bound to the surface of the 

nanotubes (231, 232). 
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Fig 2.15   Cyclic voltammogram (2nd cycle) of RCNT/DDAB mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 
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Fig 2.16   Cyclic voltammogram (2nd cycle) of RCNT/NIPPAm-AMPS mat in 0.01 

M K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate 

of 50 mV/s. 
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Fig 2.17   Cyclic voltammogram (2nd cycle) of RCNT/DNA mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 
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2.3.3.3 Capacitance  

Cyclic voltammograms were recorded for the different RCNT/functional-dispersant 

mats using different scan rates. The difference between the oxidation and reduction 

current at E = 0.1 V was plotted as a function of the scan rate, the best straight line 

was graphed and slope calculated. Capacitance = ½ slope (F), Specific Capacitance = 

Capacitance/weight (F/g). An example of the capacitance calculations is presented 

section 2.3.2.3. The capacitance values determined are presented in Table –2.13. 

Table –2.13 Capacitance for RCNT/functional-dispersant mats. 

Dispersant  Capacitance (F/g ± 0.1) 

DNA 4.9 

DDAB 14.0 

NIPPAm-AMPS 28.9 

 

RCNT/DNA had the lowest capacitance; this is due to the fact that the DNA coverage 

of the RCNT is extensive (as can be seen in the AFM pictures), thus eliminating the 

capacitance attributed to the RCNT. On the other hand, the RCNT/NIPPAm-AMPS 

mat had the highest capacitance. This could be due to the fact that NIPPAm-AMPS is 

a polyelectrolyte, thus contributing significantly to the charge storage ability of the 

RCNT mat. 

 
 
2.3.3.4 Atomic Force Microscopy (AFM) 

AFM pictures of the RCNT/functional-dispersant mats were obtained to see if there 

were any differences in the RCNT alignments, lengths or bundles that might have 

resulted from the use of different dispersants (Fig 2.18). 
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            a)     

 
                                                 1µµµµm 
 
               b)      

 
                                         1µµµµm 
Fig 2.18   AFM pictures of a) RCNT/NIPPAm-AMPS mat, and b) RCNT/DDAB 

mat. The left image is height data and the right image is friction data.  

 

We can see that the bundles of ropes in the RCNT/functional-dispersant mats seem to 

be bigger, bulkier, and more entwined  (d) compared to RCNT/TX100 (Fig 2.18, a2). 

This indicated that either the number of RCNT in the ropes or the extent of the 

coverage of these ropes in the RCNT/functional-dispersant mats is larger than that in 

the RCNT/dispersant mats. In addition, in the AFM picture of the RCNT/DDAB mat, 

we observe that the ropes of RCNT are barely visible where the coverage by the 

dispersant is comprehensive. One reason could be due to ability of this dispersant to 

d 

e 
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undergo polymerization, indicating that there could be π-interactions between the 

dispersant and the surface of the RCNT. Another reason could be the very adhesive 

nature of the polymer, since it is in the form of a highly viscous liquid. 

 

2.3.3.5 Scanning Electron Microscopy (SEM) 

It was not possible to obtain AFM pictures of the RCNT/DNA mat. This mat was 

very rough, due to the very high DNA uptake by the RCNT. Therefore, SEMs were 

obtained (Fig 2.19). We find that the RCNT are highly entangled into a complex 

network. In addition, since the uptake by the RCNT of the DNA is very high, and no 

DNA clusters can be seen in the picture, we assume that the RCNT are nearly 100% 

covered by the DNA.  

 
 

Fig 2.19   SEM of RCNT/DNA mat.  
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2.4- CONCLUSIONS 

A range of RCNT/dispersant dispersions and mats, have been prepared. The 

electrochemistry of the RCNT dispersions was studied and was found to be similar 

regardless of the dispersant used. This indicates that the RCNT had the dominant 

effect while the dispersant had the minor effect with regard to electrochemistry. 

 

Using particle size analysis, it was found that some dispersing solutions are more 

effective in dispersing the RCNT than others. TX100, SDS, AA12BE, and DDAB 

were better dispersants than PVP, PVA, PMAS, N0.15, DNA, and NIPPAm-AMPS, 

while BC was very poor in its ability to disperse the RCNT.  However, a dispersing 

solution that provides a stable dispersion of RCNT is not necessarily an effective 

solution for dispersing the RCNT, and vice versa. For example, AA12BE is a very 

good dispersant for the RCNT but is not stable over long periods of time. Zeta 

potential measurements confirmed that the RCNT are negatively charged.  

 

Using UV-Vis spectra, the absorption band due to the yellow color of PMAS was 

observed for the RCNT/PMAS dispersion between 329 and 410 nm. This band was 

broader than the traditional PMAS band presumably as a result of the π-π interactions 

between the RCNT and the fully conjugated PMAS backbone. In addition, all the 

RCNT dispersions with the exception of RCNT/PMAS dispersion, exhibited broad 

bands at 650 and 900 nm, these bands are characteristic of the transmission between 

the first pair of singularities in the density of state of the metallic RCNT. The absence 

of these bands in the RCNT/PMAS dispersion indicates that a significant electronic 
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perturbation of the nanotubes and disruption of the extended π-network has occurred 

due to the presence pf PMAS. This effect indicates covalent functionalization other 

than simple adsorption to the nanotubes walls and ends. Stability of the RCNT 

dispersions was also investigated using UV-Vis, and it was determined that some 

dispersions are more stable than others depending on the chemical nature of the 

dispersing solution.   

 

The weight of the RCNT/dispersant mats was found to depend on the molecular 

weight and the chemical nature of the dispersant. The CVs of the RCNT/dispersant 

mats did not exhibit defined redox peaks, except when PMAS (an inherently 

conducting polymer was used as the dispersant. However, the RCNT/dispersant mats 

exhibited a highly capacitive behavior indicating that they are composites with high 

charge storage capabilities. The average conductivity for the RCNT/TX100 was 

determined to be ~100 S/cm. RCNT/PMAS mat exhibits the highest conductivity due 

to the introduction of conducting paths. The conductivity increased dramatically from 

~ 0.01 S/cm for pure PMAS to ~307 S/cm for the RCNT/PMAS mat. In contrast 

RCNT/PVA mats, where PVA is a non-conducting polymer always exhibited the 

lowest conductivity, up to four orders of magnitude less compared to the conductivity 

of the other RCNT/dispersant mats. This indicates that the conductivity and 

capacitance of the RCNT mats are affected significantly by the nature of the 

dispersant used.  
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Using AFM we can see that the coverage of the RCNT by the dispersant varies in 

thickness. This is due to the chemical nature of the dispersants and the way they 

chemically/physically interact with the RCNT. This in turn is reflected in the 

mechanical properties of the RCNT/dispersant mats as can be seen in the results 

obtained for the Young’s modulus. For example, the Young’s modulus for the 

RCNT/PMAS mat was 6.4 GPa which is a very high value especially where 

conducting polymers are concerned. Also, for RCNT/PVP mat, the Young’s modulus 

was 2.1 GPa which is also higher than that for conducting polymers. 

 

For the RCNT/functional dispersant composites, we find that the RCNT/DNA has the 

highest mass, the RCNT/N0.15 has the highest conductivity, and the 

RCNT/NIPPAm-AMPS has the highest capacitance. From this we conclude that the 

effect of the different functional-dispersants on the RCNT is different depending on 

the chemistry of the dispersant.   
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CHAPTER THREE 

PREPARATION AND CHARACTERIZATION OF 

DISPERSIONS AND MATS OF HIPCO CARBON 

NANOTUBES/DISPERSANT COMPOSITES   

 

3.1- INTRODUCTION 

A high pressure CO disproportionation (HiPco) process, has been shown recently to 

produce nanotubes of high purity, yielding > 90 % atomic percent SWCNT (234). In 

this process, Fe(CO)5 is injected into a stream of CO gas at high temperature and 

pressure. The iron forms metal clusters that act as catalytic sites to promote the 

Boudard reaction: CO + CO → C(s) + CO2(g). When the metal clusters achieve a size 

close to C60 they nucleate and grow SWCNT. This occurs as the SWCNT is a more 

stable form of carbon than a near spherical carbon overcoat of a metal cluster when 

diameters are larger than 1 nm (234). The SWCNT will continue to grow until the 

metal cluster, which is also growing with the addition of residual free iron atoms, 

reaches a size that favors formation of a carbon shell around the cluster. This ends the 

growth of the SWCNT. The dominant impurity in HiPco nanotubes  (HCNT) is the 

metal catalyst, which is encased in the thin carbon shells and distributed throughout 

the samples as 3-5 nm size particles. Four to five atomic percent of Fe is typical in 

current raw HiPco materials (234, 235). 

Carbon nanotubes have been incorporated in conventional polymer films to improve 

the mechanical/electrical properties of the polymers (236). Bandyopadhyaya et al 
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have dispersed HCNT in an aqueous solution of Arabic gum. Due to the apparent 

physical adsorption of the polymer, a stable dispersion of full-length, well-separated, 

individual tubes was achieved in one step (237).  

Different research groups have prepared a range of SWCNT/polymer composites 

such as SWCNT/Polyurethane acrylate (238, 239), SWCNT/Polypropylene (240), 

and SWCNT/Poly(3-octylthiophene) (241).  

The spontaneous re-dispersion of the dried carbon nanotubes powder in aqueous 

solutions of polymers, and the stability of high concentration dispersions are 

signatures of steric stabilization (242). In this mechanism, entropic repulsion among 

polymeric chains is utilized for stabilization of colloids. In good solvent conditions 

polymer chains tend to avoid each other so as not to constrain the conformational 

space available to each of them. In addition, it was found that the polymer coated 

nanotubes experience a repulsive force that contributes to the stability of the 

dispersions. Therefore, the nanotubes are sufficiently isolated and unable to re-

aggregate. The results also indicate that during the stirring period, the polymer 

preferentially interacts with nanotubes while residual amphorous carbon (impurities) 

precipitate to form sediments at the bottom of the solution (243). 

SWCNT/polyethylene dioxythiophene was prepared by Woo et al (244). It was found 

that there was an electronic interaction between the SWCNT and the host polymeric 

material. This electronic interaction originated from the hole trapping nature of 

SWCNT in a hole-conducting polymer due to the structural or chemical defects in the 

conjugated polymer chain. The charge traps in a polymeric material are generated by 

organic dopants. Therefore, in the case of the SWCNT/conjugated polymer 

composites the injected holes are initially trapped by the SWCNT. 
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In this chapter the preparation of aqueous HiPco carbon nanotubes (HCNT) 

dispersions and mats have been investigated. The dispersions were characterized 

using Atomic Force Microscopy, HCNT/Poly(vinyl pyrrolidone) dispersion exhibited 

alignment of the HCNT and was further investigated using Raman spectroscopy. UV-

Vis spectrophotometry was then recorded for the different dispersions to evaluate 

their stability over time. These dispersions were then filtered to produce 

HCNT/dispersant mats. The mats were characterized to determine their suitability for 

actuation or sensor applications. The characterization of these composites were 

carried out using a variety of techniques such as, cyclic voltammetry, capacitance, 

Atomic Force Microscopy (AFM), and Scanning Electron Microscopy (SEM).  

Conductivity, Young’s modulus, and the actuation behavior for the different 

HCNT/dispersant mats were also measured.   

 

3.2- EXPERIMENTAL  

3.2.1 Preparation of HCNT dispersions and mats                                      

The HiPco single-walled carbon nanotubes (average tube diameter of 1.1 nm) were 

purchased from Carbon Nanotechnologies Incorporated (CNI) as a solid powder.  

25 mg of HCNT were added to 50 ml of the following solutions, 1% w/w Triton X 

100  (TX100) (<3% w/v polyethylene glycol, Aldrich), 0.2% w/w Sodium dodecyl 

sulfate (SDS) (M.W. 288.37 Da, Aldrich), 0.2% w/w Polyvinyl pyrrolidone (PVP) 

(M.W. 25,000 Da, Merck), 0.2% w/w Poly(methoxyaniline-5-sulfonic acid) (PMAS) 

(M.W.  8,000 – 12,000 Da, Nitto Chemical Industry), 0.2% w/w Allyl alcohol 1,2-

butoxylate ethoxylate (AA12BE) (Aldrich), 0.2% w/w Noxamium 0.15  (N0.15) 
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(Aldrich), 0.2% w/w Didodecyldimethyl ammonium bromide (DDAB) (M.W. 462.64 

Da, Aldrich), 0.2% w/w N-isopropylacrylamide 2-acrylamido-2-methyl-1-

propanesulfonic acid (NIPPAm-AMPS) (90:10 NIPPAm:AMPS w/w, synthesized 

organically, University of Wollongong), 0.2% w/w Deoxyribose Nucleic Acid         

(DNA) (Salmon sperm, 300 – 600 base pairs), from Prof. N. Ogata (Sophia 

University, Japan). When DNA was used, to disperse the HCNT the solution was 

heated to 91 °C in order to break the DNA into single strands. These mixtures where 

then sonicated for 1-hour, and the HCNT dispersions were obtained. The dispersions 

were then filtered using a stirred filtration cell (model 8050 purchased from 

Amicon/Millipore) under nitrogen pressure of 400 KPa. Polyvinylidene fluoride 

(PVDF) membranes with pore size of 0.22 µm were used as filters. The PVDF 

membranes were wetted for 30 min in 50:50 v/v ethanol to Milli-Q-Water prior to 

use. This resulted in HCNT/dispersant mats.  

 

3.2.2 Instrumentation and procedures 

3.2.2.1 Characterization of HCNT dispersions 

Atomic Force Microscopy pictures of HCNT dispersions were taken at Trinity 

University, Dublin, Ireland. The samples were sonicated for 15 min, and then 

subsequently allowed to settle for 30 min. Using a pipette several drops were placed 

on a clean glass substrate, which was then allowed to dry in an oven at 30 °C.  

Raman scattering was recorded using an FT Raman Brüker RSF 100, at 632 nm 

excitation in the backscattering configuration. The sample was rotated to change the 

orientation of the bundles relative to the excitation light polarization. 
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UV-1601 Shimadzu UV-Visible spectrophotometer was used to record the UV-Vis 

spectra of the dispersions, and to monitor the absorbance at constant wavelength of 

600 nm. The absorbance (Abs.) was recorded every 15 min over a period of 48 hours.  

 

3.2.2.2 Characterization of HCNT/dispersant mats 

Four point probe conductivity measurements were carried out using a 2.5 X 0.5 cm 

strip of the HCNT mats. A digital micrometer was used to measure the thickness of 

the HCNT strips. A constant current of 1 mA was passed through the sample and the 

voltage was recorded using a Hewlett Packard model 34401A multimeter and EG & 

G Princeton Applied Research model 363 Potentiostat/Galvanostat. 

Cyclic voltammograms were recorded using a MacLab/4e in a solution containing 

0.01 M K4Fe(CN)6 and 0.1 M NaNO3 as a supporting electrolyte, with E = -0.3, +0.6 

V. In addition, cyclic voltammograms were also recorded over a wide potential range 

of E = -1, +1 V for the different HCNT mats in 0.1 M NaNO3. The experimental cell 

consisted of a 2.5 X 0.5 cm strips (fully immersed) of the HCNT/dispersant mats as 

the working electrode, Ag/AgCl as the reference electrode and Pt-mesh as the 

auxiliary electrode.  

The capacitance for the different HCNT/dispersant mats were measured by recording 

cyclic voltammograms at scan rates of 50, 25, 10 and 5 mV/s using 1 M NaNO3. The 

potential window used was E = -0.1, +0.3 V, and current measurements were taken at 

E = +0.1 V. The electrochemical cell was as described above.   

The mechanical properties for the HCNT/dispersant mats were measured using 2.5 X 

0.5 cm strips of the HCNT mats. These strips were placed between two stainless steel 
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clamps; the clamps were then mounted in an Instron 4302. A load cell of 10 N was 

used and a crosshead speed of 1 mm/s was used to extend the samples.  

The actuation behavior of the HCNT/dispersant mats was recorded using the 

following techniques and instruments. The samples were prepared for testing by 

cutting them into 0.25 X 1.2 cm wide strips with a razor blade. Actuation studies 

were carried out with a single platinum electrode connected to the top of the HCNT 

strip and isolated from the stainless steel clamps by plastic adhesive tape. The clamp 

and the sample layout are shown in (Fig 3.1), the sample was then suspended from 

the arm of the analytical balance, with the lower clamp held captive by a fixed frame 

so that with the removal of the adjustable weights, the sample was loaded in tension. 

A linear variable distance transducer (LVDT) probe, was mounted atop the arm of the 

analytical balance, and the expansion/contraction of the sample was detected by the 

LVDT. The electrochemical cell consisted of 1 M NaNO3 as the electrolyte, the 

HCNT mat strips (through the clamps) as the working electrode, a Pt-mesh electrode 

as the auxiliary electrode and an Ag/AgCl as the reference electrode. The electrodes 

and the LVDT were connected to a CV27 Voltammograph and a MacLab/4e. The 

potential window applied was E = -1, +0.5 V and the loads were increased by 2 g 

starting from 2 g. The overall layout of the analytical balance is shown in (Fig 3.2). 
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Fig 3.1   Clamp and sample layout (245). 

 

Fig 3.2   The analytical balance converted for actuation testing (245). 

 

AFM pictures of HCNT/dispersant mats were taken using a DI Joel 2000 Microscope 

Multimode. The pictures were acquired using the tapping mode, and the channel 

outputs were height, amplitude, and friction. 

Scanning electron microscopy (SEM) pictures were taken using a Hitachi S-900 

FESEM. 
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3.3- RESULTS & DISCUSSION  

3.3.1 Characterization of HCNT dispersions 

3.3.1.1 Ultraviolet and visible Absorption spectroscopy (UV-Vis spectra) 

In general, SWCNT exhibit long wavelength Van Hove features, the Van Hove 

features are discussed in Ch. 2, section 2.3.1.3. SWCNT exhibit two broad peaks at 

650 and 900 nm, these peaks are assigned to the transition between the first pair of 

singularities in the Density Of State (DOS) of the metallic SWCNT (246).  The 

wavelengths for the Van Hove features decrease in an acidic environment and 

increase in a basic environment. This is attributed to the effect of protonation of 

SWCNT when exposed to acidic environment, where most of the available electrons 

(those responsible for the van Hove features) interact strongly with the adsorbed 

protons (234). In addition, other researchers observed peaks at 490 nm and 550 nm 

(247, 248).  

UV-Vis spectra of the different dispersions was recorded between 350 nm and 1100 

nm. However, the spectra for the dispersions displayed a very high level of noise 

such that no useful information could be obtained. In order to determine the stability 

of different HCNT dispersions, the absorption was measured as a function of time. A 

constant wavelength of 600 nm was selected as it is directly related to the first Van 

Hove transition of carbon nanotubes and thus was clear of other interferences. The 

Abs. was recorded every 15 min over a period of 48-hours (Fig 3.3).  
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Fig 3.3   Abs. of HCNT dispersion over a 48-hour period at a constant wavelength of 

600 nm. 

 

Figure 3.3 displays the UV-Vis spectra of HCNT/PVA, HCNT/DDAB, and 

HCNT/AA12BE. In general, the Abs. for the different dispersions started to decrease 

at 250 min, which indicated that the HCNT started to settle and/or coagulate. The 

spectra for the other dispersion exhibited a high level of noise, and hence no useful 

information could be obtained from these spectra.  

Photographs were taken over the period of one week in order to estimate the stability 

of the different dispersions over time. The first picture was taken at time t = 0 hour, 

and the second picture was taken at time t = 168 hours (one week) (Fig 3.4, and Fig 

3.5). From these pictures we find that for HCNT/PVP, HCNT/SDS, and HCNT/DNA 

dispersions the HCNT nearly settled completely at the bottom of the vials. In the case 

of HCNT/TX100, and HCNT/DDAB dispersions, most of the HCNT settled at the 

bottom of the vial. However, a small amount of the HCNT remained suspended in the 
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solution. The HCNT in HCNT/AA12BE dispersion continued to be completely 

dispersed in the solution. This indicates that the latter solution is the most stable over 

time. 

Fig 3.4   HCNT dispersions at t = 0 hour.   

 

Fig 3.5   HCNT dispersions at t = 168 hours (one week). 

 
 
3.3.1.2 Atomic Force Microscopy (AFM)* 

AFM pictures of the different HCNT dispersions were obtained. The AFM pictures of 

HCNT/PVP dispersion clearly show super-alignment of bundles of the HCNT (Fig 

3.6). Our investigation also showed that we find areas with a high concentration of 

                                                           
* Work carried in collaboration with M. in Het Panhuis at Trinity University, Dublin, Ireland.  

HCNT/PVP HCNT/AA12BE HCNT/SDS HCNT/TX100 HCNT/DDAB HCNT/DNA 

HCNT/PVP HCNT/AA12BE HCNT/SDS HCNT/TX100 HCNT/DDAB HCNT/DNA 
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the HCNT (land area) and areas with no HCNT (sea area) (Fig 3.7). What is observed 

in this AFM picture is a land area; the sea area does not contain any tubes at all.   

Investigations of the different factors involved indicate that the PVP polymer in the 

HCNT/PVP dispersion plays an important role in the alignment of the HCNT. 

Therefore, this seems to be a templated self-assembly, and it only occurs with the 

HCNT. This templated-self assembly is not observed in the RCNT, possibly due to 

the fact that HCNT are relatively short compared to the RCNT  (249). 

 

Fig 3.6   AFM picture of HCNT/PVP dispersion dried on glass slides, domain > 15 X 

15 µm2 (249). 

 

Fig 3.7   Cross-sectional AFM picture of HCNT/PVP dispersion dried on glass slide, 

domain > 15 X 15 µm2. (a) Land area, aligned HCNT, (b) Sea area, no HCNT (249). 

(a) 

(b) 
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On the other hand, the AFM pictures of the other HCNT dispersions show spaghetti 

like tube arrangement of tubes, with no alignment. This can be seen in (Fig 3.8), 

which is an AFM picture of HCNT/DDAB dispersion. 

 

Fig 3.8    AFM picture of HCNT/DDAB dispersion dried on glass slide, domain > 15 

X 15 µm2. No alignment is observed (249). 

 

3.3.1.3 Raman spectroscopy* 

Yaudasaka et al investigated the change in diameter of HCNT due to heat treatment 

using Raman spectroscopy (250). Also, hybrid systems of semi-conjugated organic 

polymers and single-walled carbon nanotubes have been characterized using Raman 

spectroscopy by Dalton et al (251).   

There are two frequency ranges in the Raman spectra, a low energy range between 

150-200 cm-1, and a high energy band between 1500-1650 cm-1. The lower energy 

range contains the radial breathing mode (RBM), this mode is a purely radial 

vibration with all atoms moving perpendicularly to the length of the tube. The Radial 

breathing mode is used to determine the diameter of the tubes probed by a particular 

                                                           
* Work carried in collaboration with M. in Het Panhuis at Trinity University, Dublin, Ireland. 
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excitation frequency λ. The high-energy range contains the modes associated with the 

graphite like structure characteristic of SWCNT. This range is termed as the 

tangential displacement mode (TDM), and it is the range where the G (Graphite) and 

the D (Disorder) modes are identified. There are various combinations resulting from 

these modes, and the intensities of both modes depend upon the excitation frequency 

λ (252 - 254). 

