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Foreword

There have been remarkable new developments related to amazing properties of
materials when their particle sizes reduce to nanometer scale. There are reports of
applications of several of these in widely different disciplines of science ranging
from physical sciences to engineering, life sciences, agriculture, textiles, cosmetics,
medical and biomedical fields as well as in environmental protection. Several
technological developments, particularly those related to nanoelectronics with
feature sizes entering below ten nanometers have raised expectations to unprece-
dented levels. The potential of wide ranging applications is posing challenges in the
fundamental sciences regarding clear understanding of relationship between prop-
erties and basic physical and chemical characteristics including composition, trace
impurities, crystallographic structure, and defects. There are numerous reputed
R&D groups in India and worldwide, which are focusing their R&D activities on
different aspects of nanoscience and technology. The number of scientists engaged
in this field has increased substantially and is increasing at a rapid pace. As a
consequence, the scientific literature being produced is also increasing day by day.

In view of the enormous increase in activities in nanomaterials, several top
international organizations have started getting involved to promote its growth. The
International Standards Organization (ISO) has a standard on nanomaterials,
according to which a nanomaterial is:

“Material with any external dimension in the nanoscale or having internal
structure in the nanoscale. Nanoscale is, in turn, defined as: size range from
approximately 1 to 100 nm.” A group constituted by International Council for
Science (ICSU) has been engaged in deliberations on nomenclature. There are also
serious concerns about health hazards associated with production of nanomaterials
and their applications. Their impact on quality of environment is also attracting
attention. Nanosize particles can penetrate to any organ of human body including
brain, and therefore, our natural defenses against undesirable external matter of low
dimensions are ineffective.

A book covering different aspects of nanoscience and nanotechnology is very
welcome, keeping in view the continuous increase in the scientific literature and



vi Foreword

interest in this field. I congratulate Professor Mushahid Husain and Dr. Zishan
Husain Khan for their initiative in bringing out this document. Besides a chapter on
the fundamentals of nanomaterials, this book has covered several important topics
in this field. The latest developments in carbon-based nanomaterials such as gra-
phene, carbon nanotubes, and their applications have been included. Metal matrix
nanocomposites for control of corrosion and metal oxides are important topics that
have been discussed. A chapter deals with silicon nanowire arrays for solar cell
applications. Grinding is a major industrial area, which has wide ranging applica-
tions from most advanced mechanical engineering to building constructions.
Applications of nanodiamond grinding from industrial perspective have been
included. Nanolayers of materials such as gallium nitride are widely used for
fabrication of solid-state light-emitting diodes. Epitaxial growth of GaN layers is
the subject of one of the chapters. Several important applications of nanomaterials
in different biomedical areas have been discussed. These include application of
gelatin nanoparticles and exploring graphene for drug delivery and study of
antibacterial properties of nanomaterials. One of the chapters deals with optical
coherence tomography as glucose sensor in blood.

In the end, I thank all the authors who have contributed articles reviewing
fundamentals and applications in different aspects of nanomaterials. Several of
them are well-recognized experts. I highly appreciate the efforts of editors
Prof. Mushahid Husain and Dr. Zishan Husain Khan for contributing important
knowledge and in bring out this book. I hope this book will be widely used as a
reference by experts as well as beginners in the field.

Krishan Lal

President, The Association of Academies and

Societies of Sciences in Asia [AASSA]

Visiting Professor, University of Delhi, Delhi

Immediate Past President, Indian National Science Academy
New Delhi

Former Director, National Physical Laboratory, New Delhi
Foreign Member, Russian Academy of Science;

Past President, ICSU CODATA



Preface

Evolution is an ongoing process that replaces what is existing gradually with
something better. With the rapid development in the field of nanomaterials, it would
not be wrong if we call this time of rapid evolution, the Nano Era. Nanomaterials
are one of the most significant research areas to emerge in the past decade or so. It is
an interdisciplinary field that draws on knowledge and expertise and covers a vast
and diverse array of devices derived from engineering, physics, chemistry, and
biology. As the research on nanomaterials matures, an increasing number of
applications become commercially viable. Numerous approaches have been utilized
in successfully developing different types of nanomaterials, and it is expected that
with advancement of technology, new approaches may also emerge. The approa-
ches employed thus far have generally been dictated by the technology available
and the background experience of the researchers involved. It is a truly multidis-
ciplinary field involving chemistry, physics, biology, engineering, electronics, and
social sciences, which need to be integrated together in order to generate the next
level of development in nanomaterials research. The “top-down” approach involves
fabrication of nanomaterials via monolithic processing on the nanoscale and has
been used with spectacular success in the semiconductor devices used in consumer
electronics. The “bottom-up” approach involves the fabrication of nanomaterials via
systematic assembly of atoms, molecules, or other basic units of matter. This is the
approach nature uses to repair cells, tissues, and organ systems in living things and
indeed for life processes such as protein synthesis. Tools are evolving which will
give scientists more control over the synthesis and characterization of novel
nanostructures yielding a range of new products in the near future. There are many
applications of nanomaterials which are still in the realm of scientific fiction and
will be made possible in the near future. Every day, the research on nanomaterials is
enriched with new innovations/discoveries and scientists are putting serious efforts
in bringing out more advancement to this research field.

This book includes some of the latest advancements and applications in the field
of nanomaterials. It provides an overview of the present status of this rapidly
developing field. The book includes twelve chapters authored by the experts in the

vii



viii Preface

field of nanomaterials and applications. Chapter 1 is an introductory chapter and
presents an introduction of nanomaterials. It presents an overview of nanomaterials,
their classification, different methods of synthesis of nanomaterials, and potential
applications. Chapter 2 shows the significant progress made in the field of carbon
nanomaterials specifically carbon nanotubes (CNTs). This chapter summarizes
various fabrication techniques, characterization, and potential applications of carbon
nanomaterials. It includes various methods to fabricate CNT fibers or yarns via
spinning from CNT solutions, spinning from vertically aligned CNT arrays on
substrates, direct spinning from CNT aerogels synthesized in chemical vapor
deposition (CVD) chambers, spinning from cotton-like precursors, spinning with
dielectrophoresis and rolling from CNT films/sheets. The chapter also provides the
difference among thin films composed of free standing CNTs of different thicknesses
known as membranes, sheets, buckypapers or papers. It also presents a brief dis-
cussion about 3D nanomaterials based on CNTs that include bulks, foams, and gels.

Chapter 3 summarizes the significant development in theoretical and experi-
mental study of doped graphenes. The chapter discusses various doping methods,
doping levels, heteroatom sources, chemical bond structures between heteroatom
and graphene, their synthesis by several techniques such as thermal CVD, arc
discharge approach, graphite oxide post-treatment, and plasma treatment synthesis.
It also includes important properties such as electrical stability, quality of doped
material, and technological applications.

Chapter 4 discusses the effect of varying size from chalcogenides to nanoscale
chalcogenides, i.e., nanochalcogenides on physical properties of chalcogenides. It
presents a brief discussion of methods for preparation of chalcogenide thin films via
physical vapor condensation, sputtering, pulsed laser deposition, and chemical
vapor deposition. Various models such as CFO model and Davis—Mott model for
describing the electrical properties of nanochalcogenides have been discussed
briefly in this chapter. It also includes the optical and thermal properties of
nanochalcogenides. The applications of chalcogenides in memories based on phase
change and electrical switching has also been discussed in detail in this chapter.

Chapter 5 presents a review on metal oxide nanostructures, their growth, and
applications. The chapter includes the introduction of metal oxide nanostructures
with chemical growth process CVD technique. The growth of indium oxide
nanostructures with effect of ambient conditions such as tunable growth of nano-
wires, nanotubes, and octahedrons, effect of time, pressure, gas flow dynamics has
been discussed in this chapter. This chapter also includes the growth of 3-D indium
zinc oxide and gallium oxide nanostructures. Finally, the applications of metal
oxide nanostructures such as environmental sensors and photodetector have been
discussed in detail at the end of this chapter.

Chapter 6 gives an overview on metal matrix nanocomposites and their appli-
cations in corrosion control. The chapter includes the introduction of nanocom-
posites, its various types such as CMNCs, MMNCs, and PMNSCs. Solid- and
liquid-state methods for synthesizing routes for fabrication of nanocomposites have
been described in this chapter. This chapter also discusses major application of
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nanocomposites mainly corrosion and its various forms, mechanism, calculation,
and control of corrosion.

Chapter 7 describes the process of diamond nanogrinding. The chapter includes
the principle of the process of nanogrinding using coated piezoelectric materials.
The chapter also discusses about the bonds in porous tools engineered to minimize
abrasive grain loss and the ways to process the vitrified bonding bridges using a
laser to form extremely sharp nanoscale cutting wedges.

Chapter 8 presents the epitaxial growth of GaN layer by using laser molecular
beam epitaxy technique. It includes the structural and optical properties of the
epitaxial GaN layers by using HRXRD, AFM, FTRAMAN, SIMS, and PI spec-
troscopy techniques.

Chapter 9 presents a review on aperiodic SiNWs array fabrication by
silver-assisted wet chemical etching method. The chapter includes the light trapping
properties of aperiodic SiNWs array and PV applications with emphasis on SiNWs
array-based solar cells. This chapter also discusses the challenges in use of SINWs
arrays in PV devices and its future perspective.

Chapter 10 presents the recent trends in gelatin nanoparticles (GNPs) and its
biomedical applications. It includes chemical structure, methods used to synthesize
GNPs and the characterization of these GNPs by SEM, AFM, and HRTEM. The
use of GNPs for target delivery of drug and gene for a range of diseases such as
cancer, malaria, and infectious diseases has also been included in this chapter. It
also discusses ocular, pulmonary drugs delivery as well as nutraceutical, proteins,
peptides delivery and their application in tissue engineering.

Chapter 11 presents the studies on graphene and its application in drug delivery.
The chapter gives a brief introduction of method of synthesis and functionalization
of graphene and deals with the applications of graphene in medicine and
biomedical.

Chapter 12 describes the optical coherence tomography (OCT) as glucose sensor
in blood. The chapter includes basic principle of OCTs and application of OCT for
glucose monitoring. This chapter describes the use of OCT technique for measuring
glucose in liquid phantoms, whole blood (in vitro and in vivo) based on temporal
dynamics of light scattering.

Mushahid Husain
Zishan Husain Khan
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Chapter 1
Introduction to Nanomaterials

Zishan H. Khan, Avshish Kumar, Samina Husain and M. Husain

Abstract The applications of nanomaterials have been enormous, which not only
encompasses a single discipline but it stretches across the whole spectrum of sci-
ence right from agricultural science to space technology. New approaches to syn-
thesize nanomaterials in order to design new devices and processes are being
developed and the techniques of fabrication of nanomaterials involve analyzing and
controlling the matter at atomic scales. This fascinating research field has started a
new era of integration of basic research and advanced technology at the atomic
scale which has a potential to bring the technological innovations at highest level.
The rudimentary capabilities of nanomaterials today are envisioned to evolve in our
overlapping generations of nanotechnology products: passive nanostructures, active
nanostructures, systems of nanosystems, and molecular nanosystems. This chapter
presents the basic introduction to nanomaterials and their popular applications.

Keywords Nanomaterials - Fullerene - Carbon nanotubes - Graphene
Nanodiamond + ZnO nanostructures
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2 Z.H. Khan et al.

1.1 Introduction

Different materials and structures having low dimensions show outstanding prop-
erties. This facilitates these materials and structures to play a decisive role in the
rapid progress in the fields of science and technology. With these remarkable
properties, nanomaterials has become the back bone of research in the field of
science and technology. The continuous interest in the research on nanomaterials is
due to the infinite possibilities that they can offer when they are manipulated on
atomic scale. The interest of these materials arose due to their unique mechanical
and chemical properties, which are very different in comparison with material at
micrometer scale with the same composition. All the branches of science and
engineering have been employed to explain many phenomenon based on size effect,
that these materials exhibit. Material science basically utilized those elements (iron,
silicon, etc.) that are available in nature for development new compounds in past
few years. As a result of this the researcher have learned to make devices using
synthetic structures in which they deposited atoms layer by layer and after they are
structured creatively following redesigned architectures and manipulated molecules
individually. This allows making system with novel and different properties.
Nanomaterials have attracted a lot of attention among researchers because of its
new physical properties and new technologies that enables the development of new
generation of scientific and technological approaches, research and devices [1]. The
essence of the technologies is the fabrication and utilization materials and devices at
the level of atoms, molecules and supra-molecular structures and the exploitation of
the unique properties and phenomena of matter at the nanoscale (1-100 nm) with
the fact that, at this scale, materials behave very differently from when they are in
bulk form [1-4]. In early 1980’s, this technology was popularized with the state-
ment “building machines on the scale of molecules” by Eric Drexler when was
talking about, a few nanometers wide. This technology has very rapidly captured
the public imagination, but they are desperately hard to pin down. In the early
decades of twenty-first century, concentrated efforts have brought together nan-
otechnology and the new technologies based in cognitive science [5, 6]. Although,
nanomaterials are known to be used for centuries, but the realization of these
materials could have possible with the advent of nanotechnology. Since the ancient
times, nanomaterials are being used due to their extraordinary properties without
knowing the scientific facts behind them. One of the examples is Lycurgus cup,
which is currently located in British Museum. It is about 1600 years old and looks
jade green in natural light. This cup is the only complete sample of an extremely
uncommon kind of glass, known as dichroic, which switches shading when held up
to the light. The hazy green cup turns to a gleaming translucent red when light is
shone through it. The glass contains minor measures of colloidal gold and silver,
which provide these unordinary optical properties. The glass changes its color due
to presence of nanoparticles contained in the glass. Therefore, nature has already
been the leader in this technology [7-9]. Lizards hang upside down on the roof due
to nanoscale “hairs” on their toes. Every “hair” holds with a miniscule power,
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however when there are a huge number of these “hairs” on every toe, it has the
capacity backing its own particular weight when it is upside down [8—10].

In the medieval period of history, there were instances where nanomaterials were
used. Many items like the Persian Khanjar and the Damascus steel were made by
unconsciously applying nanomaterials. While examining these ancient products, we
find the existence of carbon nanotubes in them. India, too, produced many products
by unconsciously deploying nanomaterials. The attractive colouring on ancient
Czech glasses is found to contain nanoparticles. This shows that nanomaterials were
used for spraying and making a product look attractive and beautiful.

Researchers are continuously involved in the development of new product which
use the exciting properties of nanomaterials. Many chemicals and chemical pro-
cesses have nanoscale features. Different types of polymers and macromolecules
made up of nano-sized components have been efficiently synthesized to be used in
nanoscale systems. Computer chips have become smaller with higher memory
contain per unit area in last thirty years [11-14]. A beetle which lives in Namibian
deserts fulfill its need of water using nanostructures. Its back has hydrophobic
surface which repels water but its back consists of nanostructured bumps. The
moisture on the atmosphere condenses on these bumps, takes the shape of water
droplets and reaches direct to its mouth running down on its water repelling back.
This type of water repellent nanomaterials are being used in textile industries to
produce waterproof cloth material. Gortex are using nanomaterials for wind and
water proofing since a long time. The exciting colors on butterfly wings and pearl
shells are due to nano-photonic structures. These structures reflects some particular
wavelengths of light, which are responsible for their attractive colors [15-17].

It is very difficult to estimate the timescale in which the products based only on
nanomaterial become reality. But there is a certain possibility that there will not be a
single aspect of life which will remain unaffected by nanomaterials. Some experts
predicts that the nanomaterials will act as the boon for mankind while the others
forecast that the excessive use of nanomaterials may become a curse to the
humanity. We are entering into a new era in which the known materials will be used
more efficiently due to their extraordinary properties at the nanoscale. More com-
plex systems based on nanomaterials may be developed in future which can work as
efficiently as the natural systems. This technology has the tendency to bring rev-
olutionary changes in the world that the human eyes have not seen so far.

1.2 Nanomaterials: A Revolution in 21st Century

Recently, nanomaterials has become one of the focused research area and has the
potential to provide one of the key technologies of the new world. Nanotechnology
involves the investigation and design of materials or devices close the atomic and
molecular levels. One nanometer, a measure equal to one billionth of a meter, spans
approximately 10 atoms and one may be able to rearrange matter with atomic
precision to an intermediate size. Adopting one of the preceding definitions may
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however unduly restrictive. In a broad survey, it is profitable to include anything
and everything that has been described as nanotechnology. One may then evolve a
framework for classifying and understanding the different types of nanomaterials.

The extraordinary properties of nanomaterials are based on the size effect.
Reduction of size induces various extraordinary properties and phenomena, which
cannot be seen at the bulk level i.e., micron scale and up. The origin of size effect is
the quantum confinement which changes the electronic properties of materials such
as density of states, discrete energy bands, changes in the edges of conduction and
valence bands. The change in these electronic properties of the materials lead to the
drastic changes in the materials properties to what they show at the bulk scale. For
example, opaque substances become transparent (copper); inert materials become
catalysts (platinum); stable materials turn combustible (aluminum); solids turn into
liquids at room temperature (gold); insulators become conductors (silicon). The
important examples of the change in material properties are as follows:

1.2.1 Melting Point of the Material

The materials at nanoscale melt at lower temperatures than bulk materials; a phe-
nomenon termed as “Melting Point Depression”. This effect of melting point
depression at nanoscale was studied since the 1950’°s, when it was first noticed that
materials having small grain size shows a lower melting point than their bulk
counterparts [12-16]. Generally, the melting temperature of a bulk material is not
dependent on its size. But the melting temperature of the materials at nanoscale
decreases with the decrease in grain size. The decrease in melting temperature can
be on the order of tens to hundreds of degrees for metals with nanometer dimen-
sions. The change in melting point can be attributed to the large surface to volume
ratio than bulk materials that affects their thermodynamic properties. Melting point
depression can be seen in nanowires, nanotubes and nanoparticle, which all melt at
lower temperatures than their bulk counterparts.

1.2.2 Optical Studies

Optical properties of nanostructures are known to be sensitive to their size. For
example, bulk lead sulfide (PbS) is a semiconductor with an optical band gap of
0.41 eV with continuous optical absorption at shorter wavelengths. However,
increment of the band gap of PbS is observed from 0.41 to 5.4 eV as the crystallite
size is reduced from 20 to 2 nm. The changes in electronic and optical properties
due to size effect drastically alter the macroscopic properties such as optical band
gap, conductivity type, carrier concentrations, electrical resistivity, and device
characteristics [1-6].
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1.2.3 The Giant Magneto-Resistance (GMR) Effect

Giant Magneto resistance (GMR) is a quantum mechanical effect. It is observed in
thin film structures composed of alternating ferromagnetic and nonmagnetic metal
layers. The GMR effect depends on the thickness and number of the alternating layers.
GMR can be considered one of the first real applications of the promising field of
nanotechnology. Primarily, induction coils were used in read-out heads due to the fact
that a changing magnetic field induces a current through an electric coil. A read out
head based on GMR effect can convert very small changes into differences in elec-
trical resistance which leads to the changes in the current emitted by the read out head.

