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Abstract

Several novel synthesis approaches target to precisely control the nano-structures of
electric organic polymers have been studied and these methods can afford to yield
nanostructured electric organic polymers, (i) conducting polymer nanoclips by using
reactive template method, 1e., “oxidative template” approach; (ii) conducting
polymer/transition metal nanocomposites by “seeding approach”. Usually conducting
polymers like polyaniline, polypyrrole, poly-3, 4-ethylenedioxythiophene (PEDOT) are
oxidative polymerized by corresponding monomers using (NH4),S,03 (APS) as the oxidant.
It is of technological importance to construct “oxidative template” by oxidant APS and
surfactant chemical to form nano-precipitation templates which can confine the lattice
oriented growth while offering oxidization property for further polymerization. Furthermore,
after examining the oxidation potential of different reaction media, i.e., metal salts’ aqueous
electrolyte solutions, it is found a novel, facile, one-step and seed-assisted oxidative
polymerization reactions can help produce one dimensional conducting polymer with
decoration of transitional metal nanoparticles.

Microwave irradiation approach ‘“Poptube” has been emerged as a novel approach and
used as a robust tool to promote ultrafast carbon nanotube (CNT) growth by using
conducting polymer as heating source and metallocene as precursors. This solid state

microwave reaction of great engineering importance, does not require any additional inert

ii



gas protection while can yield only CNTs growth at room temperature in air with only

15-30 seconds.
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Chapter 1.

INTRODUCTION and LITERATURE REVIEW

1.1. Introduction

The early definition of nano-scale materials is originated from ancient Greek prefix
“nano-” which means one-billionth. Nanometer is described as one-billionth of one meter.
People start to realize “There’s Plenty of Room at the Bottom” by 1959 under the scientific
prediction of Dr. Richard P. Feynman, a “virtual design” of an instrumentation that would
allow the writing of small image on a tiny pinhead, which has already been achieved by
1984 after the invention of first scanning probe microscope.

In recent advances and development of materials science and engineering, great
attentions and endeavors have been devoted to the concept of “nanomaterials”, i.e., new
materials with ultra small dimensions lead to the novel properties like ultra precise catalytic
behaviors and enhanced functionalities. As is motivated by the emerging superior
performances of nanomaterials to its bulk counterpart, e.g. electrical, mechanical, catalytic
and optical, current nanomaterials based research are centered with the processing and
fabrication of various substances that structured within 1 to 100 nm size range by chemical
and physical methods. Due to the quantum effects such as finite size effect, quantum effect
and filler-size effect, etc., the miniaturized metallic, carbon allotrope and electric organic

polymer materials as nano-building blocks have potential to strategically control crystal



defects, band gap, energy states and surface behavior. In historical aspect, the transition has
been seen over last three decades that the production of electric materials, such as
conducting polymers, carbon allotrope and metal particles, from the originally as-discovered
bulky features under micrometer scale to ultra-small textures in the nanoscale regime. newly
These emerged nanostructures of these conventional materials with novel properties and
functions have undebatably initiated greater and greater technological advances in science,
engineering and technology, which benefit human society in many aspects, such as medical
science, electrical industry, civil engineering, etc. !

Considerable development of metallic nanocrystal, semiconducting inorganic
nanomaterials and magnetic nanoparticles have lead to the exciting industrialization of
metallic based nanomaterials production, which have being advanced the current chemical
and environmental engineering in much deeper and broader level. However, the exploration
of electric organic polymer materials, appears comparatively not as satisfactory as the other
materials. Actually past industry development experience has already foreseen that polymer
nanomaterials can afford to serve as a much broader platform with a variety of advantages
over all other materials, e.g., wide accessibility, ease of process, high surface area and band
gap tunability which will lead to advanced functionalities. '

Among all synthetic polymer nanomaterials, conducting polymers have become the
leading actor ever since the discovery of high conductivity polyacetylene in 1976. Chemist
Hideki Shirakawa, physicist Alan J. Heeger and chemist Alan G MacDiarmid, discovered in

1976 that oxidation of acetylene by iodine results in a 10°



Figure 1.1. Nobel laureates: Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa

(Year 2000)

fold increment in polyacetylene conductivity. Iodine doped polyacetylene is able to reach
the conductivity of silver, which is one of the best readily available conductor. Based on this
revolutionary discovery, the three were awarded the Nobel Prize in Chemistry in 2000 and

therefore open new doors to the exploration of electric organic polymers development.
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Figure 1.2.  Applications of conducting polymer nanomaterials'



There is a number of conducting polymers, from which, this dissertation has selected
and focused on three major members, namely, polyaniline (PANI), polypyrrole (PPy),
poly-3, 4-ethylenedioxythiophene (PEDOT). The generic synthetic approach has been
adopted is chemical oxidation polymerization, extensive research have been conducted on
the physical and chemical properties with precisely engineered on molecular and atomic
dimensions. They are able to serve as nano-building blocks for new generation chemical and
biological sensors, due to the inherent reversible doping-dedoping mechanism, leading to the
particular transition of conductivities, colors and specific capacitance. Newly emerging
sensors, in forms of PANI nanofiber, PPy nanotube and PEDOT nanfiber, etc. have fallen
into the category of humidity sensor,” gas senor,” enzymatic sensor’ and toxic chemical

5
noses.

1.2. Objectives

The goal of this dissertation targets on the main synthesis strategies and
characterization approaches of (i) nanostructured conducting polymer nanoclips including
polyaniline, polypyrrole, poly-3, 4-ethylenedioxythiophene (PEDOT) nanoclips; (ii) green
nano approach to polypyrrole nanofibers; (iii) nanostructured polymer-transition metallic
fiber nanocomposites by polypyrrole and a number of transition metals: Pt, Au, Ag and Cu;
meanwhile introducing the recently established novel approach of (iv) microwave initiated

ultrafast carbon nanotube growth, in great details.



1.3. Chapter Arrangement

This dissertation consists of six chapters. Chapter 1 is the introduction of the topic
background, objectives and literature review about electric conducting nanomaterials
including conducting polymer nanoclips, nanofibers and conducting polymer/transition
metal nanocomposites and carbon nanotubes that grown from microwave chemistry.
Chapters 2 to 4, introduce and explain in details about four projects: (i) “oxidative template
assembly” approach to nanostructured conducting polymer nanoclips including polyaniline,
polypyrrole, poly-3, 4-ethylenedioxythiophene (PEDOT) nanoclips; (ii) green nano
approach to polypyrrole nanofibers; (iii) nanostructured polymer-transition metallic fiber
composites by polypyrrole and a number of transition metals: Pt, Au, Ag and Cu; (iv)
microwave initiated ultrafast carbon nanotube growth. Each chapter includes introduction,
experimental, results and discussion, and conclusion parts. Chapter 5 is the conclusions and

future works.

1.4. Literature Review
1.4.1. Nanostructured conducting polymers
Conducting polymers, such as polyaniline, polypyrrole,
poly(3,4-ethylenedioxythiophene (PEDOT), and polythiophene etc., have drawn many new

technological applications, e.g., organic light-emitting devices,® rechargeable batteries, '’

11-13 14-16

electrochromic displays, plastic electronic circuits. These polymers are commonly

prepared by chemical oxidative polymerization of the monomer (aniline, pyrrole, etc.) in

17,18

aqueous solution containing an oxidant such as ammonium peroxydisulfate. The reaction

belongs to a class of precipitation polymerization reactions, where the bulk of the polymer



precipitates out of the aqueous phase over a very short period of time. This results in the
polymers having anirregular-shaped particulate morphology.'’"

We have recently described the synthesis of bulk quantities of nanostructured
conducting polymers in one step, directly from the monomer with control of bulk nanoscale
polymer morphologies. The techniques include “nanofiber seeding” and “sacrificial template”
approaches to synthesize nanofiber and nanotubes of conducting polymers. Nanofiber
seeding method provides precise control of the morphology of the product, e.g., we can
synthesize bulk quantities of nanofibers of polyaniline,19 polypyrrole,20 poly-(3.,4-ethylene
dioxythiophene) (PEDOT),” etc., in one step without requiring large organic dopants,
surfactants, and/or bulk quantities of insoluble templates.Seeding a conventional chemical
oxidative polymerization of the monomers with even very small amounts of nanofiber seeds
(usually <1%) dramatically changes the morphology of the resulting doped conducting
polymers powders from non-fibrillar (particulate) to almost exclusively nanofibers. As to the
sacrificial template method,® V,Os sol-gel nanofibers were used as the template toward
synthesis of conducting polypyrrole nanotubes. In this process, stoichiometric amount of

V,0s sol-gel nanofibers were used to guide the growth of polypyrrole as coating on the

template, which will be removed by post-synthesis step, such as rinse with 1M HCL

1.4.2. Microwave initiated ultrafast carbon nanotube growth

Carbon materials have a long history ever since human started using charcoal.
Nanocarbons are a group of carbon materials with one of the dimensions less than 100 nm.
The discovery of novel nanocarbon materials, including fullerene, carbon nanotubes (CNT),

single layer graphene (SLG) sheet and other nanocarbons has greatly stimulated the interest



of scientists and engineers in carbon materials during the last two decades. As a rapidly
growing class of soft electronic materials, different synthetic approaches were applied to
nano-sized carbon fibers using pitch-based precursors,”and tubular structured nanocarbons
using inorganic templates.”* Among different type of nanocarbons, the fullerene family has
received the most attentions.

Graphene is now the rising star in this family. Especially after the announcement of the
Nobel Prize in physics in year 2010, SLG sheet made from scotch tape approach has become
the center focus in nanocarbon malterialls,25 which was one of the strongest materials ever
tested as of 2009.%° SLG also possesses even better thermal and electrical conductivities than
CNTs, because of the unique flat structures. There are many different ways to produce SLG
such as drawing method,” epitaxial growth on silicon carbide,”’ and graphite oxide
reduction.”® However, the research in this SLG is still in its early stage.

Comparing to SLG, CNT has already been developed for the last two decades, since lijima
discovered multi-walled CNTs, a new class of allotrope of carbon.”’ CNT related research
has been one of the most popular fields, due to the superior mechanical, thermal and
electrical properties. CNT has demonstrated a wide selection of applications in composite
materials,”® smart structures,”’ chemical sensors,’ energy storage’ and nano-electronic
devices.>® There are three major techniques to produce CNTs, including arc-discharge,”
laser ablation®® and chemical vapor deposition (CVD)*’. These techniques normally require
vacuum or inert gas protection, high temperature and/or high atmospheric pressure. Among
the three, CVD has the most derivatives such as the conventional thermal CVD, microwave
plasma assisted CVD (MPCVD), and Plasma-Enhanced CVD (PECVD). The sophisticated

procedures and instruments needed for CNT production make the cost of as-produced CNT



remains high. In addition, the poor solubility/dispersibility is another factor that limits the

application of CNT.*®

1.4.2.1. Microwave Chemistry

Microwaves are defined as electromagnetic waves with wavelengths ranging from 1 mm
to 1 m, or frequencies between 0.3 GHz and 300 GHz. Microwave heating has been widely
recognized and used for industrial, scientific and medical purposes, since it possesses higher
energy efficiency comparing to conventional thermal heating. The most popular frequencies
for microwave ovens are 0.915 GHz, 2.45 GHz, and 5.8 GHz, etc., out of which 2.45 GHz
(corresponds to a wavelength of 12.24 cm) is available worldwide, to avoid interference

with wireless communications and cell phone frequencies.

1.4.2.2 Microwave Heating Insulators

When microwave irradiation is applied to materials, a corresponding electric field interacts
with these materials, and various responses may take place, depending upon the electrical
conductivity and the nature of the materials. For an insulator, electrons do not move easily,
but electronic reorientation or distortions of induced or permanent dipoles can cause heating
of the materials.”® For example, in most of our daily applications in households and the
research laboratories, the microwave is used to heat the insulators, such as the water
molecules in food, or organic solvents and reagent molecules, which are called dielectric
heating. Water molecule is a typical example with permanent dipoles due to its
asymmetrical molecular structure. If there is no external electric field, the dipoles in water

molecules are randomly oriented, and the net macroscopic polarization vector is zero.”” The



dipoles of water molecules will align with the field in the presence of a static electric field,
and the macroscopic polarization vector is maximized. These dipoles of the water molecules
can rotate, but these rotationsare against a friction force. As the frequency of the electric
field increases, e.g., 2.45 GHz for microwave, the dipoles are undergoing a rapid switching
electric field, which results in rearrangements of the molecular dipoles in the field and quick
rotations of the molecules, but not precisely following the alternating field.*>*' As the water
molecules rotate, they bump other molecules in the food to make them move randomly. The
process is similar to frictional heating caused by collisions of molecules and atoms. The
same thing happened to the organic synthesis, due to the similarity of water to many other

organic solvents and reagents in terms of polarity and insulation.