Satio et al calculated in a classical model the intensity of the Raman lines for a single 

nanotube in several configurations of polarization as a function of the angle between 

the nanotube axis and the laser light polarization αl (255). Gomman et al and Hwang 

et al showed that the VV (vertical/vertical, same polarization for incident and 

scattered light) intensity of all Raman modes decrease continuously when the angle 

between nanotube axis and light polarization αl increases (256, 257).  

The optical absorption spectra of carbon nanotubes has been calculated by Ajiki et al 

(258), their calculations show that optical absorption exhibits strong resonance peaks 

when the light polarization is parallel to the tube’s axis, while the resonance peaks are 

all depressed for light polarization perpendicular to the tube’s axis (258). They 

argued that these resonance peaks disappear completely for perpendicular light 

polarization because of the strong depolarization effect. Yu et al obtained 

experimental results confirming these calculations (259). 

Here we have examined the HCNT/PVP dispersion using Raman spectroscopy, to 

confirm the super-alignment of the HCNT observed in the AFM pictures. Taking the 

above discussion into consideration, we assumed that by using a αl = 0°, and then 

90°, we should obtain a very high peak resulting when one angle is used due to 
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alignment, and a very low peak when the other angle is used. The Raman 

spectroscopy of the HCNT/PVP dispersion is shown in (Fig 3.9), from this figure we 

can see that the RBM interaction of the HCNT with the PVP matrix is obvious. The 

TDM of the Raman spectra for the two different angles of light polarization αl = 0°, 

and 90° are shown in (Fig 3.10). When comparing the height of the resonance peaks 

at αl = 0° to the height of the resonance peak at αl = 90°, we find that the percentage 

is 96 : 4 respectively. This means that 96% of the HCNT are aligned, which would 

confirm the super alignment observed previously (249). 

 

Fig 3.9   Raman spectroscopy of HCNT/PVP, at λ = 633 nm (249).  
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Fig 3.10   Raman spectroscopy of HCNT/PVP at λ = 633 nm (249). 

 

3.3.2 Characterization of HCNT/dispersant mats 

25 mg of HCNT were added to the different dispersant solutions to produce the 

dispersions, which were then filtered to produce the HCNT/dispersant mats. The 

HCNT mats were weighed after they were peeled off the PVDF membranes and dried 

Table –3.1. This weight is the weight of the dispersant that was incorporated into the 

mats in addition to the 25 mg of HCNT. Therefore, weight of dispersant incorporated 

into the HCNT = (weight of HCNT – 25 mg). From Table –3.1, we notice the HCNT 

uptake of the different dispersant is different, presumably depending on the chemical 

nature of the dispersant as discussed in Ch. 2, section 2.3.2.  
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Table –3.1 Weight of the different HCNT/dispersant mats.  

Dispersant  Weight of mat  

(mg ± 0.1) 

Dispersant Weight  

(mg ± 0.1) 

TX100 29.0 4.0 

SDS 52.5 27.5 

PVP 70.1 41.1 

PMAS 46.4 21.4 

DDAB 65.5 40.5 

AA12BE 81.8 56.8 

DNA 59.1 34.1 

 

3.3.2.1 Conductivity 

The equations used to calculate the resistance and conductivity are discussed in     

Ch. 2, section 2.3.2.1. The results are presented in Table –3.2.  

Table –3.2 Conductivity of HCNT/dispersant mats. 

Dispersant  Thickness (µµµµm ± 0.1) Conductivity (S/cm ± 0.1) 

TX100 40.9 11.7 

SDS 35.3 137.5 

PVP 70.0 44.2 

PMAS 33.6 15.9 

DDAB 61.0 8.2 

AA12BE 70.0 7.4 

DNA 69.6 24.4 
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The conductivity in SWCNT mats was described as the passage of electrons between 

nanotubes that are in contact with each other where there is no need to overcome the 

internal resistance (240). It was also found that conduction current is limited to the 

few nanotubes in the bundle that exist at the surface and which are in direct contact 

with the electrodes (260). In addition, investigations of the electrical transport 

properties of metallic SWCNT containing defects showed that the defects lead to an 

increase in resistance, inducing strong barriers for electron transport (85). One 

assumption is that by using a four-point probe method to measure the conductivity of 

the HCNT mats, we are creating defects in the HCNT that exist at the surface and 

which are in direct contact with the four electrodes. Changes in the transport 

properties of the SWCNT have been predicted in terms of change in the carbon-

carbon bonds. However, to produce these changes mechanical stress has to be applied 

within the atomic structure of the HCNT, where the electronic properties of the 

nanotube change locally at the deformation point. Therefore, our conductivity 

measurements are not affected by any local deformation of the carbon bonds in the 

nanotubes (84).  

The SWCNT/polymer or SWCNT/surfactant mats consists of bundles of ropes of 

SWCNT, themselves containing strands of metallic and semi-conducting nanotubes 

loosely touching each other. Consequently the conductivity is the result of a metallic 

on-tube conduction in series with an activated, hopping-like conduction of the contact 

regions (88, 89). Other factors that might affect the conductivity measurements are, 

scattering or tunneling (90). This conduction mechanism is described by the 

heterogeneous model (91). This model seems appropriate for understanding 

conduction in the individual ropes separated by tangled regions such as polymer or 
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surfactant materials, and also for mats of tangled ropes in which inter-rope contact 

are likely to act as barriers (92). 

 

From the results in the table above, we find that the conductivity of the HCNT mats is 

within the range of the results reported previously in the literature. In general we find 

that the conductivity values of the HCNT mats are lower than those for RCNT mats. 

This may be due to the different impurities that result from the two different 

production methods (139, 140, 234, 235).  

The HCNT/PMAS mat had a higher conductivity ~ 15.9 S/cm than that for 

HCNT/TX100 mat ~ 11.7 S/cm. This was expected since the combination of a 

conducting material such as PMAS with the HCNT will enhance the conductivity of 

both the PMAS and the HCNT (88, 89). However, the conductivity of the 

HCNT/PMAS mat was lower than that for HCNT/SDS mat, which exhibited the 

highest conductivity ~ 137.5 S/cm, and lower than the conductivity of HCNT/DNA 

mat ~ 24.4 S/cm.  This indicated that the electrical properties of the HCNT are 

affected to a significant degree by the chemical nature of the dispersant used, and its 

ability to align the carbon nanotubes. The introduction of the dispersant increases the 

distance between the nanotubes and therefore, the interactions between the nanotubes 

decrease, which by the above reasoning will lead to a decrease in the conductivity of 

the mat. This can be observed for HCNT/DDAB and HCNT/AA12BE, where a 

significant amount of DDAB and AA12BE was incorporated within the mats (Table 

–3.1), we find that the conductivity decreased. On the other hand, a smaller amount 

of SDS was incorporated within the HCNT mat, and this resulted in an increased 

conductivity of the mat. However, it should be noted that the same concentration of 
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the different dispersants was used to disperse the HCNT. Indicating that the amount 

retained within the mat is dependent on the chemical nature of the dispersant. 

 

3.3.2.2 Cyclic voltammograms of HCNT/dispersant mats over a wide potential 

range in 0.01 M K4Fe(CN)6 

In general the HCNT CVs over a wide range of potentials in 0.01 M K4Fe(CN)6 

exhibited broad redox peaks. The HCNT/TX100 CV (Fig 3.11), was significantly 

different from that of RCNT/TX100 (Ch. 2, Fig 2.7) under the same conditions. This 

is due to the presence of different impurities in the CNT materials, as a result of the 

two different production methods (139, 140, 234, 235). The CVs obtained using 

HCNT/TX100, HCNT/AA12BE, and HCNT/DDAB CVs (Figs 3.11, 3.12, and 3.13) 

were similar. In addition, we find that the electrochemical response of these mats is 

highly capacitive in nature, with HCNT/DDAB exhibiting the biggest difference 

between the oxidation and reduction currents. When considering the CV obtained 

using HCNT/SDS mat, more defined redox peaks were observed with an oxidation 

peak (a) at E ~ 0.65 V and a reduction peak (b) at E ~ 0.25 V (Fig 3.14). This 

response is consistent with the high conductivity values for the HCNT/SDS mat. On 

the other hand, the redox responses for the HCNT/DNA mat were very broad and 

undefined (Fig 3.15), indicating that the HCNT/DNA mat is resistive in nature. This 

indicated that the redox responses are attributed to the dispersant and not the HCNT. 
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Fig 3.11   Cyclic voltammogram (2nd cycle) of HCNT/TX100 mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 
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Fig 3.12   Cyclic voltammogram (2nd cycle) of HCNT/AA12BE mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 
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Fig 3.13   Cyclic voltammogram (2nd cycle) of HCNT/DDAB mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 
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Fig 3.14   Cyclic voltammogram (2nd cycle) of HCNT/SDS mat at in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 

a

b



Ch. 3 

 102

HCNT/DNA

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-1.5 -1 -0.5 0 0.5 1 1.5
E vs. Ag/AgCl (V)

C
ur

re
nt

 (m
A

)

 

Fig 3.15   Cyclic voltammogram (2nd cycle) of HCNT/DNA mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 

 

3.3.2.3 Capacitance 

Cyclic voltammograms were recorded for the different HCNT/dispersant mats using 

different scan rates. The difference between the oxidation and reduction current at E 

= 0.1 V was plotted as a function of the scan rate, the best straight line was graphed 

and slope calculated. Capacitance = ½ slope (F), Specific Capacitance = 

Capacitance/weight (F/g), the results obtained are presented in Table –3.3. An 

example of the calculations is presented in Ch. 2, section 2.3.2.3. 
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Table –3.3 Capacitance for the different HCNT/dispersant mats. 

Dispersant  Specific capacitance (F/g  ± 0.01) 

TX100 3.74 

SDS 23.25 

PVP 5.6 

PMAS 13.2 

DDAB 1.08 

AA12BE 0.85 

DNA 1.7 

 

From the table above we find that the capacitance for the HCNT/dispersant mats is 

significantly lower than that for the RCNT/dispersant mats, Ch. 2, section 2.3.2.3. It 

was reported that in the region between –0.5 V and 0.5 V SWCNT approach the 

behavior of an ideal double-layer capacitor (261). This was observed in all the 

HCNT/dispersant cyclic voltammograms, such as the case in the cyclic 

voltammogram of HCNT/TX100 (Fig 3.16). 
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Fig 3.16   Cyclic voltammogram of HCNT/TX100 mat in 0.1 M NaNO3, E = -0.1, + 

0.3 V. (a) scan rate of 50 mV/s, (b) scan rate of 25 mV/s, (c) scan rate of 10 mV/s, 

and (d) scan rate of 5 mV/s. 

 

3.3.2.4  Atomic Force Microscopy (AFM) 

AFMs of the HCNT/dispersant mats were obtained and compared to those obtained 

for RCNT/dispersant mats (Ch. 2, Fig 2.13). We find that the HCNT aggregate into 

ropes and bundles as do the RCNT. However, the HCNT ropes and bundles seem to 

be smaller in diameter. This is due to the fact that a HCNT has a diameter of ~ 1 nm 

compared to the diameter of a RCNT ~1.38 nm, and they are also shorter in length as 

was previously reported (234, 235) (Fig 3.17). These differences result in a more 

even distribution of the HCNT throughout the mat. This was observed in all the AFM 

pictures for the different HCNT/dispersant mats, an example is the AFM picture of 

the HCNT/SDS mat (Fig 3.18). We were not able to obtain AFM pictures of the 
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HCNT/DNA mat. This mat was very rough, as the DNA uptake by the HCNT is very 

high. SEM pictures of the HCNT/DNA mat were obtained. 

 

Fig 3.17   AFM picture of HCNT/TX100 mat.  

 

Fig 3.18   AFM picture of HCNT/SDS mat.  

Bundle 

Rope 
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3.3.2.5  Scanning Electron Microscopy (SEM) 

SEM pictures were obtained for the HCNT/DNA mat (Fig 3.19), as we can see from 

the picture, the HCNT are highly entangled into a complex network. In addition, 

since the uptake by the HCNT of the DNA is very high, and we cannot see DNA 

clusters in the picture, we assume that the HCNT are nearly 100% covered by the 

DNA. Comparing the HCNT/DNA mat with the RCNT/DNA mat  (Ch. 2, Fig 2.17), 

we can see that the HCNT are more densely packed within the matrix of the mat.  

 

 
 

Fig 3.19   SEM picture of HCNT/DNA mat.   
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3.3.2.6 Mechanical properties 

The mechanical properties were measured for the HCNT/dispersant mats using a 10 

N load cell, and a crosshead speed of 1 mm/s was used to extend the samples. From 

the recorded measurements Force (N) was plotted against Extension (m), and Stress 

(σ) (MPa) was plotted against Strain (ε). 

Stress (MPa) = F (N) / W(m) X T (m) 

Strain = Extension (m)/Gauge length (m) 

From the plot of Stress vs. Strain (Fig 3.20), we can obtain σ Break (MPa), and ε Break, 

where σ Break  is the stress value, and ε Break  is the corresponding strain at the breaking 

point. Also, from the slope of the curve we can calculate Young’s modulus Y (GPa). 

Results are presented in Table –3.4.  

Table –3.4 Mechanical properties for the different HCNT/dispersant mats. 

Dispersant  σσσσBreak (MPa ± 0.1) εεεεBreak  ± 0. 1 Y (GPa ± 0.01)

TX100 2.3 2.1 0.19 

SDS 28.2 3.1 1.32 

PVP 17.2 2.3 0.95 

PMAS 51.7 2.2 2.80 

DDAB 4.7 5.9 0.16 

AA12BE 2.0 8.0 0.04 

DNA 17.8 2.1 1.30 
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Fig 3.20   Stress-strain curves of a) HCNT/TX100, b) HCNT/SDS, c) HCNT/PMAS, 

and d) HCNT/DNA.  

 

As can be seen in the stress-strain curves the different samples exhibit brittle behavior 

with a slight dectility at high stress-strain values. This behavior is very similar to that 

previously observed for the RCNT/dispersant mats (Ch. 2, Fig 2.14). This is 

presumably due to the creep/slippage of the ropes within the matrix of the mat near 

the break point.  

The HCNT/dispersant mats were less brittle compared to the RCNT/dispersant mats, 

Ch. 2, section 2.3.2.5. This is due to the HCNT/dispersant mats being more 

homogenous and uniform as observed by AFM pictures. HCNT/PMAS had the 
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highest Young’s modulus, while HCNT/AA12BE had the lowest. HCNT/TX100 and 

HCNT/DDAB mats had a similar Young’s modulus, as is the case with HCNT/SDS 

and HCNT/DNA mats.   

There are three reasons why the Young’s modulus for the HCNT mats is smaller than 

previously reported values in the literature as discussed in Ch. 2, section 2.3.2.5. 

First, the HCNT are packed into ropes, and the ropes are packed into bundles which 

are covered by the dispersant. This will result in a very large increase in the overall 

diameter, compared to the diameter of a single-walled carbon nanotube. Secondly, the 

HCNT mats that we used in these measurements were not annealed. Finally, the value 

for the cross sectional area used when calculating the stress values is not the real area, 

since the mats are composed of a mesh of ropes and not a single rope, and the stress 

values obtained are probably due mainly to shear stress rather than tension stress. 

However, the values we obtained for the HCNT/SDS, HCNT/PMAS and 

HCNT/DNA are higher than the Young’s modulus for conducting polymers.  

 

2.3.2.7 Actuation 

Carbon nanotubes have been shown to provide actuation with several key advantages 

over other actuator materials (262). The proposed actuation mechanism is based on 

charge injection that requires the carbon nanotubes to be immersed in electrolyte to 

allow a potential to be applied. Changing the applied voltage injects charge into the 

carbon nanotubes structure, which is compensated at the nanotube/electrolyte 

interface by electrolyte ions forming a double layer (262). This charge injection 

causes dimensional changes in the carbon-carbon covalent bond length that originates 

from quantum mechanical and double layer electrostatic effects. The result of this is a 
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change in the bulk dimension (262). As nanotubes exhibit actuation through this 

unique mechanism, and due to their natural atomic structure, they have been 

predicted to be able to generate extremely high stress. Gao et al predicted that for the 

achievable actuator strain of 1%, the individual nanotubes should generate stress up 

to 6 GPa since the measured elastic modulus is around 640 GPa for nanotubes ropes 

(263). 

It was not until the work of Mazzoldi et al that nanotubes mats were tested in a linear 

actuation configuration (264). The investigation of carbon nanotube actuation in 

comparison to polypyrrole and carbon nanotube/polypyrrole composites indicated 

that the carbon nanotubes actuators exhibited lower actuation strains than 

polypyrrole, but that these were attainable at increasing loads (264). Under the same 

loads, the strain of polypyrrole actuators decreased to zero. 

In this work we examined the actuation behavior of the HCNT/dispersant mats in 0.1 

M NaNO3, starting from 2 g load and increasing the load by 2 g until failure. The 

results are shown in Table –3.5 and (Fig 3.21 – 3.24). The Figures represent the creep 

of the different samples and the CV of each of these samples during the application of 

voltage, when a load of 2 g was used. 

 

 

 

 

 

 

 



Ch. 3 

 111

Table –3.5 %Strain for the HCNT/dispersant mats. 

Dispersant  Strain % ± 0.001 

 Load of 2 g Load of 4 g Load of 6 g 

TX100 0.047 0.031 0.014 

SDS 0.034 0.017 --- 

PMAS 0.004 --- --- 

DDAB 0.036 0.013 --- 

 

From the table above we can see that the HCNT/TX100 mat exhibited the highest 

strain, the maximum load used was 6 g. HCNT/SDS and HCNT/DDAB mats 

exhibited lower strains with similar values, and a maximum load of 4 g was used 

before failure. HCNT/PMAS mat on the other hand exhibited a significantly lower 

strain value compared to the other samples, and the maximum load used was 2 g 

before failure. HCNT/AA12BE and HCNT/DNA did not exhibit any actuation 

behavior.  
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Fig 3.21a   Displacement as potential is 

applied for HCNT/TX100 mat in 1 M 

NaNO3, with a 2 g load.  

Fig 3.21b   Cyclic voltammogram (2nd 

cycle) for HCNT/TX100 mat in 1 M 

NaNO3 during the application of Voltage. 

E= -1, 0.5 V, scan rate of 50 mV/s. 
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Fig 3.22a   Displacement as potential is 

applied for HCNT/SDS mat in 1 M 

NaNO3, with a 2 g load.  

Fig 3.22b   Cyclic voltammogram for 

HCNT/SDS mat in 1 M NaNO3 during 

the application of Voltage. E= -1, 0.5 V, 

scan rate of 50 mV/s.  
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Fig 3.23a   Displacement as potential is 

applied for HCNT/PMAS mat in 1 M 

NaNO3, with a 2 g load.  

Fig 3.23b   Cyclic voltammogram for 

HCNT/PMAS mat in 1 M NaNO3 during 

the application of Voltage. E= -1, 0.5 V, 

scan rate of 50 mV/s. 
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Fig 3.24a   Displacement as potential is 

applied for HCNT/DDAB mat in 1 M 

NaNO3, with a 2 g load.  

Fig 3.24b   Cyclic voltammogram for 

HCNT/DDAB mat in 1 M NaNO3 during 

the application of Voltage. E= -1, 0.5 V, 

scan rate of 50 mV/s. 

 

From these figures we can see the creep in each sample. This is due to the fact that 

the HCNT/dispersant mats are composed of randomly packed ropes and bundles, 

which result in stretching, pulling and sliding within the mat during actuation, and 

hence the obvious creep. In addition, the insertion and expulsion of the ions into the 

dispersant depends to a significant degree on the chemical nature of the dispersant. 

This contributes to the differences in the actuation behavior for the different 

HCNT/dispersant mats.   
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3.4- CONCLUSION 

HCNT dispersions and mats have been prepared and characterized using a variety of 

methods. Using AFM, it was found that the HCNT/PVP dispersion exhibited super-

alignment of the HCNT. This was confirmed by Raman spectroscopy. This alignment 

seems to be a templated self-assembly. It was also determined that the alignment of 

the HCNT is a characteristic that depends on the dispersant used. The stability of the 

dispersion over time was examined by recording the UV-Vis spectra for the different 

dispersion over a 48-hour period. It was found that HCNT/PVA, HCNT/PMAS and 

HCNT/DNA were stable over long periods of time.  

 

CVs were obtained using the HCNT/dispersant mats as working electrodes, and it 

was found that the CVs were significantly different than those observed for the 

RCNT/dispersant mats. This indicated that the electrochemistry of the HCNT is 

different from that for the RCNT. In addition, CVs of the HCNT/dispersant mats 

were recorded over a wide potential range. The results indicated that the 

electrochemical response of the HCNT mats depends on the chemical nature of the 

dispersant. Also, the CVs exhibited a highly capacitive behavior indicating that they 

are composites with high charge storage capabilities.  

 

Conductivity and capacitance measurements were obtained for the different 

HCNT/dispersant mats. Both the conductivity and capacitance values were smaller 

than those for the RCNT/dispersant mats. In addition, some of the capacitance values 

obtained were negative. This could be due to the high porosity of the 
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HCNT/dispersant mats; it could also be due to the complexity of the samples, which 

result in different kinetic processes occurring at the same time, some slower than the 

others.  

 

The mechanical properties of the HCNT/dispersant mats were much better than those 

for the RCNT/dispersant mats, this is due to the more uniform and homogenous 

morphology of the mats as can be seen in the AFM and SEM pictures. In addition, 

actuation studies on the HCNT/dispersant mats were carried out, and in general the 

HCNT/dispersant mats exhibited good actuation responses. In addition, a creep was 

observed in each sample. This is due to the fact that the HCNT/dispersant mats are 

composed of randomly packed ropes and bundles, which result in stretching, pulling 

and sliding within the mat during actuation, and hence the obvious creep.  
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CHAPTER FOUR 

PREPARATION AND CHARACTERIZATION OF 

DISPERSIONS AND MATS OF MULTI-WALLED 

CARBON NANOTUBES/DISPERSANT COMPOSITES 

 

4.1- INTRODUCTION 

MWCNT were the first CNT to be discovered. They are similar to hollow graphite 

fibers, except that these have a much higher degree of structural perfection. They are 

composed of concentric cylinders, with a spacing between the layers close to that of 

the inter-layer distance in graphite ~34 nm. This interlayer spacing is larger than the 

single-crystal graphite value ~ 3.35 nm. This is due to the fact that in MWCNT there 

is a severe geometrical constraint when forming the concentric seamless cylinders 

while maintaining the graphite spacing between them. The three dimensional 

structural correlation that prevails in single-crystal graphite is lost in the MWCNT 

and the layers are rotationally disordered with respect to each other (93).  

