
RICE UNIVERSITY 

Thin Films and Electrodes from Single-Walled 
Carbon N a n o t u b e Aqueous Colloidal Dispersions 

by 

Budhadipta Dan 

A THESIS SUBMITTED 

IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE D E G R E E 

Master of Science 

APPROVED, THESIS COMMITTEE: 

/ / 

Matteo Pasquali, Associate Professor 
Chemical and Biomolecular Engineering 

Douglas Natelson, Associate Professor 
Physics and Astronomy 

f 

QX^<LO 
Robert Hauge, Dminguishe 
Fellow, Chemistry 

Houston, Texas 

December, 2007 



UMI Number: 1455232 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

® 

UMI 
UMI Microform 1455232 

Copyright 2008 by ProQuest LLC. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest LLC 
789 E. Eisenhower Parkway 

PO Box 1346 
Ann Arbor, Ml 48106-1346 



ABSTRACT 

Thin Films and Electrodes from Single-Walled 

Carbon Nanotube Aqueous Colloidal Dispersions 

by 

Budhadipta Dan 

We report the fabrication of SWNT based transparent conductive thin films and 

fuel cell electrodes using aqueous colloidal dispersions of SWNTs. SWNTs were dis

persed in water at high concentrations with the help of surfactants. Five different 

surfactants were studied, for their capacity to disperse SWNTs in water and their 

effect on the viscoelastic and rheological properties of the dispersion. These findings 

were utilized to formulate SWNT colloidal dispersions which can be used in common 

industrial processes to make macroscopic materials. 

A SWNT dispersion involving a combination of two different surfactants was for

mulated for use as a coating ink. This SWNT ink was coated using the rod coating 

method to fabricate transparent conductive thin films. An aqueous dispersion using 

catalyzed-SWNTs was prepared and used as a fluid in spray painting process to make 

fuel cell electrodes. These SWNT electrodes were able to perform almost at par with 

the conventional carbon black electrodes while using much lower amount of expensive 

Platinum catalyst. 
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Chapter 1 

Introduction 

Extensive research on single-walled carbon nanotubes (SWNTs) has revealed to us 

the broad and amazing properties this material has [1-4]. Their unique properties 

provide tremendous application possibilities in a wide range of fields [5]. Despite 

this, knowledge about processing SWNTs and engineering them into macroscopic and 

commercially useful products is scarce and is a topic of extensive current research. 

An important step in this areas was the success in dispersing SWNTs in aqueous 

systems with the help of surfactants. The use of amphiphillic molecules to disperse 

an insoluble phase into another media is a straightforward and well known method. 

The surfactants disperse carbon nanotubes purely by adsorption and without any 

chemical bonding. So the properties of the nanotubes are expected to stay intact. 

One possible approach to fabricate SWNT based macroscopic materials is by utilizing 

these stable dispersions of SWNTs. 

Incorporation of SWNT dispersions in various common industrial methods, e.g. 

coating, spray painting and fiber spinning, would require deeper understanding of 

their fluid properties. A clear understanding of dispersion properties like surface 

tension, viscosity, viscous and storage moduli, shear thinning profile, alignment and 

aggregation is necessary before they can be used in common manufacturing processes. 

The knowledge would also allow the dispersions to be controlled and modified to adapt 

to different processes. 

Couple of areas which are already receiving a lot of attention for SWNT appli-
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cations are transparent conductive films and fuel cell electrodes. The high electrical 

conductivity and low absorption in the visible region make SWNTs a great candi

date for transparent conductive films. Successful fabrication of thin SWNT films has 

already been reported and the performance of these films are competitive with the 

conventional transparent conductive coatings currently used in the industry. The de

velopment of a simple and scalable process for the fabrication of these SWNT thin 

films will bring them closer to the goal of commercial application. 

Currently a significant amount of research in the field of fuel cells is aimed towards 

reducing their cost by decreasing the amount of Platinum catalyst required in their 

electrodes without compromising the performance. Carbon nanotubes have recently 

come up as a possible material to support the catalyst nanoparticles and form the 

electrode. A porous network or film made of SWNTs can have an extremely high 

effective surface area and serve as an ideal support for the catalyst nanoparticles. 

Equipped with their high conductivity, chemical inertness and durability, SWNTs 

can significantly improve the catalyst utilization and efficiency of the electrodes and 

help reduce the cost of fuel cells. 

1.1 Outline 

In the next chapter, we explore the detailed rheology of single-walled carbon nanotube 

aqueous colloidal dispersions. Different surfactants have been studied for their ability 

to disperse SWNTs and their effect on the viscoelastic and rheological properties of 

the resulting dispersion. Chapter 3, we develop a simple and scalable method for 

the fabrication of transparent conductive SWNT thin films. Rod coating is chosen 

as the coating method and a SWNT-surfactant dispersion with specific properties is 

formulated which was then used as the coating fluid. In Chapter 4, the fabrication 

of SWNT electrodes for Proton Exchange Membrane Fuel Cells using spray painting 
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is presented. Catalyzed-SWNTs were dispersed in an aqueous system with the help 

of surfactant. This dispersion when sprayed on gas diffusion layers, produced uni

form electrodes. The electrodes were tested in a fuel cell testing setup and further 

optimized. 



4 

Chapter 2 

Aqueous Colloidal Dispersion of SWNTs 

2.1 Introduction 

A large number of procedures used for processing SWNTs require them to be dispersed 

in a liquid media. For e.g., filtration and purification of SWNT raw materials [6], 

separation of metallic from semiconducting SWNT [7]. Dispersing SWNTs in a liquid 

media is also an important approach for processing SWNTs and engineering them into 

macroscopic, commercially useful advanced materials [8-10]. Large scale production 

of macroscopic SWNT based materials would involve use of liquid SWNT dispersions 

in different manufacturing processes, which makes deep understanding of the fluid 

properties necessary. 

Some of the unique properties of carbon nanotubes which make them special, like 

high aspect ratio, strong Van der Waals attraction, high hydrophobicity and tendency 

to form networks, also make the SWNT dispersions complex fluids. So study of 

dispersion properties like surface tension, viscosity, viscous and storage moduli, shear 

thinning profile and how these can be controlled or modified is an important area of 

research. 

In this work, we would limit our study to aqueous dispersions of SWNTs using 

surfactants. Rheology of SWNT-surfactant dispersions is a relatively young field. 

Vigolo et al. [9] and Poulin et al. [10] have studied the detailed phase behavior of 

SWNT-SDS (sodium dodecyl sulfate) aqueous dispersions. They study the optimum 

surfactant concentration for dispersing the maximum amount of SWNTs without 
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compromising the uniformity of the dispersion. They have also shown important 

effects like depletion effect and aggregation of SWNTs observed in high concentration 

SWNT dispersions. Hough et al. [11] and Hobbie et al. [12] have investigated the 

viscoelastic and rheological properties of dilute, semi-dilute and concentrated carbon 

nanotube suspensions. 

