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Preface
The thesis consists of eight chapters, of which the first chapter presents a brief
overview of the synthesis, properties and potential application of nanomate-
rials. The other seven chapters deal with various aspects of nanomaterials
including their synthesis, modification and properties.

Chapter 2 describes the use of nebulized spray pyrolysis of precursor
to obtain carbon nanotubes and metal nanowires. Purification of carbon
nanotubes by a new method employing high temperature hydrogen treatment
is described in Chapter 3. A new method of generating chemically bonded
ceramic oxide coatings on carbon nanctubes and inorganic nanowires are
described in Chapter 4. Functionalization and solubilization of metal oxide
nanowires and BN nanotubes are covered in Chapter 5.

Chapter 6 deals with electrical properties of nanocomposites formed by
carbon nanotubes and inorganic nanowires with conducting polymers. Me-
chanical properties of composites of inorganic nanowire with polymers are
described in Chapter 7. Electrochemical supercapacitors employing car-
bon nanotube, graphenes and polyaniline-SWNT nanocomposites are dealt

within Chapter 8.

vii
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Chapter 1

NANOMATERIALS: A BRIEF OVERVIEW

1.1 Introduction

Understanding the properties of nanometer sized objects is one of the impor-
tant scientific challenges of the recent past {1,2]. Accordingly, there has been
tremendous interest in the synthesis and properties of nanomaterials with dif-
ferent sizes and shapes. Initial efforts towards this goal started with Michael
Faraday in the 19th century [3]. Faraday studied colloids of gold and termed
them as ‘divided metals’, now popularly known as nanocrystals. Individual
nanostructures include clusters, quantum dots, nanocrystals, nanowires, and
nanotubes, while collections of nanostructures involve arrays, assemblies, and
superlattices of the individual nanostructures. Nanostructures constitute a
bridge between molecules and infinite bulk systems. The physical and chem-
ical properties of nanomaterials can differ significantly from those of the
atomic-molecular or the bulk materials of the same composition.

These unique properties which are quite different from that of bulk arise as
there are more atoms on the surface, i.e. large surface/volume ratio as evident
from Figure 1.1 (A). The effects determined by size pertain to the evolution of
structural, thermodynamic, electronic, spectroscopie, and chemical features
of these finite systems with increasing size. Size effects are of two types: one
is concerned with specific size effects (e.g., magic numbers of atoms in metal
clusters, quantum mechanical effects at small sizes) and the other with size-
scaling applicable to relatively larger nanostructures. For example, as the

size of gold nanoparticles decreases one observe a decrease in their melting
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Figure 1.1: (A) Variation of the atoms on the surface as a function of total
atoms in a nanocrystal, (B) Melting point of gold nanocrystals as a func-
tion of size, (C) Effect of size of metal nanocrystals, (D) Effect of size of
semiconductors, (E) Variation of bandgap of semiconductor nanoparticles as
a function of their diameter and (F) Change in the density of states as a
function of shape (from bulk to 2D, 1D and 0D).
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point (Figure 1.1 (B)). In the case of metal nanocrystals, gaps open in their
density of states and below a critical diameter they're are no longer metallic
{Figure 1.1 (C)). In the case of semiconductors, one observes an increase
in the bandgap as the diameter of the nanoparticle decreases (Figure 1.1
(D)). The variation of bandgap of different semiconductor nanocrystals as a
function of diameter is shown in Figure 1.1 (E). Very small nanoparticles {or
clusters} behave like molecules with discrete energy levels. The properties of
a nanosystem can also be modified by changing the shape.

The effect of dimension on the electronic structure of a material is il-
lustrated in Figure 1.1 (F}. Nanoparticles are zero-dimensional and exhibit
molecule-like behavior. Two-dimensional nanomaterials such as thin filins
exhibit steps in their electronic density of states (DOS) while van Hove singu-
larities {sharp spikes) are observed in the case of one-dimensional analogues.

1t is generally accepted that quantum confinement of electrons by the po-
tential wells of nanometer-sized structures may provide one of the most pow-
erful means to control electrical, optical, magnetic and thermoelectric prop-
erties of solid state functional materials. The ability to tune the properties
by controlling the size and shape makes them attractive for potential appli-
cation in new devices and technologies. The themes underlying nanoscience
and nanotechnology are twofold: one is the bottom-up approach, that is, the
miniaturization of the components, as articulated by Feynman, who stated
in the 1959 lecture that there is plenty of room at the bottom [4] and the
other is the approach of the self-assembly of molecular components, where
each nanostructured component becomes part of a suprastructure. The latter
approach is akin to that of Jean-Marie Lehn [5].

In this chapter, a brief summary of the current understanding on the

various synthetic methodologies, properties and phenomena, associated with
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Figure 1.2: Different allotropes of carbon: diamond, graphite, graphene,
carbon nanotubes and fullerene (Cgp).
nanomaterials such as carbon nanotubes, graphenes as well as inorganic nan-

otubes and nanowires are described.

1.2 Carbon Nanotubes

The well-known crystalline allotropes of carbon are diamond and graphite.
Diamond has tetrahedral sp® bonding while graphite has planar sp? bond-
ing. The other recently discovered allotropes are: graphene, carbon nan-
otubes and fullerenes (see Figure 1.2). Graphene can be obtained by pulling
out a single-layer of graphite. Carbon nanotubes can be obtained by rolling
graphene sheet to form a cylinder. Fullerenes are a clusters of carbon with
three coordinate carbon atoms tiling the spherical or nearly spherical sur-
faces, the best known example, Cgy, with a truncated icosahedral structure
formed by twelve pentagonal rings and twenty hexagonal rings. The coordi-
nation at every carbon atom is not planar, slightly pyramidalized, with some

sp® character present in the essentially sp? carbons. The curvature needed
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for the formation of closed structure is due to the presence of five-member
Tings.

Ever since the discovery of fullerenes in 1985 by Kroto et al. 6], there has
been an enormous interest in the synthesis and properties of carbon nanoma-
terials. Fullerenes can be produced in large quantities by the arc-evaporation
of graphite [7). Carbon nanotubes, the nearly one-dimensional analogue of
fullerenes were discovered by lijima [8]. Nanotubes can be multi-walled with
a central tubule surrounded by graphitic layers separated at approximately
3.4 A. A single-walled carbon nanotube (SWNTs) unlike multi-walled carbon
nanotubes (MWNTSs) consist of a single tubule without additional graphitic
layers. Graphene has been recently discovered by Geim and co-workers at
the University of Manchester [9,10]. Aspects related to carbon nanotubes
will be covered in this section, while graphene will be covered in the next

section.

1.2.1 Synthesis

MWNTSs have been traditionally prepared by the arc-evaporation of graphite
[8]. A schematic diagram of the arc-discharge chamber is shown in Figure
1.3 (a}. In this method, an electric arc is struck between two graphite elec-
trodes, with a current of 60-100 A across a potential of 20-30 V in a helium
atmosphere (approximately 500 torr). Carbon evaporates from the anode
and gets deposited at the cathode, thereby yielding a cathodic stub. The
cathodic stub contains a high yield of MWNTs. Carbon nanotubes can he
prepared in large quantities using plasma arc-jets, by optimizing the quench-
ing process in an arc between a graphite anode and a cooled copper elec-
trode [11). SWNTs were first synthesized by metal-catalyzed dc-arcing of
graphite electrodes [12,13]. The graphite anode is normally filled with metal

powders such as Fe, Co or Ni and pure graphite is used as the cathode. Large
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Figure 1.3: Schematic diagrams of (a) arc-discharge chamber, (b) high-
temperature laser ablation and (c¢) organometallic pyrolysis experimental
set-ups.
quantities of SWNTs as seen in Figure 1.4 (a) can be obtained by using a
mixture of 1 at.% of Y and 4.2 at.% of Ni [14]. SWNTSs have also been synthe-
sized by the condensation of a laser-vaporized carbon-nickel-cobalt mixture
at 1200°C [15]. A sketch of the laser-ablation set-up is shown in Fig 1.3
(b). Nanotubes have also been prepared under electrochemical [16] and hy-
drothermal conditions [17].

The decomposition of hydrocarbons over small metal catalyst has been
the focus area of research in the synthesis of carbon nanotubes due to their
scalability and ease of synthesis [18-20]. MWNTSs have been obtained by the

decomposition of acetylene under inert conditions over Fe or Co/graphite
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Figure 1.4: Electron microscope images of (a) SWNTs prepared by arc-
discharge process, (b) MWNTs, (c) aligned MWNT bundles, (d) SWNTs,
(e) Fe-filled MWNTs and (f) Y-junction carbon nanotubes prepared by
organometallic route respectively. Inset in (a) shows Cgp filled SWNTs, car-
bon “peapods”.

[21,22] and Fe/SiO, [23]. The presence of transition metal catalyst is es-
sential for the formation of nanotubes and the diameter of the nanotube is
determined by the size of the metal particles [24]. Aligned MWNT bun-
dles have been obtained by chemical vapor deposition over transition metal
catalyst embedded in the pores of mesoporous silica or in the channels of
alumina membranes [25,26]. Plasma-enhanced chemical vapor deposition on

nickel-coated glass using acetylene and ammonia has been employed by Ren

et al. [27] to obtain aligned MWNT bundles.
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Pyrolysis of organometallic compounds such as ferrocene, cobaltocene,
nickel or iron pthalocyanine in a two stage furnace provides a straight for-
ward procedure to prepare carbon nanotubes [28-35]. The organometallic
compound acts as a sources of carbon and metal catalyst nanoparticles. In
a typical synthesis, a metallocene is slowly sublimed from Furnace 1 to Fur-
nace 2 placed at a higher temperature in an inert atmosphere {see Figure
1.3 (c)). Additional hydrocarbons such as acetylene, methane, etc can also
be used as secondary carbon sources. The parameters that can be varied in
these pyrolysis reactions are sublimation rate of the organometallic precur-
sor, flow rate of the carrier gas and the pyrolysis temperature. This method
has yielded MWNTs [28-30], aligned MWNT bundles {31,36], aligned metal-
filled MWNTs {32], Y-junction MWNTs [33,34] as well as SWNTs [35,37]
under various experimental conditions. Aligned MWNT bundles have been
obtained when the catalyst precursor was rapidly sublimed and SWNTs are
obtained under dilute catalyst and hydrocarbon conditions. Electron micro-
scope images of various types of nanotubes obtained by the pyrolysis route
is shown in Figures 1.4 (b)-{f). The advantage of the precursor method is
that the aligned bundles are produced in one step, at a relatively low cost,
without need of substrates. Y-junction nanotubes can be obtained when an
additional carbon source containing sulphur is incorporated [33,34].

Dai et al. [38] have prepared SWNTs by the disproportionation of CO
over Mo particles of few nanometer dispersed in a fumed alumina matrix
at 1200°C. Flahaut et al. [39] have synthesized SWNTs by passing a Ho-
CH4 mixture over transition metal containing oxide spinels, obtained by the
combustion route.

Several models for the growth of carbon nanotubes have been proposed.
Endo and Kroto [40], based on the observation of C; ejection from the Cgp in

the mass spectrometry, suggest that tube formation process is a consequence
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Figure 1.5: Schematic representation of the dependence of carbon nanos-
tructure obtained by hydrocarbon pyrolysis on the diameter of the catalyst
particle.

of the formation of fullerenes. Isotope scrambling experiments show that
under the conditions of formation, the plasma has vaporized atoms of car-
bon. Given the right conditions the tip opens and the nanotube grows [41].
lijima et al. [42] have presented evidence based on electron microscopy for the
open-ended growth of carbon nanotubes. Rao and co-workers [19] have sug-
gested that nanotubes prepared by the pyrolysis of hydrocarbon over metal
nanoparticles grow in four steps. The hydrocarbon decomposes on the metal
surface to release hydrogen and carbon, which dissolves in the metal in the

first step (see the illustration in Figure 1.5). The second step involves the
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diffusion of carbon through the metal particle and its precipitation on the
rear face to form the body of the filament. The supply of carbon onto the
front face is faster than the diffusion through the bulk, causing accumulation
of carbon on the front face, which would lead to the physical blocking of the
active surface. Surface diffusion of carbon prevents this problem. In the last
step, over-coating and deactivation of the catalyst particle leads to the termi-
nation of the growth. Oberlin et al. [43] have proposed a mechanism where
bulk diffusion is insignificant and the carbon is transported by surface dif-
fusion. A “yarmulke” mechanism based on the formation of a hemispherical
graphene cap on the catalyst particle by Dai et al. [38]. Here the nanotubes
grow from such a yarmulke (skull cap) and the diameter of the nanotube
is controlled by the size of the nanometer-sized catalyst particles yielding
SWNTs. A salient feature of this model is the absence of the possibility
of dangling bond creation at all stages of growth. SWNTs produced by the
arc-discharge and laser ablation process may also be formed by this yarmulke
process.

Purification is an important problem faced in the use of carbon nan-
otubes for various purposes. As-synthesized SWNTs prepared by processes
such as arc-discharge, laser-ablation, HiPco and pyrolysis of hydrocarbon or
organometallic precursors, contain carbonaceous impurities, typically amor-
phous carbon and graphite nanoparticles, as well as particles of the transition
metal catalyst. More details regarding carbon nanotube purification can be

found in Chapter 3.

1.2.2 Structure and Characterization

A SWNT can be visualized by cutting Cg across the middle and adding a
cylinder of graphene of the same diameter. If the Cgy is bisected normal to a

five-fold axis, an armchair tube is obtained and if it is bisected normal to a
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Figure 1.6: A two-dimensional graphene sheet showing zigzag and armchair
directions along with chiral vector C),(in orange) and chiral angle 6. Com-
puter generated models of 20 A sections and cross-sections of zigzag (9,0),
chiral (6,4) and armchair (5,5) nanotubes.

three fold axis, a zigzag tube is formed. In addition, a variety of chiral tubes
can be obtained with the screw axis along the axis of the tube (armchair and
zigzag nanotubes are achiral). Nanotubes can be defined by a chiral angle
6 and a chiral vector C, given by equation (1.1) where @; and @, are unit

vectors in a 2D graphene lattice (see Figure 1.6), while n and m are integers.

—

Cy = nd, + md, (1.1)

The vector C, connects two crystallographically equivalent sites on a 2D
graphene sheet while the chiral angle is the angle it makes with respect to
the zigzag direction (Figure 1.6). A tube is formed by rolling up the graphene
sheet such that the two points connected by the chiral vector coincide. The

nanotube can be specified by the pair of integers (n,m), which have a wide
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range of values. For the armchair nanotubes, n= m # 0 while n # 0, m =0
for the zigzag nanotubes. For a nanotube defined by the index (n, m), the
diameter, d, and chiral angle , 8, are given by the equations (1.2) and (1.3),
where a = 1.42 A and 0 < 6 < 30°.

d=a-(m*+m-n+n?)2/x (1.2)
8 = arctan(—(3)"/* - m)/2n + m) (1.3)

The MWNTs consist of capped concentric cylinders separated by 3.45 A,
which is close to the separation between the {002) planes in graphite. The
carbon nanotubes are capped by dome-shaped hemispherical fullerene-type
units. The capping unit consists of pentagons and hexagons. SWNTs have
defects like bends, which are due the presence of pentagons and heptagons
on opposite side of the tube [44].

The electronic structure of SWNTs is closely related to its structure. The
basic electronic band structure of SWNTs can be derived from a graphene
sheet while neglecting hybridization effects due to the finite curvature of the
tube structure. Graphene is a semi-metal with valence and conduction bands
degenerate only at six corners (Kg) of the hexagonal first Brillouin zone (see
Figure 1.7 (a)). The Fermi surface of the graphene sheet is thus reduced
to these six points. In SWNTs, the wavevector & is quantized along the
circurnferential direction due to periodic boundary condition, k. G, = 2myq,
were q is any integer. Therefore, only a particular set of states, which are
parallel to the corresponding tube axis with a spacing of 2/d, are allowed as
evident from Figure 1.7 (b). On the basis of this simple scheme, if one of
the allowed wavevectors passes through a Fermi Kg of the graphene sheet,
the SWNT should be metallic, and otherwise it should be semiconducting
[45-47). SWNTs are metallic when (n - m)/3 is an integer, and otherwise

they are semiconductors. Low-temperature scanning tunneling microscopy



1.2 Carbon Nanotubes 13

@) ®) ||| W

- 1.0 — 1.0 T T T T LE
B k-]
% " q % as | |
§ 0.0 L L ¥ i " § 0.0 L L K3 i i 1
40 30 -20 -1£ 00 10 20 30 40 40 30 -20 -1é 00 10 20 30 40
nergy/y, nergy/y,

Figure 1.7: (a) Three-dimensional plot of the m and 7* graphene energy bands
and (b) a 2D projection with the allowed 1D wavevectors k for a metallic
(red) and semiconducting (green) SWNTs. The hexagon defines the first
Brillouin zone of a graphene sheet, and the black dots in the corners are the
Kp points. (¢) and (d) density of states plot for metallic and semiconducting
SWNTSs respectively.

(STM) and scanning tunneling spectroscopy (STS) studies of SWNT's have
shown the size-specific transport properties in agreement with theoretical
predictions [48,49].

Optical absorption and fluorescence spectroscopy has also been used to
study SWNTs. All the optical spectroscopic processes in semiconducting
SWNTs and most in metallic SWNTSs are attributed to transitions between
corresponding van Hove singularities. The presence of energy gaps is induced
by features such as doping, curvature and bundling. A small energy gap
at the Fermi level opens up in the case of metallic nanotubes due to the
curvature of the graphene sheet [50]. A typical optical absorption spectra of
SWNTs in shown in Figure 1.8 (b). The near-infrared transitions designated

at S;; and S,y arise from the inter-van Hove energy levels in semiconducting
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Figure 1.8: (a) Scheme of the electronic transitions occurring in SWNTs, (b)
schematic absorption spectra of SWNTSs, (c) optical absorption spectra of
SWNTs prepared by the arc-discharge, laser ablation and HiPco processes,
and (d) 2D photoluminescence map of HiPco SWNTs.

SWNTs while metallic SWNTs exhibit absorption bands (M;;) in the visible
region. Metallic SWNTs show a band (Mg) in the infrared spectrum (100
em™!) which arises due to the small gap near the Fermi level (attributed to
effects of finite curvature and broken symmetry). The absorption spectra of
SWNTs show a blue shifted as the diameter of the nanotube decreases as
seen in Figure 1.8 (c).

Bundled SWNTs do not exhibit photoluminescence as the electron-hole
pair non-radiatively decay due to the presence of metallic SWNTSs in the
bundles. Photoluminescence is only observed when the nanotubes are indi-
vidualized and the process occurs in three steps: (a) an absorption of light at
Sy followed by (b) a relaxation from S;; using a phonon-electron interaction,

and (c) a spontaneous emission at E;;. The photoluminescence emission is
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Figure 1.9: (a) Typical Raman spectra of arc-discharge SWNTSs obtained
using 632 nm Ar laser, (b) Resonant Raman spectra of the tangential G-
band modes of SWNT bundles measured with several different laser lines, on
a sample with (c¢) Resonant transition energies E;; vs diameter. The dashed
area indicates the diameter distribution of the sample. Blue crosses are for
S-SWNTs and red open circles for M-SWNTs.
possible with the S;; transition while a wide range of wavelengths are use-
ful for excitation. As the energy of the van Hove singularities maxima are
mainly dependent on the nanotube chirality, the (n,m) values of the different
nanotubes present in a sample can be characterized using two-dimensional
photoluminescence mapping. A typical photoluminescence map of HiPco
SWNTs is shown in Figure 1.8 (d).

Raman spectroscopy is an essential tool in the study of carbon nanotubes

as it gives important insights into the structure and electronic properties of

nanotubes. The primary Raman bands observed in SWNTs are: the G-band
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(1540-1600 em™!), the D-band (1340 cm™') and the radial breathing modes
(100-300 cm™!) as seen in Figure 1.9 (a). The G-band in SWNTs arise from
the longitudinal optical (LO) and transverse optical (TO) modes [51]. The G
bands in semiconducting tubes are termed as G {1590 cm™!) and G~ (1567
em™!), are due to LO (axial) and TO (circumferential} modes, respectively.
In metallic tubes, G* (1580 cm™!) and G~ {1540 cm™!) peaks are due to TO
(circumferential) and LO (axial) modes, the opposite of the semiconducting
case. Because of the electron-phonon coupling interaction the G linewidth
in metallic tubes is usually broader (60 cm™!} than that in semiconducting
tubes (10 cm™1). The frequency of the radial breathing mode is related to the
diameter of the SWNT (d = 248/w). Diameter selective resonance behavior
of SWNTs were observed by Rao ef al. [52]. The Raman scattering process
in nanotubes is resonant in nature. Whenever the energy of the incident
photons matches an optical transition energy, one expects to find resonant
enhancement of the corresponding photophysical process. Thus, isolated
single nanotubes have been studied using resonant Raman spectroscopy and
(r, m) indices have been determined [53]. Diffraction methods have also been
used to probe the structure and properties of carbon nanotubes. Electron
diffraction studies establish the presence of helicity [54]. The XRD pattern
of MWNTSs show only the (hk0) and (001) reflections but no (hkl) refliections
[35].

1.2.3 Chemistry of carbon nanotubes

Functionalization and solubilization is an important area in the study of
carbon nanotubes [56-58]. In Figure 1.10, we show the different types of
chemical modification strategies employed to functionalize SWNTs. Good
dispersion of nanotubes are required for various applications, such as in the

preparation of composites. Using specific interaction, it is also possible to
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Figure 1.10: Functionalization possibilities for SWNTs: (a) defect-group
functionalization, (b) covalent sidewall functionalization, (c¢) non-covalent
exohedral functionalization with aromatic molecules, (d) noncovalent exohe-
dral functionalization with polymers, and (e) endohedral functionalization
with, for example, Cgo. (From ref. [56])

separate metallic and semi-conducting SWNTs. The chemistry of carbon

nanotubes is broadly classified into two, covalent and non-covalent function-

alization respectively.

Covalent Functionalization

In covalent functionalization, covalent bonding is used to attach functional
groups to the nanotube walls or endcaps. The ends of the tubes are often
closed by catalyst nanoparticles in the crude material. These catalyst parti-
cles are removed in the oxidative work-up, for example, with HNOj3, which
results in ends largely decorated with carboxyl groups. Some defects of the
six-membered-ring carbon structure of the nanotubes, such as the inclusion

of five- or seven membered rings in the carbon network, stem from the initial
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formation of the tubes. The defects in the sidewalls can also be introduced
under drastic conditions such as refluxing for long periods in concentrated
HNO;. The appearance of carboxyl groups in these positions [59,60] can only
be explained by the tube structure breaking open. Defects in SWNTs are im-
portant in the covalent chemistry of the tubes because they can either serve
as anchor groups for further functionalization, or be created by the covalent
attachment of functional groups. The evidence collected to date indicates
that nanotubes can tolerate a limited number of defects before a macro-
scopic sample loses its special electronic and mechanical properties [61-63].
Defects are therefore a promising starting point for the development of the
covalent chemistry of SWNTs.

It is well-known in fullerene chemistry that the reactivity in addition
reactions depends very strongly on the curvature of the fullerene [64]. Nor-
mally, SWNTs bear no caps at their ends, and instead consist of graphitic
sidewalls, usually with defects. Thus, there are no strongly curved regions
that could serve as reactive targets for direct additions. As the typical di-
ameter of a SWNT (1-2 nm) is larger than that of a fullerene, its relative
reactivity is even less than that of the flat regions in fullerenes. Further prob-
lems in reactions with SWNTSs are their low solubility or dispersability, and
their occurrence in bundles. Therefore, functionalization of the sidewalls by
covalent-bond formation will only be successful if a highly reactive reagent is
used. SWNTs can be reacted with elemental fluorine between 150 — 600°C
to obtain fluorinated-SWNTs with a degree of fluorination was 0.1-1 [65,66].
This method can be used for the further derivatization of SWNTs with tri-
alkyl amines. [67]. The fluorinated SWNTs can be dissolved in alcohols by
ultrasonication [68,69] and hence become available for transformations using
wet chemistry. The fluorine atoms in fluorinated SWNTs can be substituted

for alkyl groups by treatment with alkyl lithium or Grignard compounds [70],
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Figure 1.11: Reaction scheme for fluorination of nanotubes, defunctionaliza-
tion, and further derivatization. (From ref. [57))
resulting derivatized nanotubes are soluble, for example, in chloroform and

exhibit a degree of alkylation of about 0.1 (see Figure 1.11).

Non-covalent Functionalization

The formation of noncovalent aggregates with surfactants or wrapping with
polymers are suitable methods for the preparation of functional SWNTs as
shown in Figure 1.10 (c) and (d). It is believed that the nanotubes are
in the hydrophobic interiors of the corresponding micelles, which results in
stable dispersions. When the hydrophobic part of the amphiphile contains
an aromatic group, an especially strong interaction results, because effec-

tive 7-m stacking interactions can then form with the graphitic sidewalls
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of the SWNTs. This effect was demonstrated in the aggregation with N-
succinimidyl-1-pyrenebutanoate [71]. Polymers have also been used in the
formation of supramolecular complexes of SWNTs [72]. Thus, the suspen-
sion of purified tubes in the presence of polymers such as poly(m-phenylene-
¢o-2,5-dioctoxy-p-phenylenevinylene) (PmPV), in organic solvents such as
CHCl;, leads to the polymer wrapping around the tubes (Figure 1.10 (d))
The properties of these supramolecular compounds are markedly different
from those of the individual components. For example, the SWNT/PmPV
complex exhibits a conductivity eight-times higher than that of the pure

polymer, without any restriction of its luminescence properties.

Separation of metallic and semiconducting SWNTs

As-produced SWNTs typically consists of metallic (33%) and semiconduct-
ing SWNTs (67%). To date there is no synthetic strategy that produces
one kind of SWNTs specifically. Thus, several physical as well as chemical
methods have been developed in the literature for the separation of metallic
and semiconducting SWNTs after synthesis. The physical methods include
ultracentrifugation, chromatography and dielectrophoresis. Dielectrophore-
sis sorts SWNTs according to their dielectric constant in the presence of an
a.c. electric field [73,74]. Owing to differences in the dielectric constants of
metallic and semiconducting SWNTs, effective electronic type sorting can be
achieved. Consequently, recent work has focused on attempts to scale-up di-
electrophoresis using larger electrodes [75] or dielectrophoretic field-flow frac-
tionation [76]. In addition to electronic type separation, the latter approach
also has shown evidence for diameter sorting among semiconducting SWNTs.
Metallic SWNTs with small diameters can be removed selectively by treat-

ment with nitric and sulfuric acid mixtures {78]. Large-scale separation of
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Figure 1.12: Sorting SWNTs using density gradient ultracentrifugation
(DGU ): Photographs and optical spectra of each layer for (a) Small-diameter
(0.7-1.1 nm) SWNTs encapsulated with sodium cholate and (b) Large-
diameter (1.1-1.6 nm) SWNTs encapsulated with a co-surfactant mixture
of sodium cholate and sodium dodecyl sulphate. (From ref. [77])

metallic and semi-conducting SWNTs has been achieved using a dispersion-
centrifugation process using long chain alkyl amines [79]. In this process,
HiPco nanotubes are dispersed in a solution of 1-octylamine in THF wherein
the amine strongly adsorbs on the metallic nanotubes and centrifugation is
used to selectively enrich of the metallic nanotubes. Metallic and semicon-
ducting SWNTs can be separated by the selective functionalization using
azomethine ylides [80]. Metallic SWNTs are also preferentially destroyed by
laser irradiation [81]. Optical absorption of metallic SWNTs are less affected
by bundling effects compared to the semiconducting SWNTs resulting in
an enhanced absorption ratio of metallic and semiconducting SWNTs [82].