MWCNT dispersions have been prepared by a number of research groups. MWCNT 

have been dispersed in ethanol (265), isopropanol (266), and methylene chloride 

(267). In addition, MWCNT have been dispersed in 2-butanone using bath 

sonication. It was found that the MWCNT ribbons that were formed are highly 

flexible. It was also observed that the dispersing process could lead to the collapse of 

the MWCNT, where the inter-layer distance between the tubes decreases 

significantly. This in turn results in a decrease in the internal and external surface 
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area of the MWCNT due to the new interlayer van der Waals contact of the inner 

most MWCNT cylinder (268). 

MWCNT/polymer composites have also been prepared by a number of research 

groups. For example, composites with polystyrene (269, 270), Poly(3-octylthiophene) 

(271), poly(methylmethacrylate) (PMMA) (272), poly(3-hexylthiophene) (P3HT) 

(273), and Poly(propionylethylenimine-co-ethylenimine) (PPEI-EI) in chloroform 

have been prepared (274 - 276). 

MWCNT/epoxy was prepared by Lee et al (96), Ijjima et al (277) and Gong et al 

(278).  Gong et al investigated the role of the dispersant as a processing aid in the 

preparation of MWCNT/polymer composites. The dispersant used as the wetting 

agent was Poly(vinyl alcohol) (PVA). It was found that using a dispersant as a 

processing aid improved the thermochemical properties of MWCNT/polymer 

composites. The elastic modulus also increased by ~30%. In contrast the addition of 

MWCNT to epoxy without the dispersant only has moderate effects on the 

mechanical properties (279). It was also found that the outer surface of the MWCNT 

is partially covered with the dispersant even after washing with water (280). 

Composites with Poly(m-phenylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV), 

a conjugated polymer, have been prepared and examined by a number of groups (93, 

281, 282, 283, 284). The MWCNT appeared to be well dispersed, as the conjugated 

polymer is able to wet the MWCNT (281). This polymer chain tends to coil to form a 

helical structure; it is possible that the coiled polymer conformation allows it to 

surround the MWCNT. As the polymer structure possesses helicity, it is not 

surprising that it is able to wrap itself around the MWCNT and keep them suspended 

in solution indefinitely (282). It was also found that in some instances when the 
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MWCNT are open at the tip, the polymer was able to migrate inside (284). The 

nanotubes appear to be held in the polymer matrix through a weak interaction 

between the backbone of the polymer and the lattice of the nanotubes. The interaction 

probably arises from π-π stacking or from Van der Waals attraction between the 

oxygen atoms of the polymer side group and the lattice of the nanotube. In addition, 

the nanotubes act to prevent aggregation in the polymer system. However, as the 

concentration of the nanotubes in the solution increase, the polymer is unable to 

break down the aggregates of the MWCNT (283). 

It was also concluded that semi-conjugated organic polymers are capable of 

suspending MWCNT indefinitely whilst the accompanying amorphous graphite 

settles out. In the case of a non-conjugated polymer such as polystyrene, this was not 

observed and all the carbonaceous material settled out (281).  

When considering MWCNT/polymer composites in general, it was found that there 

was an increase in the electrical conductivity of the composite compared to the 

pristine polymer of nearly 8 orders of magnitude, the highest conductivity achieved 

was 10-2 S/cm (93, 282). The best description of this conduction process is provided 

by a percolation model, which fits the composites conductivity very well. The high 

aspect ratio and good dispersion help to achieve percolation at very low volume 

fraction of MWCNT, where connectivity is very low but conduction lengths are 

large, resulting in such dramatic changes in the conductivity (282). The nanotubes 

appear to act as nano-metric heat sinks, preventing the build up of large thermal 

effects, caused optically or electrically, which degrades these conjugated systems.  
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MWCNT/Poly(3-octylthiophene) composite was prepared (271). It was found that 

the electrical conductivity for the composite increased by up to five orders of 

magnitude from the ‘undoped’ polymer film, which suggested that there is some 

interaction between the MWCNT and the polymer chain. 

In this chapter the preparation of aqueous Multi-walled Carbon Nanotubes 

(MWCNT) dispersions and mats is investigated. The dispersions were characterized 

by using particle size and zeta potential measurements. UV-Vis spectrophotometry 

was then recorded for the different dispersions to evaluate their stability over time. 

These dispersions were then filtered to produce MWCNT/dispersant mats. The 

characterization of these composites was carried out using a variety of different 

techniques such as, cyclic voltammetry, capacitance, and Scanning Electron 

Microscopy (SEM).  Conductivity, for the different MWCNT mats was also 

measured.   
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4.2- EXPERIMENTAL  

4.2.1  Preparation of MWCNT dispersions and mats                                      

The multi-walled carbon nanotubes were purchased from MER as a solid powder, 

with an average tube diameter of 1.1 nm. For a comparison between SWCNT 

(RCNT) and MWCNT, a MWCNT solution with a concentration similar to that of the 

RCNT solution, Ch. 2 section 2.2.1 was prepared. This was achieved as follows; 0.1 

g TritonX 100  (TX100) (<3% w/v polyethylene glycol, Aldrich) was added to 43 

ml Milli-Q-Water to produce a 0.23% TX100 solution, 0.5 g of the solid MWCNT 

were then added to this solution. 1 g aliquot of this mixture was added to 100 ml 

Milli-Q-Water and sonicated for 30 min, this produced the standard MWCNT/TX100 

dispersion. From the standard MWCNT/TX100 dispersion, a 50 ml aliquot was 

filtered using a stirred filtration cell (model 8050 purchased from Amicon/Millipore) 

under nitrogen pressure of 400 KPa. Polyvinylidene fluoride (PVDF) membranes 

with pore size of 0.22 µm were used as filters. The PVDF membranes were wetted 

for 30 min in 50:50 v/v ethanol to Milli-Q-Water prior to use. The mat was then 

washed with 150 ml Milli-Q-Water, then 150 ml methanol to remove excess TX100. 

MWCNT mats were pealed off the PVDF membranes and re-dispersed in 50 ml of 

the following solutions, 0.2% w/w Noxamium 0.15  (N0.15) (Aldrich), 0.2% w/w 

Didodecyldimethyl ammonium bromide (DDAB) (M.W. 462.64 Da, Aldrich), 0.2% 

w/w N-isopropylacrylamide 2-acrylamido-2-methyl-1-propanesulfonic acid 

(NIPPAm-AMPS) (90:10 NIPPAm:AMPS w/w, synthesized organically, University 

of Wollongong), and 0.2% w/w Deoxyribose Nucleic Acid (DNA) (Salmon sperm, 

300 – 600 base pairs), from Prof. N. Ogata (Sophia University, Japan). These 
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mixtures were then sonicated for 2 hours. The resulting dispersions were filtered as 

described previously and MWCNT mats were obtained, Scheme-4.1. 

01% Triton X 100. MWCNT/TX100
Dispersion .

1 g

Ultrasonication
Filtration
     +

Wash with 
M.Q.W.+ 
methanol

PVDF
MWCNT mat

0.2% Dispersant

Filtration

MWCNT/dispersant  dispersion

Ultrasonication

PVDF
MWCNT/dispersant

  mat

0.5 g MWCNT

0.23% Triton X 100. 0.23% Triton x 100.

 

 Scheme 4.1  Preparation of MWCNT dispersions and mats. 

 

4.2.2 Instrumentation 

4.2.2.1 Characterization of MWCNT dispersions 

A UV-1601 UV-Visible spectrophotometer (Shimadzu) was used to record the UV-

Vis spectra for the dispersions. The absorbance (Abs.) was recorded for each of the 

different dispersions, using a constant wavelength of 600 nm, where the Abs. was 

recorded every 15 min over a period of 48 hours.  

Malvern Zetasizer 3000 was used to measure the particle size and the zeta potential 

(surface charge) of the different dispersions. 
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4.2.2.2 Characterization of MWCNT/dispersant mats 

Four-point probe conductivity measurements were recorded for the 

MWCNT/dispersant mats using 2.5 X 0.5 cm strips of the mats. A digital micrometer 

was used to measure the thickness of the composites. A constant current of 1 mA was 

passed through the sample using an EG & G Princeton Applied Research model 363 

Potentiostat/Galvanostat, and the voltage was recorded using a Hewlett Packard 

model 34401.  

Cyclic voltammograms were recorded using a MacLab/4e over a wide potential range 

of E = -1, +1 V for the different MWCNT/dispersant mats in 0.01 M K4Fe(CN)6 with 

0.1 M NaNO3 as a supporting electrolyte. 2.5 X 0.5 cm strips (fully immersed) of the 

MWCNT mats were used as the working electrode. Ag/AgCl was used as the 

reference electrode and Pt-mesh as the auxiliary electrode. The scan rate applied was 

50 mV/s. The capacitance for the different MWCNT/dispersant mats were measured 

by recording cyclic voltammograms for the different mats using different scan rates 

50, 25, 10 and 5 mV/s. The potential window used was E = -0.1, +0.3 V, and current 

measurements were taken at E = +0.1 V. The electrochemical cell was as described 

above with the exception of the electrolyte used being 1 M NaNO3. Scanning 

Electron Microscopy (SEM) pictures of the MWCNT/dispersant mats were obtained 

using a Hitachi S-900 FESEM. 
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4.3- RESULTS & DISCUSSION 

4.3.1 Characterization of the MWCNT dispersions 

4.3.1.1 Particle size and Zeta potential 

The particle size distribution for the different dispersions was measured in order to 

determine the effectiveness of the different dispersants with respect to dispersing the 

MWCNT. The photon-correlation spectroscopy, with the analysis algorithms was 

modified to compensate for the non-spherical nature of the carbon nanotube as 

discussed in Ch. 2 section 2.3.1.1. The zeta potential (surface charge) for the 

dispersions was also measured to confirm that the MWCNT are negatively charged, 

Table –4.1. It was found that N0.15 was the most effective dispersant while DNA 

was the least effective. Zeta potential measurements of the MWCNT dispersed in 

TX100, DNA, and NIPAAm-AMPS determined that the surface charge was negative. 

For MWCNT dispersed in N0.15 and DDAB, the surface charge was positive. This is 

in agreement with what was expected since N0.15 and DDAB are cationic 

surfactants. In addition, it was observed that the particle size was very large in 

general. This is due to the fact that MWCNT tend to form aggregated ropes, which 

are much larger than a single MWCNT. Size determination using light scattering 

techniques produces a scatter intensity that is directly proportional to the particle size 

(I α r6). Therefore, if a small percentage of the MWCNT in the dispersion existed as 

large entangled rope aggregates this would skew the observed particle size resulting 

in significantly higher values.  
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Table –4.1 Particle size and zeta potential for MWCNT dispersion. 

Dispersant  Particle size (nm ± 1) Zeta Potential (mV ± 0.1) 

TX100 629 -3.5 

DNA  920 -56.4 

N 0.15 228 19.9 

NIPPAm-AMPS 259 -22.2 

DDAB 462 6.5 

 
 

4.3.1.2 Ultraviolet and Visible Absorption spectroscopy (UV-Vis)  

The Abs. for the different MWCNT dispersions was recorded as a function of 

wavelength starting at 350 nm and finishing at 1100 nm. The UV-Vis spectra of 

MWCNT (Fig 4.1) were found to be similar to those observed for SWCNT (Ch. 2, 

Fig 2.6).  
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Fig 4.1   UV-Vis spectra of MWCNT dispersions over 300-1100nm. 
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The spectra for the MWCNT were featureless curves with broad bands, this was also 

observed by other workers (274, 276). The broad double peaks that are observed at 

650 and 900 nm are characteristic of the transition between the first pair of 

singularities in the density of state (DOS) of the metallic MWCNT (285, 286). The 

peak at 650 nm is assigned to the first Van Hove transition of metallic MWCNT, 

while the peak at 900 nm is due to the second Van Hove singularity. In addition, the 

Van Hove peaks are sensitive to MWCNT diameters. Therefore, we expect MWCNT 

that contain less cylinders to have a smaller diameter and thus exhibit Van Hove 

transitions at shorter wavelengths and MWCNT that contain more cylinders to exhibit 

Van Hove transition at longer wavelengths. The peaks observed are due to the 

overlapping of Van Hove transitions from all nanotube sizes that are present in the 

sample (287, 288). 

In order to determine the stability of the different MWCNT dispersions, the 

absorption was measured as a function of time. A constant wavelength of 600 nm was 

selected as it is directly related to the first Van Hove transition of carbon nanotubes 

and thus was clear of other interferences. The Abs. was recorded every 15 min over a 

period of 48-hours (Fig 4.2).  
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Fig 4.2    Abs. for different MWCNT dispersions over a period of 48-hours at 600 

nm. 

 

In general, the Abs. for all the dispersions were observed to decrease at 150 min, 

indicating that the MWCNT started to settle and/or coagulate. The Abs. for all the 

MWCNT dispersions was constant through the remainder of the 48-hours. From the 

accompanying time lapse pictures (Fig 4.3, and 4.4), it was verified that the 

MWCNT/DDAB dispersion was stable over the 48-hour period. For 

MWCNT/TX100 and MWCNT/N0.15 dispersions some tubes settled at the bottom of 

the vial.  In the case of MWCNT/NIPPAm-AMPS and MWCNT/DNA dispersions 

we can see that all the MWCNT settled out of the aqueous phase after 48-hours.  
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Fig 4.3   MWCNT dispersions at t = 0.00 min.  

 

Fig 4.4   MWCNT dispersions at t = 48 hour. 

  

4.3.2 Characterization of MWCNT/dispersant mats 

The weight of the MWCNT dispersed in the different solutions was 5.6 mg. 

Therefore, the weight of the MWCNT/dispersant mats after drying includes the 5.6 

mg of MWCNT, and the remaining weight is attributed to the dispersant that is 

incorporated within the MWCNT matrix.  
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Table –4.2 Weight of MWCNT/dispersant mats. 

Dispersant  Weight (mg ± 0.1) Dispersant weight retained in the 

mat (mg ± 0.1) 

TX100 16.2 10.6 

DNA 115.6 110.0 

N 0.15 6.3 0.7 

NIPPAm-AMPS 16.5 10.9 

DDAB 27.3 21.7 

 

There are significant differences between the weights of the different mats, due to the 

fact that a certain amount of the dispersant used is retained within the mat, where the 

chemical nature of the dispersant ultimately affects its uptake by the MWCNT as 

discussed in Ch. 2, section 2.3.2. In addition, the weight of the mat will also depend 

on the molecular weight of the dispersant, where a high molecular weight resulted in 

a higher mat weight, as is the case in the MWCNT/DNA mat. 
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4.3.2.1 Conductivity 

The equations used to calculate the resistance and conductivity were discussed in Ch. 

2, section 2.3.2.1. The results are presented in Table –4.3. 

Table –4.3 Conductivity of MWCNT/dispersant mats. 

Dispersant  Thickness (µµµµm ± 0.1) Conductivity (S/cm ± 5%) 

TX100 32.8 2.3 

DNA 119.0 4.2 X 10-4 

N 0.15 9.0 7.9 X 10-4 

NIPPAm-AMPS 30.3 1.6 X 10-3 

DDAB 36.5 7.6 X 10-4 

 

From the results in the table above, we can see that the MWCNT/TX100 mat 

exhibited the highest conductivity compared to the other MWCNT/dispersant mats. 

In general, we find that the conductivity of the MWCNT/dispersant mats is lower by 

nearly four orders of magnitude compared to the conductivity of the corresponding 

RCNT/dispersant mats (Ch. 2, section 2.3.2.1) and HCNT/dispersant mats (Ch. 3, 

section 3.3.2.1). One possible explanation is that when relating the static conductivity 

of SWCNT to the static in plane conductivity of a graphite sheet it is concluded that 

SWCNT are excellent conductors. In contrast, MWCNT are composed of different 

cylinders, where the electronic properties of bulk graphite are strongly affected by the 

outer sheet electron hopping, thus MWCNT may posses conductivities substantially 

below that of the sum of the constituent tubes. 
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4.3.2.2 Cyclic voltammetry of MWCNT/dispersant mats over a wide potential 

range in 0.01 M K4Fe(CN)6 

CVs for the different MWCNT mats were recorded over a wide range of potentials in 

0.01 M K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte (Fig 4.5 – 4.8), 

oxidation of water and reduction of hydrogen at the solvent limits were observed. 

MWCNT/TX100 mat (Fig 4.5) generally exhibited ohmic behavior, and a capacitive 

behavior was observed between E ~ -0.00 to +0.8 V. In addition, there were no 

similarities between the CV obtained using this mat and of that of RCNT/TX100 mat 

(Ch. 2, Fig 2.7) or HCNT/TX100 (Ch. 3, Fig 3.11), demonstrating the different 

electrochemistry of RCNT, HCNT, and MWCNT. The CV for MWCNT/N0.15 mat 

(Fig 4.6) was different from that of RCNT/N0.15 mat (Ch. 2, Fig 2.10), where the 

MWCNT/N0.15 exhibited no redox peaks, while the RCNT/N0.15 exhibited broad 

redox peaks. However, CVs for both MWCNT/N01.5 and RCNT/N0.15 mats 

exhibited a capacitive behavior between E ~ -0.2, +0.6 V.  

There were no significant differences between the CV for MWCNT/DDAB (Fig 4.7) 

and RCNT/DDAB (Ch. 2, Fig 2.14). In addition, the CV for the HCNT/DDAB    

(Ch. 3, Fig 3.13), exhibited very broad redox peaks that are absent in the CV of the 

MWCNT/DDAB. The CV for MWCNT/NIPPAm-AMPS (Fig 4.8), exhibited more 

defined redox peaks than that of RCNT/NIPPAm-AMPS (Ch. 2, Fig 2.15). CVs for 

the MWCNT/DNA mat are not presented due to the fact that the mat was very thick 

and brittle which lead to irregular effects within the CV. 
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Fig 4.5   Cyclic voltammogram (2nd cycle) of MWCNT/TX100 mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 
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Fig 4.6   Cyclic voltammogram (2nd cycle) of MWCNT/N0.15 mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 
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Fig 4.7   Cyclic voltammogram (2nd cycle) of MWCNT/DDAB mat in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate of 

50 mV/s. 
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Fig 4.8   Cyclic voltammogram (2nd cycle) of MWCNT/NIPPAm-AMPS mat in 0.01 

M K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -1, + 1 V, scan rate 

of 50 mV/s. 
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4.3.2.3  Capacitance  

CVs were recorded for the different MWCNT/dispersant mats using different scan 

rates. The difference between the oxidation and reduction current at E = 0.1 V was 

plotted as a function of the scan rate, the best straight line was graphed and slope 

calculated. Capacitance = ½ slope (F), Specific Capacitance = Capacitance/weight 

(F/g), the results obtained are presented in Table –4.4. An example of the calculations 

is presented in Ch. 2, section 2.3.2.3.  

Table –4.4 Capacitance for the different MWCNT/dispersant mats. 

Dispersant  Specific Capacitance (F/g ± 0.01) 

TX100 0.48 

DNA* --- 

N 0.15 1.31 

NIPPAm-AMPS 1.60 

DDAB 1.06 

* The MWCNT/DNA was very brittle, and very hard to handle. No CVs could be 

obtained for this mat. 

 

The specific capacitance of an individual MWCNT was reported to be in the range of 

4 to 135 F/g, depending on the different individual MWCNT tested (289). From this 

we can assume that the specific capacitance for bundles of ropes of non-aligned 

MWCNT that make up a mat would be much smaller. In general, we find that the 

capacitance for the MWCNT/dispersant mats is significantly lower than that 

measured for the corresponding RCNT/dispersant mats. This was expected following 

the reasoning for the low conductivity of the MWCNT/dispersant mats.  
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4.3.2.4 Scanning Electron Microscopy (SEM) 

SEM pictures were obtained for the different MWCNT/dispersant mats (Fig 4.9). In 

general, the MWCNT/dispersant mats had similar morphologies to that of 

MWCNT/TX100 (Fig 4.9a). However, when looking at the MWCNT/NIPPAm-

AMPS mat (Fig 4.9b) we notice that the MWCNT are not completely covered by the 

dispersant, and the mat formed is very fragile. In contrast, in the MWCNT/N0.15 mat 

(Fig 4.9c) we can see that the MWCNT have an extensive dispersant coverage and 

that the matrix formed is significantly packed. In the case of MWCNT/DDAB mat 

(Fig 4.9d), the MWCNT have a very thin dispersant cover, but the matrix of the mat 

is highly packed.  The MWCNT/DNA mat had a significantly different morphology. 

We can see that the MWCNT are highly entangled into a complex network. In 

addition, since the uptake by the MWCNT of the DNA is very high and no DNA 

clusters can be seen in the picture, we assume that the DNA coverage of the 

MWCNT is evenly distributed over the entangled ropes of the MWCNT.  

 
Fig 4.9   SEM picture of MWCNT/TX100  

TX100

MWCNT



Ch. 4 

 135

 
Fig 4.10   SEM picture MWCNT/NIPPAm-AMPS 

 

 
Fig 4.11   SEM picture MWCNT/N0.15  

  
 
 

MWCNT 

NNIPPAm-AMPS

N0.15

MWCNT
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Fig 4.12   SEM picture MWCNT/DDAB  

 

 
Fig 4.13   SEM picture MWCNT/DNA. 

DDAB

MWCNT
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4.4- CONCLUSION 

Five different MWCNT composites have been prepared. The zeta potential for 

MWCNT/N0.15 and MWCNT/DDAB dispersions was positive. This was expected 

since both of these dispersant are cationic. The other MWCNT dispersions exhibited 

a negative surface charge, which indicates that the MWCNT are negatively charged. 

Using particle size and zeta potential analysis, it was found that some dispersant 

solutions are more effective than others. It was determined that N0.15 and NIPPAm-

AMPS are the better dispersing solutions for the MWCNT.  

 

The UV-Vis spectra for the different dispersions were essentially featureless. The 

UV-Vis spectra of the different dispersions as a function of time was recorded in 

order to determine the stability of the different dispersions over time. It was found 

that MWCNT dispersed in TX100 and N0.15 were stable over long periods of time. 

Real time pictures also confirm this. In this study, of the five different dispersants 

investigated, N0.15 was found to provide the best MWCNT dispersion, where the 

MWCNT are well dispersed and also stable over time.  

 

The conductivity and capacitance of MWCNT/dispersant mats were lower in 

magnitude than those observed for the corresponding RCNT/dispersant and 

HCNT/dispersant mats. It was found that the conductivity of the MWCNT/dispersant 

mats is lower than that for the corresponding RCNT and the HCNT mats by four 

orders of magnitude. Since all mats were prepared using the same dispersant 
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concentration, and under the same conditions. The low conductivity and capacitance 

values obtained must be mainly due to the MWCNT.  