We perform detailed study of a series of SWNT-surfactant aqueous colloidal dis

persions with fixed concentration of SWNTs and surfactant but using different types 

of surfactants. A wide range of surfactants have been shown to be effective in dis

persing SWNTs in aqueous systems [13]. But surfactants differ in their structure, 

net charge, the way in which they adsorb on to the nanotubes and disperse them 

in the liquid media. Consequently, dispersions having the same amount of SWNT 

and surfactant can have significantly different viscoelastic and rheological properties 

depending on the specific surfactant used. An understanding of this behavior and the 

source of these differences is extremely important. This knowledge can be used to 

further tune the properties and formulate dispersions with viscoelastic and rheological 

properties specifically adapted for various industrial processes. 

2.2 Rheology 

Aqueous SWNT dispersions were analyzed using an 'ARES (Advanced Rheometric 

Expansion System) Rheometric Scientific Rheometer' used in the controlled-strain 

mode with a double-walled couette fixture. The microscopic structure of the SWNT 

network in the aqueous media was studied using dynamic (or oscillatory) and steady 

shear rheology tests. Dynamic shear tests measure the complex shear modulus 

G*(u>) = G'{UJ) + iG" (to) of the liquid. G', the storage or elastic modulus, depicts the 

elastic or solid like response of the media whereas G", the viscous or loss modulus, 

depicts the viscous or liquid like response of the media to applied shear stress. In 
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dynamic mode, two tests were performed: 

• Dynamic strain sweep (DSS) 

• Dynamic frequency sweep (DFS) 

DSS is normally used as a preparatory test to probe the stability of the sample 

under different amounts of strain. For each sample, there exists a critical strain, 

below which the microstructure of the sample remains undamaged and G' and G" are 

independent of the applied strain. Once the strain crosses above this critical value, 

the microstructure and properties of the sample start changing. The former region 

of applied strain, where G' and G" remain constant, is called the 'Linear Viscoelastic 

Region' (LVR). The purpose of DSS is to determine the LVR for each sample and 

choose a strain within this region for performing other rheological tests. Fig. 2.1 

shows the result of a typical dynamic strain sweep test and the linear viscoelastic 

region. 

DFS is a useful test as it enables the viscoelastic properties of a sample to be 

determined as a function of timescale. Whether G' or G" is dominant at a particular 

frequency indicates whether the fully structured material appears to be elastic or 

viscous, in a process of similar time scale. The relative values of G' and G" and their 

dependence on strain and frequency, can provide important information about the 

interaction between dispersed particles, the extent of network formation, strength of 

the network and its response to disturbances of different timescales. 

In steady shear mode, the viscosity (rj) of the media is measured as a function 

of shear rate. This measurement shows whether a dispersion is newtonian or if it 

thickens/thins with increasing shear. It can also provide important insight into the 

network formation among SWNTs, the breakage of those networks with applied shear 

and alignment of nanotubes with flow. 
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Figure 2.1 : Dynamic strain sweep of a typical SWNT-triton X100 dispersion and the 
Linear Viscoelastic Region (LVR). Sweep was performed at frequency of 12.56 rad/s. 
The dispersion had 0.3 wt% SWNT and 1 wt% triton X100. 

2.3 Experimental Details 

Three ionic and two non-ionic surfactants were chosen for this study based on their 

ability to disperse SWNTs in water. Table 2.1 lists the surfactants and their type. 

Fig.2.2 shows their structural formulas. 

The aqueous dispersions were prepared by mixing 0.3 wt% of purified SWNT and 

1 wt% of surfactant in de-ionized water using O'Connell's method [14]. 



Surfactant 

CTAB (Cetyl trimethylammonium bromide) 

SDS (Sodium dodecyl sulfate) 

SDBS (Sodium dodecylbenzenesulfonate) 

F87 (Pluronics - PEO-PPO-PEO) 

Triton X100 

Type 

ionic 

ionic 

ionic 

non-ionic 

non-ionic 

Table 2.1 : List of surfactants used to disperse SWNTs in aqueous media. 

HaC'—"(CHy- h£—C«b i f 

CVh, 

CTAB (II=15) 

- S - O ' - Ha* 

lsl?p' 

SDBS 

i>-r w^v. * ,H 

IrifGaXMO 

HC^-CHa-CHa-O-JnT-OH-CHyO-Ur-CHji-CM^O-jBH 
I-

Cl"f 3 

HwrsMcs fg? (HF$L1, p=3?,7) 

Figure 2.2 : The structural formulas of the surfactants used in this study 



9 

2.4 Results and Discussion 

After preparation, the dispersions were left undisturbed overnight to stabilize. The 

dispersions were first tested in the dynamic mode by performing dynamic strain sweep. 

After determining the LVR for each sample and choosing an appropriate strain, 'dy

namic frequency sweep' was performed on each of the five dispersions. Fig. 2.3 shows 

the DFS data for all the SWNT dispersions. 

It can be observed that the two non-ionic surfactant based dispersions have a 

different behavior as compared to the ionic surfactant based dispersions. In ionic sur

factant based dispersions, both G' and G" are comparable in magnitude and none of 

them clearly dominates the other in any region of frequency. In all three cases, there 

was a crossover between these two moduli around the frequency 10 rad/s. For fre

quencies smaller than this, i.e. at large timescales, ionic surfactant based dispersions 

show viscous or liquid like behavior. 

In contrast, for both non-ionic surfactant based dispersions, G' dominates over 

G" throughout the frequency spectrum explored. The strongly elastic or solid like 

behavior even at very low frequency range ( 10_1 rad/s) raises the possibility of some 

sort of network formation among the SWNTs. A networked microstructure can lead 

to such 'gel-like' behavior and solid like response. The difference is especially visible 

in the case of Triton X100 based dispersion, where the elastic modulus dominates 

over the viscous modulus by atleast one order of magnitude at all frequencies. 

The dispersions were then analyzed in the steady shear mode by performing the 

steady rate sweep (SRS). Fig. 2.4 shows the SRS data for the dispersions. 

