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Preface

Nanomaterials, which are materials with structural units on a nanometer scale in at least one direction,
is the fastest growing area in materials science and engineering. Material properties become different
on the nanoscale: for example, the theoretical strength of materials can be reached or quantum effects
may appear. One-dimensional and quasi-one-dimensional materials such as nanotubes and nanowires
demonstrate many extreme properties that can be tuned by controlling their structure and diameter.
Nanotubes, nanowires, and nanofibers are not only excellent tools for studying one-dimensional
phenomena, but they are also certainly among the most important and promising nanomaterials and
nanostructures. The role of nanomaterials in industries is growing. Nanofibers are already used for
insulation and reinforcement of composites, and many materials and structures incorporating
nanotubes and nanowires are under development. Extensions to other tubular and rodlike or wirelike
structures provide the scope for new discoveries and novel applications.

This book describes a large variety of nanotubes, nanofibers, and related structures such as
whiskers and nanowires. This area is very broad; it is impossible to cover all fibrous nanomaterials
in a single volume. Carbon nanotubes (Chapters 1 and 2) receive special attention in this book
because carbon is as important for nanotechnology as silicon is for electronics. Sumio Iijima's dis-
covery of carbon nanotubes in 1991 stimulated the development of the whole nanotechnology field.
Since then, a dramatic progress in synthesis and purification of nanotubes has been achieved and
many applications have emerged. After carbon, many other materials have been produced in the
tubular shape with nanometer diameters.

Designed specifically to provide an overview of nanotubes and nanofibers for today's scientists,
graduate students, and engineering professionals, the book will offer a treatment of subjects using
terms familiar to a materials scientist or engineer. The book consists of eight chapters selected from
the recently published Nanomaterials Handbook and is written by the leading researchers in the
field. Providing coverage of the latest material developments in the United States, Asia, Europe, and
Australia, the book describes both commercially available and emerging materials.

Finally, I would like to acknowledge all the people who have been helpful in making this book
possible. My family was very patient and understanding, and my students and postdocs did a great
job allowing me to concentrate on the book project. The staff of Taylor & Francis helped
immensely.

Yury Gogotsi
Philadelphia, PA

Copyright 2006 by Taylor & Francis Group, LLC



Editor

Dr. Yury Gogotsi is professor of materials science and engineering at Drexel University in
Philadelphia, Pennsylvania. He also holds appointments in the Departments of Chemistry and
Mechanical Engineering at Drexel University and serves as director of the A.J. Drexel
Nanotechnology Institute and associate dean of the College of Engineering. He received his M.S.
(1984) and Ph.D. (1986) degrees from Kiev Polytechnic and a D.Sc. degree from the Institute of
Materials Science, Ukrainian Academy of Science, in 1995. His research group works on carbon
nanotubes, nanoporous carbide-derived carbons, and nanofluidics. He has also contributed to the
areas of structural ceramics, corrosion of ceramic materials, and pressure-induced phase transfor-
mations, creating a new research field called high pressure surface science and engineering. He has
coauthored 2 books, edited 9 books, obtained more than 20 patents, and authored about 200 jour-
nal papers and 12 book chapters. He has advised a large number of M.S., Ph.D., and post-doctoral
students at Drexel University and University of Illinois at Chicago.

Gogotsi has received several awards for his research, including I.N. Frantsevich Prize from the
Ukrainian Academy of Science, S. Somiya Award from the International Union of Materials
Research Societies, G.C. Kuczynski Prize from the International Institute for the Science of
Sintering, and Roland B. Snow Award from the American Ceramic Society (twice). He has been
elected a fellow of the American Ceramic Society, academician of the World Academy of Ceramics,
and full member of the International Institute for the Science of Sintering.