Density gradient ultracentrifugation (DGU) has been used to sort SWNTs
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according to their buoyant density [83]. Experimentally, the DGU approach
was first used to sort DNA-SWNT hybrids by diameter {84]. However, the
DNA encapsulation chemistry possessed several disadvantages including ir-
reversible wrapping, high cost and inability to disperse large-diameter {>1.2
nm) SWNTs. Consequently, subsequent work focused on surfactant encap-
sulated SWNTs [77]. Sodium cholate encapsulation led to clear diameter
sorting by DGU as evidenced by the visibly distinguishable colored bands
shown in Figure 1.12. When using co-surfactant mixtures of sodium cholate
and sodium dodecyl sulphate, electronic-type sorting by DGU was achieved
as seen in Figure 1.12. The latter sorting was attributed to inequivalent bind-
ing of the two surfactants as a function of the SWNT polarizability, which
produced differences in the density of the SWNT-surfactant hybrid depend-
ing on SWNT electronic type. Following iterative application of the DGU

technique, purities approaching 99% have been achieved.

Coatings, fillings and decoration of metal nanoparticles

Metal nanoparticle coated nanotubes have attracted a lot of interest due to
their potential application in catalysis and fuel cells. Rao and co-workers were
one of the first to coat MWNTSs with various metal nanoparticles [85]. Metals
such as Au and Pt have been filled in SWNTs and the metals form nanowires
[86]. Green and co-workers have investigated the crystal growth behavior of
solid phase halides encapsulated within single walled carbon nanotubes (87).
1D erystals with completely novel structures can form inside SWNTs. Where
the encapsulated crystal has a structure recognizably related to that of the
bulk material, crystals are formed with lower surface coordination and all
exhibit substantial lattice distortions as a result of this reduced coordination
and/or van der Waals constriction effects. Luzzi and co-workers [88] have

filled Cgp into SWNTSs to yield to “peapods”.
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1.2.4 Properties and Application

Carbon nanotubes exhibit a wide range of interesting properties [19]. Due to
their nearly one-dimensional electronic structure, electron transport in metal-
lic SWNTs and MWNTSs occurs ballistically over long nanotube lengths, en-
abling them to carry high currents with essentially no heating [89]. Carbon
nanotubes also behave as field effect transistors (FETs) and have potential
application in nanoelectronics [90,91]. Typical FET designs used in the lit-
erature are shown in Figure 1.13. Complex three-point nanotube junctions
have been proposed as the building blocks of nanoelectronics by Menon and
Srivastava [92]. The Y- and T-type junctions appear to defy the conven-
tional models in favor of an equal number of five- and seven-membered rings
to create nanotube junctions. It has been suggested that Y junctions can
be created with an equal number of five- and eight-membered rings [92]. Y-
junction MWNTSs obtained by the pyrolysis route show asymmetry in the
I-V curve at the junction [33] and have potential application in nano-circuits
based on carbon nanotubes. Novel electrical switching behavior and logic
in carbon nanotube Y-junctions has been recently reported [93]. Three-
terminal transistor-like operations of Y-junction CNT devices showing dif-
ferential current amplification have been reported [94]. Y-junction SWNT
based FETs has been fabricated and the device exhibits an on/off ratio of
10° with a low off-state leakage current of 10-13 A [95]. A floating-potential
dielectrophoresis method has been used to achieve controlled alignment of
individual semiconducting or metallic SWNTs between two electrical con-
tacts with high repeatability [96]. Carbon nanotube FETs with sub-20 nm
short channels and on/off current ratios of >10° have been demonstrated [97].
These nanotube transistors display on-currents in excess of 15 uA for a drain-
source bias of 0.4 V. Improvement in the performance of the CNT-FETs has

been achieved by chemical optimization/tuning of the nanotube/substrate
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Figure 1.13: Designs of carbon nanotube field-effect transistors: (a)
schematic of a top-gated carbon nanotube field-effect transistor and (b)
schematic of an array of nanotube transistors with wrap-around gates and
doped gate extensions (From ref. [91])

and nanotube/electrode interfaces [98]. This method of selective placement
of individual SWNTs by patterned aminosilane monolayer was used for the
fabrication of self-assembled carbon nanotube transistors. The aminosilane
monolayer reactivity can be used to improve carrier injection and the doping
level of the SWNTSs. These chemical treatments reduce the Schottky barrier
height at the nanotube/metal interface down to that of an almost ohmic
contact. Such self-assembled FETs open new prospects for gas sensors as

demonstrated for the 20 ppb of triethylamine. The possibility of using CNTs
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Figure 1.14: Image of a fully sealed 4.5" SWNT-based field emission display.

as potential devices to improve neural signal transfer while supporting den-
drite elongation and cell adhesion has been demonstrated [99]. These results
strongly suggest that the growth of neuronal circuits on a CNT grid is ac-
companied by a significant increase in the network activity. The increase in
the efficacy of the neural signal transmission may be related to the specific
properties of CNTs.

SWNTs exhibit large thermoelectric power at high temperatures. The
large thermoelectric power indicates the breaking of electron-hole symmetry
due to the self-assembly of nanotubes into crystalline lattices [100]. Phonons
also propagate easily along the nanotube. The measured room temperature
thermal conductivity for an individual MWNT ( > 3000 W/mK) is greater
than that of natural diamond and the basal plane of graphite (both 2000
W/mK) Field emission properties of carbon nanotubes have direct applica-
tion in vacuum microelectronic devices. Carbon nanotubes are ideal as field

emission (FE) sources due to their small diameter, high chemical stability,
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high mechanical strength and low carbon mobility [101,102]. Carbon nan-
otube based FE devices such as displays, x-ray generators, gas discharge tube
protectors and microwave amplifiers have heen made. Shown in Figure 1.14 is
a 4.5" color field emission display based on SWNTs cold cathodes fabricated
at Samsung [103]. Carbon nanotubes based FE devices can be operated at
room temperature which eliminates heating of cathode as in conventional FE
sources. The possibility of miniaturization of devices, high current density,
narrow energy distribution and quick start could lead to the commercializa-
tion of CNT based FE devices. Carbon nanotubes, produced by ferrocene
pyrolysis deposited on a tungsten tip exhibits high emission current densities
with good performance characteristics [104]. The optical limiting properties
of the carbon nanotubes are considered important for applications involv-
ing high power lasers. The optical limiting behavior of visible nanosecond
laser pulses in the SWNT suspensions occurs mainly due to nonlinear scat-
tering [105)].

Graphite, carbonaceous materials and carbon fibre electrodes are com-
monly used in fuel cells, batteries and other electrochemical applications.
There have been several investigations for the use of carbon nanotubes for
energy storage. The small dimensions, smooth topology, hollow cavity and
perfect surface specificity make carbon nanotubes suitable for energy stor-
age. The high electrochemically accessible surface area of porous nanotube
arrays, combined with their high electronic conductivity and useful mechani-
cal properties, makes them are attractive as electrodes for devices employing
electrochemical double-layer charge injection. Examples include supercapac-
itors with giant capacitances in comparison with those of ordinary dielectric-
based capacitors [106,107], and electromechanical actuators that may be use-
ful in robots [108]. Hydrogen and lithium have been electrochemically stored

in carbon nanotubes. Functionalized carbon nanotubes treated with pyrrole



1.2 Carbon Nanotubes 27

40 ¢
r o .. |ALNT - ferro. + ace. - acid
351 R .on ++ ¢|ALNT - ferro. + ace. - as synth.
N Y Y ——% ¥ | ALNT - ferrocene - acid
E 3.0 |
; e = MWNT - arc
_é 25 & = = — Carbon fibres
© C
T 20F
= o
&5 15¢
] =
s 10 F ok R ¢ a| ALNT - ferrocene - as synth

MWNT - pyrolysis - acid
SWNT - arc - acid
MWNT - pyro. - as synth.
SWNT - arc - as synth.

05:= “oto . . ®

00f

0 100 200 300 400 500 600
Time (minutes)

Figure 1.15: Amount of hydrogen adsorbed in wt% as a function of time for
the various carbon nanostructures. (From ref. [117])

have been employed as electrode materials in supercapacitors [109]. A capaci-
tance of 350 F /g with power and energy densities of 4.8 kW /kg and 3.3 KJ/kg
respectively, were obtained for these electrodes in 6 M KOH with a double
layer capacity of 154 uF/em?. Aligned MWNTs-RuOs nanocomposites have
been investigated for use as supercapacitors [110]. A composite with psuedo-
capacitance properties and high electrical conductivity has been obtained by
the pyrolysis of carbon nanotube/polyacrylonitrile blends [111]. Thin films
formed by MWNTSs with high packing density and alignment yield high power
density supercapacitors [112]. Stacked-cup carbon nanotubes have been used
in photochemical solar cells [113]. SWNTSs can be used as integrated build-
ing blocks for solar energy conversion [114]. In this study, SWNTSs have been
combined with porphyrin to prepared nanostructured devices. SWNT-CdSe
nanocomposites may be useful for light harvesting and photoinduced charge
transfer [115]. Early reports that carbon nanotubes can store considerable
amounts of hydrogen created high expectations [116]. Gundiah et al. [117]

have systematically measured Hy adsorption on well-characterized samples of
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SWNTs, MWNTs, aligned multi-walled nanotube bundles as well as carbon
fibres. Figure 1.14, shows that hydrogen storage does not exceed 3.7 wt %.
Clearly, carbon nanotubes fall short of expectations for use in automobile

industry.

1.3 Graphene

Graphene is the name given to a flat monolayer of carbon atoms tightly
packed into a two-dimensional (2D) honeycomb lattice, and is a basic building
block for graphitic materials of all other dimensionalities (118]. Theoretically,
graphene has been studied for sixty years and is widely used for describing
properties of various carbon-based materials. Graphene was an academic
material as it was widely believed that 2-D crystals are unstable. Geim and
co-workers [9] in 2005 showed that a single layer of graphene is indeed stable,

thus opening a new area of fascinating physics and chemistry.

Preparation

Single- or few-layer graphene has been grown on metal substrates epitaxially
by chemical vapor deposition of hydrocarbons [119,120] and by thermal de-
composition of SiC [121-124]. Although, graphite flakes with 20-100 layers
thick can be obtained easily by micromechanical cleavage of graphite, only
recently Geim and co-workers [9] have successfully detected the presence of
single-layer as well as bilayer graphene. The critical ingredient to their suc-
cess was the observation that graphene becomes visible in an optical micro-
scope if placed on top of a Si wafer with a carefully chosen thickness of SiO.,
owing to a feeble interference-like contrast with respect to an empty wafer.
Even a small change in SiO; thickness(say only a 5% difference, 315 nm in-
stead of the current standard of 300 nm) can make single-layer graphene com-

pletely invisible. In Figure 1.16, typical AFM and TEM images of graphene
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Figure 1.16: (a) Graphene visualized by atomic force microscopy, (b) A
graphene sheet freely suspended on a micrometer-size metallic scaffold and
(c) SEM image of a relatively large graphene crystal, which shows that most
of the crystals faces are zigzag and armchair edges as indicated by blue and
red lines and illustrated in the inset. (From ref [118])

are shown. The folded region exhibiting a relative height of ~4 A, clearly
indicates that it is a single layer. Single-layer graphene has a tendency to
fold at the edges.

The large-scale synthesis of graphenes (with mass of grams or kilograms)
for applications such as mechanical reinforcement, gas adsorption, electro-
chemistry still remains a challenge. Chemical methods are necessary and
there has been some interest in this area. Graphene has been prepared us-
ing methods such as (a) pyrolysis of camphor under reducing conditions, (b)

exfoliation of graphitic oxide and (c¢) thermal conversion of nanodiamond.
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Somani et al. [125] have prepared graphene {with > 15 layers ) by the py-
rolysis of camphor over nickel particles under a reducing atmosphere. The
reaction was carried out in a two-stage furnace and camphor was slowly sub-
limed (170 °C) by heating from the first furnace to the second furnace held at
770°C where the micron sized nickel particles were placed. There have been
several efforts in the preparation of graphene from graphitic oxide. Ruoff and
co-workers [126,127] have carried out exfoliation by reducing graphite oxide
with hydrazine under intense ultrasonication. Aksay and co-workers [128]
have carried out thermal exfoliation of graphite oxide prepared by the oxi-
dation of graphite with nitric acid, sulphuric acid and potassium chlorate.
Enoki and co-workers [129] have prepared graphene by the thermal conver-
sion of nanodiamond. In this method, commercially obtained nanodiamond

is heated in an inert atmosphere at high temperatures (1500 — 2200°C}.

Properties

Graphene exhibits a pronounced ambipolar electric field effect such that
charge carriers can be tuned continuously between electrons and holes in

concentrations n as high as 10* em™2

and their mobilities p can exceed
15,000 cm® V~! s~! even under ambient conditions. In graphene, it remains
high even at high n (>10'2 ecm~—2?) in both electrically and chemically doped
devices [130], which translates into ballistic transport on the submicrome-
ter scale (currently up to ~ 0.3 um at 300 K). A further indication of the
systems extreme electronic quality is the quantum Hall effect (QHE) that
can be observed in graphene even at room temperature, extending the pre-
vious temperature range for the QHE by a factor of 10. In Figure 1.17, a
SEM image of a graphene hall bar is how along with the energy levels for

graphene obtained from Schrodinger and Dirac equations and the actual Hall

measurements. An equally important reason for the interest in graphene is a
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Figure 1.17: (a) SEM image of a graphene hall device with channel width of
1 pm, (b) Landau levels for Schrodinger electrons with two parabolic bands
touching each other at zero energy and for Dirac electrons and (c) Resistivity
(red) and Hall conductivity (blue) as a function of carrier concentration in
graphene (top) and bilayer graphene (bottom). (From ref. [118])
particular unique nature of its charge carriers. The Schrodinger equation is
generally used in condensed matter physics to describe electronic properties
of materials. Graphene is an exception, its charge carriers mimic relativistic
particles and are more easily and naturally described starting with the Dirac
equation rather than the Schrodinger equation. Single gas molecules can be
detected using graphene based Hall devices [130].

Field effect transistors using graphene nanoribbons prepared by exfolia-
tion of graphite oxide have been fabricated [131]. All sub 10 nm graphene
nanoribbons give semiconducting FETs with on/off rations up to 10° and

on-state current density as high as 2000 pA/pum.
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Figure 1.18: Comparison of the structures of (a) graphite and inorganic lay-
ered compounds such as (b) BN; (¢) MoS,; (d) NbS,/TaS,. In the layered
dichalcogenides, the metal is in trigonal prismatic (TaS,) or octahedral co-
ordination (MoS,).

1.4 Inorganic Nanotubes and Fullerenes

Since the discovery of carbon nanotubes, there has been tremendous interest
in the preparation of nanotubes of other layered inorganic materials such
boron nitride and metal chalcogenides [132]. These materials possess layer
structure similar to that of graphite as seen in Figure 1.18. Boron nitride
(BN) crystallizes in a graphite-like structure and can be simply viewed as
replacing a C-C pair in the graphene sheet with the iso-electronic B-N pair.
Pure BN nanotubes have been generated by employing several procedures,
vielding nanotubes with varying wall thickness and morphology. Nanotubes
of boron nitride were first prepared by Chopra et al. [133] by a carbon-free
plasma discharge between a BN packed tungsten rod and a cooled copper

electrode. BN nanotubes have been prepared by the carbothermal reduction



1.4 Inorganic Nanotubes and Fullerenes 33

Figure 1.19: HREM images of (a) MoS, nanotubes and (b) WS, fullerene.

of ultradisperse amorphous boron oxide and B4C in the presence of nitro-
gen between 1100 and 1450 °C [134], and by thermal annealing of ball-milled
boron powder in an ammonia atmosphere [135]. Carbon nanotubes have
been used to prepare BN nanotubes by the reaction with B;Oj3 in a nitroge-
nous atmosphere. Thus, Golberg et al. [136] have synthesized multi-walled
BN nanotube ropes by carrying out the reaction of a mixture of B,O3 and
MWNTs at 1500°C in a nitrogen atmosphere in the presence of a MoOj
catalyst.

The metal dichalcogenides, MX; (M = Mo, W, Nb, Hf; X = S, Se)
contain a metal layer sandwiched between two chalcogen layers with the
metal in a trigonal pyramidal or octahedral coordination mode. Tenne et
al. [137,138] first demonstrated that Mo and W dichalcogenides are capable
of forming nanotubes. Closed fullerene-type structures (inorganic fullerenes)
also formed along with the nanotubes. The dichalcogenide structures con-
tain concentrically nested fullerene cylinders, with a less regular structure
than in the carbon nanotubes. Rao and co-workers [139] have showed that
amorphous MXj is an intermediate product obtained in the reaction and in-

organic nanotubes and fullerenes can be directly obtained from MXjs under
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reductive conditions. Using this method they have synthesized nanotubes of
MoS;, MoSez, WS,, WSes, NbSa, NbSe,, etc [139-144]. Typical TEM images
of inorganic nanotubes and nanowires are shown in Figure 1.19. Transition
metal chalcogenides possess a wide range of interesting physical properties.
They are widely used in catalysis and as lubricants. They have both semi-
conducting and superconducting properties. The quasi-spherical shape of the
fullerene-like WS, and MoS; nanoparticies and their inert sulphur-terminated
surface suggested that they could serve as superior solid lubricants in the form

of additives to lubrication fluids, greases and for self-lubricating coatings.

1.5 Inorganic Nanowires

One-dimensional nanostructures such as wires, belts and rods of important
inorganic materials have been synthesized in the last few years [145, 146].
Nanowires are expected to play an important role as both interconnects and
functional units in fabricating electronic, optoelectronic, electrochemical and

electromechanical devices.

1.5.1 Synthesis

One-dimensional nanowires can be prepared by a variety of physical methods
which include lithography techniques such as electron-beam (e-beam) or fo-
cused ion beam writing, proximal probe patterning and extreme UV or x-ray
photolithography. An important aspect of the one-dimensional structures
relates to their crystallization, wherein the evolution of a solid from a vapor,
a liquid, or a solid phase involves nucleation and growth (Figure 1.20 (b)}).
As the concentration of the building blocks {atoms, ions or molecules) of a
solid becomes sufficiently high, they aggregate into small nuclei {clusters)
through homogeneous nucleation {147]. These clusters serve as seeds for the

further growth to form larger clusters. Several chemical methods have been
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(b)

Figure 1.20: Schematic illustration of six strategies that have been demon-
strated for achieving 1D growth.
developed for the synthesis of nanowires. In Figure 1.20, we illustrate the six

commonly used strategies for the preparation of nanowires. They are:

o Use of intrinsically anisotropic crystallographic structure of a solid to
obtain 1-D nanostructures. Se [148-150], Te as well as molybdenum

chalcogenides have been prepared.

¢ Growth from vapor phase involving either the vapor-solid (VS) or the
vapor-liquid-solid (VLS) mechanism. Several classes of nanowires have

been prepared employing this approach.

¢ Use of various templates which include porous membranes such as
anodic alumina (AAO) membranes and track-etched polymer mem-
branes. Existing one-dimensional structures such carbon nanotubes

and nanowires have been used as templates for the synthesis of nanowires
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Figure 1.21: Silicon nanowires obtained by the VLS mechanism using the
laser ablation process. (From ref. [151])

as well as nanotubes.

¢ Appropriate capping agents have been used to kinetically control the

growth rates at various facets of the seed.

¢ Self assembly of zero dimensional nanostructures to one-dimensional

nanostructures by oriented attachment.

¢ Use of supersaturation to control and modify the growth habitat of the

seed.

In 1960s, Wigner [147] proposed the VLS mechanism for the growth of
large single-crystalline silicon whiskers. According to the mechanism, the
anisotropic growth is promoted by the presence of the liquid alloy/solid in-
terface. Nanowires of Si, Ge and binary semiconductors such as GaAs, ZnO
etc. have been prepared using this route. Laser ablation of appropriate tar-
gets [151,152] and thermal evaporation [153] of appropriate precursor has
been used for the synthesis of nanowires by this method. Si nanowires pre-
pared by the laser ablation route is shown in Figure 1.21 Until recently,

the only evidence for the growth of nanowires by the VLS mechanism is
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the presence of droplets at the end of the nanowires. Wu et al. [154] have
reported real-time observation of Ge nanowire growth in an in-situ high-
temperature TEM, which demonstrates the validity of the VLS mechanism.
The experimental observations suggest that there are three stages in the
growth: metal alloying, crystal nucleation and axial growth. Lee and co-
workers [155,156) have proposed an oxide assisted growth mechanism for the
growth of Si nanowires in the absence of catalyst. In the presence of SiO., the
yield of the Si nanowires increases. Si,O (x> 1) vapors are generated by the
thermal evaporation or laser ablation which decomposes to give Si nanowires.
One-dimensional nanostructures can be obtained by the VS process if one can
control the nucleation and growth process. Nanowires of several oxide like
Zn0, SnO,, etc. have been synthesized by the process. Carbothermal route
is a simple route for the synthesis of several classes of nanowires. The process
involves the heating a mixture of the precursor {generally oxide) with carbon
(activated carbon or carbon nanotubes) in a suitable atmosphere [157). The
first step normally involves the formation of a volatile metal suboxide by the
reaction with carbon. Oxide, nitride or carbide nanowires are obtained when
the suboxide is heated in the presence of Oy, NHz, Ny or C.

Solution based approaches utilize the anisotropic growth dictated by the
crystallographic structure of the solid material, or confined and directed
by templates, or kinetically controlled by supersaturation, or by the use
of appropriate capping agent. Buhro and coworkers [158] have developed a
low-temperature solution-liquid-solid (SLS) method for the synthesis of crys-
talline nanowires of I1I-V semiconductors. A metal with a low melting point
is used a catalyst and the desired material material generated through the
decomposition of organometallic precursor. Korgel et al. {159] have extended

this strategy for the synthesis of Si and Ge nanowires in supercritical fluids.
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1.5.2 Properties and Applications

Various properties and applications of nanowires of different materials have
been investigated widely in the literature. Due to their high surface area,
the nanowires exhibit significantly lower melting point which is inversely
proportional to the diameter of the nanowire [160]. Surface plasmon prop-
erties of gold and silver nanorods have been investigated by El-Sayed and
coworkers [161]. One-dimensional nanostructures exhibit two surface plas-
mon corresponding to the transverse and longitudinal plasmon resonances.
Absorption and scattering properties of gold nanoparticles of different size,
shape, and composition have been calculated using Mie theory and discrete
dipole approximation method [162]. Absorption and scattering efficiencies
and optical resonance wavelengths have been calculated for three commonly
used classes of nanoparticles: gold nanospheres, silica-gold nanoshells, and
gold nanorods. The calculated spectra clearly reflect the well-known depen-
dence of the optical properties {viz. the resonance wavelength, the extinction
cross-section, and the ratio of scattering to absorption), on the nanoparti-
cle dimensions. Gold nanorods show optical cross-sections comparable to
nanospheres and nanoshells, however, at much simaller effective size. To com-
pare the effectiveness of nanoparticles of different sizes for real biomedical
applications, size-normalized optical cross-sections or per micron coefficients
are calculated. Gold nanorods show per micron absorption and scattering co-
efficients that are an order of magnitude higher than those for nanoshells and
nanospheres. Multiple higher-order plasmon resonances in colloidal cylin-
drical gold nanorods electrochemically deposited in anodic aluminum ox-
ide templates (AAO) have been studied [163]. Homogeneous suspensions
of nanorods with an average diameter of 85 nm and with varying lengths
have been used. The AAQO template provided a synthetic route that re-

sulted in a homogeneous suspension of rods with the proper dimensions to
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observe these modes. The experimental optical spectra agree with discrete
dipole approximation calculations (DDA) that have been modeled from the
dimensions of the gold nanorods. As in the lithographically generated pat-
terns, both the even and odd modes were detected up to the seventh or-
der and were in good agreement with DDA. Fabrication of a self-organized
photosensitive gold nanoparticle chain encapsulated in a dielectric nanowire
has been achieved by using a microreactor approach [164]. Such a hybrid
nanowire shows pronounced surface plasmon resonance (SPR) absorption.
More remarkably, a strong wavelength-dependent and reversible photore-
sponse has been demonstrated in a two-terminal device using an ensemble
of gold nanopeapod silica nanowires under illumination, whereas no pho-
toresponse was observed for the plain silica nanowires. These results show
the potential of using gold nanopeapodded silica nanowires as wavelength-
controlled optical nanoswitches.

Nanowires have recently been explored as building blocks to fabricate
nanoscale electronic devices through self-assembly. Nanowire based field-
effect transistors (FETS), p-n junctions, bipolar junction transistors, com-
plementary inverters and resonant tunneling diodes have been fabricated
[165,166]. Nanowires with very short lengths (usually few atoms across) also
exhibit ballistic transport (conductance quantization in units of 2 e*h™1).
Self-assembly of nanowires has been used by Huang et al. [167] for the fabri-
cation of OR, AND, and NOR logic-gate structures. Field-effect transistors
of ZnO nanowires have been fabricated and studied in vacuum and in a vari-
ety of ambient gases [168]. Field-effect transistors based on the self-assembly
of colloidal ZnO nanorods have also been examined [169]. ZnO nanowire
field-effect transistors composed of individual ZnO nanowires can be made

using a self-assembled superlattice as the gate insulator, a device of possible
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formation

Figure 1.22: (A)-(G) The SNAP process of fabricating nanowires on sub-
strates using GaAs/Al,Ga;_,As superlattice as the master. (H) False-color
SEM micrograph of the 160 kilo-bit memory is shown at left. (I) The bistable,
electrochemically switchable, amphiphilic [2]-rotaxane molecule (J) ASCII
character read and write memory demonstration. (From ref. [172])

use in flexible display and logic technologies [170]. Piezoelectric nanogener-
ators based on ZnO nanowire arrayvs have been shown to convert nanoscale
mechanical energy into electrical energy with the efficiency of the power gen-
eration of 17 to 30% [171]. The coupling of piezoelectric and semiconducting
properties of zinc oxide creates a strain field and charge separation across
the nanowire as a result of its bending. The rectifying characteristic of the
Schottky barrier formed between the metal tip and the nanowire leads to
electrical current generation. Heath and co-workers [172] have fabricated a
nanowire-based memory with a high storage density. The nanowires were fab-
ricated using a “Superlattice nanowire pattern transfer” (SNAP) process and

is shown schematically in Figure 1.22. In contrast to quantum dots, the light

emitted from nanowires is highly polarized along their longitudinal axes and
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polarization sensitive nanoscale photodetectors have been fabricated [173].
The longitudinal resonance energy is inversely proportional to the nanowire
length. Room temperature UV-lasing from ZnQ nanowire arrays have been
observed [174]. Aligned CdS nanowires are shown to exhibit optical waveg-
uide behavior on continuous-wave laser excitation [175]. Optically pumped
room-temperature lasing in GaN nanowires with low lasing thresholds has
been reported [176]. Nanoscale light-emitting diodes with colors ranging
from ultraviolet to near-infrared have been prepared using a solution-based
approach in which electron-doped semiconductors are assembled with hole-
doped silicon nanowires in crossed nanowire architecture [177).