The viscosity vs. shear rate plot clearly shows a considerable difference in the 

behavior of ionic and non-ionic surfactant based SWNT dispersions. Both the disper

sions involving non-ionic surfactants exhibit an extraordinarily high 'low-shear vis-
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Figure 2.3 : The Dynamic frequency sweep data of five SWNT dispersions with 
different surfactants. The aqueous dispersions were prepared by mixing 0.3 wt% of 
purified SWNT and 1 wt% of surfactant. 
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Figure 2.4 : The steady rate sweep data of five SWNT dispersions with different 
surfactants. The aqueous dispersions were prepared by mixing 0.3 wt% of purified 
SWNT and 1 wt% of surfactant. 

cosity' and a rapid shear thinning profile compared to the ionic surfactant dispersions 

with exactly same composition. This is strongly suggestive of gelation and network 

formation among the SWNTs dispersed in non-ionic surfactant-water systems. Sim

ilar in behavior of both non-ionic dispersions and their markedly different behavior 

from the three ionic systems suggests that the source of this difference probably lies 

in interaction potential between the nanotubes. 
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A micelle of non-ionic surfactants is expected to have different charge density 

than a micelle of an ionic surfactant. Consequently, two nanotubes adsorbed and 

stabilized by non-ionic surfactants will have different interaction potential between 

them compared to two nanotubes adsorbed by ionic surfactants. This difference 

in attractive/repulsive forces can lead to significantly different microstructure and 

network formation. 
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Figure 2.5 : The steady rate sweep data of SWNT dispersions in the form of viscosity 
vs. stress curves. 

This effect can be observed again in Fig. 2.5 which plots the viscosity of the 
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dispersions as a function of stress. The F87 and Triton X100 based systems exhibit 

a yield like behavior. When the stress is below a certain value, known as yield stress, 

the SWNT networks in these systems remain intact and the system behaves like a 

extremely high viscosity gel. Once the applied stress goes above the yield stress, 

the networks start breaking up leading to rapid decrease in viscosity. At very high 

shear rates ( 1000 /s), when almost all of the inherent structure in the dispersions 

is expected to be destroyed, the viscosity of all the five dispersions approaches a 

common value. 

These kind of differences in viscoelastic and rheological properties of the disper

sions, based on the surfactant used, is not only interesting but can also be very useful. 

These behaviors can be used to our advantage and utilized to formulate SWNT dis

persions with specifically tailored rheological properties to meet the requirements of 

various manufacturing processes. 
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Chapter 3 

Transparent Conductive SWNT Thin Films 

Transparent and conducting coatings or thin films find wide ranging applications 

in the modern technological industry. They are heavily used in touch screens, flat 

panel displays, image recorders, optical communication devices, solar cells etc [15, 

16]. Their high conductivity and low absorption in the visible region make SWNTs 

a great candidate for transparent conductive films. Successful fabrication of thin 

SWNT films has already been reported. Methods of nanotube film fabrication include 

vacuum filtration [17] and transfer printing onto various substrates [18,19], drawing 

from vertically oriented nanotube forests [20], spin coating [21], drop casting from 

SWNT dispersions [22], quasi-Langmuir-Blodgett deposition [23], dip-coating [24], 

direct CVD growth [25], and Air-spraying [26]. 

3.1 Rod Coating Method 

Most of the processes mentioned above are not scalable and hence have limitations 

in adaptation for large scale production. Air-spraying is a scalable process but has 

the drawback of forming sparse and relatively non-uniform networks [26]. Here we 

report the fabrication of SWNT films using 'draw-down Mayer rod coating' process. 

Draw-down rod coating is a well known coating process widely used in laboratories 

and the coating industry for making liquid thin films in a continuous and controlled 

manner [27]. Fig. 3.1 shows a schematic diagram of the rod coater with the wire-

wound Mayer rod. The coating apparatus consists of a stainless steel rod wound 
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tightly with stainless steel wire of varying diameter and a smooth and flat glass pad. 

In this technique, the substrate is held down on the drawdown glass pad using 

heavy duty clips, while the Meyer rod rolls over it doctoring off the coating fluid with 

it. The liquid which slips through the grooves in the wire-wound rod is left behind 

to form the thin liquid film. In this fashion, the diameter of the wire, on the wire 

wound rod, controls the final thickness of the liquid film. Without the requirement of 

high temperatures or other harsh conditions, this technique allows films to be coated 

directly onto PET, glass and other substrates of interest in a significantly scalable 

way. 

Figure 3.1 : Schematic illustration of a drawdown rod coater with a wire-wound 
Mayer coating rod. 

A critical component in the rod coating process is preparation of the coating 

fluid which is required to have certain specific viscoelastic and rheological properties. 

Firstly, the coating fluid should have sufficient amount of solid loading to ensure the 

formation of a uniform and continuous layer upon drying of the coated thin liquid 

film. Secondly, the surface tension of the coating fluid should be low to facilitate 
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spreading on a wide range of substrates and avoid defects like contact line recession 

and dewetting. The third important property for a coating fluid is its viscosity. 

The role of surface tension and viscosity in the context of coating flow can be un

derstood by considering the dimensionless quantities: Capillary number Ca = [ivja 

and Reynolds number Re = pvL/fj,, where ji is the viscosity of the fluid, v is the char

acteristic fluid velocity, a is the surface tension, p is the density, L is the characteristic 

length. In rod coating, the film left behind by the coating rod has irregularities in its 

thickness which need to smoothen out before drying. This smoothening happens by a 

process called capillary leveling where the surface tension forces cause the free surface 

to level out. A low capillary number, which means that capillary forces are stronger 

than viscous forces, ensures that this leveling occurs within the short time before the 

film dries. On the other hand, a coated liquid film can experience various kinds of 

vibrations which set up perturbations and disturbances in the film. A low Reynolds 

number, which means that viscous forces dominate inertial forces, ensures that these 

disturbances dampen out by viscous dissipation and don't lead to film breakage. 

Furthermore, there are no fixed ideal values for Ca and Re and the optimum 

operating condition has to be determined experimentally for each coating process. 

For a typical hand drawn rod coating process, like the one used in our case, surface 

tension lower than 35-40 mN/m and viscosity in the range of 10-1000 cP is considered 

optimum. 

3.2 SWNT Dispersion for Rod Coating 

In this case, an aqueous dispersion of single-walled carbon nanotubes and surfactants 

was used as the coating fluid. Four surfactants were chosen based on their abil

ity to suspend SWNTs in water: F108 and F98 (Pluronic, PEO-PPO-PEO triblock 

polymers - BASF), SDS (Sodium dodecyl sulfate - Aldrich) and SDBS (Sodium do-
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decylbenzenesulfonate - Aldrich). Around 0.3 wt% SWNT was mixed with 1 wt% 

of a surfactant, using the process described in the experimental section, to form the 

coating fluid, and trial films were made using the four different coating fluids. The 

coated films were air dried, washed vigorously to remove the surfactant and again 

dried overnight at 60 °C under vacuum to obtain thin films of pure SWNT on glass. 

Fig. 3.2 shows the performance of the different films in the form of 'sheet resistance 

vs. transmittance' curves. 
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Figure 3.2 : Sheet resistance vs transmittance curve for films made using SWNT 
dispersions involving different surfactants. The different dispersions had the same 
concentration of SWNT (0.3 wt%) and surfactant (1 wt%), but were made using 
different types of surfactants 

The plot shows that there is a substantial difference in the electrical conductivity 

of films made using different surfactants. Hecht et. al. [28] have shown that the 



18 

electrical conductivity ac of a nanotube network is expected to vary with the average 

bundle diameter as ac ~ D~®g. So, a lower sheet resistance can be interpreted as more 

individuals and smaller bundles in the film and hence indicates a better surfactant. 

