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ABSTRACT
Carbon nanotubes (CNTs) have been shown to be useful in applications ranging
from sensing cancer cells to the production of electricity. However, to be useful in many
applications, carbon nanotubes must undergo post-synthesis modification.

These

modifications take carbon nanotubes from their virgin state with primarily sp2 hyridized
carbon and transform them into functional niche molecules and materials that can be
further processed for specific uses. Modifications can include chemical functionalization,
non-covalent asociations, or decoration by metal nanoparticles, among other methods.
With many potential modification routes, it is important to understand the implications of
these changes on the bulk properties of CNTs. When functionalizing CNTs, reactions are
dependant on CNT size, chirality, and dispersion, thus, yielding a distribution of CNTs in
bulk samples. [1,2] It is known that covalent functionalization of singularly isolated
CNTs changes their intrinsic behavior from a metallic state to semi-conducting state,
[1,3] but the effect that this change has on the conductivity and electrochemical
performance of macroscopic samples has yet to be fully explored. In this thesis, the
electrical and electrochemical properties of covalently functionalized CNTs were
explored, and the ability to control and create defined patterns of surfactant-stabilized
CNTs was demonstrated. Additonally, nanoparticle functionalized CNTs were used as
electrodes to create a planar fuel cell.
CNT-based electrodes were created using a mixed cellulose ester (MCE)
membrane filtering process. Electrodes made included unmodified raw tubes, covalently
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functionalized tubes, and tubes with metal nanoparticles. These electrodes underwent
electrochemical characterization in an aqueous environment. The results show that the
electrochemical kinetics of diazonium functionalized CNTs are dramatically affected as
compared to their pure state. An anodic/cathodic peak separation of 0.46 V for purified
CNTs increased to 1.13 V upon functionalization, indicating decreased electron transfer
in the functionalized nanotubes as compared to the unfunctionalized sample.

This

decrease in electrochemical electron-transfer kinetics can be attributed to the steric
hindrance between the Fe(CN)63-/4- complex and the surface phenyl moieties on the
functionalized CNTs. The diazonium functionalization reaction used in this work has
been shown to attach a moiety to every 1 in 9 carbons, thus providing sufficient sidewall
coverage which hindered access to the CNT surface. Electrical characterization of bulk
CNT films shows that there was also a change in the conductivity of the samples upon
functionalization. Electrical measurements on nanotube mats were performed using a 4point probe measurement.

The electrical conductivity of functionalized samples

decreased from 545 S cm-1 for unmodified CNTs to 134 S cm-1 and 77 S cm-1 for BrCNTs
and NO2CNTs, respectively.
Micron-scale conductive planar arrays were fabricated by assembly of carbon
nanotube (CNT)/polydiallyl dimethyl ammonium chloride (PDADMAC) thin films on
interdigitated patterns using a layer-by-layer (LbL) deposition process from aqueous
solutions. The LbL hybrid film was assembled on a quaternized surface pattern of 3aminopropyltrimethoxysilane (APTMS), which was defined on a Si wafer substrate using
microcontact printing or drop coating. Deposition of the CNT/polymer bilayers was
shown to be limited to the quaternized APTMS regions as confirmed by Raman
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microspectroscopic mapping, optical and atomic force microscopy, and electrical probe
measurements. Patterns of three, five, and eight bilayers had conductivities ranging from
30 to 130 S cm-1 for the hybrid structures, depending on number of bilayers and
measurement technique, which agrees with other reported values for CNT/polymer thin
film composites.
CNTs functionalized with Pt and Au nanoparticles were tested for their
electrocatalytic behavior in oxygen reduction and methanol oxidation.

Nanoparticle

functionalization was confirmed using TEM and XRD, which showed an average metal
particle size of 5 nm to 25 nm on the tubes.

The samples were found to have

conductivities comparable to that measured for unmodified CNTs of ~550 S cm-1. On a
standard rotating disk glassy carbon electrode, the PtCNTs were active for MeOH
oxidation (AuCNT showed little or no MOR activity) while the AuCNTs were as active
as the PtCNTs for ORR in 0.5 M KOH. Two-dimensional electrodes (2DE) of the Pt/Au
CNTs were created on glass substrates using a MCE membrane cut and paste technique.
The 2DE’s were shown to be an effective geometry for creating a membraneless, passive,
mixed-fuel, two-dimensional fuel cell. A stable open circuit voltage of 0.31 V was
recorded with a maximum power produced of 0.05 mW cm-1. This data confirms that the
planar electrodes were in electrochemical communication with one another and this
strategy may be used to build planar electrochemical devices.
This thesis demonstrates the utility of functionalization and resulting properties of
CNTs as used in electrodes. Functionalization can be used to control bandgaps, electrical
conductivity, modulate electrochemical electron-transfer, improve catalytic activity, and
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also to control the deposition of CNTs for patterning.

CNTs functionalized with

electrocatalytically active metals, such as Pt and Au, are shown to be useful in creating a
two-dimensional fuel cell.
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Chapter 1

Carbon Nanotubes

1.1. Introduction
Carbon nanotubes posses many unique electrical, optical, and mechanical
properties that will allow for the production and creation of new electronic devices.
[1,2,3] CNTs have shown extraordinary electrical characteristics, including high intrinsic
conductivity, large aspect ratio, and the ability to have altered bandgaps and charge
transfer properties through chemical modification. [4,5,6] CNTs have been shown to
improve the electrical performance of polymer composites [7], EM shields [8], organic
photovoltaics [9], and fuel cells [10], as well as other devices. [11,12,13] Flat panel
displays, electrochemical power sources, and electronic circuitry are current areas of
interest for the integration of CNTs. Figure 1-1 shows a schematic of a CNT as well as a
transmission electron micrograph of an atomically resolved CNT.

A

B

Figure 1-1: 	
   (A) Schematic of a single-walled CNT; (B) Atomically resolved STM image of
individual single-walled carbon nanotube with a diameter of 1.3 nm. [14]

2

For CNTs to be effectively used in any application, one must be able to
manipulate and control CNT functionalization and placement.

For example, in the

creation of high strength composite fibers, the load-bearing polymer composite requires
that the CNTs be individually suspended and compatible with the matrix. [15] In sensor
applications, a chemical recognition group for anayltes must be affixed onto the carbon
nanotube, which will cause a predictable and detectible electronic or optical response.
[16] For electrical applications, like high-power lithium batteries, functionalized CNT
electrodes have been shown to deliver energy up to ~200 Wh kg-1 at high power densities
(100 kW kg-1) in the potential range of 1.5 - 4.2 V vs. lithium. [17] For CNTs to be used
in field emission applications like color displays, they need to be placed in defined
patterns. [18] It is obvious that each unique application requires the CNTs to have
adequate dispersion, overcome matrix compatibility issues, be uniquely modified for a
specific response, or patterned into functional arrays.

1.2. Significance of this Work
For the large-scale integration of CNTs into electronic devices to be facilitated,
many questions and challenges must be overcome. Technologies for patterned deposition
of nanotubes on the micro- to nanometer scale are important for electronic devices,
displays, and nanoscale actuators. [3] It is important to (a) understand how the properties
of bulk CNT films change once they have been modified for use in devices and (b) be
able to control the patterning of CNTs into functional arrays. Attempts have been made
to characterize the properties of individually-contained modified CNTs, but the bulk
properties of modified CNTs has yet to be fully explored. This work explores the

3

electrical characteristics of modified CNTs through cyclic voltammetry and I-V
measurements.

Furthermore, the effect of functionalization on the electrochemical

performance of modified CNTs is unknown.

The electrochemical characteristics of

covalently modified CNTs were studied by cyclic voltammetry. Once the electrical and
electrochemical properties of modified CNTs were explored, it was of interest to
integrate the CNTs into useful micron-scale electrical devices.

To this end, the

electrcatalytic properties of metal nanoparticle functionalized CNTs were explored in
rotating disk and two-dimensional formats. This work herein provides methods and
experimental results for the patterning of useful modified-CNT films and electrodes.
Two-dimensional placement of CNTs combined with their modification may lead to new
form factors for electrochemical devices.
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Chapter 2

Literature Survey

2.1. Introduction
This chapter outlines the concepts and results of previously published work,
which informed the experimental methods used and helped to form the basis of the
hypotheses in this thesis. The literature survey will start with an overview of carbon
nanotubes (CNTs). The review on carbon nanotubes will cover the functionalization of
CNTs, their electrical and electrochemical properties, and finally the detailed
characterization of CNTs. The lack of published data on the properties of modified
CNTs as bulk materials in electrochemical systems motivated this work. Next, a review
on layer-by-layer deposition will be presented.

The layer-by-layer section covers

polymer, CNT, and hybrid film systems. In this thesis, the layer-by-layer deposition is
used to create defined networks of CNTs on top of chemically patterned substrates. Next,
a review on the current methods of patterning films and molecules will be presented. The
focus of the patterning review will be on microcontact printing and other patterning
approaches. Seeking an alternative process for patterning CNTs served to motivate the
work presented in the results section of this thessi. Finally, a review on two-dimensional
electrodes will be presented.

The need to create an electrochemically active two-

dimensional electrode array motivated this work and CNTs served as a useful material to
accomplish this goal.
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2.2. Carbon Nanotubes

2.2.1. Introduction
Carbon nanotubes (CNTs) are long, hollow, cylinders of sp2-hybridized carbon.
CNTs are unique because of their small size (0.4 to 2 nm diameter), large aspect ratio
(tens of nanometers to several microns long) and their extraordinary mechanical and
electrical properties. [1]

There are two main types of CNTs:

single-wall carbon

nanotubes (SWNT) are one cylindrical tube of carbon and multi-wall nanotubes
(MWNT) are composed of multiple concentric tubes of carbon. [2] SWNTs are the focus
of this study and are available in three different geometrical arrangements all of which
have noticeably different electrical properties [3]. Figure 2-1 (a)-(c) displays the different
CNT geometries: (a) armchair metallic, (b) chiral semi-conducting, (c) and zigzag
conducting. [4]

Figure 2-1: A schematic representation of three different defect-free SWNTs with open ends
with lattice vectors (A) an armchair metallic conducting arm-chair (10,10) tube, (B) a chiral (12,
7) semi-conducting tube and (C) an conducting zig-zag (15, 0) tube. Note tube C is conducting
because (n−m)/3 is a whole number. [4]
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These different geometries arise from a twist in the helix of a hollow CNT.

The

conductivity of these three arrangements differs due to a shift in the π−π network of the
CNT. Armchair SWNTs are metallic and have a band gap of ~0 eV, while zigzag
conformations are semi-metallic and chiral arrangements are semi-conducting with a
band gap of a few meV to 4 eV [5]. The arrangement of carbon atoms in a CNT are
described with integers (n, m). Metallic nanotubes are achiral and in the arm-chair
configuration with indices (n, n), while chiral (n, m) and achiral zig-zag (n, 0) tubes are
semi-conducting unless (n-m)/3 equals an integer wherein the CNT would be metallic. [6]
CNTs have been grown using various processes and have a polydispersity in both size
and geometry. There is no known route to manufacture substantial quantities of one
specific type of CNT. As-received raw CNTs contain many impurities including metal
particles, amorphous carbon, and multishell carbon nanocapsules.