Inspite of rapid advancements, this technology has not been able to meet the
demands of shrinking hard disks, we still use induction coils for data storage.
A prerequisite for the discovery of the GMR-effect was provided by the new
possibilities of producing fine layers of metals on the nanometre scale which started
to develop in the 1970s. Nanotechnology is the study of few layers consisting of
only individual atoms. The behavior of the matter will be different at this scale and
the nano-sized structures show extraordinary properties, which will be different
from their bulk counterparts. The size effect not only alters the magnetic and
electrical properties but it also changes the strength of materials, chemical and
optical properties. Therefore, at nanometer scale, GRM is one of the interesting
applications of nanotechnology and may be applied to the future data storages
devices. The size of hard disk is continuously reducing rapidly day by day [9-15].

The use of GMR materials has successfully enhanced the storage capacity of
hard disks from one to 20 gigabits. In 1997 IBM launched read heads based on
GMR, worth around one billion dollar into the market. The field of spintronics is
relatively new but it is expected to have the entire requisite potential to be evolved
as an extremely successful technology. There are several new materials and tech-
nologies such as magnetic semiconductors and exotic oxides, which are in devel-
opment phase and are expected to show many interesting phenomenon such as
colossal magneto-resistance [8].

1.3 Classification of Nanomaterials

The classification of the nanomaterials is based on the number of dimensions,
which are not confined to the nanoscale range (<100 nm). Nanostructures
demonstrate an essential quality of quantum mechanics known as quantum con-
finement [18-21]. Quantum confinement means that electrons are trapped in a small
area. It occurs when electrons and holes are confined by a potential well in 1D
(quantum well), 2D (quantum wire) or 3D (quantum dot). In other words, the size of
the nanocrystal is made very small so that it approaches the size of an exciton
(bound state of electron-hole pair) called the Bohr exciton radius. For effective
confinement, the size should be less than 30 nm.
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Quantum dot are 0-D structures where the electrons are confined in all the three
dimensions, thus having 3-D confinement. In other words, here all the dimensions are
near the Bohr exciton radius making a small sphere. Only atoms in nature have 3-D
confinement. Thus, quantum dot can be described as an “artificial atom’. Atoms, since
they are small, are difficult to be isolated, but quantum dots can be easily manipulated.

2-D confinement is exhibited by nanowires. It is a structure, where the length is
long while height and breadth are small. It is an electrically conducting wire in
which quantum effects affects transport properties. Here, the conduction electrons
are confined in the transverse direction of the wire and the energy is quantized into a
series of discrete values. The other 1-D structures include: nanorods, nanotubes and
quantum wires.

1-D confinement is restricted only in one dimension, resulting in quantum well
or plane. The length and breadth of the quantum well can be large in comparison to
the height, which is about the Bohr exciton radius. Due to quantum confinement
effect, the carriers (generally electrons and holes) possess discrete energy values,
when the thickness of the quantum well becomes comparable at the de-Broglie
wavelength of the carriers the electronic states get quantized. Owing to their sharper
density of states because of their quasi-two dimensional structure, quantum wells
are being widely used in LASERs.

1.4 Types of Nanomaterials

Nanomaterials show very different properties compared to the bulk structures [22—
31]. There are large numbers of nanomaterials but we will discuss only important
ones.

1.4.1 Carbon Nanomaterials

The synthesis of carbon based nanoscale-materials have influenced many
researchers and scientists worldwide to understand its potential applications.
Fullerenes, carbon nanotubes (CNTs), carbon onions, carbon nanocones, nanohorns
and nanowires are all members of this family. Amongst these members, CNTs are
an example of true nanotechnology: only a nanometer in diameter, but molecules
that can be manipulated chemically and physically. They are termed as the true
materials of the 21st century.

1.4.1.1 Fullerenes

It is known that the condensed phase of carbon has a hexagonal ground state, which
is represented by graphite with sp? bonding. It is highly anisotropic and two
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dimensional semimetal. Diamond is a three dimensional material, which lies close
to graphite and is also isotropic. The discovery of fullerene, a zero dimensional
form of carbon, stimulated great interest in carbon materials. The identification of
C60 as a molecule having the shape of a regular truncated icosahedron by Kroto
et al. [32] was the most influential discovery on carbon materials. With these
findings, a lot of theoretical as well as experimental work has been reported. The
chemistry of fullerenes was developed in the mid 1980°s [32]. Fullerene is a cage
like hollow, spherical, or ellipsoid super-molecule made up of sp*-hybridized
carbon atoms (each carbon atom is bonded to three carbon atoms) composed of 12
pentagonal and 20 hexagonal [40]. This structure was similar to geodesic dome
designed by architect Richard Buckminster Fuller and it was named after his name
as Fullerene, which is often referred to as “buckyballs” [24]. Fullerenes were the
seventh allotropic form of carbon [together with the two forms of diamond, the two
forms of graphite, chaoit, and carbon (IV)]. Curl, Kroto, and Smalley received the
Nobel Prize for Chemistry in 1996 for the discovery of fullerenes. Figure 1.1
presents a graphical representation of the 60-carbon atom containing C-60 full-
erene. The C60 molecule has two bond lengths in which the 6:6 ring bonds can be
considered “double bonds” and are shorter than the 6:5 bonds. C60 is not “su-
peraromatic” as it has tendency to avoid double bonds in the pentagonal rings,
which results in poor electron delocalisation. As a result, C60 behaves like an
electron deficient alkene, and reacts readily with electron rich species. The synthesis
of large quantities of fullerenes and measurement of its properties [33] is also
reported, which opens the new field for the researchers. It is interesting to note that
this material is also used for producing alkali metal (M) doped M3C60 compounds
(highest observed at early stage Tc = 33 K) and a relatively high Tc

Fig. 1.1 Image
representation of C-60
fullerene [35]
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superconductivity was reported, which is an important breakthrough [34]. With
these interesting results, a lot of research on doped fullerenes is under progress
(Fig. 1.1).

1.4.1.2 Carbon Nanotubes

Carbon nanotubes (CNTs) are tubular carbon structures of nanoscale diameter
having length up to several micron to centimeters. CNTs were discovered by
Suniyolijima in 1991. Since then, it remains a hot topic of research among the
researchers working on nanomaterials. Owing to their unique structure, CNTs have
a wide range of applications. CNTs are 100 times stronger and five times lighter
than steel. They show that electrical conductivity is six order higher than copper
and thermal conductivity is five times higher than copper. Due to these unique
properties, researchers from all over the world are being involved in the research
related to CNTs and the devices based on CNTs [36—40].

Carbon nanotubes are considered as nearly one-dimensional structures according
to their high length to diameter ratio. There are three types of CNTs (Fig. 1.2):

1. Single wall carbon nanotubes (SWCNTSs)
2. Double wall carbon Nanotubes (DWCNTS)
3. Multi wall carbon nanotubes (MWCNTS).

Multiwalled CNTs were accidently discovered by ligima in 1991 when he was
trying to make fullerenes by arc discharge method. MWNTs are made of several

MWCNTSs

Fig. 1.2 Different types of carbon nanotubes [35]
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concentric cylinders with the inter wall spacing nearly equal to the interplanner
spacing of graphite (0.34 nm). Their inner diameter varies from 0.4 nm up to a few
nm and their outer diameter ranges typically from 2 up to 20-30 nm depending on
the number of layers. MWNTs usually have closed tips by insertion of pentagonal
defects into the graphite network. The lengths of MWNTs are ranging from several
micron to centimeters. Single walled CNTs has the seamless cylindrical structure
made up of rolled graphene sheet. It was first reported in 1993. Their diameters
range from 0.4 to 2-3 nm, and their length is usually of the micrometer order.
SWNTs usually exist in form of bundles. In a bundle they are hexagonally arranged
to form crystalline structure.

There are many methods to synthesize CNTs, which includes arc discharge,
LASER ablation and chemical vapour deposition method. In arc discharged
method, electrical arc is created between two carbon electrodes. Carbons vapours
are created because of the high temperature of arc. These vapours self assemble to
form Carbon Nanotubes. The LASER ablation method uses a high power laser,
which is illuminated on a volume of carbon containing feedstock gas. This method
produces a small quantity of clean nanotubes while arc discharge method produces
large quantity of impure nanotubes. Out of these methods, the chemical vapour
deposition method is most popular and widely used for the synthesis of CNTs. In
this method, carbon containing gases are decomposed in the presence of metal
catalyst on a high temperature which is maintained using resistive heating. Carbon
atoms are diffused to the substrate and produces a film on the substrate. If growth
parameters such as growth temperature, gas flow rate etc. are properly maintained,
CNTs are formed on the substrate.

Kumar et al. [41, 42] synthesized SWCNTs and MWCNTs by plasma enhanced
chemical vapour deposition (PECVD) system and low-pressure chemical vapour
deposition (LPCVD) system. They used thermal evaporation to deposit different
catalysts on silicon substrate. A mixture of gases C,H,/H, with a flow rate of 50/50
sccm were used as reactive gases. Throughout the experiment, the chamber pressure
was kept at 10 Torr and the temperature was set at 800 °C. The growth time was
varied from 5 min to 1 h. Electron Cyclotron Resonance Chemical Vapour
Deposition (ECR-CVD) method is an another method for the growth of CNTs at
low temperature and low pressure. Khan et al. [43, 44] synthesized CNTs and
studied the electrical properties of CNTs. They [45, 46] have also employed CNTs
for gas sensing applications.

Owing to their extra ordinary mechanical, chemical, electrical properties, CNTs
find a wide range of applications in different fields. Its excellent adsorption prop-
erties makes it useful materials for chemical sensors. CNTs will find vast appli-
cations in different fields such as micro-electronics/semiconductors, controlled drug
delivery/release, catalysts support for fuel cells and sensors. Other potential
application of CNTs includes its use in solar cell, nanoporous fibers, catalyst
supports and coatings. CNTs offer big promise for medicine, providing better
contrast agents for MRI and localized heaters that can induce a target tumor cell
dead. They also offer a new approach to gene therapy.
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1.4.1.3 Nanodiamond

Carbon is known as a charcoal or soap material for the latest several hundred years.
It has been used of reduction of metal oxide since long. Graphene was discovered in
1979 by sheele and is found to contain the pure form of carbon. It was Lavoisier to
realise that carbon is also one of the chemical element and identify Diamond as one
of the allotropic carbon. The old form of carbon either exist in nature or prepared
artificially using different thermodynamic condition. The hexagonal graphite is
found to be one of the most allotropes of carbon act ambient pressure. Since the
density of diamond is higher than of graphite, the conversion of graphite to dia-
mond take place at high pressure [47]. Initially the diamond is formed in metastable
state to avoid its decomposition to graphite, it is needed to lower the temperature
before releasing the pressure. Graphite (sp” bonded) and diamond (cubic, sp”
bonded) are the two purist crystalline form of carbon known for the first scientist to
produce diamond like carbon in 1969, it is also form of the carbon as identify by
these scientist. Following these work on the use of energetic species for the
deposition, they study the epitaxial deposition of silicon by sputtering of silicon in
Ar plasma. The same apparatus was employed to sputter carbon electrodes to
produce carbon ion for the deposition of transparent, hard, insulating carbon films.
They found that these as deposited carbon films show property singular to natural
diamond but there structure was amorphous. Due to this amorphous structure these
films are not suppose to be the pure diamond but a new name diamond like carbon
was given to these films. After this pioneer work ashenburg and chebot many
methods have been used to deposit diamond like carbon (DLC) films [45, 46]. The
film deposited using hydrocarbon plasma at lower deposition rate are hard, trans-
parent, and contain 20-50 % hydrogen. They are different from hydrogen free DLC
but are demoted as DLC without monitoring there hydrogen content more proper
and carefully names are a-C:H (amorphous carbon hydrogen), DLHC (diamond like
hydrocarbon). During the past several years DLC films involving hydrogen have
been study more incomperision to the DSC involving hydrogen free films. Due to
the diversity of different deposition system used [45-50] and with the help of
powerful characterization technique, a nominee cloture such as (a-DLC, a-C.a-CH,
ta-C, a-D, i-C) are carbon etc. was given the most important term used in nominee
cloture in amorphous diamond or amorphic diamond (a-D), which is logically same
as amorphous crystal. Due to the variety of synthesis method and characterization
technique used for these films, the expression data available on films structure, the
optimal energy for the production of sp® rich films, the effect of the substrate
temperature and the property of as deposited films are sometimes conflict each other
and become controversial data. Last several years has seen many report of the
deposition of DLC films [51-54] in these reports the deposition parameter were
optimised to get the perfect DLC films. These studies provide a better understand of
deposition process, growth mode [54-56] and computer simulation of film growth.
The research work on the hydrogen free DLC gain momentum during last few years
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there for in the present scenario DLC is the mostly refers to hydrogen free amor-
phous carbon with some sp” content in it. A pre dominantly sp® films (sp® > 70 %)
with a tetrahedral local carbon configuration (Fig. 1.3) will be demoted as
ta-a-carbon, amorphous or nanodiamond.

The potential applications of diamond and related materials are enormous which
includes hard coatings, optical windows, surface acoustic wave (SAW) devices,
electrochemical electrodes for micro-mechanical systems and electron emitting
surfaces for flat panel displays. The applications of diamond realized until now are
based on the physical strength and hardness of diamond such as cutting tools,
protective coatings and composite additives, many other applications of these
materials in development stage [57, 58]. In-spite of many techniques available for
the growth of diamond films, but the growing smooth and defect free film is still
difficult. Since most of applications such as protective optical coating require
smooth and defect free films, we need to overcome this problem. This problem can
be over by using nanocrystalline or amorphous diamond, tetrahedral amorphous
carbon (ta-C) and diamond-like carbon films, which are much smoother, hard as
conventional diamond and can be grown at lower temperature [59, 60].

Due to these unique properties, nanometric sized crystallites diamond films have
drawn a lot of attention. The nano-diamond films are useful for protective coatings
on mechanical tools, the antireflection coatings for IR optics which require low
optical absorption in the IR region. The application of nanodiamond varies from
abrasives for semiconductors to lubricating material for hard disks. These films also
find application in semiconductor devices related to the microelectronic industry.

Fig. 1.3 Image representation of nanodiamond [35]
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1.4.1.4 Graphene

Graphene is one of the most rigorously researched material in materials science and
condensed-matter physics. It is a quasi-two dimensional material made up of sp’
hybridized carbon atoms with high quality crystal structure (Fig. 1.4). Its unusual
electronic properties draw a new light on quantum electrodynamics which enlightens
various quantum relativistic phenomena, which are unobservable in high-energy
physics. The phenomena can now be mimicked and tested in easy experiments.
From the point of view of its electronic properties, graphene is a two-dimensional
zero-gap semiconductor and its low-energy quasiparticles are mass-less and
described by the Dirac-like Hamiltonian rather than wusual Schrodinger’s
Hamiltonian. Electron waves in graphene travel within a mono-atomic layer, which
allows them to interact with various scanning probes [61]. Electronic waves in
graphene are also responsive to the presence of various materials such as high-k
materials, superconductors etc. Its electrons can propagate significant distances
without scattering. Due to massless carriers and little scattering, quantum mechanical
aspects of Graphene can be realized at normal temperatures. These extra ordinary
properties led to the interpretation of the half-integer QHE and the prognosis of
several phenomena such as Klein tunneling, zitterbewegung, the Schwinger pro-
duction [62], supercritical atomic collapse [63], and Casimir-like interactions [64].

Its charge carriers show zero effective mass, have large mobility and get less
scattered while travelling. The current densities through graphene can attain the
values approximately six times higher than that of copper. It also shows good

Fig. 1.4 Schematic
representation a graphene [35]
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thermal conductivity, stiffness, resistant to gases and reconciles such conflicting
qualities as brittleness and ductility. Graphene is an exciting material which has a
large theoretical specific surface area (2630 m? g™'), high intrinsic mobility
(200,000 cm® v 's7h conductivity (5000 Wm ' K™, and its optical transmittance
(97.7 %) and good electrical conductivity lead to its applications as transparent
conductive electrodes, among many other potential applications [64, 65].

Initially, graphene was synthesized by micromechanical exfoliation from gra-
phite flakes. Since then, various methods are being used to prepare Graphene.
Single layer graphene can be synthesized by micromechanical cleavage of HOPG,
CVD on metal surfaces, Epitaxial growth on SiC and Dispersion of graphite in
water, while few layer Graphene can be produced by the chemical reduction of
exfoliated graphene oxide (2—6 layers), thermal exfoliation of graphite oxide (2—7
layers), intercalation of graphite Aerosol pyrolysis (2—40 layers) and arc discharge
in H, atmosphere [65].

As now, graphene is not being used in commercial application, but it is a hot
topic of research worldwide due to its extraordinary properties. Various applications
of graphene in electronics, solar energy production, energy harvesting, hydrogen
storage etc. has been proposed or are under development Graphene in powder form
can be dispersed in polymer matrix to form advanced composites, paints, coatings,
3-D printing materials etc. [66].

1.4.2 ZnO Nanostructures

The research interest in ZnO, (one of wide band gap semiconductors,) has increased
in recent years. The first enthusiasts who started studies of the lattice parameter
were M.L. Fuller in 1929 [67] and C.W. Bunn’ in 1935 [68]. During the last
decade, the ZnO related research has received an increased impetus. The number of
articles published on ZnO has steadily increased every year and ZnO became the
second most popular semiconductor material (after Si) during 2007-2008. This
popularity, to a large extent, is due to the improvements in growth related tech-
niques of single crystalline ZnO (in both epitaxial layers and bulk form). Another
reason is emergence of novel electrical, mechanical, chemical and optical properties
with reduction in size. They are largely believed to be the result of surface phe-
nomena and quantum confinement effects.