Copyright 2006 by Taylor & Francis Group, LLC



Contributors

Ying Chen

Department of Electronic Materials
Engineering

Research School of Physical Sciences and
Engineering

The Australian National University

Canberra, Australia

Svetlana Dimovski

Department of Materials Science and
Engineering

Drexel University

Philadelphia, Pennsylvania

Fangming Du

Department of Chemical and Biomolecular
Engineering

University of Pennsylvania

Philadelphia, Pennsylvania

John E. Fischer

Department of Materials Science and
Engineering

University of Pennsylvania

Philadelphia, Pennsylvania

Yury Gogotsi

Department of Materials Science and
Engineering

Drexel University

Philadelphia, Pennsylvania

Frank K. Ko

Department of Materials Science and
Engineering

Drexel University

Philadelphia, Pennsylvania

Copyright 2006 by Taylor & Francis Group, LLC

Eduard G. Rakov

D.I. Mendeleev University of Chemical
Technology

Moscow, Russia

Jonathan E. Spanier

Department of Materials Science and
Engineering

Drexel University

Philadelphia, Pennsylvania

R. Tenne

Department of Materials and Interfaces
Weizmann Institute

Rehovot, Israel

Karen 1. Winey

Department of Materials Science and
Engineering

University of Pennsylvania

Philadelphia, Pennsylvania

Hongzhou Zhang

Department of Electronic Materials
Engineering

Research School of Physical Sciences and
Engineering

The Australian National University

Canberra, Australia



Table of Contents

Chapter 1 Carbon Nanotubes: Structure and Properties...........coocveevueeiiieiniiieniieerieeeeeeseee e 1
John E. Fischer

Chapter 2 Chemistry of Carbon NanOtUDES ..........ccc.eeviirriieriiriiieiieieeree et 37
Eduard G. Rakov

Chapter 3 Graphite Whiskers, Cones, and Polyhedral Crystals...........ccoceeveeniiniiniiennienneenne. 109

Svetlana Dimovski and Yury Gogotsi

Chapter 4 Inorganic Nanotubes and Fullerene-Like Materials of Metal Dichalcogenide
and Related Layered Compounds...........coocueeiieiniieniieinieeniiceieesiee e 135

R. Tenne

Chapter 5 Boron Nitride Nanotubes: Synthesis and Structure...........c..cceceeveerienieniiennieeneene. 157

Hongzhou Zhang and Ying Chen

Chapter 6 Nanotubes in Multifunctional Polymer NanocompoSites...........ccceevveerieernveenneennne. 179

Fangming Du and Karen I. Winey

Chapter 7 One-Dimensional Semiconductor and Oxide Nanostructures............cccceeveereenneenne 199

Jonathan E. Spanier

Chapter 8 Nanofiber TEChNOIOZY .......ccoiuiiiiiiiiiiiiiiee e e 233
Frank K. Ko

Copyright 2006 by Taylor & Francis Group, LLC



’I Carbon Nanotubes: Structure
and Properties
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Department of Materials Science and Engineering,
University of Pennsylvania, Philadelphia, Pennsylvania
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1.1 INTRODUCTION

Carbon nanotubes were discovered in 1991 as a minor by-product of fullerene synthesis [1].
Remarkable progress has been made in the ensuing 14 years, including the discovery of two basic
types of nanotubes (single-wall and multiwall); great strides have been taken in their synthesis and
purification, elucidation of the fundamental physical properties, and important steps are being taken
toward realistic practical applications.

Carbon nanotubes are long cylinders of 3-coordinated carbon, slightly pyramidalized by curvature
[2] from the pure sp? hybridization of graphene, toward the diamond-like sp*. Infinitely long in prin-
ciple, a perfect tube is capped at both ends by hemi-fullerenes, leaving no dangling bonds. A single-
walled carbon nanotube (SWNT) is one such cylinder, while multiwall tubes (MWNT) consist of
many nested cylinders whose successive radii differ by roughly the interlayer spacing of graphite (see
Figure 6.1 in the chapter by Du and Winey [3]). The minimum diameter of a stable freestanding
SWNT is limited by curvature-induced strain to ~0.4 nm [4]. MWNT may have outer shells >30 nm
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2 Nanotubes and Nanofibers
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FIGURE 1.1 Schematic representation of the relation between nanotubes and graphene. The three rectangles
can be rolled up into seamless nanotubes; the short side, referred to as the roll-up vector R, becomes the cir-
cumference. R = na, + ma,, is a graphene 2D lattice vector, where a, and a, are unit vectors. Integers » and
m uniquely define the tube: diameter, chirality, metal vs. semiconducting nature, and band gap, if semicon-
ducting. In a bulk polydisperse sample consisting of a distribution of diameters, the larger the average diame-
ter, the greater the number of #, m pairs that will satisfy the seamless roll-up condition.

in diameter, with varying numbers of shells, affording a range of empty core diameters. Lengths up to
3 mm have been reported [5]. Nanotubes are distinguished from less-perfect quasi-one-dimensional
carbon materials by their well-developed parallel wall structure. Other elements too can be made into
nanotubes, so one often encounters the term “SWCNT” to distinguish them from noncarbon tubes,
1.e., BN, BCN, metal dichalcogenides [6]. The unique feature of carbon nanotubes is that they exist in
both metallic and semiconducting varieties, a blessing or a curse depending on the context.