[7,8,9]

These

impurities can mask the intrinsic electronic properties and must be removed before
further processing. [10]
Dispersion of CNTs into solvents is important so that one can successfully purify,
functionalize, or modify the CNTs for future use.

Pristine CNTs have significant

hydrophobic interactions with solvents and are difficult to disperse due to the large van
der Waals attraction between tubes. [11] Most solvent-suspended CNTs end up as
ropelike bundles of tubes. These tube bundles degrade the ability to functionalize the
CNTs as well as lead to a decreased dispersion. [12] However, through the use of noncovalent functionalization methods (covered in detail under Functionalization) and use of
surfactants like sodium dodecyl sulfate (SDS), van der Waals forces can be overcome and
a good dispersion of CNTs can be achieved. [13]

These non-covalent means of
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functionalization and dispersion serve to avoid a permanent chemical change to the CNTs
by interacting temporarily with the outside of the tube. Other means for dispersion of
CNTs include using oxidative reagents like strong acids, which also help purify the
CNTs, or high-shear mechanical mixing methods. In mechanical mixing, ultrasonication
dispersion has been shown to damage the tubes by fragmentation, thus decreasing their
aspect ratio and introducing defects into the tube sidewall. [14] Also, the stability and
dispersion of mechanical methods are very poor.

Oxidative treatments covalently

functionalize and can decrease the length of the CNTs, therefore permanently damaging
and changing the properties of the pristine CNTs, sometime in undesirable ways. [15]
Once CNTs have been purified and suspended, they can be further processed and
used in applications such as composites [16], thin hybrid films [17], bulk films [18], or
used as individual conducting wires [19]. Figure 2-2 displays an AFM micrograph of a
transistor with a single CNT and a scanning electron micrograph of a CNT bulk film.
[19,20]

A

B

Figure 2-2: (A) Scanning electron micrograph of field-effect transistor created with an individual
carbon. [19] (B) Scanning electron micrograph of a CNT bulk film. [20]	
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2.2.2. Functionalization
Covalent and non-covalent functionalization has been used to chemically alter
pristine CNTs’ electronic and solubility properties. The use of functionalization has been
focused on its ability to compatiblize CNTs with various polymer resins [21]. Recently,
functionalization has also been used to directly alter and control CNTs’ electronic
properties. [77] Covalent functionalization serves to permanently affix chemical groups
onto the CNT by introducting sp3 carbons into the pure sp2-hybridized carbon network,
thus disrupting the pristine sp2 electronic structure of the CNT. [22] The disruption of the
sp2-hyrbidized structure has been shown to induce a dramatic drop in conductivity of
singularly isolated CNTs. [19,23] Covalent functionalization serves to allow many
different chemical pathways for functional group attachment, is a permanent change,
which can withstand further rigorous processing, and can be used to control and engineer
a CNT’s electronic properties. [5] Figure 2-3 displays multiple routes and reactions for
covalent functionalization chemistry. [23]
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Figure 2-3: Schematic showing various covalent functionalization reactions for CNTs. It should be
noted that CNTs can be tailored to have one of many different functional groups for various
applications. [23]
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Covalent functionalization of CNTs with diazonium salts allows for the addition
of various species to the CNT, is well studied and readily achievable, therefore, it was
selected for use in this study. Diazonium salts have been shown to react with CNTs
wherein phenyl-functional groups are covalently attached the to sidewall of a CNT
(Figure 2-4). [24,25,26]

Figure 2-4: Diazonium functionalization of CNTs coated with SDS. [25]

Briefly, SDS-coated CNTs and diazonium salts from various 4-substitued anilines are
added to a flask and stirred at room temperature for 10 min. After stirring, surfactant and
excess unreacted diazonium salt are quenched with acetone and washed thoroughly with
water. During the reaction, diazonium reagents extract electrons from the sidewall,
create N2 gas, and leave a stable C-C covalent bond with the nanotube surface. [27] This
reaction is fast and allows for various substituents to be covalently attached to CNTs’
sidewall.

Diazonium functionalization reaction rates are dependant on CNT size,

chirality, and dispersion, thus, the reactions yield non-uniformly functionalized CNTs in
bulk samples. However, as with most covalent functionalization reactions, the electrical
properties of the CNT are compromised. [22] In 2003, Strano, et al. showed that
diazonium functionalization is dependant on the chirality and type of CNT. Metallic
CNTs were shown to be more reactive than the semi-conducting CNTs to diazonium
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salts. [28] Figure 2-5 shows the UV-vis-NIR adsorption spectra of a diazonium
functionalized CNT sample. [34]

Figure 2-5: Progressive loss of the van Hove absorption bands of the three metallic/semimetallic
peaks in the region from 480 to 600 cm-1 during the slow addition of an arene diazonium salt. The
metallic regions of the spectra are largely changed while the semiconducting CNTs’ bands
remain largely unaffected. [34]

In Figure 2-5, the three metallic peaks (480-600 cm-1) decreased in size while the semiconducting peaks remain unchanged. This data shows that the functionalization was
specific towards metallic CNTs and is very slow on semi-conducting CNTs. With the
selectivity of functionalization reactions in mind, it is important to note that an
experimental yield of diazonium functionalized CNTs will contain a polydisperisty of
types and amounts of modified-CNTs. Thus, when employing functionalized CNTs in a
device, the device will contain not only an inherent polydisperisty of CNT size, shapes,
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and geometries, but also a polydisperisty in degrees of chemical functional groups per
CNT. Because of the polydisperisty in functionalization it important to test the ‘bulk’
characteristics of bulk CNT samples as compared to the characteristics of isolated CNTs.
Individual CNT-based devices rely on the characteristics and properties of a single CNT
where the individual properties of that tube determine device performance. [29]
However, the difficulty of manipulating a single CNT makes these devices extremely
complicated to manufacture. CNT bulk films are simpler to assemble and may be more
useful for devices in the near term.
Two types of non-covalent functionalization are (1) exterior decoration of the
CNT with metal nano-particles, and (2) surfactant functionalization. Decorating CNT
sidewalls with metal nanoparticles is of interest because it serves to increase the CNTs’
catalytic properties without damaging the pristine electronic and mechanical properties of
CNTs. [30] Yuan, et al. showed that CNTs can be decorated with platinum nanoparticles. [31] The platinum-decroated CNTs were synthesized by thermal reduction of
platinum precursors on sonochemically treated CNTs. 10 mg of purified CNTs were
suspended in 15 mL of 2:1 ethylene glycol:water. Next, 0.01 M aqueous K2PtCl6 was
added to the mixture and refluxed at 125 °C for 2 h. Figure 2-6 shows the Pt decorated
CNTs. [31]
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Figure 2-6: TEM images of 30 wt % platinum nanoparticles loaded on sonochemically treated
MWNTs: (A) at a low magnification and (B) at a high magnification. (C) Selected-area electron
diffraction pattern over several platinum nanoparticles loaded on carbon nanotubes. (D) Particle
size distribution for the platinum nanoparticles loaded on carbon nanotubes. [31]

The Pt-functionalized CNTs were shown to have a higher catalytic activity for methanol
oxidation than virgin CNTs in acid. This process was repeated for the decoration of Au
particles on to the CNT sidewall. [32] Figure 2-7 displays a cyclic voltammogram of Au
nanoparticle functionalized MWNT film which shows an increase in catalytic activity as
compared to virgin CNTs for the ORR. [32]
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Figure 2-7: Cyclic voltammograms of ORR with a Au nanoparticle functionalized CNT film
(0.50M H2SO4 solution at a scan rate of 100 mV s-1.). The dotted line in represents the virgin
CNTs.	
  [32]	
  

Another popular non-covalent functionalization technique of CNTs is the use of
surfactants. The role of a surfactant is to produce a coating on the CNT, which will
induce electrostatic or steric repulsions and help to counterbalance van der Waals
attraction, which naturally cause CNTs to bundle or agglomerate. [33] This repulsion
between tubes, along with proper sonication, creates a thermodynamically stable aqueous
dispersion, which results in separation of SWNTs from bundles into smaller bundles or
individual nanotubes as shown in Figure 2-8. [34]

Figure 2-8: Mechanism of CNT suspension via SDS molecules. [34]
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Surfactants are well-proven to help suspend CNTs in aqueous and non-aqueous
solvents. [35,36] Some examples of commonly used surfactants are sodium dodecyl
sulfate (SDS), Triton X-100, and Tween 80/20. For this thesis, SDS was chosen to
stabilize and suspend CNTs for purification, functionalization, and film assembly. In a
typical experiment SDS is mixed in a 1:520 (CNT:SDS) weight ratio. [37] SDS is
removed from the CNTs by filtration and thorough washing with water or methanol.

2.2.3. Electrical and Electrochemical Properties
As mentioned earlier, the electrical properties of a CNT depend on its size,
chirality, and purity. Electrical properties and conductivity of CNTs can also be affected
by the presence of catalytic particles, ion-doping [38], and sidewall functionalization
[22,4]. Conductivity through a single CNT is very different than conductivity through
bulk CNT samples. The conductivity of bulk CNT samples is heavily dependent on
parameters such as sample purification, sample preperation, and sample modification.
The work outlined below will focus on the electrical properties of bulk CNT samples.
The theoretical conductivity (σ) of a 1 nm SWNT is 7.7 x 105 S cm-1, which is an
order of magnitude higher than the conductivity of copper. [39] However, this value is
only of theortetical importance, as functioning experimental samples range in
conductivity from 20 S cm-1 to 3x103 S cm-1 - Figure 2-9. [40,41,42]
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Figure 2-9: Conductivity (S cm-1) of bulk single wall carbon nanotube materials from published
literature. [40]

The gap between theoretical conductivity values and experimentally measured
conductivities is due to many factors which reduce electrical transport though CNT bulk
mats including defects ing CNTs, chirality differences in a CNT sample (semi-conducting
vs metallic CNTs), impurities such as residual catalyst, amorphous carbon, absporbed
molecules, as well as contact to contact electrical losses. Thus, the resistance of such
bulk CNT mats are composed of metal-metal, metal-semiconductor, and semiconductorsemiconductor junctions as well as the inherent resistivity of the metal and semiconductor
CNTs. [43] Modification of a CNT’s backbone by chemical functionalization affects the
conductivity of samples. Covalent attachment of a moiety onto the sidewall of the CNT
creates a defect in the sp2 hybridized conjugated network, disrupting the fully π-
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conjugated walls and thus provides a more electrically torturous pathway for electron
transport thus decreasing the electrical conductivity. This electrically tortuous pathway
created by functionalization has been shown to transform a metallic CNT into a
semiconducting CNT by increased sp3-hybridization. [5]
The unique electronic, chemical, and mechanical properties have made CNTs
ideal and controllable building blocks for electrochemical devices. Catalysts and catalyst
supports [44,45,46], optical and electronic devices [47,48], and electrochemical energy
conversion and storage devices [49,50] can be optimized through the use of CNTs.
Unlike classic carboneous electrodes (e.g. glassy carbon, carbon fibers, graphite)
traditionally studied in electrochemistry, CNT electrodes have many factors which may
affect their conductivity such as a large number of defects, lower level of carbon/metal
impurities, and conductivity variations from metallic to semi-conducting depending on
diameter, chirality, and doping [51,52,53]. Below, current research and methods for
investigating the electrical electrochemical properties of pure and functionalized CNTs
are presented.
Electron transfer (ET) characteristics of CNT electrodes have been studied using
the Fe(CN)63-/4- redox system. [54,55,56,57]

The kinetics of the ferri/ferrocycanide

reaction as probed by cyclic voltammetry can lead to an understanding of the geometry of
the electrode as well as the electron transfer kinetics at the CNT interface.