Zinc oxide is II-VI compound semiconductor. It can be available in a variety of
crystal structures including wurtzite, zincblende and rocksalt, but the stable struc-
ture at ambient temperature and pressure is the hexagonal, wurtzite structure [69].
Wourtzite zinc oxide has a hexagonal structure (space group Céomc) with two lattice
parameters a = 0.3296 and ¢ = 0.52065 nm. The distance between Zn”* ion and O~
ion along the c-axis is 0.1992 nm, and the distance between these two ions along
other three axes is 0.1973 nm. ZnO naturally forms a wide variety of nanostructures
with excellent crystal quality (superior to thin films and even bulk crystals in some
cases) by a self organization process. Recently, significant research has been
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dedicated to explore the different aspects of ZnO material as part of the general
trend towards the study of nanotechnology and self-organized processes based on
this material. This wide range of high crystal quality nano-morphologies open the
possibilities for more potential applications [67-74]. A great deal of attention has
been focused on synthesis and analysis of ZnO nanostructures due to their inter-
esting material properties. The combination of the material properties and
self-organized nanostructure synthesis open up the new possibilities for the appli-
cations of these materials in optoelectronics, nanoelectronics, nanomechanics,
nanoelectrochemical systems, and sensors [78]. ZnO forms a variety of nanos-
tructures (Fig. 1.5) using a range of growth techniques, including, nanorods [71],
nanowires [72], nanobelts [73-75] nanorod/nanowall [76], nanotubes [77], tetra-
pods [78] and nanoribbons [79], which are ideal systems for investigating the
dependence of optical properties, electrical transport and mechanical properties on
dimensionality and size. They are likely to play an important role as both inter-
connects and functional components in the invention of nanoscale electronic and
optoelectronic devices.
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Fig. 1.5 SEM images of aligned ZnO nanowires grown on different substrates. a, b ZnO
nanowires grown on SiC and silicon substrates by the high temperature vapor liquid solid (VLS)
method. ¢, d ZnO nanowires grown on SiC and Si substrates by the low temperature approach
aqueous chemical growth (ACG) method [80]
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A variety of methods has been used for synthesis of ZnO nanostructures. These
methods have been categorized as either physical vapor deposition (PVD), chemical
vapor deposition (CVD), or solution based chemistry (SBC), PVD and CVD fall
into the category of gas-phase approach where high vacuum and/or elevated tem-
perature are normally required. ZnO nanowires, dendritic side-branched/comblike
structures, and nanosheets can be synthesized under the identical conditions only
with increased oxygen content [81]. The three most common and important PVD
technologies for ZnO deposition are thermal evaporation, pulsed laser deposition
(PLD), and sputtering.

ZnO is often used in paint, paper, rubber, food and drug industries. It is bio-safe
and biocompatible, and it can be directly used for biomedical applications without
coating [82, 83]. It is also a potential material in nano-electronics and nano-robotic
technology. ZnO can be useful for electronic and photonic devices, as well as
high-frequency applications due to its wide band gap, high exciton binding energy
and high breakdown strength. By controlling electronic properties, it is easy to
produce various optoelectronic devices based on ZnO. Other applications of ZnO
includes the ZnO based sensors for detecting various gases such as Hp, NO,, NH;
etc., LEDs, cantilevers, solar cells field emission displays [84—87]. A ZnO nanorod
based H, sensor has already been developed by Wang et al. [88]. Also Lee et al.
[89] have already proposed the use of well-aligned single-crystalline nanowires to
be used as sharp atomic force microscopy (AFM) tips. ZnO is suitable for an UV
photo-detector because of its direct wide band gap and large photoconductivity.
ZnO epitaxial film-based photoconductive and schottky type UV photodetectors
have been demonstrated by Liang et al. and Liu et al. [90, 91]. Lee et al. [92] were
the first group to study the field emission properties of ZnO nanowires in 2002.
Field effect transistor (FET) based on a single ZnO nanobelt has also been reported
[93]. As a wide band gap semiconductor, ZnO has also been investigated as a
hydrogen storage material [94, 95]. Under a pressure of 5 MPa, the maximum
hydrogen storage capacity of about 2.94 wt% is achieved for Al-doped ZnO
nanobelts [96]. Optically pumped ZnO nanowire laser arrays as well as single ZnO
nanowire lasers have been demonstrated [97-99].

A single nanowire light-emitting diode was fabricated by Bao et al. [100]. They
used a focus ion beam (FIB) system to define pattern. They measured the
current-voltage characteristics, photoluminescence, and electroluminescence of a
single nanowire by depositing metallic contact onto the top surface of a single
nanowire. ZnO has been employed as an electrode material in dye-sensitized solar
cells recently [101-104]. Studies on nanoporous dye-sensitized ZnO films have
suggested that the ultrafast electron injects from the dye into the conduction band of
the ZnO particles [105-108], which is comparable to the timescale of electron
injection into TiO, layers [109]. The main requirement for the efficient
dye-sensitization and light harvesting is that a materials should have a wide band
gap and high charge carrier mobility. High surface to volume ratio is also one of the
interesting properties which can be attained by producing nanoscale materials.
Therefore, the nanostructures of ZnO is one of the promising materials for solar cell
applications.
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1.5 Potential Applications of Nanomaterials

Nanomaterials have potential applications in various fields such as electronics,
optical communications and biological systems. The factors which support these
applications are particularly their physical and chemical properties, high surface to
volume ratio and small size which provide best possibilities for manipulation and
room for accommodating multiple functionalities. Nanomaterial provides a basic
platform towards the understanding and production of nanodevices. Nanomaterials
are basically an intermediate between molecules and isolated atoms, which have
dimensions in the range of largest molecules. It is also possible to put together them
and act together keenly with in a device. Nanomaterials are formed of cluster of
atoms or cluster of molecules.

Nanomaterials can also be used in UV photo detector because of their large
photoconductivity and direct wide band gap. ZnO nanowires shows reversible
switching shows promising behaviour for optoelectronic switches. A broad appli-
cation of UV laser source includes the bio-agent detection, UV photonics, etc.
Nanowire UV laser source could be used as light source for quantum computing,
optical interconnections and environmental applications such as the integration of
“lab-on-chip”.

Non-polluting nature and easy synthesis property of hydrogen makes it efficient
and clean fuel for future prospects. In Nanostructure, hydrogen storage can be used
for the development of transportation technology such as H, fuel cell vehicles.
Several attempts have been made to improve the hydrogen storage properties such
as doping with elements and modify their surface properties. An increasing demand
of hydrogen storage material, ZnO nanostructure pure and doped with metals such
as Sb and Al can be used for energy storage material.

Nanomaterials have high specific area as well as its electronic processes are
strongly influenced by the surface processes, which shows high sensitivity to
chemical environment. Various nanomaterials can be widely used for sensing
applications. CNTs have shown sensitivities toward gases such as NH;, NO,, H,,
C2H4, CO, SOQ, st, and 02.

AFM consist of cantilever with a sharp tip at the end which is used to scan the
specimen surface. Sharp atomic force microscopy (AFM) tips can be fabricated
using well-aligned single-crystalline nanowires [110]. Under typical operating
conditions, ZnO nanowires are structurally compatible with AFM cantilevers, and
are expected to provide high-aspect-ratio probes for AFM. The flexural mode of the
nanowire in situ in a transmission electron microscope (TEM) was studied by
Huang et al. [111]. They suggested that single ZnO nanowire can be used as a
nano-resonator and a nanoscale cantilever.

Highly efficient next-generation LED lighting systems could be possible with the
help of nanotechnology. Single nanowires light emitting diodes have been con-
structed by various different groups. They are dispersing nanowires of made of
different nanomaterials on a substrate (say Si) and then thin film of Poly (methyl
methacrylate) PMMA, is spin coated on the substrate. Imagine the nanowire on a
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focus ion beam (FIB) system and a pattern for e-beam exposure of PMMA is
defined. Remove the unexposed PMMA and then a metallic contact is deposited
onto the top surface of nanowire. In the similar way, various groups [100, 111] are
able to measure I-V, PL and electroluminescence of single nanowire.

Medical applications of nanotechnology covers the areas such as nanoparticle
drug delivery and nanovaccinology. Nanoscale systems possess the potential to
detect diseases and deliver treatment to the body. Nanostructures can efficiently
sense and repair the damage parts of our body like naturally occurring biological
nanostructures such as the white blood cells. Nano-biotechnology may be helpful in
curing cancer by attacking directly the tumor, maintenance and improvement of
human organs and biocompatible implants.

Now a day’s pharmaceutical science are using nanoparticles to reduce toxicity
and side effects of drugs and pharmacologist did not realize that carrier systems
themselves may impose risks to the patient. Human body shows a significant
variation in rendering medical treatments which is needed to be coordinated with
the biological patterns. Research on drug delivery should be more specific to target
an infection, reduce toxicity while maintaining therapeutic effects and
biocompatible.

Nanotechnology can be used as a medicine to kill cancer cells and heal patients
without any harm. Scientist are using CNTs as they can absorb near-infrared light
waves, which are slightly longer than visible rays and pass harmlessly through the
cells. Electrons produce in the nanotube become excited and release excess amount
of energy in the form of heat. When nanotubes were placed inside cells and radiated
by the laser beam, the cells were quickly destroyed by the heat. CdSe Nanoparticles
glows when exposed to UV and while injecting in human body they directly seep
into tumours. Surgeon can see the glowing tumour, and use it as a guide for more
accurate tumour removal.

Researchers are using nanotechnology for building nanorobots and utilizing
them for health related problems. Most exciting use of nanorobots is to detect
damages and repairing our body at cellular level. Primary element used to build
these nanorobots is carbon and other forms of carbon (diamond/fullerene com-
posites) due to its inherent strength.

1.6 Toxicity of Nanomaterials

No doubt the nanotechnology is an emerging technology and it has vast applica-
tions in all walks of life. It has remarkable impact in medical sciences, space
program, and military technology. The possible danger of nanotechnology lies in
how these tiny particles interact with the environment, and more importantly, with
the functioning of human body. Some experts say that the elements encountered at
the nano level behave differently than their larger size particles. For example
properties of graphite are well known and they hold a specific position in toxi-
cology guidelines. Physicist Richard Smalley of Rice University discovered
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fullerenes (nanoparticles of carbon) are legally categorized as graphite, yet they
behave in ways unlike graphite and make its classification a potentially dangerous.

Environmental toxicologist Eva Oberddrster (March 2004) conducted a test with
Southern Methodist University in Texas found extensive brain damage to fish
exposed to fullerenes for 48 h. Fish exhibit changes in their gene markers indicate
towards its affected physiology. Fullerenes also killed water fleas which is an
important link in the marine food chain. CBEN (Center for Biological and
Environmental Nanotechnology) in 2002 indicated that nanoparticles accumulate in
the body of laboratory animals and travel freely through soil and could easily be
absorbed by earthworms. Lab. animals, soil and earthworm link up to form the food
chain to human and hazardous to health which is biggest dangers of
nanotechnology.

Size and shape of nanoparticles complicates the dangers of nanotechnology as
their ability to interact with other living systems increases because they can easily
cross the skin, lung, and crosses the blood/brain barriers. Nano compact devices
could seriously damage to society that includes several varieties of remote assas-
sination weapons that would be difficult to detect or avoid. Small-integrated
computers, tiny weapons could be aimed at targets remote in time and space from
the attacker will not only impair defence, but also reduce post-attack detection and
accountability. Also the molecular manufacturing raises the possibility of horrifi-
cally effective weapons. For example the smallest insect (200 microns) creates a
plausible size estimate for a nanotech-built antipersonnel weapon capable of
seeking and injecting toxin to protect humans.

Thus the question rises here is what can be done? The answer lies in the fact that
there must be some defined ethical guidelines for utilizing nanotechnology prod-
ucts. There should be close monitoring and coordination of all nanotechnology
research for potential hazards and also an extensive testing for hazards of all new
nanotechnology products should be undertaken.

1.7 Concluding Remarks

Last few years have seen rapid developments in nanomaterials research and some of
the potential applications of nanomaterials have been realized. It is expected that the
nanomaterials has potential to provide one of the key technologies in near future.
A variety of nanomaterials developed so far, are the special type of materials having
unique properties. The coverage of this field is massive, ranging from the use of
nanoparticles in cosmetics to additives for solid rocket propulsion applications. The
field has developed so rapidly that it is almost impossible to find even a section of
any technological domain where the implications of nanomaterials have not been
explored so far. Therefore, the applications of nanomaterials are enormous and with
these applications, we may imagine significant changes in all spheres of our life in
coming few years. Therefore, the nanotechnology is expected to bring a revolution
to our society and coming few years will witness the revolution of nanotechnology.
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With the advancement of nanotechnology, there are some serious issues of
toxicity of nanomaterials, which can not be ignored. These areas require continuous
attention of nanotechnologists. These issues have to be addressed satisfactorily for
complete realization of applications of nanotechnology.
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Chapter 2

Carbon Nanomaterials Based on Carbon
Nanotubes (CNTs)

Ling Bing Kong, Weili Yan, Yizhong Huang, Wenxiu Que,
Tianshu Zhang and Sean Li

Abstract A new group of nanomaterials, in free-standing form, such as fiber/yarns,
paper/sheet and bulk, made of carbon nanotubes (CNTs), has emerged in recent
years. These materials have shown special and unique mechanical, thermal and
electrical properties, with potential applications in various aspects. This chapter is
aimed to summarize the significant progress that has been made and the importance
of potential applications of these carbon nanomaterials. CNTs, of single-walled
(SW), double-walled (DW) and multiwalled (MW), processing strategies (spinning,
filtration, deposition and SPS), morphologies, properties (mechanical, electrical and
thermal) and potential applications, as well as their inter-relationships, will be
presented and discussed in detail.
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2.1 Introduction

Since the work on carbon nanotubes (CNTs) reported by lijima [1], there have been
tremendous progresses in preparation and characterization of single-walled (SW),
double-walled (DW) and multiwalled (MW) CNTs, which have various potential
applications, due to their extraordinary electrical, thermal and mechanical properties
[2-6]. For example, elastic modulus and strength of individual CNT are in the order
of as high as 1.0 TPa and 50 GPa, respectively [7]. CNTs are also good electrical
and thermal conductors. SWCNTs have electrical conductivities of 10° S em™?,
while MWCNTSs’ conductivities are up to 10* S cm™! [8, 9]. Room-temperature
thermal conductivities of SWCNTs and MWCNTs are about 3500 and
3000 W m~' K™', which are much higher than that of bulk-graphite conductivity
that is about 2000 W m™! K™! [10]. To make use of these mechanical and thermal
properties, various nanomaterials based on CNTs, including fibers/yarns,
papers/sheets and bulks, have been fabricated.

Review articles on carbon nanomaterials started to appear in the open literature.
For example, Behabtu et al. [11] summarized fabrication, characterization and
applications of CNT fibers. A more detailed description on CNT nanomaterials,
including fibers, films, thin sheets and arrays, was reported by Liu et al. [12], with
an emphasis on mechanical properties, as well as summaries on certain applications.
However, much less information is available on CNT buckypapers while buck CNT
nanomaterials, such as those made by using spark plasma sintering (SPS) was not
mentioned until now. A similar review on films, sheets and yarns was reported by
Jiang et al. [13] more recently, but mainly focusing on their own group’s works. In
addition, bulk materials are not systematically described till now. Noting the sig-
nificant progress that has been made and the importance of their potential appli-
cations, it is timely to provide a thorough overview to summarize the progress in
this special group of nanomaterials. The nanomaterials presented in this review
include those that are made by using CNTs as precursors and some of the as-grown
CNTs materials that can be potentially characterized or used in free-standing forms.

2.2 Fibers and Yarns (1D)

2.2.1 Brief Introduction

Various methods have been developed to fabricate CNT fibers or yarns, which can
be classified into six main groups [13-15]: (i) spinning from CNT solutions
[16-19], (ii) spinning from vertically aligned CNT arrays on substrates [20-23],
(iii) direct spinning from CNT aerogels synthesized in chemical vapor deposition
(CVD) chambers [24-28], (iv) spinning from cotton-like precursors [29-31],
(v) spinning with dielectrophoresis [32, 33] and (vi) rolling from CNT films/sheets
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[34, 35]. Although there is difference between fiber and yarn, they will not be
differentiated in this discussion. Details and characteristics of these technologies are
discussed as follows.

2.3 Fabrication Technologies

2.3.1 Spinning from Solutions

Spinning of CNT fibers was initially adopted from coagulation spinning, in which
polymer solutions containing high contents of CNTs are extruded into a liquid that
can dissolve the solvent while remaining the polymers [36, 37]. CNTs are not
soluble in in organic or aqueous solvents. They are prone to agglomerate due to the
strong van der Walls forces of their side walls. To have solutions that are suitable
for the spinning of CNT fibers, it is necessary to use surfactants [38] or super-acids
[18, 39-41].

Figure 2.1 shows SEM images of representative fibers spun out from solution of
arc-grown SWCNTs, which were dispersed in water using 1 % sodium dodecyl
sulfate (SDS) as surfactant [38]. During the wet spinning, the CNT dispersion was
injected into the center of a cylindrical flow of the coagulating mixture where it
solidified into a fiber. In this study, the coagulating flow was a mixture of
ethanol/glycerol or ethanol/glycol, with volume ratio of 1:1 and 1:3 respectively, so
that the density of the coagulating flow matched that of the nanotube dispersion. It
was found that continuous fibers could be obtained by using the alcohol mixtures,
while aqueous aluminum nitrate solution as coagulation agent led only rod-shaped
segments. The wet fibers were swollen and flexible, whereas the dried ones were
brittle and rigid, with diameters of 20-30 um [38]. The dried CNT fibers did not
swell when they immersed into water. As shown in Fig. 2.1, the CNT fibers
exhibited bundle structures. Electrical characterization indicated that the fibers
possessed semiconductor behaviors, whose resistivity was sensitive to adsorbed
molecules and atmospheres.

Another example was to disperse MWCNTs in ethylene glycol to form liquid
crystalline dispersions, which were extruded into a diethyl ether bath to form CNT
fibers, as shown in Fig. 2.2 [42]. The dispersions contained 1-3 wt% CNTs with
pure nematic phase, as shown by the cross-polar optical microscopy in Fig. 2.2b, in
which the domains of the ordered nanotubes are clearly demonstrated. The extru-
sion of the dispersions into fibers could be at rates of 0.03-0.3 mL min™~" through a
needle into diethyl ether. When the dispersions were passed through the needle, the
domains of the nematic dispersions would have shear orientation. As the wet fibers
were injected into the ether bath, the ethylene glycol rapidly diffused out of CNT
fibers into the ether, while the ether back-diffused into the fibers. As the
ether-swollen fibers were collected from the ether bath, the ether evaporated
rapidly, so that continuous fibers could be readily obtained, as shown in Fig. 2.2c.
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Fig. 2.1 SEM images of the CNT fibers: a—c side views, d view after drying on aflat substrate,
e detailed side view showing individual CNTs and f view of a broken fiber. Reproduced with
permission from [38], Copyright © 2005, Elsevier

The residual ethylene glycol in the fibers could be removed after annealing at
280 °C, due to its decomposition at 220—260 °C [42].