 

The electrochemical responses of the MWCNT/dispersant mats were also 

significantly different from that for the corresponding RCNT/dispersant and 

HCNT/dispersant mats. This is due to the different properties of the MWCNT 

compared to the SWCNT. 

 

SEM pictures for the different MWCNT/dispersant mats had similar morphologies. 

However, the dispersant cover varied in thickness and distribution depending on the 

dispersant.  
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CHAPTER FIVE 

 

PREPARATION AND CHARACTERIZATION OF 

CONDUCTING POLYMER-CARBON NANOTUBES 

COMPOSITES 

 

5.1- INTRODUCTION 

In this chapter we investigate the preparation and characterization of three different 

types of carbon nanotubes/polymer composites. The combination of the electrical 

properties of polymers with the mechanical properties of carbon nanotubes, results in 

novel composites with new electrical and mechanical properties. These composites 

can be used in a variety of applications such as actuators, sensors, or mechanically 

reinforced conducting polymers.  

 

5.1.1  Rice carbon nanotubes and conducting polymer composites 

Chen et al prepared CNT/polymer composites following a similar electrochemical 

route to the one used in this study (290). However, in this study no additional 

supporting electrolyte was used in order to avoid the involvement of competitive 

doping other than the CNT. High-resolution electron Microscopy revealed that the 

CNT were uniformly covered with PPy, which formed bridges between the tubes.  

In addition, a number of approaches involving the development of CNT/conducting 

polymers composites have been investigated by different researchers. For example, 
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composite structures of single walled carbon nanotubes (SWCNT) and Poly(3-

octylthiophene) polymer were prepared by Alexandrou et al (291), conducting 

polymers and SWCNT have been deposited by evaporating the solvent on different 

substrates such as gold, silver, and copper, after being dispersed in liquid solvents 

such as ethanol (292). SWCNT/PPy composites have also been prepared using in situ 

PPy polymerization (293). Characterization of these composites using elemental 

analysis, X-ray photoelectron spectroscopy, Raman spectra, and X-ray diffraction 

indicated that there were no significant chemical interactions between the PPy and 

the SWCNT, the latter simply acting as a template for the polymerization of the 

conducting PPy. However, it was found that the thermal properties of the SWCNT 

were modified by the conducting polymer. In addition, it was found that the 

conductivity of the PPy ~ 3 S/cm and the SWCNT ~50 S/cm were modified by the 

coating of PPy onto the SWCNT, resulting in a conductivity of 16 S/cm for the 

composite (304). 

Fan et al, also polymerized PPy on SWCNT using in situ polymerization, the 

resulting SWCNT/PPy composites exhibited a uniform morphology (294). It was 

clear that the PPy was coated on the surface of the SWCNT, where the diameter of 

SWCNT/PPy 80-100 nm was much larger than that for the SWCNT 20-30 nm. 

However, it was found that the diameter of the SWCNT/PPy could be changed by 

varying the synthesis conditions.  

In this study, first we investigated the preparation of Rice carbon nanotubes (RCNT) 

and Polypyrrole (PPy) composites. PPy/dopant, PPy/dopant/dispersant, and 

PPy/dopant/RCNT/dispersant composites were prepared. In the last composite the 

RCNT were used as dopants Scheme –5.1. Pyrrole (Py) was chosen as it can be 
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polymerized in a neutral aqueous solution, compatible with the RCNT dispersions. 

These composites were characterized using a variety of different techniques such as 

cyclic voltammetry, capacitance, and Scanning Electron Microscopy (SEM).  

 

N
H

RCNT_

Oxidize N
H

RCNT_

n

+

Pyrrole

n: number of Py rrole molecules  

Scheme 5.1 Electropolymerization of PPy with RCNT. 

 

5.1.2 Functionalized Multi-walled carbon nanotubes and conducting polymer 

composites 

Functionalization of SWCNT and MWCNT leads to a high level of solubility in 

organic and aqueous solutions such as ethanol, methanol, and water (295, 296). 

However, MWCNT are more suitable for functionalization than SWCNT, as the inner 

graphene layers can remain unreacted and the essential electronic structure can be 

retained (297). Suitable oxidative treatment of MWCNT introduces oxygen 

containing surface groups. These groups stabilize dispersions of MWCNT at much 

higher concentrations than are possible with the raw material. Once oxidized, the 

MWCNT will spontaneously disperse in water, due to the fact that oxidation of the 

MWCNT induces a negatively charged surface particularly through the ionization of 

the acidic surface groups (298). 
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Functionalized SWCNT and MWCNT were mixed with 

poly(propionylethylenimmine-co-ethylenimine) (PPEI-EI), the resulting composites 

were soluble in organic and aqueous solvents (297, 299). The reaction between the 

nanotubes and the PPEI-EI was through the nanotubes surface-bound carboxylic acid 

moieties. These acidic groups were found to be associated with the surface defects on 

the tips and on the side-walls (300).   

MWCNT and Poly(p-phenylene vinylene) (PPV) composite has been prepared by 

Ago et al (295). It was found that the PPV covers the surface of the MWCNT and 

forms a well-mixed composite, indicating a very high contact area between the 

components. Composites with randomly dispersed MWCNT embedded in 

thermoplastic poly(hydroxyaminoether) were fabricated by solution casting (300). 

Examination of the surface showed contact and adherence of the polymer to most of 

the MWCNT and in some cases, the entire surface of the MWCNT was covered with 

a layer of polymer. Therefore, it is clear that the MWCNT can form intimate contact 

with the polymer matrix. 

MWCNT/poly(phenylacetylene) (PPA) composites were prepared by in-situ 

polymerization (301). It was observed that the presence of the MWCNT in the 

polymerization matrix decreases the polymer yield. It was also found that the 

MWCNT were encased by the helical PPA chains. SEM images of these composites 

suggest that the MWCNT are compounded with PPA in situ during the 

polymerization reaction. Since the nanotubes are full of π-electrons, the 

phenylacetylene monomers are likely to “wet” the surface of the tubes through the 
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≡CH---π hydrogen bonds, and polymerization of such absorbed monomers would 

produce PPA chains wrapped around the tubes (302).  

Jia et al synthesized MWCNT and poly(methyl methacrylate) (PMMA) (303). 

MWCNT/PMMA was also produced by in situ polymerization by Hwang et al (304). 

In this case, the MWCNT have been initiated by 2,2`-azobisisobutyronitrile (AIBN) 

to open their π-bonds, which imply that the MWCNT may participate in methyl 

methaacrylate (MMA) polymerization and in this case form strong combining 

interface between the MWCNT and the PMMA. In addition, the MWCNT can link 

covalently with PMMA, which results in obstructing the growth of PMMA, with this 

bond a strong interface between the MWCNT and the PMMA will be produced. 

Finally, the MWCNT can react with AIBN and link to each other (303).  

Other workers have used electro-deposition to coat PPy onto aligned MWCNT where 

the MWCNT were electrochemically coated with PPy in a three-electrode cell (305, 

306). PPy formed a continuous layer over the length and tips of the MWCNT in the 

aligned array. It was also found that it is possible for PPy to encapsulate more than 

one MWCNT in each of the distinct composite tubes. 

In this section we have prepared functionalized multi-walled carbon nanotubes 

(FMWCNT) and PPy composites. The MWCNT were functionalized using sulfonic 

acid (–SO3H) in three different ratios. The PPy/FMWCNT composites were grown 

using constant current and constant potential. The resulting composites were 

characterized using different techniques such as cyclic voltammetry, capacitance, and 

Scanning Electron Microscopy (SEM). 
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5.1.3 HiPco-Carbon nanotubes and Polyaniline composites 

Polyaniline films (PAn) were electrodeposited on MWCNT by Downes et al (307). 

The combination of carbon nanotubes with polymers offers an attractive route not 

only to reinforce the polymer films but also to introduce new electronic properties 

due to morphological modification or electronic interactions between the two 

components.  

In this section we describe the preparation of HCNT/PAn composites. These 

composites are prepared by either casting films of HCNT/PAn mixtures, or by casting 

PAn(acid) films onto HCNT mats. Characterization of these composites was carried 

out using cyclic voltammetry. In addition, conductivity measurements and the 

actuation behavior for the different composites were recorded.  

 

5.2- EXPERIMENTAL 

5.2.1 Materials 

Sodium nitrate (M.W. 84.99 Da, Aldrich), dextran sulfate (Dex) (M.W. 500,000 Da, 

Aldrich), ammonium hexafluorophosphate (AHFP) (M.W. 163.0 Da, Aldrich), 

sodium dodecyl sulfate (SDS) (M.W. 288.37 Da, Aldrich), Poly(vinyl alcohol) (PVA) 

(97% hydrolyzed, M.W. 50,000 – 85,000 Da, Aldrich), Polyvinyl pyrrolidone (PVP) 

(M.W. 25,000 Da, Merck). Pyrrole and Aniline were purchased from Sigma-Aldrich, 

and were both distilled prior to use.   

RCNT were obtained from Tubes @ Rice (Rice University, Houston TX) as a 

suspension in toluene, with a tube diameter of 1.2-1.38 nm. The FMWCNT were 

obtained from CSIRO (Australia). The MWCNT were functionalized using sulfonic 
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acid (–SO3H) as supplied by CSIRO, and the –SO3H content in the MWCNT was 

varied according to Table –5.1. 

Table –5.1 Sulfonic acid  (–SO3H) contents in MWCNT. 

Number WMWCNT pH [SO3H] 

mmol/ml 

SO3H  

w/w 

SO3H 

mol/mol 

Sulf-MWCNT # I 5.9 2.54 2.88 X 10-3 19.7 2.58 

Sulf-MWCNT # II 4.4 2.48 3.31 X 10-3 30.5 4.51 

Sulf-MWCNT # III 4.7 2.34 4.57 X 10-3 39.3 5.83 

  

The HiPco carbon nanotubes were purchased from Carbon Nanotechnologies 

Incorporated (CNI) as a solid powder. These carbon nanotubes are produced by the 

HiPco process (Ch. 3 section 3.1), with an average tube diameter of 1.1 nm. 

 

5.2.2 Instrumentation 

Four-point probe conductivity measurements were recorded for the HCNT/PAn 

composites. A digital micrometer was used to measure the thickness of the 

composites. A constant current of 1 mA was passed through the sample using an EG 

& G Princeton Applied Research model 363 Potentiostat/Galvanostat, and the 

resistance was recorded using a Hewlett Packard model 34401.  

After growth cyclic voltammograms were recorded using a MacLab/4e and a Mac lab 

potentiostat. The electrochemical cell consisted of a silver/silver-chloride (Ag/AgCl) 

electrode as the reference electrode, a Platinum (Pt)-mesh electrode as the auxiliary 

electrode. The working electrode was gold-coated Mylar in the case of 

RCNT/polymer composites, gold-coated Mylar or Indium Tin Oxide coated glass 
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(ITO-glass) in the case of FMWCNT/polymer composites, and 2.5 X 0.5 cm strips 

(fully immersed) of the different composites in the case of HCNT/PAn composites. 

The potential window applied for the RCNT/polymer composites varied with the 

different composites. For the FMWCNT/polymer and HCNT/PAn composites the 

potential applied was from E = –1, +1 V. 0.1 M NaNO3 was used as the supporting 

electrolyte for the RCNT/polymer and FMWCNT/polymer composites. In the case of 

HCNT/PAn composites 0.1 M NaNO3, 0.1 M HNO3, and 1 M HNO3 were used 

separately as the electrolyte solution. Scan rate of 50 mV/s was applied in all cases.  

The capacitance for the RCNT/polymer and FMWCNT/polymer composites were 

measured by recording CVs at different scan rates 50, 25, 10 and 5 mV/s. The 

capacitance measured was in mF/cm2, due to the fact that the weight of the deposited 

thin films could not be measured. The potential window used was E = -0.1, +0.3 V, 

and current measurements were taken at E = +0.1 V. The electrochemical cell was as 

described above with the electrolyte used being 1 M NaNO3.  

The actuation behavior of the HCNT/PAn composites was recorded using the 

following techniques and instruments. The samples were prepared for testing by 

cutting them into 0.25 X 1.2 cm wide strips with a razor blade. Actuation studies 

were carried out with a single platinum electrode connected to the top of the 

HCNT/PAn composite strip and isolated from the stainless steel clamps by plastic 

adhesive tape. The sample was then suspended from the arm of the analytical 

balance, with the lower clamp held captive by a fixed frame so that with the removal 

of the adjustable weights, the sample was loaded in tension. A linear variable distance 

transducer (LVDT) probe, that was calibrated by hand, was mounted atop the arm of 

the analytical balance, and the expansion/contraction of the sample was detected by 
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the LVDT. The electrochemical cell consisted of 1 M NaNO3, 1 M HCl, 1 M NaCl 

and 3 M NaCl as the electrolyte testing solutions, the HCNT/PAn strips (through the 

clamps) as the working electrode, a Pt-mesh electrode as the auxiliary electrode and 

an Ag/AgCl as the reference electrode. The electrodes and the LVDT were connected 

to a CV27 Voltammograph and a MacLab/4e. The potential window applied was E = 

-1, +1 V for PAn(acid) and E = -1, +0.5 V for HCNT/PAn composites. A HCNT/PAn 

sample was used to investigate the effect of load attached to the sample on the 

actuation behavior. The load was increased in the tensile mode from 2 to 30 g 

(equivalent to stresses of 0.08 to 1.23 MPa).  The overall layout of the analytical 

balance is shown in (Ch. 3, Fig 3.1, and 3.2). 

Scanning Electron Microscopy (SEM) Pictures were obtained using a Hitachi S-900 

FESEM. 

 

5.2.3 Composite preparation 

5.2.3.1 RCNT/polymer composites 

5.2.3.1.1 Polymer preparation 

PPy/NO3, PPy/Dex, PPy/AHFP and PPy/SDS were electrodeposited on gold-coated 

Mylar. 0.1 M Py was added to 5 mL of each of the following solutions, 0.1 M 

NaNO3, 0.1 M Dex, 0.1 M AHFP, and 0.2% SDS. The electrochemical 

polymerization cell consisted of a silver/silver-chloride (Ag/AgCl) electrode as the 

reference electrode, a Platinum (Pt)-mesh electrode as the auxiliary electrode, and a 

gold-coated Mylar as the working electrode. The gold-coated Mylar electrodes were 

washed with Milli-Q-Water, then ethanol and left to dry prior to use. A Galvanostat 
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was then used to apply a constant current of 1 mA (j= 1.3 mA/cm2) for 5 min, and a 

MacLab/4e was used to record the output.  

 

5.2.3.1.2 Polymer/dispersant with no RCNT incorporated  

PPy/NO3/PVP, PPy/Dex/PVP, and PPy/AHFP/PVP were prepared as follows: 

- 0.1 M Py and 0.1 M NaNO3 were added to 5 mL of 0.2% PVP solution.  

- 0.1 M Py and 0.1 M Dex were added to 5 mL of 0.2% PVP solution. 

- 0.1 M Py and 0.1 M AHFP were added to 5 mL of 0.2% PVP solution. 

PPy/NO3/PVA, PPy/Dex/PVA, and PPy/AHFP/PVA were prepared as follows: 

- 0.1 M Py and 0.1 M NaNO3 were added to 5 mL of 0.2% PVA solution.  

- 0.1 M Py and 0.1 M Dex were added to 5 mL of 0.2% PVA solution. 

- 0.1 M Py and 0.1 M AHFP were added to 5 mL of 0.2% PVA solution. 

A Galvanostat was used to apply a current of 1 mA (j= 1.3 mA/cm2) for 5 min to 

electrodeposit the polymers.  

 

5.2.3.1.3 Polymer/dispersant with RCNT incorporated   

RCNT were dispersed using 0.2% SDS, or 0.2% PVP, or 0.2% PVA as described in 

Ch. 2, section 2.2.1.  

RCNT/PPy/NO3/PVP, RCNT/PPy/Dex/PVP, and RCNT/PPy/AHFP/PVP were 

prepared as follows: 

- 0.1 M Py and 0.1 M NaNO3 were added to 5 mL of 0.2% RCNT/PVP 

dispersion.  

- 0.1 M Py and 0.1 M Dex were added to 5 mL of 0.2% RCNT/PVP dispersion.  
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- 0.1 M Py and 0.1 M AHFP were added to 5 mL of 0.2% RCNT/PVP 

dispersion.  

 

RCNT/PPy/NO3/PVA, RCNT/PPy/Dex/PVA, and RCNT/PPy/AHFP/RCNT/PVA 

were prepared as follows: 

- 0.1 M Py and 0.1 M NaNO3 were added to 5 mL of 0.2% RCNT/PVA 

dispersion.  

- 0.1 M Py and 0.1 M Dex were added to 5 mL of 0.2% RCNT/PVA dispersion.  

- 0.1 M Py and 0.1 M AHFP were added to 5 mL of 0.2% RCNT/PVA 

dispersion.  

RCNT/PPy/SDS was also prepared by adding 0.1 M Py to 5 ml of RCNT/SDS 

dispersion, where SDS acted as both the dopant to PPy and the dispersant to RCNT. 

All the mixtures were then sonicated for 15 min. A Galvanostat was used to apply a 

current of 1 mA  (j= 1.3 mA/cm2) for 5 min to electrodeposit the composites, and a 

MacLab/4e was used to record the output. 

 

5.2.3.2 FMWCNT/polymer preparation 

The electrochemical cell was a two-electrode cell, with a Pt-mesh electrode acting as 

the counter electrode (auxiliary and reference electrodes combined), and a working 

electrode. The working electrode was a gold-coated Mylar electrode in some 

experiments and ITO-glass in other experiments.  

10.5 mg FMWCNT (0.176 w%) were added to 6 mL Milli-Q-Water and sonicated for 

15 min, 0.15 mL Py (0.25 M) was added and the mixture was then sonicated for an 

additional 15 min.  
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The composites were prepared by electrodeposition from a solution containing the 

FMWCNT and Py by applying a constant current of i=1 mA (j=3.55 mA/cm2) for 1-

hour using a Galvanostat. The composites were also deposited by applying a constant 

potential of E = +1 V for 1-hour using CV27 Potentiostat. In this case the charge 

passed (Q) was measured using a MacLab/4e, where the charge (Q) was constant in 

all experiments. 

 

5.2.3.3 Preparation of HCNT/PAn composites 

5.2.3.3.1 Preparation of Polyaniline films 

85 g of ± Camphor sulfonic acid (1 M) and 3.4 g of distilled Aniline (0.1 M) were 

added to 325 mL of Milli-Q-Water, and placed in an ice bath. To this 41 mL 

ammonium potassium sulfate  (0.1 M) was added drop wise, and the solution was left 

overnight for the reaction to take place in order for PAn (salt) to be formed. 

The product was vacuum filtered, and then dispersed in Milli-Q-Water. An excess of 

sodium hydroxide (NaOH) pellets were added to produce PAn(base), the mixture was 

then filtered and dried in an oven at 60 °C overnight. 

The PAn(base) was added to N-methyl pyrrolidone (NMP) to make up a 4% w/w 

solution. This translates to 400 mg PAn(base) in 10 ml NMP. 1 mL 8% v/v 

ammonium hydroxide (NH4OH) was added to prevent the mixture from gelling. 

The mixture was cast on glass slides and placed on a heating plate to dry. The 

resulting film was then peeled off and placed in 1 M HCl to convert it into the 

PAn(acid) form, which is electrically conductive. 
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5.2.3.3.2 Preparation of PAn(acid) on HCNT mats 

HCNT mats were prepared as described previously in Ch. 3. The PAn(base) was cast 

on the HCNT mat and left to dry. The mat was then placed in 1 M HCl to convert the 

PAn(base) into the PAn(acid).  

 

5.2.3.3.3 Preparation of HCNT/PAn(acid) composites  

8 mg HCNT were added to 5 mL 1,2-Dichlorobenzene (1,2-DCB) 4% w/w loading, 

and sonicated for 30 min. This dispersion was then added to 5 mL of the previously 

prepared PAn(base) in N-methoxypyrrolidone (NMP), and sonicated for 15 min. 

Films from the final mixture were cast on a glass slide, and placed on a heating plate 

to dry. The films where then peeled off, and placed in 1 M HCl to convert the 

PAn(base) into the PAn(acid).  
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5.3- RESULTS & DISCUSSION 

5.3.1 RCNT/polymer composites 

5.3.1.1 Cyclic voltammetry 

Cyclic voltammetry as a technique for the characterization of conducting compounds 

was discussed previously in Ch. 1, section 1.2. In general, for PPy/dopant compounds 

a cathodic peak due to reduction is usually observed between E = -0.3, -0.1 V. Also, a 

broad anodic tail is observed during the oxidation process (308). However, we must 

note that the oxidation/reduction peaks for PPy/dopant compounds shift in either 

direction depending on the dopant and electrolyte used (309). For example, for 

PPy/SO4 in NaNO3, the oxidation peak occurs at E ~ -0.35 V, and the reduction peak 

is very sharp and occurs at E ~ -0.42 V. PPy/ClO4 in NaNO3, has reduction and 

oxidation peaks at E ~ -0.3 V (309). 

CVs were obtained for the different conducting polymers prepared with and without 

RCNT present. The CVs for PPy/SDS and RCNT/PPy/SDS, and the CVs for 

PPy/NO3, PPy/NO3/PVP, and RCNT/PPy/NO3/PVP were similar (Fig 5.1, 5.2), 

indicating that the presence of the RCNT did not have a significant effect on the 

electrochemistry of the polymer. In addition, a highly capacitive behavior was 

observed. Also, in the case of PPy/AHFP the addition of the dispersant and the 

incorporation of the RCNT did not have any effect, and all the CVs exhibited a 

capacitive behavior (Fig 5.4). In the case of PPy/Dex the polymer exhibited very 

broad redox peaks, while PPy/Dex/PVP had no redox peaks (Fig 5.3a, 5.3b). 

However, the addition of RCNT resulted in the emergence of a broad oxidation peak 

at E ~ -0.05 V (Fig 5.3c).  
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                             (a) 

 
 
 
 

 
                            (b) 
Fig 5.1  Cyclic voltammograms (2nd cycle) of (a) PPy/SDS, (b) RCNT/PPy/SDS with 

0.1 M NaNO3 as a supporting electrolyte, E = -0.5, + 0.5 V, scan rate of 50 mV/s. 
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                             (a) 

 
                             (b) 

 
                        (c) 
Fig 5.2   Cyclic voltammograms (2nd cycle) of (a) PPy/NO3, (b) PPy/NO3/PVP, and 

(c) RCNT/PPy/NO3/PVP with 0.1 M NaNO3 as a supporting electrolyte, E = -0.3, + 

0.6 V, scan rate of 50 mV/s. 
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                             (a) 

 
                             (b) 

 
                             (c) 
Fig 5.3   Cyclic voltammograms (2nd cycle) of (a) PPy/Dex, (b) PPy/Dex/PVP, and 

(c) RCNT/PPy/Dex/PVP with 0.1 M NaNO3 as a supporting electrolyte, E = -0.3, + 

0.6 V, scan rate of 50 mV/s. 
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                              (a) 

 
                         (b) 

 
                              (c) 
Fig 5.4   Cyclic voltammograms (2nd cycle) of (a) PPy/AHFP, (b) PPy/AHFP/PVP, 

and (c) RCNT/PPy/AHFP/PVP with 0.1 M NaNO3 as a supporting electrolyte, E = -

0.3, + 0.6 V, scan rate of 50 mV/s. 
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5.3.1.2 Capacitance 

CVs were recorded for the different composites using different scan rates. The 

difference between the oxidation and reduction current at E = 0.1 V was plotted as a 

function of the scan rate, the best straight line was graphed and slope calculated. 