The

electrochemical area, A, can be determined by experimentally measuring the peak current
in cyclic voltammetry experiments and using the Randle-Sevcik relationship,
3/2

Ip = k n

AD

1/2

b

C υ,

(2-1)
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where the peak current is Ip, the constant k = 2.72 x 10 ; n is the number of moles of
electrons transferred per mole of electroactive species (e.g., ferricyanide); A is the area of
2

2

the electrode in cm ; D is the diffusion coefficient in cm s-1 (1 M KCl = 0.76 · 10-5 cm2
b

s-1) ; C is the solution concentration in mole L-1; and υ is the scan rate of the potential in
volt s-1.

Figure 2-10: Cyclic voltametric curves of 5 mM K4Fe(CN)6 on a CNT electrode. [58]

Figure 2-10 shows the I-V result of a FeCN CV experiment on a CNT electrode.
[58] The important features in this scan are the magnitude of the peak currents and the
potential difference between the cathodic and anodic peak. The maginitude of the peak
current is related to the electrochemically active surface area of the electrode (see
Equation 2-1). The difference between the peak cathodic potential (Epc), the peak anodic
potential (Epa), is related to the ET kinetics. The smaller the potential difference, the
faster the ET.
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The Fe(CN)63-/4- reaction has been shown to be extremely surface sensitive to the
composition of the electrode. [59,60] The surface sensitivity of this reaction is important,
as it can respond to changes that occur on the surface of a CNT sidewall. The ET into the
FeCN complex originates from defects in the carbon. There are two main defects present
in carboneous species - edge plan defects and basal plane defects.

It has been

experimentally and theoretically predicted that the peak response of FeCN reactions
occurs due to edge plane defects in carbon as the basal plane surface defects result in a
much slower electron transfer compared to edge defect ET. [61] When using CNTs as
the electrode in an FeCN reaction, the smooth sidewall represents a basal plane, and the
ends of the CNT represent an edge plane. It is surprising that CNTs exhibit a faster ET
rate than other forms of carbon because the nanotube surfaces are entirely made of the
basal planes (which show very slow ET kinetics). However, their large aspect ratio,
helicity, possible defects and high conductivity coupled with the CNT’s double-ended
edge plane defects may help explain their fast ET. [62] Figure 2-11 shows the I-V
response of a FeCN redox CV reaction with CNTs in comparison to other carbon-based
electrodes. [63]
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Figure 2-11: FeCN cyclic voltammograms of carbon nanotube composites made from bamboo
MWNTs or concentric MWNTs. The CV response of a generic graphite composite is also
shown. [63]

In figure 2-11 it is apparent that CNTs had an enhanced electrochemical response
compared to the graphite composite.

The peak currents increased (increased

electrochemical surface area) and the peak separation decreased (faster electron transfer
kinetics) when comparing the CNT samples to the graphite sample. The ‘bamboo’
MWNTs shown were a special type of CNT which had an increased amount of edge
plane defects. The increase in the amount of edge plane defects within the bamboo
MWNTs allowed for a larger electrochemically active surface area and resulted in higher
peak currents.
The effects of functionalization on the electrochemical properties of CNTs have
been studied using the FeCN redox reaction. In 2005, Papakonstantinou, et al. studied
the effects of acid functionalization. [64] Acid functionalization of CNTs introduces –
OH, C=O, and COOH groups to the sidewall and ends of CNTs. [65,66]
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Papakonstantinou, et al. showed that acid functionalization improves the electrochemical
response of CNTs (a faster ET as well as a larger electrochemically active surface area).
The reason for this increased electrochemical response can be explained by the
introduction of oxygenated functional groups that cause an increase in the hydrophilic
behavior of the CNT. Because of the increased hydrophilic behavior of the CNT, the
aqueous FeCN solution can contact the surface of the tube with less repulsion compared
to the original highly hydrophobic surface of a pristine CNT.

Another reason for

increased electrochemical performance is the introduction of more edge planes on the
CNT electrode. Acid functionalization serves to cut and shorten the CNTs thus exposing
more edge plane defects. [65,66] However, acid functionalization is only one type of
functionalization and it should not be assumed that all functionalizations induce the same
electrochemical response on CNTs.
Carbon materials have long been used as supports for metal particles. CNTs serve
as high performance supports because of their high electrochemically accessible surface
area, good chemical stability, and excellent electronic conductivity. [67] Kim, et al. have
showed that CNTs decorated with Au nanoparticles (AuNP) are useful and effective for
methanol oxidation. Figure 2-12 shows an AFM of Au functionalized CNTs as well as
the CV response of a AuCNTs modified electrode. [68] Figure 2-12A shows the ability
for AuNP to attach to a CNT support. This support is shown to be electrocatalytically
active in figure 2-12B where a large response to a methanol oxidation reaction was
recorded using cyclic voltammetry.
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A
B

Figure 2-12: (A) Atomic force micrograph of Au functionalized CNTs on an ITO substrate. (B)
Cyclic voltammetry of an Au functionalized CNT electrode. The blue line is the response of the
bare electrode while the red line is the Au-CNT modified CNT in 1.0 M CH3OH + 0.01 M KOH
solution. [68]

CNTs have also been shown to be useful as supports for Pt nanoparticles (PtNP)
and have been studied for their ability to perform as electrocatalysts for oxygen
reduction, which is an important reaction in fuel cell operation. [69,70] In 2002, Liu, et
al. showed that CNTs functionalized with PtNP have high electrocatalytic activity
towards oxygen reduction, displayed in Figure 2-13. [71]
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Figure 2-13: Cyclic voltammograms of (a) glassy carbon and pasted CNT electrodes and (b)
pasted electrodes of Pt/CNT made by direct deposition and by the two-step process. Electrolyte:
0.5 M H2SO4, scan rate: 15 mV s-1. [71]

In Figure 2-13a, no O2 reduction is observed in the absence of the Pt
nanoparticles. Figure 2-13b compares the O2 reduction currents of Pt/CNT electrode
catalysts prepared by two different methods in a 0.5 M H2SO4 electrolyte saturated with
oxygen. The PtNP functionalized CNT electrode shows a very large O2 reduction wave
between 0.1 and 0.5 V, characteristic of Pt-based electrocatalysis in this solution.
The geometry and type of carbon support used with metal nanoparticles has been
shown to be of importance in the catalytic performance of a reaction. In 2010, Schaefer,
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et al. showed that catalytic performance can be increased by using hollow carbon support
spheres compared to the denser solid sphere carbon supports (Figure 2-14). [72]

Figure 2-14: Polarization curves for carbon-supported Pt catalysts in 0.5 M H2SO4 at room
temperature (normalized to Pt mass), showing a significant increase in ORR current for the 5%
Pt/C-shell sample. [72]

The improvement of catalytic performance by using CNTs as carbon supports is of vital
interest. The seemless connectivity in a 2D pattern of CNTs (taking advantage of the
large aspect ratio of CNTs) may allow for more efficient use of precious metals and
alloys as catalysts.

2.2.4. Characterization
Raman spectroscopy probes the vibrational resonance of sp2 hybridized carbon
atoms within CNTs.

There is strong excitation wavelength dependence due to the

electronic band structure of the tube, and therefore, features in the Raman spectra are
characteristic of the CNT type [73]. Of interest in this study are the tangential G-band,
which is derived from the graphite-like carbon and occurs at ~1560-1605 cm-1 and is an
intrinsic feature of CNTs that is related closely to the graphite vibrations in the sp2
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carbons, and the disorder-induced D-band which occurs at ~1350 cm-1 and is is related to
the defects/disorder in the graphite structure due to sp3 hybridization. [74] Thus, as
functionalization occurs on a CNT the sp2-hybridized bonds are transformed to sp3hybridized bonds and the ratio of the D/G band increases. Figure 2-15 shows Raman
spectra of unfunctionalized and functionalized CNTs and the resulting changes in the D
and G band intensities [75].

Figure 2-15: Raman spectra of (a) unfunctionalized CNTs and (b) covalently

functionalized CNTs. It is apparent from this data that the G-band at ~1600 cm-1 has
decreased upon functionalization while the D-band ~1390 cm-1 has increased. [75]

It is apparent from Figure 2-15 that the G-band at ~1600 cm-1 has decreased upon
functionalization with a loss of sp2 character, while the D-band ~1390 cm-1 has increased,
verifying covalent addition of functional groups on the CNT sidewall.
Measuring the bandgap of nanotube mixtures or pure nanotube samples has been
previously accomplished by spectroscopic methods, namely UV-vis-NIR spectroscopy.
[28] To prevent quenching of the band excitations in optical spectroscopy, the nanotubes
must be rigorously suspended by surfactant in solution, which is not always easy or
possible for various applications. Cyclic voltammetry has proven to be a useful method
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for assessing the bandgaps of semiconducting polymers and fullerenes by monitoring the
oxidation and reduction potentials in the voltammogram. Sonmez, et al. demonstrates, in
Figure 2-16, that cyclic voltammetry may be used to probe the electronic bandgap of
fullerenes [76].