The MWCNT fibers were highly birefringent with polarization along the axis of
the fibers (Fig. 2.3a). These images indicated that both the MWCNTSs and
N-MWCNTs were highly aligned along the fiber axis in almost one single domain
and had no obvious defects or disclinations. The fibers had diameters of 10—80 mm,
which could be controlled through the processing parameters (Fig. 2.3b). They were
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Fig. 2.2 a Schematic of the experimental set-up used to the spin CNT fibers. b Optical image of
the 3 wt% MWCNT suspension before extruding under crossed polars. ¢ A 3-m-long MWCNT
fiber collected on a small winder. Reproduced with permission from [42], Copyright © 2008, John
Wiley & Sons

Fig. 2.3 a Optical images of a MWCNT fiber with and without crossed polars, where the fiber
showed strong nematic-like birefringent under crossed polars. b SEM image of the MWCNT fiber
spun from a 3 wt% suspension in glycol and coagulated in ether. ¢ High-magnification surface
SEM image of the fiber individual nanotubes well aligned along the fiber long axis. Reproduced
with permission from [42], Copyright © 2008, John Wiley & Sons
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Fig. 2.4 SEM images of the MWCNT fibers: a single twist, b double twist, ¢ spiral deformation
due to overtwist, d tying knot, e deformation due to cutting and f bending. Reproduced with
permission from [42], Copyright © 2008, John Wiley & Sons

free of contamination with degree of alignment (Fig. 2.3¢c). The presence of col-
lapsed ribbon structure with internal voids was the microstructural characteristics of
the MWCNT fibers, which were closely related to the processing.

The spun fibers had very high flexible and thus could be manipulated feasibly, as
shown in Fig. 2.3 [42]. The obtained fibers were flexible and could be readily
manipulated. They could be easily twisted and knotted, which makes them suitable
for weaving and knitting into various technical textile fibers, as shown in Fig. 2.4a—
d. The cut fibers showed flatten cross section, while no permanent change was
observed after bending, as illustrated in Fig. 2.4e, f. The MWCNT fibers had a
Young’s modulus of 69 + 41 GPa and a yield strain of 0.3 %. The high stiffness of
the fibers was ascribed to the high degree of orientation of the CNTs. Both local
deformation and pullout of the nanotubes were observed at the fractured surfaces of
the fibers. Room temperature conductivity along length axis of the MWCNT fibers
was as high as 8.0 x 10> S m™", but the conductivity was anisotropic, due to the
high alignment of the CNT.
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Although CNTs can be dispersed with the aid of surfactants, the concentration is
usually about 1 vol%, which is still undesirable, because large volume of surfac-
tants should be used during the processing. In contrast, by using superacids, such as
sulfuric acid with excessive SO3, chlorosulfonic acid and triflic acid, the dispersion
concentration of CNTs can be up to 10 wt%, which is attributed to the protonation
of the CNTs [18, 19, 40, 41]. In superacids, the CNTs are stabilized and thus
prevented from aggregation due to the formation of the electrostatic double layers
of positive protons and negative counterions [43].

A systematic study on SWCNTs dispersed in sulphuric and chlorosulphonic acid
at weight concentrations of up to 0.5 wt%, for fiber spinning, was reported by Davis
et al. [40]. Figure 2.5 shows phase diagram of the SWCNTs in the superacids,
together with cross-polarized light micrographs, with phases including isotropic (I),
liquid-crystalline (LC), crystal solvate (CS) and solid (S). Experimental results
(black symbols) were in good agreement with theoretical predictions (red symbols).
Circles designate Similar agreement was observed between the experiment (filled
circles) and model (open circles) isotropic concentrations. Initial system concen-
tration before phase separation was also studied (black and red diamonds).
Experimental phase boundaries, such as the LC/LC + S vertical boundary,
LC + S/CS + S horizontal boundary and I + LC/I + CS diagonal boundary, could be
identified by connecting the experimental data points (black dotted lines). There
was also an LC + CS regime in the phase diagram (shaded region). The concen-
tration ¢;, of the isotropic phase in equilibrium with the aligned phase increased
with increasing fractional charge (or solvent quality), for both experimental data
(filled circles) and theoretical predictions (open circles). The critical concentration
¢, (black squares) was derived from the results of light microscopy, dynamic
rheometry, steady shear rheometry and differential scanning calorimetry [40]. If the
solvent had high acidities, ¢, showed a weak dependence on acidity, which was
different from ¢;. Morphology of the liquid crystals was controlled by the acidity
level. The higher the acidity, the larger the domains and the fewer the defects would
be present and thus the higher the ordering of the macroscopic materials.

The phase diagram also provided insight into the solvent removal process, i.e.,
coagulation, which determines micro- and macrostructure of the fibers [40]. As
shown in Fig. 2.6a, the fibers spun from the dispersion of SWCNTSs in 102—-123 %
H,SO, and coagulated with water had a hierarchical microstructure, which con-
sisted of large bundles with micrometer thickness that contained smaller ones of
tens to hundreds of nanometers of nanotubes. Smooth and dense film with coa-
lesced bundles could be obtained if the dope was sandwiched between two glass
slides after the acid was evaporated, as shown in Fig. 2.6b. This wet-spinning
technique is quite productive. Tens of meters of continuous fibers could be pro-
duced in several minutes.

It can be used to spin CNT fibers with special shapes, e.g., coiled structure
shown in Fig. 2.6¢. It was found that, when spinning fibers from 8.5 vol% SWCNT
in pure chlorosulphonic acid, if the fibers were spun into a stagnant viscous
coagulation bath of 96 % sulphuric acid, they would be uniformly composed of fine
fibrils, with fewer small-scale defects than the fibers spun from sulphuric acid,
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Fig. 2.5 Phase diagram of the SWCNTs in superacids and cross-polarized light micrographs:
morphology just inside the biphasic region at 1.21 vol% in CISOzH (a) and 0.132 vol% in 120 %
H,S0y4 (¢), and in the liquid-crystalline phase at 12.1 vol% in CISO;H (b) and 10.6 vol% in 120 %
H,SO4 (d). Scale bars are 50 pm for (a) and 20 pm for (b—d). Reproduced with permission from
[40], Copyright © 2009, Nature Publishing Group
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Fig. 2.6 Dispersions of the SWCNTs (10.8 vol%) in sulphuric acid processed using different
coagulation conditions: a straight fiber coagulated in water, showing hierarchical microstructure of
bundles (detail shown in inset), b film slowly evaporated in anhydrous air, showing a smooth
microstructure and ¢ coiled and pleated fiber coagulated in ether. Reproduced with permission
from [40], Copyright © 2009, Nature Publishing Group

(a)

Coagulsnt

SWNT/3cid dope

Fig. 2.7 Fibers spun from 8.5 vol% SWCNTs in chlorosulphonic acid and coagulated in 96 %
aqueous sulphuric acid. The SWCNT/acid dope was extruded into a coagulant flowing faster than
the dope (a), which provided tension and draw the coagulating fiber, yielding thin fibers with a
smooth surface (b). The large liquid-crystalline domains in the fluid dope led to uniform
microstructure of the aligned fibrils (¢, d). Reproduced with permission from [40], Copyright
© 2009, Nature Publishing Group

because of the more regular microstructure of the liquid-crystalline phase. Viscous
forces at the coagulant—proto-fiber interface caused surface buckling-like irregu-
larities. This could be avoided by using a low-viscosity coagulant, e.g., chloroform
or dichloromethane or by co-flowing the coagulant with the coagulating proto-fiber,
so that fibers with uniform microstructure and aligned macrostructure could be
achieved, as shown in Fig. 2.7 [40].

2.3.2 Spinning from Arrays

Spinning from CNT arrays, first reported by Jiang et al. [22] in 2002, has been
widely and extensively used to produce CNT fibers [21, 44-53]. The CNT arrays
for spinning of fibers are previously grown on substrates, such as silicon wafers,
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Fig. 2.8 SEM images of the drawable CNT forests grown on stainless steel sheets: a low
magnification SEM image of a CNT ribbon being drawn from a forest, b cross-sectional view of
the CNT forest’s edge showing the CNT self-assembly to form a sheet and ¢ high magnification
image showing the alignment of the CNTs in the forest side-wall. Reproduced with permission
from [44], Copyright © 2010, Elsevier

ceramics and stainless steel sheets, by using various chemical vapor deposition
(CVD) methods, including traditional CVD, plasma enhanced CVD (PECVD),
floating catalyst CVD techniques, and so on. CVD methods usually produce
MWCNTs. Feasibility of this technology is demonstrated by the following
examples.

Figure 2.8 shows representative SEM images of MWCNT arrays grown on
stainless steel sheet that can be spun into CNT fibers [44]. The stainless steel sheets
are commercial products. Before the growth of the CNT arrays, the substrates were
cleaned and deposited with buffer layers, either Si or SiO. CNT arrays were grown
by using PECVD, with C,H, as the carbon source. Single-ply fibers spun from the
MWOCNT arrays had electrical conductivity and tensile strength of 350 S cm™! and
303 MPa, respectively. It was found that surface roughness of the stainless steel
sheet had no significant effect on spinnability of the MWCNT arrays, while the
catalyst layer could be reused.

Another example is the use of silicon substrate, which was coated with a thin
buffer layer of Al,O5 and then 1 nm thick Fe catalytic layer [45]. The MWCNT
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500 pm 100 pm

Fig. 2.9 SEM images of the CNT ribbons and fibers: a, b CNT ribbons initiated from the CNT
array for spinning, ¢ as-spun CNT fiber and d the fiber after post-spin twisting. Reproduced with
permission from [45], Copyright © 2007, John Wiley and Sons

arrays grown by using a CVD method had a thickness of as large as 0.65 mm, with
average diameter of 10 nm. As shown in Fig. 2.9a, b, CNT ribbons with pretty good
continuity could be readily pulled out from the arrays, showing their high
spinnability. Figure 2.9c, d shows SEM images of an as spun and a twisted CNT
fibers. The as spun fiber had a loose microstructure, with relatively small twist
angle, defined as the angle between the longitudinal direction of individual CNTs
and the axis of the CNT fiber. When the as spun fiber was twisted, the twister angle
was increased from about 10°-21°, while thickness was decreased from 10 to 7 pm.
The twisted CNT fiber exhibited greatly improved mechanical properties (strength
of 1.91 GPa and Young’s modulus of 330 GPa) and electrical conductivity (from
1.7 to 4.1 x 10* Sm™).
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In summary, spinning from well aligned CNT arrays is a versatile technology to
fabricate CNT fibers. The performances of the CNT fibers are influenced by both
the properties of the CNTs and post treatment techniques, including CNT structures
(such as tube length, tube diameter and wall thickness and tube waviness), diameter
of the CNT fibers, degree of twisting, liquid densification treatment and polymer
infiltration, as detailed in Ref. [14]. Noting the fact that significant progress has
been made in fabrication of CNT fibers and the CNTs synthesized with CVD
methods have a wide range of properties and characteristics, it is necessary to
establish theoretical understanding, which can be used to govern and guide the
further development and improvement of this technology. In this light, several
theoretical models have been developed to describe the assembly of CNTs into
fibers, two of which are discussed as representative examples [54, 55].

Figure 2.10 shows two-dimensional schematic drawing of the model proposed
by Kuznetsov et al. [54]. In this model, the original forest was considered to consist
of vertically oriented forest trees, known as large bundles, which were intercon-
nected by smaller bundles or individual nanotubes, called connects. If the direction
of the CNTSs in the forest is defined as the “z” axis, the draw direction is “x” axis
and “y” is the axis perpendicular to both “x” and “z”. Before the first bundle is
entirely detached from the forest, it pulls out its adjacent one that is in the same
z-x plane. Once the first bundle is peeled off from the bottom of the CNT forest, the
process will occur in the opposite direction. Therefore, the first bundle (forest tree)
is peeled off (unzipped) from the bottom of the forest, while the next bundle will be
pulled off from the top, which is repeated so that continuous fibers could be
obtained. If there are more interconnections between adjacent bundles, all these
interconnections unzip in the same way and will be concentrated at the bottom or on
the top alternatively. When the number of interconnection reaches a critical value,
they will be strong enough to pull out the next bundle, as shown in Fig. 2.11 [54].

——— puiling direction

6>6, C) F<F,

“unzipping” is favorable

e

Fig. 2.10 Left Schematic draw of a nanotube forest consisting of vertically oriented large bundles
(forest trees) and small interconnecting bundles or individual nanotubes (connects). Right The
unzipping zipping process causes the connects to move along the lengths of the forest tree, so as to
concentrate these connects at ends of the forest tree. In the detail, the angles of peeling at adjacent
bundles, with the respective forces F1 and F2 indicated. Red arrow represents the external force
used to draw the bundles. Reproduced with permission from [54], Copyright © 2011, American
Chemical Society
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Fig. 2.11 Scheme of the process of pulling out a forest tree from the forest. Blue and red bars
represent forest trees or bundles of the CNTs, whereas the separation distance between them is
increased for clarity. Red arrows show the external force applied to the first bundle. Small black
arrows show the direction of the net movement of the interconnections. Reproduced with
permission from [54], Copyright © 2011, American Chemical Society

In this model, the number of interconnections between the forest trees is the
critical parameter. For both the top and bottom of the bundles, there are limit
interconnection densities, corresponding to limiting minimal and maximal heights
of the CNT arrays. If the interconnection density is too low, as shown in Fig. 2.12a,
the external pulling force divided by the number of the interconnections will be too
large, so that every interconnection is entirely off the next bundle and thus pulling
(drawing) process will be interrupted. However, if the interconnection density is
high, as shown in Fig. 2.12b, the adjacent forest tree will be pulled out from
somewhere near the middle, instead of bottom or top, so that the pulling process
will also be interrupted. Because the CNT bundles in the forest trees are very stiff, it
is very difficult to stretch them. Therefore, the second forest tree cannot be con-
tinuously bent in the x direction, it will keep its vertical parts at the same distance
from the third forest tree without conserving its total length. As a result, the second
forest tree will completely detach from the forest or if the interconnections between
the second and the third forest tree are very strong, the third forest tree will be
entirely pulled out. In these two cases, fibers cannot be formed. In real evaluation,
three-dimensional structure of the interconnections was considered, by including
the z-y plane also [54].

With this model, the minimum and maximum numbers of interconnections have
been estimated, which can be used to explain (i) the presence of the lateral inter-
connections, (ii) unzipping process and (iii) critical number of interconnections.
The conclusions have been supported by experimental observations, as shown in
Fig. 2.13 [54].
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Fig. 2.12 Predicted effects of low (a) and high (b) interconnection density on the pulling-out
process. Reproduced with permission from [54], Copyright © 2011, American Chemical Society

Fig. 2.13 Consecutive SEM images of the side view of the CNT forest during the pulling-out
process. Red circles show the sequences of points where a pulled-out bundle started pulling the
next bundle. Blue circles show the rupture of two adjacent bundles. Reproduced with permission
from [54], Copyright © 2011, American Chemical Society

In a separate study, Zhu et al. [55] proposed a self-entanglement model to
explain the spinning of CNT fibers from CNT arrays, according an in situ electron
microscopy observations. It was found that the formation of entangled structures at
the ends of the CNT bundles during the pulling was critical to ensure a continuous
fiber drawing process. The entangled structures were formed when the drawing
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(b)

process approached the bottom or top ends of the CNTs due to the
self-entanglement effect, as shown in Fig. 2.14 [55].

When a bundle standing at the front of the array is pulled out of from a CNT
array, it detaches from other bundles, as shown in Fig. 2.14a. Because the CNT
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<« Fig. 2.14 Self-entanglement mechanism for continuous pulling of CNT yarns. The CNT array
consists of crossing over (solid gray lines) and branched (dashed gray lines) CNT bundles:
a pulling out of the bundle (purple) and then detaching from other bundles, b cleaving of the front
branched bundles and shifting of the crossing over structure, ¢ occurrence of self-entanglement,
d entwining of the twisted bundles nearby together with the branched bundles to form an entangled
structure, e pulling out of more bundles due to the entangled structures and the connection between
the extracted bundles and becoming firmer with further pulling and f a similar entangled structure
formed on the top surface region. Reproduced with permission from [55], Copyright © 2011,
Elsevier

bundles tend to cross over whenever they are in contact with, this bundle is likely
coming from somewhere among other bundles. Pulling out this bundle could cause
squeezing of the front branched and crossing over bundles, thus leading to twist of
these bundles, which will be cleaved after further pulling that pushes crossing over
structure towards the end regions, either top or bottom surface regions of the array,
as shown in Fig. 2.14b. Once the pulling process approaches the ends of the
bundles, self-entanglement occurs (Fig. 2.14c). Due to the weak bonding between
CNTs and the substrate, entangled structure can be formed at the end region, as
shown in Fig. 2.14d. The formation of the entangled structures ensures the pulling
out of more bundles with firmer connection between the extracted CNT bundles
(Fig. 2.14e). This step is repeated during the continuous spinning of the CNT fibers,
as seen in Fig. 2.14f. The formation of the entangled structures well explains the
fact that CNT yarns usually become slightly wider during pulling, because more
and more branched are CNTs involve. The model was confirmed by experiments
[55].

2.3.3 Spinning from Aerog

An alternative way to fabricate CNT fibers is the direct formation from CNTs
synthesized in CVD chambers. In 2002, Zhu et al. [26] used a floating catalyst CVD
method to directly synthesize long strands of ordered SWCNTs by using a vertical
furnace presented in Ref. [56], as shown in Fig. 2.15. With hydrogen as carrier gas,
n-hexane solution in ferrocene and thiophene was used as carbon source. The
obtained SWCNT strands were up to 20 cm in length with a diameter of about
0.3 mm, which showed metallic behavior with resistivity of 5-7 x 107° Q m over
the temperature range of 90-300 K. However, this is not a continuous spinning of
CNT fibers.

A instantaneous continuous spinning method to spin CNT fibers from aerogel of
CNTs synthesized in CVD chamber was reported by Li et al. [24]. In this direct
spinning process, the precursor material was mixed with hydrogen and injected into
the hot zone of the CVD chamber, where aerogels of CNTs were produced. The
precursor material is typically a liquid carbon source, such as ethanol, together with
the presence of ferrocene as the source of catalysts, because iron nanoparticles are
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formed that act as nucleation sites for the growth of nanotubes. The CNT aerogel
can be captured and spun continuously out of the hot zone as fibers or films. CNT
fibers, which were spun directly and continuously from the aerogels, have shown
high strength and high stiffness [25, 28, 57, 58].