1.4.2.3 Microwave Heating Conductors

The microwave and conductor interaction is more complicated. In a conductor,
electrons will move with much more freedom in the materials comparing to an insulator in
the presence of the external electric field. The moving electrons, or the current flow through
the conductors, will generate heat in material through resistive heating, if the material is not
a superconductor.™

Meanwhile, there are several parameters that affect the microwave heating of
conductors. Electronic conductivity is one of the most important factors in metallic and
semiconducting materials.”” Experimental data demonstrated that the materials with
moderate conductivity (10°~10Qem) heat more efficiently than insulating or highly

39,42,43

conducting materials. Dimension is another important factor. For a thick metallic

conductor, the microwave irradiation can be reflected in most of the cases due to the skin



effects, while the thin conductors have a lot less reflection than the thick ones, since the skin

depth is larger than the dimension of the sample, thickness or diameter etc.**

1.4.2.4 Microwave Chemistry in Nanomaterials

There is a wide selection of techniques to produce nanomaterials, such as

45,46 4748

self-assembly, ~electro-spinning for nanofibers and nanotubes, electro-spraying for
nanoparticles, templated growth using track-etched membranes,’ surfactants,'® polymers”'
and zeolites’>.Some of the reactions can be carried out at room temperature, but some of
those need to be performed under elevated temperatures to initiate the reactions, which can
be achieved by conventional volumetric heating, or microwave heating. The conventional
volumetric heating was suffering with target-less, low efficient heat transfer from the
heating sources to the reagents. However, microwave irradiation is working on each of the
individual molecules, and providing more homogeneous but selective heating process.

A variety of nanomaterials with different morphologies have been synthesized through

54,55 44
nanotubes,

microwave heating approach, such as nalnorods,53 nanowires, nanofibers,
nanosheets™® and nanoparticles.’’” The function of the microwave irradiation in these
processes is mainly to initiate dielectric heating of the reaction media. For example, Zhu et
alhas successfully demonstrated tellurium nanorods can be synthesized using ionic liquid or
water as the solvent.”’Nanorods, nanoparticles or nanowires may be produced depending on
different experimental conditions, e.g.,different solvents, reaction periods, and temperatures.
And Gerbecet al reported microwave dielectric heating can be used to enhance the rate of

nanoparticle formation, the quality of the product and the size distributions, through a

. 60
selection of solvents, such asoctadecene and decane.
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1.4.2.5 Microwave Initiated Synthesis of Nanocarbon Materials

The production of nanostructured carbon materials often requires high temperature,®"%
high pressure® and high current®*density processes, or in another words, it is an energy
intensive process. The process temperature can be as high as 800-900°C®" in a thermal CVD
approach, when producing sea urchin-like nanocarbons. Sometimes even higher temperature
(> 1000°C**)can be used to produce iron filled nanocarbon spheres. In HiPCo and arc
discharge approaches to single walled carbon nanotubes, high pressure® and high current
density® are always required. As a common practice, at this level of energy intensity, inert
gas protection is always a must to prevent carbon elements being oxidized by the harsh
experimental conditions. It’s not very usual to see nanocarbon production under standard
condition for temperature (20°C) and pressure (101.325 KPa, 1 atm), which is defined by
National Institute of Standards and Technology (US).Due to its uniqueness of the heating
process, microwave offers the opportunity to initiate the nanocarbonization process at room
temperature, in the air with atmospheric pressure. Since microwave chemistry in dielectric
heating to produce organic compounds®® and inorganic nanomaterials®’ has been extensively
reviewed and discussed, we will focus more in the studies about microwave initiated
carbonization process by irradiating conducting materials, instead of insulating materials.
Although the methodologies in this direction are still under investigation, with much fewer
published reports, there is great opportunity and potential in leading to newly designed

advanced materials, and novel manufacturing systems.
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Chp. 2 Oxidative Template for Making Conducting Polymer Nanoclips

2.1. Introduction

Nanostructured conducting polymers have attracted considerable attention due to their
unique chemical, physical properties and potential applications as building blocks of
nanoelectronic devices. A variety of approaches have been employed to synthesize
nanostructured conducting polymers, including templated polymerization', interfacial
polymerization®, and seeding polymerization” ®. However, most reports highlight strategies
to synthesize 0-D or 1-D nanostructures (nanospheres, wires), with very few on higher order
dimensional nanostructures, such as 2-D"® or even 3-D nanostructures, which can be readily
applied in the fabrication of electronic devices’. This paper describes the synthesis of 2-D
conducting polymer nanoclips using oxidative templates composed of cetrimonium cations
and peroxydisulfate anions, (CTA),S,0Og, that has potential for use as a “universal” template
for all major classes of conducting polymers that are synthesized by precipitation
polymerization.

We describe a facile, one-step, general “oxidative template assembly” (OTA) approach
to synthesize bulk quantities of electronic conducting polymers such as polyaniline (PANI),
polypyrrole (PPy) and poly (3, 4-ethylenedioxythiophene) (PEDOT), having an unusual
nanoclip-like morphology. The morphology is orchestrated by an insoluble complex formed

between an anionic oxidant (S,0s>) and a cationic surfactant. The as-produced conducting
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polymers possess 2-dimensional (2-D) nanostructures instead of granular structures without
the templates. This OTA approach could be used to control the morphologies and allows
large scale production of conducting polymers or other precipitation polymerization systems,

e.g., sol-gel technique for metal oxides.

2.2. Experimental

2.2.1. Synthesis of Conductive Polypyrrole Nanoclips

In a typical experiment, 0.01 M cetrimonium bromide ((C;sH33)N(CHj3)3Br) (CTAB) is
dispersed in 60 mL 1M HCI under ice bath. After being magnetically stirred 10 min, 0.03 M
ammonium peroxydisulfate (APS) was added into the above solution and keep stirring for
10 min resulting in reactive template in the form of white precipitates. All solutions are
cooled to 0-3 °C. Pyrrole (0.12 M) was added into the as-prepared reactive template solution,
self-assembly was conducted at 0-3 °C for 24 hrs, the resulting black precipitate of
polypyrrole was suction filtered, washed with copious amounts of aq. 1 M HCI (3 x 100 mL)
and acetone (3 x 100 mL) and dried under freeze dry for 12 hrs. The yield of polypyrrole

nanoclips powder was ~130 mg.

2.2.2. Synthesis of Conductive Polyaniline Nanoclips
In a typical experiment, 0.01 M cetrimonium bromide ((C;sH33)N(CHj3)3Br) (CTAB) is
dispersed in 60 mL 1M HCI under ice bath. After being magnetically stirred 10 min, 0.03 M
ammonium peroxydisulfate (APS) was added into the above solution and keep stirring for
10 min resulting in reactive template in the form of white precipitates. All solutions are

cooled to 0-3 °C. aniline (0.09 M) was added into the as-prepared reactive template solution,
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self-assembly was conducted at 0-3 °C for 24 hrs, the resulting dark green precipitate of
polyaniline was suction filtered, washed with copious amounts of ag. 1 M HCI (3 x 100 mL)
and acetone (3 x 100 mL) and dried under freeze dry for 12 hrs. The yield of polyaniline

nanoclips powder was ~100 mg.

2.2.3. Synthesis of Conductive PEDOT Nanoclips

In a typical experiment, 0.01 M cetrimonium bromide ((C;sH33)N(CHj3)3Br) (CTAB) is
dispersed in 60 mL 1M HCI under ice bath. After being magnetically stirred 10 min, 0.03 M
ammonium peroxydisulfate (APS) was added into the above solution and keep stirring for
10 min resulting in reactive template in the form of white precipitates. All solutions are
cooled to 0-3 °C. EDOT (0.08 M) was added into the as-prepared reactive template solution,
self-assembly was conducted at 0-3 °C for 100 hrs, the resulting naval blue precipitate of
PEDOT was suction filtered, washed with copious amounts of aqg. 1 M HCI (3 x 100 mL)
and acetone (3 x 100 mL) and dried under freeze dry for 12 hrs. The yield of PEDOT

nanoclips powder was ~80 mg.

2.2.4. Microwave synthesis of nanocarbons from conductive polymer nanoclips

30 mg as-synthesized conductiong polymer nanoclips were placed in glass vials and then
heated in a conventional microwave oven for 6 min, with 3min continuous heating and 1min
interval. There was sharp sparking associated with light flame which appeared on
conductive polymer nanoclips surface. Microwave heating is associated with 55-60% weight

loss in polypyrrole, which is attributed to the loss of backbone nitrogen atoms and dopant
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ions (Cl-). The elemental composition of carbon (by elemental analysis) has increased upon

microwave heating.

2.2.5. Four probe conductivity measurements

The bulk electrical conductivity of the conducting polymer nanoclips was measured by
a linear four probe measurement setup described elsewhere (Scheme S1).! The conducting
polymer powder was pressed at 3500 psi in a mode to rectangular thin film, and the four
probes were connected to Agilent Technologies 34980A multifunctional switch/measure
unit. The conductivity ¢ (S/cm) is the reciprocal of electrical resistivity and can be expressed
as:

o= !
RXA

R is the electrical resistance of a uniform specimen of the material (€2), can be directly read

from the Agilent system; [ is the distance between the inner two probes (cm); A is the

Length (L) Height (H)

Width (W)

=
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Scheme 2.1. Four probe conductivity measurements
cross-sectional area of the specimen (cm?®). In our test, the parameters for the polypyrrole
(PPy) nanoclips sample were: width: 0.2 cm, length: 0.52 cm, thickness: 0.06 cm, resistance
from Agilent system: 15.0Q. The calculated conductivity is 2.89 S/cm.
Please see the experimental data for the conductivity of the conducting polymer

nanoclips vs. conventional conducting polymers as control:

Table 2.1: Four probe conductivity (S/cm)

Conventional samples Nanoclips
PANLHCI | 2.50 2.15
PPy.Cl 3.28 2.89
PEDOT.CI | 4.23 4.35
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2.3. Results and Discussion
The SEM images of the PPy powders obtained above shows a homogeneous nanoclip

morphology with average diameter in the range 50-70 nm (Figure 1B), which is to be

Figure 2.1. SEM images of (A) granular polypyrrole.Cl (scale bar: 200 nm); (B)
polypyrrole.Cl nanoclips (scale bar 1 pum, Inset: digital picture of paper clips); (C)

polyaniline.HCI nanoclips (scale bar: 1 um); and (D) PEDOT.CI nanoclips (scale bar: 1 um).

contrasted with the granular morphology observed in the absence of CTAB (Figure 2.1A).
The OTA method is general and can be used to synthesize other conducting polymers. For
example, PANI and PEDOT are synthesized using a very similar procedure. In the case of
PEDOT, a longer reaction time is needed presumably because of the larger monomer size and
hydrophobic nature of EDOT, which slows the diffusion into the CTAB/APS template

complex.
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Major classes of conducting polymer powders possess nanoclips morphology (Figure
2.1C, D), with diameter of ~100 nm for PANI, and ~200 nm for PEDOT respectively. The
difference in diameters could be explained by the varied size of each individual polymer chain,
and the packing patterns of different polymers. The nanoclips are analytically pure and highly
conducting, e.g., the elemental analysis of PPy nanoclips has the following composition C:
54.63; H: 4.41; N: 14.71; O: 13.00; Cl: 12.27; Br: 0.89; Total: 99.91. It is consistent with the
chemical composition of (PPy)(CTAB)o01(Cl)o33(H20)075. Although there is trace level
surfactant residue in the as-produced polymer, the doping level is 33%, which is consistent
with previously published studies’.

Four-probe pressed-pellet DC conductivities of the conducting polymer nanoclips are in
the range of 2-5 S/cm, which is three orders of magnitude higher than the previous reportlo.
Spectroscopically, the nanoclips of the conducting polymers are essentially identical to the
corresponding granular conventional polymers.

However, there is a significant difference in the capacitance values. Based on Cyclic
Voltammetry (CV) study, the specific capacitance values were calculated based on
established method'', and found to be 190 F/g for PPy.Cl nanoclips compared to 35 F/g for
granular PPy.Cl. We believe this finding could play an important role in the development of
next-generation energy storage devices.

These nanoclips can also be wused as precursors for microwave initiated
nano-carbonization'?. In a standardized procedure, 30 mg as-synthesized nanoclips are placed

in a glass vial and then heated in a conventional microwave oven, in ambient air, for 5-6 min.