SWNTs can be conceptualized as seamless cylinders rolled up from graphene rectangles
(cf. Figure 1.1), or as cylindrical isomers of large fullerenes. C,, is the smallest nanotube; compared
with C, it contains an extra belt of hexagons normal to the fivefold axis of the hemi-C, caps.
Adding more belts leads to longer tubes of the metallic (5,5) armchair category as defined later.
According to theory, cylindrical fullerene isomers are less stable than the more nearly spherical ones
because the 12 pentagons necessary to ensure closure are localized on the two caps. This results in
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Carbon Nanotubes: Structure and Properties 3

strain concentrations at the ends of closed tubes, which in turn makes it easier to perform additional
chemistry on the ends than on the sidewalls [7].

There exist many quasi-one-dimensional all-carbon structures, which are neither SWNT nor
MWNT. Composite materials reinforced with carbon or graphite fibers are often used in sporting
goods, high-performance aircraft, and other applications where high stiffness and lightweight are
required. Companies such as Hyperion sell commodity quantities of vapor-grown carbon fibers as
conductivity additives for paints and plastics. Carbon nanohorns have received a good deal of atten-
tion lately as catalyst supports, fuel cell, and battery electrodes [8]. Such materials lack the atomic
perfection of nanotubes, but are nonetheless crucially important in science and industry.

The discovery and rapid evolution of carbon nanotubes has played a major role in triggering the
explosive growth of R & D in nanotechnology. Many of the early lessons learnt carried over to rapid
developments in inorganic semiconductor nanowire science and engineering, in particular, field
effect transistor (FET)-like switching devices, and chemical and biological sensors. The nanotube
field per se has fanned out to encompass molecular electronics, multifunctional composites, flat-
panel display technology, high-strength lightweight structural materials, nanoscale metrology (mass,
heat, functional scanning probe tips, etc.), and others. In this chapter, I attempt to provide a broad-
brush introduction to the materials responsible for all this excitement. My selection of sources is per-
sonal. Apologies in advance to friends, colleagues, and others whose work I fail to mention.

This chapter is a survey of the physical properties of carbon nanotubes, with emphasis on
macroscopic assemblies of engineering interest. The important subjects of synthesis, purification,
and composite materials are covered elsewhere in this volume [3,7]. Contact is made with single-
tube properties where appropriate; an obvious issue is the extent to which properties of macroscopic
material approach those of ideal individual tubes. Materials scientists will immediately note with
dismay the paucity of information relating to defects and their influence on properties. In this
important arena theory and simulations are far ahead of experiments. Atomic-scale defects may be
at the resolution limit of high-resolution transmission electron microscopy (HRTEM). Their pres-
ence can be inferred from the breakup of individual tube device characteristics into multiple quan-
tum dots defined by defect-related internal barriers [9].

1.2 STRUCTURE

We start the discussion by considering a single isolated tube. Is it a molecule? If so, we might be able
to dissolve it in order to perform high-resolution '3C NMR, the method which proved that the car-
bons in C,, were all equivalent, thus confirming the soccer-ball structure. So far, no true solvent for
pristine nanotubes has been found. The surfactants, or chemical functionalization, necessary to obtain
stable suspensions must perturb the intramolecular structure however slightly. Worse yet, we still lack
even minute samples consisting of a single type of nanotube, so even if we had an NMR spectrum,
it would be impossible to interpret. HRTEM is a borderline technique for resolving individual carbon
atoms 0.14 nm apart. Electron diffraction from a single tube is possible in principle. The most con-
vincing images are from scanned probe microscopy at low temperatures. The example shown in
Figure 1.2(a) has a screw axis and “handedness” like DNA, and is referred to as a chiral SWNT.