By using the mixture of acetone and ethanol as the carbon source, Zhong et al.
[59] produced continuous CNT fibers with a multilayered structure, by using a
facility shown in Fig. 2.15a. In this case, the CNTs self-assembled into a multi-
layered CNT sock in the gas flow, which could be observed as shown in Fig. 2.15b.
The assembly of the CNTs was associated with the interaction of the gas molecules
in the chamber, which drove the CNTs towards the outer circumference of the gas
flow. The formation of the multilayer structure was attributed to the fact that higher
concentration of CNTs was obtained in the gas flow, with the CNT yield
(240 mg h™") from the mixed carbon source to be double that (110 mg h™") from the
single source of ethanol.

The layered CNT sock was densified due to the presence of water once it was
drawn out of the reaction chamber, when a water tank was placed at the end of the
CVD chamber, as shown in Fig. 2.16a [59]. The water level in the tank was
sufficiently high to seal the reaction chamber, so that the CNT assembly could be
drawn out continuously from the chamber in a safe and controlled manner. Once the
CNT sock touched the surface of the water, it shrunk into fiber, as shown in
Fig. 2.16c. The fiber was directed to be around a rotator in the water tank, which
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Fig. 2.16 CVD synthesis and spinning set-up for the fabrication of continuous CNT yarns.
a Schematic diagram of the synthesis and spinning set-up. b Photograph of a layered CNT sock
formed in the gas flow, with at least eight layers to be observed. Photographs showing the
transformation of the layered sock into a fiber, during the water densification step (c), drawing
from the water at the other side of the water tank (d) and final spinning of the fiber (e). Reproduced
with permission from [59], Copyright © 2010, John Wiley & Sons

was then pulled out into air from the other side continuously, as shown in
Fig. 2.16d. The fiber was then gone through acetone over the second rotator, in
order for washing and further densification. Finally, the fiber was dried by using an
infrared lamp, at about 100 °C (Fig. 2.16e). The productivity, morphology and
dimension of the CNT fiber can be readily controlled by controlling the spinning
speed (5-20 m min ).

Figure 2.17 shows microstructures of the CNT fibers [59]. The hollow and
multilayered structure of the CNT fibers after densification through acetone is
revealed in Fig. 2.17a—d. The CNTs were densely packed and aligned along the
fiber axis on the yarn surface (Fig. 2.17b). It was found that without acetone
densification the CNT layers showed spontaneous detachment, as shown in
Fig. 2.17e, due to the hydrophobic characteristics of the CNTs. The CNT films
exhibited homogeneous microstructures with a uniform thickness of about 50 nm
(Fig. 2.171).

The multilayered structure of the fibers was further confirmed by the TEM image
of Fig. 2.17g. The CNTs were DWCNTs with a large diameter of 8-10 nm
(Fig. 2.17h, left), which became flattened and stack in 50-nm-thick bundles.
Figure 2.17h (right) shows a bundle packed with 6 nm DWCNTSs which were
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obtained at a lower concentration of thiophene of 0.4 wt%. It means that the
structure of the CNTs could be further modified by varying the synthesis condi-
tions. These multilayered fibers have shown unique mechanical, structural, surface
morphological and electrical properties [59].
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<« Fig. 2.17 SEM (a—f) and TEM (g, h) images of the multilayered CNT fiber: a cross-sections of
the as-spun yarns, showing a hollow and multilayered microstructure (inset), b surface of the fiber,
showing densely packed CNT bundles aligned along the fiber axis, ¢, d cross-sections of the
multilayered yarn after mechanical rolling, e detailed view of the yarn, with more than forty layers
packed along the fiber axis, f enlarged view of the fiber in e, showing an individual layer, with a
single layer of crossed CNT bundles, g TEM image of the CNT bundles and h end view of a CNT
bundle, showing double-walled characteristic with a collapsed structure packed in the bundle (leff)
and a round structure (right). Reproduced with permission from [59], Copyright © 2010, John
Wiley & Sons

2.3.4 Spinning from Cotton-Like Precursors

Spinning cotton or cotton-like CNT precursors to fabricate CNT fibers has been
found to be a simple and cost-effective method [29-31]. It is to mimic the ancient
cotton spinning process, thus very practical and promising for large-scale produc-
tion. Two examples are discussed in this section.

The first example is the spinning of cotton like DWCNTs, which were syn-
thesized by using a CVD method, with xylene and ferrocene as carbon and catalyst
sources [29]. Figure 2.18 shows schematic illustration of the spinning process,
together with optical photographs of the as-spun DWCNT fibers. Heat treatment in
argon gas was conducted for 1 h at 150 °C to completely remove the water con-
tained in the fibers, which also made the fibers to be more compacted.

Figure 2.19 shows microscopic characteristics of the DWOCNT fibers.
Low-magnification SEM images indicated that the as-spun DWCNT fibers had a
uniform thickness along their axis, with diameters of 10-100 pm.
High-magnification SEM image showed that most of the nanotube bundles inside

Hot air

™

Wet DWNT Cotton Manual spinning  As-spun DWNT fibers

Fig. 2.18 Schematic illustration of the drawing—drying spinning process to fabricate the DWCNT
fibers and photographs of the as-spun DWCNT fibers. Reproduced with permission from [29],
Copyright © 2007, John Wiley & Sons
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Fig. 2.19 a Low-magnification SEM image of the DWCNT fiber. b High magnification SEM
image, showing that most of the CNT bundles are aligned along axis of the fiber. ¢ SEM image of
the bent DWCNT fiber together with its local buckling. d, e Cross-sectional high-resolution TEM
images of the DWCNTs of the fibers. Reproduced with permission from [29], Copyright © 2007,
John Wiley & Sons

the fibers were aligned along the axis of the fibers and some of them were entangled
among the aligned bundles. The DWCNT fibers showed a local buckling behavior
when they were bent or knotted, as shown in Fig. 2.19¢c. Several buckling locations
were observed at the inner edge of the bending site, due to the protrusion of the
nanotube bundles at surface. Due to the similarity to the actuation of muscles, this
flexible buckling behavior implied that the DWCNT fibers could be used to develop
artificial muscles. As confirmed by the HRTEM images in Fig. 2.19d, e, the fibers
consisted of DWCNTs.

The DWCNT fibers exhibited a tensile strength of 299 MPa, Young’s modulus
of 8.3 GPa and elongation-to-break values of up to 5 % [29]. It was found that
slipping out of the nanotubes were responsible for the failure of the fibers.
Mechanical properties could be further improved by using various strategies: such
as twisting to increase the frictional force between nanotube bundles and annealing
at high temperatures (>2000 °C) to structurally coalesce the nanotubes inside the
fibers to increase the bulk strength. The fibers also showed promising electron field
emission effect.
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The second example was reported by Zheng et al. [30], who used another type of
CNT cotton to spin fibers. The CNT cotton was prepared by using a CVM method.
Figure 2.20a shows photograph of the fluffy and gray CNT cotton on a quartz
support with a dimension of 15 mm X% 35 mm. The CNT cotton had very low
density with large space in between individual CNTs. In this respect, it is similar to
the conventional cotton. The gray color of the CNT cotton was caused by the
light-scattering effect, because of its low spatial density. From the side view of
Fig. 2.20b, the collection of the CNT cotton was 2 mm thick, which composed of
millimeter long individual CNTs. The CNT cotton was hydrophobic, as shown in
Fig. 2.20c, in which a water droplet with a diameter of 2.5 mm was sitting on the
surface of the CNT cotton. It sank into the CNT cotton because of the gravity effect,
but it maintained a quasi-spherical shape. After the water-droplet was completely
evaporated, the CNTs in the area covered by the water droplet were rearranged into
a web-like mesh, as shown in Fig. 2.20d, whereas the CNTs beneath the web still
retained the form of cotton, as demonstrated in Fig. 2.20e, confirming the
hydrophobic behavior of the CNT cotton.

The average space between individual CNTs in the CNT cotton was about
10 um, giving a 2D density of 10* mm 2, which was much lower than that of
vertically aligned CNT arrays, usually about 10° mm 2. TEM analysis indicated
that the CNTs were multi-walled, with diameters of 100-380 nm and an average
diameter of 250 nm. The formation of the CNT cotton was attributed to the uneven
distribution of the catalysts. All the CNTs in the cotton were initially grown from
the catalyst area, while those areas without the catalyst, there were no CNTs.

CNT fibers were spun from the CNT cotton by using a spinning set-up built by
the authors [30]. SEM images of the CNT fibers during and after the spinning are
shown in Fig. 2.21a, b. The individual CNTs in the cotton were easily collected
during the fiber spinning, which were well aligned along the pulling direction.
Figure 2.21c shows a plot of stress versus strain of a representative CNT fiber. It
exhibited very high mechanical strength. Figure 2.21d shows SEM image of the end
of the fractured fiber. The individual CNTs were slided one another, rather than
structural breaking, so that the fiber became thinner and thinner until the final
failure. The loose attachment among the CNTs and the long length of individual
CNTs were responsible for the breaking behavior of the CNT fiber. This was
because the longer the individual CNTs, the longer the distance that they could
slide. However, the CNTs themselves did not show any obvious fracture during
tensile tests, which implied that the strength of the CNT fibers could be further
increased.

2.3.5 Spinning with Dielectrophoresis

Although rarely used in the open literature, dielectrophoresis method is an inter-
esting technology to produce CNT fibers. Figure 2.22 shows a schematic diagram
illustrating a dielectrophoresis process reported by Tang et al. [33]. A W tip
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Fig. 2.20 a Top view. b Side view of the CNT cotton on a 35 mm long quartz support. The CNT
cotton showed hydrophobic nature. ¢ A water droplet suspended on CNT cotton. d Web-like mesh
formed after water is evaporated. d Cotton form retained beneath the web. Reproduced with
permission from [30], Copyright © 2007, John Wiley & Sons
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Fig. 2.21 a SEM images illustrate that CNT cotton can be easily spun into fibers. b A segment of
a CNT fiber spun from the CNT cotton. ¢ A plot of stress versus strain for a typical spun CNT
fiber. d The failure mode of the CNT fiber: gradual thinning due to inter-nanotube sliding.
Reproduced with permission from [30], Copyright © 2007, John Wiley & Sons

prepared by using chemical etching was used as the working electrode, while a
small metal ring acted as the counter electrode, both of which were mounted on
separate translation stages and thus placed under an optical microscope. Purified
SWCNTs were dispersed in de-ionized waster. A droplet of the CNT suspension
was placed inside the metal ring. An AC electric field of 10 V at 2 MHz was applied
between the two electrodes. The W electrode was translated horizontally to contact
the CNT-water suspension and then was withdrawn under the electrical field until a
fiber of desired length was formed.

CNT fiber was formed due to the interaction between the polarizable CNTs and
the applied AC electric field. Figure 2.23 shows the mechanism proposed to explain
the formation of the CNT fibers. As an AC electric field was applied, the polarized
CNTs in water were first aligned along the electric field direction due to the torque
action of the induced dipole, which is step (1). With the presence of an asymmetric
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Fig. 2.22 Schematic diagram of the fiber formation through the dielectrophoresis process.
A function generator was used to supply an AC field of 10 V at h MHz between the W tip and the
metal ring that contained the CNT-water suspension. The W tip is translated to contact the surface
of the suspension and was thengradually withdrawn at the AC field to draw out the CNT fiber.
The fiber was anchored on the apex of the W tip. Reproduced with permission from [33],
Copyright © 2003, John Wiley & Sons

inhomogeneous electric field, the AC frequency and the dielectric constant of the
medium could be adjusted, such that the aligned CNTs were driven by the field
gradient towards the high field region near the W tip, then it came to step (2). The
first group of CNTs was adhered to apex of the W tip, forming new outermost
surface of the electrode, to which new CNTs would be precipitated. Continuous
migration and precipitation of CNTs facilitated the growth of the fiber along the
electric field direction, i.e., step (3). By gradually pulling the W electrode from the
liquid in such a way that only the tip of the CNT fiber was in contact with the liquid
surface, precipitation and growth could be confined within the liquid meniscus. As
a result, fiber with desired dimension could be formed. This is sept (4).

Figure 2.24 shows SEM images of the SWCNT fibers drawn from the CNT
suspension [33]. The fiber was about 100 um long and about 0.2 um thick, as
shown in Fig. 2.24a. The SWCNT bundles were adhered on surface of the W tip,
with very few CNT bundles in the radial direction, as shown in Fig. 2.24b. All the
CNT bundles were aligned along the longitudinal axes direction of the fiber, which
was also the direction of electric field (Fig. 2.24c). The end of the fiber consisted of
only a single CNT bundle, as shown in Fig. 2.24d. The fiber was uniform and
smooth, whose diameter could be controlled by controlling experimental parame-
ters, including pulling rate, electric field, concentration of the suspension and so on.
The technique has been demonstrated to be feasible in other aspects. However, it is
obvious that it is not very suitable for large-scale production.
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Fig. 2.23 Mechanism of the dielectrophoresis deposition of the CNT fiber at an asymmetric
electric field. Step (1): the CNTs dispersed in water are first aligned along the field direction due to
their anisotropic polarizability. Step (2): the CNTs migrate towards the high field region, at
appropriate frequencies in propermedium. Step (3): the fiber nucleates at the apex of the metal tip
and grows towards the counter electrode direction. Step (4): the W electrode is gradually
withdrawn from the liquid so that only the tip is in contact with the suspension. The capillary
pressure from the surface of the meniscus the alignment and the adhesion of the fiber. Reproduced
with permission from [33], Copyright © 2003, John Wiley & Sons
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Fig. 2.24 SEM images of the SECNT fiber drawn from the SWCNT-water suspension by using
the dielectrophoresis technique: a overall morphology, b interface between the fiber and the W tip,
¢ mid-segment of the fiber and d end of the fiber. Reproduced with permission from [33],
Copyright © 2003, John Wiley & Sons

2.3.6 Twisting/Rolling of Films

CNT fibers have also been fabricated by twisting or rolling CNT films [34, 35, 60,
61]. The fabrication of CNT fibers by using this method was first reported by Ma
et al. [34] with SWCNT films. The SWCNT films synthesized by using a floating
catalyst CVD method had a reticulate architecture. A CNT strip was sliced from the
thin film and then twisted into CNT fibers, as shown in Fig. 2.25. The length and
diameter of the fabricated fibers were determined by the width and length of the
strip of the CNT films. The CNT fibers prepared in this way had typical diameters
of 30-35 um and lengths of 4-8 cm, showing Young’s modulus of 9-15 GPa and
tensile strengths of 500-850 MPa. The mechanical properties of the SWCNT fibers
were closely related to the intrinsic waviness and inter-bundle slippage of the
CNTs.

Figure 2.26 shows schematic diagram of the twisting process [34]. During the
twisting of the film into a fiber, the part near the center of the fiber experienced
strong twists, so that it collapsed into a cylindrical core, while the portion on surface
of the fiber was extended by a factor of 1/cosf, due to the requirement of matching
the length of the center part. For fibers with diameters of 35-40 pm, if the twist
angle was 20°, the pre-extension of the film on the fiber’s surface was about 6.5 %,
corresponding to Raman downshift of 4 cm™'. Due to the pre-elongation of the
meshes, CNT bundles in the fibers were pre-tightened and helically aligned along
the axis of the fibers. Therefore, the strain of the fibers could be transferred to the
axial elongation of the bundles more effectively, so that the moduli of the fibers
were increased as a consequence of the twisting process [34]. Another method to
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Fig. 2.25 SEM image of a piece of the as-synthesized SWCNT film with a width of 2 mm and a
thickness of 200 nm being twisted into a fiber. Reproduced with permission from [34], Copyright
© 2009, John Wiley & Sons

2nR

Fig. 2.26 Schematic diagram (left) of the twisting process, showing the geometrical elongation of
the film near the surface of the fiber, with the two SEM images (right) of the unstrained and
strained part of the film. Reproduced with permission from [34], Copyright © 2009, John Wiley &
Sons
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Fig. 2.27 a Photograph of the DWCNT films wrapped on a glass rod. b Crosssectional SEM
image of the film. ¢ In-plane view SEM image of the film. Reproduced with permission from [35],
Copyright © 2010, Elsevier

fabricate DWCNT fibers by rolling was reported by Feng et al. [35]. The DWCNT
thin films used to roll into fibers were synthesized by using one step catalytic CVD
gas-flow reaction process, with acetone as the carbon source in argon flow.
Figure 2.27a shows a photograph of the free-standing CNT films, with width of
6 mm and length of 20 cm, derived from the spindle and wound onto a glass bar.
Figure 2.27b shows cross-sectional SEM image of the films, demonstrating a
double layered structure with an equal thickness of about 100 nm. The double
layered structure of the CNT films was attributed to the two walls of the CNT sock,
which was folded on the spindle during the spinning process. The CNT films
consisted of uniformly distributed nanofibers, with diameters of about 30 nm and
length of 200 um. The CNT nanofibers were aligned along the film length direction,
as shown in Fig. 2.27c.

Figure 2.28 shows cross-sectional SEM of a fiber derived from the DWCNT
films. The fibers exhibited a multilayered structure. They were highly flexible and
mechanically strong, with a linear density of 1.78 g km™'. Their bulk density was
about 1.11 g cm ™, estimated according to the volume and weight of a film. Specific
strength of the fibers was 70 MPa (g cm °) ', corresponding to strength of
112 MPa from the linear density (1.67 mg m™') and the cross-sectional area of the
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Fig. 2.28 SEM image of the
DWCNT fiber prepared by
rolling the DWCNT film,
showing multilayered
structure. Reproduced with
permission from [35],
Copyright © 2010, Elsevier

film (1.0 x 10~ m?). The fibers also showed promising electrical conductivity,
8.0 x 10* S m™"' [35].

More recently, Song et al. [60] developed a motorized pulling/twisting stage to
spin CNT fibers from SWCNT films. The SWCNTs films were synthesized by
using a floating catalyst CVD method. Figure 2.29a shows representative pho-
tographs of the as-synthesized SWCNT films. The films were uniform and con-
tinuous, with areas of up to several tens of square centimeters. The SWCNTSs had
diameters of 1-1.5 nm. Before spinning, the SWCNT films were immersed into
hydrochloric acid (3 wt%) for two days and then washed with deionized water.
When the films were put into isopropanol, they were spread and floated on surface
of the solvent. A sharp tip was used to contact edge of the film and draw it, so that
fiber was spun out. Continuous spinning was realized by using a motor, as shown in
Fig. 2.29b, c.