Based on the preliminary coating experiment, SDBS was chosen as the preferred 

surfactant for the coating fluid. The SWNT-SDBS dispersion had about 35mN/m 

surface tension which was low enough for rod coating. The viscosity of the above 

dispersion was found to be in the range of 1.8-3 cP which was too low for coating 

purpose. Although rod coating is a good technique for handling low viscosity fluids, 

it still requires a minimum viscosity of 10 cP [27]. Furthermore, the constraint of 

having the final film made of pure SWNT limited the choice of additives. A non-ionic 

surfactant, Triton X100, was added to the SWNT-SDBS dispersion to increase the 

viscosity. Fig. 3.3 shows the steady state rheology of the coating fluid before and 

after addition of Triton XI00. 

Saiyad et al. [29] have shown that the addition of a non-ionic surfactant into an 

ionic surfactant system has a strong effect on the rheological properties of the system. 

By modifying the micelles and micelle formation process, addition of a non-ionic 

surfactant can change properties like surface tension and critical micelle concentration 

(CMC) of the mixed system. It can also change the interaction between the micelles 

and particles dispersed by those micelles by modifying their charge density. The 

likely explains the significantly different viscosity and shear thinning profile for the 

SWNT-SDBS-Triton X100 system, as seen in Fig. 3.3. The viscosity of the SWNT-

SDBS-Triton X100 dispersion varies in the range of 20-250 cP which is well within 

the coating window for rod coating. 
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Figure 3.3 : The viscosity vs shear rate plot for SWNT-SDBS dispersion and SWNT-
SDBS-Triton X100 dispersion. SWNT-SDBS dispersion was prepared with 0.3 wt% 
SWNT and 1 wt% SDBS. 2 wt% Triton X100 was added to this to obtain SWNT-
SDBS-Triton X100 dispersion. The addition of the non-ionic surfactant, to the 
SWNT-ionic surfactant system results in a marked increase in the viscosity of the 
dispersion. 

3.3 Transparent Conductive Thin Films of SWNTs 

Fig. 3.4 shows the image of a typical SWNT thin film coated on microscope glass slide 

using this coating fluid. Films as large as 20 cm x 20 cm were made using the hand 

drawn coater. This fabrication method has no internal limitations on the maximum 

size of the films that can be made. Sheet resistances of 230 Ohm/sq and 340 Ohm/sq 

were obtained for films with transmittance of 70% and 80% respectively. Although 

this performance is already good enough for certain applications like touch screens, 
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Figure 3.4 : Image of a typical rod coated and acid treated SWNT thin film on 
microscope glass slide. 

other applications like transparent conducting electrodes and flat panel displays de

mand even better properties. 

To improve the properties of the SWNT films, they were subjected to acid treat

ment. In two separate experiments, the dry SWNT films on glass were dipped in 

12M nitric acid and fuming sulfuric acid (120% sulfuric acid) for 30 minutes. This 

was followed by 30 minutes of quenching in diethyl ether and drying at 120 °C un

der vacuum for 24 hours. The final two steps are expected to extract most of the 

acid from the films. The acid treatment produced a significant improvement in the 

properties of the SWNT films. Sheet resistances of 80 Ohm/sq and 140 Ohm/sq for 

corresponding transmittances of 70% and 80% were obtained after this process. 

Fig. 3.5 shows the Scanning Electron Microscope (SEM) image and Atomic Force 

Microscope (AFM) image of a SWNT thin film made by the coating process. The 
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Figure 3.5 : SEM and AFM images of SWNT thin film on glass fabricated using the 
draw-down rod coating technique. The scale bar in the SEM scan is 400 nm and the 
AFM image is a 2.5 /im x 2.5 /im scan. The height scale bar in the AFM image is 
50 nm. The film appears as a tightly entangled mesh of small bundles and individual 
SWNTs. 

films appear as tightly entangled mesh of individual as well as bundles of SWNT 

with no detectable alignment of nanotubes. The SWNT thin films were tested for 

their electrical resistance and optical transparency in the visible region of the spectra 

(A=550 nm). Fig. 3.6 shows the sheet resistance vs. transmittance curve for a series of 

films with varying thicknesses, before and after acid treatment. The values reported 

for the 'acid treated' films were measured after quenching the films in diethyl ether 

for 30 minutes and drying under high temperature and vacuum for 24 hrs. The sheet 

resistance of all the films improved atleast by a factor of 3 upon acid treatment. 

Moreover, the electrical properties of the films remained stable even after several 

weeks under ambient conditions. 

Although significant and stable improvement in the properties of SWNT based 

materials by acid treatment has been reported before [8,26], the exact explanation 
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Figure 3.6 : Sheet resistance vs. transmittance curve for a series of films with varying 
thicknesses, before and after acid treatment. The sheet resistance of all the films 
improved at least by a factor of 3 upon acid treatment. 

for this is still a matter of debate. According to Geng et. al. [26], treatment with 

acids, for e.g. 12M nitric acid, removes bulky surfactant molecules which surround 

the nanotubes and are stuck in the film. This leads to better contact between the 

nanotubes, densification of the film, and hence overall improvement in its electrical 

conducting properties. However, some recent work on macroscopic SWNT fibers [8, 

30], which does not involve use of any surfactant, provides a different explanation. 

According to Ericson et. al. [8] and Zhou et. al. [30], strong acids like concentrated 

sulfuric acid and oleum can penetrate inside the SWNT bundles and networks and 

form a dense layer of acid anions surrounding individual nanotubes. These acid anions 

protonate and dope the nanotubes by forming an extremely stable charge-transfer 

___,m-'"" Acid Treated 
m — • 
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complex and thereby improve their conducting properties. 

We performed some durability tests on our acid treated as well as untreated SWNT 

films to study the changes in their electrical properties on exposure to various harsh 

conditions. The result of these tests can also provide some insight about the acid 

treatment process. The first test was to study the change in the conductivity of the 

films, over time, under ambient conditions. Both kinds of films proved to be extremely 

stable and their sheet resistance remained constant (within the error limit shown in 

Fig. 3.6) even after several weeks. In a second test, the films were immersed in boiling 

water bath for a period of 4h. Upon boiling water treatment, the performance of all 

the films deteriorated. The sheet resistance of the untreated film increased by 30% 

while the sheet resistance of the acid treated films almost doubled. Interestingly, a 

similar trend was also observed in the third test where the SWNT films were annealed 

at a temperature of 400 °C for 4h in an inert atmosphere. Upon annealing, the sheet 

resistance of the untreated SWNT film increased only by a factor of 3 compared to a 

factor of 5 increase for the acid treated films. 