Capacitance = ½ slope (mF), Capacitance = Capacitance/area (mF/cm2). In this case 

the capacitance was measured as mF/cm2 instead of F/g, because the weight of the 

thin polymer layer could not be measured, Table –5.2. An example of the calculations 

is presented in Ch. 2, section 2.3.2.3. 

Table –5.2 Capacitance for the different composites. 

Composite Capacitance (mF/cm2 ± 0.1) 

PPy/SDS 1.3 

RCNT/PPy/SDS 3.8 

PPy/NaNO3 6.0 

PPy/NO3/PVP 4.4 

RCNT/PPy/NO3/PVP 4.2 

PPy/NO3/PVA 4.8 

RCNT/PPy/NO3/PVA 4.6 

PPy/Dex 26.2 

PPy/Dex/PVP 5.9 

RCNT/PPy/Dex/PVP 13.4 

PPy/Dex/PVA 4.2 

RCNT/PPy/Dex/PVA 6.5 

PPy/AHFP 9.0 

PPy/AHFP/PVP 9.0 

RCNT/PPy/AHFP/PVP 7.6 

PPy/AHFP/PVA 8.7 

RCNT/PPy/AHFP/PVA 8.7 

 



Ch. 5 

 158 

From the table above we notice that when RCNT were added to PPy/SDS there was 

an increase in the capacitance values. PPy/NO3 had a higher capacitance value 

compared to the capacitance values when the dispersants or the RCNT/dispersant 

were added. In general, the addition of RCNT and/or dispersant to PPy/Dex resulted 

in a significant decrease in capacitance. However, RCNT/PPy/Dex/PVP had a higher 

capacitance value compared to PPy/DS/PVP. The addition of the RCNT and/or 

dispersant to PPy/AHFP did not have any significant effect on capacitance.  

 

5.3.1.3 Scanning Electron Microscopy (SEM) 

The SEM pictures show the differences in morphology for the composites that have 

no RCNT incorporated into them and the composites that contain RCNT (Fig 5.5). As 

can be seen in the polymer pictures, the typical cauliflower morphology of PPy is 

observed. However, in the picture of the polymers that incorporate RCNT, the 

morphology is completely different. The RCNT are assumed to be covered with the 

polymer or/and the polymer and the dispersant.  
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(a) PPy/SDS 

 
(b) RCNT/PPy/SDS 

 
(c) PPy/NaNO3 

 
(d) RCNT/PPy/NaNO3/PVP 
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(e) PPy/Dex 

 
(f) RCNT/PPy/Dex/PVP 

 
(g) PPy/AHFP 

 
(h) RCNT/PPy/AHFP/PVP 

 

Fig 5.5   SEM pictures of (a) PPy/SDS, (b) RCNT/PPy/SDS/PVP, (c) PPy/NaNO3, 

(d) RCNT/PPy/NaNO3/PVP, (e) PPy/Dex, (f) RCNT/PPy/Dex/PVP, (g) PPy/AHFP, 

and (h) RCNT/PPy/AHFP/PVP. 
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5.3.2 FMWCNT/polymer composites 

FMWCNT can be dispersed in water. Therefore, there was no need for a dispersant to 

be used, leaving the FMWCNT acting as dopant to PPy. In addition, no other 

supporting electrolyte was added, insuring that the FMWCNT will act as the sole 

dopant to PPy. Electrodeposition was carried out as described in the experimental 

section. 

In general, it was found that the samples electrodeposited on both gold-coated Mylar 

or ITO-glass, using constant current were thicker than the samples grown using 

constant potential to the same charge (Q). One explanation could be that a higher 

percentage of the FMWCNT was incorporated into the matrix of the composite when 

electrodeposited using constant current. 
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5.3.2.1 Cyclic voltammetry  

5.3.2.1.1 FMWCNT/PPy composites grown on gold-coated Mylar 

A CV for the gold-coated Mylar electrode was recorded to be used as a reference 

when comparing the composites grown on gold-coated electrodes (Fig 5.6). The CV 

for the PPy/FMWCNT I, II, and III, grown by constant current and constant 

potential to the same charge (Q) are shown in (Fig 5.7). 
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Fig 5.6   Cyclic voltammogram (2nd cycle) of gold-coated Mylar with 0.1 M NaNO3 

as a supporting electrolyte, E = -1, +1 V, with a scan rate of 50 mV/s. 
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(a)  

 
(d) 

 
(b) 

 
(e)  

 
(c) 

 
(f) 

Fig 5.7   Cyclic voltammograms (2nd cycle) of composites grown on gold-coated 

Mylar using constant current (a) FMWCNT(I)/PPy, (b) FMWCNT(II)/PPy, (c) 

FMWCNT(III)/PPy, and composites grown using constant potential (d) 

FMWCNT(I)/PPy, (e) FMWCNT(II)/PPy, and (f) FMWCNT(III)/PPy. 0.1 M 

NaNO3 was used as a supporting electrolyte, E = -1, +1 V, scan rate of 50 mV/s. 
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As we can see from the figures above, the PPy/FMWCNT grown using constant 

current do not exhibit any redox peaks. However, PPy/FMWCNT grown using 

constant potential exhibited the behavior of a conducting substance. An oxidation 

peak at E ~ -0.25 V, and a reduction peak at E ~ -0.5 V were observed. In addition, 

we can see that the CVs for the PPy/FMWCNT composites on the gold-coated Mylar 

show no similarities to the CV of the gold-coated Mylar itself. Indicating that the 

Mylar surface is covered by the composites.  

 

5.3.2.1.2 FMWCNT/PPy composites grown on Indium Tin Oxide coated glass 

(ITO-glass)  

A CV for the ITO glass was recorded to be used as a reference when comparing the 

composites grown on ITO glass (Fig 5.8). The CV for the FMWCNT (I, II, and 

III)/PPy grown by constant current and constant potential to the same charge (Q) are 

shown in (Fig 5.9). 

 

Fig 5.8   Cyclic voltammogram (2nd cycle) of ITO glass with 0.1 M NaNO3 as a 

supporting electrolyte, E = -1, +1 V, with a scan rate of 50 mV/s. 
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(a) 

 
(d) 

 
(b) 

 
(e) 

 
(c) 

 
(f) 

Fig 5.9   Cyclic voltammograms (2nd cycle) of composites grown on ITO glass using 

constant current (a) FMWCNT(I)/PPy, (b) FMWCNT(II)/PPy, (c) 

FMWCNT(III)/PPy, and composites grown using constant potential (d) 

FMWCNT(I)/PPy, (e) FMWCNT(II)/PPy, and (f) FMWCNT(III)/PPy. 0.1 M 

NaNO3 was used as a supporting electrolyte, E = -1, +1 V, scan rate of 50 mV/s. 
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As we can see from the figures above, the FMWCNT/PPy composites grown by 

constant current do not exhibit any redox responses, while the FMWCNT/PPy 

composites grown by constant potential exhibit redox peaks. An oxidation peak is 

observed at E ~ 0.00 V, and a reduction peak at E ~ -0.4 V. This is the same behavior 

observed for the composites grown on gold-coated Mylar, which indicates that the 

redox behavior of these composites is not related to the underlying electrode, but 

rather to the method of growth. 

 
 
5.3.2.2 Capacitance 

Cyclic voltammograms were recorded for the different composites using different 

scan rates. The difference between the oxidation and reduction current at E = 0.1 V 

was plotted as a function of the scan rate, the best straight line was graphed and slope 

calculated. Capacitance = ½ slope (mF), Capacitance = Capacitance/area (mF/cm2). 

In this case the capacitance was measured as mF/cm2 instead of F/g, because the 

weight of the thin polymer layer could not be measured. An example of the 

calculations is presented in Ch. 2, section 2.3.2.3. The results are presented in Table 

–5.3. From the results we find that the capacitance increases as the –SO3H contents in 

the MWCNT increases, regardless of the method of growth or the underlying 

electrode.  
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Table –5.3 Capacitance of FMWCNT/PPy composites.  

Composite Capacitance (mF/cm2 ± 0.01) 

On Gold-coated Mylar by Constant current  

FMWCNT (I)/PPy 0.05  

FMWCNT (II)/PPy 0.21 

FMWCNT (III)/PPy 0.46 

On Gold-coated Mylar by Constant potential  

FMWCNT (I)/PPy 0.02 

FMWCNT (II)/PPy 0.03 

FMWCNT (III)/PPy 0.42 

On ITO glass by Constant current 

FMWCNT (I)/PPy 2.4 X10-4 

FMWCNT (II)/PPy 1.78X10-3 

FMWCNT (III)/PPy 1.74 

On ITO glass by Constant potential  

FMWCNT (I)/PPy 4X10-4 

FMWCNT (II)/PPy 1.36 

FMWCNT (III)/PPy 1.08 

 

 

5.3.2.3 Scanning Electron Microscopy (SEM) 

SEM pictures were obtained for the FMWCNT (I, II, and III)/PPy composites that 

were electrodeposited on gold-coated Mylar using constant current and constant 

potential (Fig 5.10 – 5.12). In general, we find that regardless of the electrodeposition 
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method the FMWCNT are coated with the cauliflower morphology typical of PPy. In 

addition, for the FMWCNT (I, and III) which contain the lowest and highest 

concentration of –SO3H respectively, the PPy does not cover the FMWCNT 

completely. On the other hand, when FMWCNT (II) are used the PPy coverage is 

comprehensive to the degree where the FMWCNT cannot bee seen in the SEM 

pictures. FMWCNT(II) contain an intermediate concentration of –SO3H, which could 

represent an optimum condition for the polymerization of PPy, and thus the extensive 

PPy growth in this case.  

 

 
a) 

 
b) 

Fig 5.10   SEM pictures of FMWCNT(I)/PPy composite a) grown using constant 

current and b) grown using constant potential.  
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a) 

 
b) 

Fig 5.11   SEM pictures of FMWCNT(II)/PPy composite a) grown using constant current and 

b) grown using constant potential.   

 
a) 

 
b) 

Fig 5.12   SEM pictures of FMWCNT(III)/PPy composite a) grown using constant 

current and b) grown using constant potential.  
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5.3.3 HCNT/PAn composites 

Different volume ratios of 1,2-DCB to NMP were experimented with and 1:1 ratio 

was determined to be the optimal volume ratio with respect to resulting in a true 

solution.  Other ratios resulted in thin films that broke when peeled off the glass slide 

due to the high volume of 1,2-DCB. 

 

5.3.3.1 Conductivity 

The equations used to calculate the resistance and conductivity are discussed in     

Ch. 2, section 2.3.2.1. The results are presented in Table –5.4.  

Table –5.4 Thickness and conductivity measurement for HCNT/PAn(acid) 

composites. 

Sample Thickness (nm ± 0.1) Conductivity (S/cm ± 0.1) 

PAn(acid) 40.0 10.0 

HCNT mat 110.0 14.1 

PAn(acid) on HCNT mat 170.0 53.0 

HCNT/PAn(acid) 50.0 11.7 

 

The conductivity of the composite prepared by casting a PAn(acid) film on the 

HCNT mat ~ 53 S/cm was significantly higher than the conductivity of the PAn(acid) 

film ~ 10 S/cm, and the HCNT mat ~ 14 S/cm, separately. The conductivity for this 

composite was also significantly higher than the conductivity of the 

HCNT/PAn(acid) composite that was prepared by casting a film of HCNT/PAn(acid) 

solution  ~ 11.7 S/cm. This could be due to the presence of NMP and 1,2-DCB within 

the HCNT/PAn(acid) solution, resulting in a lower overall conductivity. Also, the 



Ch. 5 

 171 

physical/chemical interactions between the HCNT and the PAn(acid) when present as 

a mixture in solution could be completely different to those when a film of PAn(acid) 

is cast over the HCNT mat.  

 

5.3.3.2 Cyclic voltammetry 

CVs were recorded for the different HCNT/PAn composites in 0.1 M NaNO3, 0.1 M 

HNO3, and 1 M HNO3. The samples were free standing films, and therefore good 

electrical contact was not achieved along the length of the film when clamped at one 

end. This resulted in very poor redox switching, where the samples acted as a resistor 

and exhibited a classic ohmic behavior with the IR drop being the overriding feature 

(Fig 5.13 – 5.15). This behavior was significant for the PAn(acid) film, and for the 

PAn(acid)/HCNT film that was cast from PAn(acid) and HCNT solution, indicating 

that the electrochemistry of PAn(acid) was dominant over that of the HCNT in these 

cases. However, the CV for the sample prepared by casting a PAn(acid) film on 

HCNT mat, exhibited a slightly more conductive behavior, indicating that both 

components contribute to the electrochemistry of this composite.  
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(b) 

PAn(acid) on HCNT mat
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(d) 

Fig 5.13 Cyclic voltammograms (2nd cycle) (a) HCNT mat, (b) PAn(acid), (c) 

PAn(acid) on HCNT mat, and (d) PAn(acid)/HCNT in 0.1 M NaNO3, E = -1, +1 V, 

scan rate of 50 mV/s. 
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PAn(acid) on HCNT mat
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PAn(acid)/HCNT
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(d) 

Fig 5.14 Cyclic voltammograms (2nd cycle) (a) HCNT mat, (b) PAn(acid), (c) 

PAn(acid) on HCNT mat, and (d) PAn(acid)/HCNT in 0.1 M HNO3, E = -1, +1 V, 

scan rate of 50 mV/s. 
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(b) 

PAn(acid) on HCNT mat

-5
-4
-3
-2
-1
0
1
2
3
4
5

-1.5 -1 -0.5 0 0.5 1 1.5
E vs. Ag/AgCl (V)

C
ur

re
nt

 (m
A

)

 
(c) 

PAn(acid)/HCNT
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(d) 

Fig 5.15 Cyclic voltammograms (2nd cycle) (a) HCNT mat, (b) PAn(acid), (c) 

PAn(acid) on HCNT mat, and (d) PAn(acid)/HCNT in 1 M HNO3, E = -1, +1 V, scan 

rate of 50 mV/s. 
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5.3.3.3 Actuation 

Electrochemical actuation of PAn and CNT each proceeds according to different 

mechanisms. Baughman et al indicated that non-Faradaic electrochemical charging of 

the CNT is the main factor behind the expansion of CNT bundles (310). The charged 

species can be positive or negative depending on the sign of applied voltage. 

Therefore, the CNT mat expands at the maximum and minimum voltage and shrinks 

to the original length at voltage close to the point of 0.00 charge. On the other hand, 

the expansion/contraction of conducting polymers is dependent on the redox 

reactions of the polymers. One of the attractive features of the conducting polymer 

actuators is the low driving voltage that typically does not exceed 5 V. Even at low 

voltage, in suitable conditions such devices can achieve an actuation strain as high as 

7% generating stresses that are comparable to or exceed those of biological muscles 

(311). CNT actuators have shown actuation strains in the order of 0.2 % with driving 

voltage of a few volts (312). Since the Young’s modulus of individual CNT bundle 

has been found to be approximately 640 GPa (313), a strain of 0.2 % gives available 

stress of 1280 MPa from the bundles. Thus, a conducting CNT/polymer composite 

may result in an actuator where the conducting polymer component will contribute to 

a high actuation strain and the CNT component to a high modulus. Some preliminary 

results of CNT and polypyrrole hybrid actuators have been reported (314). However, 

the PPy component did not contribute any effect to the composite and the actuation 

performance of the hybrid was similar to that of CNT alone actuators.  

The actuation of HCNT/PAn(acid) composites was investigated in 1 M NaNO3, 1 M 

HCl, 1 M NaCl, and 3 M NaCl solutions. The actuation responses for the composite 

prepared by casting a film from PAn(acid) and HCNT solution could not be recorded 
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due to the fact that the sample was very fragile and broke before adding any weights. 

Also, the HCNT mat in 1 M HCl and 1 M NaCl did not exhibit any decipherable 

actuation data, and thus are not presented. The actuation responses of the remaining 

samples as well as the related CV for each of these samples during the application of 

voltage in the different solutions are presented in (Fig 5.16 – 5.25). 

1 M HCl 

 
0.325%  
Fig 5.16a   Displacement as potential is 

applied for PAn(acid) film in 1 M HCl, 

with 2 g load.  

Fig 5.16b   Cyclic voltammogram (2nd 

cycle) for PAn(acid) film in 1 M HCl 
during the application of Voltage. E= -1, 

+1 V, scan rate of 50 mV/s. 

 
0.305%  

Fig 5.17a   Displacement as potential is 

applied for PAn(acid) on HCNT mat in 

1 M HCl, with 2 g load.  

Fig 5.17b   Cyclic voltammogram (2nd 

cycle) for PAn(acid) on HCNT mat in 1 M 

HCL during the application of Voltage. E= 

-1, +0.7 V, scan rate of 50 mV/s. 
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1 M NaNO3 

 
0.83%  

Fig 5.18a   Displacement as potential is 

applied for PAn(acid) film in 1 M 

NaNO3, with 2 g load.  

Fig 5.18b   Cyclic voltammogram (2nd 

cycle) for PAn(acid) film in 1 M NaNO3 

during the application of Voltage. E= -1, 

+1 V, scan rate of 50 mV/s. 

 
0.05%, 0.024%  

Fig 5.19a   Displacement as potential is 

applied for HCNT mat in 1 M NaNO3, 

with a 2 g load.  

Fig 5.19b   Cyclic voltammogram (2nd 

cycle) for HCNT mat in 1 M NaNO3 

during the application of Voltage. E= -1, 

+0.7 V, scan rate of 50 mV/s. 
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1 M NaNO3 Cont.  

 
0.23% 

 

Fig 5.20a   Displacement as potential is 

applied for PAn(acid) on HCNT mat in 

1 M NaNO3, with 2 g load. 

Fig 5.20b   Cyclic voltammogram (2nd 

cycle) for PAn(acid) on HCNT mat in 1 M 

NaNO3 during the application of Voltage. 

E= -1, +0.7 V, scan rate of 50 mV/s. 

 

1 M NaCl 

 
0.07% 

 

Fig 5.21a   Displacement as potential is 

applied for PAn(acid) film in 1 M NaCl, 

with 2 g load.  

Fig 5.21b   Cyclic voltammogram (2nd 

cycle) for PAn(acid) film in 1 M NaCl 

during the application of Voltage. E= -1,  

+1 V, scan rate of 50 mV/s. 
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1 M NaCl Cont.  

 
0.35%  

Fig 5.22a   Displacement as potential is 

applied for PAn(acid) on HCNT mat in 

1 M NaCl, with 2 g load.  

Fig 5.22b   Cyclic voltammogram (2nd 

cycle) for PAn(acid) on HCNT mat in 1 M 

NaCl during the application of Voltage. E= 

-1, +0.7 V, scan rate of 50 mV/s. 

 

3 M NaCl 

 
0.1%  

Fig 5.23a   Displacement as potential is 

applied for PAn(acid) film in 3 M NaCl, 

with 2 g load.  

Fig 5.23b   Cyclic voltammogram (2nd 

cycle) for PAn(acid) film in 3 M NaCl 

during the application of Voltage. E= -1, 

+1 V, scan rate of 50 mV/s. 
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3 M NaCl Cont.  

 
0.06%, 0.03%  

Fig 5.24a   Displacement as potential is 

applied for HCNT mat in 3 M NaCl, 

with 2 g load.  

Fig 5.24b   Cyclic voltammogram (2nd 

cycle) for HCNT mat in 3 M NaCl during 

the application of Voltage. E= -1, +0.7 V, 

scan rate of 50 mV/s. 

 
0.42%  

Fig 5.25a   Displacement as potential is 

applied for PAn(Acid) on HCNT mat in 

3 M NaCl, with 2 g load.  

Fig 5.25b   Cyclic voltammogram (2nd 

cycle) for PAn(acid) on HCNT mat in 3 M 

NaCl during the application of Voltage. 

E= -1, +0.7 V, scan rate of 50 mV/s. 

 

In 1 M NaNO3, the HCNT (Fig 5.19a) and PAn(acid) film (Fig 5.18) showed a strain 

of 0.05 and 0.83 %, respectively. The annealed HCNT can reach a strain of 0.2 % 

(313). We have reported the strain values ranging from 0.05 to 0.08 % for annealed 
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HCNT mats (315)*. For the unannealed HCNT of this study, the actuation strain of 

0.05 % is reasonable given that impurities embedded in the HCNT mat could inhibit 

the movement of the HCNT strands. The actuation strain of 0.83 % in the PAn(acid) 

sample is comparable to the PAn(acid) sample in sulfuric acid (H2SO4) (0.5 M) 

solution with a strain of about 1 % (316). The actuation strain of the PAn(acid) on 

HCNT mat composite was 0.23 % (Fig 5.20a). The coating of PAn(acid) on the 

HCNT mat increased the actuation strain of pure HCNT from 0.05 % to 0.23 % 

(315).  

The expansion/contraction patterns of the PAn(acid) and PAn(acid) on HCNT 

composites in HCl and NaCl solutions are similar to those in the NaNO3 solution. 

The actuation strains was calculated as follows:  

Actuation strain, ε, due to expansion/contraction of the sample is calculated by 

 ε = (∆l x 100)/lo   (%) 

where lo is the original length and ∆l is the movement between expansion and 

contraction. The actuation strains for each electrolyte are shown in Table –5.5.  

Table –5.5 Strain% for the different samples. 

Sample Strain% ± 0.001 

I M NaNO3 I M HCl 1 M NaCl 3 M NaCl 

HCNT mat 0.05, 0.024 --- --- 0.065, 0.035 

PAn(acid) 0.830 0.325 0.070 0.110 

PAn(acid) on HCNT mat 0.235 0.305 0.350 0.425 

 

                                                           
* Appendix A: Carbon nanotubes and polyaniline composite actuators. 
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From the table above we can see that the Strain% for the HCNT mat has two values. 

This is due to the following, at a maximum V, the PAn(acid) component was 

oxidized and the volume simultaneously increases with the HCNT component. 

However, the increase in volume of the two composite components was not additive. 

This implied that the transport of ions to the composite might not be sufficient to 

meet the ion requirements of both composite components. A prolonged maximum V 

may lead to a synergism to obtain a full volume expansion in both components. At a 

minimum V, the PAn(acid) component is reduced and the volume consequently 

decreases while the volume of the HCNT component increases. This opposite effect 

results in a kink with a small expansion peak of the HCNT component as can be 

observed in the displacement curves (315).  