A

B

Figure 2-16: (A)- Cyclic voltammetry results from a C60 sample. This data shows a bandgap of
0.215 eV. (B) Example of Reduction and Oxidation waves generated from CV. [75]

Figure 2-16 shows that the peaks from the changes in the slope of the curve, brought on
by the onset of reduction and oxidation of the sample, can be used to calculate the
bandgap of the material – Equation 2-2.
Ered - Eox = bandgap

(2-2)

Reduction onset is determined by the energy needed to force an electron into the lowest
unoccupied molecular orbital (LUMO) of the fullerene. Once an electron is placed into
this orbital, a change in current, or slope, is observed. Oxidation onset is determined by
the energy needed to extract an electron from the highest occupied molecular orbital
(HOMO) of the fullerene.
In 2009, Gross and Hickner showed that the CV technique previously used to find
fullerene bandgaps could also be used to characterize CNT bandgaps. [77] Cyclic
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voltammograms of gold electrodes laden with carbon nanotubes covalently modified with
electron-withdrawing or donating moieties were measured. Carbon nanotubes modified
with electron-donating bromophenyl groups showed a bandgap of 3.0 eV compared to 1.9
eV for unmodified purified tubes. Nitrophenyl substitution, which has a strong electronwithdrawing character yielded tubes with a bulk bandgap of 1.6 eV. Figure 2-17 shows
CV scans used to measure the bandgap of CNTs. [77]

Figure 2-17: Cyclic voltammograms in acetonitrile of gold electrodes modified with (a) purified
nanotubes, (b) nanotubes functionalized with bromophenyl substituents 0.32 M, 15 min, and (c)
nanotubes functionalized with nitrophenyl substituents 0.32 M, 15 min. Response of bare gold
electrode is shown in (d). [77]

2.3. Layer-by-layer Deposition
Methods of preparing CNT/polymer composites have been focused on the
blending of CNTs into a polymer melt [78] or coagulating solutions of polymers and
CNTs to achieve sufficient mixing. [79,80] However, these processes are restricted to
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producing macroscopic films and have limitations due to CNTs’ poor compatibility with
polymer matrices. Therefore, alternative methods for creating CNT/polymer composite
thin films have been explored. [83]
Fabricating CNT/polymer composites via layer-by-layer (LbL) assembly from
solution provides a simple, yet versatile platform for creating thin, conductive films.
The LbL assembly process helps to combat dispersion and solubility issues associated
with mixed CNT/polymer materials by keeping the two systems within the composite
separate during fabrication. The methods of LbL CNT/polymer composite film
fabrication are well understood and characterization techniques have shown these films to
possess beneficial mechanical, electrical, electrochemical, and optical properties.
[81,82,83,84,87] Figure 2-18 is an illustration of an experimental procedure for creating
LbL CNT/polymer films. [85]

Figure 2-18: (a) Illustration of the layer-by-layer process to manufacture CNT/polymer thin
films. (b) 100 layer LbL CNT/PVA film assembled on a glass slide [85]

In 2002 Mamedov, et al. were the first to report that CNT/polymer films can be
formed from solution using LbL. The mechanical characterization of these LbL films
showed that they possesed above-average mechanical properties on the order of 300
MPa. [83] Following Mamedov’s work, others have investigated the various properties
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and extensive applications of LbL CNT/polymer films. Electrical characterization of
LbL CNT/polymer films has demonstrated electrical conductivity on the order of 97 S
cm-1 at 300 °C for a 300 nm thick assembly. [86] CNTs functionalized with metal
nanoparticles and incorporated in a LbL film enhanced the film’s electro-catalytic
activity for oxygen reduction and methanol oxidation. [84,87]

2.4. Patterning of Non-metallic Electrodes
One approach for patterning CNT films is to use a “top-down” method where a
continuous CNT film is first made, then patterned by photolithography. Recently, a
patterning method for CNT films on a flexible polymer substrate by employing
lithography and O2 plasma etching was reported. [88] However, this method requires
exposing the CNTs to photoresist, which could be difficult to fully remove from the CNT
film and the CNTs could be damaged by exposure to O2 plasma. [89]

Another

demonstration of CNT film patterning was accomplished using screen printing. [90] Xue
and Cui used a liftoff process to pattern CNT/polymer LbL films, displayed in Figure 219. [91] In all of these examples, the CNT arrays were exposed to post-processing steps
involving solvent treatments, which could compromise their performance.
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Figure 2-19: Fabrication process of the CNT micropatterns by (a) spin coating, (b) lithography,
(c) LbL nano self-assembly, and (d) lift-off. [91]

2.5. Two-dimensional Fuel Cells
Currently, there are many designs and uses for fuel cells, but the ability to
integrate fuel cells into micro-machines and portable electronics is limited. [92] The
ability to create small, portable, passive, planar fuel cells is of research interest.
[93,94,95] In 2000, Barton, et al. demonstrated the feasibility in creating a selectiveelectrode planar fuel cell or ‘strip-cell’. [96] In their design, selective electrodes (iron
tetramethoxyphenyl porphyrin (FeTMPP) and Ru-Se-Mo) that are catlytically active only
to one reactant were used, which allowed the fuel and oxidizer feed streams to be mixed,
thus simplifing the overall design of the fuel cell (Figure 2-20). This type of design
creates an environment where oxidation and reduction can occur simultaneously at predetermined locations within the cell.
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Figure 2-20: Simplied ‘stip-cell’ design for a fuel cell. [96]

Another design for planar fuel cells is a single-electrode fuel cell. In 2009, Lam, et al.
showed that a direct methanol fuel cell could be shrunk into a two-dimensional planar
design. Their cell utlizied more a common catalyst, platinum, loaded on carbon supports
and is shown in Figure 2-21. [97]

Figure 2-21: Schematic of a single electrode DMFC. [97]

33

Lam’s design is different from Bartons in that only one catalyst-electrode is used.
However, this system cannot use a mixed fuel/oxidizer feed and it becomes necessary to
separate the reactants which complicates the cell’s design. The ability to pattern and
functionalize CNTs may allow for a simplified procedure to create two-dimensional
planar fuel cells.

2.6. Summary
CNTs have been shown to have interesting electrical, mechanical, and
electrochemical properties and may transform many technical applications. The unique
properties of CNTs can be modulated and controlled by chemically altering pristine
CNTs by means of covalent and non-covalent functionalization. Isolated CNTs have
been studied extensively, but the electrical and electrochemical properties of bulk CNT
electrodes have yet to be fully explored. The ability to efficiently pattern CNTs is an
important aspect of integrating CNTs into devices. The area of patterning and controlling
CNTs is of recent of research interest.
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Chapter 3

Experimental Procedures for Sample Fabrication and Characterization

3.1. Introduction
This chapter will detail the materials and procedures used for sample fabrication
and characterization. Sample fabrication includes the purification and functionalization
of CNTs, as well as the creation of patterns and electrodes. Sample characterization
includes the use of Raman spectroscopy, atomic force microscopy, electrical probe
techniques, and electrochemical methods.

3.2 Materials
All reagents were purchased from commercial sources and used without further
purification.

APTMS (97% (3-aminopropyl)trimethoxysilane), polydiallyl dimethyl

ammonium chloride (PDADMAC) (500,000 Mw), and fluorinated trichlorosilane
(tridecafluoro-1,1,2,2-tetrahydroctyl-trichlorosilane)

were

purchased

from

Sigma

Aldrich, St. Louis, MO. The silicon wafers were 4” diameter test <100> wafers from
Silicon Quest International, Santa Clara, CA. The wafers were further processed by
thermally growing an electrically insulating 400 nm thick SiO2 layer on their surface.
Sulfuric acid (96% H2SO4) and hydrogen peroxide (30% H2O2) were purchased from J.T.
Baker, Phillipsburg, NJ.

As-received mixed diameter (average diameter = 1.5 nm,

average length = 17.5 µm) single-walled CCVD grown CNTs with 90 wt % purity
(Cheap Tubes, Inc., Brattleboro, VT) were purified by surfactant suspension and
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centrifugation as described in section 3.2.1. Millipore mixed cellulose ester membranes
(0.45 µm) were purchased from Fischer Scientific, Pittsburg, PA.

3.3. Carbon Nanotubes

3.3.1. Purification
CNTs were purified by surfactant functionalization and ultra-centrifugation. This
procedure has been previously used by O’Connell, et al. [1] 2 g of SDS were added to
200 mL of DI H2O. To this mixture, 300 mg of as-received CNTs were added. The
SDS/CNT solution then underwent 15 min of sonication in a 50 W Bransonic bath
sonicator. Next, the sonicated solution was mechanically stirred for 15 min and then
underwent probe sonication at 500 W for 10 min. This rigorous sonication procedure
helps to disperse, wrap, and isolate single CNTs in SDS molecules. The solution was
immediately transferred into individual centifugation tubes and centrifuged at 11,000
RPM for 2 h. After centrifuging, the solution was instantly decanted as the top layer
contained individually suspended CNTs. Figure 3-1 displays the CNTs before, during,
and after purification.
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A

B

C

Figure 3-1: Purification process of SWNTs. (A) Unpurified CNTs in H2O. (B) Centrifuged
CNTs; note impurity formation below suspended tubes. (C) Decanted supernatant layer from (B)
contains singularly isolated CNTs, which have been functionalized and suspended in H2O.

In (A) the CNTs are agglomerated and highly bundled.

These bundles and

agglomerations tend to readily fall out of suspension forming a dark cloud of CNTs on
the bottom of the container. The dark mass shown in (B) on the bottom of the
centrifugion tube demonstrates that heavy bundles of CNTs, residual catalyst, and
amorphous carbon have been forced out of suspension by ultra centrifugion. Singularly
dispersed and well-suspended CNTs shown in (C) have been decanted from the solution
in (B). These solutions remained highly suspended and stable for 2-3 weeks. All CNTs
used in this study underwent this purification process before any further processing.

3.3.2. Functionalization
Sodium dodecyl sulfate (SDS)-coated CNTs were covalently functionalized using
4-bromobenzenediazonium

tetrafluoroborate

and

4-nitrobenzenediazonium

tetrafluoroborate. This procedure has been previously reported by Dyke, et al. [2] 0.002
M SDS, 0.0024 g CNTs, and 0.85g of diazonium salts were mixed with 10 mL H2O.
Once the reagents had reacted for 15 min, the solution was placed into a Hirsch vacuum
funnel system with 0.45 µm Teflon filter paper. The reaction was quenched with copious
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amounts acetone and washed with ultra pure water. The filter paper was then dried at 80
°C for 2 hours and the CNTs were recovered from the surface. The reaction scheme is
shown in Figure 3-2 and Table 3-1 shows the reaction time and reagent concentration.

Figure 3-2: Functionalization reaction for covalent attachment of specified moiety onto carbon
nanotube sidewall.

Table 3-1: Diazonium functionalization times and concentration.

Functional Group

Reaction Time (min)

Diazonium Concentration (mol L-1)

None

n/a

n/a

Br-Phenyl

15

0.30

NO2-Phenyl

15

0.30
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3.3.3. Platinum and gold metal nanoparticle functionalization (performed by Zachary L.
Schaeffer, Raymond E. Schaak’s lab, Penn State Chemistry)
Ethylene glycol (10 mL, J.T. Baker) and potassium hexachloroplatinate(IV) (0.5
mg, Alfa-Aesar) were placed in a 50 mL schlenk flask with a magnetic stir bar. The
mixture was sonicated for 5 min, placed in a 60 °C oil bath with stirring, and heated with
periodic vacuum and Ar backfilling cycles until the Pt salt dissolved (~ 1 h). The flask
was removed from the oil bath and ~5 mg CNTs were added to the solution. The flask
was returned to the oil bath, which was heated to 110 °C and held for 1 h. After cooling
to room temperature, the product was collected by centrifugation and washed with
acetone.

3.4. Patterning
Three

methods

to

pattern

CNTs

were

used

in

this

work.

3-

aminopropyltrimethoxy silane (APTMS) patterns were deposited on silicon wafers by
either microcontact printing, see Ref. 3, or by drop coating on sacrificial resist patterns
that were lithographically defined. CNTs layer-by-layer assemblies were then selectively
deposted on the quaternized APTMS patterns. Patterning of two-dimensional electrodes
was performed using a cut and paste technique with mixed cellulose ester filter paper.