1.2.1 SINGLE-WALL TuBes, BUNDLES, AND CRYSTALLINE ROPES

An SWNT can be envisioned as a narrow rectangular strip of nanoscale graphene “chicken wire”
with carbon atoms 0.14 nm apart at each apex, rolled up into a seamless cylinder 1-10 nm in diam-
eter and as long as several micrometers. “Graphene” refers to a monolayer of sp>-bonded carbon
atoms. Several possibilities for legal strips, those that will roll up seamlessly, are shown in Figure
1.1. Because the length and width of legal strips are “quantized,” so too are the lengths and diame-
ters of the tubes. The short side of the rectangle becomes the tube diameter and therefore is “quan-
tized” by the requirement that the rolled-up tube must have a continuous lattice structure. Similarly,
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4 Nanotubes and Nanofibers

the rectangle must be properly oriented with respect to the flat hexagonal lattice, which allows only
a finite number of roll-up choices. The longer the short side, the larger the tube diameter and the
larger the number of choices. Two of them correspond to high-symmetry SWNT; in “zigzag” tubes
(top), some of the C—C bonds lie parallel to the tube axis, while in “armchair” tubes (bottom left),
some bonds are perpendicular to the axis. Intermediate orientations of the rectangle produce chiral
tubes when wrapped, as in Figure 1.2(a).

The different wrappings have profound consequences on the electronic properties. The allowed
electron wave functions are no longer those of the unwrapped infinite two-dimensional graphene;
the rolling operation imposes periodic boundary conditions for propagation around the circumfer-
ence, the consequences of which depend on the symmetry. This is the reason why SWNT can either
be metallic or insulating.

SWNT in close proximity can self-assemble into more or less close-packed parallel arrays,
referred to as ropes or bundles according to whether the arrays are well ordered or not, respectively.
These can be directly visualized in the electron microscope when a rope accidentally curves upward
from the grid such that the focal plane cuts normally through the rope, as shown in Figure 1.2(b). The
driving force is the van der Waals (vdW) attraction, amplified by the considerable lengths involved.
Figure 1.2(b) shows a well-ordered rope consisting of ~100 tubes with similar diameters. In princi-
ple there is no limit to the number of tubes per rope, while the perfection of the 2D organization is
directly related to the diameter polydispersity and thus to the synthesis method. The 2D triangular lat-
tice implied by Figure 1.2(b) has been studied quantitatively using x-ray, neutron, and electron dif-
fraction. Data analysis for materials containing highly ordered ropes has advanced to the point that
diameter dispersivity, finite size, and the filling of the interior lumen can all be accounted for.

() (b)

FIGURE 1.2 Single-wall carbon nanotube images at different length scales. (a) Scanning tunneling micro-
scope image of a chiral SWNT (image by Clauss, W.); (b) HRTEM image of a nanotube rope (from Thess, A.
et al., Science 273, 483 (1996), with permission); (c¢) tangled spaghetti of purified SWNT ropes and bundles
(Smalley, R. E., website).
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Carbon Nanotubes: Structure and Properties 5

Long-range order in three dimensions is generally frustrated. The 2D close-packed lattice
imposes threefold rotational symmetry, while the point symmetry normal to the molecular axes will
be modulo 3 only in special cases. This observation has important consequences for the nature of
electronic tube—tube interactions in macroscopic materials.

Crystalline ropes are observed in some raw nanotube soots; others show TEM evidence for
bundles, but with little or no 2D diffraction intensity. Crystallinity can often be improved by anaer-
obic thermal annealing, which is generally interpreted as minor rearrangements of misaligned tubes
in a bundle, as opposed to grain growth by long-range migration of individuals accreting onto a
small primordial rope. Purified bulk material resembles a spaghetti of nanotube ropes depicted in
the SEM image in Figure 1.2(c).

Van der Waals bonding among the tubes in a rope implies that the equation of state should be
closely related to those of graphite and solid C, (similar bonding in 2, 1, and 3 directions, respec-
tively [10]). The compressibility in a hydrostatic diamond anvil-cell environment, as determined by
x-ray diffraction, is not consistent with the trend established by the other two carbon isomorphs,
suggesting that the tubes become polygonalized into hexagonal cross sections at rather modest pres-
sures [11]. The volume compressibility has been measured up to 1.5 GPa as 0.024 GPa™!. The
deformation of the nanotube lattice is reversible up to 4 GPa, beyond which the nanotube lattice is
destroyed. Similarly, the thermal expansion of the 2D triangular lattice [12] of the rope does not fol-
low the pattern of interlayer graphite and FCC C,,. One possibility is that the circular cross section
of a tube is only an idealization, with the time-averaged cross-sectional shape changing with tem-
perature due to thermally driven radial fluctuations.