Light induced insulator to conductor transition has been observed in ZnO
nanowires by Kind et al. [178], which could be used as UV detectors and
photo-switches. Single-crystal ZnO nanowires can be used as ultraviolet pho-
todetectors [179]. A ZnO nanowire photodetector with a fast photoresponse
time was fabricated by a simple method of growing ZnO nanowires by bridg-
ing the gap of two patterned zinc electrodes [180]. The nanowire growth
is self-catalytic, involving the direct heating of patterned Zn electrodes at
700°C in an O3/Ar gas flow for 3 h. The fabricated photodetector demon-
strated fast response of shorter than 0.4 ms to UV illumination in air, which
could be attributed to the adsorption, desorption, and diffusion of water
molecules in the air onto the nanowire significantly influencing the photore-
sponse.

As the dimension of the nanowire is reduced the phonon mean free path
and the thermal conductivity are reduced due to the scattering by the bound-
aries. The reduced thermal conductivity is desirable for applications such
as thermoelectric cooling and power generation. The thermoelectric fig-
ure of merit (Z) could be substantially enhanced for thin nanowires by

carefully controlling their diameter, composition and carrier concentrations
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[181,182]. Dresselhaus and coworkers [183] observe a semi-metal to semicon-
ductor transition in Bi nanowire arrays when the diameter is 52 nm. Size-
dependent transport and thermoelectric properties of individual polycrys-
talline Bi nanowires has been reported [184]. The combination of nanofabri-
cation methods and device architecture has allowed four-point electric, ther-
moelectric, magnetic-field and electric-field-effect measurements on individ-
ual Bi nanowires. No clear semimetal-to-semiconductor transition or en-
hancement in thermoelectric power has been observed, probably due to the
polycrystalline nature of Bi nanowires.

Single crystalline one-dimensional nanostructures are supposed to have
significantly superior mechanical properties than their counterparts that have
larger dimensions. SiC nanorods pinned at one end of the solid surface (see
Figure 1.23) have a Young’s modulus of 610-660 GPa in good agreement
with theoretical predications [185]. Gold nanowires show an Youngs modulus
which is independent of diameter whereas the yield strength is largest for
the smallest diameter nanowires {186]. The elastic modulus of {(0001) ZnO
nanowires grown on a sapphire surface has been measured (29 + 8 GPa)
using atomic force microscopy [187]. ZnS nanobelts exhibit 79% increase in
hardness and 52% decrease in elastic modulus compared to bulk ZnS [188].

A high-throughput procedure is reported for lithographically processing
one-dimensional nanowires [189]. This procedure has been called on-wire
lithography. ZnQ nanorods, nanowires and nanotubes prepared by differ-
ent procedures including prepared by electrochemical deposition in alumina
membranes have been investigated for hydrogen and ethanol sensing charac-
teristics {190]. The sensing characteristics of these nanostructures were also
investigated after impregnating them with 1% Pt. The nanowires exhibit
excellent hydrogen sensing characteristics at relatively low temperatures (<

150°C). One type of nanorods shows a dependence of the sensitivity on the
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Figure 1.23: (A) SiC NRs deposited on a cleaved MoS, substrate, and then
pinned by deposition of a grid of square SiO pads. (B) Optical micrograph of
a sample showing the SiO pads (white) and the MoS, substrate (blue). (C)
An AFM image of a 35.3 nm diameter SiC NR protruding from a SiO pad
(scale bar is 500 nm). (D) Schematic of beam bending with an AFM tip. (E)
Schematic of a pinned beam with a free end. (F) F-d response of a 23.0 nm
diameter SiC NR recorded with a normal load of 7.7 nN. (G) Dependence of
the force constant k(x) on position x along the axis of the same NR. (From
ref. [185])

hydrogen concentration, along with short recovery and response times. The
nanorods and nanowires impregnated with Pt show high sensitivity for 1000
ppm of ethanol at or below 150°C, with short recovery and response times.
Both nanorods and nanowires exhibit good sensing characteristics for 1000
ppm of ethanol at or below 423 K, where as Pt impregnated nanorods and
nanowires show better sensitivity for both hydrogen and ethanol.

There has been tremendous interest in the use of nanomaterials in energy
storage and generation. Intercalation of lithium ions in TiO,-B nanowires
has been carried out without any structural degradation or loss of nanowire
morphology [191]. Photovoltaic applications of aligned silicon nanowire ar-
rays have been explored [192]. Dye-sensitized solar cells incorporating ZnO
nanowires have been assembled [193,194]. Dye-sensitized solar cells using
TiO, single-crystalline nanorod electrodes provide efficient photocurrent gen-

eration in a quasi-solid-state, with a conversion efficiency of 6.2% under 100
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mW/cm? [195]. A method based on template synthesis has been used for
the construction of an array of coplanar fuel cells wherein each cell is 200 nm
in diameter [196]. An array of nano fuel cells is produced by utilizing two
arrays of porous Pt electrodes in between a polymer electrolyte membrane
or an electrolyte support matrix sandwiched. Electrodeposition of Pt-Cu
nanowires inside a porous AAQ membrane and the subsequent treatment
with fuming HNQOj acid gives rise to an array of porous platinum electrodes.
This method of producing an array of coplanar fuel cells allows for the series
connection of fuel cells outside the array and eliminates the need for fuel
and air manifolds, thereby reducing the overall system complexity. Initial
prototypes utilizing an aqueous solution of NaBH, as a fuel have produced
power densities of around 1 mW/cm?.

It has been demonstrated how light force, irrespective of the polarization
of the light, can be used to run a simple nanorotor [197]. While the gradient
force of a single beam optical trap is used to hold an asymmetric nanorod,
the utilization of the scattering force generates a torque on the nanorod,
making it rotate about the optic axis. The inherent textural irregularities or
morphological asymmetries of the nanorods give rise to the torque under the
radiation pressure. Even a small surface irregularity with non-zero chirality
is sufficient to produce enough torque for moderate rotational speed. Self-
powered synthetic nanorotors have been prepared from bar-coded gold-nickel
nanorods having the gold end anchored to the surface of a silicon wafer.
Constant velocity circular movements are observed when hydrogen peroxide
is catalytically decomposed to oxygen at the unattached nickel end of the
nanorod [198].
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Chapter 2

SYNTHESIS OF CARBON NANOTUBES AND METAL
NANOWIRES BY NEBULIZED SPRAY PYROLYSIS

Summary!

In this chapter, we describe the use of nebulized spray pyrolysis (NSP) for
the synthesis of carbon nanotubes and metal nanowires. Multi-walled carbon
nanotubes (MWNTSs) with fairly uniform diameter as well as aligned MWNT
bundles have been prepared by the NSP of organometallic precursors such
as ferrocene dissolved in hydrocarbon solvents such as benzene and toluene.
Well-graphitized MWNTSs were obtained with a sclution of ferrocene in xy-
lene. Single-walled nanotubes (SWNTs) were obtained when NSP was carried
out with cobaltocene or nickelocene in admixture with toluene. Fe(CO)s in
mixture with acetylene also yielded aligned MWNT bundles.

Metal nanowires could be obtained by the nebulized spray pyrolysis of
metal acetate precursors. This method has been employed for the synthesis
of zinc, cadmium and lead nanowires. The nanowires are single-crystalline.
Nanonecklaces were obtained in the case of cobalt by using cobalt acetate as
the precursor.

Oxidation of zinc and cadmium nanowires gives one-dimensional oxidic
nanostructures. In the case of zinc metal, tubular ZnO was obtained.

NSP can be employed for large-scale production of carbon nanotubes and

other one-dimensional nanomaterials.

1Papers based on this study have appeared in Chem. Phys. Lett. (2004), Adv. Mater.
(2004) and J. Nanosci. Nanotech (2007)
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2.1 Introduction

Carbon nanotubes and metal nanowires constitute an important class of one-
dimensional nanomaterials, which provide models to study the relationship
between electrical transport, optical and other properties with dimensionality
and size confinement. In recent years, several methods have been employed
for the synthesis of carbon nanotubes as well as metal nanowires and have
been described in detail in Chapter 1. Carbon nanotubes have been tradi-
tionally prepared by the arc-evaporation of graphite [1]. A current of 60-100
amperes is passed between two graphite electrodes in a helium atmosphere
(approximately 500 torr} which leads to the evaporation of carbon from the
anode and is deposited on the cathode (also known as the cathodic stub).
The stub contains a high yield of multi-walled carbon nanotubes. Single-
walled carbon nanotubes (SWNTs) were first synthesized by metal-catalyzed
de-arcing of graphite electrodes {2,3]. The graphite anode is normally filled
with metal powders such as Fe, Co or Ni and pure graphite is used as the
cathode. However, several carbon nanotube synthesis methods have been
developed, particularly the decomposition of hydrocarbons over small metal
catalyst has been the focus area of research, due to their scalability and ease
of synthesis [4,5]. Aligned MWNT bundles have been obtained by chemi-
cal vapor deposition over transition metal catalyst embedded in the pores
of mesoporous silica or the channels of alumina membranes [6,7]. Plasma-
enhanced chemical vapor deposition on nickel-coated glass using acetylene
and ammonia has been employed by Ren and Huang [8] to obtain aligned
MWNT bundles.

Pyrolysis of metallocenes such as ferrocene and other organometallic com-
pounds like nickel and iron pthalocyanine in a two stage furnace provides a
straight forward procedure to prepare carbon nanotubes [9]. The param-

eters that can be varied in these pyrolysis reactions are sublimation rate
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of the catalyst precursor, flow rate of the carrier gas, the use of additional
carbon sources such as acetylene and the pyrolysis temperature. Using this
method, MWNTs [10-12], aligned MWNT bundles [13, 14], aligned metal-
filled MWNTs [15], Y-junction MWNTs [16,17] as well as single-walled car-
bon nanctubes (SWNTs) [18, 19] have becn prepared employing different
experimental conditions. Aligned MWNT bundles are obtained when the
catalyst was rapidly sublimed and SWNTs under dilute catalyst and hydro-
carbon conditions. Y-junction nanotubes can be obtained when an addi-
tional carbon source containing sulphur was incorporated. The advantage of
the precursor method is that the aligned bundles are produced in one step,
at a relatively low cost, without prior preparation of substrates. Glerup
et al. [27, 28] have modified this two stage furnace method and have used
aerosol method for carrying the catalyst and carbon source for the synthe-
sis of MWNTSs and nitrogen doped MWNTs, Ajayan and co-workers have
synthesized long strands of SWNTs by the pyrolysis of a spray containing
ferrocene, thiophene and n-hexane [29].

General methods for the synthesis of metal nanowires include vapor-solid
or vapor-liquid-solid growth and the use of templates such as anodic alumina
membranes (AAQ) [20,21], carbon nanotubes {22], etc. Nanowires of metals
such as Au and Ag have been synthesized by a seed-mediated approach as
well as by solution-based methods [23-25]. Laser ablation has been employed
to obtain nanowires of Si and Ge [26].

In this chapter, we have systematically investigated the use of nebulized
spray pyrolysis for the synthesis of carbon nanotubes and metal nanowires.
For carbon nanotube synthesis, we have used organometallics such as fer-
rocene, nickelocene, cobaltocene, Fe{CO),, etc. We have also extended this
method for the preparation of metal nanowires starting from simple metal

precursors. The method is simple, template-free and in-expensive. Nebulized
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spray pyrolysis has been employed earlier for the preparation of sub-micron
sized particles [30] and epitaxial thin films [31-33] of complex metal oxides.
The advantage of using nebulized spray is the large number of parameters
that can be utilized to control the pyrolysis reaction and it can be easily
scaled into an industrial scale process, as the reactants are fed into the fur-
nace continuously. We have been able to control the diameter distribution
and quality of the nanotubes by adjusting the various available parameters
like pyrolysis temperature, carrier gas flow rate, catalyst precursor concen-
tration, various hydrocarbon sources and various catalyst precursors. We
have characterized the nanotubes obtained by various experiments by elec-
tron microscopy and X-ray diffraction. The versatility of this method is
demonstrated by the synthesis of single-crystalline nanowires of zinc, cad-
mium and lead. It is noteworthy that there are very few reports in the
literature on the synthesis of zinc and lead nanowires, and no report on cad-
mium nanowires. For example, zinc nanobelts have been obtained by the
carbothermal reduction of ZnS [34], while nanowires are prepared by the re-
duction of ZnO with graphite in an NH3 atmosphere [35]. Single-crystalline
lead nanowires have been synthesized by the decomposition of lead acetate
in ethylene glycol [36]. In the NSP process, we have employed methanolic
solutions of metal acetate to produce nanowires of zinc, cadmium and lead.
We have also briefly examined the effect of oxidation on the morphology of

zine and cadmium nanowires.

2.2 Nebulized Spray Pyrolysis

Nebulized spray is a spray generated by an ultrasonic atomizer [37]. When
a high frequency (100 kHz-10 MHz range) ultrasonic beam is directed to a
gas-liquid interface, a geyser forms at the surface. The height of the geyser

is proportional to the acoustic intensity. The formation of the geyser is
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Figure 2.1: Schematic representation of the experimental set-up used for the
synthesis of carbon nanotubes.
accompanied by the generation of a spray, resulting from the vibrations at
the liquid surface and cavitation at the gas-liquid interface. The quantity
of the spray produced is also a function of the acoustic intensity and of
certain physical properties of the liquid {vapor pressure, viscosity and surface
tension).

In Figure 2.1, we show the schematic diagram of the experimental set-up.
A piezoelectric transducer (made of PZT) is at the base of the atomization
chamber. The transducer is connected to a high frequency voltage genera-
tor. The frequency of the voltage generator is fixed at a value close to the
resonance frequency of the transducer. By varying the voltage, the acoustic
intensity can be varied. During the atomization process, the liquid is heated
close to 100 °C, hence, some of the atomized liquid may change into the vapor
state which is detrimental to the spray homogeneity. To avoid this problem,
the nozzle carrying the mist from the atomization chamber should be narrow

and long. A very narrow and long nozzle leads to collisions of droplets and
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Figure 2.2: Variation of droplet size and distribution for water with frequency.

there is change in the size distribution of the droplets. The relationship be-
tween the capillary wavelength (C) at the liquid surface and mean diameter

of the atomized droplets (D) is given as below:

D=ig=C (2.1)

where a is constant. From the Kelvin's equation, the capillary wavelength
can be written as a function of surface tension of the liquid (s). density (r)

and ultrasonic excitation frequency (f):

C=(8 -m-s/r-& )/ (2.2)

a has been experimentally determined to be 0.34. Therefore,

D = 0.34(8.7.s/r. )13 (ps/r f2)'/? (2.3)
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The frequency dependence of the D leads to a very narrow distribution in
the droplet size. The variation of droplet size and distribution for water as
a function of frequency is shown in Figure 2.2. It has been shown that, at
constant ultrasonic power level and gas flow rate, the amount of material

transported (r):
r=psfs-h (2.4)

where ps is the saturated vapor pressure of the liquid, s its surface tension

and h its dynamic viscosity.

2.3 Experimental details

The solution of the reactants was nebulized using a 1.54 MHz ultrasonic beam
as shown in the Figure 2.1. In all the experiments, ultra high pure argon was
used as the carrier gas and the gas flow rate was controlled using UNIT mass
flow controllers. The average droplet size for the various solvents for 1.54
MHz frequency is approximately 2.2 um. In all experiments, the atomized
spray was carried into a 25 mm quartz tube that was placed in a SiC furnace
which was held at a particular temperature (pyrolysis temperature). In the
case of carbon nanotubes, ferrocene, nickelocene, cobaltocene and iron pen-
tacarbonyl were used as both catalyst and carbon sources. Benzene, toluene,
xylene, mesitlyene and n-hexane were used as solvents for the catalyst and
also act as carbon sources. We have also used acetylene as an additional
carbon source in some of the pyrolysis experiments.

Silicon substrates were placed in the regions I, II, III and IV of the reac-
tor to collect the product as shown in Figure 2.1. The quartz tube and the
nebulization chamber are purged and oxygen is removed before the experi-
ment. In a typical nebulized spray reaction, a solution of metallocene was

nebulized and passed into the furnace using 1000 sccm of argon for 30 min.
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After the reaction, the flow rate was reduced to 20 scem and the furnace was
allowed to cool. The products were collected after the tube cooled to room
temperature. In the case of Fe{CO)s, it was nebulized for 5 minutes and the
atomized droplets were carried into the furnace by a mixture of 100 scem
of acetylene and 1000 scem of argon. The acetylene was stopped after 25
min. Pyrolysis of the atomized spray yielded MWNTSs primarily in regions
II and II1 while primarily carbon spheres were obtained in region IV in the
case of ferrocene. We observed SWNTs in region IV when cobaltocene and
nickelocene were used as catalyst precursors. We have changed the droplet
size by increasing the ultrasonic excitation frequency to 2.6 MHz, the average
droplet size decreases to 1.55 pm. To compare the quality of the MWNTs
produced by nebulized spray pyrolysis, we prepared arc-discharge MWNTs
by striking an arc between two graphite electrodes in a helium atmosphere.
The cathodic deposit was collected, powdered and sonicated in ethanol for 2
h to separate the turbostatic graphite from the MWNTs.

In the case of metal nanowires, a methanolic solution of the acetate of
zinc, cadmium or lead was prepared with a concentration of 40 g/l. This
solution was nebulized and the spray carried into a quartz tube kept in a
pre-heated silicon carbide furnace maintained between 800 and 900 °C using
Ar as a carrier gas. Typical flow rates of Ar used were between 500-1000
scem.  All experiments were performed using a quartz tube with an inner
diameter of 25 mm. The reaction was typically carried out for 30 min. The
shiny deposits obtained at the outlet was used for further analysis.

The powder X-ray diffraction (XRD) patterns were recorded using a
Seifert XRD 3000 T'T instrument. The scanning electron microscope (SEM)
images were obtained with a Leica 5-4401 microscope. Transmission electron
microscope (TEM) images were obtained with a JEOL JEM 3010 instrument

operating at an accelerating voltage of 300 kV.
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Figure 2.3: (a) and (b)-SEM images of products obtained in region II and
region III by pyrolysis of nebulized spray of 20 g/l solution of ferrocene in
toluene at 840°C. (c) and (d) SEM images of products obtained by pyrolysis
at 900°C.

2.4 Results and Discussion

2.4.1 Carbon Nanotubes

Nebulized spray pyrolysis of a solution of ferrocene in toluene (20 g/l) gave
a good yield of MWNTs in regions Il and III as shown in Figure 2.3. The
formation of the MWNTSs was found to be sensitive to temperature. At
lower temperatures, the yield of the MWNTs decreased and catalyst metal
particles were obtained as seen in the SEM image in Figures 2.3 (a) and
(b). The optimum temperature for the growth of MWNTSs was found to be
900 °C with a large yield of MWNTSs in both region II and III (See Figures
2.3 (c) and (d)). The nanotubes are approximately 40 nm in diameter and
tens of micron long as revealed by the SEM images. At higher temperatures

the yield of nanotubes decreased and was accompanied by the formation of
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Figure 2.4: (a) and (b) TEM images of products obtained in region II and
region III by pyrolysis of nebulized spray of 20 g/l solution of ferrocene in
toluene at 840°C. (c¢) and (d) TEM images of products obtained by pyrolysis
at 900°C.

shiny carbon films on the walls of the quartz tube. The auto-pyrolysis of
toluene and other solvents increases as the temperature increases and larger
quantities of carbon spheres were obtained in region IV. In Figure 2.4, TEM
images of MWNTSs obtained by the nebulized spray pyrolysis of a solution
of ferrocene in toluene (20 g/l) shows that many of the MWNTSs are metal
filled. The average diameter of MWNTSs were estimated as 36 nm (diameter
range of 36 & 16 nm). From high-resolution electron microscopy (HREM),

we found that the crystallinity of MWNTs increases with the increase in the

pyrolysis temperature as seen in Figures 2.4 (b) and (d).
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Figure 2.5: SEM images of MWNTs obtained by the pyrolysis of a toluene
solution of ferrocene (20 g/1) at 900°C with a Argon flow rate of (a) 500
scem (b) 1000 scem and (c¢) 2000 scem.

The quantity of the reactants carried inside the furnace is directly pro-
portional to the Ar flow rate. The flow rate of the carrier gas also affects the
yield and quality of the MWNTs. At low flow rate of 200 scem of argon, yield
of MWNT's was negligible as little reactant was carried. Very short MWNTs
and large particles were obtained at a high flow rate of 2000 sccm of argon.
A flow rate of 1000 sccm of argon was found to be ideal for the growth of
MWNTs. In Figure 2.5 (a), we show MWNTSs obtained in region II when
500 sccm of argon was used and Figure 2.5 (b) shows the large particles when
the argon flow rate was 2000 sccm.

The concentration of ferrocene in toluene was found to be crucial in de-
termining the yield of the MWNTSs. Bulbs of MWNTSs were obtained when
the concentration of ferrocene was increased to 80 g/l (saturated solution)
as revealed by the SEM image in Figure 2.6 (a). These bulbs indeed con-

tains thousands of MWNT as seen in Figure 2.5 (b). As the concentration



68 Chapter 2.

Figure 2.6: (a) and (b) SEM image of the MWNTSs pyrolysis of toluene
solution of ferrocene (80 g/1) at 900°C in region II and (c) SEM image of
particles obtained in region III in the same reaction.

of ferrocene was increased the yield of MWNTs also increased. A concen-
tration of 20 g/l was found out to be ideal as MWNTSs were obtained in
both regions 1I and III while at higher concentration catalyst particles were
obtained in region III as seen in Figure 2.6 (¢). The average diameter of the
MWNTSs decreased to 23 nm and the distribution narrowed down to 23 £+ 11
nm. In the absence of ferrocene only carbon spheres were obtained which is
in agreement with our earlier observations in the laboratory [38]. Glerup et
al. [27,28] observe that the diameter of the MWNTs are proportional to the
concentration of the catalyst. The concentration and droplet size in our ex-
periments are different from their values. The larger droplet size and higher
concentration indicates that there are multiple nucleation centers within the
droplet. Even though the there is multiple nucleation, the diameter distri-

bution of MWNTs obtained from any particular region of the furnace was
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Figure 2.7: SEM images of MWNTs obtained by the pyrolysis of ferrocene in
(a) benzene, (b) xylene, (c¢) mesitylene (d) n-hexane at 900 °C with an argon
flow rate of 1000 sccm.

found to be narrow. Further, the bulbs of MWNTs are also an additional
evidence for the formation of multiple nucleation within the droplet. We did
not observe any significant changes when the droplet size was decreased to
1.55 pm. Aligned MWNT bundles were obtained when other hydrocarbon
like benzene, xylene, mesitylene and n-hexane were used instead toluene as
seen in Figures 2.7. The choice of the solvent for the catalyst precursor is
important to determine to nature of the final product as indicated by the
above observation. The aligned MWNT bundles had lengths greater than
100 micrometer and homogenous throughout the silicon substrate.  The
SEM images indicate aligned MWNTs without impurities such as nanopar-
ticles and amorphous carbon can be obtained when mesitylene is used as a
carbon source. The density of aligned MWNTSs increases as we move from

xylene to n-hexane with n-hexane solutions of ferrocene yielding the highest



70 Chapter 2.

Figure 2.8: Photograph of aligned MWNT obtained by nebulized spray py-
rolysis of toluene solution of ferrocene (80 g/1) at 900°C with 100 sccm of
acetylene as additional carbon source.
density of aligned MWNTs as seen in Figure 2.7. Large quantities of aligned
MWNT can be obtained by our route as indicated by Figure 2.8. The diam-
eter distribution plots for the MWNT's obtained with various carbon sources
under similar reaction conditions is given in Figure 2.9. The nebulized spray
pyrolysis of ferrocene in benzene yielded aligned MWNTs with an average
diameter of 59 nm (diameter distribution: 59 + 26 nm) as seen in Figure
2.9 (a). Large quantities of graphite sheathed metal nanoparticles were also
observed in addition to the MWNTs. In Figure 2.10 (a), we show a typical
TEM image of MWNTs and graphite sheathed metal nanoparticles when
benzene was used a carbon source. Large and well-graphitized MWNTs were
obtained when xylene and mesitylene (average diameters 100 nm) were used
as a carbon source as seen in Figures 2.10 (b) and (¢). Only aligned carbon
nanotubes were observed when mesitylene and n-hexane were used as carbon
sources. We consider n-hexane and mesitylene as ideal sources of carbon for
the synthesis of aligned MWNTs as they yield copious quantities of MWNTs.
Aligned MWNT bundles can be obtained with toluene when acetylene

was added as additional carbon source. When 100 sccm of acetylene was
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Figure 2.9: Diameter distribution plots of MWNTs obtained by the pyrolysis
of ferrocene solution of (a) benzene, (b) toluene, (c) toluene with inclusion of
100 sccm of acetylene, (d) xylene (e) mesitylene and (f) n-hexane at 900°C
with an argon flow rate of 1000 sccm. The diameters were calculated from
TEM micrographs.

included to the atomized spray of ferrocene in toluene, multi-layer aligned
MWNT bundles were obtained as seen in Figure 2.11 (a). A single layer
of aligned MWNTs was obtained by reducing the nebulization time from
30 min to 5 min, while the acetylene flow was continued for the remaining
25 min. The SEM image in Figure 2.11 (b) shows 1 mm long MWNTs
obtained by the method as described above. The density of aligned MWNTs
depended on the flow rate of acetylene and concentration of ferrocene as

seen in Figures 2.11 (c) and (d) respectively. By increasing concentration

of ferrocene, we were able to obtain highly dense aligned MWNT bundles
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Figure 2.10: TEM images of MWNTs obtained by the pyrolysis of ferrocene
in (a) benzene, (b) xylene, (c) mesitylene (d) n-hexane at 900°C with an
argon flow rate of 1000 sccm.

with MWNTSs of larger diameters. When the concentration of ferrocene was
decreased to 10 g/l MWNTSs with no alignment were obtained indicating
the presence of a critical concentration for the synthesis of aligned MWNT
bundles by this approach. As the flow rate of acetylene was decreased to
50 sccm the density of the aligned MWNTs decreased (see Figure 2.11 (c)).
Figure 2.12 shows the TEM images of aligned MWNTs obtained by this
approach. The diameter distribution of the MWNTs decreases drastically
when the nebulization time is reduced to 5 min, here MWNT's with an average

diameter of 18 nm (diameter distribution 18 + 4.5 nm) were obtained in the
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Figure 2.11: (a) SEM image of aligned MWNTs obtained by the pyrolysis
of a solution of Ferrocene in toluene (20 g/1) along with 100 sccm Acetylene
for 30m. (b) SEM image of aligned MWNTs obtained by the pyrolysis of
toluene solution of ferrocene (20 g/1) for 5 min and acetylene flow of 100 sccm
for a duration of 30 min. (¢) SEM image of aligned MWNTs obtained at a
lower flow rate of 50 sccm. (d) SEM image of highly dense aligned MWNTs
obtained by the pyrolysis higher concentration of ferrocene in toluene (80
g/1). The pyrolysis temperature in all the above is 900 °C.

region II as seen Figure 2.9 (c). The MWNTs obtained by the inclusion
of acetylene are more graphitized than the MWNT's obtained under similar
conditions in the absence of acetylene (see inset of Figure 2.12 (b)) indicating
acetylene is a good carbon source. Decreasing the pyrolysis temperature
did not decrease the crystallinity of MWNTSs as seen in the inset of Figure
2.12 (c). The number of graphitic layer increased as the concentration of
ferrocene was increased as seen in Figure 2.12 (d) indicating the increase
in the size of the catalyst particle. We also carried out pyrolysis reactions
with other metallocenes like cobaltocene and nickelocene. The solubility of

cobaltocene in toluene was a limiting factor and the solubility was found out
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Figure 2.12: (a) TEM image of aligned MWNTSs obtained by the pyrolysis
of a solution of Ferrocene in toluene (20 g/1) along with 100 sccm Acetylene
for 30m. (b) TEM image of aligned MWNTs obtained by the pyrolysis of

toluene solution of ferrocene (20 g/1) for 5 min and acetylene flow of 100

scem for 30 min., inset sows the HRTEM image for the same sample. (c)
TEM image of aligned MWNTSs obtained at a lower temperature of 840 °C.
(d) TEM image of highly dense aligned MWNTs obtained by the pyrolysis
of ferrocene solution (80 g/1).

to be close to 10 g/1. In Figures 2.13 (a)-(c), we show the TEM images of the
nanotubes obtained by the nebulized spray pyrolysis of a saturated solution
of cobaltocene in toluene. MWNTs with smaller diameters were obtained
in region II (diameter ranging between 5-25 nm). We observed few isolated
SWNTs in region IV along with a large amount of amorphous carbon covered
metal nanoparticles. In Figure 2.13 (d), we show a typical TEM image of

MWNTs obtained by the nebulized spray pyrolysis of a 20.0 g/1 solution of

nickelocene in toluene.
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Figure 2.13: (a) TEM image of MWNTs obtained in Region II by the neb-
ulized spray pyrolysis of cobaltocene in toluene (saturated), (b) HREM im-
age of the same as in (a), (c) TEM image of SWNTSs in Region IV by the
nebulized spray pyrolysis of cobaltocene in toluene and (d) TEM image of
MWNTs obtained by the nebulized spray pyrolysis of nickelocene in toluene

(20.0 g/1).