23



Transmittance (%)

Continuous sparks appear on polymer nanoclips surface owing to the strong absorption of

microwave irradiation by conducting polymers. The vials become red hot during the
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Figure 2.2. (A) SEM image of microwave heated polypyrrole.Cl (scale bar: 300 nm); and (B)
TGA of polypyrrole.Cl nanoclips before (a) and after (b) microwave heating.
microwave heating, and the polymer will lose heteroatoms, dopants, etc., from the polymer
backbone to produce carbon powder that has retained its nanoclip morphology. The elemental
analysis shows that the carbon content increases from 55% to ~80% after microwave heating
for 6 min. TGA data (Figure 2.2B) shows a surprisingly large enhancement of the thermal
stability after microwave heating, e.g., whereas PPy.Cl nanoclips decompose completely at

~600°C, nanocarbon clips are very stable with <5% weight loss.
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Figure 2.3. FTIR of conventional polypyrrole (left) and polypyrrole nanoclips (right).
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Figure 2.5. FTIR of conventional PANI (left) and PANI nanoclips (right).

The exact mechanism of the micelle packing and leading to the final polymer
assembly remain unclear at this point, although a possible rationale is proposed. Based on

the XPS investigation of the reactive template, the surface composition of sulphur and
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Figure 2.6. Charge/discharge capacity plot of PPy.Cl nanoclips and granules in the
range of -0.5V~0.5V (vs. SCE) in aq. 1.0M NaCl electrolyte. Charge (green),
discharge (blue) cycles for PPy nanoclips and charge (black), discharge (red) cycles

for conventional (granular) PPy.CL

nitrogen is found to be 2.5% and 1.1%, which represents 1:2 ratio of peroxydisulfate anions
and cetrimonium cations. It is consistent to the chemical structure of (CTA),S,Og3. We
believe the lamellar micelles are present and are composed of folded, twin-tailed complex of
(CTA)2S:05 1n the aq. 1M HCI system (Scheme 1), whose formation is favored by high
ionic strength of the reaction medium and its affinity to the hydrophilic head group of the
complex. Such a finding is different from the previously reported linear structure obtained in
a magnetically stirred system using deionized water as reaction medium®. The template

structure was also discussed elsewhere using distilled water as reaction medium and the
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reaction mixture was magnetically stirred as well’, which yielded different polymer
morphologies and relatively low conductivity. The aq. HCI system used in our study has the

advantage of (i) promoting higher conductivity of final polymer products; (ii) leading to
different assembly mechanism due to enhanced ionic strength, thereby orienting style of the
micelles; (iii) protonating amine groups to induce positive charges to the monomers’. The
positively charged monomers will preferably migrate to the interface between the complex
micelles and aq. HCI medium, where the oxidation of the monomers will occur. Due to the
excess amount of oxidant used, the template will remain intact until all free oxidants are
consumed, i.e., the template will eventually be broken by consumption of the S,Os> ions,

which bridges the cetrimonium ions.
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Figure 2.7. (A) lamellar structure of the (CTA),S,0Os complex micelle, and (B)
individual (CTA),S,0s complex with protonated monomer. Red: Oxygen; Yellow:

Sulphur; Blue: Nitrogen; Grey: Carbon; White: Hydrogen.
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2.4. Conclusions

We demonstrated for the first time the success of OTA approach for preparation of 2-D
nanostructure of electronic conducting polymers. Described for the first time are the
following: (1) the use of oxidative template as a “universal method” to synthesize in one step,
bulk quantity nanoclips of all major classes of conducting polymers, including PANI, PPy
and PEDOT, (ii) a convenient method to produce precursors for carbon nanoclips with
enhanced thermal stability after microwave heating, and (iii) a folded twin-tailed model for

(CTA)»S,05 complex, which lead to lamellar packing and the nanoclips formation.
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Chp. 3 Green Nano Approach to Nanostructured Polypyrrole

3.1. Introduction

Nanostructured conducting polymers have become a multidisciplinary research area and
it has been under continuous investigation ever since 1970s. This trend has been extended
for over three decades. Among the conducting polymer family, Polypyrrole (PPy) has been
distinguished as one of the major conducting polymers and possesses a broad band of
applications in sensors, functional coating, energy storage and optical devices, due to its
unique properties, such as easy preparation, tunable conductivity, reversible redox property,
environmental stability and biocompatibility.”® A variety of synthetic techniques have been
developed towards PPy nanostructures, which can be used as building blocks of
nanoelectronic devices. The major synthetic techniques include templated polymerization,’
interfacial polymerization,10 and seeding polymerization.11 PPy is typically synthesized by
chemical oxidative polymerization of pyrrole in dilute acids as reaction media and
ammonium peroxydisulfate (APS, (NH4)»S,0s), as the oxidant. This chemical oxidative
polymerization of pyrrole in aqueous 1M HCI yields black granular powders of PPy-Cl.
Although APS is pretty popular in PPy synthesis, other oxidants including FeCls, KIOs3,
K,Cr,05, are also employed in  the oxidative polymerization reactions of pyrrole.'?

Several attempts have been made recently to synthesize conducting polymers with milder

and greener oxidant, such as acetic acid/noble metal system,'> HCI/NaCl/H,O5 system'* and
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enzyme/H,0, system,””, aiming to develop greener, milder or even “catalyst-free”
approaches. In this study, we report a green approach using two different catalysts
respectively: V,0s nanofiber seeds and ferrous chloride (FeCl,), along with the green
oxidant H,O,. There are several major advantages of using H,O, over APS in pyrrole
polymerization, namely, (i) H>O; is a green oxidant since by-product of the reaction is just
water, which can be directly recycled without post-purification processes, (ii) different
combinations of H,O, with the catalysts will offer varied oxidative powers, which can help
to understand the formation mechanisms of nanostructured conducting polymers.

In a typical synthesis, PPy nanofibers was obtained by adding catalytic amount (~2 mg)
of V,0s5 nanofiber seeds into 50 mL DI water, in which 0.5 mL pyrrole has been
pre-dispersed. There is no color change observed until the introduction of 5 mL H,O,,
indicating V,0Os seeds itself is not capable of oxidizing the pyrrole monomer; meanwhile,
H,0 itself is also considered too weak to oxidize the pyrrole monomers in H,O, this can be
evidenced by experimental observation that there is no color change at room temperature
with the addition of H,O; into pyrrole/H,O mixture. The polymerization is initiated by
adding H,O, to the pyrrole/V,0s/H,O system, and after 12 hrs reaction, the dark
precipitation of PPy was filtered and washed with copious amounts of DI water (3 x 100 mL)
and acetone (3 x 100 mL). The powder was then freeze-dried for another 12 hrs, yielding
~100 mg of PPy nanofibers. We believe that the V,0Os nanofiber seeds played key roles in
not only controlling the morphology by the seeding effect,'' but also serving as the catalyst

to promote the oxidation of H,O,, which could be called ‘“catalytic seeding” effect.
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3.2. Experimental
3.2.1. Green Synthesis of Conductive Polypyrrole Nanofibers

In a typical synthesis, PPy nanofibers was obtained by adding catalytic amount (~2 mg)
of V,0s5 seeds into 50 mL DI water, in which 0.5 mL pyrrole has been pre-dispersed. After
the addition of 5 mL H,O,, the polymerization was initiated and lasted for 12 hrs. The dark
precipitation of polypyrrole was filtered and washed with copious amounts of DI water (3 x
100 mL) and acetone (3 x 100 mL). The powder was then freeze-dried for 12 hrs, yielding

~100 mg of PPy nanofibers.

3.2.2. Green Synthesis of Conductive Polypyrrole Nanospheres

In a typical experiment, polypyrrole nanospheres can be synthesized by first adding 0.1 g
ferrous chloride (FeCl,) to 60 mL DI water, where 1 mL pyrrole has been pre-dispersed. After
the addition of 5 mL H,0, to the pyrrole/FeCl,/H,O mixture, pyrrole polymerization was
initiated and lasted for 12 hrs. The dark precipitated polypyrrole was filtered and washed with
copious amounts of DI water (3 x 100 mL) and acetone (3 x 100 mL). The powder was then

freeze-dried for 12 hrs, yielding ~100 mg of PPy nanospheres.

3.2.3. Potential-time Profiling Characterization of in-situ Polymerization Process

The reaction mixture was setup for potential-time profiling using previously established
procedure 1.2 (Pt wire electrode, saturated calomel electrode (SCE) reference). The potential
was monitored continuously with time starting from the very beginning of the

polymerization.
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3.2.4. Particle Size measurement of the as-prepared polypyrrole nanospheres

The particle sizes of the as-prepared nanospheres were measured by a NICOMP 380
ZLS Particle Sizer in the dispersions of two different surfactants: dioctyl sulfosuccinate
sodium (AOT) or Triton X-100 (TX-100). A typical testing process is described as follows:
a certain amount of surfactant was added into 50 mL distilled water (0.10g for AOT, 0.50g
for TX-100), which was stirred continuously at 80°C, until the surfactant was fully dissolved
and the solution became transparent. Desired amount of polypyrrole nanospheres (e.g.
0.005g, 0.010g) were added into the as-prepared surfactant solution at 60°C and stirred for
around 10 min. And then the dispersions were placed in water bath and ultrasonicated for 30
min. Finally, the obtained dispersions with known concentrations were added to the test cell

of NICOMP 380 ZLS Particle Sizer and their particle sizes were measured subsequently.

3.3. Results and Discussion

The scanning electron microscopy (SEM) image of this dark PPy powder showed that
the as-prepared PPy is composed of predominantly nanofibers having diameters in the range
of 80-100 nm (Fig. 1B). It is noteworthy that changing the reaction medium from DI water
to HCI will lead to the change of the initial PPy nanofibers into irregular shaped granules

(Fig. 1A). To investigate the “solvent effect”
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Figure 3.1. (A, C) SEM image of PPy granules and potential-time profile of pyrrole
polymerization using V,0s/H,O0,/HCI system; (B, D) SEM image of PPy nanofibers
and potential-time profile of pyrrole polymerization using V>0s/ H,O,/H,O system.

Scale bar: 2 pm

in these two systems, potential-time profiling was carried out to understand the reaction
kinetics and thermodynamics.” It is found that the initial potential of V,0s/H,O mixture was
0.53 V, upon adding pyrrole, the potential dropped to 0.27 V in a very short period of time,
and stabilized around 0.25 V (Fig. 1D). The V,0s/H,O/PPy solution was basically in light

yellowish color due to the intrinsic color of V,0s. The solution turned into opaque after
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Figure 3.2. (A, C) SEM image of PPy granules and potential-time profile of pyrrole
polymerization using FeClL,/H,O,/HCl system; and (B, D) SEM image of PPy
nanospheres and potential-time profile of pyrrole polymerization using FeCl,/H,0,/H,O

system. Scale bar: 2 um

introducing the oxidant H,O,, and the potential increased to 0.51 V to initiate the pyrrole
polymerization (Fig. 1D). In a control experiment, the potential of pyrrole/HCI aqueous

solution was found to be 0.37 V, upon adding V,0s, the potential rose rapidly up to 0.74V
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and dropped back to 0.3 V within 50 seconds. The V,0Os/HCl/PPy mixture was in light
yellowish color and turned into opaque immediately after introducing H,O,, and the
potential stabilized at 0.36 V to oxidize the pyrrole monomers (Fig. 1C). Since V,0Os
nanofiber seeds can be dissolved in HCI to form VO," ions,"' one can consider that the
combination of solid state V,0s and H,O, in DI water gives a higher potential than the
combination of VO," ion and H,O, in HCl. And the survival of V,0s seeds in DI water
helped the fibrillar growth of PPy."'

If the catalyst is replaced by FeCl,, nanospheres of PPy were obtained instead of
nano-fibrillar morphology when V,0s nanofiber seeds were used. Similar synthetic
approach was carried out by adding 0.1 g FeCl, to 60 mL DI water, where 1 mL of pyrrole
has already been pre-dispersed. After the addition of H>O; to the pyrrole/FeCl,/H,O mixture,
pyrrole polymerization was initiated. The dark precipitated PPy is filtered and washed with
copious amounts of DI water (3 x 100 mL) and acetone (3 x 100 mL) after 12 hrs reactions.
The powder was then freeze-dried for another 12 hrs, yielding ~100 mg of PPy nanospheres.

Very interestingly, the as-prepared PPy is composed of predominantly nanospheres
with ~400 nm in diameter (Fig. 2B). It is notable that the nanosphere morphology will be
changed to irregular shaped granules once the reaction medium is switched from DI water to
HCI (Fig. 2A). The potential-time profiling was again applied to compare these two systems.
The pyrrole/FeCl,/H,O mixture was transparent, light-green coloured solution, with an
initial potential of ~0 V, which turned into opaque right after the introduction of H,O», and
the potential increased from 0 V to 0.53 V. During the polymerization of pyrrole, a potential
plateau was formed and lasted for about 1 hr, and then the potential dropped to ~0.23 V,

indicating the completion of polymerization (Fig. 2D).>* However, if IM aq. HCI was used
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instead of DI water, the initial potential of PPy/HCIl/FeCl, mixture was found to be 0.16 V
(Fig. 2C). Upon adding H,O,, the potential rose up to 0.35V and dropped back to ~0.1 V
gradually afterwards, which has relatively lower potential than the DI water system, and no
plateau was formed. Although it was not clear what would be the driving force for the

formation of nanospheres vs. granules in these two different reaction systems, we do believe
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Figure 3.3. Dynamic light scattering test for particle size distribution of PPy
nanospheres dispersed in (A) AOT surfactant and (B) Triton X-100 surfactant.