The significantly higher electrical conductivity deterioration observed in acid treated 

films as compared to untreated films provides a strong evidence for the 'doping by 

acid' hypothesis. Although the removal of surfactants by acid is a valid possibility, a 

significant part of conductivity improvement is due to the acid penetrating into the 

SWNT films and protonating individual nanotubes. Though the exact nature of this 

acid-nanotube interaction is a matter of debate, it appears to be extremely stable. 

The nanotubes remained doped for several weeks even after quenching and moderate 

heating. Only exposure to really harsh conditions like boiling water or extremely 

high temperatures removes the acid doping effect from the nanotubes. This explains 

the additional deterioration in conductivity in acid treated films during the durability 

tests. 
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Figure 3.7 : Comparison of the performance of our acid treated rod coated SWNT 
films with other transparent conducting SWNT thin films published in the literature. 

Fig. 3.7 compares the performance of our acid treated SWNT films with other 

transparent conducting SWNT thin films published in the literature. An intuitive 

way of comparing the various transparent conducting films made by different methods 

is by using a parameter form. According to Beer-Lambert's law: 

I 
T=-^ = e 

t _ „-a'tc 

Sheet resistance is defined as, 

Rs = P 

(3.1) 

(3.2) 



25 

2400 

2000 

1600 ] 
"or-

£ 
g 1200 
m 

a? 
800 

400 H 

•— Gruner 
j t-G.lwn 
*—Chhowalla 

Our- As prep 
Y.H.Lee 

10 

{-1 )Ln T 

«-- Rinzler 
*-Zhou 

Roth 
Our-Acid treatec 

15 20 

Figure 3.8 : The same data as presented in Fig.3.7 but plotted in a different form. The 
slopes of the lines are directly proportional to the product of light absorption coeffi
cient and electrical resistivity. So the film series with lower slope is more transparent 
as well as more conducting. 

Combining these two equations we can write: 

Rs = ( a » ( ^ ) (3.3) 

Where T is the transmittance, U is the incident light intensity, It is the transmitted 

light intensity, a' is the effective absorption coefficient, t is the thickness of the sample 

or film, c is the concentration, Rs is the sheet resistance and p is the resistivity. For 

an ideal and uniform material, plot of sheet resistance (Rs) vs. (-1/lnT) should 

be a straight line. Also, the slope of this straight line is directly proportional to 
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the product of light absorption coefficient and resistivity. Therefore, among two 

different materials or films, the one with a lower slope would be more transparent 

and conducting. Fig. 3.8 shows the (Rs) vs. (-1/lnT) plot of our acid treated SWNT 

films and the other transparent conducting films mentioned in Fig. 3.7. It is clear 

from this plot that although the different sets of films have been made using the 

same raw material, the final films behave very differently. Some possible sources of 

this difference are: the kind of SWNT used (different length or diameter distribution), 

purity level of the film (impurities and surfactants left in the film) and the morphology 

of the SWNT films obtained from different fabrication methods. The slope can be 

treated as a Figure of Merit, and used to easily compare or study SWNT films made 

by different methods. 

3.4 Experimental Details 

The SWNT (HiPco, Rice University; HPR 166.12) and surfactant in water disper

sions were prepared using the technique developed by O'Connell et al. [14], involving 

homogenization and ultra-sonication (1/4 inch tip probe sonicator). The dispersion 

was also subjected to light centrifugation (at 10,000 rpm for 30 minutes) to remove 

undispersed SWNT chunks and other large impurities. The surfactants used in the 

various SWNT dispersions are as follows: F108 and F98 (Pluronic, PEO-PPO-PEO 

triblock polymers - BASF), SDS (Sodium dodecyl sulfate - Aldrich), SDBS (Sodium 

dodecylbenzenesulfonate - Aldrich), TX-100 (Triton X100 - Aldrich). 

For the SDBS/Triton X-100 dispersion, the initial dispersion was made with only 

SDBS and using O'Connell's method. Triton X-100 was added at the end of that 

process, followed by about 2 mins of low frequency bath sonication and then imme

diately used for coating. All the dispersions had about 0.3 % by weight of SWNT. 

For the SWNT-SDBS-Triton X-100 dispersion 2 wt% Triton X-100 was added before 
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coating. 

The rod coating apparatus was obtained from R. D. Specialties, Webster, NY 

and consisted of a glass drawdown pad and several Stainless Steel coating rods with 

wires of different diameter wound around them. All the coating rods as well as the 

substrates used for coating were rinsed with water and wiped clean with Iso-propanol 

(IPA) before each coating. 

For removing the surfactant from the coated films, the dry films were dipped 

in a 1:1 by volume water/methanol bath at 500 °C for ca. 3 h. The films were 

then recovered and further dried to obtain films of pure SWNT. The electrical 'sheet 

resistance' was measured using an Alessi Four-Point Probe. The optical transparency 

was measured using a Shimadzu UV-VIS-NIR spectrophotometer. 
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Chapter 4 

Proton Exchange Membrane Fuel Cell Electrodes 
using SWNTs 

4.1 Introduction 

Low temperature Proton Exchange Membrane fuel cells (PEMFC) are drawing a great 

deal of attention as potential candidate for the next generation clean and efficient 

energy source. The primary target applications for this power generation technology 

include low/zero emission vehicles, distributed home power generators, hand held 

devices and small portable electronics [31]. A major challenge in the development 

process of PEMFCs into a commercial product has been the cost factor, mainly due to 

the high cost of noble metal-based (typically Pt) catalysts. The problem is especially 

important for the cathode electrode where the environment is acidic and the oxygen 

reduction reaction on the Pt catalyst sluggish [32]. Consequently, Pt loadings at 

the cathode have remained high while low loadings at the anode have been achieved 

without compromising the performance of the fuel cell. 

Decreasing the amount of Pt in the PEMFC cathode electrode has been a major 

area of work for the last few years. The oxygen reduction reaction at the cathode 

follows the three-phase contact principle. Good reaction kinetics and efficient Pt 

usage are obtained when the maximum amount of Pt has simultaneous access to 

the gas phase, the electron conducting medium and the proton conducting medium. 

Therefore, an optimum dispersion/distribution of the catalyst nanoparticles within 

the catalyst layer is critical to allow the catalyst requirement to be minimized. The 
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composition and architecture of an electrode can affect this criterion in many ways. 

Ideally, the electrode should be made up of a material which is inert, strong, highly 

electron conducting and has a high surface area to act as support for Pt nanoparticles. 

Architecture wise, the electrode should have enough void space to allow the reagent 

gas to flow in and the product gas/liquid to flow out from the electrode. This is 

especially important at high current densities when reaction kinetics are high, also 

known as the 'mass-transport' regime. 

Carbon nanotubes (CNTs) have recently been proposed as a novel fiber for form

ing the electrode layer and supporting the Pt catalyst [33,34]. Their high aspect ratio 

and high electron conductivity make them ideal supports for catalyst nanoparticles. 