Figure 2.29d shows SEM image of the SWCNT fiber with diameter of about
70 pum [60]. The diameter of the fibers could be controlled by controlling the area
initially covered by the film, the spinning/pulling speed of the motors and the ratio
of the speed of spinning and pulling. During the spinning/pulling process, the
deionized water/isopropanol mixture that were trapped inside the films was
squeezed out, so that droplets were formed on surface of the fibers, as shown in the
inserted image of Fig. 2.29c. The fibers were dried by removing the remaining
moisture by blowing nitrogen gas.

2.3.7 Summary

CNT fibers are made of axially aligned and highly packed CNTs, so that they are
expected to have much higher specific modulus and specific strength than the
commercial carbon and polymeric fibers. They are also more flexible and exhibit
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Fig. 2.29 a Photographs of the as synthesized SWCNT films with floating catalyst CVD.
b Schematic of the spinning process. ¢ Photograph of the spinning stage with rotation motor, with
the inset showing an image of the fiber spinning process. d SEM image of a SWCNT fiber with
diameter of about 70 um. Reproduced with permission from [60], Copyright © 2012, Elsevier

higher energy to break than some commercial fibers. More importantly, CNT fibers
possess higher electrical and thermal conductivities than the conventional fibers.
Due to these novel properties, CNT fibers could find applications in various aspects,
such as reinforced composites, mechanical and biosensors, transmission lines and
microelectrodes [14].
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Although significant achievements have been made in fabrication of CNT fibers
and they have shown promising performances for potential applications, CNT fibers
are challenged by the conventional carbon fibers. For example, there is still no
processing route to synthesize CNTs with high and consistent quality and con-
trollable microstructures, due to the diversity of CNTs, including, SWCNTs,
DWCNTs, MWCNTs, metallic CNTs, semiconducting CNTs, diameters, lengths
and aspect ratios. Also, large-scale production of high quality spinnable CNTs is
still a challenge. Therefore, much effort is necessary to address these problems.

2.4 Films, Membranes, Sheets and Papers (2D)
2.4.1 Brief Introduction

In general, film means a thin layer of materials that are deposited on certain sub-
strates, which are included in this review. Instead, the CNT films discussed here are
those that are free-standing, with relatively larger thickness than those with sub-
strates [12, 35, 62-67]. With different thicknesses, the CNT films are also called
membranes, sheets, Buckypapers or papers, which will be not intentionally dif-
ferentiated in this discussion unless otherwise specifically mentioned. Due to their
excellent properties, such as mechanical stability, flexibility, chemical stability,
electrical and thermal conductivities, CNT films have shown various potential
applications [66—68]. Free-standing CNT films have been fabricated by using either
suspension-based deposition (filtration or casting) or directly growing, which will
be described as follows.

2.4.2 Fabrication Technologies

2.4.2.1 Wet Suspension Methods

Suspension processing of CNT films includes mainly vacuum filtration [69-83], as
well as suspension casting, droplet-drying and electrophoretic deposition
(EPD) [63, 84-86]. Various nanoporous membranes, such as anodized aluminum
oxide, polycarbon, nylon and PTFE, have been used for vacuum filtration. The pore
size and density of the filtration membranes can be different, so as to be used for
CNTs with different thicknesses and lengths. CNT films can be peeled off after
drying for further studies and applications. Therefore, this is a simple and effective
technique to fabricate CNT films.

Since the first free standing macroscopic SWCNT film, prepared by using
vacuum-filtration of SWCNT suspension [69], the method has been widely used to
fabricate various CNT films. In this method, SWCNTs were first dispersed in a
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solution with the aid of surfactants and ultrasonication. The SWCNT suspensions
were filtrated to form films, whose thickness was controlled through the concen-
tration of the nanotube and the volume of the suspension. This is a simple and
versatile method suitable for nanoscale fibrous materials. By using this method,
ultrathin, transparent, electrically conducting SWCNT films, which can be trans-
ferred onto various substrates [70]. Electric field-activated optical modulator made
of the SWCNT films exhibited an optical analog to the nanotube-based field effect
transistor. Another free-standing SWCNT film with a thickness of less than 200 nm
over an area of several square centimeter was reported by Hennrich et al. [71].
Figure 2.30 shows that the SWCNT film prepare by using this method was smooth
surface and homogeneous in microstructure.

MWCNT papers have also been prepared by using the membrane filtration
technology [76-78, 83]. For example, Kukovecz et al. [76] used CNTs with dif-
ferent lengths to prepare MWCNT Buckypapers with apparent mean pore diameter
of 24-39 nm. Figure 2.31 shows SEM images of an unused nylon filter membrane
and the filters after being used to filtrate the longer and shorter MWCNTs. It was
found that after filtration the longer (>2 pm) MWCNTs had almost no effect on the
pore structure of the membrane, while the shorter (~230 nm) ones blocked the
pores. Surface SEM images of the Buckypapers made with the longer and shorter
MWCNTs are shown in Fig. 2.32. The shorter nanotubes were packed more den-
sely with smaller pores. This work provides a guidance in fabrication of
Buckypapers with desired pore characteristics for given applications. Also, con-
trolling the length of CNTs by using ball milling is a simple and effective way.

Besides filtration method, CNT films have been derived from suspensions by
using various other strategies. For instance, a drop-drying method to prepare
SWCNT film was reported by Duggal et al. [63]. Figure 2.33 shows a schematic of
the drying process of SWCNT suspension. The solvent to disperse the SWCNT was
F68 Pluronic which was dissolved in water at a concentration of 2 wt% or 2.4 mM.
The surfactant had two PEO chains that were connected by a PPO chain. The
hydrophobic segment of the surfactant (PPO) sited at surface of the individual
CNTs, while the two hydrophilic PEO segments expanded in water. The polymer
provided a steric barrier to the bundling induced by van der Waals forces between
CNTs. The suspension was dropped on glass slides to form SWCNT films after
drying the loss of the solvent due to evaporation, transport of the SWCNT-F68
driven by the advection and preferential adsorption of the surfactant at the air/liquid
interface caused an increase in the local concentration of the SWCNT-F68 complex
at the free surface, which resulted in the formation of the crust. The presence of the
inhomogeneity due to SWCNTs in the thin crust served as nucleation sites of
fractures. As the crust ruptured at isolated points, volcanic landscape features were
formed, as shown in Fig. 2.34a (panel 2) and Fig. 2.34b. The evaporation front
moved across the drop from the rupture sites, leading to the formation of aligned
liquid-crystalline domains, which could be observed under polarization, as shown
in Fig. 2.34a (panels 3-6) and Fig. 2.34c. When two evaporation fronts met, defect
planes would be created, which was responsible for the formation of grain
boundaries and defects in the crystals, as shown in Fig. 2.3a (panel 4). If water was
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Fig. 2.30 SEM images of the SECNT free-standing film: a front surface at the suspension side
and b back surface in contact with the filter membrane. Reproduced with permission from [71],
Copyright © 2002, Royal Society of Chemistry
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Fig. 2.31 SEM images of the
fresh nylon filter with 450 nm
nominal pore size (a), the
filter after being used to make
Buckypapers from the long
(>2 pm) MWCNTs (b) and
the filter after being used to
fabricate Buckypapers from
the short (~230 nm)
MWCNTs (c). Reproduced
with permission from [76],
Copyright © 2007, Elsevier

further evaporated while the horizontal dimensions were fixed, the crust would
become thinner and thinner. In this case, the crust experienced gradually increased
tension, because it tended to shrink, which would be then fractured as a result, i.e.,
forming cracks, as shown in Fig. 2.34a (panel 6). The direction of the cracks at the
surface was dependent on the packing of the SWCNT-F68 micelles.

Alternative suspension CNT film formation method, frit compression, was
reported by Whitby et al. [84]. In this method, polypropylene syringe and
polypropylene frit with pore size of 50 um were used. Purified MWCNTs were
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Fig. 2.32 Surface SEM
images of the Buckypapers
made of pristine (>2 pm)
MWCNTs (a) and shortened
(~230 nm) MWCNTs (b).
Reproduced with permission
from [76], Copyright © 2007,
Elsevier

ultrasonicated in a solvent to form suspension. After a polypropylene frit was
inserted inside a syringe, the MWCNT suspension with an appropriate quantity was
put into the syringe, than another frit was placed on top of the suspension, which
was then pressed by pushing the plungers. The solvent was squeezed out through
the porous frits. After drying, MWCNT Buckpapers were obtained. Different sol-
vents were used in that study.

Figure 2.35a—c shows photographs of representative Buckpapers prepared by
using the frit compression method [84]. Appearances of the Buckypaper made in
this were related to the type and properties of the solvent used, concentration and
quantity of the suspensions. Unbalanced forces on two surfaces caused by evapo-
ration of the solvent led to domed-shaped Buckypapers, as shown in Fig. 2.35b, c.
Thickness of the Buckpapers could be readily controlled by the quantity and
concentration of the CNT suspensions. Obviously, this method can be easily scaled
up.

Another example of non-filtration suspension method to prepare CNT films is
electrophoretical deposition (EPD) [86]. Figure 2.36 shows schematic diagram of
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Fig. 2.33 Schematic of the (1) K
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the EPD set-up used in that study. It consisted of vertically aligned electrodes in a
parallel plate configuration with a separation of about 1 cm. Electrode pairs were
inserted into the aqueous MWCNT suspension for 10 min, at an applied DC voltage
of 2.8 V. After the EPD process, the electrodes were extracted from the suspension
and were dried, while the applied voltage of 2.8 V was maintained for an additional
duration of 5 min, in order to enable further densification of the CNT deposit, which
would improve the homogeneity of the dried films as compared with those dried
only through the evaporation processes. 316 stainless steel sheets, with a thickness
of 1 mm and dimensions of 5 cm x 2.5 cm, were used as electrodes.
Multiple-deposition was used to control thickness of the MWCNT Buckypapers.
For each deposition, all the experimental parameters were kept to be identical. For
example, to make a two-time deposited film, two beakers containing identical
suspensions of MWCNTs would be used. In this case, the concentration of the
suspension was constant for each single deposition. The films after air-drying were
peeled off from the stainless steel electrode by merging the anode in DI water for
several hours. The mechanical cleavage was realized by using a razor, which was
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Fig. 2.34 Dried drops of the SWCNT-F68 on glass. a Progression of drying under crossed
polarizers. (/) Contact line is pinned and the drop forms a gelled foot. Undulation of the free
surface in the middle can be observed. (2) Crust ruptures at a point and birefringent patterns start
appearing. (3) Crust ruptures at another point and the drying fronts move radially. (4) The drying
fronts meet to form a grain boundary. (5) The drying fronts move across the whole drop. (6) A
circular crack appears around the rupture site (at the top). b Bright-field image showing the foot of
the drop, volcanic landscape and cracks: (A) rupture sites, (B) cracks, (C) grain boundaries and
(D) foot. Scale bar is 100 pm. ¢ Image under crossed polarizers. The micelles exhibit birefringent
fan-like arrangements and characteristic of hexagonal liquid-crystalline domains. Scale bar is
100 pm. Reproduced with permission from [63], Copyright © 2006, John Wiley & Sons

inserted between the film and stainless steel substrate, so that minimal fraying at the
films edges was caused. After peeling off from the stainless steel substrates, the
films were placed on Teflon plates and then were dried into Buckypapers.
Thickness of the MWCNT Buckypapers could be controlled through controlling the
thickness of the single deposition and the number of the multiple deposition.
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Fig. 2.35 Photographs and microstructures of the MWCNT Buckypapers made by using frit
compression. Depending on the surface tension of the solvent, the MWCNTSs Buckypapers had
different appearances: a planar, b convex lower surface and ¢ concave upper surface of
dome-shaped Buckydiscs (thick Buckypapers), d SEM image showing the undulated surface of the
Buckypapers, e cross-sectional SEM image of the Buckypaper, with MWCNTSs randomly
orientated, f TEM image showing compartmentalized nature of the MWCNT and tube geometry
defects indicated by the arrows. Reproduced with permission from [84], Copyright © 2008,
Elsevier

BK Precision 17878
Stainless Steel electrodes

MWECNT suspension

Fig. 2.36 Schematic of the EPD process to fabricate  MWCNT films fromsuspension.
The MWCNTSs were negatively charged due to the proprietary surfactant and deposited onto the
positive electrode. Electrode spacing between electrodes was 1 cm. The voltage applied across
the electrodes was 2.8 V. Reproduced with permission from [86], Copyright © 2010, Elsevier
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Preliminarily, the Buckypapers fabricated by using this method showed average
tensile strength and Young’s modulus of 14.5 MPa and 3.3 GPa, respectively [86].

2.4.2.2 Dry Methods

Dry methods to fabricate CNT films include continuous drawing of CNT sheets
from aligned CNT arrays [87-93] and unidirectional Buckypaper from aligned
CNT arrays [94].

The direct drawing method to produce CNT sheets from super-aligned MWCNT
arrays is similar to the direct spinning to fabricate CNT fibers [87]. The only
difference is that the sheets are drawn without applying any twisting force.
The CNT sheets were drawn from a sidewall of MWCNT forests synthesized by
using catalytic CVD method. The MWCNTs were about 10 nm in diameter, with
forest heights of 70-300 mm. Draw was initiated with an adhesive strip, to contact
the MWCNTs that were teased from the forest sidewall. MWCNT sheets with
length of several meters and width of up to 5 cm could be drawn manually out at
about 1 m min~". They had a density of only about 2.7 mg cm ™2, but strong enough
to self-supportive when the sheet was as large as 500 cm?. A forest of 1 cm long
and 245 pum high yielded a 3 m long free-standing MWCNT sheet. The sheet
production was robust and consistent. The drawing processing, e.g., maximum
drawing rate, was related to the properties or qualities of the CNT forests. Thickness
of the as-drawn MWCNT sheets was determined by the height of the forests.
The MWCNT sheets could be densified by immerging in liquids, like ethanol, for
further characterization.

Figure 2.37 shows SEM images of the MWCNT sheets during the direct drawing
process and after densification [93]. It is clearly demonstrated that the free-standing
sheet was drawn laterally from the side of the CNT forest, Fig. 2.37a. Either glasses
or flexible plastics could be used as substrates to place the as-drawn sheet, because
the sheet was weakly bound to these substrates due to the van der Waals forces.

100 pm
—

Fig. 2.37 SEM images of a drawing of MWCNT sheet from a nanotube forest and b a densified
MWCNT sheet on a glass substrate (top view). Reproduced with permission from [93], Copyright
© 2010, Elsevier
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Fig. 2.38 Schematic diagram of MWOCNT sheets dry spinning process. Reproduced with
permission from [93], Copyright © 2010, Elsevier

Methanol was used to densify the CNT sheet, when the solvent was rapidly
evaporated. The densified sheet consisted of well-aligned MWCNT bundles, with
tens of 5-10 nm diameter MWCNTs in each bundle, as shown in Fig. 2.37b. The
sheet exhibited transmission of 70 % for polarization parallel to nanotube orien-
tation and 90 % for perpendicular polarization at 450 nm.

Figure 2.38 shows a schematic of the dry drawing process to fabricate MWCNT
sheets from the CNT arrays on substrates [93]. As the MWCNT sheet was drawn
out from the forest, the vertically oriented bundles in the forest became to be
horizontally oriented in the sheet, as shown in Fig. 2.38a. During the drawing,
smaller bundles that were present in initial forest redistributed, so as to interconnect
bigger bundles. As a result, continuous drawing process was maintained [54].
The MWCNT sheets could be drawn from the forests with different densities and
heights of 100-500 um. Generally, the number of free ends of bundles was
inversely proportional to the height of the forest, meaning that the shorter the forest
the more free ends of bundles per unit area would be in the drawn MWCNT sheets.
The MWCNT sheets showed promising electric field emission.

Another dry method is called domino pushing, which can be used to produce
aligned Buckypapers directly from aligned MWCNT arrays [94]. Figure 2.39 shows
schematic illustration of the domino pushing method, consisting of three steps.
Firstly, the CNT array was covered with a piece of microporous membrane, so that
all the CNTs of the CNT array were forced down to one direction by pushing a
cylinder which was placed upon the CNT array with constant pressure. In this case,
all the CNTs in the array would be put together, due to the strong van der Waals
forces. Therefore, a Buckypaper with high degree of alignment was obtained.
Secondly, the aligned Buckypaper was peeled off from the silicon substrate together
with the membrane. Finally, ethanol was spread on the microporous membrane,
which then permeated through the membrane to the Buckypaper. The ethanol
saturated Buckypaper could be readily peeled off from the membrane.
Representative photographs of the aligned MWCNT Buckypapers are shown in
Fig. 2.40. The Buckypapers fabricated in this way had very smooth surface, with a
density of about 0.032 g cm ™.

Figure 2.41 shows microstructural characteristics of the MWCNT arrays and the
Buckypapers [94]. The CNT array shown in Fig. 2.41a had a height of about
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Fig. 2.39 Schematics of the domino pushing method: a Formation of aligned Buckypaper,
b peeling the Buckypaper off from the silicon substrate and ¢ peeling the Buckypaper off from the
microporous membrane. Reproduced with permission from [94], Copyright © 2008, IOP
Publishing

500 um, whereas the individual MWCNT was of a diameter of about 15 nm, as
shown as an inset in Fig. 2.41a. Figure 2.4b indicates that Buckypaper exhibited a
highly aligned surface microstructure, confirming that all the CNTs were well
aligned in the Buckypapers, so that their density was much higher than that of the
CNT array. This was because all the CNT tips were pushed down one by one. In
addition, the Buckypapers had a surface roughness of less than 100 nm.
These MWCNT Buckypapers possessed promising thermal transport properties.
Their axial electrical conductivity was 200 S m™" at room temperature, which was
higher than the value of conventional Buckypaper (~150 S m™ ).

2.4.2.3 Direct Growth with CVD

Besides the use of CVD to synthesize CNT powders and arrays, it has also been
found that CNT films can be directly grown by using CVD [95-97]. Song et al. [95]
reported a floating catalyst CVD approach to synthesize SWCNT films. Figure 2.42
shows schematic of the CVD set-up, which consisted of a two-stage furnace system
with a special quartz tube structure and a tube with smaller diameter. Ferrocene and
sulfur powder with a molar ratio of 20:1 were mixed and used catalyst. Methane
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Fig. 2.40 a Photograph of a (a)
round aligned Buckypaper

with a diameter of 10 cm. b A

pile of Buckypapers.