We also used Fe(CO); as a metal source and it can be used without any
addition of solvent. Nebulized spray pyrolysis of Fe(CO); alone yields bead
like connected structures in regions I and IV of the furnace. The addition of
acetylene yields aligned MWNTSs in regions 11 and III while carbon coated
metal particles (5-15 nm in diameter) were obtained in region IV. In Figure
2.14 (a), we show a typical SEM image of aligned MWNTs obtained by the
pyrolysis of a nebulized spray of Fe(CO)s at 900 °C with a flow 100 scem of
acetylene and 1000 sccm of argon. The TEM image in Figure 2.14 (b), shows

that the aligned MWNTs have an average diameter of 33 nm. The MWNTs



76 Chapter 2.

!

|

[

L]
R
il
]
E

J..

Figure 2.14: (a) SEM image of aligned MWNTSs obtained by the nebulization
of Fe(CO)s in the presence of 100 scem acetylene. (b) TEM image of the
aligned MWNTs. (¢) HREM image of a MWNT.

obtained by this route are well graphitized as seen in Figure 2.14 (c). The
only disadvantage in using Fe(CO)s is the corrosion of the atomizer electrode
as Fe(CO)s is very reactive.

MWNTs exhibit squared Lorentzian (001) and saw-tooth (hkO) in their
X-ray diffraction pattern [39]. We have used X-ray diffraction to obtain the
crystallinity of the nanotubes. In Figure 2.15, we compare the powder X-ray
diffraction patterns of the MWNTSs obtained by the various routes to that
of the arc discharge MWNTs. It seems that xylene is the best hydrocar-
bon source for the synthesis of well graphitized MWNTSs by nebulized spray

pyrolysis from X-ray diffraction results.
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Figure 2.15: Powder X-ray diffraction pattern of (a) arc-discharge MWNTs,
(b)-(h} MWNTs obtained in region III when xylene, toluene with acetylene,
mesitylene, benzene, Fe(CO)s-acetylene, n-hexane and toluene were used as
the carbon sources.

2.4.2 Metal Nanowires

Solutions of metal acetates in methanol were carried by a suitable carrier
gas (Ar) into a preheated furnace to obtain nanowires of the corresponding
metals. The product gets deposited in the cooler regions of the quartz tube
(near the outlet), where the temperature is in the 200 — 300°C range. Zinc
nanowires were obtained in copious quantities as a gray, shiny deposit when
the pyrolysis of zinc acetate in methanol was carried out at 800 — 1000°C.
The scanning electron microscope {SEM) images of the nanowires reveal the
length of the nanowires are in the order of several tens of microns (Figure
2.16). The XRD pattern shown in Figure 2.17 (a), is characteristic of the
hexagonal structure of zinc (JCPDS card: No. 04-0831, a = 2.67 A, ¢ =

4.95 A). Low-magnification transmission electron microscope {TEM) images
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Figure 2.16: SEM image of products obtained by the nebulized spray pyrol-
ysis of methanolic solution of respective precursors: (a) Zinc nanowires at
800°C, (b) Cadmium nanowires at 800°C, (c¢) Lead nanowires at 1000°C
and (d) Cobalt nanonecklaces at 1000°C. Inset in (d) show TEM image of
the nanonecklaces.

in Figure 2.18 (a) illustrates that nanowires have a diameters in the 50-100
nm range. The nanowires appear to have a zigzag morphology but there
are no catalyst droplets at the wire ends. A few nanosheets of zinc were also
occasionally observed (Figure 2.18 (b)). The selected area electron diffraction
pattern (SAED) of a nanowire is shown in Figure 2.18 (c), shows reflections
due to the (102), (100) and (110) planes of zinc, confirming the nanowires
to be single-crystalline. The high-resolution electron microscope (HREM)
image of a single nanowire in Figure 2.18 (d) has lattice spacing of 0.208 nm,
corresponding to the (101) planes of zinc.

We have extended the synthetic procedure to obtain cadmium nanowires,
which do not seem to have been reported hitherto. A gray deposit was

obtained at the outlet by using cadmium acetate as the metal source. SEM
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Figure 2.17: X-ray diffraction pattern of zinc nanowires and cadmium
nanowires obtained by the nebulized spray pyrolysis.

images in Figure 2.16 (b) reveals the high yield of nanowires obtained. The
nanowires were 60-150 nm in diameter and tens of microns in length. The
XRD pattern of the nanowires is consistent with the hexagonal structure of
cadmium (JCPDS card: No. 05-0674, P6/mmec, a = 2.97 A, ¢ = 5.62 A)
as shown in Figure 2.17. The presence of cadmium nanowires is illustrated
by the TEM images in Figure 2.19. The ends of the nanowires do not show
the presence of any droplet as in the case of zinc nanowires. On increasing
the temperature of the reaction from 800 to 1000°C, the diameters of the
nanowires obtained increased to approximately 700 nm. The HREM image
of a single nanowire in Figure 2.19 (c) shows a lattice spacing of 0.257 nm,
corresponding to the (100) lattice planes of cadmium.

The single-crystalline nature of the nanowires is also borne out by the
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Figure 2.18: (a) and (b) low-magnification TEM images of zinc nanowires
and nanosheets obtained by the NSP of methanolic solution of zinc acetate,
(c) SAED pattern of a single zinc nanowire and (d) HREM image of a zinc
nanowire. The arrow in (d) indicates the growth direction.

SAED pattern of a nanowire given as an inset in Figure 2.19 (c), the re-
flections corresponding to the (101) and (002) planes. Preliminary experi-
ments show that it is possible to synthesize lead nanowires as shown by the
SEM image in Figure 2.16 (c). The nanowires have diameters between 50-
100 nm with lengths of a few microns. The formation of metal nanowires
by nebulized spray pyrolysis of methanolic solutions of metal acetates can
be understood as follows. The spray contains tiny droplets with diameters
of 1-2 microns, which are transported by the carrier gas into the furnace
maintained at 800 — 1000°C. At this temperature, the melting and de-

composition of the acetates into metal vapor occurs, probably aided by the
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Figure 2.19: (a) and (b) TEM images of cadmium nanowires obtained by the
NSP of cadmium acetate in methanol at 800°C. (c) HREM of a cadmium
nanowire. The arrow shows the growth direction. SAED of the nanowire is
shown as inset.
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hydrogen gas formed by the decomposition of methanol into hydrogen and
carbon monoxide. No metal oxide impurity occurs due to the strong reduc-
ing atmosphere. The metal vapor condenses in the cooler regions on the
quartz tube to form nanowires. The absence of metal droplets at the ends of
the nanowires strongly suggests that the nanowires grow by the vapor-solid
mechanism.

Conversion of a nanowire to another nanostructure is of interest. Gates
et al. {40] converted Se nanowires into Ag,Se nanowires by using a soft chem-
istry. We have examined the oxidation of zinc and cadmium nanowires. The
zinc nanowires were heated in air at 450°C at a rate of 5 °C/ min for 4 h
to yield ZnO as indicated by the XRD pattern in the inset of Figure 2.20
(JCPDS card: No. 36-1451, P6smc, a = 3.25 A, ¢ = 5.21 A). There was
no impurity corresponding to zine indicating the complete oxidation of the
nanowires. The SEM images in Figures 2.21 (a) and (b} reveal the nanos-
tructures to be tubular in nature, although the dimensions are similar to
those of the starting zinc.

We show TEM images in Figures 2.21 (¢} and (d) to demonstrate the
hollow nature of the ZnO nanotubes, with diameters in the 60-100 nm range.
The nanotubes are made-up of erystallites with a size of 10 to 20 nm, wherein
each crystallite is single-crystalline. The SAED pattern shown in the inset
of Figure 2.21 (e} confirms that the nanotubes are made of such crystal-
lites. The HREM image of a part of ZnO nanotube in Figure 2.21 (f) shows
a lattice spacing of 0.26 nm, corresponding to the (002) lattice planes of
ZnO. The photoluminescence spectrum shown in Figure 2.22, shows bands
at 382 nm, 435 nm and 485 nm. The 382 nm band is due to the band-edge
emission while the 435 nm and 485 nm bands are defect related. ZnO is a
wide bandgap {3.37 eV) semiconductor and has been extensively investigated

for short wavelength light-emission, transparent conducting and piezoelectric
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Figure 2.20: XRD patterns of ZnO and CdO obtained by the oxidation of
zinc and cadmium nanowires respectively.

material. Though there have been several reports on the synthesis of ZnQ
nanowires [41], there have been relatively few on ZnO nanotubes [42].

We also carried out oxidation of cadmium nanowires under similar condi-
tions. The XRD pattern in Figure 2.20 reveals the conversion of hexagonal
cadmium into cubic CdO (JCPDS card:No. 05-0640, Fm3m, a = 4.70 A).
Most of the nanowires melt before they oxidized leading to the loss in mor-
phology (Figure 2.21 (g)). TEM images show the presence of necklace-like
nanostructures (Figure 2.21 (h)).

Thermogravimetric analysis of zinc nanowires and cadmium nanowires in
flowing O, gas is shown in Figure 2.23, It reveals that the oxidation begins
at roughly 300°C in the case of zinc, presumably at the surfaces of the
nanowires, followed by the diffusion of metal from the center of the nanowire
towards the surface. In the case of zinc, the metal gets oxidized into the

oxide giving hollow ZnO nanotubes. The cadmium nanowires melt (m.p.
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Figure 2.21: (a) and (b)SEM images of ZnO obtained by the oxidation of zinc
nanowires at 450°C. (c) and (d) TEM images of ZnO nanotubes, (e) SAED
pattern of a ZnO nanotube, (f) HREM image of a part of ZnO nanotube,
(g) and (h) SEM and TEM images of CdO nanostructures obtained by the
oxidation of cadmium nanowires.
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Figure 2.22: Photoluminescence spectrum of ZnO nanotubes obtained the
oxidation of zinc nanowires at 450 °C.
of cadmium is 320.9°C) before they get oxidized (350°C) while zinc gets

oxidized before it can melt ( m.p. of zinc is 419°C).

2.5 Conclusions

Nebulized spray pyrolysis can be conveniently used for the continuous pro-
duction of MWNTs. The quality of the product is dependent on the pyrolysis
temperature, carrier gas flow rate, carbon source used and catalyst precur-
sor concentration. Many of the hydrocarbons yield aligned MWNT bundles.
SWNTs were also obtained in certain instances. The inclusion of acetylene
to an atomized spray of ferrocene in toluene yields aligned MWNT bun-
dles with a narrow diameter distribution. Nebulized spray pyrolysis of iron
pentacarbonyl in the presence of acetylene also yields aligned MWNT bun-
dles. Well-graphitized MWNTSs were obtained when xylene was used as the

additional carbon source.
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Figure 2.23: TGA plot of (a) Zn and (b) Cd nanowires in flowing oxygen at
a heating rate of 10°C per minute.

We have also demonstrated the synthesis of nanowires of four metals
by the technique of nebulized spray pyrolysis. This can be extended to
synthesize nanowires of other metals. elemental materials and alloys. An
advantage of this method is that the nanowires obtained are in high yields
and single-crystalline. Though we have used metal acetates as precursors, we
believe that other metal salts soluble in methanol can also be used to obtain
metal nanowires by the nebulized spray pyrolysis route. It is noteworthy that

we obtain nanotubes of oxides by the oxidation of the metal nanowires.
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Chapter 3

A NEW METHOD OF PURIFICATION OF CARBON
NANOTUBES USING HYDROGEN TREATMENT

Summary!

In this chapter, we describe the purification of carbon nanotubes by a new
method involving high-temperature hydrogen treatment. The method in-
volves acid washing followed by hydrogen treatment in the 700 — 1200°C
range. While acid washing dissolves the metal particles, the hydrogen treat-
ment removes amorphous carbon as well as the carbon coating on the metal
nanoparticles. The high quality of the nanotubes obtained after purification
has been verified by thermogravimetry, transmission electron microscopy, X-
ray diffraction and spectroscopic methods. A protocol for the purification of

SWNTs prepared by the arc-discharge method is described.

3.1 Introduction

Multi-walled carbon nanotubes (MWNTs) are generally synthesized by the
arc-evaporation of graphite or by the pyrolysis of hydrocarbons over metal
nanoparticles. Single-walled carbon nanotubes (SWNTs) have been pro-
duced by arc-evaporation as well as by laser ablation of metal-impregnated

graphite rods. MWNTs, SWNTs and aligned carbon nanotube bundles are

"Papers based on this study have appeared in Proc. Ind. Acad. Sci. (2003}, J. Phys.
Chem. B (2004) and Small (2005).
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obtained in a single step by the pyrolysis of organometallic precursors (Chap-
ter 1 for more details). The as-synthesized nanotubes usually contain im-
purities such as amorphous carbon and metal nanoparticles, the latter be-
ing specially prominent when metal catalysts are employed. As-synthesized
SWNTs prepared by processes such as arc-discharge, laser-ablation, HiPco
and pyrolysis of hydrocarbon or organometallic precursors, contain carbona-
ceous impurities, typically amorphous carbon and graphite nanoparticles, as
well as particles of the transition metal catalyst. Often these metal cat-
alyst nanoparticles are coated with graphitic layers. Thus, purification is
an important problem faced in the use of single-walled carbon nanotubes
(SWNTs) for various studies and applications. An early purification strat-
egy for arc-discharge multi-walled carbon nanotubes was the use of high
temperature oxidation in air [1], but this is not entirely satisfactory for use
with SWNTs. The problem lies with the catalyst metal particles present in
the material. In the presence of oxygen and other oxidizing gases, the metal
particles catalyze the low-temperature oxidation of the nanotubes. Some of
the purification methods for SWNTs reported in the literature employ a com-
bination of the following steps: gas- or vapor-phase oxidation, wet chemical
oxidation/treatment, centrifugation or filtration (including chromatography
techniques) [2-11]. Bandow et al. [2] used microfilteration to rid SWNTs
of contaminants such as carbon nanospheres, metal nanoparticles, polyaro-
matic carbons and fullerenes. Dujardin et al. {3,4] used acid refluxing for the
purification of SWN'Ts obtained by laser-ablation. Strong oxidation and acid
refluxing, however, affect the structure of the nanotubes and acid digestion
of impurities also gives rise to functional groups on the nanotube surface.
High-temperature vacuum annealing of the purified samples is carried out in
some of the procedures to remove the surface functional groups {5,6]. Hy-

drothermal treatment has been used to remove amorphous carbon from the
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nanotube surface [7,8]. The amorphous carbon present in the nanotubes is
generally burnt away by heating in air or oxygen around 300 — 400°C [3,4].
Chiang et al. [9,10] have used wet oxygen (20 % O, in argon passed through a
water-filled bubbler) to remove carbonaceous shells encapsulating the metal
particles, which were subsequently dissolved in conc. HCl. Martinez et al. [11]
employed a combination. of air oxidation and microwave acid digestion to
purify arc-discharge SWNTs. Sen et al. [12] have recently examined the ef-
fect of oxidation conditions on the purity of the SWNT's synthesized by the
arc-discharge process and found a 3-fold improvement in purity on repeated
reactions with oxygen at 265 — 315°C. CO,-treatment at 800 — 1000°C has
been suggested for the removal of carbon covering over the metal nanopar-
ticles by Gilbert et al. [13]. Xu et ol [14] have outlined a controlled and
scalable multi-step purification method to remove carbonaceous and metallic
impurities from raw HiPco SWNTs. In this study, the carbon-coated iron
nanoparticles were exposed and oxidized by multi-step oxidation at increas-
ing temperatures, with the oxidized iron nanoparticles being deactivated by
using either CoHoF, or SF.

Due to the importance of purification in nanotube research, we have ex-
plored an alternative method involving high-temperature hydrogen treat-
ment. The method has been most effective in purifying both SWNTs by

arc-discharge, laser ablation, HiPco as well as MWNTs,

3.2 Experimental details

Arc discharge SWNTs (arc SWNTs) were synthesized by the method as
reported by Journet et al. [15] using a composite rod containing Y (1 at.%)
and Ni (4.2 at.%) as the anode and a graphite rod as the cathode, under a
helium pressure of 660 torr with a current of 100 A and 30 V. The nanotubes

were heated in air at 300 °C for 12 h and then stirred in conc. HNG3 at 6G°C
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for 24 h in order to dissolve the metal nanoparticles. The product was washed
with distilled water, dried, dispersed in ethanol under sonication, and filtered
using Millipore {0.3 um) filter paper. The filtered product was dried in an
oven at 100°C for 2 h. The sample was heated to 1000°C in a furnace at a
rate of 3°C per minute, in flowing hydrogen at 100 sccm and held at that
temperature for 2 h. The resulting sample was again stirred in conc. HNOj;
at 60°C for 3 h and finally heated in a furnace at 1000°C for 2 h in flowing
hydrogen {100 sccm). A similar procedure was employed for the purification
of SWNT's obtained by laser ablation (laser SWNTs). A CS, extraction was
carried out on the laser SWNTs and subsequently treated with 3 N HCI at
60 °C for 24 h to dissolve the metal nanoparticles. The nanotubes were heated
in flowing hydrogen (100 sccm) at 1000°C for 2 h and the product was again
stirred with 3 N HCI at 60°C for 3 h and finally heated at 1000°C for 2 h in
flowing hydrogen (100 sccm). A similar procedure was employed for HiPco
SWNTs. Suspensions of SWNTs for recording Visible-NIR spectroscopy were
prepared as reported by O’Connell et al. [16]. We used H,O instead of DO
to obtain a SDS dispersion of SWNTs.

Arc-discharge MWNTs were prepared by striking an arc between two
graphite electrodes in a He atmosphere. The cathodic deposit was collected,
powdered and sonicated in ethanol to separate the nanotubes from the heav-
ier turbostatic graphite. The nanotubes were then refluxed in a 2:1 mixture
of conc. HNO3 and conc. HySOy (acid treated MWNTS) for 20 h. The acid
treated MWNTs were hydrogen treated at 1100°C for 2 h. Aligned MWNT
bundles were obtained by ferrocene pyrolysis (see chapter 2) and were sub-
jected to acid treatment before they were heated in hydrogen at 1100 °C.

The nanotubes were characterized at each stage by powder X-ray diffrac-
tion, scanning electron microscopy {SEM), transmission electron microscopy

{TEM) and Raman spectroscopy. The powder X-ray diffraction patterns



3.3 Results and Discussions 95

were recorded using a Seifert XRD 3000 TT instrument. The SEM images
were obtained with a Leica S-4401I microscope and TEM images with a JEQOL
JEM 3010 instrument operating at an accelerating voltage of 300 kV. Ra-
man measurements were performed in a 90° geometry using a Jobin Yvon
TRIAX 550 triple grating spectrometer equipped with a cryogenic charge-
coupled device camera, using diode-pumped frequency doubled solid state

Nd:YAG laser of 532 nm (Model DPSS 532-400, Coherent Inc. USA).

3.3 Results and Discussions

The as-synthesized arc SWNTs contain a lot of impurities as seen in the
SEM image in Figure 3.1 (a). TEM images reveal the presence of amorphous
carbon and metal nanoparticles apart from SWNT bundles (Figure 3.1 (c}).
The image also reveals that the SWNTs bundles have a diameter 10-30 nm.
Most of the metal nanoparticles got dissolved in the ensuing acid washing,
but the nanotubes are covered with amorphous carbon as seen in TEM image
in Figure 3.1 (d). In Figure 3.1 (e), we show the TEM image afier the
hydrogen treatment. The absence of amorphous carbon is clearly evident
and the bundles grow in size and have diameters in the 20-50 nm range. The
small metal nanoparticles melt and agglomerate into larger particles. It is
well known that the melting points of small clusters are much lower than the
bulk. Inset in Figure 3.1 (e} shows a TEM image of an agglomerated metal
particle. In bulk, nickel (m.p. 1726 K) and yttrium (m.p. 1795 K) melt
above the temperatures employed in our purification procedure. Melting and
agglomeration of the metal nanoparticles occurs in the 750 — 850°C range.
These metal nanoparticles are removed in the second acid washing, carried
out for a shorter duration.

The second acid treatment is followed by the high temperature hydrogen

treatment at 1000°C to obtain pure SWNTs. A TEM image of the purified
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Figure 3.1: (a) and (b) FESEM images of as-prepared SWNTs and hydrogen
purified SWNTs respectively. TEM images of (c) as-synthesized arc SWNTs,
(d) after first acid washing, (e) after first hydrogen treatment and (f) after
second hydrogen treatment. Inset in (e) shows a TEM image of a large metal
nanoparticle after first hydrogen treatment.
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Figure 3.2: XRD pattern of (a) as-synthesized arc SWNTs, (b) after first
acid washing and (c) after the second hydrogen treatment.

SWNTs is shown in Figure 3.1 (f). The corresponding SEM image of purified
SWNTs in shown in Figure 3.1 (b). We do not observe any hollow onion-like
structures often found in SWNTs purified by other methods [7,8], indicat-
ing thereby that carbon covering on the metal particles is etched away by
hydrogen.

SWNTs form a triangular lattice and give a distinctive low angle reflection
in the X-ray diffraction pattern [17]. In Figure 3.2, we show the low-angle
XRD patterns of the as-synthesized and acid-treated SWNTs as well as those
obtained after second hydrogen treatment. The (1,0) diffraction line is not
observed in the case of as-synthesized SWNTs and appears as a small hump in
acid treated SWNTs. This line is seen as an intense peak in the case of second
hydrogen-treated sample. The mean diameter D,,.,, given in nanometers can

be calculated using the following relationship:

Doean = (d11/cos(6)) — 0.312 (3.1)
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treatment and after second hydrogen treatment.



3.3 Results and Discussions 99

The mean diameter of the purified SWNTs is estimated to be 1.52 nm from
the (1,0) diffraction line.

The G-band and the radial-breathing modes of SWNTs in the Raman
spectra are strong in intensity while the other Raman modes are weak. The
Raman spectra of the as-synthesized and purified arc SWNTs in shown in
Figure 3.3 (a). The as-synthesized sample (curve (a)) shows a G-band which
is split into two bands at 1562 cm™! and 1586 cm™!. The D-band appears
as a broad peak centered at 1343 cm™! indicating that the sample contains
amorphous carbon. The second order Raman bands appears as weak peaks
centered at 941 cm™! and 1075 cm~!. The purified sample shows an intense
split G-band {1563 cm™! and 1585 cm™!) and strong radial-breathing modes.
The D-band is considerably weaker after hydrogen treatment. The radial
breathing modes show the diameters lie in the 1.32-1.89 nm range, in agree-
ment with the calculated diameter distribution obtained from TEM images
and low-angle x-ray diffraction. The Visible-NIR spectra of the arc SWNTs
at various stages of purification is shown in Figure 3.3 (b). Due to their
one-dimensional nature, carbon nanotubes exhibit van Hove singularities in
the electronie density of states. Visible NIR spectroscopy provides additional
evidence to the one-dimensional nature. The peak centered at 1100 nm is
due to the S,y transition in semiconducting SWNTs and the second set of
peaks near 700 nm due to the M;; of metallic nanotubes. The intensity of the
two bands progressively increase with each step of purification and markedly
after the second hydrogen treatment.

We have also carried out hydrogen treatment of SWNTs obtained by
laser ablation. The TEM images in Figure 3.4, show the laser SWNTs at
various stages of purification. Fullerenes, metal nanoparticles, amorphous
carbon and SWNT bundles are present in the as-synthesized laser SWNTs

{(Figure 3.4 (a)). The fullerenes were removed by CS, extraction and the
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Figure 3.4: TEM images of laser SWNTs- (a) as-synthesized, (b) after first
acid washing, (c) after first hydrogen treatment and (d) after second hydrogen
treatment.

metal nanoparticles were partly dissolved in acid. After the acid washing,
amorphous carbon continues to cover the SWNTs (Figure 3.4 (b)). This
amorphous carbon was removed by a hydrogen treatment at 1000 °C as can
be seen in Figure 3.4 (c). Similar to the arc SWNTs, we observe an agglom-
eration of the undissolved metal nanoparticles, which could be removed by
the subsequent acid treatment. The nanotubes heated again in hydrogen at
1000°C were indeed of high purity (Figure 3.4 (d)). The purity of the nan-
otubes was also revealed in the Raman and visible-NIR spectra. In Figure 3.5
(a), we show the Raman spectra of the as-prepared laser SWNTs and that

after the second hydrogen treatment. The intensity of the G-band increases
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Figure 3.6: (a) SEM image of acid refluxed arc discharge MWNTs, (b) SEM
image after hydrogen treatment at 1100°C. (c) and (d) are the respective
TEM images. (e) Raman spectra of acid-treated arc discharge MWNTs
and after hydrogen treatment at 1100°C. (f) and (g) TEM images of acid-

treated ferrocene pyrolysis MWNTSs before and after hydrogen treatment
respectively.



3.4 Protocol for the purification of SWNTs 103

3-fold after purification and radial breathing modes are visible after purifica-
tion. From the radial breathing modes, we estimate the average diameter of
the laser SWNTs to be 1.36 nm. The visible-NIR spectra of laser SWNTs at
each stage of purification are very similar to that of the arc SWNTs as their
diameters are comparable (Figure 3.5 (b)). HiPco SWNTs have a average
diameter of 0.9 nm and we were able to purify HiPco SWNTs using our new
method.