Moreover, their high tensile strength, durability and excellent electrochemical resis

tance, as well as their ability to form a porous yet mechanically robust network make 

them a material of choice for forming the electrode layer. 

Many groups have already reported success in making PEMFC cathode electrodes 

using carbon nanotubes [35-39]. But up to now, most of the work in the literature fo

cuses on the method for implanting catalyst nanoparticles on CNTs with a controlled 

particle size and distribution. They also report fabrication of sample electrodes to 

test and assess electrochemical activity. But there is very limited amount of work 

concentrating on the compositional and structural optimization of the CNT-based 

electrodes for application in an actual fuel cell. In the absence of tests done on real 

fuel cell setups, critical issues like effect of porosity, hydrophobicity, electrode layer 

flooding and mass transport limitations have remained largely unaddressed. 

In this paper we present single-walled carbon nanotube (SWNT) based electrodes 

fabricated using two different industrially scalable techniques for use in PEMFC cath

odes. We report a detailed study of the performance of the electrode, tested in a real 

fuel cell setup, and try to understand the effect and contribution of each individual 
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component used in the fabrication process. We also present the first detailed study of 

the porosity and mass transport issues of a carbon nanotube based electrode, using 

Rotating Disk Electrode (RDE) and possible ways to overcome the problem. 

4.2 Experimental Details 

An important attribute of this work was the use of industrially scalable techniques for 

the fabrication of fuel cell electrodes. The fabrication method might have a strong 

effect on the electrode morphology and its performance in a fuel cell. Optimizing 

the electrode architecture around a scalable production technique has the particular 

advantage of developing an electrode ready to be adapted to industrial manufacturing 

and production. 

Two common industrial coating techniques were tried for electrode fabrication: 

Wire-wound rod coating and Spray Painting. Rod coating requires a uniform coating 

fluid with a surface tension and viscosity within a specific range. The liquid is spread 

as a thin film onto the substrate and dried to give the final solid (electrode) layer. 

Films made by this technique are highly uniform and also structurally more tight and 

compact. Spray Painting, on the other hand, can handle a broader range of liquid 

properties. In spray painting the liquid is delivered in the form of a fine mist of liquid 

droplets which dry immediately upon contact with the substrate. This reduces the 

collapse of fibers and other capillarity induced effects normally encountered in liquid 

film drying. As a result spray-painting naturally produces a non-dense and highly 

porous layer. 

The carbon nanotubes used in these experiments were purified single-walled car

bon nanotubes produced by the HiPco process at Rice University, with an average 

diameter of 0.7-1 nm. The deposition of Platinum onto SWNT was carried out at 

Johnson-Matthey and resulted in a 60 wt.% Pt on SWNT. Fig. 4.1 shows a TEM 
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image of the Pt-SWNT catalyst. The Pt catalyst is in the form of nanoparticles 

evenly dispersed on the single-walled carbon nanotubes. Particle size analysis for the 

catalyst nanoparticles gave two sharp peaks at 2 nm and 7 nm. 
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Figure 4.1 : TEM image of the Platinized-SWNT catalyst powder used for making 
the electrodes (Source: Johnson-Matthey). Scale bar is 20 nm. 

Two different types of catalyst mixtures were prepared for each deposition process. 

The catalyst ink for the coating process was made by mixing the dry catalyst powder 

(Pt-SWNT), two surfactants - polyvinyl pyrrolidone (PVP) and Triton X100, in a 

1 : 1 v/v ethanol / deionized water co-solvent. The ink for spray painting was made 

by mixing the dry catalyst powder, Pyrograf-III (Pyrograf Products Inc.), Nation 

solution (10wt% Nation 1000 EW aqueous dispersion, Aldrich), and in one case poly-
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tetrafluoroethylene (PTFE) (60wt% PTFE dispersion in water, Aldrich) in a 1:1 v/v 

ethanol / deionized water co-solvent. The mixtures were subjected to high-shear 

homogenization for 1 h followed by a 30 min probe sonication. 

Gas diffusion electrodes (GDE) were obtained by either coating or spraying the 

catalyst ink directly onto the Gas Diffusion Layer (GDL, ETEK HT1400W). For the 

coating process, the GDL was clipped down onto a flat glass pad and the coating fluid 

was manually spread across the surface using the wire-wound coating rod. Multiple 

coatings of the catalyst ink were necessary to reach the desired Platinum loading of 

ca. 0.15 mg/cm2. Drying of each coating was accelerated by the use of a hot lamp. 

The final GDEs were soaked in a 1:1 v/v methanol:water mixture for 30 minutes to 

remove all the surfactant. The GDEs were further dried overnight at 60 °C under 

vacuum. For spray-painting, the GDL was maintained at a moderate temperature 

of ca. 70 °C using a hot plate to fasten the liquid evaporation and layer drying. In 

this case also, several coatings of the Pt-SWNT slurry were sprayed onto the GDL to 

obtain a low Platinum loading of ca. 0.15 mg/cm2. The GDEs were dried overnight 

at 60 °C under vacuum. GDEs incorporating PTFE were further heat treated at 

ca. 100 °C for 30 min under vacuum to evaporate remaining solvents followed by 

surfactant removal at 290 °C for 1.5 h and sintering at ca. 360 °C under N2 for 1 h. 

The sodium salt form of Nation was used to prepare the latter electrodes, to avoid 

decomposition during heat treatment. It was converted back to its acid form after 

the sintering process, before the testing. 

4.3 Results and Discussions 

Table 4.1 lists the series of electrodes prepared by the two different fabrication meth

ods and tested. 

All the electrodes were first tested for electrochemical activity (ECA) using cyclic 
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Electrode 

CI 

C2 

SI 

S2 

S3 

S4 

S5 

Fabrication Method 

Rod coating 

Rod coating 

Spray painting 

Spray painting 

Spray painting 

Spray painting 

Spray painting 

Composition 

Pt-SWNT, 0.375 wt% PVP, 0.375 wt% 

Triton X100 

Pt-SWNT, 0.375 wt% PVP, 0.50 wt% Tri

ton X100 

Pt-SWNT, 0.35 wt% Pyrograf, 22% Nafion 

Pt-SWNT, 0.35 wt% Pyrograf, 33% Nation 

Pt-SWNT, 0.50 wt% Pyrograf, 33% Nafion 

Pt-SWNT, 0.50 wt% Pyrograf, 25% 

Nafion, 5 % PTFE 

Pt-SWNT, 0.50 wt% Pyrograf, 20% 

Nafion, 10% PTFE 

Table 4.1 : Fabrication method and composition of the electrodes prepared for testing. 

voltammetry (CV). CV is a relatively straightforward, rapid and effective tool to 

assess the electrochemical activity of catalyst within an electrode, and screen. 