3.4.1. Microcontact Printing
A positive photo resist polymer (SPR 3012, 3 mL) was spin-coated onto the Si
wafer at 2000 rpm for 45 s. The photo resist was then exposed to 400 nm light for 15 s
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through a custom chrome mask using contact photolithography (MA-6). Figure 3-3
shows a photoresist-coated wafer being loaded into the MA-6 exposure tool.

Figure 3-3: A photoresist coated Si wafer is loaded into the MA-6 exposure tool for
photolithography.

After developing the pattern, the features were etched into the wafer by reactive
oxygen etching (Plasmatherm 720). The depth of etch was 0.67 µm as measured by
profilometry (Tencor 500). Next, the etched Si wafers were passivated by fluorination to
allow for easy release of the microcontact printing stamp from the pattern. [4] To
passivate the pattern, a dish with two drops of tridecafluoro-1,1,2,2-tetrahydroctyltrichlorosilane was placed in a dessicator with the etched Si wafer and vacuum was
applied.

The chamber was sealed and left under vacuum for 24 h to allow vapor

deposition of the fluorinated trichlorosilane on the patterned Si surface.

Initial

fluorination was performed only one time on new masters as the treatment remained
effective after many applications of h-PDMS. Once the etched master patterns were
passivated, they were spin-coated with h-PDMS following a procedure established by
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Odom, et. al. [3]. Sylgard 184 PDMS was prepared, degassed, and poured over the hPDMS coated wafers and cured at 70 °C for at least 1 h. Once cured, the polymer stamps
were cut away from the masters and the stamps were rinsed with ethyl alcohol and blown
dry with a stream of air to remove any debris from their surface. The silicon wafer
substrates for printing were hydroxylated by immersion in a solution of 7:3 (v/v) sulfuric
acid (H2SO4) and hydrogen peroxide (30 % H2O2) at 100 °C for at least 0.5 h
(CAUTION:

Phiranna solution is hazardous and must be handled and disposed of

properly). The wafers were removed, rinsed with deionized water, and blown dry with a
stream of air. Next, the h-PDMS stamps and substrate wafers were exposed to oxygen
plasma for 4 min. To ink the stamp, a drop of 5 % (v/v) APTMS in an ethanol-water
mixture (95:5 v/v) was placed on the surface of the PDMS stamp for 30 s, blown dry with
a stream of air, and immediately placed without pressure onto the Si substrate for
printing. Figure 3-4 shows a microcontact printed APTMS chemical pattern.

A

B

Figure 3-4: Optical micrographs of micron-scale, interdigitated, APTMS pattern deposited onto
SiO2 . The scale bar is 50µm.

These chemically defined printed patterns have characteristic sizes of 5µm. The APTMS
serves as the foundation for the patterning of layer-by-layer (LbL) assembled
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CNT/polymer hybrid films. The LbL film assembly methods are discussed in section
3.4.3.

3.4.2. Drop Coating
A chemical pattern with features ranging from 50-200 µm was created using a
drop coating technique. Figure 3-5 shows a schematic of the procedure for the drop
coating technique.

Figure 3-5: Schematic representation of the drop coating technique. This technique allows for
the quick and efficient creation of micro-patterned arrays.
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A positive photoresist was spin-coated onto the wafer at 2000 rpm for 45 s.

The

photoresist was then exposed to 400 nm light for 15 s through printed transparency mask
(~10 µm resolution at 20,000 dpi from www.outputcity.com) and developed. To affect
rapid drying of the ink as described next, the processed wafer was placed on a hot plate
set to 100 ºC. An aqueous drop containing 5 % (v/v) APTMS in ultrapure water was
delivered to the surface of the wafer. The drop was allowed to react with the masked Si
pattern for 30 s. After 30 s, the excess APTMS was removed with a high-pressure stream
of N2. Next, the wafer was placed in a bath of acetone and was sonicated for five
minutes, which served to remove the sacrificial photoresist.

After sonication, the

remaining features on the Si wafer were that of the now covalently-bonded APTMS
chemical pattern. To ensure complete reaction of APTMS, the wafer was washed with
ultrapure H2O and baked at 75 ºC for 1 h. Figure 3-6 shows a drop coat patterned
interdigitated design printed on a Si wafer.

A

B

Figure 3-6: (A) An APTMS array patterned wafer after the photoresist has been removed via
sonication in solvent. (B) Optical micrograph of APTMS inderdigitated pattern created via drop
coating (scale bar 500 µm). Image recorded before APTMS quaternization.
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3.4.3. Layer-by-Layer Film Patterning
Layer-by-layer (LbL) deposition was conducted on APTMS patterns that were
created either by contact printing (3.4.1) or by drop coating (3.4.2). First, the patterned
APTMS was quaternized in 20 % (v/v) iodomethane/methanol by placing the Si wafer in
solution for 1 h. The charging of this pattern allowed for controlled placement and
growth of the LbL film in a patterned fashion. The charged pattern was now suitable for
the LbL film process described in depth by Zhang, et al. [5] The LbL films were created
by alternately dipping the patterned APTMs into a 1mg mL-1 aqueous solution of CNTs
containing 1 wt % of SDS for 30 min and a 2 mg mL-1 aqueous solution of PDADMAC
containing 0.5 M NaCl for 10 min. Between alternating layers, the patterned films were
adequately washed with ultrapure H2O (3 x 3 min) to remove excess material and blown
dry with a stream of N2. Figure 3-7 is a schematic showing the process of LbL film
deposition on the charged and patterned APTMS substrate.
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Figure 3-7: Schematic representation LbL patterning technique. This technique allows for the
quick and efficient creation of micro-patterned arrays.

The LbL film was assembled through electrostatic interactions of the positively charged
PDADMAC and the negatively charged SDS-CNTs.

The first layer of negatively

charged SDS-CNTs assembled on the positively charged quaternized APTMS. Any film
formation outside of the charged pattern was subsequently removed during the rinsing
step. The amount of layers in the film could be controlled by the repetitions of dipping
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cycles (n).

Films of varying thickness were created using this method and then

characterized with Raman spectroscopy and electrical probe techniques.

3.3.4. Mixed Cellulose Ester Pattern Fabrication
CNT electrodes for use in electrochemical characterization and 2-D electrode
assembly were created with a cut and paste mixed cellulose ester (MCE) membrane
filtering process. The process of creating a CNT film with a MCE membrane was first
used by Wu, et al. in 2004. [6] CNTs (2 mg mL-1) were suspended in SDS and water
(1:100 wt %). Next, the solution was poured into a Hirsh vacuum filter apparatus with a
0.45 µm MCE membrane filter. Care must be taken when pouring the CNT solution into
the filter as the forming film is fragile and may be destroyed by too much solution being
poured into the funnel and SDS surface bubbles. Vacuum was pulled until the film was
dry. Next, water was added to the dried film and vacuum was applied to remove any
residual surfactant. Complete removal of the surfactant was indicated by the bubble
laden filter extract turning into clear steam of water. Figure 3-8 displays the removal of
SDS from a CNT film created on a MCE membrane.
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Figure 3-8: Removing SDS from a CNT film created by MCE membrane filtering. The SDS has
been completely removed once bubbles have stopped forming.

It is important to remove the SDS or surfactant because it can alter the CNTs’ properties.
The SDS may act as an insulator around the CNT and cause decreased electrical or
electrochemical performance. Once the SDS has been removed, the film was affixed to a
substrate. The MCE filter was left wetted (remove vacuum before water has drained
from the Hirsh funnel) and removed from the Hirsh funnel via tweezers. Once removed,
there was a CNT film affixed to the top side of the MCE membrane.

Then, the

CNT/MCE membrane hybrid was cut into desired dimensions. For this study, the film
was cut into a 1 cm x 2.5 cm strips. Next, while the membrane was still wet, the strips
were placed CNT-side down onto the glass substrate and aligned as necessary. The
CNT/MCE filter paper was then covered with 2 layers of PTFE filter paper and
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compressively loaded to keep the film flat and in contact with the glass substrate surface.
The layers were then placed into an oven at 90 °C for 1h. During drying, the CNT film
was brought into intimate contact with the substrate, which provides sufficient adhesion
to the glass slide.

After 1 h, the weight and PTFE filters were removed and the

CNT/MCE glass slide was placed into a solvent bath consisting of acetone where it was
left for 30 min to dissolve and remove the MCE from the CNT film. Next, the patterned
CNT glass slide was placed into another acetone bath for another 30 min to ensure
complete removal of the MCE film from the porous CNT mat. Once the MCE was
completely dissolved, the nanotube mat was ready for further testing and
characterization.

Figure 3-9 shows a before/after photograph of the fabrication of

CNT/MCE glass slide.

A

B

Figure 3-9: Fabrication of a CNT/MCE electrode. (A) The wetted CNT-side of the MCE
membrane, after filtering, has been pressed to the glass slide with Teflon filter for backing. (B)
The glass slide with an attached CNT mat. The MCE has been completely dissolved and
removed. Note: the CNT mats pictured were not cut to a defined geometry after filtration.
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3.5. Electrical Characterization
Electrical properties of the patterned films were interrogated using a Karl-Suss
(Garching, Germany) PM5 probe station and Keithley (Cleveland, OH) 2400 source
meter. Gold plated, 100 µm radius probe tips (Micromanipulator Company, Carson City,
NV) were used for the conductivity measurements.

Conductivity of the film was

calculated using Equation 3-1,

"=

l
R•A

(3-1),

!
where A is the cross-sectional
area of the specimen (accounts for the thickness (t) of the
LbL films, which was previously found to have an average of 9 to 13 nm per bilayer
[7,8]), R was found by taking the reciprocal of the slope from experimental currentvoltage (I-V) curves, and l is the distance between probes.

Figure 3-10 shows a

schematic of the electrical measurement geometry.

Figure 3-10: Schematic defining the variables for the electrical conductivity calculations. The
width of the sample was measured for each specific specimen.
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To ensure even and constant electrical contact, indium metal pads were cut and applied to
the sample. The probes were then placed on these indium pads for I-V measurements.
Four-point probe measurements were taken by placing two sensing probes and two
current probes at equal distances on the sample. 2-point probe measurements were taken
as a function of distance along the sample’s length. Samples were scanned from -1 V to
1 V, typically at 75 mV s-1. Figures 3-11, 3-12, and 3-13 show the 4-point probe on
patterned substrates.

Figure 3-11: 4-point probe electrical measurements of a LbL patterned CNT/polymer film on a
Karl-Suss probe station.
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Figure 3-12: 4-point probe electrical measurements of a MCE patterned CNT film on a KarlSuss probe station.

Figure 3-13: Optical micrograph of a 4-point probe electrical measurements on a LbL patterned
CNT/polymer film using a Karl-Suss probe station.
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3.6. Raman Spectroscopy
Raman spectroscopy was performed on a Renishaw inVia confocal Raman
scanning microscope with a 514 nm Ar ion laser at 5.5 mW power at the sample plane.
For this study, Raman spectra were collected from 400 cm-1 to 2000 cm-1 and intensity
ratios were computed from the intensity of the Si peak at 521.5 cm-1 and the intensity of
the CNT peak at ~1590 cm-1 for the line scans. The peak intensity at ~1590 cm-1 was
mapped onto a color scale for areal surface scans.