We have examined the efficacy of the high temperature hydrogen treat-
ment procedure for MWNTs. Acid treated MWNTSs contain a large amount
of amorphous carbon as seen in the SEM and TEM images in Figures 3.6
(a) and {b). The amorphous carbon is removed by the high temperature
hydrogen treatment {Figures 3.6 (¢) and (d)). The high resolution electron
microscope (HREM) image shown as an inset in Figure 3.6 {d) indicates
that the crystalline nature of the MWNTs is well-preserved after the acid
and hydrogen treatment. The Raman spectra confirm the high purity of the
MWNTs subjected to these treatments (Figure 3.6 {e¢)). The G/D band in-
tensity improves significantly after hydrogen treatment. We find that aligned
carbon nanotubes prepared by ferrocene pyrolysis (see Chapter 2) are also
effectively purified by high temperature hydrogen treatment as revealed by
the TEM images in Figures 3.6 (f) and (g).

3.4 Protocol for the purification of SWNTs

One of the problems in the purification of nanotubes is the evaluation of the
purity of the purified sample. Several techniques such as electron microscopy,
thermogravimetric analysis (TGA), Raman spectroscopy and visible-NIR
spectroscopy have been employed for the determination for the purity of
SWNTs. Itkis et al [18] have pointed out the incapability of electron mi-

croscopy in the quantitative evaluation of purity of the bulk SWNTs. This is
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Figure 3.7: Schematic diagram of the three procedures investigated for devel-
oping a protocol for the purification of SWNTs prepared by the arc-discharge
method.

due to the small volume of the sample analyzed and the absence of algorithms
to convert the images into numerical data. The use of solution-phase Raman
spectroscopy and NIR spectroscopy for the quantitative evaluation of bulk
purity has been strongly recommended. Clearly, any procedure or protocol
for the purification of SWNTs should not only take into account the various
steps referred to earlier, but also the sensitivity of the methods of evaluation
of purity as pointed out by Itkis ef al. [18]. Such an evaluation has been
carried out on SWNTSs treated with gases such as Oy, CO, and H, followed
by acid cleaning. Noting that a procedure based on acid washing followed
by air-oxidation at 300°C, hydrogen treatment at 800°C and ending again
by acid washing yielded only near-pure SWNTs containing some residue due
to the metal particles (12%), three procedures (schematically represented in
Figure 3.7) have been examined for the purification of SWNT's synthesized by
the arc-discharge. At each step. the product was examined by transmission
electron microscopy, thermogravimetric analysis, Raman spectroscopy and
visible-NIR spectroscopy. The results obtained are instructive and illustrate
the nature of the challenge faced in the purification of SWNTs and the rela-

tive efficiencies of the various steps and procedures. As-synthesized SWNTs
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50 nm

Figure 3.8: TEM images of (a) as-synthesized SWNTs, (b) acid-refluxed
SWNTs, (¢c) SWNTs after CO, treatment followed by acid washing (pro-
cedure A), d) SWNTs after final Hy treatment at 1200°C followed by acid
washing (procedure A).

contain a large proportion of amorphous carbon and metal nanoparticles as
can be seen in the TEM image in Figure 3.8 (a). Even after acid washing
or refluxing, a considerable proportion of the metal nanoparticles remains as
evident from the TEM image in Figure 3.8 (b). TGA shows little difference
between the as-synthesized and acid-treated SWNTs with a residual weight
percentage of 30% (curves a-c in Figure 3.9). As-synthesized SWNTs get
oxidized at a relatively low temperature of 320°C and there is only a small

increase in the oxidation temperature on acid treatment. Treatment with

air (at 300°C), CO; (at 800°C) or Hy (at 800°C) followed by acid washing
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Figure 3.9: TGA curves of (a) as-synthesized SWNTs, (b) acid-stirred
SWNTs, (c¢) acid-refluxed SWNTs, d) SWNTs after air oxidation followed
by acid washing (procedure C), (e) Hy-treated SWNTs at 800 °C followed by
acid washing (procedure B), (f) CO,-treated SWNTs at 800°C followed by
acid washing (procedure A), (g) the final product in procedure A, (h) the

final product in procedure B, (i) the final product in procedure C. TGA were

carried out in an Oy atmosphere and the samples were heated at 5°C min—?.

removes a good proportion of the metal particles as evident by the increase
in the oxidation temperature of the SWNTs to 450°C and a large decrease
in the wt % of the residue (15%). It can been seen from the TEM image in
Figure 3.8 (c) that after CO,-treatment at 800 °C followed by acid washing,
the metal nanoparticles are not completely eliminated. It is only after the fi-
nal hydrogen treatment at 1200 °C followed by acid washing that amorphous
carbon and metal nanoparticles are eliminated almost entirely in all the three
procedures. The oxidation temperatures of the final products obtained by the
procedures A, B and C are 460, 480 and 510°C respectively, the wt% of the
residues being 2, 2 and 4 respectively. A TEM image of SWNTSs obtained af-
ter the final Ho-treatment at 1200 °C and acid washing is shown in Figure 3.8

(d). The quality of the products obtained by procedures A, B and C has been
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Figure 3.10: Raman spectra at different stages in procedure B: (a) as-
synthesized SWNTs, (b) acid-refluxed SWNTs, {c¢) Hj-treated SWNTSs at
800°C followed by acid washing, (d) final product after H, treatment at
1200 °C followed by acid washing.

examined by Raman and visible-NIR spectroscopy. The Raman spectrum of
the products after every step in procedure B is as shown in Figure 3.10. The
presence of amorphous carbon in the as-synthesized SWNTs (spectrum a) is
indicated by the presence of an intense D-band (1340 em™1). Furthermore,
the low-frequency radial breathing mode is not clearly observed. On acid
refluxing, the intensities of the radial breathing band and the G-band (1595
em™!) improve, but the D-band is eliminated only after the H,-treatment at
1200°C as seen in spectrum (d). Similar results are obtained in the samples
in the other procedures as well, the near absence of the D-band, increase in
the intensity of the G-band and the appearance of sharp radial breathing
modes all occurring only after the final Hp-treatment at 1200°C followed by
acid washing. Taking the ratio of the intensities of the D and G bands as a

measure of purity, we see a progressive decrease in the D/G intensity ratio
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Figure 3.11: Visible-NIR spectra at different stages in procedure B: (a) as-
synthesized SWNTs, (b) acid-refluxed SWNTs, (c) H-treated SWNTs at
800°C followed by acid washing, (d) final product after Hy treatment at
1200 °C followed by acid washing. The inset shows the visible-NIR spectra
of the final products from procedures A and C (labeled accordingly).

through the various steps, until the ratio becomes negligible after the final
step in procedure B (Figure 3.10). The visible-NIR spectra of the products
at the various stages of purification in procedure B are shown in Figure 3.11.
The absorption bands due to the van Hove singularities are observed only
after the final Hy-treatment at 1200 °C, the behavior being similar in proce-
dures A and C as well. Since we observe a good electronic spectrum only
after attaining the highest purity, it would seem that NIR spectroscopy is
relatively more sensitive to impurities. While procedure B, involving high-
temperature hydrogen treatment, seems to be the best and simplest amongst
the protocols discussed above, it should be noted that absolute purity cannot
be guaranteed for the SWNTs produced by the catalyst-mediated methods.
It would be most desirable if one can find a catalyst-free method of produc-

tion of the SWNT's which would only require the removal of the carbonaceous
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impurities. As far as ascertaining the purity is concerned, clearly one of has
to employ all the techniques (TGA, TEM and Raman). The variation of the
intensity ratio of the D and G bands in the Raman spectrum gives a good
quantitative measure of purity, although a negligible D/G intensity ratio may
not indicate 100% purity. It is noteworthy that the near absence of the D
band is accompanied by clean absorption bands in the NIR spectrum. In

this sense, the NIR spectrum provides a crucial test of purity [18].

3.5 Conclusions

In conclusion, we have developed a new and effective method for the purifica-
tion of SWNTs and MWNTs. The method involves acid washing followed by
the high-temperature hydrogen treatment repeated twice. Excellent SWNTs
containing little or no amorphous carbon and metal particles are obtained
by this means, as verified by microscopy, XRD and spectroscopic techniques.
It should be noted that hydrogen treatment not only removes amorphous
carbon but also helps in dissolution of metal nanoparticles on acid washing

by discasing and embrittling the carbon coating on the particles.
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Chapter 4

CHEMICALLY-BONDED CERAMIC COATINGS ON
CARBON NANOTUBES AND INORGANIC NANOWIRES

Summary’

Reacting acid-treated carbon nanotubes with metal halides such as TiCly,
followed by reaction with water and calcination, yields nanotubes with a
chemically-bonded oxide layer, the thickness being controlled by the number
of cycles of the reaction with the metal halide and HyO. Chemically-bonded
oxide layers have been similarly generated on nanowires of Al,O; and silicon
by the reaction of the metal halides with the surface hydroxyl groups present
on the nanowire surfaces. Typical of the ceramic oxide coated nanostructures
prepared by this method are, Ti0O,-coated MWNTs and SWNTs, SiOj-coated
MWNTs as well as TiOy-coated Al,O3 nanowires and Si nanowires. The
methodology described here may be of value in preparing useful composites

involving oxide layers and nanostructures.

4.1 Introduction

Ceramic oxide coated nanotubes and nanowires have potential application in
sensors, field effect transistors and composites. Thus, several workers have
prepared composites of these materials and studied their properties [1, 2].
Rao and co-workers have employed carbon nanotubes (CNTs} as templates
for the preparation of nanotubes and nanowires of inorganic materials, spe-

cially of metal oxides [3-5]. For this purpose, the CNTs were covered with

1A paper based on this study has appeared in Adv. Mater. (2005).
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an oxide precursor or a gel and the nanotubes burnt off in air. Han et al. (6]
coated SWNTs by a simple solution based chemical route. While Fu et al. [7]
used a high pressure method to coat the nanotubes with layers of rare-earth
oxides. Ruthenium oxide nanotubes have been obtained by Min et al. [§)
by the oxidation of Ru-coated carbon nanotubes prepared by atomic layer
deposition. It was our view that it would be of considerable importance if we
were able to prepare composite structures of CNTs and inorganic nanowires,
wherein a layer of a ceramic oxide is chemically bonded to the surface of the
nanostructures. Knowing that Si-O or metal-oxygen bonds can be formed
with substrates by the reaction of appropriate chloro-compound with the hy-
droxyl groups present on the substrate, we have explored whether ceramic
oxide-coated nanostructures can be obtained by the reaction of reactive metal
chlorides with acid-treated CNTs and metal oxide nanowires. This seemed
entirely feasible since the CNTs on acid treatment get functionalized with
surface hydroxyl and carboxyl groups, and the metal oxide nanowires would
necessarily possess hydroxyl groups on the surface. The surface functional
groups have been made use for the solubilization of CNTs and other pur-
poses. On reaction with the vapor of a metal halide such as TiCly, the
surface hydroxyl groups on the nanostructures can form metal-oxygen bonds
by eliminating HCI leaving extra metal-chlorine bonds. The metal-chlorine
bonds can be hydrolyzed by treatment with water vapor and the hydroxide
layer again reacted with the metal chloride. On repeating the process sev-
eral times followed by calcination, we have obtained a CNT or a metal oxide
nanowire with a chemically-bonded ceramic coating of the desired thickness.

We illustrate the process schematically in Figure 4.1.
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Figure 4.1: The ceramic coating process for (a) carbon nanotubes and (b)
nanowires.

4.2 Experimental details

The metal halides used in the reaction were obtained from Sigma-Aldrich
and were used without further purification. Arc-discharge MWNTs were
prepared and functionalized using nitric acid treatment as reported in the
literature [4]. The SWNTs were synthesized by the arc-discharge process
using Ni-Y as catalyst [9]. The SWNTs were functionalized by refluxing
them in dilute HNOj for 12 h. Al;O, and Si nanowires were synthesized by
carbothermal reduction [10,11}. The surface of the nanowires were activated
treating the nanowires with dilute HCl. The functionalized CNTs and oxide
nanowires were dried under dynamic vacuum for 810 h at 80°C before the
reaction. The schematic diagram of the experimental set-up used for the
coating of metal oxides on carbon nanotubes as well as inorganic nanowires

is as shown in Figure 4.2. The set-up consists of three glass chambers, for
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Volatile
metal chloride
e.g., TiCly~_|
Sample

(Nanotubes/Nanowires)

Figure 4.2: Schematic diagram of the experimental set-up.

the metal halide, reaction sample and water respectively. The chambers were
inter-connected using high vacuum stopcocks. A diaphragm pump was used
for the evacuation of the chamber. The sample chamber was maintained
at 80 or 150°C. In a typical reaction, the sample chamber was evacuated
for 15 minutes and then metal halide was allowed into the sample chamber.
After 5 minutes, the chamber was evacuated to remove the unreacted metal
halide. The hydrolysis step was carried out by passing water vapor into
the sample chamber for 5 minutes. The excess water vapor was removed
by evacuation before proceeding to the next step. After a desired number
of cycles, the product was calcined at 350°C and subjected to analysis. It
should be noted that by carrying out the reaction at 80/150°C, the coating
obtained on the nanotube or nanowire would not be of the oxide, but of the
same oxidic/hydroxidic species. It is only after the calcination that an oxide
coating gets formed. For purpose of brevity, we have called the products
obtained at 80/ 150°C as oxide-coated nanostructures.

Energy Dispersive Analysis of X-rays (EDX) spectra were obtained with
a Leica S-4401 microscope fitted with an EDX spectrometer and Link ISIS
detector. TEM images were recorded with a JEOL JEM 3010 instrument

operating at an accelerating voltage of 300 kV fitted with a Gatan CCD
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Figure 4.3: (a) TEM image of TiO,-coated nanotube prepared at 80°C, (b)
and (c) TEM image of the same sample after calcination at 350 °C, (d) TEM
image of the titania nanotubes and nanowires after the removal of carbon
nanotubes, (e) SAED pattern (corresponding to inset in (d)) and (f) TEM
image of TiO,-coated SWNTs after calcination at 350°C. Arrow shows the
oxide coating.

camera. Powder X-ray diffraction (XRD) patterns were recorded using a

Seifert XRD 3000 TT instrument. Thermogravimetric analysis of the samples

were carried out on a Mettler-Toledo-TG-850 apparatus.

4.3 Results and Discussion

In Figure 4.3 (a), we show a TEM image of TiO;-coated MWNTs obtained
after 10 cycles at 80 °C. The color of the MWNTs changed from black to gray
after the reaction. The EDX spectrum in Figure 4.4 (a) shows the presence of
Ti and Cl after the reaction, the latter arising from the incomplete hydrolysis

of TiCly. On calcination, at 350°C for 12 h, the chlorine is eliminated as
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Figure 4.4: EDX of (a) TiOp-coated MWNTs prepared at 80°C correspond-
ing to the TEM image in Figure 4.3 {(a}, (b) after calcination at 350°C, (c)
TiO;-coated SWNTs prepared at 80 °C after calcination) and {d) SiO;-coated
MWNTs.

revealed by the EDX spectrum in Figure 4.4 (b}. The TEM images of the
calcined product are shown in Figures 4.3 (b) and {¢). The thickness of the
oxide layer is 8-10 nm range. The amorphous nature of the oxide coating
was revealed by x-ray diffraction pattern. Carrying out the reaction at a
higher temperature such as at 150°C did not bring about any significant
changes in the oxide coating. Thermogravimetric analysis revealed that the
nanotubes were completely oxidized at 630°C leaving a residue of 9-wt%.
On heating the TiOs-coated MWNTs at 700 °C, the nanotubes got oxidized,
yielding the TiO, nanostructures shown in the TEM image in Figure 4.3 {d).

The selected area electron diffraction {SAED) pattern of the nanorods in
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200" aif

Figure 4.5: TEM image of (a) SiO,-coated MWNTs prepared at 80 °C after
calcination and (b) silica nanotubes obtained on heating the SiO;-coated
MWNTs at 700°C.

Figure 4.3 (e) reveals that the structure corresponds to a metastable layered
phase, TiO; (B). We could also cover SWNTs with a layer of TiO; following a
similar procedure to that of MWNTs. A TEM image of TiOs-covered SWNT
bundles obtained after 10 cycles at 80 °C is shown in Figure 4.3 (f). The EDX
spectrum in Figure 4.4 (c), shows the presence of Ti. TiO, nanostructures
were obtained on heating the TiO5-covered SWNTs at 700°C.

Encouraged by the success in preparing TiO,-covered CNTs, we carried
out experiments with SiCly. In Figure 4.5 (a), we show a TEM image of the
SiOa-covered MWNT's (coating thickness in the 10-15 nm range) prepared
after 10 cycles at 80°C and calcined at 350°C. The EDX spectrum shows
the presence of Si (Figure 4.4 (d)). SiO, nanotubes were obtained on heating
the SiO, covered MWNTSs at 700 °C as can be seen from the TEM image in
Figure 4.5 (b).

We have carried out several experiments on the preparation of Al,O3
nanowires coated with other metal oxides. In Figure 4.6 (a), we show a
scanning electron microscope (SEM) image of the single-crystalline Al,O3

nanowires coated with TiO, obtained after 10 cycles at 150°C. The EDX
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Figure 4.6: (a) SEM image of TiO,-coated Al,O3 nanowires prepared at
150°C (Inset shows EDX spectrum), (b) TEM image of a as-prepared TiO,-
coated alumina nanowire, (¢) SEM image of the above product after cal-
cination (Inset shows EDX spectrum) and (d) TEM image of TiO,-coated
Al;O3 nanowire after calcination and (e) TEM image of a SiO,-coated Al;O3
nanowire after calcination. Arrow indicate oxide coating.

spectrum in the inset reveals the presence of Ti and Cl. The TEM image
in Figure 4.6 (b) shows the presence of a thin layer of TiO,. Figure 4.6
(c) shows the SEM image of the nanowires after calcination. As in the
case of CNTs, chlorine was eliminated on calcination (see inset in Figure
4.6 (c) for the EDX spectrum). A TEM image of a TiOy-coated Al,O3
nanowire after calcination is shown in Figure 4.6 (d). The Al,O3 nanowires
remained single-crystalline after the coating reaction. We were able to coat
the Al,O3 nanowires with a layer of SiO, by using SiCly. The TEM image in
Figure 4.6 (e) shows SiO,-coated Al,O3 nanowires obtained after 10 cycles
at 150°C. Preliminary experiments showed that Al,O; nanowires could be

coated chromic oxide using chromyl chloride. We have been able to coat

silicon nanowires with a ceramic layer, by the reaction with metal halides.
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The hydroxyl groups present on the surface oxide in Si nanowires participate

in the reaction.

4.4 Conclusions

We have developed a new and versatile method for obtaining chemically
bonded ceramic oxide coatings on carbon nanotubes (CNTs) and inorganic
nanowires. We believe that the methodology described here can be used
for controlled layer by layer coatings of various metal oxides over CNTs as
well as one-dimensional structures of metal oxides. A good case in point is
SnO;-coated CNTs for possible use in sensor applications [12]. The method
described here can also be used for the electrical insulation of nanotubes and
nanowires in nanocircuits and potential synthesis of ceramic composites with

higher toughness.
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Chapter 5

FUNCTIONALIZATION AND SOLUBILIZATION OF
INORGANIC NANOWIRES AND BORON NITRIDE
NANOTUBES

Summary!

Dispersions of the nanowires of Al;O3, ZnO and MgQ in dimethylfor-
mamide (DMF), dimethylsulfoxide (DMSQO} and acetonitrile have been stud-
ied by electron microscopy and photoluminescence spectroscopy, and by ex-
amining their sedimentation behavior. Stable nanowire dispersions were best
obtained in DMF. The best photoluminescence spectra of the nanowires were
generally obtained with DMF dispersions.

By interaction with a Lewis base (trialkylamine or trialkylphosphine), BN
nanotubes have been dispersed in a hydrocarbon medium, with retention of

the nanotube structure.

5.1 Introduction

Obtaining solutions or dispersions of nanomaterials in suitable solvents is es-
sential for a wide variety of applications. There has been tremendous interest
in obtaining dispersion of carbon nanotubes. The area of functionalization
and solubilization of inorganic nanowires and nanotubes remained fairly un-

explored. The solubility of the MogS, 5145 nanowires in common solvents

1Papers based on this study have appeared in Chem. Phys. Lett. {2006) and J. Mater.
Chem. (2007}
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has been investigated recently [1-4]. Boron nitride (BN) is an important ce-
ramic material with a wide range of applications. During the last year, much
interest has been evinced in the functionalization and solubilization of BN
nanotubes [5-8]. For example, poly{m-phenylenevinylene-co-(2,5-dioctoxy-
p-phenylenevinylene)) has been used to solublize BN nanotubes in organic
solvents, wherein the polymer wraps around the BN nanotubes leading to
its solubilization [5]. Water-soluble BN nanotubes have been prepared by
using amine-terminated poly- (ethylene glycol) [6]. BN nanotubes have been
covalently functionalized using stearoyl chloride and subsequently dissolved
in organic solvents {7]. Cycloaddition of dimethyl sulfoxide to BN nanotubes
is suggested to weaken the B-N bond and helps in the peeling of the nan-
otubes [8]. BN nanotubes have also been fluorinated [9].

In this context, it has to be noted that oxide nanostructures are gen-
erally dispersed in polar solvents such as dimethylformamide (DMF) and
dimethylsulfoxide (DMSO) in optical tweezing and other experiments [10].
We have examined the dispersions of Al,Oj, ZnO and MgO nanowires in
DMF, DMSO and acetonitrile. For this purpose, we have examined the sedi-
mentation behavior of the oxide nanowires in the polar solvents, and studied
the photoluminescence spectra of the dispersions. The literature procedures
for the functionalization and solubilization of BN nanotubes appear some-
what difficult and we, therefore, felt that there should be a simpler way to
accomplish the desired results. We, therefore, considered it desirable to ex-
ploit the inherent electron deficiency of boron compounds. If we consider the
boron site in BN nanotubes to act as a Lewis acid, it should be possible to
form adducts with Lewis bases such as alkyl amines and phosphines, which
should then enable one to disperse them in suitable solvents. In Figure 5.1,

we show a schematic sketch of the same.
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tri(n-octyl) amine
tri(n-octyl) phosphine

Boron Nitride nanotube

Figure 5.1: Schematic diagram of BN nanotube functionalization and solubi-
lization using Lewis bases such as tri(n-octyl) amine, tri(n-octyl) phosphine
and tri(n-butyl) amine.

5.2 Experimental Details

The synthesis of the oxide nanowires was carried out by the carbothermal
procedure [11]. Nanowires of Al;O3 have been obtained starting from a
mixture of Al powder and graphite or activated carbon in flowing Ar gas
at a temperature of 1300°C [12]. ZnO nanowires on the other hand were
prepared synthesized by heating a mixture of zinc oxide/zinc oxalate and
MWNTs or active carbon in Ar atmosphere along with O, at 900°C [12].
MgO nanowires have been obtained by a variety of procedures starting from
a mixture of MgO/Mg along with MWNTSs, activated carbon or graphite
in Ar atmosphere [13]. The dispersions of the various oxide nanowires were
obtained as follows. A known quantity of the nanowires (32 mg of Al,O3
or ZnO nanowires) was dispersed in DMF, DMSO or acetonitrile (30 ml of
the solvent individually) and sonicated for 1 h. The dispersion was allowed
to stand for about 12 h after which the sediment (sediment-1) that settled

down was weighed and collected for scanning electron microscopy (SEM).
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The remaining dispersion was re-sonicated and allowed to sediment for 60
h. Thereafter, the remaining sediment (sediment-2) was again weighed and
collected for SEM. Simiiarly a drop of the dispersion was taken and depostted
on a glass slide and ohserved under the microscope. SEM observations of
the dispersions were carried out at regular intervals of time to monitor the
presence of nanowires in each case {for example 12, 24, 36, 48 and 60 h).
The dispersions of the MgO nanowires were obtained as follows. A known
quantity of the nanowire (7 mg) was dispersed in DMF (15 ml) and sonicated
for 1 h. This dispersion was allowed to stand during the course of which
a drop of the dispersion taken at various intervals of time was deposited
onto a copper grid for transmission electron microscopy (TEM). The TEM
observations of the dispersions were carried out at regular intervals of time (3,
6, 12, 24, 96 h). Apart from this the sediment that was obtained at the end
of 96 h was also observed by TEM. The dispersions of the oxide nanowires
in DMF, DMSO and acetonitrile were characterized by photoluminescence
spectroscopy. SEM images were obtained with a LEICA S440i scanning
electron microscope. Samples for SEM were prepared by adding a drop of
the dispersion on to a glass slide. In the case of the sediments the powder
that was collected was dried followed by microscopy.

BN nanotubes were prepared by a standard literature procedure [14]. BN
nanotubes were prepared by the reaction of BoO3s with muiti-walled carbon
nanotubes (MWNTs) in the presence of ammonia at 1250°C for 3 h. A
grey spongy product was obtained after the reaction indicating the presence
of unreacted MWNTs along with BN nanotubes. The product was washed
with hot water to remove excess ByO,;. The excess carbon present in the
product was removed by oxidation at 800 °C in low-pressure air (20 mPa). In
a typical functionalization/solubilization experiment, 2 ml of trialkylamine

or trialkylphosphine were added to 5 mg of purified BN nanotubes. The
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mixture was warmed at 70°C for 12 h and subsequently sonicated for a few
minutes. The functionalized BN nanotubes were then dispersed in toluene
{8 ml) or other hydrocarbons such as benzene, at room temperature. The
dispersions were stable over long periods of time. It is not essential to interact
the nanotubes with an amine or a phosphine at 70°C. Interaction at room
temperature for a long period yielded the same result. TEM images were
obtained with a JEOL JEM 3010 operating with an accelerating voltage of
300 kV. Samples for TEM studies were prepared by adding a drop of the
dispersion onto a holey carbon coated Cu grid followed by slow evaporation.
Photoluminescence measurements were carried out at room temperature with
a Perkin-Elmer model L.S50B luminescence spectrometer. Raman spectra of
the BN nanotubes were recorded using a JobinYvonHoriba HR800 Raman

spectrometer using a He-Ne laser (633 nm).

5.3 Results and Discussion

5.3.1 Metal oxide nanowires

The dispersions of the various oxide nanowires in the polar solvents showed
interesting features as found from electron microscopy and photolumines-
cence spectroscopy. Dispersions of Al;O3 nanowires in DMF were stable up
to 24 h in contrast to those in DMSO and acetonitrile which were not sta-
ble, with the sedimentation starting much earlier. In the case of acetonitrile,
the sedimentation started just after it is allowed to stand. MgQ nanowires
dispersed in DMF are more stable up-to 12 h in comparison to DMSO and
acetonitrile. Starting with a known amount of Al;O3 nanowires dispersed in
the various solvents, we measured the proportion of solute in the solvent at
the end of 60 h and found that DMF and DMSO have about 6% of the solute

remaining in solution, whereas in the case of acetonitrile it was 3% or less.
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Figure 5.2: SEM images of (a) starting Al;O3 nanowires, (b-d) dispersions of
Al,O3 nanowires in DMF, DMSO and acetonitrile respectively, (e) Sediment
obtained from acetonitrile.