Reproduced with permission

from [94], Copyright © 2008,

IOP Publishing

Aligned
(b)

d

was used as carbon source, which was carried by using argon gas, to react at
1100 °C for 6-9 h. SWCNT films were peeled off from the inside walls of the
reactor tube. Fe catalyst particles in the films were oxidized and then removed by
using washing with HCI solution. The films were thoroughly cleaned with water.
Photograph and SEM image of the as-grown SWCNT films are shown in
Fig. 2.43a, b, respectively. The films consisted of highly entangled CNT bundles,
decorated with many nanoparticles, which were catalysts encapsulated by graphite
layers. The purified SWCNT films exhibited promising mechanical properties.
The same group also reported a floating-catalyst CVD that could be used to
synthesize free-standing SWCNT films with interesting optical, mechanical and
electrical properties [96]. In this method, thickness of the SWCNT films could be
well controlled by precisely controlling the sublimation rates of the catalysts and
gas flows. Figure 2.44 shows photographs and SEM images of the as-grown
SWCNT films. The SWCNTSs were homogeneously distributed and entangled in the
films, and the CNT bundles were preferentially aligned along the flow direction,
forming Y-shaped junctions. Electrical measurements indicated that the conduc-
tivity of the SWNT films could reach up to 2026 S cmfl, which is over 60 times
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Fig. 2.41 SEM images of the CNT array and Buckypaper: a side view of an aligned MWCNT
array, with the inset being a HRTEM image showing an individual CNT, b micrograph of an
aligned Buckypaper surface, ¢ higher magnification image of (b) and d micrograph of a random
Buckypaper surface. Reproduced with permission from [94], Copyright © 2008, IOP Publishing

2" furnace 1" furnace
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Fig. 2.42 Schematic set-up of floating catalyst CVD to synthesize SWCNT films. Reproduced
with permission from [95], Copyright © 2004, John Wiley & Sons

larger than that of unpurified HiPCO (high pressure carbon monoxide) transparent
films and nearly 3 times that of purified arc-discharge SWNT films. The superior
electric performance was attributed to the lower inter-tube contact resistance, high
purity and the anisotropic characteristics of the SWCTN films. Mechanical tensile
characterization results indicated that the failure strength of the film was 360 MPa
and the Young’s modulus was about 5 GPa.

Liu et al. [97] further modified the CVD method so as to synthesize macroscopic
SWCNT sheets with multilayer structures, which were derived from synthesized
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Fig. 2.43 Photograph (a) and (a)
SEM image (b) of the
as-grown SWCNT films by
using the floating catalyst
CVD. Reproduced with
permission from [95],
Copyright © 2004, John
Wiley & Sons

Buckybooks. The synthesis and assembly of SWCNTSs were performed in a quartz
tube reactor inside an electrical furnace. In order to synthesize the Buckybooks,
specifically designed porous membranes, made from various porous materials, such
as carbon fabric felt, gauze, and so on, with the same diameter as that of the inner
diameter of the quartz tube reactor, were used as substrates. The substrates were
placed vertically at the outlet of the quartz reaction tube. When the SWCNTSs were
continuously grown and formed in the reaction zone, they were immediately
transported to the outlet end and in situ assembled into a Buckybook on the
specifically designed porous membranes.

The as-fabricated Buckybook was about 40 mm in diameter and up to 3 mm in
thickness derived from the sample with a reaction time of 30 min, as shown in
Fig. 2.45a, b [97]. Freestanding monosheets could be peeled off from the
Buckybooks. Figure 2.45¢ shows that the homogeneous monosheets were optically
transparent. One of the advantages of this method was that the Buckybooks could
be easily engineered, i.e., the thickness of the final Buckybooks was controlled
directly by adjusting the reaction duration time, while the size of the Buckybooks
could be scaled up simply by using larger reaction quartz tubes. At the same time,
the diameter of individual SWCNTs in the Buckybooks and packing density of the
SWCNT sheets, could be designed through the synthesis parameters.

Figure 2.46 shows SEM characterization results of the Buckybooks. They were
comprised of hundreds of homogeneous thin monosheets, as shown in Fig. 2.46a—c.
Figure 2.46d indicates that the monosheet peeled from the Buckybooks had a very
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Fig. 2.44 a Photograph of an as-grown 250 nm thick SWCNT film. b A freestanding transparent
100 nm thick film held between two metallic pillars. ¢ A 150 nm thick homogeneous (upper panel)
film and an inhomogeneous film (lower panel). d SEM image of a 250 nm thick film, with the inset
image taken at higher magnification. e SEM image of SWCNT network in a single layer, with
white arrows in the image pointing out the Y-type junctions and the flow direction. Reproduced
with permission from [96], Copyright © 2007, American Chemical Society
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Fig. 2.45 Photographs of a Buckybook of ~40 mm in diameter (a) and ~3 mm in thickness
(b), and a freestanding SWCNT monosheet peeled off from a Buckybook with tweezers
(¢). Reproduced with permission from [97], Copyright © 2009, American Chemical Society
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Fig. 2.46 SEM images of a the top, b side and ¢ cross-section of a SWCNT Buckybook,
d low-magnification SEM image of a peeled SWCNT monosheet placed on a copper grid and
e high-magnification SEM image of the same monosheet with a monolayer of f about 500 nm in
thickness, exhibiting abundant entangled SWCNT bundles with clean surfaces. Reproduced with
permission from [97], Copyright © 2009, American Chemical Society

clean, transparent and smooth surface. The sheet consisted of numerous compactly
inter-entangled SWCNT bundles (Fig. 2.46e), with a thickness of about 500 nm
(Fig. 2.46f). The SWCNT bundles had strong interaction so that the sheets pos-
sessed high mechanical flexibility and could withstand ultrasonication for long
time. The thickness of a monosheet in the Buckybooks was determined by the
dispersion concentration of the SWNTs in the carrier gas during the reaction, which
was determined by growth rate of the SWCNTSs and flow rate of the carrier gas. It
was found that the higher carbon feeding rates, higher sublimation temperatures of
ferrocene and lower flow rates of carrier gas, the thicker the sheets would be in
Buckybooks [97]. The SWCNT sheets showed potential applications as high-
efficiency molecular separation filters and high-capacitance electrodes.

Although these SWCNT sheets synthesized by using floating catalyst CVD have
shown to possess high electrical conductivity and mechanical flexibility, the method
has a significant problem of low productivity. Also, there are too main factors that
have influence on morphology, microstructure, quality and properties of the
resulting CNT films, such as types of carbon source, property of catalyst, flow rate
of carrier gas, growth rate, substrate, external field, reaction temperature and time
duration. Therefore, further studies are necessary to understand the interrelations
between properties of the CNT sheets and the experimental parameters.
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2.5 Foams, Gels and Bulks (3D)

2.5.1 Brief Introduction

3D nanomaterials based on CNTs that will be discussed in the section include bulks
[98-112], foams [113-121] and gels [122—125]. Bulk CNT-based nanomaterials
are mainly prepared by using could-pressing or hot-pressing (HP) and spark plasma
sintering (SPS) technique, while foams are made directly by using CVD method
and gels are assemblies of CNTs through wet-chemical processing. Representative
examples for each group will be briefly discussed in the following sub-Sections.

2.5.2 3D Bulks

Hou et al. [98] reported could-pressing densification of MWCNTs for hydrogen
storage applications. The MWCNTs were synthesized by using the floating catalyst
CVD method. Morphology and dimension of the MWCNTs before and after
purification are shown in Fig. 2.47a, b, respectively. Figure 2.47c shows a HRTEM
image of the MWCNTs. The tubes had discontinuous layers instead of ideal
structure, which was responsible for the high capability of hydrogen storage,
because the open structures provided the access for hydrogen to be stored between
the graphite layers. Free-standing CNT compact were formed at 60 MPa, with a
density of 0.47 g cm™>, as shown in Fig. 2.47d. Hydrogen storage of the CNT
compact was evaluated after it was annealed at 1000 °C in Ar.

Fabrication of 3D bulks by using hot-pressing technique is also not very popular.
One example was reported by Ma et al. [99]. The MWCNTs used in this study, with
diameters of 30-40 nm, as shown in Fig. 2.48a, were synthesized by using the
conventional catalytic method, with Ni particles as catalyst. Purified CNT powder
was hot-pressed with a graphite die at 25 MPa and 2000 °C for 1 h in Ar. As shown
in Fig. 2.48b, the consolidated CNT assembly consisted of randomly entangled and
cross-linked CNT. Samples with diameter of 50 mm and thickness of 5 mm had a
density of about 1.1 g cm™ and resistivity of 2-3 x 10™* ©Q cm. The MWCNT bulk
assembly showed promising electric field emission performance.

Spark plasma sintering is also known as electric current activated/assisted sin-
tering (ECAS) [126, 127]. During experiments, loose powders or cold formed
compacts to be consolidated are loaded into a container, which is heated to a
targeted temperature and then held at the temperature for a given period of time,
while a pressure is applied and maintained at the same time. Thermal energy is
supplied by applying an electrical current that flows through the powders and/or
their container, thus facilitating the consequent Joule heating effect. Because the
sintering is conducted in an encapsulated chamber, oxidization can be prevented, so
the CNT powders can be sintered by using this method.
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Fig. 2.47 TEM images of the as-synthesized (a) and purified (b) MWCNTs. ¢ HRTEM image of the
purified CNT with imperfect outer graphite layers. d Photograph of the bulk WMCNT compact
prepared at 60 MPa without using binder. Reproduced with permission from [98], Copyright © 2002,
American Chemical Society

Li et al. [100] used SPS to consolidate MWCNTs, which had promising
mechanical properties. The MWCNTs used in this study were prepared by using
CVD method, with Fe particles as catalyst. The as-synthesized CNT powders were
purified with acid solution. SPS was conducted in a vacuum by using a Dr. Sinter
1050 SPS apparatus, one of the most popular SPS facilities in the open market. The
sintering temperature was 1600 °C, at a heating rate of 100 °C min~' at a pressure
of 60 MPa for 1 min. The MWCNTs had diameters of 10-30 nm and lengths of
several microns. The CNTs appeared as relatively straight tubes, as shown in
Fig. 2.49a. After sintering, the CNTs became entangled structure, as shown in
Fig. 2.49b, which was due to the pressure and the high sintering temperature.
Figure 2.49a shows polished surface SEM image of the as-sintered bulk CNT
assembly. Only some pores with a size of 2-5 pum could be observed, while the
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Fig. 2.48 TEM image of the CNTs used (a) and SEM image of the hot-pressed CNT assemble
(b). Reproduced with permission from [99], Copyright © 1999, Elsevier

Fig. 2.49 TEM images of the as-synthesized and purified MWCNTs (a) and those taken from the
consolidated sample (b). Surface SEM images of the consolidate sample with low (¢) and high
(d) magnifications. Reproduced with permission from [100], Copyright © 2005, Elsevier
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crack observe in the figure was caused by indentation measurement. High magni-
fication SEM image indicated that the CNT assembly had a rough surface at the
nanometer scale, as shown in Fig. 2.49d. The presence of the nanopores and
nanoholes attributed to the pullout of the CNTs during the polish process. However,
the CNT samples possessed relatively low mechanical strength due to the weak
bounding of the CNTs. Mechanical, thermal and electrical properties of the CNT
assemblies consolidated by using SPS have been widely reported in the open
literature.

2.5.3 Foams

CNT foams, either in the form of arrays [113, 128-131] or entangled assemblies,
have been mainly directly synthesized by using CVD method [114-118, 132—134].
In the case of arrays, which are similar to those of sheets as discussed before, the
length of the CNTs is sufficiently long, so that the arrays can be easily separated
from the substrate. In contrast, the entangled assemblies are disordered and usually
grown directly on the walls of the CVD reaction chambers or sometimes on sub-
strates that are only used as supports. In addition, the entangled assemblies are also
known as sponges. More recently, there have been also reports on combination of
ordered arrays and entangled assemblies, to form hierarchical structures [119-121,
135]. Representative examples of each type of the CNT foams will be briefly
discussed as follows.

Hata et al. [128] demonstrated an efficient CVD method to synthesize SWCNTs
arrays with ultra-length and super-density, with the aid of water. Water-stimulated
enhanced catalytic activity was responsible for the massive growth of the vertically
aligned SWCNT forests with heights up to 2.5 mm, which could be readily sepa-
rated from the catalysts, leading to CNTs with carbon purity of as high as 99.98 %.
The water-assisted synthesis method addressed the critical problems that currently
limit the synthesis of high quality CNTs by using CVD methods.

This significant achievement was attributed to the fact that water had completely
reactivated each and every dead catalyst, so that the catalysts would have high
catalyst activity and long lifetime and thus provided high growth rate [136]. During
the reaction process of conventional hydrocarbon CVD, there are two competing
reactions: production of SWCNTSs, i.e., pathway one or synthesis, and creation of
carbon that coats and deactivates the catalysts, i.e., pathway two or deactivation.
This is the reason why the hydrocarbon CVD synthesis always has low efficiencies.
The introduction of water would clean the catalyst particles by removing the carbon
coating through its oxidization. Therefore, the catalysts were cleaned and thus
reactivated, i.e., there was pathway three or reactivation. Because of this, the
synthesis could be constantly maintained. In addition, it was found that oxidized Fe
catalysts showed improved growth efficiency. As a result, the presence of water
could oxidize the Fe catalysts, thus offering an additional positive effect on the
growth of the CNTs.
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This method was also used to synthesize ultra-thick DWCNT arrays [129]. By
tailoring the catalyst nanoparticles, the selectivity of the growth of DWCNT could
be maximized. The significance of the selective growth of DWCNTs is related to
their electron emission behavior as compared with that of SWCNTs. SWCNTs have
an unsatisfactory emission lifetime for real applications, although they have the
advantage of low threshold voltage. MWCNT emitters have high durability which
is desired for real applications, but their threshold voltages are relatively high.
Therefore, DWCNTs are the best candidate for real FED applications because they
exhibit the advantages of SWCNT and MWCNT emitters, i.e., low threshold
voltage and high durability.

Figure 2.50a shows photograph of the DWCNT forest, with 2.2 mm in height on
a 20 x 20 mm Si substrate. It was found that the ability to grow the CNT forests was
dependent on thickness of the catalyst layers [129]. There was a threshold in the
catalyst thickness, i.e., 0.8 nm, below which forests were not available. However,
above the critical thickness and within the DWCNT growth region, the height of the
forest showed very weak dependence on the thickness of Fe catalytic layers.
Figure 2.50b shows edge of the DWCNT forest, indicating that the DWCNTSs were
densely packed and vertically aligned. High resolution TEM images revealed that
only clean nanotubes were observed, which are mainly DWCNTSs in the form of
small bundles, as shown in Fig. 2.50c. The high quality characteristics of the
DWCNTs were also confirmed by medium-scale wide-view TEM results.
Figure 2.50d shows low-resolution TEM image of the as-grown forest, further
demonstrating the absence of metallic particles and supporting materials. The TEM
images also indicated that the difference between the radii of the inner tubes and
outer tubes was close to the spacing of the layers in graphite. Such DWCNT
forests/arrays could be used to make highly organized structures by using litho-
graphically patterned catalyst islands.

When CNTs synthesized with CVD are randomly arranged as porous networks,
CNT sponges are formed [114-118]. Figure 2.51a shows a schematic diagram of
the CVD set-up to directly synthesize CNT sponge reported by Gui et al. [114].
Mixtures of dichlorobenzene as carbon source and ferrocene as catalyst were
injected into the CVD chamber at given rates. As the source injection rate was
varied from 0.10 to 0.25 mL min~", the densities of the sponges was increased from
5.8 t0 25.5 mg cm . At the same time, the average outer diameter of the CNTs was
increased from 32 to 44 nm, whereas the inner diameter was almost unchanged,
which was about 16 nm. The increase in the density of the sponge was attributed to
the increased formation rate and diameter of the CNTs, with increasing feeding rate.
Although a 5-fold increase in density was observed, the porosity of sponges was
only slightly decreased, dropping from 99.8 to 98.9 %. Figure 2.51b shows a piece
of as-grown CNT sponge, which was so soft and flexible that it could be tightly
scrolled without breaking. Figure 2.51c shows two sponge bricks with densities of
5.8 and 11.6 mg cm >, which were placed in series to support a 200 g standard
weight. The brick of lower density showed much larger deformation than the denser
one. They also showed different degrees of volume recovery after removing the
weight. The sponges with lower-densities showed very high compressibility of up
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(a)

Fig. 2.50 Photograph of the DWCNT arrays and SEM/TEM images of the DWCNTs:
a 20 x 20 mm vertically standing DWCNT forest with a height of 2.2 mm grown using a
1.69 nm Fe catalyst film, where the scale along the bottom is marked in mm. b SEM image of the
edge of the DWCNT forest shown in (a). ¢ High-resolution TEM image of the DWCNTs without
the presence of amorphous carbon and metal particles. d Low-resolution TEM image of the
DWCNTs showing the absence of metallic particles and support materials. Reproduced with
permission from [129], Copyright © 2006, Nature Publishing Group

to 90 % volume reduction, while those with higher-density could recover to 93 % of
the original volume after compression. Electrical resistivity of the CNT sponges
changed linearly and reversibly during large-strain compression cycles. The
sponges could be used to fabricate conductive composites with resistivity compa-
rable with that of pure CNT scaffolds [114].