3.7. Atomic Force Microscopy
Atomic force microscopy was performed on a Veeco™ Digital Instruments
Dimension 3100 atomic force microscope in tapping mode. AFM tips were purchased
from Nanosensors (Neuchatel, Switzerland), with a spring constant of k = 40 and tip
radius < 7 nm. Phase and height images were recorded for each sample.

3.8. Electrochemical Characterization
Electrochemical performance was characterized using an Fe(CN)63-/4- redox
couple. CNT modified glass electrodes were created using a MCE membrane cut and
paste technique. 2.5 cm x 1 cm CNT mats on glass slides were placed into a solution of
0.01 M potassium ferricyanide (K4Fe(CN)6) with 0.1 M KCl as the electrolyte. The
electrode separation was 0.5 cm. Cyclic voltammetry scans were recorded at 50 mV s-1
on a PARSTAT 2273 (Princeton Applied Research, Oak Ridge TN) with a Ag/AgCl
reference electrode (RREF0021, Pine Instrument Company, Grove City, PA). Multiple
scans were performed on each sample until the curves overlapped.
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For catalytic measurements, CNT samples were loaded onto a polished 5 mm
diameter glassy carbon rotating disk electrode (AFE3T050GC, Pine Instrument
Company, Grove City, PA) according to standard methods. [9] A dilute slurry of the
sample in water was pipetted onto the 0.2 cm2 electrode and dried slowly to achieve a
uniform layer with a metal loading of approximately 4.5 mg cm-2. The catalysts were
then covered with a 100 nm thick film of NAFION or AS-4 (Tokuyama Corp. anion
exchange polymer) to keep the catalyst in contact with the rotating disk during
electrochemical experiments. Cyclic voltammetry (CV) and potentiodynamic oxygen
reduction and methanol oxidation scans were recorded on a PARSTAT 2273 (Princeton
Applied Research, Oak Ridge, TN) using a Metrohm electrode rotator (Metrohm AG,
Switzerland), Pt wire counter electrode in a fritted glass sleeve (Pine Instrument
Company), and Ag/AgCl reference electrode (RREF0021, Pine Instrument Company,
Grove City, PA) CV scans were performed at 25 mV s-1 on non-rotating electrodes in 0.5
M KOH and 1 M MeOH after 15 min of N2 purging. Potentiodynamic scans were
performed at 10 mV s-1 on electrodes rotating at 1500 rpm. Figure 3-14 shows the
electrochemical cell used experiments.
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Figure 3-14: Electrochemical cell used for ORR and MOR and CV.
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Chapter 4

Effect of Covalent Functionalization on
the Electrochemical Response and Conductivity of CNTs

4.1. Introduction
Covalent functionalization has been shown to modulate the bandgap of bulk CNT
films, [1] but the effect of covalent functionalization on the electrical and electrochemical
properties of bulk CNT films has yet to be fully explored. In previous work, Gross and
Hickner showed that upon functionalization with diazonium salts, the Br-phenyl CNT
electrodes had a bandgap of 3.0 eV while the bandgap of the NO2-phenyl CNT electrodes
was 1.6 eV. In this chapter the electrical and electrochemical properties of bulk CNT
films, which have been covalently functionalized are evaluated.

4.2. Results and Discussion
CNTs were functionalized with 4-bromobenzenediazonium tetrafluoroborate and
4-nitrobenzenediazonium tetrafluoroborate salts. Functionalization was confirmed with
Raman spectroscopy.
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Table 4-1: D/G ratio for unfunctionalized, Br-phenyl functionalized, and NO2-phenyl
functionalized CNTs.

Functional Group

Diazonium Concentration (mol L-1)

D/G Ratio

None

n/a

0.02

Br-Phenyl

0.30

0.18

NO2-Phenyl

0.30

0.20

Table 4-1 shows that the D/G ratio of the Br-phenyl (BrCNT) and NO2-phenyl
functionalized (NO2CNTs) CNTs was 0.18 and 0.20, respectively. Upon confirmation of
successful fucntionalization, the CNTs were washed and filtered on to MCE membranes.
The MCE membranes were then used to create unfunctionalized, BrCNT, and NO2CNT
modified CNT electrodes supported on glass for electrochemical and electrical
characterization. The surface morphology of the CNT modified glass slide electrodes
was investigated using scanning electron microscopy (SEM). Figure 4-1 shows the SEM
images of the Br-CNT modified glass slide.

Figure 4-1: Scanning electron micrograph of BrCNT glass slide electrode. There was no
appreciable difference between the images of virgin CNT, BrCNT, and NO2CNT
electrodes.
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There was no appreciable difference between images of virgin, BrCNT, and NO2CNT
electrodes. The image provides evidence that the purification and washing of the CNTs
electrodes was successful in removing debris as well as the MCE membrane. It should be
noted that these CNT electrodes have a highly interconnected and porous structure
formed by entanglements of small nanotube bundles.
After functionalization, the electrodes were found to have significantly decreased
ET kinetics as probed by Fe(CN)63-/4- redox measurements. Figure 4-2 shows the typical
cyclic voltammagrams of 0.01 M potassium ferrocyanide on the virgin CNT, BrCNT, and
NO2CNT electrodes.

Figure 4-2: Cyclic voltammograms in a 0.01 M potassium ferrocyanide solution with 0.1 M
KOH electrolyte of CNT glass slide electrodes modified with (a) purified nanotubes, (b)
nanotubes functionalized with bromophenyl substituents, and (c) nanotubes functionalized with
nitrophenyl substituents. A reference of Ag/AgCl was used.
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The data shown are the last cycle of four repeated CVs where the third and fourth scan
overlapped one another. The recorded CV peak separation for the unmodified CNT
electrode was small, which suggests fast ET characteristics when compared to the BrCNT
and NO2CNT electrodes (Table 4-2).

Table 4-2: CV data by functional group, peak separation (mV), and peak current (mA).

Functional Group

Peak Seperation (mV)

Peak Current (mA)

None
Br-Phenyl
NO2-Phenyl

460
1130
1060

1.4
0.42
0.39

Bulk unmodified CNT film electrodes have been reported to have a similar peak
separation of ~400 mV. [2,3] Large decreases in ET kinetics observed after CNT
functionalization may be attributed to steric interference between the Fe(CN)63-/4complex and the covalently bound groups on the CNT sidewall.

Even though the

reaction of CNT with diazonium salts affixes an architecturally small aryl groups to the
tube, the reaction has been shown to place chemical moieties on 1 in 9 carbons along the
CNT sidewall. [4] This large chemical addition to the CNT may cause steric blocking of
the Fe(CN)63-/4- complex and slower ET. This finding is in agreement with published data
that suggests the rate constant can decrease with the formation of surface blocking
species. [5,6,8]
An explanation for the decreased peak current, from 1.4 mA to 0.4 mA for
unmodified CNTs and modified CNTs, respectively, may be due to the amount of defects
present on a diazonium functionalized CNT. On carbon, Fe(CN)63-/4- redox has been
shown to be sensitive to edge-plane defects. [7] Acid functionalization was shown to
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increase electron-transfer kinetics due to the addition of oxygen bearing moieties to the
CNT (and are reactive with the Fe(CN)63-/4- complex) as well as the shortening and
cutting of the CNT which led to increased edge-plane defects.

However, in our

purification process and chemical modification scheme, we do not introduce oxygencontaining moieties directly on the CNT surface (the NO2 group is attached to a lateral
phenyl ring) or cut the CNT. The results in this chapter show the opposite trend of ET
change compared to acid functionalization..

Therefore, the trend of decreasing

electrochemically active surface area (diminutive peak heights - 1.4 mA vs 0.4 mA for
unmodified CNTs versus modified CNTs, respectively) suggests that along with steric
blocking of the CNT surface, diazonium functionalization attachment may be active at
areas like edge-plane defects on tube ends or sidewalls which would lead to a decrease in
the amount of highly reactive edge-plane sites for the redox of the Fe(CN)63-/4- complex.
This speculation is in agreement with other literature findings. [8]
The resistance of the unmodified CNT, BrCNT, and NO2CNT samples were
investigated using 4-point DC I-V measurement (Figure 4-3).
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Figure 4-3: IV results from 4-point probe measurments. Unmodified CNTs (black), BrCNTs
(red), NO2CNTs (blue).

The conductivity of the samples was calculated, using Equation 3-1, by finding R from
the slope of their corresponding IV measurment in Figure 4-3. The cross-sectional areas
of conduction were determined from profilometry scans (Figure 4-4) and the width of the
mat and are shown in Table 4-3.
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Distance
Figure 4-4: Profilometry scan for an umodified CNT conductivity sample. Dashed lines
represents average values used to calculate height of sample.

Table 4-3: Sample geometry, resistance, and conductivity.

Unmodified CNTs

BrCNTs

NO2CNTs

Sample length (cm)

0.75

0.75

0.75

Sample height (nm)

2000

2000

2500

Sample width (µm)

2000

2000

2000

Resistance (Ω)

34

139

193

Conductivity (S cm-1)

545

135

78

It should be noted that resistance is a function of sample geometry. The conductivity
measurment takes geometry into consideration and therefore is independent of sample
dimensions. The unmodified CNTs had the highest recorded electrical conductivity of
545 S cm-1. This value is in agreement with other conductivity values found in literature
for bulk CNT mats (Figure 2-9). [9,10]. The BrCNT and NO2CNT conductivity values,
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135 S cm-1 and 78 S cm-1 respectively, were much lower than for the unmodified CNT
mats. Covalent attachment of a moiety onto the sidewall of the CNT creates a defect in
the sp2 hybridized conjugated network, disrupting the fully π conjugated walls and thus
provides a more electrically torturous pathway for electron transport and decreases the
electrical conductivity. The decrease in conductivity between the BrCNT and NO2CNT
sample can be a result of the kinetics and selectivity in the diazonium functionalization
reaction. The Raman spectroscopy data in Table 4-1 shows a D/G ratio of 0.20 for the
the NO2CNT sample compared to a D/G of 0.18 for the BrCNT, thus showing evidence
that the NO2-diazonium/CNT reaction yields a higher degree of functionalization as
compared to the Br-diazonium/CNT reaction. It is known that 4-nitrobenzenediazonium
tetrafluoroborate salt is selective in its reactivity towards metallic CNTs. [1,11] A faster
and metallic-selective reaction would lead to a sample with a larger amount of
functionalization as well as a sample with a decreased metallic-CNT content. Both an
increase in functionalization and decreased-metallic content would cause the sample to
have a greater resistance resulting in a decreased conductivity.