Visual observations indicated that DMF forms the best dispersions in com-
parison to DMSO and acetonitrile. In the case of ZnO nanowires dispersed
in DMF, the proportion of solute remaining in the solvent was about 9%.
Such a high percentage of solute stably dispersed in the solvent is useful for
several measurements and applications, which cannot otherwise be achieved
in the solid state. In Figure 5.2 (a), we show the SEM image of the starting
Al, 03 nanowires. The nanowires occur individually and in large bundles. In
Figure 5.2 (b), we show the SEM image of the nanowire dispersion in DMF
obtained after 60 h. The presence of large bundles of the nanowires can be
seen, indicating the stability of the bundles of nanowires in the dispersion.
The SEM image in Figure 5.2 (c¢) shows the Al;O3 nanowires dispersed in
DMSO after a period of 36 h. The image reveals smaller bundles and isolated
nanowires, in contrast to that in DMF. The SEM image of the dispersion of

the AlyO3 nanowires in acetonitrile obtained after 60 h is shown in Figure



5.3 Results and Discussion 129

Figure 5.3: SEM images of (a) raw MgO nanowires, (b) TEM image of MgO
nanowire dispersion in DMF, (¢) ZnO nanowire dispersion in DMF and (d)
SEM image of the sediment of ZnO nanowires.

5.2 (d), revealing isolated individual nanowires in large numbers. The SEM
image of the sediment obtained from acetonitrile after 12 h is shown in Figure
5.2 (e). Large bundles of nanowires are seen in the sediment in contrast
to the dispersion. The SEM image in Figure 5.3 (a) shows the raw MgO
nanowires used for the study. The nanowires extend to several microns in
length. The TEM image of the MgO nanowires in DMF shown in Figure
5.3 (b) reveals nanowires of uniform diameter of 150-200 nm obtained in the
dispersion at a time period of 24 h. The dispersion of the ZnO nanowires
obtained in DMF after a time period of 24 h and the sediment after 12
h are shown in SEM image of Figures 5.3 (¢) and (d), respectively. The
SEM image reveals in Figure 5.3 (c) the presence of bundles of nanowires,
whereas the image of the sediment in Figure 5.3 (d) reveals the presence of
a few isolated nanowires (along with other types of particles) that seem to

have been excluded from the dispersion during the course of time. Thus,
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Figure 5.4: Photoluminescence spectra of the various starting materials.

sedimentation studies have shown that in general DMF is a good solvent for
obtaining stable dispersions of the nanowires. In comparison, DMSO and
acetonitrile may not be as suitable, acetonitrile being the poorest solvent of
the three. The photoluminescence spectra of as-synthesized Al,O3, ZnO and
MgO nanowires are shown in Figure 5.4. The photoluminescence spectra of
the dispersions of Al,O3 nanowires excited at 300 nm are shown in Figure 5.5
(a). The spectrum in the solid state reveals two bands at 380 and 420 nm,
which are generally known to arise from oxygen-related defects [?,15]. The
nanowire dispersion in DMF shows two sharp and clear bands at 408 and 430
nm, slightly red-shifted from the spectrum of solid Al,O3. The spectrum of
the dispersion in DMSO shows weak features which are slightly red-shifted
relative to the bands in DMF. Thus, the peak positions in DMSO are 410 and
435 nm. The spectrum of the dispersion in acetonitrile shows several bands

between 400 and 450 nm in the region extending up-to 475 nm which may
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various polar solvents.

arise from isolated nanowires. The photoluminescence spectra of the ZnO
nanowire dispersions (Figure 5.5 (b)) show interesting features (excitation
wavelength, 280 nm). The solid spectrum in Figure 5.4 shows a peak at 395
nm and a shoulder around 420 nm the emission corresponding to near-band
edge emission in the case of ZnO. The photoluminescence spectrum of the
nanowires in DMF shows slight redshifts with the peak positions at 406 and
429 nm. The presence of clear and intense bands in this case is noteworthy. In
the case of the nanowire dispersions in DMSO, there is a band centered at 420
nm and a shoulder at 435 nm. The acetonitrile dispersion shows only a small
feature centered at 420 nm. The photoluminescence spectrum of solid MgO
in Figure 5.4 shows a peak at 443 nm, (excitation wavelength, 300 nm), the
emission corresponding to oxygen vacancies [13,16]. The photoluminescence

spectrum of the nanowires in DMF shows two peaks around 406 and 430
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Figure 5.7: (a) SEM image of purified BN nanotubes. (b) TEM image of BN
nanotubes.

nm. In addition, there is a band around 535 nm. These emission bands
have been reported previously in the case of bulk MgO by Rosenblatt and
co-workers [16]. In the case of DMSO dispersions, there is a slight red shift
with peaks appearing at 411 and at 435 nm. The dispersion of the nanowires

in acetonitrile shows several features centered around 430 nm (Figure 5.6).

5.3.2 Boron Nitride nanotubes

In Figure 5.7 (a), we show a representative SEM image of the BN nanotubes
prepared by us. The nanotubes have diameters in the 80-200 nm range
with lengths of tens of microns. BN nanotubes have either bamboo-like or
worm-like structures as revealed by the TEM image shown in Figure 5.7
(b). The Raman spectrum of purified BN nanotubes did not show the D-
band (1340 em™!) or the G-band (1600 cm™') of carbon nanotubes. The

! as shown in Figure

nanotubes exhibit a Raman band centered at 1370 em™
5.8, this band is assigned to the E,, tangential mode [17,18]. In Figure
5.9 (a), we show a photograph of a toluene dispersion of BN nanotubes

treated with trioctylamine. In Figure 5.10 (a), we show a TEM image of the
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Figure 5.8: Raman spectra of pristine BN nanotubes and those functionalized
with tri(n-octyl) amine, tri(n-octyl) phosphine and tri(n-butyl) amine.

BN nanotubes obtained by taking a drop of the dispersion on the electron
microscopy grid. Evidence for the interaction between tributylamine and BN
nanotubes has been obtained by nuclear magnetic resonance spectroscopy
and Raman spectroscopy. We have studied the 'H and *C NMR spectra of
tributylamine functionalized BN nanotubes in comparison with the spectra of
tributylamine. We observe a small increase in the 'H chemical shift by ~0.02
ppm in the amine-BN adduct. In the case of *C NMR spectra, we observe a
significant increase in the chemical shifts of the ‘¢’ and ‘d’ carbons by ~0.4
ppm and a decrease in the chemical shift of the ‘b’ carbon atom by ~0.3 ppm.
The chemical shift of the ‘a’ carbon is also higher in the amine-BN adduct
by ~0.1 ppm. The changes in the 'H and *C spectra of tributylamine found
on interaction with BN are comparable to those reported in the literature for
similar complexes [19. 20].

We have also carried out solubilization experiments using the as-prepared
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Figure 5.9: Photographs of dispersions of BN nanotubes obtained after in-
teraction with (a) trioctylamine and (b) trioctylphosphine.

BN nanotubes containing carbon nanotubes as impurity. Initially, a grey
dispersion containing both carbon and BN nanotubes was obtained, but the
carbon nanotubes settled to the bottom within a few hours leaving the BN
nanotubes in the solution. This indicates that there is no significant in-
teraction between the Lewis base and the carbon nanotubes. Encouraged
by the results obtained with the two trialkylamines, we interacted the BN
nanotubes with trioctylphosphine at 70°C for 12 h or at 30°C for a longer
period. We could disperse the product in toluene as can be seen in the photo-
graph in Figure 5.9 (b). A TEM image of the nanotubes from the dispersion
is shown in Figure 5.10 (c). Raman spectra of the dispersions of BN nan-
otubes were recorded after interacting them with an amine or a phosphine.
For this purpose, a drop of the dispersion was placed on a glass slide and
the spectrum recorded. In Figure 5.8, we the show Raman spectrum of BN
nanotubes treated with trioctylphosphine. We observe a band due to the
tangential mode at 1361 cm~!, similar to the starting material. Raman spec-

tra of the toluene dispersions of BN nanotubes treated with tributylamine
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Figure 5.10: TEM images of the dispersions of BN nanotubes functionalized
with (a) trioctylamine, (b) tributylamine and (c) trioctylphosphine.

and trioctylamine showed a band due to the tangential mode around 1365
cm~!. The E,, tangential mode of BN nanotube (1370 cm™!) shifts to lower
wavenumbers after the interaction of the amine or the phosphine indicat-
ing the donation of electron from the amine or phosphine group to the BN
nanotube. These results suffice to demonstrate that the interaction of BN
nanotubes with Lewis bases helps to solubilize them in nonpolar solvents. We
should note that in the absence of interaction with an amine or a phosphine,
BN nanotubes could not be dispersed in toluene and the nanotubes settled

to the bottom within a short period.
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5.4 Conclusions

In summary, we have investigated dispersions of Al,O3, Zn0O and MgO
nanowires in polar solvents by electron microscopy and photoluminescence
spectroscopy. Of the solvents that have been examined, DMF seems to be
the best for obtaining stable nanowire dispersions, although acetonitrile dis-
persions in the case of AlyO; nanowires may represent features of isolated
nanowires. Stable oxide nanowire dispersions in DMF should be useful to
investigate properties and in some applications. We have successfully demon-
strated that the Lewis acid nature of boron in BN nanotubes can be exploited
to functionalize and solubilize their nanostructures through interaction with
Lewis bases such as trioctylamine and trioctylphosphine. The solubilized
nanotubes retain the nanotube features and the hydrocarbon dispersions are
stable up to a few days. It is noteworthy that the interaction of the BN nan-
otubes with the Lewis bases at room temperature suffices to provide good
dispersions of the BN nanotubes in hydrocarbon solvents. Any carbon im-
purity, such as the unreacted carbon nanotubes used as templates in the
preparation of the BN nanotubes, settles to the bottom after interaction of
the BN nanotubes with a Lewis base, thereby providing a means of separation

of carbon and BN nanotubes.
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Chapter 6

ELECTRICAL PROPERTIES OF NANOCOMPOSITES
OF CARBON NANOTUBES AND INORGANIC NANOWIRES
WITH CONDUCTING POLYMERS

Summary!

Composites of polyaniline {PANI) have been prepared with pristine multi-
walled and single-walled carbon nanotubes as well as carbon nanotubes sub-
jected to acid treatment and subsequent reaction with thionyl chloride. For
this purpose, in-situ polymerization of aniline was carried out in the presence
of nanotubes. The composites have been characterized by X-ray diffraction,
electron microscopy as well as infrared and Raman spectroscopy. Electri-
cal resistivities of the PANI-nanotube composites have been measured and
compared with those of the nanotubes and PANL

Composites of nanowires (NW} of ZnO, RuQ, and Ag with polyaniline
(PANI) as well as polypyrrole (PPy) have been prepared, for the first time,
by an ¢n-situ process, in order to investigate their electrical properties. Char-
acterization by electron microscopy and IR spectroscopy indicated consider-
able interaction between the oxide nanowires and the polymer. The room-
temperature resistivity of the composites prepared in-situ varies in the 0.01-
400 Slem range depending on the composition. While the resistivities of the
PANI-ZnONW and PPy-ZnONW composites prepared by the in-sifu process
are generally higher that that of PANI/PPy, those of PANI-RuQsNW and

PANI-AgNW are lower. Composites of ZnONW with polyaniline prepared

'Papers based on this study have appeared in J. Nanosci. Nanotech. (2002) and J.
Mater. Chem. (2005)
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by an ex-situ process exhibit a resistivity close to that of polyaniline.

6.1 Introduction

There has been a surge of interest in nanostructured materials as part of the
effort towards device miniaturization and understanding of novel quantum
phenomena at the nanometer scale. Some of the properties have been ex-
ploited by incorporating the nanomaterials into some form of matrix such as
polymers. Following the first report of the preparation of carbon nanotube-
polymer composites by Ajayan et al. [1), there have been efforts to combine
carbon nanotubes and polymers to produce functional composite materials
with desirable electrical and mechanical properties [2-5). These composites
can have potential applications in photovoltaic devices and electrostatic as
well as conductive coatings in optical devices. Carbon nanotubes have been
incorporated in insulating as well as conducting polymers such as polyani-
line (PANI) and polypyrrole (PPy). PANI and PPy are attractive polymers
for preparing such composites in view of the low-cost, environmental stability
and easy processibility. Aniline has been polymerized on multi-wailed carbon
nanotube (MWNTs)} electrodes by Downs et al. [6] to obtain PANI films with
novel surface characteristics and high current densities. Composites of PANI
with MWNTs, with an order of magnitude lower resistivity than that of pure
PANI at room temperature have been prepared by Cochet et al. [7] by in-situ
polymerization. Blanchet et al. [8] have shown that the high aspect ratio of
the single-walled carbon nanotubes (SWNTs) enables percolation into the
PANI network at low concentrations and that the PANI-SWNT composites
can be used as printable conductors for organic electronics devices. Zengin
et al. [9] prepared films of PANI-MWNT composite by in-situ as well as ex-

situ methods with electrical conductivities higher than that of the pristine



6.1 Introduction 143

nanotubes. Well-aligned PANI-MWNTs composite films with electrical re-
sistivities in between those of PANI and MWNTs have also been prepared
by Feng et al. [10]. The change in the sign of the magnetoresistance at low-
temperatures has been used by Long et al. [11] as the basis to reveal the strong
coupling between the carbon nanotubes and polyaniline in the composites.
PPy-MWNT nanocables prepared by the in-situ oxidation polymerization in
the presence of different surfactants and exhibit a negative temperature co-
efficient of resistance are shown to negative magnetoresistance [12). Jurewicz
et al. [13] have shown that PPy-MWNT composites exhibit a higher specific
capacitance than that of pristine MWNT. Incorporation of MWNTSs into
semiconducting polymers such as poly(m-phenylenevinylene-co-2,5-dioctoxy-
p-phenylenevinylene) enhances the electrical conductivity without any degra-
dation in electroluminescent properties [14].

We were interested in studying PANI composites with carbon nanotubes
as well as inorganic nanowires. For this purpose, we have prepared PANI-
carbon nanotubes composites by in-situ polymerization of aniline in the pres-
ence of MWNTs and acid treated MWNTs. We have characterized these com-
posites along with the PANI composites prepared with acid treated MWNTSs
subjected to treatment with thionyl chloride. We have carried out similar
studies with SWNTs. We have measured electrical resistivities of the vari-
ous PANI-nanotube composites. Inorganic nanowires is important class of
one-dimensional nanomaterials and a wide range of nanowires of functional
inorganic materials is now available, opening up the possibility of a new
class of nanocomposites with polymers. This prompted us to investigate the
composites of inorganic nanowires with conducting polymers for the elec-
trical properties. For this purpose, we have chosen nanowires of zinc oxide
(ZnONW), ruthenium dioxide (RuO2NW) and silver (AgNW). ZnO is a wide

bandgap semiconductor with a bandgap of 3.37 eV while RuQ, and silver are
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metallic. RuO; also exhibits a large specific capacitance and is used as an
electrode material in supercapacitors [15]. We have prepared composites with
different molar ratios of the monomer (aniline or pyrrole) and the inorganic
nanowires and studied their electrical properties. While most of the com-
posites were prepared by the tn-sifu polymerization of aniline or pyrrole in
the presence of the nanowires, we have also prepared a few PANI-ZnONW
composites by an ex-situ process, for purpose of comparison. The ZnONW
were also functionalized with thionyl chloride in an effort to enhance the in-
terfacial bonding between the nanowires and the polymer in the composites

prepared by the in-situ process.

6.2 Experimental Details

MWNTs for the study were prepared by the arc evaporation of graphite
at 10 V and 50 A dc [16]. The acid treated MWNTs were prepared by
refluxing the MWNTs in a mixture of conc. HySO4 and conc. HNO;5 (2:1
ratio by volume} for 1 h. The resulting mixture was then allowed to cool and
diluted with distilled water. The acid treated MWNTs were then filtered and
washed thoroughly with distilled water to remove any traces of the acid. Such
nanotubes are always open and contain actdic sites on the surface [17,18].
The chlorination of the acid treated MWNTSs was carried out by stirring
acid treated MWNTs in thionyl chloride at 100°C for a day in an argon
atmosphere. The sample was then washed with distilled water and filtered.
Similar samples were prepared with MWNTs generated from the pyrolysis
of acetylene over iron nanoparticles that were well dispersed over silica [19].
The SWNTs for the experiments were prepared by the method as reported
by Journet et al. [20]. The Acid treated SWNTs were prepared by sonicating
the nanotubes in a mixture of conc. HySO,4 and conc. HNQj (2:1 ratio by

volume) for 20 min. The chlorination of the SWNTs was also carried out in
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the same manner as described earlier for multi-walled nanotubes.

HCI doped polyaniline (PANI) was prepared by the method similar to
that of Fite et al. [21]. Ammonium persulfate (5.6 g) was dissolved in 100
ml of 1 M aqueous HC! solution and was cooled to 0°C. Aniline (5 ml)
was taken in a round bottom flask containing 100 ml of 1 M aqueous HCI
solution and was cooled to 0°C. The oxidizing agent was slowly added to
the aniline solution under sonication at 0°C. The sonication was carried
out for another 2 h after the addition of the oxidizing agent. The product
was filtered and washed thoroughly with distilled water first and later with
methanol to remove the oligomers. The filtered sample was dried under
a dynamic vacuum at room temperature for 24 h to ensure the absence of
moisture, which affects the conductivity of polyaniline [22]. We have prepared
composites of unfunctionalized, acid treated and chlorinated MWNTs and
SWNTs with polyaniline. The nanotube-PANI composites were prepared
as follows. The nanotubes were added to aniline and sonicated for 15 min
and later 1.0M aqueous HCI solution was added. The compositions of the
composites of MWNTs are 2:1 and 1:2 by weight of aniline and MWNTs.
The PANI-SWNT composites were prepared with a 1:1 ratio of aniline and
SWNTs.

Zinc oxide nanowires were prepared by the carbon-assisted route using
zinc oxalate and MWNTs in the absence of any catalyst {23]. ZnONWs were
functionalized by treating them with SOCI, followed by thorough washing
with distilled water. We designate these nanowires as Cl-ZnONW. Nanowires
of silver were obtained using the solution-based approach as reported by Xia
and co-workers [24]. RuO;NWs were obtained by the method reported in
the literature [25]. We have prepared composites of inorganic nanowires
with polyaniline as well as polypyrrole by in-situ and ex-situ methods.

In the in-situ method of preparation of the PANI-inorganic nanowire
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composites, the nanowires were dispersed in distilled aniline, followed by
polymerization. In a typical synthesis of the PANI-ZnONW (2:1) composite,
an ammonium persulfate solution (0.6867 g dissolved in 13.7 m! of 1 M aque-
ous HCI solution) was slowly added to a mixture of aniline (0.67 g, 7.3 mmol)
and ZnONWs (0.303 g, 3.65 mmol) taken in a round bottom flask containing
13.7 ml of 1M aqueous HCI solution under sonication at 0 °C. Sonication was
carried out for another two hours after the addition of the ammonium persul-
fate solution. The product was filtered and washed thoroughly with distilled
water (to remove the unreacted ammonium persulfate and excess of HCI)
and then with methanol (to remove the oligomers}. The filtered sample was
dried under a dynamic vacuum at room temperature for 24 h to ensure the
absence of moisture, which affects the conductivity of polyaniline. [22] The
various compositions of the PANI-ZnONW composites prepared by us are:
6:1, 2:1 and 1:2 (molar ratios). The 6:1 and 2:1 PANI-RuO;NW composites
and 6:1 PANI-AgNW composites were prepared by a procedure similar to
that described above.

The polypyrrole-nanowire composites were prepared by a method similar
to that outlined in the literature using camphor sulfonic acid (CSA) as the
dopant. [26] For the synthesis of PPy-ZnONW {2:1), 0.5 ml distilled pyrrole
was added to 0.303 g ZnONW with 26 ml water containing 0.587 g CSA.
(NH,)2S205 (1.7 g) was dissolved in 26 ml water was later added dropwise
in to previous solution while under sonication. All the solutions are pre-
cooled to 0°C before the two solutions were added together. The composite
thus prepared was washed thoroughly with distilled water and methanol and
dried in vacuum for 24 h. The compositions of the PPy-ZnONW composites
prepared by us are: 6:1 and 2:1 (molar ratio of pyrrole and ZnONW).

In the ex-situ synthesis of PANI-ZnONW composites, a camphor sulfonic

acid (CSA)-doped polyaniline solution was prepared in m-cresol as described
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by Reghu et al [27). The ZnONWs were then dispersed in different volumes
of CSA-doped polyaniline solution by ultrasonication and the solvent was
removed by drying at 50°C for 24 h to yield the composite of polyaniline
and ZnONW. The compositions of the PANI-ZnONWs prepared by the ex-
situ process are: 2:1, 1:2 and 1:4 (molar ratios).

A polyvinyl alcohol {PVA)-AgNW composite (0.065 volume fraction of
AgNWs) was prepared by adding AgNWs {50 mg) to a hot agueous solution
of PVA (0.95g). This mixture was sonicated for 2 h and the water removed by
evaporation at 60°C. The composites and the parent nanotubes were char-
acterized by X-ray powder diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy{TEM), infrared spectroscopy and
Raman spectroscopy. The electric properties were measured by the 4-probe
technique between 30 °C and —258 °C. The powder X-ray diffraction patterns
was recorded using a Seifert XRD 3000 TT instrument. All the SEM images
were obtained with a Leica S-4401 microscope and TEM images with a JEOL
JEM 3010 instrument operating at an accelerating voltage of 300 kV. The
IR measurements were done on Bruker FT-IR spectrometer. The Raman
measurements were performed in a 90 degrees geometry using a Jobin Yvon
TRIAX 550 triple grating spectrometer equipped with a cryogenic charge-
coupled device camera, using diode-pumped frequency doubled solid state

Nd:YAG laser of 532 nm (Model DPSS 532-400, Coherent, Inc. USA).

6.3 Results and Discussion

6.3.1 Carbon Nanotubes

In Figure 6.1, we show the TEM images of pyrolysis MWNTs and SWNTs
to illustrate the quality of the nanctubes employed for the preparation of

the composites with PANI. In Figure 6.2 {a}, we show the TEM image of
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Figure 6.1: Representative TEM images of the nanotubes as synthesized for
the preparation of PANI-nanotube composites- (a) pyrolysis MWNTs and
(b) arc-discharge SWNTs.

a MWNT covered by polyaniline. The TEM image in Figure 6.2 (6) corre-
sponds to the composite of PANI with acid treated MWNTs (2:1). Figure 6.2
(c) shows the TEM image of the PANI-chlorinated MWNTs (2:1) composite.

In Figure 6.3, we show the XRD pattern for MWNTs and polyaniline
nanotube composites. The multi-walled carbon nanotube show only (hk0)
and (001) reflections. The diffraction pattern of multi-walled nanotubes ex-
hibit four major reflections: (002) reflections at 3.435 A(which corresponds
to the interplanar spacing between the graphene sheets in the nanotubes),
(001) reflections at 2.132 Awith squared Lorentzian line shape, (004) reflec-
tion at 1.705 Aand (110) reflections at 1.231 A. In Figure 6.4, we compare

the infrared spectrum of PANI with spectra of the composites of PANI with
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Figure 6.2: TEM images of PANI-MWNT (2:1) composites with: (a) as-
prepared MWNTs, (b) acid treated MWNTs and (c¢) chlorinated MWNTs.
MWNTs. We do not see any significant changes in the N-H stretching or the -
N=quinoid=N- bands in the PANI composite with the as prepared MWNTs.
Interestingly, the band positions in the IR spectra of the PANI composite
with acid treated MWNTs (2:1) and chlorinated MWNTs (2:1) show negli-
gible changes as can be seen from Figures 6.4. The relative intensities of the
-N=quinoid=N- band, however, are slightly different specially in the spectra
the composites of PANI with acid treated and chlorinated MWNTs. We also
see an additional band at 1700 cm ™! in the spectrum of the PANI-chlorinated
MWNT (1:2) composite.

In Figure 6.5, the Raman spectra of the as prepared MWNTs, acid treated
MWNTs and chlorinated MWNTs illustrates how the nanotube character is
retained eve after various treatments. We observe the E,, in-plane stretching

vibration at 1590 em~!, a shoulder around 1615 ecm™! corresponding to the
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Figure 6.3: XRD patterns of MWNTSs and (2:1) PANI nanocomposites with
different MWNTs.

D-line and the 1360 cm™' mode due to the D-line (from sp® carbons). In
the acid treated MWNTs, the intensity of the 1360 em™! increases slightly
indicating an increase in the number of sp® carbons after acid treatment.
The Raman spectra of the PANI-nanotube composites shown in Figure 6, we
see characteristic bands due to polyaniline along with the nanotube bands.
The in-plane deformation (600 em™!), which is characteristic of the para-
disubstituted benzene unit is hardly observed in the composites. There is

' compared to

a significant change in the intensity of the band at 1486 cm™
the band at 1180 cm~! in all the composites. The band at 1180 cm™ is due
to the C-H in-plane bending which is characteristic of the para-disubstituted
benzene unit and the band at 1486 cm ™' corresponds to the C=N stretching
of the quinone diimine structure [28]. There appears to be an increase in

the quinone diimine units in the PANI composite compared to PANL In

the PANI-MWNT (1:2) composite we observe the expected decrease in the
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Figure 6.4: IR spectra of PANI-nanotube composites with - (a) PANI,
(b) PANI-MWNT (2:1), (c¢) PANI-acid treated MWNT (2:1), (d) PANI-
chlorinated MWNT (2:1) and (e) PANI-chlorinated MWNT (1:2).
intensities of the parent bands due to PANI.

In Figure 6.6 (a), we compare electrical resistivities of the parent nan-
otubes with that PANI and the composites of PANI with multi-walled nan-
otubes. The resistivities of the MWNTs are low and nearly temperature
independent. Polyaniline shows insulating type behavior with a strong tem-
perature dependence of resistivity. The resistivity of the MWNTs decreases
slightly on acid treatment but the resistivity of the chlorinated MWNTs is
similar to that of the pristine MWNTs. The resistivities of the 1:2 PANI-
MWNT composites fall in between the resistivities of PANI and MWNTs.
The resistivities of the 2:1 composites show a similar behavior. In Figure
6.6 (b), we show the electrical resistivities of the 1:1 PANI-SWNT compos-

ites. The PANI-SWNT (1:1) composite shows a slightly higher resistivity
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Figure 6.7: (a) SEM image of as-synthesized ZnO nanowires, (b) correspond-
ing TEM image with SAED of a ZnO nanowire as inset, (c) SEM image of
silver nanowires and (d) SEM image of the RuO, nanowires.

than PANI while the PANI-acid treated SWNT composite shows a resistiv-
ity close to that of PANI. The resistivity of the PANI-chlorinated SWNT

composite is close to that of the SWNTs.

6.3.2 Inorganic nanowires

In Figure 6.7, we show electron micrographs of the as-synthesized nanowires
used for the preparation of the composites. The ZnONWs are crystalline and
show the characteristic hexagonal structure (JCPDS File: 36-1451). Figure

6.7 (a) shows a SEM image of the ZnO nanowires with diameters ranging
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between 100 and 300 nm and lengths extending to several microns. A TEM
image of the ZnONWs is shown in Figure 6.7 (b} and its corresponding se-
lected area electron diffraction (SAED) pattern (shown in the inset) confirms
the single-crystalline nature of the nanowires. Figures 6.7 (c) shows a SEM
image of silver nanowires with diameters ranging between 100 to 200 nm and
lengths extending to several microns. The RuO;NWs had diameters in the
50-100 nm range with lengths of few hundred nanometers as shown in Figure
6.7 (d). The RuO;NWs are crystalline and show the characteristic rutile
structure (JCPDS File: 43-1027).