Concentrations from a-e: 0.1, 0.2, 0.6, 1, and 2 g/L.

that the protonation of pyrrole monomers, and strong ionic strength in 1M aq. HCl medium
could make pyrrole monomers very hydrophilic, comparing to their more hydrophobic
nature in DI water system. The surface tension between the hydrophobic pyrrole monomer
droplet and DI water could help to form micelle-like structures,'® and play a key role in the
formation of nanospheres. In addition, the values of the oxidative potentials of the

polymerization system could also affect the nanostructure formation of PPy.
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The dispersibility of the as-prepared PPy nanosphere is of special interest in
nanoelectronic device fabrication. Dynamic light scattering (DLS) was used to evaluate the
stability and processibility of the nanospheres dispersed in different types of surfactants.
Non-ionic surfactant Triton-X 100 (TX-100), and anionic surfactant dioctyl sodium
sulfosuccinate (AOT) were selected to disperse the PPy nanospheres, since they are
inexpensive and widely used in different fields of application. After dispersing the PPy
nanospheres in aq. solutions of these two surfactants, DLS measurements were carried out to
test these nanosphere dispersions with a series of different concentrations, and the resulting
particle size distributions are shown in Fig. 3.3.

PPy nanospheres with five different concentrations from 0.1 g/L to 2 g/L were prepared
by using ultra-sonication bath. The DLS particle size of the dispersions revealed narrower
distribution curves for AOT surfactant, in the range of 450 to 1000 nm, comparing to TX-100
system, which is in the range of 400 to 1120 nm. It could be explained by the ionic vs.
non-ionic nature of these two surfactants. Nanospheres, stabilized by the dioctyl
sulfosuccinate anions, will repel each other to prevent the formation of agglomerates, due to
the same negative surface charges. However, it will be easier to form agglomerate since there
is no charge on TX-100 surfactants to generate a repelling force between nanospheres.

According to the DLS results for the particle size distribution of the PPy nanosphere, we
could readily disperse the as-prepared nanospheres in aqueous surfactant solutions, forming
stable dispersions with high sample loads. And this result indicates the great potential of using
the nanospheres to fabricate the next generation nanoelectronic devices in the ease of its
dispersion form. For example, spin-coating of this PPy nanosphere dispersion to make

conducting films, anti-static layers or transparent electrode for applications such as anti-static
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coatings or electroluminescent lamps. These nanofibers and nanosphere structures can also be
. e . . 17 . . . .
used as precursors for microwave initiated nanocarbonization, * which is a rapid and facile

approach to convert conducting polymer nanostructures to nanocarbons.

3.4. Conclusions

In summary, we demonstrated for the first time: (i) a “green-nano” approach for one-step
synthesis of bulk quantities of PPy nanofibers and nanospheres using different catalysts, i.e.,
V1,05 nanofibers and FeCly; (ii) a convenient method to achieve the goal of morphological
control of PPy nanostructures by simply changing reaction media, e.g., IM HCI to DI water;
and (iii) the potential-time profiling technique was adopted in this “green-nano” approach
for PPy system, which could provide insights for probing the mechanism of the

nanostructure formation.
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Chp. 4 Seeding Approach to Metal Nanoparticles Decorated Conducting

Polymer Nanofiber Network

4.1. Introduction

A novel metal displacement reaction occurred between “synthetic metals” (conducting
polymers) and different metals salt aqueous electrolytes, namely noble metals: gold (Au),
platinum (Pt), and transition metals: silver (Ag), and copper (Cu) by inviting “nanofiber
seeding”’ approach to synthesize, in one step, bulk quantities of Au, Pt, Ag or Cu
nanoparticles decorated conducting polymer nanofiber network. Pyrrole was seeded by
vanadium pentoxide (V,0s) sol-gel nanofibers® and polymerized under different metal salt
aqueous solutions, such as AuCl, HAuCly;-3H,0, PtCl,, PtCL, AgCl and CuCl,. The
implementation of V,0s nanofiber seeds in the metal salt solutions can afford to drastically
change the morphology of the as-produced polypyrrole (PPy) from irregular shaped granules
to almost exclusively nanofibers. The formation of these PPy Nanofiber-Noble Metal
Nanoparticle (PNNMN) composites can be attributed to the seeding effect of V,Os which
could promote the formation of one dimensional conducting polymer nanofiber growth. The
polymerization induction stage, monitored by open circuit potential, was discovered to play a
critical role in determining the morphology of the as-precipitated polymers.” Due to the
seeding and catalytic dual functions, V,0s nanofibers can be defined as catalytic seeds, which
not only involves in orchestrating the nanofiber formation of polymer nanostructure as a
seeding agent, but also able to exhibit the catalytic capability by raising the overall oxidative

potential in metal salts with relatively low oxidation potentials, such as Pt(II)Cl, and CuCl,.
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Organic/inorganic hybrid nanomaterials span a broadband of researches and
applications, ranging from novel synthesis, such as polymer and metal nanofiber
composites,‘"5 ultrathin free-standing films of metal oxide-polymer composite,6 unique
functional nanodevices, e.g., mesoporous separation membranes of polymer-coated copper
hydroxide nanostrands,’ to highly advanced biological sensors® and chemical sensors.®’
Among those, dispersed nanostructured noble metals, e.g., both Au and Pt exhibit excellent
properties in magnetism,'® plasma resonance,'' and catalysis.'>"> On the other hand,
nanostructured conducting polymers such as PPy nanofibers,’ nanotubes'* and
nanoclips, possess both superior electronic and mechanical properties,'® which make them
ideal candidates for the fabrication of next-generation nano-electronic devices. Meanwhile,
Continuous endeavours have been devoted to polypyrrole/silver or copper based
nanocomposites due to the ubiquitous applications in chemical sensing,’ surface enhanced
Raman scattering,® and catalysis,” anisotropic silver and polypyrrole nanocomposites can
offer; whilst nanostructured copper can be electrodeposited and directly immobilized on
deeply reduced polypyrrole to form nanocomposite film,' it can also be electrochemically
incorporated with polypyrrole film and been used for application of modification of glassy
carbon electrode for advanced chemical sensor fabrication.''

There are a number of endeavours to immobilize the nanostructured noble metal
nanoparticles onto conducting polymers matrix, i.e., the utilization of ionic liquid for PPy/Au
and PPy/Ag nanocomposites;'’ the use of poly(vinyl pyrrolidone) (PVP) to achieve PPy/Au
core-shell nanostructure by interfacial polymerization.'® Furthermore, conducting polymer
precursors, such as polyaniline,'® polypyrrole'* and polythiophene nanotubes® were utilized

as templates to form coaxial nanocables with encapsulated Co, Ag and Au nanostructures.
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Porous aluminium oxide was reported as a hard template to assist the formation of Au-capped,
protein-modified polypyrrole nanowire through electrochemical polymerization.* However
the simultaneous control of both morphologies of conducting polymers and transition metals
remains a challenge. Our previous discovery of seeding polymerization technique, among the
myriad of others, can offer a facile, and one-step approach to achieve concurrent control of
both morphologies of conducting polymer and transition metals, without the assistance of any
other templates or capping agents. In this seeding approach, catalytic amount of nanofibrillar
V205 (1-2 mg) serves as the “seed”, which could not only direct the formation of PPy
nanofibers, but also promote the polymerization process by oxidizing pyrrole monomer into
its nanofibril oligomer form.”> As the reactive seeds, the V,05 nanofibers will react with
pyrrole monomers as the transition metal ions do.' And the nanofibrillar oligomers, formed
due to the reaction between pyrrole monomers and V,0s nanofibers will further react with the
transition metal ions and reduce them to noble metal nanocrystals. This type of reaction can be
considered as a novel metal displacement reaction, since the redox reaction is taken place
between the synthetic metal (PPy) and its oligomers, and the noble metal ions, which possess
high oxidation potential.

In a typical synthesis, 1-2 mg of V,0s nanofibers were introduced to 50 mL of aqueous
noble metal salt solutions, i.e., AuCl, HAuCly:3H,0, PtCl,, PtCly, AgCl and CuCl,. Pyrrole
monomers were then added into the mixture to initiate the polymerization reaction, after 15
min magnetic stirring. Polymerization reaction will last for 24 hrs and then followed by
filtration and purification steps. Potential-time profiling was monitored, providing real time
monitoring for the oxidative potential change of the reaction mixture, throughout the

polymerization process. Since pyrrole monomer can be polymerized by the noble metal salt
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ions solely, and as an example, granular PPy was obtained from the oxidation of pyrrole
monomer using PtCl, without V,0s nanofibers. While with the addition of catalytic amount of
V,0s nanofibers as reactive seeds, the as-produced PNNMN composites powders exhibit
homogeneous nanofibrillar network, on which noble metal nanoparticles were deposited. The
diameter of the PPy nanofibers in these PNNMN composites is in the range of15-30 nm, and
the size of nanoparticles of the Au or Pt is around 80-100 nm. Spectroscopically, the PPy
nanofibers in the composites are similar to the previously published work."” Elemental
analysis of these composites was carried out by Energy-dispersive X-ray spectroscopy (EDX),
which indicates the loading ratio of noble metals is in the range of 35-55 wt.%, depending on
different types of metals and the initial concentrations of their cations. These EDX data are
also consistent with our Thermogravimetric Analysis (TGA) tests of the nanocomposites. It is
to be noted that the PPy nanofibers were shortened in the TEM image, which is probably due

to the ultrasonication step during the sample preparation process.

4.2. Experimental

4.2.1. Synthesis of polypyrrole (PPy) and noble metal nanocomposites

In a typical synthesis, 1-2 mg of V,0s sol-gel nanofibers were slowly added into the
noble metal salt solutions under magnetic stirring. After the addition of V,0s, 0.1mL of
pyrrole monomer was added to the reaction media in a 60-second period. The solution color
was spontaneously darkened and turned into black with the formation and dispersion of
black precipitates of PPy. The reaction solution was magnetically stirred for 24 hours for the
completion of polymerization and a better homogenous noble metal nanoparticles

distribution into PPy nanofibers. The resulting black precipitate of polypyrrole was suction
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filtered, washed with copious amounts of aq. 1M HCI (3x100mL) and acetone (3x100mL)
and freeze dried for 12h. The yield of nanocomposites powder was ~50-100 mg depending

on different types of metal salts.

4.2.2. Synthesis of polypyrrole (PPy) and transition metal (Ag, Cu) nanocomposites

In each typical seeding experiment, 1mL of V,Os sol-gel was prepared and slowly
introduced into well-dispersed (0.005M; 0.1M; 0.2M) solutions of AgNO;3; or CuCl, in DI
water, under vigorous magnetic stirring for one minute. ImL of pyrrole monomer was then
added to the reaction. The color of the solution then gradually darkened indicates the
formation and dispersion of PPy precipitates, which is a typicallytake place during oxidation
polymerization of polypyrrole. A further stirring time period of 24 hours has been given in
order to obtain a homogenous metal nanoparticle dispersed onto polypyrrole nanofibers. The
final precipitates wereeventually suction filtered and washed with copious amounts of DI
water (3x100mL) and acetone (3x100mL), respectively. The damp precipitates were allowed
to air dry for overnight.The yield of nanocomposites powder was ~35-90 mg caused by

different metal salt concentrations.

4.2.3. TEM sample preparation of PPy Nanofiber-Nobel Metal Nanoparticle
Composites (PNNMN)

In a typical process, 5 mg of the as-synthesized PNNMN composite was weighted and
dispersed in 10 mL ethanol with bath sonication for 20 minutes. The resultant dispersion

was drop casted onto the copper grid and dried for TEM characterization.
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4.2.4. Potential-time profiling characterization of in-situ polymerization process

The reaction mixture was characterized by potential-time profiling using established
methods, ' (Pt wire electrode, saturated calomel electrode (SCE) reference). The electrode
configuration was immersed into the reaction solution before starting the polymerization
reaction. Each reactant required for the polymerization process was added following the
sequence of metal salts, V,0s, and finally pyrrole monomer. 10 minutes’ interval was
allowed between the additions of each reactant, which would give better indication about the
potential change according to the potential-time profiling curve. The potential of the reaction
solution was monitored and recorded from the beginning of each individual polymerization
experiment and the corresponding control experiment without the addition of V,Os

nanofibers.