4.3. Conclusions
The electrochemical and electrical properties of CNTs were impacted by covalent
functionalziation of diazonium salts. It was found that the electrochemical response of
functionalized CNTs was decreased as indicated by the FeCN CV peak current seperation
from 460 mV for unmodified CNTs to ~1100 mV for both BrCNT and NO2CNTs
samples. The electrical conductivity of functionalized samples decreased from 545 S
cm-1 to 135 S cm-1 and 78 S cm-1 for unmodified CNTs, BrCNTs, and NO2CNTs,
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respectively. The large decrease in conductivity from unmodified CNTs to modified
CNTs can be explained by disruption of conjugation along the CNT sidewall. The
decrease in conductivity for the NO2CNTs as compared to the BrCNTs was due to the
faster kinetics and selectivity of the nitro-diazonium reaction compared to the slow
kinetics and unselective BrCNT reaction. Control of the electrical conductivity of bulk
CNT samples may be achieved with further investigation into correlating CNT
functionalization reactions and conductivity of the resulting materials.
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Chapter 5

Patterning and Electrical Characterization of CNT/Polymer Hybrid Arrays

5.1. Introduction
Here, we demonstrate a low temperature, simple process to selectively assemble
CNT/polymer film arrays on predefined surface chemical patterns. The CNT/polymer
LbL films organize preferentially onto quaternized ATPMS that was deposited using
microcontact printing or a drop coating technique. By using a “bottom-up” approach,
post-processing steps that could damage the films are avoided.

The patterned

CNT/Polymer films are shown to have conductivities ranging from 30 to 100 S cm-1.

5.2. Results and Discussion
Quaternization of the APTMS pattern was used in both microcontact printing and
drop printing experiments. Quaternization of the amine terminated silane placed a
positive charge on the surface of the APTMS pattern, which served to promote assembly
of the SDS-coated CNTs on the pattern. LbL assembled films on substrates in which the
APTMS patterns did not undergo quaternization showed little to no selectivity for film
assembly. The CNTs saturated the charged surface within 30 min and the substrate was
removed from solution and rinsed with ultrapure water to wash away impurities and
CNTs that were not strongly physisorbed. [1]

In the next step, the PDADMAC

preferentially assembled on top of the SDS-functionalized CNTs. The LbL procedure
was repeated until the desired amount of layers were obtained.
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The pattern resolution of the APTMS was the limiting factor for the resolution of
the subsequent LbL CNT/polymer film assembly. Various methods were sought to create
the two sizes of APTMS chemical base patterns.

For the small feature patterns,

microcontact printing provided the highest quality results. For microcontact printing,
APTMS/EtOH solution ratios for inking of the PDMS stamp were varied from 2 % 10 % (v/v) and it was found that 5 % created the most repeatable and highest quality
chemically printed pattern. For large featured patterns, the drop coating technique proved
to yield the highest quality result. It is important to note that the solution for inking the
Si wafer polymer-photoresist-masked pattern during drop printing does not contain any
solvents. Solvents were experimented with and only served to swell or dissolve the
sacrificial polymer photolithography layer resulting in low-quality and low-resolution
patterns. After mixing the inking solution, which contains 5 % (v/v) APTMS in ultrapure
water, it must be applied immediately to the Si wafer polymer-photoresist-masked
pattern. APTMS is highly reactive when exposed to water and if the ‘ink’ solution is left
sitting more than 1 min it will no longer react with the Si to form a pattern. An attempt at
creating the chemical patterns by spraying the 5 % (v/v) APTMS in ultrapure water on
the sacrificial polymer photoresist was also tested. An airbrush sprayer was loaded with
the inking solution and it was sprayed on to a photoresist masked Si wafter. 5-10 coats of
the ink had to be applied in order for the APTMS to uniformly cover the masked Si
substrate. After removal of the sacrificial polymer photoresist, the patterns were found to
be extremely rough and of low resolution.
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Figure 5-1: Raman microspectroscopic mapping confirmed confinement of the CNT/polymer
system onto the patterned substrate: (A) Raman spectra: Si (Red), CNT/PDADMAC modified Si
(Black). Note that APTMS and polymer were not detected in this wavenumber range; (B)
Optical micrograph of patterned LbL assembled CNT/PDADMAC film; The ability of the LbL
film to preferentially order on the pattern is shown in (C) where Intensity of 1590 cm-1 CNT
peak/Intensity of 521.5 cm-1 Si peak vs distance on patterned substrate is plotted. The ICNT/ISi
peaks in C represent the patterned LbL film displayed in the optical micrograph in B (note the
matching distance axis values).

Figure 5-1A shows the Raman spectra of the substrate and patterned film regions of a
sample where only CNT peaks are evident on the patterned area as indicated by the
optical micrograph (Figure 5-1B). Si peaks were present in both spectra due to the
micron-size sampling volume of the confocal optics. The ratio of CNT peak intensity to
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Si peak intensity is displayed in Figure 5-1C as function of distance across the patterned
CNT/PDADMAC film. The peak positions shown in (Fig. 5-1C) correlate with the
locations and positions of a CNT/polymer modified pattern on the optical micrograph
(Fig. 5-1B).
To further investigate the ability of LbL CNT/PDADMAC films to form
specifically on a pre-designated patterned area, two-dimensional Raman mapping was
performed.

Figure 5-2: Optical and Raman spectral images displaying the location of the APTMS pattern
and CNTs; (A) Optical micrograph of a LbL assembled CNT/PDADMAC patterned IDE film,
(B) False color Raman map of (A) confirms the LbL CNT/PDADMAC film assembled
selectively onto the patterned APTMS. An optical image of this pattern captured before film
deposition (Figure 2B). (C) Overlay of a Raman color map on a high-resolution optical
micrograph reveals the precision of CNTs to selectively assemble on the quaternized APTMS
pattern. Distribution of red intensity in the Raman map can be attributed to uneven
deposition/quaternization of APTMS. Scale bars are 100 µm.

71

Figure 5-2A displays an optical micrograph of the patterned LbL assembled
CNT/PDADMAC film. Figure 5-2B shows a Raman false-color intensity map for the
1590 cm-1 peak in which CNTs are shown to favor organization on top of the charged
APTMS pattern compared to the Si substrate. Figure 5-2C shows a high-resolution
optical micrograph overlayed with a Ramap map. The high-resolution image presents the
selective precision for the CNTs to assemble on the quaternized APTMs. The nonuniform CNT distribution shown by the varying intensity map (Fig. 5-2C overlay) may
be due to non-uniform APTMS concentration or quaternization of the surface pattern, or
bundling of CNTs during solution deposition.
The intensity ratio of the CNT to Si peaks was used to determine the growth
profile during subsequent LbL cycles. The linearly increasing Raman response as a
function of number of bilayers, Figure 5-3, demonstrates that the CNTs continue to
assemble as new layers were deposited.
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Figure 5-3: Raman intensity shows a linear correlation between ICNT/ISi and the number of
bilayers of CNTs and PDADMAC deposited on the APTMS. An increase in the CNT Raman
intensity verifies successful addition of layers to the CNT/PDADMAC film.

The linear increase of CNT intensity confirms the successful addition of multiple
CNT/PDADMAC bilayers, which appear to be relative uniform for the first 8 bilayers.
Atomic force microscopy was used to provide additional evidence for the
presence of CNTs in the pattern. Figure 5-4 displays height and phase images of the
patterned substrate where the morphology of the CNT dispersion is evident.
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Figure 5-4: Atomic force micrographs of the surface of a LbL CNT/PDADMAC patterned film.
These micrographs confirm that the surface of the patterned APTMS contains a good dispersion
of CNTs. Note that the surface of this LbL pattern was last layered with PDADMAC as the
CNTs are saturated with a polymer coating.

This micrograph was obtained from a pattern in which the last layer deposited was
PDADMAC. An AFM image of an LbL system capped with CNTs was attempted but
the tip tended to drag nanotubes across the surface resulting in significant shadowing.
The nanotube bundles are relatively well-dispersed in these images and provide evidence
of a well-connected mat in the plane of the film. Also notable, are several isolated,
prominent features in the phase image which could be exposed CNT bundle ends that
may provide connections between layers as explained below.
The electrical properties of the patterned composites were probed by I-V DC
sweeps. Indium contacts were placed on specific locations of the pattern to ensure an
ohmic contact between the pattern and probe tip as demonstrated by the linear I-V
response in Figure 5-5.

74

Figure 5-5: 4-point probe I-V curves for multiple bilayer CNT/PDADMAC films (black = 3
layer, red = 5 layer, blue = 8 layer).

The resulting conductivity for a 3 bilayer film, using the resistance found from the
inverse slope of the 4-point probe measurement is shown in Equation 5-1:

"=

0.2 cm
= 70 S/cm
(36359 #) (7.8 x 10 -8 cm2 )

(5-1).

!
The conductivity
of 70 S cm-1 was similar to other literature reported values for

CNT/polymer wrapped composites.[86,2] It is important to note that the layered film
was assembled on a thermally grown SiO2 layer which has a surface conductivity of 10-10
S. [3] The low conductivity of SiO2 ensures that the substrate does not interfere with the
conductivity measurement of the LbL patterns. Samples of 3, 5, and 8 bilayers were
tested using 2-point and 4-point probe geometries (Table 5-1).

For 2-point

measurements, the samples’ I-V characteristics were measured at three different contact
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spacings and the slope of the R vs l curve was used to compute the conductivity (Figure
5-6 and Figure 5-7).

Figure 5-6: Thickness-normalized resistance of films with 3 (), 5 (), or 8 () bilayers versus
distance between probe points in 2-point measurements.

Figure 5-7: 2-point probe I-V curves (blue= 3 layer, black= 5 layer, red= 8 layer).

Even though this procedure is designed to minimize the influence of the interfacial
resistance between the pattern and indium contact on the computed conductivity (also
shown by the origin intercepts in Fig. 5-6), the lower 2-point values in Table 5-1 indicate

76

that some interfacial resistance may still exist in the 2-point measurements when
compared with the 4-point measurements. Regardless, collecting both types of data
supports the accuracy of the conductivity values reported in this work.

Table 5-1: 2-point and 4-point probe conductivities of 3, 5, and 8 bilayers thick films.
Bilayers
3
5
8

2-point σ
(S cm-1)
30
84
97

4-point σ
(S cm-1)
70
132
130

A significant increase in conductivity was found when the number of bilayers was
increased from 3 to 5. Because the nanotubes are distributed non-uniformly within the
patterned structures as shown by the Raman mapping data in Figure 5-2C, more nanotube
to nanotube contacts are likely as subsequent layers are added. The nanotubes are
primarily oriented in the plane of the structure, but some prominent features are observed
in the atomic force micrographs in Figure 5-4, which could provide electrical contacts
between layers.

Therefore, as layers are added, the conductivity of the assembly

increased through these interlayer CNT contacts that are woven throughout the layered
structure.

5.3. Conclusions
A method of creating electrically conductive interdigitated arrays of
CNT/PDADMAC LbL films by assembly onto charged chemical patterns was
demonstrated. Preferential assembly of CNTs onto the quaternized APTMS patterns and
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linear growth of up to 8 CNT/polymer bilayers was confirmed by Raman spectroscopy.
The CNT/polymer composite films of 3 bilayers exhibited a conductivity of 30 S cm-1 (2point measurement), which climbed to 132 S cm-1 (4-point measurement) for 8 bilayer
samples.