In order to verify that the nanowires were homogenously distributed in
the polymers composites, we carried out an electron microscopic examina-
tion of the composites. A SEM image of the PANI-ZnONW (2:1) composite
prepared by the in-situ procedure is shown in Figure 6.8 (a). The nanowires
are seen along the edges and are randomly dispersed. The presence of the
nanowires is also confirmed by EDAX. We show a SEM image of the PANI-
Cl-ZnONW (2:1) composite in Figure 6.8 (b). A SEM image of the PANI-
RuQ;NW (6:1) composites is shown in Figure 6.8 (¢). The nanowires are
embedded in the polymer matrix as clearly evident from the TEM image of
PANI-AgNW(6:1) shown in Figure 6.8 (d). The XRD patterns of the PANI-
ZnONW composites prepared by the in-situ procedure were characteristic of
Zn0 with the hexagonal structure, showing that the crystallinity of ZnONW
is not affected in the composite. PANI exhibits the characteristic stretching
bands of the quinoid and benzenoid rings [28] at 1560 cm ™! and 1475 cm™! re-
spectively in the infrared spectrum (Figure 6.9 (a}), indicating the oxidation
state of emeraldine salt. The quinoid band is less intense that the benzenoid
band in PANI The C-N stretching bands of the quinoid and benzenoid rings
are seen at 1291 em~! and 1236 em~!' and the in-plane C-H stretching band

at 1110 em™!. The Zn-O stretching mode of the ZnONW appears as a broad
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Figure 6.8: SEM images of (a) PANI-ZnONW (2:1), (b) PANI-Cl- ZnONW
(2:1), (¢) PANI-RuO,NWs (6:1) and (d) TEM image of PANI-AgNWs (6:1).
All the composites were prepared by the in-situ polymerization of aniline.

band around 450 cm~! (Figure 6.9 (e)) [29]. The PANI-ZnONW compos-
ites prepared by the in-situ method show a significant shift of the quinoid
band to 1563 cm™! in the PANI-Cl-ZnONW (2:1) composite and to 1580
cm™! in the PANI- ZnONW (1:2) composite (Figure 6.9). The benzenoid
band is also shifted to higher wavenumbers with the increasing proportion
of ZnONW, 1479 ¢cm™! in the PANI-CI-ZnONW (2:1) composite and 1489
ecm™! in the PANI- ZnONW (1:2) composite. There is also an increase in the
intensity of the quinoid band with the addition of ZnONW, suggesting that

the nanowires promote and/or stabilize the quinoid form to a greater extent.
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Figure 6.9: Infrared spectra of (a} PANI, (b) PANI-CL-ZnONW (2:1}, (c}
PANI-ZnONW (2:1), (d) PANI-ZnONW (1:2) composites prepared by the
in-sity method and (e) ZNONW.

Similar observations are reported in the case of PANI-MWNT composites. [9]
The intensity of the Zn-O stretching band in the composites increases with
the increase in the proportion of ZnONWs as expected. PPy shows character-
istic C=C stretching, C=N stretching, C-N stretching and C-H stretching at
1551, 1477, 1300 and 1045 cm™! respectively in the infrared spectrum [30].
In the PPy-ZnONW composites, shifts in the C=C, C=N, C-N and C-H
stretching bands to 1564, 1485, 1285 and 1046 cm~! are observed. The in-
crease in the C=C, C=N and C-H stretching frequencies are attributed to a
decrease in the doping level of the polymer, which in turn can lead to a higher

registivity. In Figure 6.10 (a), we show the electrical resistivity data of the
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Figure 6.10: (a) Electrical resistivity of PANI-ZnONW composites prepared
by the in-situ method and (b) electrical resistivity of PANI-ZnONW com-
posites prepared by the ex-situ method.
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Figure 6.11: Electrical resistivities of PPy-ZnONW composites prepared by
the in-situ method.

PANI-ZnONW composites. The ZnO nanowires exhibit a room-temperature
resistivity of 27600 (cm, which is higher than that of single crystals [31].
Polyaniline exhibits semiconducting behavior with a room temperature re-
sistivity of 0.03 Qem, in accordance with the value reported in literature [22].
The PANI-ZnONW composites are also semiconducting and exhibit room-
temperature resistivities intermediate between those of PANI and ZnONW.
There is an increase in the temperature dependence of the nanowires with
the increase in the proportion of ZnONWs. It is possible that an increase
in the ZnONW concentration leads to an increase in the pH of the reactant
mixture, resulting in a different doping level of the conducting polymer. The
PANI-Cl-ZnONW (2:1) composite shows a slightly lower room-temperature
resistivity compared to that without functionalization by an order of magni-
tude. It may be noted that in PANI-CI-ZnONW{2:1), the NH groups of the
polymer can undergo a chemical reaction with the chlorines on the nanowire

surface. The electrical resistivity data of the PPy-ZnONW composites are



160 Chapter 6.

shown in Figure 6.11. The room-temperature resistivity of PPy is 0.088
Qcm. The electrical properties of these composites are similar to those with
PANI, and we see an increase in the resistivity with the increasing proportion
of ZnONWs. The temperature-dependence of resistivity of the composites
is similar to that of PANI-ZnONWs. The electrical resistivity data of the
nanowires composites in Figures 6.10 {a) and 6.11 demonstrate that we can
manipulate the resistivity behavior of the composites over a large range by
varying the composition.

In the PANI-ZnONW composites prepared by the ex-situ method, the
nanowires are embedded in a matrix of polyaniline as evident from the SEM
and TEM images. The presence of ZnONWs is also confirmed by the EDAX
spectrum. The crystallinity of the ZnONWs is preserved in the composite
as revealed by the XRD patterns. In Figure 6.10 {b), we show the elec-
trical resistivity data of PANI-ZnONW composites prepared by the ex-situ
method. The resistivity of the PANI sample used here is different from that
in Figure 6.10 (a) because of the different method employed for the synthe-
sis. There is a decrease in the room temperature resistivty and an increase in
the temperature-dependence of resistivity after the incorporation of a large
proportion of ZnONW in PANIL The slightly lower resistivity of the PANI-
ZnONW ex-situ composites in comparison with the én-situ composites may
be due to the chemical modification of the nanowire surfaces that may oc-
cur in the in-situ process and due to the chemical interaction between the
NH groups of the PANI and surface Zn?* of the nanowire. [32] Infrared
spectroscopic evidence for the interaction of the oxide nanowires with the
polymer matrix was provided earlier. Electrical resistivity of the composites
of PANI with RuO;NWs and AgNWs are shown in Figure 6.12. RuO,NW
is metallic and the resistivity increases with increase in temperature. The

electrical resistivity of the PANI-RuQ,NW composites lies in between that
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Figure 6.12: Electrical resistivity of PANI composites with RuQ,NW and
AgNW prepared by the in-situ method.
of PANI and RuQs, the resistivity decreasing with increase in the proportion
of RuO,NWs. The temperature dependence of these composites is similar
to that of PANI. The resistivity of the 6:1 PANI-AgNW composite is lower
than that of pristine PANL It is noteworthy that the resistivity of 6:1 PANI-
AgNW is comparable to that of 6:1 PANI-RuO,NWs. In order to understand
the electrical behavior of the polymer-nanowire composites, it is important to
know whether the nanowires provide a percolation path. We have therefore
estimated the minimum molar ratio of PANI to metallic nanowires to form a
connected network. In the case of metallic RuQ; and AgNWs, the required
molar ratios are 3:1 and 2.4:1 respectively [33,34).

The minimum volume fraction of rods needed to form a connected network
is given by

= 3D§H/2L2, (6.1)
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where D.s; and L are the effective diameter and length of the rod respectively.
In the case of RuO;NWs D,;; = 80 nm and L = 300 nm and for AgNWs,
D.ss - 150 nm and L = 1 um. The diameters of the nanowires were estimated
from transmission electron micrographs while the lengths of the nanowires
were determined by SEM. Due to the intense sonication involved during the
preparation of the polymer composites, the average length of the AgNWs
decreases to 1 um. In terms of volume fractions, the volume fraction of
RuO,;NWs and AgNWs needed are 0.0711 and 0.0459 respectively.

These values are much larger than the ratios reported for polymer-SWNTs
composites. This is due to the larger diameter, smaller aspect ratio and
higher density of the metallic nanowires in comparison with the SWNTs. It
therefore becomes clear that there is no percolation network in the polymer-
metal nanowire composites giving rise to the metallic behavior. In order to
convince ourselves of this conclusion, we prepared PVA-AgNWs composite
with a composition close to that required for percolation, but the composite
failed to show high conductivity.

A comment on the conduction process in the polymer-inorganic nanowire
composite would be in order: The electrical conductivity of a conducting
polymer arises due to the introduction of charge carriers by doping, the
doped form being more conducting than the undoped form. In the inorganic
nanowire composites, the nanowires are embedded in a conducting matrix
and the conductivity of the composite would be a function of both the ma-
trix and the nanowires. In the case of ZnONW composites, the electrical
conductivity is mainly due to the polymer matrix as the conductivity of the
ZnONWs is far lower than that of the polymer. The nanowires and the poly-
mer contribute in the electrical conductivity in the case of the RuO,NW and
AgNW composites. Since the nanowires do not form a connected network,

the obtained increase in the conductivity can arise due to the participation
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of the nanowires in the conduction process in some way. The resistivity of
the PANI composite therefore lies in between that of PANI and metallic

nanowires.

6.4 Conclusions

Composites of polyaniline with the pristine multi-walled carbon nanotubes
as well as acid treated and chlorinated nanotubes can be prepared by the
in-situ polymerization of aniline by ammonium persulfate as an oxidizing
agent. The PANI-nanotube composites could be characterized satisfactorily
by Raman spectroscopy and electron microscopy. The electrical resistivities
of the nanocomposite differ from those of the parent nanotubes or that of
PANI. The results show that the electrical resistivity of the PANI-nanotube
composites can be manipulated through the variation of the composition as
well as by the prior treatment of the nanotubes.

It has been possible to prepare composites of ZnO, Ru0O; and Ag nanowires
(NW) with polyaniline and polypyrrole by the in-situ procedure. The ZnONW
composites show a wide range of resistivites between those of the nanowire
and that of the polymer. Polyaniline composites with chlorinated ZnONWs
show lower resistivity than the unfunctionalized nanowires. Composites of
ZnONWs with PANI prepared by the ex-situ process show slightly lower re-
sistivities than that of the polymer. The PANI composites with RuO;NWs
and AgNWs exhibit lower resistivities than PANI. The range of composites
prepared by us with room temperature resistivity (0.01-400 cm) indicates
that the composites could be useful in some applications. For example, the
PANI-RuQ,;NW composites may be used as electrode materials in super-
capacitors. The present work constitutes the first study of the electrical
properties of inorganic nanowire-polymer composites. There is clearly great

room for further studies on these materials.
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Chapter 7

MECHANICAL PROPERTIES OF NANOCOMPOS-
ITES OF INORGANIC NANOWIRES WITH POLY-
MERS

Summary’

Mechanical properties of poly{vinyl alcohol} matrix composites incorporating
SiC and Al;O3 nanowires (NWs) have been investigated. A marked increase
in the elastic modulus {up to 90%) has been observed even with a small ad-
dition (0.8 vol.%) of the nanowires. This observation cannot be explained by
iso-stress analysis, which is appropriate for describing the variation of prop-
erties with the reinforcement volume fraction in discontinuously reinforced
composites. A significant increase in the strength of the composite with the
addition of NWs is also observed. This is due to the significant pull-out of
the NWs and the corresponding stretching of the matrix due to the complete
wetting of the NW surface by the polymer. The increase in tensile strength
is found to saturate at higher vol.% of NW addition, due to the reduced

propensity for shear-band induced plastic deformation.

7.1 Introduction

Synthesis and characterization of one-dimensional nanostructures constitute
an area of great interest. Of the various one-dimensional materials, single-
walled carbon nanotubes (SWNTS$) have been studied extensively. In par-

ticular, electrical and mechanical properties of SWNT-polymer composites

1A paper based on this study has been published in Nanotechnology (2006)
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have been examined in great detail. Incorporation of SWNTs in the poly-
mers generally enhances the stiffness and strength. Although the electrical
properties, sensor characteristics and other aspects of inorganic nanowires
have been reported [1, 2], there has been no systematic study of the me-
chanical properties of the nanowire composites with polymers. Mechanical
properties of individual SiC nanowires {NWs} have been examined by atomic
force microscopy. While the elastic modulus, E, is close to the theoretical
limit, the fracture strength is larger than that of the fiber [3]. Wang et al. [4]
have studied the mechanical properties of SiC-Si0O, biaxial nanowires using
electric field induced dynamic phenomena, while Yang et al. [5] have used
carbon-coated SiC nanowires for preparing ceramic composites with high
toughness. We have investigated the mechanical properties of composites of
SiC and Al,O5 nanowires with polyvinyl alcohol (PVA). PVA was chosen for
the study in view of practical applications and also because earlier studies
of carbon nanotube composites were with PVA [6-9]. For the purpose of
the present study, we prepared the PVA-NW composites as a function of the
nanowire volume fraction and characterized them by electron microscopy,
infrared spectroscopy, and differential scanning calorimetry. Dynamic me-
chanical analysis {DMA) was conducted to measure the elastic modulus and
tensile testing to measure the strength of the polymer composites. To our
knowledge, this is the first report on the mechanical properties of inorganic

nanowire-reinforced polymer matrix composites.

7.2 Experimental details

Nanowires of SiC and Al,O3 were synthesized using methods reported earlier
in the literature {10, 11]. In a typical preparation of the PVA-SiC NW (0.8
vol%) composite, PVA (1.95 g) and SiC NW (0.05 g) were added to warm
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water (50 ml), and mixture heated at 70°C till the polymer dissolved form-
ing a dispersion of the nanowires. The dispersion was dried in Petri dishes
at 50°C over a period of 3 days [12]. As the mechanical properties of PVA
are sensitive to the water content, the polymer films were stored in a vac-
uum desiccator with anhydrous CaCl; for at least a week before mechanical
testing. Composites with PVA were prepared with 0.2, 0.4 and 0.8 vol.% of
SiC NW and 0.4 vol.% of AlbO3NW. Visual as well as optical microscopic
examination of the composite strips indicated uniform distribution of the
nanowires throughout the matrix.

The composites as well as the nanowires were characterized by several
techniques. Scanning electron microscopy {SEM) images and energy disper-
sive analysis of X-rays (EDAX) were obtained with a Leica S-4401 microscope
fitted with a Link ISIS spectrometer. Infrared (IR} spectra were recorded on
small pieces of the samples embedded in KBr pellets using Bruker FT-IR
spectrometer. Differential scanning calorimetry (DSC) was carried on the
samples (7 mg) with a scanning rate of 20 K/min between 120 — 260 °C using
a Mettler-Toledo DSC.

Mechanical testing was conducted on samples of 25 mm in length, 10 mm
in width and 0.1 mm in thickness. Because of the high compliance of the
films, it was difficult to mount an extensometer on the samples to measure
E. A dynamic mechanical analyzer (DMA) was therefore, used to assess the
elastic properties of the composite samples in tensile mode of loading. A
5N static tensile load and displacement amplitude of 16 pm at a frequency
of 1 Hz were applied. Nine measurements for each sample were made and
the average values are reported here. Tensile stress-strain curves were gen-
erated using an electro-mechanical universal testing machine with specially

designed flat-ended fixtures were machined in order the grip the specimens
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Figure 7.1: SEM images of (a) SiC and (b) Al,O3 NWs that were used for
producing the PVA-matrix composites.

carefully. All the samples were tested for failure under displacement con-
trol with a prescribed displacement rate of 1.5 mm min~!. Fractography of
the tested samples were carried out using SIRION field emission scanning

electron microscope.

7.3 Results and Discussion

Representative SEM images of the SiC and Al,O3; NWs used for producing

the composites are shown in Figure 7.1. The nanowires have diameters in the
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Figure 7.2: Infrared spectra of PVA and NW composites. Notice the variation
in intensity of the 1140 em™~! band relative to that of the 1425 em~! band.

90-150 nm range with lengths extending to tens of microns. The nanowires
were single-crystalline, the growth direction of SiC NWs being <111> and
that of Al,O3 NWs forming a 35° acute angle with <104> [10,11].

The 1140 em™ band of PVA in the infrared spectrum is known to be
1s sensitive to the crystallinity [13,14]. Figure 7.2 shows the IR spectra of
PVA and 0.4 vol.% NW reinforced PVA composites. The spectrum of PVA
agrees with that reported in the literature [13,14]. In the NW composites,
we observe an increase in the relative intensity of the 1140 cm ™! band with
respect to the 1425 cm™" band. The observation suggests an increase in the
degree of crystallinity of PVA on addition of the NWs.

Quantitative information about the change in polymer crystallinity, y,
due the addition of nanowires was obtained through DSC. Figure 7.3 (a)
shows the thermograms of PVA as well as those of the composites, focusing

on the broad endothermic peak due to melting centered around 225°C. The
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Sample Degree of  Elastic mod- Lower and  Tensile stren-
crystallinity ulus, E (GPa) upper bounds gth, oy (MPa)

(%) (% increase) for E (GPa) (% increase)

PVA 33.9 3.2 £0.21 - 72.7 £ 34

+ SiC 34.5 3.76 + (.21 3.2-4.39 110.6 £ 4.9

NW (0.2) (17.5) (52.1)

+ SiC 34.8 4.58 + 0.07 3.2-5.59 119.2 £ 3.2

NW (0.4) (43.1) (64.0)

+ SiC 35.0 6.08 £ 0.21 3.2-7.97 123.1 £ 4.0

NW (0.8) (90.0) (69.3)

+ AlLO; 38.4 5.06 £ (.29 3.2-4.94 123.8 £ 6.7

NW (0.4) (58.1) (70.3)

Table 7.1: Summary of the various properties of the nanocomposites

peak becomes narrower as the concentration of nanowires in the composite
increases. From these scans, x was calculated as equal to (AH/AH), where
AH is the heat required to melt 1g of dry sample {obtained by integrating
the area under the endothermic peak between 190 and 240°C) and AHc is
the standard enthalpy for 100% crystalline PVA (AHe =138.6 Jg~! [14]).
The x values, normalized with respect to the actual PVA content in the
samples, are listed in Table 7.1, Figure 7.3 (b) shows the variation of x with
the volume fraction of the NWs, V. For the SiC NW compostte, x appears
to vary linearly with V;. However, the variation is small (a maximum of
1.1% for the 0.8 vol.% SiC NW composite} and can be considered negligible.
For the Al,O3 NW composite, on the other hand, 0.4 vol.% addition of the
nanowires leads to a 4.5% increase in Y, which is significant. Experimental
results obtained from the dynamical mechanical analysis {DMA) and tensile
testing is summarized in Table 7.1. There is a significant increase in E (up to
90%) even with a relatively small addition (0.8 vol.%) of NWs. In the case
of SiC NWs, the variation of E with V; is linear (Figure 7.4). The Al,Oq
NW composite exhibits a 10% higher E than the SiC NW composite with
the same amount of reinforcement (0.4 vol.%).

Figure 7.5 (a) shows representative tensile stress vs. strain ( o vs €},
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Figure 7.3: (a) DSC scans of PVA and NW composites showing the crystal-
lization peak in the temperature range of 200 — 240°C. (b) Variation of the
degree of crystallinity of PVA, as a function of the NW volume fraction.
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curves obtained with blank PVA as well as the composites with various V.
With increasing V, a significant increase in the yield strength occurs. How-
ever, an estimation of the yield strengths from these plots is difficult due to
lack of accurate strain measurement {which needs either mounting of an ex-
tensometer or a strain gauge on the sample, both of which are difficult due to
the thin and highly compliant samples). Since the peak in the load appears
immediately after yielding, the ultimate tensile strength, oy, was used as the
metric that captures the strengthening changes due to the addition of the
NWs. It is seen from Figure 7.5 (a) that for PVA alone, yielding and max-
imum load occurs almost simultaneously, with the material sustaining the
same stress level for prolonged straining. Essentially, blank PVA behaves
like an elastic-perfectly plastic solid. While the composites exhibit higher
strengths, a significant strain softening is seen immediately after the peak in
the load. Localization also sets in rather quickly, vis-a-vis blank PVA, and
hence the composites exhibit much lower ductility. Thus the 0.4 vol.% Al, O3
and the 0.8 vol.% SiC NW composites show near-zero ductility, fracturing
immediately after vielding.

The variation of oy with V; shown in Figure 7.5 (b) reveals that oy
reaches a plateau after an initial steep rise, in the case of SiC NW reinforced
composite. For the same amount of Vy (0.4 vol.%}), the AloO3 NW composite
has a similar strength (within experimental scatter) as that of the SiC NW
composite. This is in contrast to that observed in E, where a clear 10%

difference was noted. An equation of the type,
Oy =31 — J2 pr[—Vf/Vg] (71)

describes the SiC NW data exceptionally well with an R value {that indicates
the goodness of fit) of 0.9998. The fit gives 122.96 + 0.69 MPa, 50.22 £ (.98
MPa and 0.145 £ 0.008% for o1, o1 and Vy, respectively. We discuss the
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Figure 7.4: (a) Young’s modulus as a function of time, a total of 9 mea-
surements were made for each sample and (b) Variation of elastic modulus,
E (measured with the DMA technique), as a function of the NW volume
fraction, Vy. The upper- and lower-bound predictions are also plotted.
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implications of this fit later in this section.

Typical SEM images obtained from the fracture surfaces of tensile-tested
samples are shown in Figures 7.6 and 7.7 for the SiC and Al,O3; NW com-
posites, respectively. Fracture surfaces of the matrix (PVA) are generally
featureless (even at high resolution), as typified by the backgrounds in Fig-
ures 7.6 (a) and 7.7 {a). These figures also show extensive pull-out of the
NWs from the matrix, with pull-out lengths reaching several micrometers
(going up to 10 um in certain cases).

Furthermore, good adhesion between the NWs and the matrix is illus-
trated by the pulling of the base of the matrix revealed in Figures 7.6 (b)
and 7.7 (b). In the case of the SiC NW composites, the debonding appears
to occur at the NW /matrix interface as reflected by the rather clean appear-
ance of the SiC NWs as shown in Figure 7.6 (b). In contrast, the pulled-out
Al,O3 NWs appear to be coated with the polymer. This can be seen in the
inset in Figure 7.7 (a) as well as from the corrugated nature of the pulled-out
NW {Figure 7.7 {b}). In SiC and Al,O3 NW composites, holes in the matrix
surrounding the broken NWs are seen (see the base of the NW in Figure 7.6
(a) and also the inset in Figure 7.7 (b}}. Qualitatively, these holes are much
more pronounced in the case of Al,O; NW composites. It is likely that these
holes are due to the recession of the stretched matrix (due to the pull-out
of the NWs) that eventually debonds after reaching a critical shear strain.
Visual observations of the tensile-tested samples show a square pattern, cor-
responding to shear banding of the PVA. Such a shear-band pattern obtained
from the 0.4 vol% SiC NW reinforced composite is shown in Figure 7.8. The
shear-band morphology is found generally to diminish with increasing V;. In
the case of 0.8 vol% SiC and 0.4 vol% Al,O3 NW composites, with near-zero
ductility, the shear-band pattern is absent.

A significant observation in the present study is the marked increase in
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Figure 7.5: (a) Tensile stress-strain curves of PVA and NW composites, show-
ing an increase in the ultimate tensile strength and reduction in ductility with
increasing NW volume fraction. (b) Variation of tensile stress as function of
nanowire volume fraction. The solid line represents the least-square fit to

the equation (7.1).
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Figure 7.6: Field emission ESEM images obtained from the fractured PVA-
SiC NW (0.8 vol%) composite showing pull-out of the nanowires as well as
stretching of the matrix along with the nanowire.

the E value, even with relatively small additions of the inorganic NWs. This
is to be compared with the report of Zhang et al. [9] who find that the elastic
modulus of the PVA /PVP/SDS polymer increases from 2.5 to 4.0 GPa upon
the addition of 5 wt% SWNTs. With the multi-walled carbon nanotubes
(MWNTs), a linear increase in E with V; of the MWNTSs has been reported
by Coleman et al. [6]. With a 0.6 vol% addition of MWNTs, the PVA (nearly
noncrystalline) modulus was reported to increase from 1.92 to 7.04 GPa.
Clearly, the inorganic NWs are significantly better than the SWNTs and are
comparable to the MWNTs in their stiffening effect. The upper and lower
bounds of the elastic moduli of the composites, E, can be written in terms
of a simple rule-of mixtures given below (derived by imposing iso-strain and

iso-stress conditions, respectively):

E=ViEj+(1-V})En (7.2)
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E=EfEn/(ViEs+ (1 - Vj)Em (7.3)

Here, E; and E,, are the moduli of the NW and matrix, respectively.
Equation {7.2) is applicable when the NWs are aligned perpendicular to the
loading direction whereas equation (7.3} is for NWs parallel to the loading
direction. The above equations can predict E only for the case where the
NWs are continuous throughout the composite. By taking E; to be 600 GPa
for the 5iC NWs, corresponding to the bulk single-crystalline modulus of
SiC [1é5] and 3.2 GPa for unreinforced PVA, the upper and lower bounds
derived from equations (7.1} and (7.2} are plotted in Figure 7.4 (b). We see
that the E data of the composites are closer to the upper bound. In the case
of the Al,O3 NW composite, the measured E is higher (see table 1) than the
upper bound predicted using 440 GPa for the elastic modulus of Al,O3 [15].
This could be due to the relatively large increase in y in this case,

Considering that the concentration of the reinforcement phase is small
(0.8 vol% at the maximum) and that the NWs are randomly dispersed
through the matrix one would expect the E values of the composites to be
closer to the lower bound, as the matrix deformation dominates the overall
response of the composite. In contrast, a near doubling of E with only 0.8%
loading of SiC NWs is observed. There can be several possible reasons for

this large increase as detailed below.

o Large aspect ratio: Because the reinforcements are nanosized, the large
aspect ratio (length/diameter) could make the composite behave like
a continuous fibre composite. This scenario is unlikely as the aspect
ratios of the NWs used are ~100-200, which are lower than the value of
~1000 or so for a transition hetween short fibre reinforced composite
behavior and the long-fibre reinforced one {15].. The specimen dimen-
sions are also much larger than the NW dimensions. The anomalous

increase from the relatively smaller sized specimens is ruled out.
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Figure 7.7: Field emission SEM images obtained from the fractured PVA-
Al,O3 NW (0.4 vol%) composite showing pulled-out nanowires. The inset in
(b) shows the formation of a hole around the nanowire, indicating retraction
of the stretched and debonded matrix material.