4.2.5. Electrochemical tests for PPy-Pt and PPy-Au catalysts

The electrochemical behaviors of PPy-Pt and PPy-Au catalysts were measured by
Cyclic Voltammetry (CV) at room temperature in a three-electrode cell using Arbin
electrochemical instrument (Arbin-010 MITS Pro 4-BT 2000). Bare graphite rod was used
as counter electrode; PPy (control), PPy-noble metal nanocomposites (1-2 mg) and
nanocarbon-noble metal nanocomposites (1-2 mg) were uniformly decorated on the tip of
the graphite rod electrode with carbon colloids paste to fabricate three types of working
electrode, respectively. Saturated Calomel Electrode (SCE) was used as the reference
electrode. Tests were conducted by cycling the potential between -0.8V to 0.4V vs. SCE in

IM aq. KOH solution, 5 vol.% of CH3OH. The scan rate was set at 20mV/s.
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The discharge capacity of the PPy-Pt catalysts was measured by modifying the graphite
electrode with these catalysts and subjecting the modified electrode to CV test in the same
three-electrode cell configuration. Pt wire was used as the counter electrode and Ag/AgCl
electrode was used as the reference. The CV characteristic of the modified electrode was
measured in 1M KCI solution with a cyclic range of -0.8V-0.8V at a scan rate of 50 mV/s.
The discharge capacity of the PPy-Pt catalysts was measured simultaneously as the CV

characteristic of the modified electrode was recorded.

4.2.6. Microwave synthesis of Nanocarbon-Noble Metal Nanoparticle (NCNMN)
composites from PPy Nanofiber-Noble Metal Nanoparticle (PNNMN) composites

50 mg of the as-synthesized nanocomposite material were placed in a glass vial and
then irradiated in a conventional microwave oven, under ambient condition for 5-6 min.
Sparks were observed at nanocomposite surfaces during microwave heating. It is found from
the field emission scanning electronic microscopy (FE-SEM) that the morphology of

NCNMN is consistent with its microwave precursor PNNMN.

4.2.7. Cyclic Voltammetry Measurement of PPy-Ag/G and C-Ag/G Electrodes

The cyclic voltammetry measurement (CV) was performed on the BT 2000 testing
system (Arbins’ Instrument). A conventional three electrode cell was constructed to conduct
the CV measurement. A PPy-Ag/G or C-Ag/G electrode was used as the working electrode,
while a platinum wire was used as the counter and Ag/AgCl as the reference. The CV
measurement was performed in 10 mM phosphate buffer solution (PBS) with a cyclic range

from -0.8-0.2 V and a scan rate of 20 mV/s. PBS solution without and with the existence of
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H,0; at various concentrations (0-3.0 mM) was subject to the CV measurement, and the

corresponding electrode responses were recorded subsequently.

4.2.8. Amperometric Measurement of PPy-Ag/G and C-Ag/G Electrodes

The BT 2000 testing system connected with a conventional three electrode cell was
utilized to perform the amperometric measurement. A PPy-Ag/G or C-Ag/G electrode was
used as the working electrode while a platinum wire was used as the counter and Ag/AgCl
as the reference. The cell voltage was kept at -0.45 V and 20 minutes’ stabilized time was
allowed at the beginning of each amperometric measurement. The measurements were
performed in 10 mM PBS solution under constant stirring and H>O, with different
concentrations were successively injected into the testing solution at an increment of 0.1
mM (0.1-1.6 mM). The electrode response was taken as the difference between the

steady-state and background current.

4.3. Results and Discussion

The initial oxidation potentials of both AuCl and HAuCls.3H,O solution are around 0.9V,
which are ready to polymerize pyrrole monomer to PPy granules. With the addition of V,0s
nanofibers, there is not much enhancement for the existing potentials of Au cations, but the
morphology of PPy is changed from irregular granules to homogeneous nanofibers. As a
result, Au cations were reduced to corresponding metal nanoparticles. Regarding to PtCl, and
PtCls systems, the situation is different. The initial potentials of PtCl, and PtCl, are around
0.3V and 0.6V respectively. The addition of V,0s will enhance both the oxidation potentials
(Figure 4.2 C, D) by about 0.1V for PtCl, system and 0.005V for PtCly system, which could

assist the polymerization process. Thus it could be concluded that V,0Os nanofibers could
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direct the formation of the nanofibrillar morphology, possibly due to its oxidizing ability of
pyrrole to the formation of nanofibriller oligomers.' As a comparison, the sequence of adding

reagents can be exchanged and further prove that the addition of V,0s nanofibers at the early

Figure 4.1. SEM images: (A) PPy granules oxidized by PtCl, without V,Os seeds; (B)

PPy/Au nanofiber composites from V,0s/pyrrole/ AuCl system; (C) PPy/Pt nanofiber
composites from V,0s/pyrrole/PtCl, system; and (D) TEM image of PPy/Pt nanofiber

composites from V,0s/pyrrole/PtCly, scale bar: 500 nm.
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state not only provide sufficient oxidation potential but also orchestrate the nano-fibrillar
growth of polypyrrole.

From the SEM and HRTEM images of these PPy-Ag and PPy-Cu nanocomposites in Fig
4.3, the diameter of PPy is in the range of 50 to 80 nm (Figure 4.3A and 4.3C), and the
HRTEM images (Figure 4.3B and 4.3D) reveal that the Ag and Cu have been dispersed and
encapsulated within the PPy sheath.Energy-dispersive X-ray spectroscopy (EDX) has been
conducted to provide the elemental analysis of these composites, it is found that the loading
ratio of silver and copper nanoparticles in PPy is in the range of 40-50wt.% (Table 1), which
varies with different types of metals and the initial concentrations of each cations.

It is found that other than the main seeding role V,0Os usually played in noble metal
solution systems,'™ the solution oxidation potential of copper or silver aqueous solutions can
be actually enhanced well pass the oxidation threshold to expedite oxidation of pyrrole with
just catalytic amount of V,0s nanofibers. In-situ monitoring of the polymerization reactions
by Open Circuit Potential (OCP) measurement reveals the oxidation profiles throughout the
polymerization process.In fact, the oxidation potentials of AgNO3 and CuCl, solutions are in
the range of 0.225 V to 0.300 V, which is impotent to initiate the pyrrole polymerization in
an acceptable time manner.'> However, V,0s nanofibers can play as a critical enhancer, to
promote the solution oxidation potential right above 0.450 V, which accelerate the pyrrole
polymerization in a big way. Meanwhile, the as-synthesized PPy has homogeneous

nanofibrillar morphology, due to the seeding effect of the V,0Os nanofibers.
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Figure 4.3. SEM images of: (A) PPy/Ag nanofiber composites from

V,0s/pyrrole/AgNO;  (0.02M); (C) PPy/Cu nanofiber composites from
V,0s/pyrrole/CuCl, (0.02M); and TEM images of: (B) PPy/Ag nanofiber
composites from V,0s/pyrrole/AgNO3 (0.02M); (D) PPy/Cu nanofiber composites

from V,0s/pyrrole/CuCl; (0.02M). Scale bar: 500 nm
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different reagent addition
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These PNNMN composites can be applied as precursors for microwave-assisted
nanocarbonization, resulting in nanocarbon-noble metal composites.”> Aiming to initiate
nano-carbonization, the PPy/noble metal nanocomposites were processed by a standardized
microwave heating procedure: 50 mg of the as-synthesized nanocomposite material were

placed in a glass vial and then irradiated in a conventional microwave oven, under ambient

sequences:

2M);  (¢)

(a) AgNOs3/V,0s/pyrrole (0.02M);

CuCly/V,0s/pyrrole
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condition for 5-6 min. Sparks were observed on the surfaces of the nanocomposites, which
became red hot as an indication of very high temperature.”As a result, the PPy nanofiber
network will lose the heteroatoms of the polymer backbones and be converted to carbon
nanofiber network.” It is also worthy of noting that variation of oxidation potentials offered
by different metal ions will affect final products’ conductivity,* which is directly associated
with its microwave activity. For example, the nanocarbon-Pt composite made from the
PPy/Pt precursor using microwave heating, did not show significant difference in the FTIR
spectra (Figure 4.7) comparing to the original precursor. The low oxidative potential of
PtCl, system may yield PPy with lower conductivity, which results in incomplete

nanocarbonization of PPy. This is consistent with the FTIR spectra.
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Figure 4.5. Polypyrrole-noble metal nanofiber composites (before and after

microwave) SEM images from: (a) V,Os/pyrrole/AuCl system before microwave;
(b) V,0s/pyrrole/AuCl system after microwave; (c) V,Os/pyrrole/HAuCl, system
before microwave; and (d) V,Os/pyrrole/HAuCly system after microwave, scale

bar: 500 nm.
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Figure 4.6. Polypyrrole-noble metal nanofiber composites (before and after

microwave) SEM images from: (a) V,Os/pyrrole/PtCl, system before microwave;
(b) V10s/pyrrole/PtCl, system after microwave; (c) V,Os/pyrrole/PtCl, system
before microwave; and (d) V,Os/pyrrole/PtCl, system after microwave, scale bar:

500 nm.
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Figure 4.7. Thermogravimetric Analysis (TGA) of (A) PPy-Au nanofiber composites
(V20s/pyrrole/AuCl system) before (red) and after (black) microwave heating and (B)
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microwave heating. Heating rate: 10°C/min, under N, flow.
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Figure 4.8. FTIR of (A) PPy-Au nanocomposites from V,Os/pyrrole/AuCl system,
before (black) and after (red) microwave heating; (B) PPy-Au nanocomposites from
V,0s/pyrrole/HAuCly system before (black) and after (red) microwave heating; (C)
PPy-Pt nanocomposites from V,Os/pyrrole/PtCl, system before (black) and after (red)
microwave heating; (D) PPy-Pt nanocomposites from V,0s/pyrrole/PtCly system before

(black) and after (red) microwave heating
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Table 4.1. EDX data of the nanocomposites made in noble metal systems

Systems C N [0) Cl \ Au/Pt Total
V,0s/Pyrrole/AuCl 34.98 9.93 4.96 0.69 -0.10 49.54 100
0.005M
V,0s/Pyrrole/AuCl 36.59 9.17 5.44 0.97 -0.17 47.99 100
0.01M
V,0s/Pyrrole/AuCl 30.26 8.69 4.03 1.80 0.07 55.14 100
0.02M
V,0s/Pyrrole/HAuCl, 43.42 14.50 5.08 2.00 0.16 34.83 100
0.005M
V,0s/Pyrrole/HAuCl, 39.26 10.09 2.89 2.35 0.24 45.17 100
0.01M
V,0s/Pyrrole/HAuCl, 43.45 9.05 4.92 4.48 -0.02 38.14 100
0.02M
V,0s/Pyrrole/PtCl, 32.44 6.73 10.78 8.61 6.22 35.21 100
0.005M
V,0s/Pyrrole/PtCl, 29.42 5.91 9.10 11.07 2.75 41.76 100
0.01M
V,0s/Pyrrole/PtCl, 27.79 4.96 5.28 12.86 0.93 48.18 100
0.02M
V,0s/Pyrrole/PtCly 34.39 6.37 7.19 9.37 0.18 42.50 100
0.005M
V,0s/Pyrrole/PtCly 38.24 5.38 5.45 9.06 0.20 41.68 100
0.01M
V,0s/Pyrrole/PtCly 33.34 9.16 5.31 9.99 0.20 41.99 100
0.02M

We believe this discovery of the novel metal displacement reactions and the consequent
process with microwave will play an important role in the development of nano-structured
polymer/carbon-noble metal nanoparticles composites, which can be used as next-generation
catalyst materials and energy storage devices, such as fuel cell membranes. Nanoparticles of
Au and Pt exhibit high specific area of active surfaces, and therefore will improve the catalytic
efficiency, which in general, offers promising insights to make low-loading catalyst
systems.” In return, these systems will be attractive for fuel cell applications due to lowering
of the cost.”> Moreover, nanofibrillar network composed of conducting PPy will make an
efficient supporting layer for the noble metal catalysts, largely due to the ease of the electron

transfer between the noble metals and the “synthetic metals”, which would enhance the
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catalytic properties and stability of the nanocomposites by reducing conduction energy loss.>
Upon microwave treatment, PNNMN composites will be converted into nanocarbon-noble
metal composites, which possesses better thermal and electrochemical stability,” and this
conversion may enhance the overall catalytic performance of the noble metal nanoparticles.
In order to test our hypothesis, methanol (MeOH) sensing was examined using these
as-synthesized nanocomposites through a cyclic voltammetry (CV) technique. Graphite rod
was used as the bare working electrode (BWE); PPy (control), PNNMN composites and
nanocarbon-noble metal nanocomposites (1-2 mg) were uniformly decorated on the tip of the
graphite rod electrode with carbon colloids paste to fabricate three types of working
electrodes, respectively. The CV measurements were conducted in 1M aq. KOH solution,
with 5 vol.% of MeOH. Another bare graphite rod was used as counter electrode and
Saturated Calomel Electrode (SCE) was used as reference electrode. As shown in Figure 3,
the BWE and PPy decorated BWE have no oxidative peaks of MeOH, while the PPy-Pt
nanocomposites decorated BWE have characteristic peaks for MeOH oxidation, e.g., the peak
at the forward cycle (-0.082V) represents the oxidation of MeOH, and the second oxidation
peak at the reverse cycle (-0.301V) indicates the oxidation of CO. The positions of these

oxidation peaks are consistent to the previous reports.*® Interestingly, after the conversion of
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Figur 4.11. Cyclic voltammograms: Black: bare graphite electrode; Green: PPy
nanofiber on graphite electrode; Blue: PPy nanofiber-Pt nanoparticles on graphite

electrode; Red: microwave heated PPy nanofiber-Pt nanoparticles on graphite electrode.