The bottom-up assembly and conductivity characteristics of these

CNT/polymer arrays may make them amenable for charge collection electrodes or as
substrates for electrochemically active two-dimensional arrays.

5.4. Acknowledgements
The authors acknowledge instrumental and financial support of the Materials
Characterization Laboratory, the Materials Research Institute, and the Penn State
Institutes of Energy and the Environment. Sandia is a multiprogram laboratory operated
by Sandia Corporation, a Lockheed Martin Co., for the U.S. Department of Energy’s
National Nuclear Security Administration under contract DE-AC04-94AL85000. This
work was supported by Sandia National Laboratories Laboratory Directed Research and
Development (LDRD) program.

78

5.5. References

1.
2.
3.

Loh, K., Kim, J., Lynch, J., Kam, N., Kotov, N. Smart Mater. Struct. 2007. 16,
429–438.
Fan, J., Wan, M., Zhu, D., Chang, B., Pan, Z., Xie, S. Journal of Applied
Polymer Science 1999. 74, 2605–2610.
Voorthuyen, J.; Keskin, K.; Bergveld, P. Surface Science 1987. 187, 201-211.

79

Chapter 6

Two-Dimensional Electrochemical Cells with CNT Electrodes

6.1. Introduction
Environmental concerns have led to the development of many renewable energy
recources like photovoltaics and fuel cells. Fuel cells provide a sustainable mechanism to
extract energy from chemical species, such as hydrogen or methanol, while producing
ecologically benign byproducts like water. Currently, there are many designs and uses
for fuel cells, but the ability to integrate fuel cells into micro-machines and portable
electronics is limited. [1] Previous work has shown that the opportunity to created small,
passive, planar fuel cells exists. [2,3,4,5] The ability to integrate fuel cells into everyday
electronics, like cell phones and laptop computers, may decrease our dependence on
environmentally unfriendly energy sources like conventional batteries or fossil fuel
originated power. In this work we demonstrate a membraneless, passive, mixed-fuel,
two-dimensional fuel cell.

	
  

6.2. Results and Discussion
Using CNTs as supports for catalytic metals such as gold and platinum is well
documented. [6,7,8] To create catalytically active electrodes, CNTs were functionalized
with 15 wt % Au or Pt metal nanoparticles (AuNP or PtNP). Sucessful addition of PtNP
and AuNP was characterized by transmission electron microscopy (TEM) (Figure 6-1).
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A

B

Figure 6-1: TEM images of PtNP (A, scale bar 100 nm) and AuNP (B, scale bar 200 nm)
supported on CNTs. The particle sizes for the PtNP and AuNPs range from 5 nm - 20 nm.

The TEM images show that the PtNP functionalized CNTs (PtCNTs) and AuNP
functionalized CNTs (AuCNTs) contain metal nanoparticles ranging from 5 nm to 25 nm.
Powder XRD data was used to confirm the metal species and matches that expected for
nanocrystalline Pt, see Figure 6-2 for PtCNTsample.

Figure 6-2: Powder XRD pattern for a 15 wt % PtCNT sample. XRD line positions of pure Pt is
shown for comparison.

Electrochemical oxygen reduction mass activity for 15 wt % PtCNT and 15 % AuCNT
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samples were measured at room temperature in 0.5 M KOH with the powders adhered to
a glassy carbon rotating disc electrode (Figure 6-3).

Figure 6-3: Polarization curves for CNT-supported Pt and Au catalysts in 0.5 M KOH at room
temperature (normalized for Pt or Au mass), showing a greater ORR current for the 15 wt %
AuCNT sample at potentials more negative than -0.4 V vs Ag/AgCl.

The aparent mass activity of the 15 wt % AuCNT catalyst as measured in 0.5 M
KOH with air sparging was approx. 35 mA per mg Au at -0.6 V vs. Ag/AgCl compared
to the aparent mass activity of the 15 wt% PtCNT catalysts which was 25 mA per mg Pt
at -0.6 V vs. Ag/AgCl.

This apparent mass activity for AuCNT was about 1.5 times

greater than for the PtCNT sample at -0.6 V vs Ag/AgCl. The apparent mass activities of
the samples were equivalent at -0.4 V vs Ag/AgCl.
Electrochemical methanol oxidation reaction (MOR) mass activity for 15 wt %
PtCNT and 15 wt % AuCNT samples were measured at room temperature in 0.5 M KOH
with 0.5 M MeOH with the powders adhered to a glassy carbon rotating disc electrode
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(Figure 6-4).

PtCNTs

AuCNTs

Figure 6-4: MOR curves for CNT-supported Pt and Au catalysts in 0.5 M KOH and 0.5 MeOH
at room temperature (normalized to Pt or Au mass), showing a higher reactivity for the 15 wt %
PtCNT sample.

Figure 6-4 shows that the PtCNT sample had significantly higher MOR activity
compared to the AuCNT sample. This large difference in MeOH oxidation activity will
allow for oxidation selectivity at a PtCNT electrode in a mixed-fuel planar fuel cell.
The resistances of the PtCNT and AuCNT samples were investigated using 4-point DC
I-V measurement (Figure 6-5).
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Figure 6-5: IV results from 4-point probe measurments. Unmodified CNTs (U-CNTs - red),
PtCNTs (blue), AuCNTs (black).

The conductivity of the samples was calculated, using Equation 3-1, by finding R from
the slope of their corresponding IV measurment in Figure 6-5. The cross-sectional areas
of conduction were determined from profilometry scans and the height and width of the
mat are shown in Table 6-1.
Table 6-1: Sample geometry, resistance and conductivity.

Unmodified CNTs

PtCNTs

AuCNTs

Sample length (cm)

0.75

0.75

0.75

Sample height (nm)

2000

6000

4000

Sample width (µm)

2000

1200

1200

Resistance (Ω)

34

18

31

Conductivity (S cm-1)

545

581

508
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The samples’ conductivities were all similar, ~550 S cm-1.

The metal-nanoparticle

functionalization is a non-covalent means of functionalization and therefore it was
expected to see minimal if any change in resistance of the samples as the metal loading
was low enough not to cause percolation of the metal phase.
Next, a two-dimensional fuel cell was created using CNT electrode patterning
with MCE membranes (Figure 6-6). The AuCNTs acted as the cathode and the PtCNTs
acted as the anode in the fuel cell due their specific reactivities towards ORR or MOR as
shown earlier. Cyclic voltammetry was performed on the cell with and without MeOH in
basic electrolyte (Figure 6-7).

Figure 6-6: Schematic of the 2D fuel cell showing the anodic and cathodic reactions when using
KOH and MeOH.
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A

B

Figure 6-7: (A) CV response of 2D array with 0.5 M KOH (no response for a dry array). (B) CV
response of 2D array with the introduction of 0.5 M KOH + 0.5 M MeOH.

The open circuit voltage (OCV) of the cell was tested as a function of time (Figure 6-8)
and the cell was found to be sensitive to oxygen exposure.

Figure 6-8: OCV as a function of time. The arrows represent a finite introduction of oxygen to
the surface of the cell.

The array’s electrolyte and fuel, which is deliverd to the system in a drop of liquid at 0 s,
contained a finite amount of some oxygen. As oxygen in the electrolyte drop was
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reduced, the cell’s performace declined rapidly. When oxygen was reintroduced (dashed
arrows in Figure 6-8), via a pluse of air flowing over the surface of the sample, the OCV
increased. It is promising that the array had a rapid response to exteoxygen introduction
as it provides evidence that reactions are occurring at the electrodes. The stability of the
cell’s performance when intitially provided with a large amount of oxygen was observed
by introducing an air-sparged drop of electrolyte with methanol to the array (Figure 6-9).

Figure 6-9: OCV as a function of time. The arrow represent the introduction of a preoxygenated fuel source containing 0.5 M KOH + 0.5 M MeOH (air-sparged). The array is shown
to provide a stable OCV of 0.31 V.

The introduction of pre-oxygenated electrolyte and fuel was shown to stablize the cell’s
performance and decrease its dependance on the oxygen in the surrounding environment.
When using an air-sparged fuel source, a stable OCV of 0.31 V was recorded for a time
period for over 1 min. It is obvious that this type of cell design is oxygen limited,
therefore sufficient aeration of the electrolyte is desired.
A polarization curve for the planar array fuel cell is shown in Figure 6-10.
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Figure 6-10: Polarization curve for the 2D planar array.

This mixed reactant fed fuel cell show low power due to the small cell size and relatively
non-selective catalysts. However, the cell performance does indicate that this type of cell
design has merit in terms of a creating a geometry that is advantageous for fabrication of
planar 2D electrochemical arrays.

6.3. Conclusions
This mixed reactant fed fuel cell provides evidence that the production of future
planar fuel cells is possible. The catalysts used in this work were not sufficiently selective
to provide high power outputs. This 2D fuel cell provided a maximum power produced
of 0.05 mW cm-1.
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6.4. Future Work
Further work to increase performance will be to incorporate more selective anode
and cathode catalysts. Testing the active surface area and using different electrylyte/fuel
misxtures may also help performance. It is also of interest to apply the patterning
methods outlined in Chapter 4 to creating these devices. It may be possible to pattern
MCE membranes using a lithography process. A short analysis of patterning for 2D fuel
cells using an MCE membrane coupled with a lithography process was performed and it
is believed to be possible with future investigation.
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Chapter 7

Conclusions

This work has shown the effects of diazonium covalent functionalization on the
electrical and electrochemical properties of bulk CNT films. In this work, it was shown
that various properties of a CNT sample could be modulated thorugh means of chemical
functionalization including: bandgap, electrochemical ET, electrical conductivity,
catalytic activity, and control of the geometrical placement of CNTs from suspension.
The electrochemical kinetics of diazonium functionalized CNTs were
dramatically affected. An anodic/cathodic peak separation of 0.46 V for purified CNTs
was found to increase to 1.13 V upon functionalization. The electrical conductivity of
functionalized samples decreased from 545 S cm-1 to 134 S cm-1 and 77 S cm-1 for
unmodified CNTs, BrCNTs, and NO2CNTs respectively. Defined patterns of three, five,
and eight bilayers of CNT/PDADMAC were found to have conductivities ranging from
30 - 130 S cm-1 for the hybrid structures. CNTs functionalized with AuNP and PtNP
were found to have conductivities comparable to that measured for unmodified CNTs of
~550 S cm-1. Two-dimensional electrodes (2DE) of the Pt/Au CNTs were created on top
of glass substrates using a MCE cut and paste technique. The 2DE’s were shown to be an
effective catalyst for creating a membraneless, passive, mixed-fuel, two-dimensional fuel
cell. A stable OCV current of 0.31 V and maximum power produced of 0.05 mW cm-1.
was recorded.
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Future work on these systems and techniques may allow us to precisely control
the electrical and electrochemical properties of CNTs. A future circuit comprised of
resistors, transistors, as well as other electrical and electrochemical devices, may be
composed of bulk CNT thin films as explored in this work. These CNT circuits may
alow for the creation of future portable power devices, which rely on renewable and
abundant energy sources such as hydrogen.
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