Fuel cell data were measured at 80 °C and 100% relative humidity (RH) in a 3 

cm2 test fixture using oxygen fuel at 30 PSI. Membrane electrode assemblies (MEAs) 

were prepared by painting a "traditional" anode electrode on one side of a condi

tioned Nafion 115 membrane using an ink composed of HiSPEC 4000 and 20% Nafion 

ionomer, such that the Pt loading was ~ 1.0 mg/cm2. The MEAs were sandwiched in 

the test hardware with an ETEK GDL (single sided LT 1200W) and a SWNT cathode 

electrode to be tested, using gaskets of thicknesses such that there was approximately 

80% compression across the MEA. A control cathode was prepared using the same 

technique as for the anode, using HiSPEC 4000 and 20wt% Nafion ionomer but with 



34 

a loading of ~0.2 mg Pt/cm2 for performance comparison with the SWNT cathodes. 
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Figure 4.2 : Polarization data for electrodes made by the coating process. Platinum 
loading in control electrode ~ 0.2 mg/cm2, CI and C2 ~ 0.15 mg/cm2. 

Fig. 4.2 shows the polarization data for the first two test electrodes measured in 

the above mentioned setup. The first electrode in the series, CI, was made using 

the coating process. The catalyst ink used for the coating process was prepared by 

dispersing the Pt-SWNT in water/ethanol using Triton X100 and PVP surfactant 

mixture. The low kinetic performance of the electrode can be attributed to two 

possible reasons: insufficient dispersion of the SWNT resulting in catalyst particles 

being trapped inside SWNT bundles and isolated from the reactants and residual 

surfactants potentially covering up some of the catalyst nanoparticles. In addition to 
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the low performance in the kinetic region, a salient feature in the polarization curve 

for CI is the sharp drop in voltage with increasing current density which indicates 

strong mass transport limitations. So the bulky surfactants not only cover up the 

catalyst nanoparticles but also reduce overall electrode activity by clogging up pores 

and vacant spaces. Attributed to residual surfactant responsible for clogging pores or 

inadequate pore structure/void volume due to dense Nanotube network. 

The next electrode in the series, C2, was also made using the coating process. 

But this time, a higher amount of Triton X100 surfactant (less bulky of the two 

surfactants) was used for better dispersion of the nanotubes. Moreover, the coating 

process was followed by an extremely rigorous washing procedure to remove as much 

of the surfactant as possible. The effect can be seen clearly in the polarization curve 

for C2. The electrode not only has a higher performance in the kinetic region, but 

also exhibits much better mass transport properties. 

Although a significant improvement in performance was achieved for the SWNT-

based coated electrodes by optimizing the dispersion and efficient surfactant removal, 

the performance remained much lower than that of the control (with similar Pt load

ing) and what is ideally expected. A possible reason for this is the electrode architec

ture. As mentioned before, the coating process produces uniform, but tight, compact 

layers. Non-optimized pore structure and void volume can severely limit the trans

port of reactants and products in and out of the electrode, resulting in a decrease in 

performance. A dense electrode architecture also results in insufficient utilization of 

the catalyst. 

In the next set of electrodes, S1-S7, 'spray painting' technique was chosen as the 

fabrication technique. Spray painting, by its very nature, is expected to generate more 

porous electrode layers. It also has the additional advantage of handling a broader 

range of liquid dispersion qualities. 
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Figure 4.3 : Polarization data of a sprayed electrode compared to that of the first two 
coated electrodes. Platinum loading in control electrode ~ 0.2 mg/cm2, SI ~ 0.15 
mg/cm2. 

Mixtures of the dry catalyst powder, Pyrograf, Nation solution and in one case 

polytetrafluoroethylene (PTFE) dispersion in ethanol / deionized water co-solvent 

were used to prepare the spray-able catalyst ink. Nation was added instead of the 

more commonly used surfactants. Although Nation is not the most efficient surfactant 

for dispersing SWNTs, it does share a hydrophobic interaction with them in aque

ous systems, helping in stabilizing them [40]. Moreover, Nation is an ionomer and is 

expected to significantly improve the proton conductivity throughout the electrodes. 

Therefore, incorporating Nation in the catalyst ink composition should not only help 

with getting a homogeneous dispersion of nanotubes but more importantly should 
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allow better contact between Nafion and nanotubes thus better overall Pt accessibil

ity [41,42]. However, too much Nafion in the catalyst layer is undesirable as it will 

clog the pores and severely diminishing access of the gas molecules to the catalyst. 

Hence an optimum content must be determined [43]. 

Pyrograf was chosen as a pore former to provide sufficient void volume to the 

catalyst layer and improve mass transport limitations. Pyrograf is a large diameter 

conducting carbon nanofiber with diameters ranging from 70-100 nm and estimated 

lengths of 50-100 fim. Consequently, it is a lot stiffer than SWNT and should disrupt 

the nanotube network and introduce void volume without affecting electron conduc

tivity. 

Fig. 4.3 shows the polarization data for a sprayed electrode. As can be seen, the 

performance of the sprayed electrode is significantly better than the coated electrodes 

in all regions of operation. Especially, the sprayed electrode seems to have consid

erably less mass transport limitations and performs almost at par with the control 

electrode. 

Fig. 4.4 and Fig. 4.5 show Scanning Electron Microscope (SEM) images of a GDE 

made by rod coating process and the spray painting process respectively. It can 

be seen that in both cases, the Platinized-SWNT mixed with the Pyrograf forms a 

continuous and entangled mesh to constitute the electrode layer. Also a significant 

difference can be seen in the morphology of the electrode formed by the two processes. 

The electrode layer formed by spray painting appears to be less dense and more porous 

with a lot of void pockets. 

For a better understanding of this difference in architecture among the electrodes 

and its effect on the mass transport limitations, the electrodes were analyzed using 

the Rotating Disk Electrode (RDE) technique. RDE is a powerful and well known 

technique for measuring electrochemical reaction and mass-transfer rates. RDE on 
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Figure 4.4 : SEM image of a SWNT electrode made by coating process. Scale bar is 
500 nm. 

porous electrodes allows one to study the diffusion and flow of reactants through the 

porous electrode and characterize the efficiency of mass transport occurring through 

the electrode [44,45]. The sensitivity of this tool can be used to evaluate different 

electrode morphologies and enhancement in the electrode porosity and mass transfer 

on addition of different additives. The result of RDE tests are normally expressed in 

the form of a 'Levich plot' which is based on the Levich equation [44]: 

iliC = (0.62nFAD2J3u-1/6Cx)co1/2 (4.1) 

where ii>c is the mass-transfer limited cathode current, n is the stoichiometric 

number of electrons involved in the electrode reaction, F is the Faraday's constant 

(96485 Coulombs/mole C), A is the geometric area of electrode disk (cm2), Dx is the 

diffusivity of species x (cm2/s), UJ is the angular frequency of rotation (radians/s 1/s), 
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Figure 4.5 : SEM image of a SWNT electrode made by spray painting. Scale bar is 
500 nm. 

v is the kinematic viscosity (cm2/s), and Cx is the bulk concentration of species x 

(mol/cm3). 