The displacement pattern of the PAn(acid) on HCNT or HCNT/PAn(acid) 

composites are dominated by the PAn(acid) component, with a reduced 

expansion/contraction movement compared with PAn(acid) actuators. This also 

illustrates the fact that most of the ions transported in and out of the sample were 

mostly involved in redox reactions in PAn. 

PAn coating substantially enhances the actuation strain (Table –5.5). This result 

indicates an important fact that the addition of PAn(acid) to HCNT mat can increase 

the strain while the Young’s modulus of the composite could be maintained.  In other 

words, the PAn component contributes to a high actuation strain value while the 

HCNT component to the Young’s modulus. The combination of these two factors 

would result in high stresses produced by PAn(acid) on HCNT mat composite 

actuators. It should be noted that there is an experimental error in measuring the 
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actuation strain due to equipment arrangement and differences in sample batches. 

However, the casting of PAn(acid) onto the HCNT showed a general tendency in 

which the actuation strain of the composite was substantially enhanced from a low 

value of the HCNT sample for all solutions tested. Optimization of the 

HCNT/PAn(acid) composites with different fabrication methods and selecting a 

suitable input voltage pattern to reduce the opposite movement of the HCNT 

component and PAn(acid) component at negative voltage may help achieve the 

highest actuation strain. 

 

5.3.3.4 Scanning Electron Microscopy (SEM) 

SEM pictures were obtained for PAn(acid) film, HCNT/PAn(acid) film, and 

PAn(acid) on HCNT mat (Fig 5.26 – 5.28), respectively. The SEM for PAn(acid) 

film shows a smooth surface in contrast to the coarse surface observed for the HCNT/ 

PAn(acid) film due to the presence of HCNT. The SEM for the PAn(acid) cast on the 

HCNT mat, showed the HCNT covered with PAn(acid) distinctively (Fig 5.28).   
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Fig 5.26   SEM of PAn(acid) film.  Fig 5.27   SEM of HCNT/PAn(acid) 

film.  

 

Fig 5.28   SEM picture (top view) of PAn(acid) cast on HCNT mat, a) PAn(acid), b) 

HCNT mat. 

a) 

b) 
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5.4- CONCLUSION 

In the case of RCNT/PPy/dopant/dispersant composites, the addition of the RCNT 

resulted in significant changes in the after growth CVs, in terms of peak shifts and 

peaks sharpness. In general, the addition of the RCNT also resulted in an increase in 

capacitance values. The SEM pictures, show the differences in morphology between 

the polymer and the polymer with RCNT.  

 

For FMWCT/PPy composites, the CVs for the composites grown on gold-coated 

Mylar or ITO glass using constant current exhibited no redox peaks. However, the 

composites grown using constant potential, exhibited well-defined oxidation and 

reduction peaks. The capacitance increased as the –SO3H contents in the MWCNT 

increased. In addition, the capacitance value for FMWCNT(II)/PPy either grown on 

gold-coated electrodes or ITO glass by either constant potential or constant current is  

significantly higher than all the other composites. SEM pictures of these composites 

showed that the PPy does cover the FMWCNT, and that the extent of the coverage 

depends on the –SO3H content in the FMWCNT.  

 

In the case of PAn(acid) and HCNT composites, we find that the conductivity of the 

PAn(acid) on the HCNT mat composite is higher than that for PAn(acid) or HCNT 

mat individually.  

CVs were recorded for the different HCNT/PAn composites in 0.1 M NaNO3, 0.1 M 

HNO3, and 1 M HNO3. Due to weak electrical contact the samples acted as resistors 

and exhibited a classic ohmic behavior. This was significant for PAn(acid) film, and 
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PAn(acid)/HCNT film that was cast from PAn(acid) and HCNT solution, indicating 

that the electrochemistry of PAn(acid) is dominate over that for the HCNT in these 

cases. However, the CV for the sample prepared by casting a PAn(acid) film on 

HCNT mat, exhibited a slightly more conductive behavior, indicating that both 

components contribute to the electrochemistry of this composite. In addition, 

actuation resulting from the redox cycling of PAn was evident in the actuation 

studies. Most importantly we find that the strain increases to a significant degree 

when PAn(acid) is cast over the HCNT mat, where the PAn component contributes to 

a high actuation strain value while the HCNT component to the Young’s modulus. 

The combination of these two factors would result in high stresses produced by 

PAn(acid) on HCNT mat composite actuators. 

 

Finally, the combination of carbon nanotubes with polymers offers an attractive route 

not only to reinforce the polymer films but also to introduce new electronic properties 

based on morphological modification or electronic interaction between the two 

components. The resulting new materials can be used in a variety of different 

applications. 
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CHAPTER SIX 

THE ELCTROPOLYMERIZATION OF CONDUCTING 

POLYMERS ONTO CARBON NANOTUBES 

ELECTRODES 

 

6.1- INTRODUCTION 

Conducting polymers have been deposited onto carbon nanotubes materials by 

different research groups. For example, Poly(3-methylthiophene) was deposited on a 

carbon nanotubes microelectrode by Arnantia et al (316). A layer of conducting 

polyaniline was uniformly deposited onto the surface of aligned carbon nanotubes by 

Gao et al (317); they also observed that PPy coating layers could form bridges 

between the nanotubes to give dense composite films (318). Polypyrrole films were 

uniformly electropolymerized over well-aligned carbon nanotubes array by Chen et 

al (319). The synthesis and redox performance of these films were carried out using 

cyclic voltammetry. It was observed that the electrodeposition of PPy films on the 

surface of the carbon nanotubes was much faster than on conventional electrodes 

such as platinum (Pt). It was also observed that the redox performance of PPy-coated 

carbon nanotubes electrode was significantly improved due to the high accessible 

surface area in the aligned carbon nanotubes array.  

Kazaoui et al proposed that electrochemical doping of SWCNT mats can occur by 

placing these mats into a solution containing a counterion at E = 1 V and E = -1 V 

(320). Changes in the electronic state of the SWCNT induced by chemical and 
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electrochemical doping by bulky organic molecules was also investigated (321). Chiu 

et al deposited PPy onto carbon nanotube fibers by continuous electrochemical 

polymerization. They noted a significant improvement in the shear strength of the 

coated carbon nanotube fibers; it was found that this depended on the doping species 

used during the electrochemical polymerization (322, 323).  

PPy coatings have been polymerized onto carbon nanotube fibers by Wood et al 

(324). The type of electrolyte, electrolyte concentration, monomer concentration, 

applied voltage, and electropolymerization time were found to have a significant 

effect on the morphology of the composite coatings. They also reported that the 

morphology of the PPy coating formed on the carbon nanotubes depended on the type 

of supporting electrolyte used. Four different morphologies were identified: smooth, 

microspheroidal, leafoidal, and porous. It was also found that the bigger the size of 

the counter-ion in the PPy complex the harder it is to effectively pack the chains, 

resulting in a rough morphology (324, 325).  

This chapter investigates the electropolymerization of different polymers onto the 

surface of RCNT mats. Composites were characterized using a variety of different 

techniques such as cyclic voltammetry, and Scanning Electron Microscopy (SEM). 

Cyclic voltammetry exhibited unexpected results, namely that the resulting 

composites are non-conductive. This has been further investigated by the 

electrodeposition of PPy/SDS and PPy/AHPF onto different carbon surfaces using 

constant current, constant potential, and cyclic potential. PPy/SDS and PPy/AHFP 

were grown on glassy carbon, carbon foil, RCNT mat (unannealed) electrode, and 

RCNT mat (annealed) electrode. After growth cyclic voltammograms for the 
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resulting polymers and RCNT composites were recorded for comparison reasons, and 

the conductivity was measured. 

 

6.2-  EXPERIMENTAL  

6.2.1 Materials 

Sodium nitrate (M.W. 84.99 Da), dextran sulfate (Dex) (M.W. 500,000 Da), 

ammonium hexafluorophosphate (AHFP) (M.W. 163.0 Da), Sodium dodecyl sulfate 

(SDS) (M.W. 288.37 Da), and Pyrrole were purchased from Sigma-Aldrich. Pyrrole 

was distilled prior to use.  RCNT were obtained from Tubes @ Rice (Rice University, 

Houston TX) as a suspension in toluene, with a tube diameter of 1.2-1.38 nm as 

reported by supplier.  

 

6.2.2 Instrumentation 

Four-point probe conductivity measurements were carried out using 2.5 X 0.5 cm 

strips of RCNT mats both annealed and unannealed, and carbon foil. A digital 

micrometer was used to measure the thickness of the strips. A constant current of 1 

mA was passed through the sample using an EG & G Princeton Applied Research 

model 363 Potentiostat/Galvanostat, and the resistance was recorded using a Hewlett 

Packard model 34401.  

Cyclic voltammetry was recorded using a MacLab/4e for glassy carbon electrode, 

RCNT mats both annealed and unannealed, and carbon foil electrode prior to the 

electrodeposition of the polymer. The electrochemical cell consisted of the above 

electrodes as the working electrode, a Pt-mesh electrode as the auxiliary electrode, 
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and an Ag/AgCl as the reference electrode. 0.01 M K4Fe(CN)6 was used as an 

electrolyte with 0.1 M NaNO3 acting as a supporting electrolyte. The potential 

window applied was E = -0.3, +0.6 V. The scan rate applied was 50 mV/s, and a 

MacLab/4e was used to record the output.  

After growth CVs of the polymers and RCNT composites electrodeposited on the 

different electrodes were recorded in 0.1 M NaNO3, with a scan rate of 50 mV/s. The 

electrochemical cell configuration was as described above.  

The capacitance for the different polymers and RCNT composites was measured by 

recording CVs at different scan rates 50, 25, 10 and 5 mV/s. The potential window 

applied was E = -0.1, +0.3 V, and current measurements were taken at E = +0.1 V. 

The electrochemical cell was as described above with the electrolyte used being 1 M 

NaNO3.  

Scanning electron microscopy (SEM) pictures were taken using a Hitachi S-900 

FESEM. 

 

6.2.3 Electrode preparation 

The RCNT mats (unannealed) were prepared as described previously in Ch. 2, 

section 2.2.1 with one difference, the PVDF membrane was sputter-coated with Pt 

prior to the RCNT microfiltation. The reason for the Pt-sputter coating was that the 

RCNT are adhesive to the Pt-coat on the PVDF membrane. Strips of the RCNT mat 

with the sputter coated PVDF membrane of 2.5 X 0.5 cm were cut, and then attached 

to gold-coated Mylar by a double-sided adhesive tape (Fig 6.1). The RCNT mat 

(annealed) electrodes were prepared in the same manner except that the RCNT mat 
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was placed in an oven at 1000 °C for 2 hours prior to attachment to gold-coated 

Mylar.   

Nt
V
 

Fig 6.1   RCNT mat electrode.  

 

6.2.4 Composite preparation 

6.2.4.1 Polymer electrodeposition on RCNT (unannealed) mat  

Pyrrole 0.4 M was added to 10 mL of 0.1 M sodium nitrate, 0.1 M dextran sulfate 

(Dex), or 0.1 M ammonium hexafluorophosphate (AHFP). The electrochemical cell 

consisted of the previously prepared RCNT mat (unannealed) electrode as the 

working electrode (the surface area was constant), a Pt-mesh electrode as the 

auxiliary electrode and an Ag/AgCl was used as the reference electrode. PPy/NO3, 

PPy/Dex, and PPy/AHFP were electropolymerized onto the surface of the RCNT 

mats (unannealed) using three different methods. A Galvanostat was used to apply 

constant current of 1 mA (j= 1 mA/cm2) for 5 min, a potentiostat was used to apply 

constant potential of E =1 V for 15 min, and a MacLab potentiostat was used to apply 

cyclic potential with a potential window of E = +0.5, +0.9 V for 20 cycles to 

electrodeposit the polymers. In all three cases a MacLab/4e was used to record the 

output. 
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6.2.4.2 Polymer electrodeposition on different carbon electrodes 

Pyrrole 0.4 M was added to 10 mL of the following solutions 0.1 M SDS and 0.1 M 

AHFP. Glassy carbon electrode, carbon foil, RCNT mat (unannealed) electrode, and 

RCNT mat (annealed) electrode were used separately as the working electrode, a Pt-

mesh electrode as the auxiliary electrode and an Ag/AgCl was used as the reference 

electrode. 

PPy/AHFP was electrodeposited on the different electrodes by applying a constant 

potential of E = +1 V for 15 min, using a potentiostat CV27. 

PPy/SDS was grown on the different electrodes using three different methods. First, a 

Galvanostat was used to apply a constant current of 1 mA (j= 0.07 mA/cm2) for 5 

min. Second, a Potentiostat CV27 was used to apply a constant potential of E = +1 V 

for 15 min. Finally, a Mac lab potentiostat was used to apply cyclic potential with a 

potential window of E = +0.2, +0.9 V for 10 cycles to electrodeposit the polymer. In 

all three cases a MacLab/4e was used to record the output. 

 

6.3- RESULTS & DISCUSSION 

When PPy was electrochemically deposited on conventional electrodes using cyclic 

potential, the growth current in the first cycle was small and increased for subsequent 

cycles. It was reported by Tamm et al, that during the growth of PPy on aligned 

carbon nanotubes no significant increase in the current in the later cycles was 

observed (319). However, the observed current was still larger than conventional 

electrodes such as Pt-electrode. This was believed to be due to the high surface area 

of the aligned carbon nanotubes. The surface of the carbon nanotubes have also been 
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noted to be more active than that of conventional electrodes, so that lower nucleation 

energy is required at the beginning of the pyrrole polymerization (319).  

 

6.3.1 Conductivity 

The equations used to calculate the resistance and conductivity are discussed in     

Ch. 2, section 2.3.2.1. The results are presented in Table –6.1. 

Table –6.1 Conductivity measurements for the different electrodes. 

Sample Thickness (µµµµm ± 0.001) Conductivity             

(S/cm ± 0.1) 

RCNT mat (unannealed) 0.006 25.1 

RCNT mat (annealed) 0.033 44.4 

Carbon foil 0.290 75.5 

 

From the table above we can see that the carbon foil has the highest conductivity 

while the RCNT mat (unannealed) has the lowest. We also note that RCNT mat 

(annealed) had nearly twice the conductivity of the RCNT mat (unannealed). 

 

6.3.2 Cyclic voltammetry for the different electrodes in 0.01 M K4Fe(CN)6 

Cyclic voltammetry of glassy carbon electrode, RCNT mats annealed and 

unannealed, and carbon foil electrodes are presented in (Fig 6.2 – 6.5). In general, the 

CVs for the different electrodes were similar under the same conditions. An oxidation 

peak was observed at E ~ 0.35 V for all the different electrodes. A reduction peak at 

E ~ 0.1 V was observed for glassy carbon electrode and RCNT mat (unannealed), this 
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peak shifted to E ~ 0.00 V for RCNT mat (annealed) electrode and carbon foil 

electrode.   

Glassy Carbon Electrode 
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Fig 6.2   Cyclic voltammogram (2nd cycle) for glassy carbon electrode in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -0.3, + 0.6 V, scan rate 

of 50 mV/s. 
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Fig 6.3   Cyclic voltammogram (2nd cycle) for RCNT mat (annealed) in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -0.3, + 0.6 V, scan rate 

of 50 mV/s. 
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RCNT mat (unannealed) 
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Fig 6.4   Cyclic voltammogram (2nd cycle) for RCNT mat (unannealed) in 0.01 M 

K4Fe(CN)6 with 0.1 M NaNO3 as a supporting electrolyte, E = -0.3, + 0.6 V, scan rate 

of 50 mV/s. 
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Fig 6.5   Cyclic voltammogram (2nd cycle) for carbon foil in 0.01 M K4Fe(CN)6 with 

0.1 M NaNO3 as a supporting electrolyte, E = -0.3, + 0.6 V, scan rate of 50 mV/s. 
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6.3.3 Polymers electrodeposition and after growth cyclic voltammetry 

It has been reported that the CV of PPy in 0.1 M LiClO4 exhibited a redox response 

superimposed on a capacitive background (326, 327). For uncoated carbon nanotubes 

electrode generally there are no redox peaks under the same conditions (328). 

However, for PPy-coated carbon nanotubes the following difference were observed. 

The CV characteristics of the PPy-coated carbon nanotubes were not influenced by 

the film formation charge but the charge capacity was observed to increase at 

negative potentials. This is in contrast to the behavior of conventional PPy film. In 

addition, it was noted that the specific charge capacity of the PPy coated carbon 

nanotubes is higher that that of PPy films (319). 

PPy/NO3, PPy/Dex, and PPy/AHFP were electrodeposited on RCNT mat 

(unannealed) to the same charge using constant current, constant potential, and cyclic 

potential. There was no polymer deposition on the RCNT mat (unannealed) when 

constant current was the electrodeposition method. When cyclic potential or constant 

potential were used as the electrodeposition method, the polymer did grow on the 

surface of the RCNT mat (unannealed) electrode. Although there was polymer 

deposition when cyclic potential was applied, the current decreased on each cycle 

compared to the previous cycle indicating an increased iR drop and/or a decrease in 

surface area due to the electrodeposition of the polymer, as can be seen in (Fig 6.6).  
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PPy/AHFP electrodeposition on RCNT mat (unannealed) electrode 
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Fig 6.8   PPy/AHFP electrodeposition on RCNT mat (unannealed) using cyclic 

potential with a potential window of E = +0.5, +0.9 V and scan rate of 50 mV/s for 

20 cycles.  

 

Therefore, it was determined that constant potential was the preferred method of 

growth. Below are the after growth CVs for the polymers electrodeposited on the 

RCNT mat (unannealed) electrodes using constant potential (Fig 6.7 – 6.9). 
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PPy/Dex on RCNT mat (unannealed) electrode
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Fig 6.7   Cyclic voltammogram (2nd cycle) of PPy/Dex deposited on RCNT mat 

(unannealed) electrode in 0.1 M NaNO3, E = -0.6, + 0.6, scan rate of 50 mV/s. 
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Fig 6.8   Cyclic voltammogram (2nd cycle) of PPy/NO3 deposited on RCNT mat 

(unannealed) electrode in 0.1 M NaNO3, E = -0.6, + 0.6, scan rate of 50 mV/s. 
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PPy/AHFP on RCNT mat (unannealed) electrode

-6

-4

-2

0

2

4

6

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
E vs. Ag/AgCl (V)

C
ur

re
nt

 (
µµ µµ

A
)

 

Fig 6.9   Cyclic voltammogram (2nd cycle) of PPy/AHFP deposited on RCNT mat 

(unannealed) electrode in 0.1 M NaNO3, E = -0.6, + 0.6, scan rate of 50 mV/s. 

 

The after growth CVs for the polymers deposited on RCNT mat (unannealed) 

electrodes using constant potential (above figures), constant current, or cyclic 

potential did not exhibit any redox peaks. This could be due to the nature of the 

underlying electrode, in this case the RCNT mat (unannealed) where physical and/or 

chemical interactions resulted in the absence of redox behavior. This was investigated 

by the electrodeposition of PPy/AHFP on RCNT mat (unannealed), RCNT mat 

(annealed) and glassy carbon electrodes using constant potential to the same charge. 

The after growth CVs of PPy/AHFP on these electrodes are presented below (Fig 

6.10 – 6.12) 
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PPy/AHFP on glassy carbon electrode
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Fig 6.10   Cyclic voltammogram (2nd cycle) of PPy/AHFP deposited on glassy carbon 

electrode in 0.1 M NaNO3, E = -1, +0.5 V with a scan rate of 50 mV/s. 
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Fig 6.11   Cyclic voltammogram (2nd cycle) of PPy/AHFP deposited on RCNT mat 

(unannealed) electrode in 0.1 M NaNO3, E = -1, +0.5 V with a scan rate of 50 mV/s. 

 

a 

a 
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PPy/AHFP on RCNT mat (annealed) electrode
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Fig 6.12   Cyclic voltammogram (2nd cycle) of PPy/AHFP deposited on RCNT mat 

(annealed) electrode in 0.1 M NaNO3, E = -1, +0.5 V with a scan rate of 50 mV/s. 

 

From these figures we can see a reduction peak (a) but no oxidation peak. This 

reduction peak is more defined when the polymer is deposited onto the glassy carbon, 

and RCNT mat (annealed) electrodes, indicating that these electrodes facilitate the 

redox process. In addition, it is observed that the current range for the PPy/AHFP on 

the RCNT mat (annealed) electrode is twice that of the polymer on the other two 

electrodes. This indicated that the rate of growth of the polymer onto the RCNT mat 

(annealed) electrode surface is higher than on the other electrodes, which means that 

the RCNT mat (annealed) electrode facilitates the growth of conducting polymers. 

On the other hand, RCNT mat (unannealed) electrode seems to inhibit the 

conductivity of the deposited polymers, where these polymers did not exhibit redox 

peaks.  

a 
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Another factor that might have contributed to the non-conductive response of the 

polymers deposited on the RCNT mat (unannealed) electrodes as noted previously, 

could be the nature of the dopant used, where the dopant could interact with the 

RCNT mat (unannealed) resulting in a compound that does not exhibit any redox 

responses. This was investigated by the electrodeposition of PPy/SDS on four 

different electrodes: RCNT mat (unannealed), RCNT mat (annealed), carbon foil, and 

glassy carbon electrodes to the same charge. The electrodeposition was carried out 

using constant current, constant potential, and cyclic potential (Fig 6.13 – 6.15). The 

results were used for comparison with PPy/AHFP to determine whether the dopant 

used is a factor in the conductivity of the polymer deposited on the RCNT mats. 
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PPy/SDS electrodeposition on glassy carbon electrode
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a)  

PPy/SDS electrodeposition on carbon foil
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b) 

PPy/SDS electrodeposition on RCNT mat (unannealed) 
electrode
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c) 

PPy/SDS electrodeposition on RCNT mat (annealed) electrode
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d) 

Fig 6.13   PPy/SDS electrodeposition on a) glassy carbon, b) carbon foil, c) RCNT 

mat (unannealed), and d) RCNT mat (annealed) using a constant current of 1 mA (j=1 

mA/cm2) for 5 min. 
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Fig 6.14   PPy/SDS electrodeposition on RCNT mat (unannealed) using 

constant potential of E =1 V for 15 min. 
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PPy/SDS electrodeposition on glassy carbon 
electrode
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a)  

PPy/SDS electrodeposition on carbon foil 
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b) 

PPy/SDS electrodeposition on RCNT mat 
(unannealed) electrode 
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c) 

PPy/SDS electrodeposition on RCNT mat (annealed) 
electrode 
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d) 

Fig 6.15   PPy/SDS electrodeposition on a) glassy carbon, b) carbon foil, c) 

RCNT mat (unannealed), and d) RCNT mat (annealed) using cyclic potential with a 

potential window of E = +0.2, +0.9 V and scan rate of 50 mV/s for 20 cycles. 