Figure 2.52a shows another piece of similar CNT sponges reported by the same
authors [115]. The sponges consisted of CNTs that were randomly self-assembled
and interconnected to form highly porous three-dimensional frameworks, as shown
in Fig. 2.52b. The morphology and distribution of the CNTs were almost the same
at top surface and side-walls. The CNTs were multi-walled, with diameters
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Fig. 2.51 a Schematic of the CVD set-up to produce the soft CNT sponges with controlled
density and porosity. The source solution consisting of ferrocene and dichlorobenzene was
constantly injected into the furnace chamber by using a syringe pump. Carbon nanotubes were
grown on the quartz substrate and overlapped into porous sponges. b Photographs of a soft
carpet-like sponge which could be rolled up tightly. ¢ Photographs of two stacked sponges
supporting a 200 g weight, in which the top sponge was compressed to a larger degree due to its
lower density (5.8 mg cm ). Reproduced with permission from [114], Copyright © 2010,
American Chemical Society

30-50 nm and lengths of tens to hundreds of micrometers, as shown in Fig. 2.52c.
Many catalyst particles were encapsulated inside the frame of the CNT sponges.
Growth rate in the thickness direction was about 2-3 mm per hour, which was
almost constant during the entire process, which indicated that the sponge could be
produced in massive production. The key to the formation of the random
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Fig. 2.52 a Photograph of a monolithic light, porous and flexible CNT sponges. Sponge with a
size of 4 cm x 3 cm x 0.8 cm and a bulk density of 7.5 mg cm . b Cross-sectional SEM image of
the sponge showing a porous morphology and overlapped CNTs. ¢ TEM image of large-cavity
thin-walled CNTs. d Illustration of the sponge consisting of CNTs, with piles (black lines) as the
skeleton and open pores (void space). Reproduced with permission from [115], Copyright © 2010,
John Wiley & Sons

entanglement of the CNTs in this method was the use of dichlorobenzene as the
carbon source, which disturbed the CNTs to grow all in one direction. Figure 2.52d
shows a schematic diagram, demonstrating the formation of the CNT sponges.
Density of the as-grown sponges was about 5-10 mg cm >, which was com-
parable with those of the un-densified vertically aligned arrays and solution-
processed aerogels slightly higher than that of the aerogel sheets drawn from CNT
forests. The CNT sponges had surface area of 300-400 m” g~ ' and average pore
size of about 80 nm, which was close to the average inter-tube spacing. The pristine
sponges were hydrophobic, with a contact angle of about 156° for water droplets, so
that they could be floated on water due to their low densities, while the conventional
cleaning sponge was sank when being in contact with water, because it was made of
hydrophilic micro polyurethane fibers, as shown in Fig. 2.53a [115]. The CNT
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Fig. 2.53 a Photograph of a CNT sponge and a polymeric sponge placed in a water bath.
The CNT sponge was floating on the top while the polyurethane sponge absorbed water and sank
to below the surface level. b A CNT sponge bent to arch-shape at a large-angle by finger tips. ¢ A
55 cm x 1 cm x 0.18 cm sponge twisted by three turns at the ends without breaking.
d Densification of two cubic-shaped sponges into small pellets, a flat carpet and a spherical
particle, respectively, and full recovery to original structure upon absorbing ethanol. Reproduced
with permission from [115], Copyright © 2010, John Wiley & Sons

sponges could be easily manually compressed to >50 % volume reduction. They
were mechanically flexible and strong, so that they could be bent or twisted without
breaking and nearly entire recovery in shape, as shown in Fig. 2.53b, c. The
mechanical robustness of the CNT sponges was attributed to three-dimensionally
isotropic configuration formed by the highly interconnected CNTs, which pre-
vented the sliding or splitting between CNTs in any direction.

The CNT sponges could be densified by using ethanol [115]. Figure 2.53d
shows that the volume of the sponges could be reduced by 10-20 times. The
densified pellets would instantaneously swell back to the original volume by adding
ethanol. The densification and swelling could be repeated and high reversible. This
was because the randomly distributed individual CNTs prevented the formation of
van der Waals interactions, so that the original configuration could be easily
recovered through liquid absorption.
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Fig. 2.54 a Snapshots showing the absorption of a 28 cm? and mm-thick vegetable oil film (dyed
with Oil Blue) distributed on water by a small spherical sponge. b Active absorption of a
continuous 20 cm? oil strip distributed in a rectangular water channel by a small non-densified
sponge (<1 cm?) placed near the left edge and in contact with the oil. ¢ Large-area oil cleanup. Left
panel a diesel oil film (2 g in total weight) with an area of 227 cm? spreading on water and a
densified sponge pellet placed at the center. The oil area was about 800 times that of the projected
sponge area. Middle panel clean water surface after complete oil absorption by the sponge, which
grew to a larger size and changed to a rectangular shape. Inset shows the floating pellet during the
absorption process. The white-color region along the path of the drifting pellet indicates the
removal of oil film and exposure of fresh water. Right panel photographs of the CNT sponge
before and after the oil absorption. The sponge was swollen from a 6-mm-diameter spherical
particle to a rectangular monolith of 2 cm x 1.4 cm x 0.6 cm after collecting all the oil from water.
Reproduced with permission from [115], Copyright © 2010, John Wiley & Sons

The CNT sponges demonstrated very high absorption capacities for a wide range
of solvents and oils, which were 80-180 times their own weight [115]. The
mechanism was physical absorption of organic molecules that could be stored in the
pores of the sponges. The sponges exhibited much better absorption performance
than various porous materials. For instance, the authors used various natural fibrous
materials, like cotton towel and loofah, as comparison. More importantly, the
absorption behavior was highly reversible. Oil absorption performances of the
pristine and densified CNT sponges are demonstrated in Fig. 2.54 [115].
Figure 2.54a shows that the oil film kept shrinking toward the center while the size
of the sponge increased gradually due to the oil absorption. After the oil was
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completely absorbed, the sponge still floated on water and recovered to its original
dimension. The pristine sponge could continuously attract and suck an oil film
when it was just in contact with the edge of the film, as shown in Fig. 2.54b.
A small piece of densified CNT sponge was able to remove a spreading diesel oil
film with a very large area in minutes, as shown in Fig. 2.54c. The area of the oil
that could be completely cleaned was nearly 800 times larger than the size of the
densified sponge, showing huge oil absorption capability and efficiency of the CNT
sponges. Furthermore, the CNT sponges exhibited low thermal conductivity which
was similar to that of most porous materials, while they had much higher electrical
conductivity.

Another interesting feature of CNT sponges is the creep recovery over a wide
range of temperature, from as low as —190 °C to as high as 970 °C, as demonstrated
by Xu et al. [116, 117]. The CNT sponges were synthesized by using a
water-assisted CVD at 750 °C, with ethylene as carbon source, combined with
reactive ion etching (RIE) of Al,O5/Fe catalyst layer [116]. They had a density of
0.009 g cm ™, with ~68 % DWCNTSs. The as-synthesized sponges of 4.5 mm thick
could be compressed to ~1.1 mm, corresponding to a density of 0.036 g cm . The
sponges were extremely mechanically flexible, as shown in Fig. 2.55a, which was
attributed to entangled network microstructure, as shown in Fig. 2.55b. Three point
bending testing results were conducted from —190 to 970 °C. The high tempera-
tures were created by using butane torch, while liquid nitrogen was used to cool the
sponges during the testing. The CNT sponges could be bent repeatedly with large

Cinite| _
I

Fig. 2.55 The CNT sponge showing elasticity and compliance over a wide temperature range.
a Photograph of the compliant CNT sponge bent at a large degree without fracture. b SEM image
showing the non-aligned entangled structure. Photographs of the elasticity and compliance of the
CNT sponge with three point bending testing at ¢ 25 °C. d 970 °C (produced by using butane
torch) and e —190 °C (surrounded by using liquid nitrogen). f Optical real-time images captured
from a movie to show the creep recovery at 970 °C. Reproduced with permission from [117],
Copyright © 2011, John Wiley & Sons
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deformation without fracture, as shown in Fig. 2.55¢c—f. After stress was released,
the CNT sponges all recovered to nearly its original state progressively, i.e., they
had strong creep recovery at the extreme temperatures.

The CNT sponges also exhibited high thermal stability [117]. In contrast, most
conventional viscoelastic materials would experience structural distortion even at
stresses below their failure stress, if they are stressed at high temperatures for long
time durations. For example, the CNT sponges could withstand the stress at 20 kPa
for 4 h at temperatures of up to 450 °C. However, silicone rubber was broke down
in 5 min at 350 °C. Therefore, these CNT sponges are promising candidates for
applications at extreme conditions, such as space crafts, rockets and engines.

More recently, CNT bulk or bulk-like materials, comprising of ordered arrays
and disordered assemblies, with interesting mechanical properties, have been
reported [119, 121]. Composite structures, with various combinations of the two
types of CNTs, including sponge-on-array double layers, sponge-array-sponge and
array-sponge-array triple layers, could be directly synthesized by using CVD, by
controlling the synthesis conditions [121]. For example, the aligned arrays were
grown by using source solution of ferrocene dissolved in xylene with concentration
of 0.02 g mL™" and injection rate of 0.4 mL min~'. To grow sponges, 0.06 g mL ™"
ferrocene dissolved in dichlorobenzene was used, with injection rate of
0.3 mL min~".

The steps to grow the composite structures are schematically shown in
Fig. 2.56a, while Fig. 2.56b summarizes the individual single-layers and the
composite structures, two-layer and three-layer, synthesized by alternatively
injecting the two carbon sources during the CVD process [121]. For instance, after
an array layer was first grown by feeding xylene solution, a sponge layer would be
grown on surface of the array by switching to dichlorobenzene solution, while
another sponge layer on the other side of the array was grown by flipping the array,
leading to a sponge—array—sponge sandwich composite structure. Because CNT
sponges are grown in vapor phase, they can be deposited on an array that acts as
substrate. In contrast, it is more difficult to grow an array on sponge. Nevertheless,
the authors successfully fabricated various composite structures, as shown in
Fig. 2.56¢—f. It was reported that the growth rate could reach 25 pm min~' and
composites millimeter thickness could be readily detached from the substrate as
freestanding bulk materials. Therefore, it is a versatile yet simple fabrication
process.

Figure 2.57 shows representative SEM and TEM characterization results of the
CNT composite structures [121]. Figure 2.57b shows cross-sectional SEM image of
a double-layer structure, consisting of a sponge layer sitting on an array layer. SEM
images of two typical triple-layer composites are shown in Fig. 2.57a, ¢, with
clearly observable sponge-array interfaces, at which the sponge and the array
exhibited different appearances. The sponge consisted of random CNT network, as
shown in Fig. 2.57d. The CNTs from the sponge occasionally penetrated into the
empty space of the array, as shown in Fig. 2.57f, g. Parallel and continuous CNTs
were formed in the array (Fig. 2.57h). TEM results indicated that both the sponge
and the array consisted of MWCNTSs. The CNTs in the sponge had thinner walls
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Fig. 2.56 Schematic of the CNT sponge-array composite structures and steps of the growth
process: a CVD process to synthesize a sponge—array—sponge triple layer composite, involving the
growth of an aligned array (first layer) on a quartz substrate, the growth of a sponge layer on top of
the array by switching the carbon source and the growth of another sponge layer on the other side
of the array. b Schematic of single-layers and composite structures, including individual array and
sponge, double-layer and triple-layer structures. Photographs of the as-synthesized aligned CNT
array (c), CNT sponge (d), sponge-on-array double-layer (e) and sponge-array-sponge triple-layer
structures (f). Scale bars in (c—f): 5 mm. Reproduced with permission from [121], Copyright
© 2013, John Wiley & Sons

and larger cavity with diameters of 25-40 nm Fig. 2.57e, whereas those in the array
had larger diameters (50-80 nm) and thicker walls or narrower cavity Fig. 2.57i.
The difference in dimension between the CNTs in the two layers was attributed to
the difference in the two carbon sources.

The sponge with the randomly oriented thinner CNTs of large cavity was soft,
while the array with the thicker CNTs of small cavity was much stronger. During
compression, the soft sponge layer deformed first at low stresses, whereas the rigid
array deformed later at higher stresses. The multilayered structure and sequential
deformation mechanism were beneficial to mechanical energy absorption, where a
large strain was generated by the sponge and a high stress was available due to the
aligned array. As a result, the composite structures exhibited a wider stress range
with relatively low cushioning coefficients, when compared with individual arrays
or sponges. This is an effect method to fabricate CNT composite structures that
could find interesting applications.

The above authors further extended the method to fabricate 3D architectures, in
which the CNT arrays and sponges were arranged into different morphologies and
orientations with clear interfaces [119]. Various complex and hierarchical systems
have been synthesized by combining the two types of CNT assemblies.
Representative structures, including series (3 array blocks connected by 2 sponge
layers), parallel (sponge filled into space between vertical arrays), package (an array
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Fig. 2.57 Structural characterization of the CNT composites and the CNTS in the arrays and
sponges: a SEM image of a sponge-array-sponge triple-layer composite. b SEM image of a
sponge-on-array double-layer composite structure. ¢ SEM image of a array-sponge-array
triple-layer composite. d Close view of the upper sponge in (b). e TEM image of the
MWCNTs in the sponge. f SEM image of the interface in (b). g SEM image of the interface at high
magnification. h SEM image of the bottom array. i TEM image of the MWCNTSs in the array.
Reproduced with permission from [121], Copyright © 2013, John Wiley & Sons

with exposed surfaces covered with a conformable sponge coating) and sandwich
(sponge filled among array blocks with different orientations), are shown
schematically in Fig. 2.58a—d [119]. The arrays and sponges could be combined to
form monoliths with pretty good adherence and interface due to the direct growth
process. The sharp interfaces between the aligned and the random CNTs in each
type of structure were observed, as shown in Fig. 2.58e—g. The sponge partly
contacted the tips of the CNTs in the array, i.e., in series shown in Fig. 2.58e, or the
side of the array, i.e., in parallel shown in Fig. 2.58f. When an array block was
wrapped by a layer of sponge, a core-shell structure was formed, in which the core
was hard while the shell was soft, as shown in Fig. 2.58g. Figure 2.58d shows a
complex integrated structure, with arrays having different orientations and sponges
to fill the empty spaces. It is believed that the versatility of the method is only
limited by our imagination.

The method has also been developed to fabricate 3D heterostructures by pat-
terning the substrate, so that selective growths of arrays or sponges could be
realized. One example is shown in Fig. 2.59a [119]. Thin Au film on quartz sub-
strate was patterned with square blocks by using copper mesh as hard mask.
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Fig. 2.58 Morphologies of the 3D CNT sponge-array architectures. a—d Schematic diagrams and
SEM images of the series, parallel, package and sandwich structures. e-g SEM images of the
array-sponge interfacial regions in a series, parallel and package structures, respectively. Inset
of (g) is photograph of a package structure. Reproduced with permission from [119], Copyright
© 2014, John Wiley & Sons

Because of the decatalytic behavior of Au nanoparticles to CNT arrays, only the
uncovered regions were covered by CNT arrays. As a result, after the first CVD
growth, a cross-wall array network with built-in square holes was obtained, as
shown in Fig. 2.59b, c. However, CNT sponges could be grown in on the metal film
areas. Therefore, this combination led to a new structure, in which sponge units
were embedded in the patterned arrays. Figure 2.59d shows that the patterned CNT
arrays had walls of 80 um in width and 200 pm in height. The empty areas among
the array network could be completely filled with the sponge of similar height to the
array, as shown in Fig. 2.59e, f. Sharp interface was observed between the array and
the sponge, as shown in Fig. 2.59¢g [119].

Mechanical properties and energy absorption capabilities of the CNT structures
could be designed by tailoring the configurations of the structures. For example, the
parallel structure could absorb more energy by maintaining a stable stress plateau,
but density of the material could not be selected according to the desired maximum
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Fig. 2.59 a Fabrication steps of patterned parallel structures, including patterning of Au film on
quartz substrates and growth of CNT arrays on the quartz area and CNT sponges on the Au film.
b-d Low and high magnification SEM images of the CNT arrays grown as grid patterns by using a
copper mesh mask. e, f SEM images of the parallel structure where the empty areas among the
array were completely filled with sponges. g SEM image of the sponge-array interface.
Reproduced with permission from [119], Copyright © 2014, John Wiley & Sons

strain or stress and the amount of energy to be absorbed. Energy absorption
materials need to dissipate kinetic energy while keeping the maximum impact force
below certain limits. In energy—strain curves, the parallel structures had a typical
shoulder. For a given energy absorption, at different strain ranges, the materials
should have different densities. If the density of the material is too high, the force
cannot exceed the critical value before the energy is completely absorbed, so that
the material stays within the low compressive strain range. In contrast, if the density
is too low, the materials will be densified (collapsed). To achieve efficient energy
absorption, the density of the parallel structure should be optimized, which can be
achieved by using this synthesis method [119]. For instance, parallel structures with
a wide range of densities from 74.1 to 163.3 mg cm ), having high energy loss
coefficients of 0.74-0.80, have been constructed by the authors [119]. Such
structures can find potential applications for energy dissipation.
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2.5.4 Gels

Gels or aerogels based on CNTs formed a new group of 3D carbon nanomaterials
[122-125]. Figure 2.60 shows a schematic illustrate of the mechanism to explain
the formation of CNT aerogels by using freeze drying [122]. Firstly, ice nuclei
initiated freezing in the supercooled solution or suspension. After that, the ice
crystals gradually grew up from bottom to top of the sample. During the freezing
process, the carboxymethyle cellulose (CMC) sodium salt surfactant, which was
attached to the CNTs, was pushed into the inter-dendritic spaces by the ice den-
drites. As a result, the CMC sodium salt with the embedded CNTs was assembled
onto surface of the ice crystals. Once the bulk matrix was entirely solidified, the
sample was lyophilized to remove the ice crystals, so that macroporous solid foam
was developed. This mechanism can be used to explain the formation of similar
CNT aerogels.

A representative MWCNT aerogel, with elastic feature, is shown in Fig. 2.61
[122]. It exhibited sponge-like characteristic due to its elasticity. Such CNT gels
had very high porosity of 97 % and low bulk density of 0.05-0.06 g cm . The
MWCNTs used were commercial product, with average outer diameter of 13-16 nm
and length of up to tens of micron. CMC sodium salt was used as dispersant.
Aqueous dispersions of the MWCNTs with different concentrations were freeze
dried at —40 °C and then lyophilized at —20 °C. The MWCNT gels were formed
due to the presence of the CMC sodium salt surfactant, which facilitated the
incorporation of the MWCNTs in the walls of the foams. Therefore, the mechanical
strength of the CNT gels was dependent on both the concentration of the surfactant
and the content of the MWCNTs. In addition, other processing parameters, espe-
cially cooling rate, also had strong influence on properties of the CNT gels. For
example, a fast cooling rate resulted in a high degree of homogeneity and a small
macropore network. The MWCNT gels exhibited gas sensing capability, with rapid
response and high sensitivity.

Kim et al. [124] reported a method to prepare SWCNT aerogels. The SWCNTSs
had diameters of 0.8 = 0.1 nm and lengths of 0.45—1 pm. The CNTs were dispersed
in deionized water solution of 0.1 wt% sodium dodecylbenzene sulfonate (SDBS)
as surfactant. Gels were formed from concentrated suspension due the van der
Waals interactions between the CNTs. The surfactant SDBS was removed by
washing with 1 M nitric acid at 50 °C for 20 min. The water contained in the

Disperse MWCNTs in Directional freezing of solution Freeze-d Bulk sample
solution with surfacwnl‘ - L - ’

Fig. 2.60 Sketch of a mechanism for the formation of CNT aerogels (solid foams). Reproduced
with permission from [122], Copyright © 2008, Elsevier
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Fig. 2.61 Elastic feature of