In a Levich plot, mass transport limited current is plotted vs. the square root of the 

rotation speed. For non-porous (flat) electrodes i/jC is linearly proportional to (ui)1/2 

and a straight line is expected. For porous electrodes, the current starts off linearly 

at low rotation rates. However, as the rotation rate increases the current deviates 

upward from the straight line and rises non-linearly at a much faster rate. And this 

kind of behavior has been directly correlated with the porosity of the medium. As 

the rotation rate increases, the reactants diffuse and flow in to the porous electrode, 

affecting the reaction rate, the reaction time and the residence time of the fluids in 

the electrode. Once the reactants perfuse the electrode, the electrochemically active 

surface area of a porous electrode can be orders of magnitude higher than that of 
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a flat electrode. Also, among the porous electrodes, an earlier deviation from the 

straight line and a faster and higher increase of the cathode limiting current indicates 

a more porous electrode and better mass-transfer properties. 
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Figure 4.6 : Comparison of the Levich plot for coated electrode C2 and sprayed 
electrode SI. 

Fig. 4.6 shows the Levich plot for the coated electrode C2 and sprayed electrode 

SI. The greater curve for SI shows that the more porous sprayed electrode has sig

nificantly better mass transport properties and a higher reaction rate. The Levich 

plot also correlates well with the polarization data (Fig. 4.3), which shows that the 

sprayed electrodes perform far better in a fuel cell, as compared to coated electrodes 

with the same catalyst loading. This study corroborates the strong relationship be

tween the electrode architecture, porosity and the resulting effect on the performance, 

especially in the high current density or mass transport regime. 
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Figure 4.7 : Levich plot for the series of sprayed electrodes with varying chemical 
composition. 

Although sprayed electrode with Pyrograf perform significantly better than coated 

electrodes, mass transport issues remain and further optimization of the architecture 

was necessary. The sprayed electrodes were optimized around the concentration of 

the various chemical components. The amount of catalyzed SWNT was kept constant 

in all the sprayed electrodes. The first sprayed electrode SI was made using a catalyst 

ink incorporating 22 wt% Nafion, as a starting point. Electrode S2 was made using 

33 wt% Nafion. Just like the surfactants, Nafion is a bulky polymer that can affect 

the porosity of the electrode. An optimum Nafion concentration is one which imparts 

enough proton conductivity to the electrode without affecting its porosity i.e. clogging 

the pores. 

In Electrode S3, the amount of Pt-SWNT and Nafion was kept the same as in S2 

but a higher loading of Pyrograf was incorporated. In the case of electrode S4, PTFE 
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was added to the electrode. PTFE is a more robust fluoropolymer compared to Nation 

and can be melt processed. It is expected to introduce greater overall mechanical 

robustness and structural integrity to the catalyst layer itself. Moreover, the presence 

of PTFE should impart additional hydrophobicity to the catalyst layer and possibly 

reduce water management issues and mass transport related problems [46]. 
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Figure 4.8 : Polarization data for the series of sprayed electrodes with varying chem
ical composition. Platinum loading in control ~0.2 mg/cm2, S1-S5 ~0.15 mg/cm2. 

Electrode S4 had 25 wt% Nation and 5 wt% PTFE. In the last electrode of the 

series, S5 with the amounts were varied to 20 wt% Nation and 10 wt% PTFE. Fig. 4.7 

shows the Levich plot and Fig. 4.8 shows the polarization data for this series of sprayed 

electrodes. Although the Levich plot for all the electrodes is very similar, small 
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changes in the relative concentration of the various components do seem to introduce 

some differences in their fuel cell performance. These subtle differences are due to 

changes in the conductivity and hydrophobicity of the overall electrode layer. From 

Fig. 4.8 we can see that among the sprayed electrodes, S4 which had 25 wt% Nafion 

and 5 wt% PTFE along with Pt-SWNT and Pyrograf has the best performance. This 

not only proves the addition of PTFE to have a positive effect on the performance 

of the electrode, but also shows that the efficiency of these electrodes can be further 

improved by careful optimization of the concentration of each component. 
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Chapter 5 

Summary and Future Work 

In summary, aqueous colloidal dispersions of SWNTs were analyzed using rheology. 

SWNT dispersions prepared using different surfactants were studied using dynamic 

shear tests as well as steady shear tests. Our results indicate that the choice of 

surfactant used to disperse the SWNTs has a strong effect on the viscoelastic and 

rheological properties of the resulting dispersion. An explanation based on the charge 

density on surfactant coated nanotubes, the interaction potential between them and 

its effect on the resulting equilibrium microstructure of SWNTs in the aqueous media 

was proposed. 

These findings were used to incorporate SWNT dispersions in the scalable rod 

coating process to fabricate uniform thin films of SWNTs. The elctro-optical proper

ties of these films were found to be comparable to the requirements in the industry 

for various applications of transparent conductive films. The SWNT films were also 

treated with strong acids for further improvement of their electrical properties. The 

films and its properties were found to be stable under ambient and normal operating 

conditions. 

Cathode electrodes for PEMFCs were successfully prepared with platinum nanopar-

ticles catalysts supported on Single-walled Carbon Nanotubes. Two industrially scal

able techniques, rod coating and spray painting, were used to fabricate different elec

trodes and air-spraying was identified as a superior technique. The electrodes were 

tested in a complete fuel cell setup which showed their performance over a wide range 
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of current densities and helped in identifying problems like mass transport limita

tions. For the first time, SWNT based electrodes were thoroughly investigated using 

the RDE allowing for a better understanding of the effect of factors like porosity 

and electrode layer architecture. For this study, various components like porogen, 

ionomer and PTFE were added to optimize the structure and performance of the 

electrode resulting in high performance SWNT based cathode electrodes using very 

low platinum catalyst loadings. 

The rheology of carbon nanotube dispersions is still a relatively young field. More 

experiments need to be performed and the fluid properties need to be studied as a 

function of SWNT concentration and surfactant concentration. After we have enough 

experimental data, covering most of the variable parameters involved, it should be 

possible to construct a basic theory explaining the observed viscoelastic and rheolog-

ical behavior of SWNT dispersions. Such a theory can also be extended to explain 

effects like depletion induced aggregation of SWNTs observed by other groups working 

in this area. 

The development of the rod coating process using SWNT dispersions can be used 

as a platform to extend the application of SWNTs to other potentially interesting 

areas. Some areas where SWNT thin films can be useful are organic solar cells, elec

tromagnetic interference shielding applications and sensors for biological and chemical 

detection purpose. The knowledge about SWNT dispersion rheology and viscoelas-

ticity can be used to incorporate SWNT dispersions in other manufacturing processes 

which can lead to fabrication and development of more SWNT based materials and 

their applications in other relevant fields. 
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