 

As can be seen in the figures above, the polymer electrodeposition is dependent on 

the nature of the electrode. When PPy/SDS was electrodeposited using constant 

current, the current ranged from 1.6 mA maximum for RCNT mat (unannealed) to 

8.5 mA maximum for RCNT mat (annealed) (Fig 6.13). In addition, when cyclic 
potential was the method used for polymer electrodeposition, the current decreased 

on each cycle compared to the previous cycle indicating an increased iR drop and/or 
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a decrease in surface area due to the electrodeposition of the polymer (Fig 6.15), this 

is consistent with previous observation in (Fig 6.6). The after growth CVs for 

PPy/SDS are presented below (Fig 6.16 – 6.18). 
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Fig 6.16   Cyclic voltammograms (2nd cycle) of PPy/SDS deposited on different 

carbon electrodes using constant current of 1 mA (j= 0.07 mA/cm2) for 5 min. in 0.1 

M NaNO3, E = -1, +0.5 V with a scan rate of 50 mV/s.  
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Fig 6.17   Cyclic voltammograms (2nd cycle) of PPy/SDS deposited on different 

carbon electrodes using constant potential of E = +1 V for 15 min. in 0.1 M NaNO3, 

E = -1, +0.5 V with a scan rate of 50 mV/s. 
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Fig 6.18   Cyclic voltammograms (2nd cycle) of PPy/SDS deposited on different 

carbon electrodes using cyclic potential with a potential window of E = +0.2, +0.9 V 

for 10 cycles in 0.1 M NaNO3, E = -1, +0.5 V with a scan rate of 50 mV/s. 

 

The after growth CVs of PPy/SDS electrodeposited using constant current on 

different carbon electrodes are presented in (Fig 6.16). The after growth CVs were 

similar regardless of the electrode used. In each, a broad oxidation peak was 

observed. However, the current range varied depending on the underlying electrode, 

carbon foil had a maximum current of ~ 40 µA which is nearly 10-times larger than 

that of the other electrodes.  
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The after growth cyclic voltammograms for PPy/SDS electrodeposited using constant 

potential on the different electrodes are presented in (Fig 6.17). We can see that the 

background current for the PPy/SDS on glassy carbon electrode ~ 300 µA is 

significantly higher than the background current for the polymer on the other 

electrodes ~ 4 µA. In addition, the PPy/SDS grown on glassy carbon electrode and 

carbon foil exhibit sharp well-defined oxidation and reduction peaks. However, the 

redox peaks for the PPy/SDS grown on RCNT mat (unannealed) and RCNT mat 

(annealed) are broad and less defined. Also, the after growth CV for the PPy/SDS on 

the RCNT mat (annealed) electrode exhibited a capacitive behavior. The same 

observations can be made for the after growth CVs for PPy/SDS grown using cyclic 

potential on the different electrodes (Fig 6.18). However, the current for the PPy/SDS 

grown on glassy carbon electrode was within the same range as for the other 

electrodes.  

We find that the conductivity of the polymer deposited is affected by the method of 

deposition. When comparing the CVs of PPy/SDS deposited on carbon foil and 

glassy carbon electrode, we find that when the polymer was deposited using constant 

current a broad oxidation peak was observed only. On the other hand, when constant 

potential or cyclic potential were used as the electrodeposition method, distinct redox 

peaks were observed. However, we have to keep in mind that during 

electrodeposition using cyclic potential the current decreased with each cycle 

compared to the previous one. This means that electrodeposition using constant 

potential is preferred to the other methods.   

 



Ch.6 

 208

In addition, we find that the PPy/SDS deposited on RCNT mat (unannealed) and 

RCNT mat (annealed) using constant potential exhibited redox peaks, in contrast to 

PPy/NO3, PPy/DS, and PPy/AHFP electrodeposited on the same electrodes under the 

same conditions. This indicated that the dopant used has an affect on the 

electroactivity of the polymer when electrodeposited on RCNT mats.  

 

6.3.4 Scanning Electron Microscopy (SEM) 

SEM pictures were obtained for PPy/NO3, PPy/Dex, PPy/AHFP, and PPy/SDS 

electrodeposited on RCNT mat (unannealed) (Fig 6.19 – 6.22), respectively. From the 

SEM pictures we can see that the different polymers have been electrodeposited on 

the RCNT mat (unannealed). This indicated that the non-conductive behavior 

observed for PPy/NO3, PPy/Dex, and PPy/AHFP is not due to the absence of a 

polymer film but is a result of the nature of the underlying electrode, the nature of the 

polymer electrodeposited and its chemical/physical interaction with the underlying 

electrode, and finally the electrodeposition method.  
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Fig 6.19   SEM picture of PPy/NO3 electrodeposited using constant current on RCNT 

mat (unannealed). 

 

 

Fig 6.20   SEM picture of PPy/Dex electrodeposited using constant current on RCNT 

mat (unannealed). 

RCNT mat (unannealed) 

PPy/NO3 

RCNT mat (unannealed) 

PPy/Dex 
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Fig 6.21   SEM picture of PPy/AHFP electrodeposited using constant current on 

RCNT mat (unannealed). 

 

 

Fig 6.22   SEM picture of PPy/SDS electrodeposited using constant current on RCNT 

mat (unannealed). 

RCNT mat (unannealed) 

PPy/AHFP 

RCNT mat (unannealed) 
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6.4- CONCLUSION 

Conducting polymers were electrodeposited on the surface of RCNT mat 

(unannealed) electrode. The polymers were electrodeposited using constant current, 

constant potential and cyclic potential. No polymer growth was observed when 

constant current deposition was employed. When cyclic potential was used as the 

method of growth there was polymer deposition. However, the current decreased in 

sequential cycles instead of increasing, indicating that the polymer deposited was 

very resistive. Therefore, constant potential was chosen as the preferred method for 

deposition of the polymer onto the RCNT mat (unannealed) electrode. The after 

growth CV of these composites did not exhibit any redox behavior. As a result, 

PPy/AHFP was electrodeposited using constant potential on RCNT mat 

(unannealed), RCNT mat (annealed), and glassy carbon electrode to determine if the 

reason for the absence of the redox behavior was the nature of the RCNT mat 

(unannealed). The results indicated that this could be a factor in the non-conductive 

behavior of the polymers deposited on the RCNT mat (unannealed), suggesting that 

the impurities present in the unannealed mat inhibit the conductivity of the polymer 

deposited. Also, we found that the polymer deposited on the RCNT mat (annealed) 

electrode had better growth rate and redox responses, indicating that polymer 

electrodeposition on RCNT mat (annealed) electrode is preferable compared to 

RCNT mat (unannealed) electrode. Finally, PPy/SDS was electrodeposited onto the 

surface of different carbon electrodes to investigate the role of dopant. PPy/SDS was 

electrodeposited onto glassy carbon electrode, carbon foil, RCNT mat (unannealed) 

electrode, and RCNT mat (annealed) electrode. The electrodeposition was carried out 
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using constant current, constant potential, and cyclic potential. The growth was 

dependent on the nature of the electrode, and consistent with previous observation 

when using cyclic potential as the electrodeposition method the current decreased in 

each cycle compared to the previous one. It was established that PPy/SDS deposited 

on RCNT mat (unannealed) and RCNT mat (annealed) using constant potential does 

exhibit electroactivity; in contrast to PPy/NO3, PPy/Dex, and PPy/AHFP 

electrodeposited under the same conditions on RCNT mat (unannealed). This 

indicated that the dopant used does have an effect on the conductivity of the polymer 

when electrodeposited on RCNT mats. In addition, PPy/SDS deposited on carbon foil 

and glassy carbon electrode using constant potential or cyclic potential exhibited 

distinct redox peaks, while only a broad oxidation peak was observed when constant 

current was used as the electrodeposition method. Therefore, the conductivity of the 

polymer deposited is also affected by the method of deposition.  

 

We conclude that constant current as the method of electrodeposition of a polymer 

onto RCNT mat (unannealed) results in polymers that are non-conductive, and that 

the dopant and the method of electrodeposition used seem to have a significant effect 

on the electrochemical behavior of the polymer especially when deposited on the 

RCNT mat electrode.  

 

Finally, we can electrodeposit a conducting polymer on RCNT mats if the right 

conditions are applied. For example, PPy/SDS electrodeposited on RCNT using 

constant potential results in a conducting polymer.  



Ch.7 

 213

CHAPTER SEVEN 

DEOXYRIBOSE NUCLIEC ACID (DNA) AND 

POLY(METHOXYANILINE-5-SULFONIC ACID) COATED 

CARBON NANOTUBES  RIBBONS AND FIBRES  

 

7.1-  INTRODUCTION 

The interaction of biomolecules with carbon nanotubes have been of interest with a 

view to rendering them biocompatible (329), or useful as bioelectronic sensors (330), 

or even as platforms to support the growth of nerve cells (331). DNA has been shown 

to strongly interact with CNT’s, forming uniform coatings (332). The interactions are 

strong enough to influence the electronic properties of the DNA (333). Synthetic 

strategies that enable the oligonucleotides to be covalently linked to carbon nanotubes 

have also been developed (334).  

Fibres of polypropylene/carbon nanotubes have been previously spun using 

conventional melt spinning equipment (335). It was found that 5% w/w loading of 

carbon nanotubes increased the modulus and strength of the propylene by 50 and 

100%, respectively.  

In another study, SWCNT were dispersed in isotropic petroleum pitch to form carbon 

nanotubes composite fibres with enhanced mechanical and electrical properties (336). 

It was found that the tensile strength, Young’s modulus and electrical conductivity 

increased by 90, 150, and 340% respectively, when a loading of 5% w/w SWCNT 

was used.  
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Single-walled carbon nanotubes ribbons and fibres have been prepared previously by 

particle coagulation spinning (PCS) (337 - 339). This process consists of dispersing 

the carbon nanotubes in a dispersant solution and then re-condensing the nanotubes in 

a stream of a polymer solution. The dispersant that was used in those studies was 

sodium dodecyl sulfate (SDS) and the polymer solution was Poly(vinyl alcohol) 

(PVA).  

In this chapter, we investigate the preparation of HiPco carbon nanotubes  (HCNT) 

ribbons (wet) and fibres (dry) using the PCS method, with deoxyribbonucleic acid 

(DNA) or Poly(methoxy aniline-5-sulfonic acid) (PMAS) as dispersants, with PVA 

as the coagulating polymer. The ribbons and fibres conductivity, and mechanical 

properties were determined, and Scanning Electron Microscopy (SEM) was used to 

probe the microstructures. 

In contrast to composite fibers, where the carbon nanotubes are embedded in 

polymeric matrix, the fibers produced by the PCS method consist of an 

interconnected network of polymer chains and carbon nanotubes. These fibers exhibit 

attractive features such as, the possibility of making continuous and macroscopic 

structures of aligned nanotubes (340), mechanical flexibility (337), toughness (341), 

high porosity, and capabilities for adsorbing gases and liquids (342). 
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7.2- EXPERIMENTAL 

7.2.1 Materials 

The HiPco single-walled carbon nanotubes (average tube diameter of 1.1 nm) were 

purchased from Carbon Nanotechnologies Incorporated (CNI) as a solid powder. The 

dispersant solutions were prepared using sodium dodecyl sulfate (SDS)  (M.W. 

288.37 Da, Aldrich), Poly(methoxyaniline-5-sulfonic acid) (PMAS) (M.W.  8,000 – 

12,000 Da, Nitto Chemical Industry), and Deoxyribose Nucleic Acid (DNA) (Salmon 

sperm, 300 – 600 base pairs), from Prof. N. Ogata (Sophia University, Japan). The 

coagulating polymer Poly(vinyl alcohol) (PVA) (M. W. ~ 100,000 Da, Fluka). 

 

7.2.2 Instrumentation 

The diameter of the fibres was measured using a Leica DMLP microscope. Four-

point probe conductivity measurements were carried out using a Keithley Instruments 

SARL 2000 multimeter. Mechanical properties were measured using Zwick/Z 2.5 

from Zwick materials testing; the sample length was 3 cm.  

 

7.2.3 Fiber preparation 

A phase diagram for HCNT w/w dispersed in SDS solution was prepared prior to this 

work by Vigolo et al (337). The optimum concentration for HCNT dispersed in SDS 

was determined to be 0.25% w/w. In this work values above and below this 

concentration ranging from 0.1% to 0.5% w/w of HCNT dispersed in poly(methoxy 

aniline-5-sulfonic acid) (PMAS) and in Deoxyribose nucleic acid (DNA) were 
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examined. It was determined that the optimum concentration of HCNT in PMAS is 

0.3% w/w, and 0.4% w/w in DNA. The following mixtures were prepared:  

Dispersion I: 0.4% HCNT in 1% SDS 

Dispersion II: 0.3% HCNT in 0.2% PMAS 

Dispersion III: 0.3% HCNT, 0.4% SDS, in 0.2% PMAS 

Dispersion IV:0.4% HCNT in 0.2% DNA 

Dispersion V: 0.4% HCNT, 0.4% SDS, in 0.2% DNA. 

Mixtures were sonicated for 1-hour using a hand held sonicator, Vibra-cell 72405 

from BioBlock Scientific with a 6 sec pulse and an amplitude of 80%.  

The dispersion was injected by a KD Scientific syringe pump at 100 ml/h into a 

stream of 3% PVA solution. The PVA solution was rotated at 50 turns per min. 

Injection was performed tangentially to the polymer stream through a syringe needle 

(0.5 mm in diameter) located 2 cm from the rotation axis of the bath. During this 

process the PVA adsorbs onto the HCNT and thus they stick to each other in the PVA 

stream. Under these conditions, as for solutions of rigid polymers flow, induced-

alignment of the nanotubes is expected in the direction of the fluid velocity Scheme –

7.1.  

   

Scheme –7.1 Fiber spinning process. 
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The nanotubes are thus collected in the form of a ribbon, with preferential orientation 

along their axis (337, 338). The ribbons are washed with Milli-Q-Water and rinsed 

several times to remove PVA and dispersant molecules as much as possible. Rinsed 

ribbons are vertically suspended in air so that capillary and gravitational forces cause 

the water to be expelled. The ribbons collapse and ultimately form denser fibres when 

dry. Some fibres have been subsequently annealed at 1000 °C under reduced pressure 

and 500 sccm hydrogen flow (hydrogen was used to avoid nanotube damage due to 

oxidation). 

From dispersion I (0.4% HCNT in 1% SDS) six fibres were produced, the first fiber 

(A) did not undergo any kind of treatment, the second fiber (B) was annealed, the 

third (C) was placed in 5% PMAS and 1% PVA solution for 35 min, the fourth fiber 

(D) was annealed first then placed in 5% PMAS and 1% PVA solution for 35 min, 

the fifth fiber (E) was placed in 5% PMAS and 1% PVA solution then placed in an 

oven at 120 °C for 4-hours, the sixth fiber (F) was annealed and placed in 5% PMAS 

and 1% PVA solution then in an oven at 120 °C for 4-hours. This was done in an 

attempt to cross link PMAS with PVA while coating the HCNT fiber. 

Two fibres from each of the dispersions II, III, IV, and V were obtained, where one 

of these fibres was annealed.   
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7.3- RESULTS & DISCUSSION 

Guo et al found that double-stranded DNA tends to cover the surface of nanotubes 

evenly, suggesting a strong interaction with the carbon surface (343). It was 

determined that double-stranded DNA did not disperse HCNT. However, a solution 

of single-stranded DNA that was obtained by heating to 91 °C, did result in an 

effective dispersion of the HCNT (344)*.  

Single stranded DNA, in contrast to double-stranded DNA, exhibits amphiphilic 

character and adsorbed onto carbon nanotubes (345). In addition, single-stranded 

DNA allows for a more flexible formulation than classical dispersant. Studies of 

partially unwrapped double helix DNA molecules with carbon nanotubes have been 

conducted by Buzaneva et al and Matyshevska et al (346, 347). They found that the 

regular system of hydrogen bonds in the DNA has to be destroyed to promote the 

interaction of DNA with the carbon nanotubes. It was determined that the bonds 

between guanine-adenine and thymine-cytosine in the DNA molecules broke, which 

meant that the distance between electron levels in the molecule changed, and the 

hydrogen bonds between the bases of the DNA molecules broke as well. The results 

confirmed that the electronic structure of the DNA/SWCNT layer is determined by 

changes in the electronic level in the nucleotide bases of DNA molecules upon 

DNA/SWCNT interaction (347). In addition, they found that the DNA structure is 

modified after interacting with the carbon nanotubes, while the structure of the 

carbon nanotubes did not change in the DNA/SWCNT composite. 

 

                                                           
* Appendix A: Properties of carbon nanotubes fibers spun from DNA- stabilized dispersions. 
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7.3.1 Fiber diameter 

The diameter of the HCNT fibres can be controlled by varying parameters such as 

injection rate, flow conditions, and dimensions of the capillary injection tube 

employed. These parameters impose the initial thickness of the ribbons. Qualitatively, 

the ribbons become thicker and wider by lowering the speed of the co-flowing 

polymer solution and increasing the injection rate. This behavior strongly suggested 

an important contribution of the hydrodynamic conditions. The parameters under 

which the fibers were prepared were constant. Therefore, the fibre diameter along its 

length is homogenous. 

Table –7.1 shows the diameter for the fibres prepared from dispersion I, and Table –

7.2 shows the diameter of the fibres prepared from the remaining dispersions. In 

general, it is obvious from the results presented in the tables below that the diameter 

of the annealed fibres is smaller than that for the unannealed fibres. This indicated 

that the annealing process eliminates a significant amount of the remaining dispersant 

and the PVA molecules (343). Previous studies indicated that PVA is thermally 

degraded during the annealing process (344).  
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Table –7.1 Diameter for fibres prepared from dispersion I (0.4% HCNT, 1% 

SDS). 

Fiber Diameter (µµµµm ± 0.1) 

A (unannealed) 32.1 

B (annealed) 20.2 

C (unannealed placed in 5%PMAS and 1% PVA mixture for 35 min) 32.0 

D (annealed placed in 5%PMAS and 1% PVA mixture for 35 min) 20.5 

E (unannealed placed in 5% PMAS and 1% PVA mixture for 35 min, 

then placed in an oven at 120 °°°°C for 4-hours) 

36.3 

F (annealed placed in 5% PMAS and 1% PVA mixture for 35 min, 

then placed in an oven at 120 °°°°C for 4-hours) 

20.6 

 

Table –7.2 Diameter for fibres prepared from dispersion II, III, IV, and V. 

Fiber composition Diameter (µµµµm ± 0.1) 

0.4% HCNT / 0.3% PMAS (unannealed) 72.1 

0.4% HCNT / 0.3% PMAS (annealed) 64.3 

0.4% HCNT / 0.3% PMAS / 0.4% SDS (unannealed) 88.2 

0.4% HCNT / 0.3% PMAS / 0.4% SDS (annealed) 84.4 

0.4% HCNT / 0.4% DNA (unannealed) 48.7 

0.4% HCNT / 0.4% DNA (annealed) 43.2 

0.4% HCNT/ 0.4% DNA / 0.4% SDS (unannealed) 48.1 

0.4% HCNT / 0.4% DNA / 0.4% SDS (annealed) 44.3 
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From Table –7.1 we notice that placing the fibers in 5% PMAS and 1% PVA solution 

whether followed by placement in an oven at 120 °C or not, did not result in any 

significant change in the diameter of the fibers. On the other hand, the diameter of the 

annealed fibers was only two thirds of the corresponding unannealed fibers. This 

indicated that the annealing process results in the thermal degradation of PVA, and 

the removal of amorphous carbon. In Table –7.2, we notice that the diameter of the 

HCNT/PMAS fibers is approximately twice that of HCNT/DNA fibers, indicating 

that the HCNT uptake of PMAS is nearly twice that of DNA. In addition, the 

diameter of the HCNT/PMAS/SDS fiber was larger than that for the HCNT/PMAS 

fiber, while the diameter of the HCNT/DNA and HCNT/DNA/SDS fibers were very 

similar (344). This indicated that either the SDS was also incorporated into the fiber 

matrix of the HCNT/PMAS/SDS fiber, or that SDS facilitated an even larger intake 

of the PMAS molecules by the HCNT. Moreover, we also notice that the diameter of 

the annealed fibers is smaller than that for the corresponding unannealed fibers. 

However, the difference in diameter is not as significant as that for the HCNT/SDS 

fibers (Table –7.1). This indicated that when the fibers are produced using SDS as the 

dispersant, the amount of PVA (coagulating polymer) incorporated within the fiber is 

significantly larger than that when PMAS or DNA are used as dispersants, resulting 

in a more significant decrease in diameter through the annealing process, due to the 

thermal degradation of the PVA.  
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7.3.2 Conductivity 

The conductivity data for the different fibres are presented in Tables 7.3 and 7.4.  

Table –7.3  Conductivity for the fibres prepared from dispersion I (0.4% HCNT, 

1% SDS). 

Fiber Conductivity (S/cm ± 0.1) 

A (unannealed) 0.2 

B (annealed) 110.8 

C (unannealed placed in 5%PMAS and 1% PVA mixture for 35 min) 0.1 

D (annealed placed in 5%PMAS and 1% PVA mixture for 35 min) 108.8 

E (unannealed placed in 5% PMAS and 1% PVA mixture for 35 min, 

then placed in an oven at 120 °°°°C for 4-hours) 

0.03 

F (annealed placed in 5% PMAS and 1% PVA mixture for 35 min, 

then placed in an oven at 120 °°°°C for 4-hours) 

78.7 

 

Table –7.4 Conductivity for fibres prepared from dispersion II, III, IV, and V. 

Fiber  Conductivity (S/cm ± 0.01) 

0.4% HCNT / 0.3% PMAS (unannealed) 0.32 

0.4% HCNT / 0.3% PMAS (annealed) 7.71 

0.4% HCNT / 0.3% PMAS / 0.4% SDS (unannealed) 0.05 

0.4% HCNT / 0.3% PMAS / 0.4% SDS (annealed) 7.23 

0.4% HCNT / 0.4% DNA (unannealed) 6.36 

0.4% HCNT / 0.4% DNA (annealed) 100.07 

0.4% HCNT/ 0.4% DNA / 0.4% SDS (unannealed) 7.73 

0.4% HCNT / 0.4% DNA / 0.4% SDS (annealed) 100.05 
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One of the most important observations from Table –7.3 is the significant increase in 

the conductivity of the HCNT/SDS fibres when annealed. The increase in 

conductivity for the annealed fibers B, D, and F is ~ 500, 1000, and 2600 times 

respectively. Also, we notice that placing the fibers in 5% PMAS and 1% PVA 

solution for 35 min, had no effect on conductivity. However, for the fibres that were 

placed in 5% PMAS and 1% PVA and then in an oven at 120 °C for 4-hours, the 

conductivity values decreased with respect to the other fibers. However, the increase 

in conductivity due to the annealing process was the largest ~2600 times.  