PPy-Pt to nanocarbons-Pt using microwave, the potentials for the oxidation of MeOH and CO
shifted to more negative positions: -0.241V and -0.411V, respectively. The reduced onset
potentials could be caused by the enhanced electron donor-acceptor interactions between the
noble metal nanoparticles and the microwave-produced nanocarbon supports, which could
facilitate easier transfer of the charges within the electrodes and reduce the resistance. The
lowered resistance in the electrode will result in reduced onset potential.”’ This lowered
resistance or improved conductivity of the nanocarbon-noble metal composite could also be

evidenced by its improved discharge capacity (Figure S9), which substantially indicates
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better electron transfer efficiency of the hybrid materials, compared to the PPy
nanofiber-noble metal composite.zsln addition, the specific surface area has been increased
upon microwave heating,” which may improve the contact between the nanocarbons
supported Pt catalyst and the MeOH-KOH electrolyte solution. Improved electronic
interaction of the nanocarbon support to Pt catalyst could be another reason for the reduced
onset oxidative potential for MeOH, which may assist in the enhancement of the fuel cell
efficiency.””

Sensing of hydrogen peroxide (H,O;) has been extensively studied due to H,O, has been
established and recognized as an essential regulator of eukaryotic signal transduction, which
further function as a critical molecule during various biological process studies."
Nanostructured silvers, e.g. silver nanoparticles have long been proved to possess excellent
sensory properties towards H>O,, and have been widely utilized to fabricate varying kinds of
non-enzymatic H,O, sensors.'*'® Sensory response of the Ag NPs towards H,O, is expected
to be enhanced upon immobilizing onto the highly conductive substrates such as conducting
polymers and CNTs, possibly due to the accelerated electron transfer process on the

electrode-electrolyte interface.'” '®

Therefore, in order to investigate the sensory properties
of the as-synthesized PPy-Ag nanocomposites towards H>O,, and the possible interactions
withthe metal nanostructures, a PPy-Ag modified graphite electrode (PPy-Ag/G) was
fabricated and subject to the amperometric detection of H»O,.Figure 3A shows the
as-obtained CVs of the PPy-Ag/G electrode with different H,O, concentrations in PBS
solution. A pair of redox peaks located at 0.1 V and -0.05 V, observed according to the CVs,

which could be ascribed to the transitions of Ag’/Ag(I), and Ag(I)/Ag’, respectively."”” On

the other hand, a pair of broad anodic and cathodic waves, which center at -0.25 V and -0.45
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V accordingly, is also shown on the CVs. However, the anodic wave at -0.25 V is possibly
arisen from the oxidation of polypyrrole and the ingression of anions/expulsion of cations;
while the cathodic wave at -0.45 V could be ascribed to the reduction of polypyrrole as well

20.21 The observation that both features of

as the expulsion of anions/ingression of cations.
Ag NPs and polypyrrole are presented in the CVs thus indicating strong interaction between
the nanodeposite (Ag NPs) and the polymer support (PPy),"” possibly through the
synergistic electronic interactions between Ag NPs and the conducting polymer support.
Nonetheless, a continuous increase in the cathodic current density of the CVs could be
clearly observed with the increasing H,O, concentration, which indicates the notable
electrocatalytic activities of the PPy-Ag towards the reduction of H,O,, possibly due to the
synergistic amplification effect of the PPy-Ag interaction, along with the electrocatalytic
properties of the Ag NPs towards H,0,."” Figure 3B shows the amperometric response of
the PPy-Ag/G electrode upon successive addition of H>O,. The detection potential was set at
-0.45 V, for most of the Ag NP-based sensory materials for HO, exhibit characteristic peak
current around -0.45 V, and a relatively low over-potential could be attained for the

detection of H202.14'16

However, rapid response of the PPy-Ag/G electrode corresponding to
each addition of H,O, could be observed, as the amperometric current increases and reaches
the steady state within 5s. The electrode also shows a linear response to H,O, from 0.1-1.6
mM, with a correlation coefficient of 0.991 and a sensitivity value of 208.8 uA/mM, which
are demonstrated by the calibration curve (Figure 3B: inset). The sensitivity is sufficiently
high as it surpasses a plenty of other electroactive materials for H,O, demonstrated before."

* Thus it could be inferred from the amperometric test result that the PPy-Ag/G electrode

obtains notable sensory properties according to amperometric detection of H,O,, indicating
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considerable application potential for the PPy-Ag nanocomposite as electrode material for
the fabrication of H,O, sensors.

It has been reported that the conducting polymer-metal composite could be converted
to the nanocarbon-metal composite upon microwave irradiation.”” Thermogravimetric
Analysis (TGA) tests of the nanocomposites can further reflect the increment of carbon
concentration from the microwave heat treatment. It is noted from both the EDX and TGA
that, microwave assisted carbonization takes place and is able to increase the carbon mass
percentage approach to almost 95%, which reflects the strategy and technological ease of

direct fabricate carbon-metal nanocomposites.
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Figure 4.12. (A, C) Cyclic voltammograms (CVs) of PPy-Ag nanocomposite modified
graphite electrode (PPy-Ag/G) and C-Ag/G electrode in 10 mM PBS solution in the
absence and presence of H,O, with different concentration (from top to bottom: 0, 0.1,
0.5, 1, 1.5, 2, 2.5, 3 mM). Scan reate: 20 mV/s. (B, D) Amperometric response of
PPy-Ag/G electrode and C-Ag/G electrode upon successive addition of 0.1 mM (0.1-1.6
mM) in stirring 10 mM PBS solution. Applied potential: -0.45 V. Inset shows the
corresponding calibration curves of the electrodes in the measured H,O, concentration

range.
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Figure 4.13. Microwave heated PPy/metal nanofiber composites: (a)

AgNO3/V,0s/pyrrole (0.02M); (b) CuCly/V,0s/pyrrole(0.02M).
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Figure 4.14. FTIR for PPy nanofiber.
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Table 4.2. EDX data of the nanocomposites made in transition metal systems

Systems C N [0) A\ Ag/Cu Total

V,0s/Pyrrole/AgNO; 42.51 37.41 15.41 0.25 4.42 100
0.02M

Microwaved 85.54 0 0 1.18 13.28 100

V,0s/Pyrrole/ AgNO;

0.02M

V,0s/Pyrrole/CuCl,0.02M 38.86 34.33 19.63 5.94 1.24 100

Microwaved 73.34 0 18.75 5.82 2.09 100

V,0s5/Pyrrole/CuCl,

0.02M

The conversion of conducting polymer support to nanocarbon support is supposed to
enhance the overall performance of the nanocomposite, as nanocarbons (carbon nanotubes,
carbon nanofibers, graphenes, etc.) generally obtain higher conductivity, stability, and
processibility than conducting polymers.** In order to testify this speculation and evaluate
the effect of microwave treatment, the PPy-Ag nanocomposite was subject to microwave
irradiation with the method described previously.”> The resulting electrochemical and
sensory properties of this nanocarbon-Ag nanocomposite (C-Ag) were also measured in
comparison with the PPy-Ag nanocomposite using a C-Ag modified graphite electrode
(C-Ag/G). The as-obtained CVs for the C-Ag/G electrode in PBS with different H,O»
concentration could be viewed from Figure 3C. Compared to the ones of PPy-Ag/G
electrode, a higher current density and a clearer peak separation could be observed for the
C-Ag/G electrode, indicating accelerating electrode process of the C-Ag nanocomposite
resulting from the enhanced conductivity and specific surface area of the nanocarbon
support.” On the other hand, the amperometric response of the C-Ag/G electrode was also
enhanced substantially compared to the PPy-Ag/G electrode. However, the electrode shows
a linear response to H,O, from 0.1-1.6 mM with a correlation coefficient of 0.994 and a

sensitivity of 331.0uA/mM. Moreover, a decrease in noise could also be observed for

70



amperometric response of the C-Ag/G electrode. Nonetheless, the enhanced CV and sensory
response of the C-Ag/G electrode could be unambiguously attributed to the relative higher
conductivity and specific surface area of the nanocarbon support obtained after the
microwave treatment, which thus enhances the C-Ag interaction through accelerated
interfacial electron transfer process, similar to the case of carbon support platinum catalyst.'”
'8 The CV curve shape of C-Ag/G displays subtle changes compared with PPy-Ag, as the
redox waves corresponding to PPy could still be observed. This phenomenon thus indicates
the incomplete nanocarbon conversion upon the microwave treatment, only a small portion
of the PPy chains have undergone the conversion whereas the large portion is still

unaffected, as evidenced by the EDX analysis.

4.4. Conclusions

In summary, we have demonstrated for the first time (i) a novel concept of synthetic
metal-noble metal displacement reaction; (ii) a facile, one-step approach to PPy/noble
metal nanocomposites starting from monomer and noble metal salts; (iii) a concise
displacement reaction between transition metals and synthetic metals (PPy) mediated by
seeds V205 nanofiber and thus can afford to yield ultrathin conducting polymer-metal
nanoparticle composite films; (iv) the “nanofiber seeding” method can be extended to
make, in one step, conducting polymer nanofiber network deposited with noble metal
nanoparticles; (v) PPy/Ag nanocomposites are excellent candidate to fabricate
non-enzymatic H,O, sensors; (vi) microwave heating assisted nano-carbonization leads to
higher sensitivity could enhance the sensory properties of the nanocomposite to a

significant extent. This study thus reveals the unprecedented application potential for the
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novel nanostructured metal-polymer networks providing a number of noble pieces for
toolbox of metallic nanoparicles/polymer composite fabrication and engineering, and will
further impact on the futuristic electric composite materials structure and property

development.
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Chapter 5

Microwave Initiated Ultrafast Carbon Nanotube Growth

5.1. Introduction

Carbon nanotubes (CNT) have drawn great deal of attention ever since lijima
discovered this new class of allotrope of carbon.! Due to its extraordinary mechanical,
thermal and electrical properties, CNT has huge potential in the applications of
composite materials,” smart structures,” chemical sensors,” energy storage5 and
nano-electronic devices.® However, the challenges remain in the high cost of CNT
raw materials and the difficulty in its processing and applications. For example,
vacuum or inert gas protection, high temperature and/or high energy density are
always needed for the production of CNT, e.g., aurc—dischaurge,7 laser ablation® and
chemical vapor deposition (CVD)’ approaches, which make the cost of as-produced
CNT remains high. In addition, strong van der Waals force induced poor
solubility/dispersibility is another factor that restricts the application of CNT,
especially in reinforcing composite materials.'

As an attempt to address the challenges mentioned above, some reports discussed
to embed CNT into carbon fibers through conventional thermal heating processn, and
CVD methods '?, which can partially solve the dispersibility issue, but the reaction
setup is still costly and complicated, and the process is time-consuming and energy

inefficient due to the target-less volumetric heating.
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The production of nanostructured carbon materials often requires high
temperature,’*" high pressure*® and high current*density processes, or in another
words, it is an energy intensive process. The process temperature can be as high as
800-900°C™ in a thermal CVD approach, when producing sea urchin-like
nanocarbons. Sometimes even higher temperature (> 1000°C*") can be used to
produce iron filled nanocarbon spheres. In HiPCo and arc discharge approaches to
single walled carbon nanotubes, high pressure** and high current density*’ are always
required. As a common practice, at this level of energy intensity, inert gas protection
is always a must to prevent carbon elements being oxidized by the harsh experimental
conditions. It’s not very usual to see nanocarbon production under standard condition
for temperature (20°C) and pressure (101.325 KPa, 1 atm), which is defined by
National Institute of Standards and Technology (US). Due to its uniqueness of the
heating process, microwave offers the opportunity to initiate the nanocarbonization
process at room temperature, in the air with atmospheric pressure. Since microwave
chemistry in dielectric heating to produce organic compounds45 and inorganic
nanomaterials*® has been extensively reviewed and discussed, we will focus more in
the studies about microwave initiated carbonization process by irradiating conducting
materials, instead of insulating materials. Although the methodologies in this direction
are still under investigation, with much fewer published reports, there is great
opportunity and potential in leading to newly designed advanced materials, and novel

manufacturing systems.
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We use an affordable and scalable microwave approach for the direct growth of
CNT on a wide range of substrates, including carbon fibers, glass fibers, Kevlar, fly ash,
Kaolin, and Basalt fibers. The microwave initiated CNT growth will take only 5-15
seconds under the microwave irradiation at room temperature in the air, no need of any
inert gas protection, and additional feed stock gases, usually required in CVD approach.
To the best of our knowledge, this is the world’s record speed for CNT growth, and

probably the only approach that can be done in ambient condition.