1.2.2 MuLTIWALL TUBES

Multiwall tubes have two advantages over their single-wall cousins. The multishell structure is
stiffer than the single-wall one, especially in compression. Large-scale syntheses by enhanced
chemical vapor deposition (CVD) processes are many, while for single-wall tubes, only the Rice
HiPco process appears to be scaleable. The special case of double-wall tubes is under intense inves-
tigation; the coaxial structure of two nested tubes is well defined by the synthesis conditions, and
large enhancement in stiffness over the single wall has already been achieved [13]. Multiwall struc-
tures are intrinsically frustrated since it is impossible to satisfy epitaxy simultaneously, or compat-
ibility of wrapping indices (7, m) on adjacent shells, with the very strong tendency to maintain the
intershell spacing close to that of the graphite interlayer spacing of 3.35 A. Experimentally, the
intershell correlations in MWNT are characteristic of turbostratic graphite in which the ABAB
stacking order is severely disrupted [14].

Are multiwall tubes really concentric “Russian doll” structures, or are they perhaps scrolled? A
minority of TEM studies suggests scrolling by virtue of observing # and n+ 1 graphene layers on oppo-
site sides of the MWNT. One such example [14] is shown in Figure 1.3. On the other hand, attempts to
intercalate bulk MWNT samples result in destruction of the cylindrical morphology, which would not
be the case if the MWNT were a continuous graphene sheet rolled into a seamless scroll [15].

Several unique features of multiwall tubes should be noted here. Hydrothermal synthesis results
in water-filled tubes, a natural model system for studying 1D nanofluidics and exploiting these as
nanoreactors [16]. Synthetic methods can be adapted to allow direct fiber production from the pri-
mordial soot or the hot reactor plume [17,18], or by twisting fibers from vertically aligned MWNT
grown as a carpet-like array on a substrate [19,20]. Current pulses, through individual MWNT, con-
trollably remove one shell at a time, permitting the custom construction of devices to order, with
metallic or semiconducting outer shells [21].

1.2.3 MACROSCOPIC NANOTUBE MATERIALS

Individual nanotubes can be used to construct electronic devices, gas and biosensors, sensitive
nanobalances, NEMS resonators, scanning probe tips, etc. [22]. As the cost of production decreases
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FIGURE 1.3 HRTEM image of an MWCNT. The number of graphene layer images on the two edges of the
tube differs by 1, implying a scroll structure rather than the assumed-to-be-universal Russian doll morphology.
(From Lavin, J. G. et al., Carbon 40, 1123—-1130 (2002), with permission.)

with time, applications involving macroscopic nanotube-derived materials become feasible. Such
materials should obviously be strong and lightweight. Prospects for replacing traditional materials
rest on opportunities to design in multifunctional combinations of mechanical, electrical, thermal,
dielectric, magnetic, and optical properties.

Macroscopic nanotube materials are available in many forms: compressed random mats of raw
or purified soot, filter-deposited foils (“bucky paper”) [23], spin-coated or solvent-cast films [24],
and various forms of all-nanotube [25,26], or composite [3,27] fibers. Property optimization for
these complex materials depends on many factors. For example, the degree of preferred nanotube
orientation within a macroscopic body determines the extent to which one takes advantage of the
excellent but anisotropic intrinsic nanotube properties. Another major factor is the macroscopic
density. This is important from several aspects. Empty space means missing material in the body,
such that most properties will never be optimal. On the other hand, porosity on different length
scales can be useful, e.g., for perm-selective membranes, fast diffusion for ionic conduction in elec-
trochemical devices [28], and tailored nanoporosity for filtering, storage, or sequestration of spe-
cific molecular-scale analytes.

Materials of SWNT can be partially aligned by mechanical shear [15], anisotropic flow [3,26],
gel extrusion [29], filter deposition from suspension in strong magnetic fields [30], or the applica-
tion of electric fields during or after growth [31]. Fibers exhibit axially symmetric alignment with
mosaic spreads of a few degrees in composites [3], and as low as 20° for all-SWNT post-stretched
gel fibers [25]. Ordinary filter-deposited or solvent-cast films exhibit substantial adventitious align-
ment of tube axes in the film plane due simply to the rather gentle landing of rigid sticks on a flat
surface [32].