¢ High surface/volume ratio: Because of their small sizes, nanostructured
materials have high surface to volume ratios, which affect not only the
functional properties but also the mechanical properties such as Miller
and Shenoy [16] have investigated the size-dependent elastic proper-
ties of nanosized structural elements through continuum modeling that
takes the ratio of surface to volume elastic moduli into consideration.
Direct atomistic simulations by them on Al and Si nanostructures sug-
gest that the elastic modulus is sensitive to the size only at very small
length scales, typically below 10-15 nm. For sizes larger than this, bulk
values are obtained asymptotically. The nanowires used by us are 90-
150 nm in diameter. Therefore, the surface to volume ratio is unlikely
to enhance the elastic modulus of the nanowires. In fact, the E value
extracted by fitting equation (7.1) through the SiC NW data in Figure
7.4 (b), with E; as an independent variable, gives E; as 378.5 GPa,

which is close to the E value reported for bulk sintered SiC [185].
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¢ In-plane alignment of the fibres: Due to the very nature of the technique
used for processing the NW composites, in-plane alignment of the NWs
is a realistic possibility. From the Krenchel theory of short-fibre rein-
forcements [17], the orientation and length effects can be incorporated

using an efficiency factor to evaluate E,

E=KV;E;+ (1= V})Em (7.4)

where K is the Krenchel efficiency factor, which is equal to 3/8 for a
random planar arrangement of short fibres. The elastic modulus of the
SiC NWs determined by fitting the above equation to the experimental
data is ~1 TPa, which is significantly higher than that of theoretical
modutlus of 600 GPa for (111} oriented SiC NWs [185]. 1t is interesting
to note that similar physically inadmissible values have been obtained

by Coleman et al. [6] in the case of MWNT reinforced composites.

e Inducement of crystailization of the matrix by the NWs: The NWs
act as nucleation sites for the growth of polymer crystals. For the SiC
NW composites, the increase in x is very small and hence NW induced
crystallization is ruled out as accounting for the marked changes in
E values of the SiC NW composites. For the Al;O3 NW reinforced
composite, on the other hand, the oxide surface seems to be more
favorable for nucleation and growth of the polymer crystals, as a large
increase in y was observed in this case. This, in turn, can be attributed
to the E value that is higher than the upper-bound value (predicted
using the iso-strain analysis) of E in this composite (see table 1). It
therefore appears that surface functionalization can be used to improve
the interaction between the polymer and the nanowires and hence the

mechanical properties.
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Figure 7.8: Optical micrograph of the deformed PVA-SiC NWs (0.4 vol%)
showing shear-band induced deformation.

From the preceding discussion, it can be summarized that none of the above
factors considered cannot can alone account for the marked increase in the
stiffness of the semi-crystalline PVA. It may be that an optimum combination
of these factors results in the high values of E in the composites. It is also
possible that there are other possible causes, which we have not taken into
account.

Strength enhancement with the addition of NWs to PVA is also marked.
Similar to the stiffness, SWNTs do not appear to cause such a significant
strengthening rate (see Zhang et al. [9] for example) whereas MWNTs do
indeed have a similar strengthening effect [6] as that of the inorganic NWs.
Small changes in the crystallinity of the polymer can have pronounced effects
on the strength. If the interface debonds relatively easily, efficient load trans-
fer cannot take place and hence composites tend to have a low strength. In

contrast, high shear strength of the interface means that the reinforcement
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phase carries considerably more load, leading to superior strength of the com-
posites. The NW surface induced crystallization means a strong matrix/NW
interface (in agreement with the stretching of the matrix by the NWs, shown
in Figures 7 (b) and 8 (b)). Effective load transfer across the interface leads
to considerable strengthening of the composite. Clearly, MWNTs and inor-
ganic NWs {employed in this study) appear to favor load transfer.

An important observation made in the present study is that oy appears
to attain a plateau, after an initial steep rise (Figure 7.5 (b))}, with equation
(7.1) capturing the experimental trends well. In the limit, V; = 0, equation
(7.1) gives oy = (01 - 02), the strength of the blank PVA. Differentiation of
equation (7.1) with respect to V gives the rate of strengthening, The highest
rate of strengthening is obtained in the limit V¢ — 0 and is equal to a2/ V.
From the extracted values (by fitting equation (7.1) into the oy versus V;
data), 02/V Vg ~ 34.6 GPa. This should, in principle, scale with the strength
of the 85iC NWs. Wong et al. [185] reported 53.4 GPa as the strength of SiC
NWs {of diameter 23 nm) measured in bending. The value obtained in our
work reflects the strength of NW bundles, which tends to be lower than that
a single NW [18]. Furthermore, size also plays a role in determining the
strength of ceramics: increasing size typically means a lower strength [18].
Given these differences, the agreement between the strength of SICNWs ob-
tained in this work and that of Wong et al. [185] seems reasonable. Coleman
et al. [6] report the rate of strengthening in the MWNT reinforced PVA to
be 6.8 GPa, which is considerably lower than that found with the NWs. This
could be due to the relatively smooth surfaces of MWNTSs, which facilitate
easy debonding whereas stress transfer is substantial in the case of inorganic
NW reinforced composites. The flattening out of the oy versus V curve at

higher V; values implies that it may not be possible to increase the strength



184 Chapter 7.

of the polymer ad infinitum by adding more and more NWs. The microme-
chanical origin of this can be understood with the aid of equation {7.1) as
well as Figure 7.8. The former suggests that some type of exhaustion process
occurs with increasing V. Plastic deformation in glassy polymers can ocecur
by crazing, which is common in glassy polymers such as PS, PMMA and
PSF wherein polymer chains align perpendicular to the maximum principal
stress. It can also occur by shear localization, wherein shear bands originate
and propagate along the direction of maximum shear stress [19]. While craz-
ing is considered as a brittle deformation mode, shear banding is considered
to be ductile mode of deformation. In the semi-crystalline PVA polymer
matrix examined in this study, it is apparent that shear localization is the
predominant mode of deformation. The addition of NWs to the polymer
appears to suppress the shear localization, with the NWs acting as obstacles
for shear-band propagation, eventually exhausting it. In order to design NW
reinforced composites that accommodate a higher vol% of NWs and hence
higher strengths, it would be necessary to expose the effects of changing the

matrix material and tailoring the interface properties.

7.4 Conclusions

In conclusion, the present study establishes the occurrence of a significant
enhancement in the stiffness and the strength of semi-crystalline PVA due to
the incorporation of SiC and Al,O; nanowires. Experimental results show the
enhancement of the mechanical properties to occur, even with a small vol.%
addition of NWs. Thus, the elastic modulus E of the composites increases
linearly with the volume fraction V;, in accordance with the iso-strain rule-
of-mixtures for predicting the composite E. The strength of the composites
increases markedly initially and reaches a plateau. The initial hardening

rate is commensurate with the strength of the SiC NWs. Shear localization
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within the matrix and pull-out of the NWs are important micromechanisms of
deformation and fracture. With increasing Vy, there is a reduced propensity
for shear band mediated plastic deformation {possibly because of the NWs

arresting the shear propagation), which leads to the loss in ductility.
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Chapter 8

ELECTROCHEMICAL SUPERCAPACITORS BASED
ON CARBON NANOSTRUCTURES

Summary!

Carbon nanotubes, graphenes and polyaniline-SWNT nanocomposites
have heen investigated as electrode materials in electrochemical superca-
pacitors. Polyaniline-SWNT nanocomposites exhibit specific capacitance in
between that of polyaniline and SWNTs. The graphene samples prepared
by exfoliation of graphitic oxide and by the transformation of nanodiamond
exhibit high specific capacitance in aq. HpSO,, the value reaching up to 117
F/g. By using an ionic liquid, the operating voltage has been extended to
3.5 V (instead of 1 V in the case of aq. HyS304), the specific capacitance and
energy density being 75 F/g and 31.9 WhKg™! respectively. This value of
the energy density is one of the highest reported to date. The performance
characteristics of graphenes are directly related to the surface area and are

superior to those of carbon nanotubes.

8.1 Introduction

Electrochemical supercapacitors are passive and static electrical energy stor-
age devices for applications requiring high power density such as energy
back-up systems, consumer portable devices and electrical /hybrid automo-
biles [1,2]. In a electrochemical supercapacitor, electrical energy is stored by

means of the charge held in the interfacial double layer at a porous carbon

YA paper based on this stiudy has been published in J. Chem. Sci. {2008}
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Figure 8.1: (A) Schematic diagram of electrostatic capacitors, electrolytic ca-
pacitors and electrochemical supercapacitors. (B) and (C) Sketch of Ragone
plot for various energy storage and conversion devices. The indicated areas
are rough guide lines.
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material perfused with an aqueous electrolyte {as seen in Figure 8.1 (A)). A
DOE ultracapacitor development program was initiated in 1989, and short
term as well as long term goals were defined for 1998-2003 and after 2003,
respectively. The EC was supposed o boost the battery or the fuel cell in the
hybrid electric vehicle to provide the necessary power for acceleration, and ad-
ditionally allow for recuperation of brake energy. The applications envisaged
are principally boost components supporting batteries or replacing hatteries
primarily in electric vehicles. Electrochemical capacitors fill in the gap be-
tween batteries and conventional capacitors such as electrolytic capacitors or
metallized film capacitors {(see Figures 8.1 (B) and (C}). In terms of specific
energy as well as in terms of specific power this gap covers several orders of
magnitude. Batteries and low temperature fuel cells are typical low power
devices whereas conventional capacitors may have a power density of >10%
watts per dm® at very low energy density. Thus, electrochemical capacitors
may improve battery performance in terms of power density or may improve
capacitor performance in terms of energy density when combined with the
respective device. In addition, electrochemical capacitors are expected to
have a much longer cycle life than batteries hecause no or negligibly small
chemical charge transfer reactions are involved. In Figure 8.2, the differences
between electrochemical supercapacitors and batteries are outlined.

Carbon is a unique element almost suited for fabrication of electrochem-
tcal supercapacitors of the double-layer type. From an electrochemical point
of view, carbon is relatively, thongh not entirely, unreactive and thus has a
potential voltage range of 1.0 V in aqueous solution and 3.5 V in non-aqueous
media. These supercapacitors are known as electrochemical double layer ca-
pacitors (EDLCs). In EDLCs, there is no electron transfer from the solution
to the electrode. Electrochemical capacitors store the electric energy in an

electrochemical double layer {(Helmholiz Layer) formed at a solid/electrolyte



190 Chapter 8.

Charge
afreennnisesneanaennassinsetntsranntinnanatannsnennss e,
Battery Y
N T P s oo isinanantnnsseninanninens Porereemmar i —— [
ol . i
'S Discharge
c ,
Q
o
[a 18
. Discharge
Supercapacitor
Time
El hemi
Propeiiy Battery C;;:c ;:’rw
Storage Mechanism Chemical Physical

Reaction kinetics, mass

Power Limitations Electrolyte conductivity

transport
. . Limited
E High (bulk ;
nergy storage igh (bulk) Gabaengres)
Charge rate Kinetically limited High; same as discharge

rate

Mechanical stabiiil}'.

Cycle Limitations Side reactions

chemical reve rsiHiE\\'
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shows the charge and discharge cycles of the two storage systems and table
in the bottom outlines the primary differences.

interface. Positive and negative ionic charges within the electrolyte accumu-
late at the surface of the solid electrode and compensate for the electronic
charge at the electrode surface. The thickness of the double layer depends on
the concentration of the electrolyte and on the size of the ions and is in the
order of 5-10 A, for concentrated electrolytes. The double layer capacitance
is about 10-20 uF/cm? for a smooth electrode in concentrated electrolyte

solution and can be estimated according to equation:

C/A = €6, /d (8.1)
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assuming a relative dielectric constant or of 10 for water in the double layer.
d being the thickness of the double-layer with surface area A. The corre-
sponding electric field in the electrochemical double layer is very high and
assumes values of up to 10% V/cm easily. Compared to conventional capac-
itors where a total capacitance of pF and pF is typical, the capacitance of
and the energy density stored in the electrochemical double layer is rather
high per se. In order to achieve a higher capacitance the electrode surface
area is additionally increased by using porous electrodes with an extremely
large internal effective surface. Combination of two such electrodes gives an
electrochemical capacitor of rather high capacitance. Figure 8.1 (A) shows
a schematic diagram of an electrochemical supercapacitor consisting of two
high surface-area electrodes separated by separated by a porous separator.
The electrodes along with the separator is soaked with a suitable electrolyte.

The capacitance of a single electrode can be estimated by assuming a
high surface area carbon with 1000 m?/g and a double layer capacitance of
10 uF/cm?. This leads to a specific capacitance of 100 F/g for one clec-
trode. For a capacitor two electrodes are needed with doubled weight and
half the total capacitance (1/C = 1/C; + 1/Cs) resulting in 25 F/g of ac-
tive capacitor mass for this example. The difference between single electrode
values and specifications given for the complete capacitor is of significant
importance. Whenever specifications of an electrochemical electrochemical
supercapacitor are given, one should indicate whether the values correspond
to single electrode measurement or are calculated for a complete capacitor.
The difference between these two situations is a factor of four and therefore
of significant importance. The maximum energy stored in such a capacitor
is given by

W = CUZ/2 (8.2)

With a cell voltage Uy of 1 V (aqueous electrolyte) one obtains a specific
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energy of about 3.5 Wh/kg of active mass. Using an organic electrolyte
with a typical cell voltage of 2.3 V one obtains about 18 Wh/kg of active
mass. These values are considerably lower than those obtained for available
batteries but much higher than for conventional capacitors. It should be
mentioned that the above values depend on the double layer capacitance,
the specific surface area of the respective electrode material, the wetting
behavior of the pores, and on the nominal cell voltage.

Supercapacitors have also been built using a different principle, wherein
there is electron transfer between the electrode and the electrolyte, this ca-
pacitance is known as pseudocapacitance. Pseudocapacitance arises when-
ever, for thermodynamic reasons, there is some continuous dependence of
charge, q, passed Faradiacally in oxidation or reduction, upon the electrode
potential, Craig and co-workers have developed supercapacitors by adsorb-
ing H or monolayers of the base metals like Pb, Bi, Cu at Pt or Au surfaces.
Solid oxide redox systems like RuO, can also exhibit pseudocapacitance.

Porous carbon materials such as activated carbon [3, 4], xerogels [5],
carbon nanotubes [6-9], mesoporous carbon [10] and carbide-derived car-
bons [11] have been investigated for use as electrodes in EDLCs. In the last
few years, there has been great interest in graphene, which constitutes an en-
tirely new class of carbon. Electrical characterization of single-layer graphene
has been reported. [12,13] We have investigated the use of graphene as elec-
trode material in electrochemical supercapacitors. For this purpose, we have
employed graphene prepared by three independent methods and compared
their supercapacitor behaviour with aq. H,SO,4 as the electrolyte. We have
compared the performance of the graphene samples with that of single-walled
carbon nanotubes (SWNTs), double-walled carbon nanotubes (DWNTSs) and

multi-walled carbon nanotubes (MWNTSs). Furthermore, we have explored
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the use of ionic liquids as electrolytes. Thus, by employing the ionic liquid, N-
butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR;4,TFSI),
we have been able to extend the operating voltage up to 3.5 V compared to
1 V normally obtained with aq. HySO4 [14]. The present study reveals that
graphenes attain a specific capacitance as high as 117 F/g in aq. H,SO4. In
the ionic liquid, a specific capacitance of 75 F/g is attained with an energy
density of 31.9 WhKg™!. We have also studied the electrochemical superca-

pacitors using polyaniline-SWNT nanocomposites as active layers.

8.2 Experimental Details

We have prepared graphene by three methods, which yield samples with dif-
ferent porosities and other characteristics. The first method involved thermal
exfoliation of graphitic oxide [15]. In this method, graphitic oxide was pre-
pared by reacting graphite (Aldrich, 15 pm) with concentrated nitric acid
and sulphuric acid with potassium chlorate at room temperature for 5 days.
Thermal exfoliation of graphitic oxide was carried out in a long quartz tube
at 1050°C. In the second method, graphene was obtained by heating nan-
odiamond at 1650 °C in a helium atmosphere [16]. The last method involved
the decomposition of camphor over nickel nanoparticles [17]. The reaction
was carried out in a two-stage furnace and the camphor was slowly sub-
limed from the first furnace to the second furnace held at 770°C where the
micron sized nickel particles were placed. MWNTs were synthesized using
the arc discharge process and were purified by heating in air at 700°C for
one hour. SWNTSs were prepared by the arc evaporation of Ni-Y catalyst
impregnated graphite rods and were purified using hydrogen treatment (see
Chapter 3). MWNTs were also prepared by ferrrocene pyrolysis (see Chap-
ter 2). Double-walled carbon nanotubes (DWNTSs) were prepared by the

pyrolysis of hydrocarbons over Co/Mo-MgO catalyst. Polyaniline-SWNTs
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nanocomposites were prepared by the in-situ polymerization of aniline in the
presence of SWNTs. Nanocomposites with different molar ratios of aniline
and SWNTSs have been prepared for the study.

The graphene samples were characterized using transmission electron mi-
croscopy (TEM), atomic force microscopy (AFM), X-ray diffraction (XRD)
and Raman spectroscopy. TEM images were obtained with a JEOL JEM
3010 instrument fitted with a Gatan CCD camera operating at an acceler-
ating voltage of 300 kV. AFM measurements were performed using CP 2
atomic force microscope and Raman spectroscopic characterization was car-
ried out using JobinYvon LabRam HR spectrometer with 632 nm HeNe laser.
Surface area measurements were carried out in a QuantaChrome Autosorb-1
instrument. The graphene electrodes and supercapacitor cells were fabri-
cated following Conway [2] and the measurements were carried out with a
two-electrode configuration (see Figure 8.3), the mass of each electrode being
5 mg in the case of SWNT, MWNT, DG and CG while it was 3 mg for EG.
Electrochemical measurements were performed using a PG262A potentio-
stat/galovanostat, (Technoscience Ltd, Bangalore, India). Experiments with
PYR,4TFSI-based supercapacitors were carried out at 60°C in a mBraun
glove box keeping the oxygen and water levels at less that 0.1 ppm. The
ionic liquid was dried at 80°C under vacuum for a day prior to the exper-

iment. We have performed cyclic voltammetry as well as constant current
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charging and discharging to characterize the two-electrode supercapacitor
cells with the different graphenes and electrolytes. Specific capacitance was
calculated using the following formulae: In cyclic voltammetry, Ceoy = 2(i4
- i_}/{m x scan rate), where i, and i_ are maximum current in the positive
scan and negative scan respectively and m is the mass of electrode. In con-
stant current charging and discharging, Ccp= 2(i)/{s x m), i is the constant
current applied and s is the slope of the discharge curve. The energy density
is given as E= CVZ, where C is the capacitance taking into account both the

electrode masses and V is the operational voltage.

8.3 Results and Discussion

8.3.1 Carbon Nanotubes and Graphenes

In Figure 8.4 {a) and (b), we show the TEM images of graphene samples
prepared by exfoliation of graphitic oxide (EG) and transformation of nan-
odiamond (DG) respectively. There is some disorder in the graphene sheets
of EG while there are nanoparticle-like features in the case of DG. The AFM
image profiles of EG and DG show that they consist of 3-6 graphene layers
(see Figure 8.4 (c) and (d)). The graphene prepared from camphor (CG)
comprises a considerably large number of layers accounting for the sharp
graphitic reflections in powder x-ray diffraction pattern, unlike the EG and
DG samples. The Brunauer-Emmett-Teller (BET) surface area of EG and
DG were 925 and 520 m?/g respectively. The average pore size was 3 nm in
the case of EG and DG was microporous. CG exhibited type-1I adsorption
behavior with a BET surface area of m?/g . The ratio of the intensities of the
Raman G and 2D bands varies in the order CG>EG>DG and the in-plane
crystallite sizes also varies in the same order (see Table 1). From the data in

Table 1, we conclude that EG and DG have good graphene characteristics.
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Figure 8.4: TEM images of (a) graphene obtained by the thermal exfoliation
of graphitic oxide (EG). (b) thermal conversion of nanodiamond to graphene
(DG). (c) and (d) AFM height profiles of EG and DG respectively. (e) and
(f) SEM images of arc-discharge MWNT's and ferrocene pyrolysis MWNTs
obtained by nebulized spray pyrolysis respectively. (g) and (h) TEM images
of SWNTSs obtained by the arc-discharge process and DWNTs obtained by
CVD.



8.3 Results and Discussion

1

97

“[®)
af .
® |
i a0
=] O,
s E e = Pusiliodd SWNTs
E 2 ] — ===
bE- Arc MWNTs ¥ 'qu L Pursied DWNTY
3 °f 4 ! 3
{
2 u
E.0f Ferracene MWNTs j B
P Eof
Ann - hange MWNTe
| Tl e
e t.—/’—- SWNTs 3 Y G
ok ) i R A " : i i ; 7
0 02 04 0.6 08 0 10 20 0 a0 50 60 70
U (V) Discharge Current (mA)
150 -
120
T 100F ik —e
L) = EG
o L =
‘ﬁf 2 DG 4w}l
E g
EL af R E_ e
& Sef EG ‘2 0F DG
g' i s ., iy
00 & gk
L A s i . . Po-o cG
X » 0 =" s .
0 0.2 0.4 06 0 1 e 0 ) e 000
! s
uw Scan Rate (mV/s)
1= EG. 5 mA 120
(e) IM HiS0, (f)
1k o i
H.pmo EG
&
osf
S 06" _a.
st el
=2 04dr é
IR L] G
0Lr g-
o1 LT 8
co
e ———— O
i . g . N ¢ 0
0 100 200 300 400 a00 600 g i <y 0 ““ &0 60

Time (seconds)

Discharge Current (mA)

Figure 8.5: Voltammetry characteristics of a capacitor built from carbon
nanotube electrodes (5 mg each) at a scan rate of 100 mV /s using (b) aqueous
H,SO4 (1 M) and (b) specific capacitance as a function of discharge current.
Voltammetry characteristics of a capacitor built from graphene electrodes (5
mg each) at a scan rate of 100 mV/s using (¢) aqueous H,SO4 (1 M) and
(d) specific capacitance as a function of scan rate. (e) Typical charging and
discharging curves of EG at 5 mA and (f) specific capacitance as a function

of discharge current.
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Sample Number of Layers Crystallite Size (nm) L, Surface (m?/g)

CG > 20 6.1 10 46
EG 3-6 4.7 6 925
DG 3-6 5.0 4 520

Table 8.1: Characteristics of the graphene samples - number of layers, crys-
tallite size obtained from X-ray diffraction and in-plane crystallinity (L)
from Raman spectroscopy and BET surface area

In Figure 8.5 (a), we show cyclic voltamograms (CVs) at a scan rate of
100 mV/s for capacitors built using graphene as electrodes and 1M H.SO,
as electrolyte. All the supercapacitors exhibit good box-like CVs with EG
exhibiting the highest specific capacitance of 117 F/g. The specific capaci-
tance decreases slightly as the scan rate is increased as shown in Figure 8.5
(b), but the capacitance remains at 100 F/g at a scan rate of 1000 mV/s,
retaining the box-like characteristics. DG exhibits a capacitance of 35 F/g
in 1M H»504 with no change in the specific capacitance even at higher scan
rates or discharge currents as seen in Figure 8.5 (d). CG exhibits a very low
specific capacitance of 6 F/g.

The results obtained from cyclic voltammetry were confirmed by charge-
discharge experiments. In Figure 8.5 (c), we show typical charge-discharge
curves at 5 mA current for a supercapacitor built using EG. The charging and
discharging curves are linear with no loss due to series resistance. The specific
capacitance of EG decreases slightly as the discharge current is increased
from 1 mA to 50 mA, while the other graphene samples exhibited no such
dependence (Figure 8.5 {d)). There is a significant correlation between the
electrochemical results and the AFM or the Raman observations. As the
number of layers in the graphene decreases, the value of the surface area
and specific capacitance increases. The graphene prepared by exfoliation
exhibits a capacitance of 12.4 F/em? while the graphene prepared by the
nanodiamond route exhibits a capacitance of 6.7 F/cm? The presence of

surface functional groups in the EG sample is likely to give rise to some
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psuedocapacitance.

We have carried out measurements on different types of carbon nanotubes
for comparison. MWNTs as well as SWNTs produced by the arc-discharge
process, MWNTs prepared by the nebulized spray pyrolysis of mesitylene and
ferrocene and DWNTs prepared by chemical vapor deposition have been used
for this purpose. In Figure 8.5 (e), we show typical cyclic voltammograms of
supercapacitors fabricated using different carbon nanotubes as active mate-
rial in aq. HySO4. The specific capacitance of SWNTs and MWNTSs are 64
and 14 F/g respectively and are independent of the scan rate or discharge
current as seen in Figure 8.5 (f). Ferrocene MWNTSs exhibit a low specific
capacitance of 5 F/g while DWNTSs exhibit a capacitance of 55 F/g. Thus,
EG exhibits the largest specific capacitance of 117 F/g in aq. HySOy, signif-
icantly greater than that observed with carbon nanotubes.

Encouraged by the results obtained using 1M H,SO;, as electrolyte we fab-
ricated cells using the ionic liquid, N-butyl-N-methylpyrrolidinium bis(trifluor-
omethanesulfonyl)imide PYR4TFSI as the electrolyte. PYR14TFSI has a
large electrochemical window (6.5 V) and typically yields an operating volt-
age of 3.5. We have investigated the EG and DG samples with this electrolyte
as they showed promising results in our experiments with aq. H,SO,. In Fig-
ure 8.6 (a), we show typical CVs of graphene-PYR4TFSI supercapacitors
obtained at a scan rate of 100 mV/s. In PYR4TFSI, specific capacitance
values of 75 F/g and 40 F/g were obtained with EG and DG respectively.
The specific capacitance depends significantly on the scan rate as the ionic
liquid is highly viscous (Figure 8.6 (b)). The value of the maximum energy
density stored using these capacitors are 31.9 and 17.0 WhKg™! respectively
for EG and DG. These are some of the highest values reported to date and are

comparable to those of microporous carbons reported by Balducci et al. [18].
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Figure 8.7: FESEM image of (a) SWNTSs, (b) polyaniline-SWNT (2:1), (c)
polyaniline-SWNT (1:2) and (d) polyaniline.

8.3.2 Polyaniline-SWNT nanocomposites

In Figure 8.7, we show the FESEM image of purified SWN'Ts, polyaniline-
SWNT nanocomposites and pure polyaniline. The SWNTs are pure and
contain negligible traces of impurities. The SWNTs are uniformly covered
with polyaniline in the nanocomposites and pure polyaniline show fibrillar
structure. In Figure 8.8, we show the electrochemical characteristics of su-
percapacitors based on polyaniline, polyaniline-SWNT nanocomposites and
SWNTs with 1M H,SO, electrolyte. Polyaniline has exhibits a large specific
capacitance of 400 F/g with a lower operating voltage of 0.6 V. The spe-

cific capacitance of the nanocomposites lies in between that of polyaniline
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and SWNTs. There is a rapid increase in the specific capacitance and it

saturates at molar ratio of 1:1.

8.4 Conclusions

In conclusion, polyaniline-SWNT nanocomposites exhibit specific capaci-
tance in between that of polyaniline and SWNTs, when used as electrode
materials in electrochemical supercapacitors. Graphenes act as good elec-
trode materials for application in supercapacitors. The specific capacitance
of the exfoliated graphene in the aqueous electrolyte is comparable to that
obtained with activated carbons and superior to that of carbon nanotubes
while value of the energy density of the graphene capacitors is one of the
highest known to date. The supercapacitor characteristics are directly re-
lated to the number of layers and the associated surface area. It should be
possible to improve the performance characteristics of graphene by modifying

or improving the quality of the samples,
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