Fig. 5.1. Microwave synthesis of nanostructured carbon from doped polypyrrole. SEM
images before (a,b,c) and after (a’,b’,c’) microwave heating. Nanospheres (a/a’),
Nanofibers (b/b’), Nanotubes (c/c’). Inset in c¢/c’: TEM images showing nanotube

with inner diameter. Scale: 100 nm.

As the skin depth is larger than the nano-dimension of the as-produced
nanostructured conducting polymers, which also possess moderate conductivity

(10%~107 Qem),* they can absorb microwave energy very efficiently without much
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of reflection. This unique combination makes the nanostructured conducting polymers
ideal precursors for rapid heating and conversion to nanocarbons. In our previous
study, we have successfully demonstrated that conducting polypyrrole can be
converted to graphitic carbon by microwave heating within 5 min.*

As shown in Figure 2, polypyrrole with granular, nanofibrillar and nanotubular
morphologies were obtained through conventional synthesis, nanofiber seeding60 and
sacrificial template®® approaches respectively. When irradiated with microwave, the
conducting polypyrrole will be converted to nanocarbons, retaining the original
morphologies of the precursors. During the microwave process, continuous sparks
were observed due to electric discharge. It is the evidence of high electric field that
has been generated by the microwave, between the tips or edges of the nanostructures.
The high electric field leads to breakdown of the dielectric, i.e., air, and also the rapid
temperature rise of the conducting polypyrrole.

Although started from room temperature, the conducting polypyrrole can be easily
heated up to 800-1000°C, or even higher, within a couple of seconds. Uniformity of
the polypyrrole precursors in their dimensions and nanoscale features made it possible
for homogeneous and fast heating, which resulted in quick nanocarbonization within a
few minutes. The as-produced nanocarbons have a carbon composition well above
90%, which is comparable with the commercial activated carbons. Zoom-in images
using high resolution transmission electron microscope (HRTEM) revealed the

amorphous nature of the conducting polypyrrole precursor (Figure 3A), while after 3
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min of microwave irradiation, graphitic carbon lattice was clearly shown (Figure 3B),

which can be the evidence of this nanocarbonization process.

Fig. 5.2. Representative HRTEM images of polypyrrole.CIl nanospheres before (A) and

after (B) microwave heating for 3 min. Scale: (A) 10 nm and (B) 5 nm.

The as-produced nanocarbons not only possess high purity, but also excellent
thermal and electrochemical stabilities comparing to their conducting polymer
precursors.Evidenced by thermogravimetric analysis (TGA) and cyclic
voltammogram (CV) study, the nanocarbon started decomposing at much higher
temperature comparing to its polypyrrole precursor, and the nanocarbon has almost no
faradaic current during the CV process, i.e., there was no oxidation and reduction
reaction took place whilesweeping the voltage.In addition to high quality nanocarbons,
this approach can be used to convert conducting polymer-noble metal composites to
nanocarbon supported noble metal composites, which possess better electrochemical

catalytic properties.
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The advantage of this microwave nanocarbonization process is obvious comparing to
the conventional heating processes, which mainly involves time-consuming
thermal/resistive heating process. Most of the thermal heating processes will take
hours' or even days to complete the carbonization step, while the efficiency is also

much lower than microwave heating.
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Scheme 5.1. Microwave initiated CNT growth on engineering materials

In a typical process, microwave Poptube precursors are prepared by decorating

315 on either stand-alone conductive materials

catalyst precursor, ferrocene,
(conducting polymers, ITO powders etc.) or conductive materials coated engineering
materials (Scheme 1). Upon microwave irradiation to the Poptube precursors, the
conductive materials will be heated to spark, arc and rapidly reach the temperature

above 1100°C,''” where the ferrocene will be decomposed to iron catalyst'® and

cyclopentadienyl, that could serve as the carbon source.
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5.2. Experimental

5.2.1. Synthesis of Conductive Polypyrrole Coated Fly Ash

In a typical experiment, 1 g fly ash is dispersed in 60 mL 1M HCI under
magnetically stirring for 10 min, pyrrole (0.24 M) was then added into the above
dispersed glass fiber/HCI mixture suspension, keep stirring for 10 min, after that 0.03
M ammonium peroxydisulfate (APS) was added into the solution mixture and keep
stirring for 4 hrs resulting in polypyrrole coated fly ash in the form of dark
precipitates. The resulting black precipitate of polypyrrole coated fly ash was suction
filtered, washed with copious amounts of ag. 1 M HCI (3 x 100 mL) and acetone (3 x
100 mL) and dried under freeze dry for 12 hrs. The yield of polypyrrole coated fly ash

was ~1200 mg.

5.2.2. Synthesis of Conductive Polypyrrole Coated Glass Fiber

In a typical experiment, 1 g fine cut glass fibers (0.25mm average length each
unit fiber) is dispersed in 60 mL 1M HCI under magnetically stirring for 10 min,
pyrrole (0.24 M) was then added into the above dispersed glass fiber/HCI mixture
suspension, keep stirring for 10 min, after that 0.03 M ammonium peroxydisulfate
(APS) was added into the solution mixture and keep stirring for 4 hrs resulting in
polypyrrole coated glass fiber in the form of dark precipitated polypyrrole coating on
glass fibers. The resulting black precipitate of polypyrrole coated glass fiber was

suction filtered, washed with copious amounts of aqg. 1 M HCI (3 x 100 mL) and
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acetone (3 x 100 mL) and dried under freeze dry for 12 hrs. The yield of polypyrrole

coated glass fiber was ~1200 mg.

5.2.3. Synthesis of Conductive Polypyrrole Coated Glass Balloon

In a typical experiment, 1 g glass balloons (25 pm average diameter each unit
balloon) is dispersed in 60 mL 1M HCI under magnetically stirring for 10 min,
pyrrole (0.24 M) was then added into the above dispersed glass balloon/HCI mixture
suspension, keep stirring for 10 min, after that 0.03 M ammonium peroxydisulfate
(APS) was added into the solution mixture and keep stirring for 4 hrs resulting in
polypyrrole coated glass balloon in the form of dark precipitated polypyrrole coating
on glass balloon. The resulting black precipitate of polypyrrole coated glass balloon
was suction filtered, washed with copious amounts of aq. 1 M HCI (3 x 100 mL) and
acetone (3 x 100 mL) and dried under freeze dry for 12 hrs. The yield of polypyrrole

coated glass balloon was ~1200 mg.

5.2.4. Solid state blending of conducting polymer coated fly ash with
ferrocene

In a typical solid state powder blending experiment, polypyrrole coated fly ash
was blended with same mass amount of ferrocene. 100 mg PPy coated fly ash was
mixed with ferrocene granules, the mixture was sealed into a 10 mL plastic vial and
rotated in speed mixer at the rotation speed of 3500 rpm for 5 min. The resulting

mixture appeared to be dark yellow colored polymer coated fly ash with ferrocene.
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5.2.5. Solid state blending of conducting polymer coated Glass Fiber with
ferrocene

In a typical solid state powder blending experiment, polypyrrole coated glass
fiber was blended with same mass amount of ferrocene. 100 mg PPy coated glass
fiber was mixed with ferrocene granules, the mixture was sealed into a 10 mL plastic
vial and rotated in speed mixer at the rotation speed of 3500 rpm for 5 min. The
resulting mixture appeared to be dark yellow colored polymer coated glass fiber with

ferrocene mixture.

5.2.6. Solid state blending of conducting polymer coated Glass Balloon with
ferrocene

In a typical solid state powder blending experiment, polypyrrole coated glass
balloon was blended with same mass amount of ferrocene. 100 mg PPy coated glass
balloon was mixed with ferrocene granules, the mixture was sealed into a 10 mL
plastic vial and rotated in speed mixer at the rotation speed of 3500 rpm for 5 min.
The resulting mixture appeared to be dark yellow colored polymer coated balloon

with ferrocene mixture.

5.2.7. Solid state blending of ITO nanopowder with ferrocene
In a typical solid state powder blending experiment, ITO nanopowder was
blended with same mass amount of ferrocene. 100 mg ITO nanopowder was mixed

with ferrocene granules, the mixture was sealed into a 10 mL plastic vial and rotated
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in speed mixer at the rotation speed of 3500 rpm for 5 min. The resulting mixture

appeared to be green-yellow colored ITO with ferrocene mixture.

5.2.8. Solid state blending of polypyrrole nanoclip with ferrocene

In a typical solid state powder blending experiment, polypyrrole nanoclip was
blended with same mass amount of ferrocene. 100 mg polypyrrole nanoclip was
mixed with ferrocene granules, the mixture was sealed into a 10 mL plastic vial and
rotated in speed mixer at the rotation speed of 3500 rpm for 5 min. The resulting

mixture appeared to be dark colored polypyrrole nanoclip with ferrocene mixture.

5.2.9. Microwave assisted of carbon nanotubes ultrafast growth from
polypyrrole coated fly ash and ferrocene mixture heating

150 mg as-spinned polypyrrole coated fly ash and ferrocene mixture were placed
in glass vials and then heated in a conventional microwave oven for 15 s. There was
sharp sparking associated with light flame which appeared on mixture sample.
Microwave heating is associated with dark smoke, which is attributed to the loss of
backbone nitrogen atoms and dopant ions (CI-). The yield product appeared to be dark

colored soft carbon materials and fly ash residuals.
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5.2.10. Microwave assisted of carbon nanotubes ultrafast growth from
polypyrrole coated glass fiber and ferrocene mixture heating

150 mg as-spinned polypyrrole coated glass fiber and ferrocene mixture were
placed in glass vials and then heated in a conventional microwave oven for 15 s.
There was sharp sparking associated with light flame which appeared on mixture
sample. Microwave heating is associated with dark smoke, which is attributed to the
loss of backbone nitrogen atoms and dopant ions (CI'). The yield product appeared to

be dark colored soft carbon materials with glass fiber residuals.

5.2.11. Microwave assisted of carbon nanotubes ultrafast growth from
polypyrrole coated glass balloon and ferrocene mixture heating

150 mg as-spinned polypyrrole coated glass balloon and ferrocene mixture were
placed in glass vials and then heated in a conventional microwave oven for 15 s.
There was sharp sparking associated with light flame which appeared on mixture
sample. Microwave heating is associated with dark smoke, which is attributed to the
loss of backbone nitrogen atoms and dopant ions (CI'). The yield product appeared to

be dark colored soft carbon materials with glass balloon residuals.

5.2.12. Microwave assisted of carbon nanotubes ultrafast growth from ITO
and ferrocene mixture heating
150 mg as-spinned ITO nanopowder and ferrocene mixture were placed in a

glass vials and then heated in a conventional microwave oven for 10 s. There was
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sharp sparking associated with light flame which appeared on mixture sample.
Microwave heating is associated with dark smoke. The yield product appeared to be

yellow colored soft materials with ITO residuals.

5.2.13. Microwave assisted of carbon nanotubes ultrafast growth from
polypyrrole clip and ferrocene mixture heating

150 mg as-spinned polypyrrole nanoclip and ferrocene mixture were placed in a
glass vials and then heated in a conventional microwave oven for 10 s. There was
sharp sparking associated with light flame which appeared on mixture sample.
Microwave heating is associated with dark smoke, which is attributed to the loss of
backbone nitrogen atoms and dopant ions (CI-). The yield product appeared to be dark

colored soft carbon materials with polypyrrole residuals

5.2.14. Fracture test sample preparation

To demonstrate the applicability of above method, carbon nanotubes were grown
on glass micrballoons (Fig. 6.1) and used as filler to strengthen the mechanical
characteristics of epoxy based conventional syntactic foam. The amino-silane
(y-aminopropyltrimethoxysilane) treated glass microballoons (XLD3000, from 3M
Corporation, USA; true density 230 kg/m3 and average diameter 30 microns) were
employed for this purpose. The carbon nanotube grown microballoons were infused
into the low viscosity epoxy (Epo-Thin, from Beuhler Inc., USA; Bisphenol-A resin

and Amine based hardener; densities 1130 kg/m’ and 961 kg/m’, respectively) to
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make a novel nanocomposite, called nano syntactic foam. To carry out the
comparative static fracture study, syntactic foam (containing 15% microballoons by
volume) and nano syntactic foam (containing equal amount of carbon nanotube grown
microballoons as in case of syntactic foam) sheets were cast separately. Cast sheets
were machined into test specimens of dimensions 76.2 mm X 22.0 mm X 8.7 mm. An
edge notch of nominal length of 4.4 mm was introduced at mid span of each specimen
using a high speed diamond impregnated circular saw. The tip of notch was sharpened

using a razor blade.