From Table –7.4 we can see that the fibres prepared using DNA as the dispersant had 

significantly higher conductivities than the fibres obtained using PMAS. The 

conductivity of the HCNT/DNA fibers was similar to that of HCNT/SDS fibers 

(Table – 7.3), while the conductivity of the HCNT/PMAS fibers was ~90% lower. 

This was not an expected result since PMAS is an inherently conducting polymer, 

and it was expected to increase the conductivity of HCNT fibres (before the 

annealing process, at least). We also notice, that HCNT/PMAS/SDS (unannealed) 

fibers have lower conductivities than HCNT/PMAS (unannealed) fibers. In addition, 

there was a significant increase in conductivity due to the annealing process, the 

increase in conductivity for the annealed HCNT/PMAS fiber compared to the 

unannealed HCNT/PMAS fiber was ~ 25 times. Also, the increase in conductivity for 

the HCNT/PMAS/SDS annealed fiber compared to the unannealed 

HCNT/PMAS/SDS fiber was ~ 150 times. This indicated that the annealing process 

resulted in the removal of not only PVA and amorphous carbon, but also the SDS. On 

the other hand, for the HCNT/DNA fibers the increase in conductivity due to the 
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annealing process was ~ 15 times, regardless of presence or absence of SDS. This 

indicated that the chemical/physical interaction between PMAS-SDS and DNA-SDS 

are significantly different.  

 

7.3.3 Mechanical properties 

In contrast to most ordinary carbon fibres, SWCNT fibres are ten times stronger than 

high quality SWCNT mats (336). In addition, the SWCNT fibres exhibit an elastic 

behavior before they break, that presumably arises from the possible displacement of 

the nanotubes within the bundles that make up the fibres (337). 

The tables below present the Young’s modulus values for the different fibres. For 

some of the annealed fibres the Young’s modulus could not be measured due to the 

fact that they were very brittle (VB), and broke before mounting the sample. The 

Young’s modulus values for the HCNT/SDS fibres were similar (Table –7.5). The 

Young’s modulus for the HCNT/PMAS fibers and the HCNT/DNA (Table – 7.6) 

were higher than that for the HCNT/SDS fibers (Table – 7.5). An interesting result 

was the fact that the annealed HCNT/PMAS and HCNT/PMAS/SDS fibers had lower 

Young’s modulus than the corresponding unannealed fibers. This indicated that the 

annealing process, which results in the removal of PVA and amorphous carbon, 

affects charge mobility along the fiber (e.g. conductivity) but plays no appreciable 

role in keeping the carbon nanotubes ropes together. Therefore, improving the 

electrical properties of the fibers and not the mechanical properties. This also 

suggests that the mechanical properties of the fibers are not affected by the different 

dispersants, and that they are mainly dependent on the mechanical properties of the 

HCNT themselves.  
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Table –7.5 Young’s modulus for fibres prepared from dispersion I (0.4% HCNT, 

1% SDS). 

Fiber Y (GPa ± 0.01) 

A (unannealed) 9.16 

B (annealed) VB 

C (unannealed placed in 5%PMAS and 1% PVA mixture for 35 min) 10.15 

D (annealed placed in 5%PMAS and 1% PVA mixture for 35 min) VB 

E (unannealed placed in 5% PMAS and 1% PVA mixture for 35 min, 

then placed in an oven at 120 °°°°C for 4-hours) 

9.77 

F (annealed placed in 5% PMAS and 1% PVA mixture for 35 min, 

then placed in an oven at 120 °°°°C for 4-hours) 

VB 

*VB: very Brittle  
 

Table –7.6 Young’s modulus for fibres prepared from dispersion II, III, IV, and 

V. 

Fiber composition Y (GPa ± 0.01) 

0.4% HCNT / 0.3% PMAS (unannealed) 9.37 

0.4% HCNT / 0.3% PMAS (annealed) 7.41 

0.4% HCNT / 0.3% PMAS / 0.4% SDS (unannealed) 18.08 

0.4% HCNT / 0.3% PMAS / 0.4% SDS (annealed) 12.72 

0.4% HCNT / 0.4% DNA (unannealed) 15.26 

0.4% HCNT / 0.4% DNA (annealed) VB 

0.4% HCNT/ 0.4% DNA / 0.4% SDS (unannealed) 12.72 

0.4% HCNT / 0.4% DNA / 0.4% SDS (annealed) VB 

*VB: very Brittle 



Ch.7 

 226

7.3.4 Scanning Electron Microscopy (SEM) 

It was determined previously that flow induced alignment leads to a preferential 

orientation of the nanotubes in the ribbons. The shape of the fiber is almost 

cylindrical and diameters typically range from 10 to 100 micrometer (339). It was 

also determined that the annealing process effects are limited to the diameter of the 

fiber (335, 347, 348), and does not modify the alignment (339).  

SEM pictures were taken for the different fibres (Fig 7.1, and 7.2). From the figures 

below the alignment of the HCNT is obvious. Since the pictures were taken for the 

annealed fibres this also confirms that the annealing process does not affect the 

alignment of the HCNT in the fiber. 

 

 
a) 

 
b) 

Fig 7.1   SEM pictures of a) HCNT/SDS-fiber B (annealed), and b) HCNT/PMAS 

fiber (annealed). 
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a) 

 
b) 

Fig 7.2   SEM pictures of HCNT/DNA fiber (annealed) at different magnifications. 
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7.4- CONCLUSION 

We have prepared HCNT/SDS, HCNT/PMAS and HCNT/DNA fibres by the particle 

coagulation spinning method. This process consists of dispersing the carbon 

nanotubes solution and then re-coagulating the nanotubes in a stream of a 3% w/w 

PVA solution. Some of these fibres were annealed, and some were placed in 5% w/w 

PMAS and 1% w/w PVA solution for cross-linking purposes.  

 

The diameter of the annealed HCNT/SDS fibers was only two thirds of the 

corresponding unannealed fibers. This is due to the fact that the annealing process 

eliminates significant amounts of the remaining dispersant, PVA molecules, and 

amorphous carbon. Also, the diameter of the HCNT/PMAS fibers was approximately 

twice that of HCNT/DNA fibers, indicating that the HCNT uptake of PMAS is nearly 

twice that of DNA. 

 

The conductivity of the annealed fibers compared to the corresponding unannealed 

fibers was dramatically higher, ranging from 15 to 2600 times higher. Indicating that 

the annealing process increases the conductivity of the fibers. Also, the fibres 

prepared using DNA as the dispersant had significantly higher conductivities than the 

fibres obtained using PMAS. The conductivity of the HCNT/PMAS fibers was ~90% 

lower than that for the HCNT/SDS fibers. This was not an expected result since 

PMAS is an inherently conducting polymer, and it was expected to increase the 

conductivity of HCNT fibres (before the annealing process, at least).  
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An interesting result was the fact that the annealed HCNT/PMAS and 

HCNT/PMAS/SDS fibers had lower Young’s modulus than the corresponding 

unannealed fibers. It was also observed that most of the annealed fibers broke during 

mounting for Young’s modulus measurements. This indicated that the annealing 

process, which resulted in the removal of PVA and amorphous carbon, affects charge 

mobility along the fiber but plays no appreciable role in keeping the carbon 

nanotubes ropes together. Therefore, the annealing process improves the electrical 

properties of the fibers and not the mechanical properties. This also suggests that the 

mechanical properties of the fibers are not affected by the different dispersants, and 

that they are mainly dependent on the mechanical properties of the HCNT themselves 

From the SEM pictures of the different fibers, the alignment of the HCNT was 

observed. Since the pictures were taken for the annealed fibres this also indicated that 

the annealing process does not affect the alignment of the HCNT in the fiber.  
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CHAPTER EIGHT 

CONCLUSION 

 

8.1-  CONCLUSION  

In this study we have investigated the preparation and characterization of carbon 

nanotubes (CNT) and conducting polymer composites. CNT dispersions and 

CNT/dispersant mats were prepared, using different types of carbon nanotubes; lazer 

produced single-walled carbon nanotubes (RCNT), HiPco carbon nanotubes (HCNT), 

and multi-walled carbon nanotubes (MWCNT). A variety of compounds were 

investigated as potential dispersants for the CNT, some of which were conducting 

polymers while others had an additional functionality such as DNA (biological 

molecule), NIPPAm-AMPS (polyelectrolyte), and DDAB (polymerizable 

compound).  

 

Different concentrations of the dispersants were investigated, and the optimum 

concentration was determined to be 0.2% for all dispersants investigated. It was 

found that at concentrations higher than 0.2%, the CNT coagulated and were difficult 

to disperse even with ultrasonication. 

 

The particle size distribution for the different dispersions was measured in order to 

determine their effectiveness by photon-correlation spectroscopy, with the analysis 

algorithms modified to compensate for the non-spherical nature of the carbon 

nanotube. In addition, the particle size was very large in general; this is due to the 
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fact that CNT tend to form aggregated ropes, which are much larger than a single 

CNT. Size determination using light scattering techniques produces a scatter intensity 

that is directly proportional to the particle size (I α r6). Therefore, if a small 

percentage of the CNT in the dispersion existed as large entangled ropes this would 

skew the observed particle size resulting in significantly higher values. The zeta 

potential (surface charge) for the dispersions was also measured, and it was 

determined that the CNT are negatively charged, where the charge ranged from –1.6 

to -56.4 mV. The surface charge for CNT/N0.15 and CNT/BC dispersions was 

positive, this was expected since both of these dispersants are cationic. 

 

UV-Vis for the different dispersions was recorded, where the Absorbance was plotted 

as a function of wavelength from 300 nm to 1100 nm. Broad peaks were observed at 

~ 650 and ~ 900 nm, these peaks were assigned to the Van Hove singularities of 

metallic CNT. In addition, the spectra of RCNT/PMAS in the region between 650 nm 

and 900 nm was essentially featureless, the loss of structure indicated that a 

significant electronic perturbation of the nanotubes and disruption of the extended π 

network had occurred due to the presence of the conducting polymer.  

 

In order to determine the stability of the different CNT dispersions, the light 

absorption characteristics were measured as a function of time. A wavelength of    

600 nm was selected as it is directly related to the first Van Hove transition of CNT 

and thus was clear of other interferences. RCNT/PMAS, RCNT/DDAB, and 

RCNT/DNA dispersions were the most stable for this type of CNT, while 
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HCNT/AA12BE dispersion was the most stable for the HCNT. For MWCNT, 

MWCNT/DDAB dispersion was the most stable.  

 

AFM pictures of the HCNT/PVP dispersion clearly showed super-alignment of 

bundles of the HCNT. This alignment was also confirmed by Raman spectroscopy, 

where light polarization responses for the HCNT/PVP dispersion were recorded at   

αl = 0° and αl = 90°. Comparison of the height of the resonance peaks indicated that 

96% of the HCNT were aligned. Investigations of the different factors involved 

indicated that the PVP polymer in the HCNT/PVP dispersion plays an important role 

in the alignment of the HCNT. It was concluded that this was a templated self-

assembly, which was only observed for the HCNT. This templated-self assembly was 

not observed in the RCNT, possibly due to the fact that HCNT are relatively short 

compared to the RCNT.   

 

The conductivity for the CNT/dispersant mats varied depending on the dispersant 

used which indicated that the electrical properties of the CNT were influenced to a 

significant degree by the chemical nature of the dispersant. In addition, the electrical 

conductivity increased with the introduction of a conducting polymer (e.g. PMAS) 

and decreased with the introduction of an insulating polymer (e.g. PVA). The 

conductivity values for the HCNT mats were lower than those for the corresponding 

RCNT, and the conductivity for MWCNT mats was lower by nearly four orders of 

magnitude compared to both RCNT and HCNT. 
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The electrochemistry of the different RCNT/dispersant mats and HCNT/dispersant 

mats were similar where the CVs exhibited very broad redox peaks. This is indicative 

of the large double layer capacity within each CNT electrode system and the slow 

electron exchange with the mats. For the MWCNT/dispersant mats, oxidation of 

water and reduction of hydrogen at the solvent limits were observed. In addition, 

these mats exhibited an ohmic behavior and a capacitive behavior was observed 

between E ~ -0.00 to +0.8 V. This demonstrated the different electrochemistry of 

SWCNT compared to MWCNT. It was also found that the capacitance values for the 

RCNT/dispersant mats were significantly higher than the capacitance values for both 

HCNT/dispersant mats and MWCNT/dispersant mats. This demonstrated that the 

different characteristics observed were due to the different production methods of 

SWCNT. 

 

The AFM and SEM pictures of the CNT/dispersant mats exhibited the affect of the 

different dispersants on the packing order of the CNT ropes within the matrix of the 

mat. It was determined that the extent of coverage of the CNT by the dispersant was 

highly dependent on the chemical nature of the dispersant, where the dispersant 

coverage is mainly due to the chemical/physical interactions between the dispersant 

and the CNT. In addition, the HCNT were noted to aggregate into ropes and bundles 

as did the RCNT. However, the HCNT ropes and bundles were noted to be smaller in 

diameter as can be observed in the AFM and SEM pictures. This is attributed to the 

fact that a HCNT has a diameter of ~ 1 nm compared to the diameter of a RCNT 

~1.38 nm, and they are also shorter in length. These differences resulted in a more 

even distribution of the HCNT throughout the mat.  
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The Young’s modulus for the CNT/dispersant mats was as expected lower than 

reported values due to a variety of factors such as non-annealing of the 

CNT/dispersant mats, and the fact that the CNT existed as bundles of combined non-

aligned ropes that are covered by the dispersant which resulted in a very large 

increase in the overall diameter compared to the diameter of a single-walled carbon 

nanotube. However, the Young’s modulus values were higher than the values 

reported for conducting polymer.  

 

Actuation studies of HCNT/dispersant mats exhibited creep in each sample. This was 

again due to the fact that the HCNT/dispersant mats are composed of randomly 

packed ropes and bundles resulting in stretching, pulling and sliding within the mat 

during actuation, and hence the observed creep. In addition, the insertion and 

expulsion of the ions into the dispersant depended to a significant degree on the 

chemical nature of the dispersant. This contributed to the differences in the actuation 

behavior for the different HCNT/dispersant mats. 

 

CNT/conducting polymer composites were prepared by the electropolymerization of 

pyrrole with different dopants in different RCNT dispersions. It was found that the 

RCNT were completely covered by the polymer, which resulted in the RCNT having 

no significant effect on the electrochemistry of the composite; where it was 

dominated by the electrochemistry of the polymer and a highly capacitive behavior 

was observed for all the composites. However, the incorporation of the RCNT 

resulted in lower capacitance values compared to that of the pristine polymer. 
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Pyrrole was also electropolymerized using functionalized multi-walled carbon 

nanotubes (FMWCNT) as dopant. The electropolymerization was carried out using 

galvanostatic and potentiostatic techniques on both ITO-glass and gold-coated Mylar. 

It was determined that PPy/FMWCNT electrodeposited on either electrode using 

potentiostatic deposition exhibited redox peaks. This redox behavior was not 

observed when galvanostatic deposition was employed. This indicated that the 

electrodeposition method had a significant effect on the electroactivity of the 

resulting composite. It was also found that the capacitance increased as the degree of 

functionalization increased regardless of the electrodeposition method employed or 

the underlying electrode. In addition, it was determined that an intermediate 

functionalization resulted in optimum conditions for the polymerization of Pyrrole.  

 

HCNT/PAn composites were prepared by either casting a film from a solution of 

HCNT and PAn in 1,2-DCB, or by casting a film of PAn onto a HCNT mat, the latter 

exhibited a significantly higher conductivity. This could be due to the presence of 

NMP and 1,2-DCB within the HCNT-PAn(acid) solution, resulting in a lower overall 

conductivity. Also, the physical/chemical interactions between the HCNT and the 

PAn(acid) when present in solution could be completely different to those when a 

film of PAn(acid) is cast over the HCNT mat. It was also determined that the 

electrochemistry of PAn(acid) was dominant over that of the HCNT in both cases. In 

addition, actuation studies showed that the Strain% for the HCNT mat has two 

values. This is due to the PAn(acid) component being oxidized at a maximum V with 

the volume simultaneously increasing with the HCNT component. However, the 

increase in volume of the two composite components was not additive. This implied 
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that the transport of ions to the composite might not be sufficient to meet the ion 

requirements of both composite components. A prolonged maximum V leads to a 

synergism to obtain a full volume expansion in both components. At a minimum V, 

the PAn(acid) component was reduced and the volume consequently decreases while 

the volume of the HCNT component increases. This opposite effect resulted in a kink 

with a small expansion peak for the HCNT component as was observed in the 

displacement curves.  

 

The displacement pattern of the HCNT/PAn(acid) or PAn(acid) on HCNT mat 

composites are dominated by the PAn(acid) component, with a reduced 

expansion/contraction movement compared with PAn(acid) actuators. This also 

illustrated the fact that most of the ions transported in and out of the sample were 

mostly involved in redox reactions in PAn. Also, the PAn coating substantially 

enhanced the actuation strain. This result indicated the PAn component contributes to 

a high actuation strain value while the HCNT component to the Young’s modulus.  

 

There was no polymer deposition on the RCNT mat (unannealed) when constant 

current was the electrodeposition method. When cyclic potential or constant potential 

were used as the electrodeposition method the polymer did grow on the surface of the 

RCNT mat (unannealed) electrode. Although there was polymer deposition when 

cyclic potential was applied, the current decreased on each subsequent cycle, which 

indicated an increase in iR drop and/or a decrease in surface area due to the 

electrodeposition of the polymer. However, the after growth CVs for the polymers 

deposited on RCNT mat (unannealed) using constant potential did not exhibit any 
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redox peaks. Therefore, electrodeposition on different carbon electrodes using 

different dopants was investigated and it was determined that the method of 

electrodeposition, the dopant, and the nature of the underlying electrode especially in 

the case of RCNT mats play a significant role in the electroactivity of the deposited 

polymer. 

 

HCNT/SDS, HCNT/PMAS, and HCNT/DNA fibers were prepared using the Particle 

Coagulating Spinning method (PCS). There was a significant decrease in the 

diameter of the fibers after the annealing process. However, this effect was more 

pronounced for the HCNT/SDS fibers compared to HCNT/PMAS and HCNTR/DNA 

fibers, this indicated that the annealing process resulted in the thermal degradation of 

PVA and the removal of amorphous carbon; and that when the fibers are produced 

using SDS as the dispersant, the amount of PVA (coagulating polymer) incorporated 

within the fiber was significantly larger than that when PMAS or DNA are used as 

dispersants. In addition, it was found that the diameter of the HCNT/PMAS fibers 

was approximately twice that of HCNT/DNA fibers, indicating that the HCNT uptake 

of PMAS was nearly twice that of DNA. Also, there was a significant increase in the 

conductivity of the HCNT/SDS fibres due to the annealing process of up to ~2600 

times higher. The fibres prepared using DNA as the dispersant had significantly 

higher conductivities than the fibres obtained using PMAS. The conductivity of the 

HCNT/DNA fibers was similar to that of HCNT/SDS fibers, while the conductivity 

of the HCNT/PMAS fibers was ~90% lower. 
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It was determined that the annealing process affects charge mobility along the fiber 

but plays no appreciable role in keeping the carbon nanotubes ropes together. 

Therefore, improving the electrical properties of the fibers and not the mechanical 

properties. This also suggests that the mechanical properties of the fibers were not 

affected by the different dispersants, and that they were mainly dependent on the 

mechanical properties of the HCNT themselves. In addition, the annealing process 

does not affect the alignment of the HCNT in the fiber. 
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8.2-  NOVELTY  

Having an all carbon structure, carbon nanotubes posses characteristics similar to 

conducting polymers. Just as conducting polymers have widely been regarded as 

quasi-one dimensional semiconductors carbon nanotubes can be considered as 

quantum wires.  

 

The novelty of our research lies in the different methodology applied in producing 

carbon nanotubes/conducting polymer composites. This novelty is also demonstrated 

in the wide variety of the composites produced, each with its specific characteristics. 

We have combined carbon nanotubes with conducting polymers through solid–state 

mixing by either dispersing the carbon nanotubes in conducting polymer solutions to 

produce mat composites, or by casting conducting polymers onto the surface of a pre-

prepared carbon nanotubes mat. In addition, carbon nanotubes have been successfully 

used as dopants (A-) during the polymerization process. Finally, we prepared carbon 

nanotubes/conducing polymer fibers for novel artificial muscle systems. 

 

In this research we also addressed the issues of carbon nanotubes dispersion, 

alignment, and mechanical reinforcement via composite structures. We also 

demonstrated that the combination of carbon nanotubes and conducting polymers 

lead to synergistic composite materials possessing the properties of each of the 

constituent components.  
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8.3-  LOOKING BEYOND CONVENTIONAL COMPOSITES  

The investigation of materials with nanotubular structure is of great importance from 

both scientific and technological points of view due to their unique properties and 

promising potential applications in nanodevices. Recent developments in the design 

and synthesis of conducting one-dimensional (1-D) nanostructured materials, 

including carbon nanotubes, metal and/or oxide based nanowires, and polymer 

nanowires, have attracted much attention across scientific and engineering 

disciplines. These (1-D) materials have become prime candidates for replacing 

conventional bulk materials in micro- and nanoelectronic devices, and in chemical 

and biological sensors. 

 

For example, electrochemical actuators often called “artificial muscles”, are of great 

importance for switches, valves to adjusting links, as well as for biomedical 

applications like microsurgical devices, artificial limps, or even in the future, 

implants like artificial ocular muscles, or hearts. The main requirements are low 

weight, low maintenance, and long cycle life. Also, growing demand in digital 

communication, electric vehicles, and other devices that require electrical energy at 

high power levels in relatively short pulses have promoted considerable interest in 

such materials and especially supercapacitors.  

 

In recent years, conducting polymer based nanostructured materials in the shape of 

thin films and nanowires have been utilized extensively in resistive sensors because 

of their promising properties, which include high surface area, chemical specification, 
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tunable conductivities, and materials flexibility. Biological molecules, even whole 

living cells have been incorporated into conducting polymers (as the dopant A-) 

during synthesis. 

 

Carbon nanotubes are novel one-dimensional structures with promising applications 

perspectives. Along with their remarkable electronic properties that are entirely 

determined by their geometry, carbon nanotubes combine large surface area, 

excellent chemical stability, and significant elastic properties, thus appearing as 

appropriate candidate for novel supercapacitors, batteries, and actuators. 

 

Such properties suggest that the use of carbon nanotubes as platforms to build new 

sensing technologies is an area worth of investigation. Work is under way to develop 

electrostatic dissipative (ESD) materials and electromagnetic interference (EMI) 

materials. SWCNT, when isolated from each other and not in ropes, are expected to 

be the preferred configuration. However, the majority of the systems produced are 

processed with ropes of SWCNT, since isolated SWCNT are not readily available. 

Consequently, the rope form which is though to be up to two orders magnitude longer 

than the isolated SWCNT, maybe the preferred nanotubes configuration for 

conducting polymer applications since high-aspect ratio materials are sought for 

lower percolation conditions. 

 

Continued research in this multidisciplinary field should be very fruitful. 
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