Appendix: three-point bending test
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5.3. Results and Discussion
The SEM images revealed very different morphologies of the CNTs made from

conductive
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polypyrrole.Cl powder (PPy.Cl) and ITO nanopowders (Figure 5.3). Spaghetti-like,
hollow CNTs were observed (Figure 5.3D), when conducting PPy.Cl was used as the

heating layer,

Figure 5.3. SEM images of (A) granular PPy.Cl; (B) CNTs grown on PPy.Cl granules; (C)
ITO nanopowders; and (D) CNTs grown on ITO nanopowders (scale bar: 1 um), inset: the

TEM image of an individual CNT grown on ITO nanopowders (scale bar: 100 nm)

with outer diameter in the range of 30-50 nm. However, rod-like CNTs with
bamboo-shaped inner hollow structures were obtained when ITO nanopowders were
used as the heating layer (Figure 5.3D and the inset), having outer diameter in the range

of 150-200 nm.
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CNTs were observed (Figure 5.3B), when conducting PPy.Cl was used as the
heating layer, with outer diameter in the range of 30-50 nm. However, rod-like CNTs
with bamboo-shaped inner hollow structures were obtained when ITO nanopowders

were used as the heating layer (Figure 5.3D and the inset), having outer diameter in the

range of 150-200 nm.

Figure 5.4. (A) TEM image of CNTs grown on PPy.Cl granules (scale bar: 200 nm); and
(B) HRTEM of individual CNT with trapped Fe catalyst particle (scale bar: 5 nm)

The nature of the conducting layers could play significant role in controlling the
morphology of the CNTs, e.g., the crystallinity and conductivity of the heating layers
could affect the crystallinity and dimension of the iron catalyst nanoparticles. The
multi-walled nature of the CNTs was evidenced by high resolution TEM (HRTEM,
Figure 5.4B), confirming the CNTs are composed of ~20 layers of coaxially folded

grapheme sheets.
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Besides the stand-alone conductive materials such as PPy.Cl or ITO nanopowders,
these multi-walled CNTs (MWNT) can also grow on a variety of engineering materials,
which are either pre-coated with the conductive materials or intrinsically conductive
such as carbon fibers. Actually, MWNTs were successfully grown on PPy.Cl coated fly
ash powders, glass fibers, Kevlar, Basalt fibers, commercial 3M glass microballoons
and carbon fibers through this Microwave Initiated Poptube (MIP) approach, using
ferrocene and its derivatives as the catalyst and carbon source combo (Figure 3 and
Figure S3 in supporting information). In this aspect, Poptube approach can be
considered as a “Universal” method due to the diversity of the surfaces this method can
apply.

With an attempt to see the scalability of the Poptube process, we carried out
experiments with powder and fabric materials. Conducting PPy.Cl coated fly ash and
glass fiber cloth were selected as the substrate materials. We could easily produce 10g
powder of the fly ash-CNT nanocomposites using this Poptube approach within 10
minutes in the lab (Figure 6.3A inset), and make CNT coated glass fiber fabrics with
dimension at 1 inch x 1 inch (Figure 6.3B inset), which depends on the size of the

container in the microwave oven.
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Figure 5.5. SEM images of as produced CNTs on (A) fly ash, insets: (top) zoom-in SEM
image; (bottom) digital picture of 10 g fly ash coated with CNTs; and (B) glass fiber
fabrics, inset: (top) zoom-in SEM image; (bottom) digital picture of 1 inch x 1 inch glass

fiber fabric coated with CNT (scale bar: 5 um)
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Figure 5.6. SEM images of CNT coated (A) Kevlar fiber, (B) Basalt fibers, (C)

commercial 3M glass microballoons, and (D) carbon fibers

The mechanism of the CNT growth is still unclear, although a tip-growth model
could be proposed for this Poptube process. This is confirmed by the electron
microscope images, since most of the catalyst particles are either at the tip or middle
part of the carbon nanotubes, indicating the CNT growth is following the tip-growth
mode instead of base-growth mode."’

These CNT-decorated engineering materials can be used as multifunctional
fillers into polymer matrix, or construction materials to build intelligent structures, in

order to enhance the electrical and thermal conductivity and mechanical strength. To
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demonstrate the applicability of this strategy, CNT decorated glass microballoons
(Figure 6.4 inset) were used as filler to enhance the mechanical characteristics of
epoxy based conventional syntactic foam (SF).* The CNT grown amino-silane
treated glass microballoons were infused into the low viscosity epoxy resin to make a
novel nanocomposite, called nano-syntactic foam (nano-SF). Static fracture studies
were carried out for conventional SF and nano-SF, containing 15 vol. %
undecorated/decorated microballoons respectively.

The three-point bending tests revealed an enhancement for the nano-SF in terms of
critical fracture toughness and cross head displacement at ~17.0% and ~7.5%,
respectively, compared to conventional SF. To assure the repeatability of experimental
results, three specimens of each composite were tested under identical conditions. The
results were repeatable within the error range of ~4.0%. This finding confirmed that
direct growth of CNT will assist the improvement of the mechanical characteristics
such as static toughness.

The three-point bending tests were performed at room temperature using Instron
4465 testing machine, under displacement control mode and a crosshead speed of
0.002 mm/sec was maintained during the tests. The load-displacement behavior (Fig.
2) remains linear until fracture, which proposes the failure to be brittle for syntactic as
well as nano syntactic foams. The critical fracture toughness (Kjy).r at failure was

computed using Eq. 1 [2].
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Figure 5.7. Load-displacement response for conventional SF and nano-SF. Inset:

SEM image of the CNT decorated glass microballoon, scale bar: 10 pm)

where, (K). is critical fracture toughness for mode I fracture, P, is critical load at
failure, a is notch length, B is thickness, S is span length and W is Width. The (Kj),
values for syntactic and nano syntactic foam are 2.001+ 0.050 MPaVm (at ultimate
cross head displacement of 0.554+0.024 mm) and 2.346+ 0.064 MPaVm (at ultimate
cross head displacement of 0.595+0.030 mm) respectively. The introduction of
carbon nanotube grown microballoons enhanced the critical fracture toughness and
cross head displacement at fracture by ~17.0% and ~7.5%, respectively, compared to

syntactic foam. To assure the repeatability of experimental results, three specimens of
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each composite were tested under identical conditions. The results were repeatable
within the error range of ~4.0%.

The length and the coverage density of the CNT on the conductive surfaces can
be manipulated by either multi-step growth, or the addition of small organic
molecules, such as hexane and pyridine.Multi-step growth is to repeat the PopTube
process to the as-produced CNT coated engineering materials to enhance the CNT

coverage density and length, which is confirmed by the SEM images (Fig. 5SA and

Figure 5.8. SEM images of CNT coated (A) polypyrrole coated fly ash via two step
CNT growth method, (B) polypyrrole coated fly ashvia three step CNT growth method,
(C) graphite powder and (D) graphite powder with addition of hexane(scale bar: 1um)

(Reproduced from ref. 70 with permission of RSC.)
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B).The addition of hexane or other small molecules to improve the quality and length

73,74

of CNT was reported previously using CVD approaches. " "We have confirmed that

this strategy is suitable for the microwave approach as well.

Figure 5.9. SEM images of CNTs made from polypyrrole coated

substrates with (a) nickelocene, and (b) cobaltocene precursors (scale bar:
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Besides high efficiency and low-cost, this PopTube approach can be considered
as a “universal” method, in terms of the selection of organometallic precursors and the
engineering material substrates on which CNT could grow. We have successfully
demonstrated a variety of metallocenesas the precursors and a series of engineering
materials as the substrates. As shown in Fig. 6A and B, cobaltocene and nickelocene
were also selected as precursors and yielded similar results as ferrocene did. The
substrates we have tried so far include polypyrrole coated insulating engieering
materials such as fly ash powders, glass fibers, Kevlar, Basalt fibers, Kaolin powders,
and glass microballoons, and conductive materials such as ITO, carbon fibers and
graphite powders. PopTube approach opens a new era of nanoscale engineering of
carbon materials, and will lead to significant change in future nanocarbon
manufacturing systems, or even to the nanomaterials in general, such as

nanostructured metal oxides and sulphides.

5.4. Conclusions

Described for the first time (i) ultrafast microwave approach to CNT growth in the air
at room temperature within 5-15 seconds; (ii) CNTs can be directly grown on a wide
selection of engineering materials including glass fibers, carbon fibers fly ash and glass
microballoons etc.; (iii) the incorporation of CNT decorated glass microballoons
enhanced the toughness of syntactic foam. This novel Poptube approach also provides a
possible solution for the existing challenges in CNT applications, such as high cost, low

dispersibility and small scale production. In addition, due to the high-efficiency and
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selective heating of microwave irradiation, this Poptube method can be considered as a
“green and sustainable” technology.

There are many advantageous features of using microwave technology for the
manufacturing of nanostructured carbon materials, i.e., high efficiency in heating
process, simplicity of the instrumentation and rapid carbonization reactions, which
helps to save tremendous amount of time and energy. Or in other words, it will
produce nanocarbons with much lower cost. Of course, there are some major hurdles
preventing microwave technology producing nanocarbons with commercial-scale,
well controlled size and shape.

As have seen in many of the previous reports including ours, the majority of the
processes is still batch production, and the microwave heating of the conductive
materials will raise the temperature to red hot (> 1000 °C) within a couple of seconds.
Therefore, the existing challenges for the microwave initiate nanocarbonization
include: (i) the manufacturing scale of the nanocarbons is not high enough; and (ii)
the uniformity in size and shape of the nanocarbons remains at relatively low level.

To make nanocarbons with consistent quality for the real world applications, such as
energy, composite or even construction industries, several steps have to be made to
advance the nanocarbon industry.The first and critical step is to make continuous,
instead of batch mode, manufacturing of nanocarbons. Due to the requirements of
inert gas/vacuum protection and/or high temperature or current densityin the

well-developed existing
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Scheme 5.2. Microwave initiated CNT growth on conductive surfaces

approaches, such as CVD, arc-discharge and conventional thermal heating methods, it
is necessary for these systems to be nicely sealed and insulated, and makes it difficult
to establish a continuous mode production in these systems. While microwave related
techniques will take the advantages that the microwave oven is relatively simple in
design, and some of the reactions can be done in the air, as mentioned in the PopTube
and microwave arcing approaches. A continuous microwave process for nanocarbon

manufacturing will not only benefit the fundamental scientific researches, but also
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pave the road towards large-scale, commercializable products for the future composite,
catalyst, energy and construction industries.

Another crucial step is to manipulate the shape and size of the as-produced
nanocarbons. There are many different attempts in the existing methods, especially
CVD method, to control the length, diameter and helicity of the nanocarbons to fit
different application purposes. These attempts include addition of the small molecules,
control of the catalyst size and crystalline structures, changing reaction parameters
such as temperature and feeding stock ratio etc. All of these previous successes will
be readily adapted in the microwave system. Actually, hexane has been confirmed to
be able to improve the length of the CNTs and their coverage on the substrates.’® Tt
can be envisioned that large-scale production and better quality control can be

achieved for the manufacturing of nanocarbons in the near future.
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Chapter 6

Conclusions

In summary, five individual projects projected from the center subject “electric
conducting nanomaterials” have been established to present the novel and timely
synthesis of nanostructured conducting polymer and achieve well confined 0D
(nanosphere), 1D (nanofibers), 2D (nanolips) and 3D (networks) growth orientations.
Also, microwave irradiation as common practice in our daily life, has been
rediscovered as a novel fabrication approach to initiate ultrafast carbon nanotube
growth.

It is experimentally established that the nano-feature has proliferated unique
performance of conducting materials with the reinforcement of chemical, physic and
biological properties compared to the one in bulk state.

Conducting polymer nanoclips has six-fold increment in specific capacitance
than bulk polymers, which can be applied as next generation energy storage device.

Polypyrrole based nanomaterials and nanocomposites can be achieved
synthetically by concise seeding methods in various medium, which can afford to
yield multifunctional nanocomposites and serve as toolbox for the flexible

electrochemistry sensory electrodes fabrications.
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Microwave initiated ultrafast carbon nanotube growth, as a simple and novel
approach, provides a possible solution for the existing challenges in CNT applications,
such as high cost, low dispersibility and small scale production. In addition, due to the
high-efficiency and selective heating of microwave irradiation, this Poptube method

can be considered as a “green and sustainable” technology.
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