The most complete characterization of the degree of alignment is obtained by combining the best
features of Raman scattering [33] and traditional x-ray fiber diagrams [34]. With two independent
experimental parameters, texture can be modeled as a “two-phase” system consisting of an aligned
fraction, characterized by the angular distribution of tube axes about the preferred direction, plus a
completely unaligned fraction to account for SWNT aggregates, which are insufficiently dispersed
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Carbon Nanotubes: Structure and Properties 7

to respond to the aligning field. The model distribution function, shown schematically in Figure 1.4,
is represented by a Gaussian “bugle horn” for the axially aligned fraction sitting atop a right-circular
cylinder, which accounts for the unaligned fraction. X-ray two-dimensional fiber diagrams unam-
biguously give the Gaussian width from the azimuthal dependence of either a Bragg intensity or
form factor diffuse scattering if the material is not sufficiently crystalline. A similar method was pre-
viously applied to texture studies of oriented films and fibers of conjugated polymers [35]. This
approach can be applied to thin films cut into strips and carefully stacked in a capillary as well as to
fibers. Both geometries are shown schematically in Figure 1.5. Angle-dependent polarized Raman
scattering, using the x-ray-derived distribution width as input unambiguously gives the unaligned
fraction. This is because the resonantly enhanced Raman contribution from the SWNT contribution
dominates over all the other constituents of the sample [36], even at the 1% loading level [37]. An
example of this combined fitting approach is shown in Figure 1.6 for nanotube fibers extruded from
strong acid solution with no post stretching [34]. Here we deduce a mosaic distribution width of 55°
full-width at half-maximum (FWHM) and an aligned fraction of 90%. In the case of magnetically
aligned buckypapers, these parameters can be correlated with measurements of electrical resistivity
p and thermal conductivity k parallel and perpendicular to the alignment direction [30]. Differences
between 7 and 26 T aligning magnetic fields give some clues about the alignment mechanism and
strategies for improving the process.

1.2.4 FIBERS

The best alignment achieved so far is in polymer—SWNT composites [3,27]. Here the “dope” consists
of either a polymer melt with SWNT dispersed at concentrations up to 10 wt%, or mixtures of poly-
mer and SWNT in the same organic “solvent.” This is extruded through a small orifice after twin-
screw mixing and then stretched by take-up spindles. The extensional flow through the orifice,
combined with shear flow during stretching, combine to yield FWHMs of the order of a few degrees
in the best cases [3]. SWNT—(poly)vinyl alcohol (PVA) composite fibers exhibit modest alignment as
extruded, but this can be greatly improved by controlled elongation prior to removal of the PVA by
heat treatment [25,38]. Nanotube fibers consisting mainly of MWNT can be obtained directly during
carbon arc synthesis [18], or by agglomeration as the tubes are pulled off a substrate [19]. Nothing
quantitative is known yet about the degree of alignment in these and related materials [20].

1.2.5 FiLLeD TUBES

Carbon soot produced by arcing in helium or laser ablation contains both fullerenes (mainly Cg)
and nanotubes, the proportions varying with the amount of transition metal catalysts in the graphite

Probability

> Volume—-A

> Volume—(1-A)

—x/2

FIGURE 1.4 Two-phase model for the axially symmetric distribution of nanotube axes in oriented fibers. The
inverted horn is the aligned fraction, characterized by an FWHM. The pillbox on top of which the horn is posi-
tioned is the unaligned fraction, characterized by its volume relative to the total.
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FIGURE 1.5 Schematic of the experimental setup for measuring out-of-plane mosaic. The film plane is par-
allel to the incident x-ray beam. Out-of-plane preferred orientation results in azimuth ())-dependent
anisotropic scattering within the 2D detector plane; (a) and (b) refer to films and fibers, respectively.

electrode or target, as discussed previously. Acid purification of nanotube-rich soot reveals the pres-
ence of “peapods” — SWNT with chains of C, inside [39], in substantial amounts [40], denoted
by “Cq @SWNT.” It is now understood that acid etching opens holes in the SWNT, either by decap-
itation or creation of sidewall defects. Fullerenes and other species can diffuse in and be trapped by
annealing after filling [41]. Rational synthesis now achieves >80% filling routinely [42]. The
process has been extended to higher fullerenes [43], endofullerenes [44] and other substances [7].
We speculated early on that host—guest interactions might favor commensurate packings, in which
case the ideal container for Cy, would be the (10,10) tube. The interior lumen is a good fit for C,
(vdW diameter ~1 nm), and, with armchair symmetry, exactly four “belts” of hexagons would be
commensurate with one Cg, [45]. This turned out not to be important after all, implying very weak
interactions between the pea and the pod. There are indeed strong steric constraints on the tube
diameter, which will accept a perfect 1D chain [46], while there seems to be no effect of symmetry
on filling probability. Global filling fractions depend strongly on diameter dispersivity; HiPco tubes
have broad diameter distributions and generally give at best 50-60% filling.

Films of crystalline peapods exhibit unique “fiber diagrams” using the 2D detector (cf. Figure
1.5). Figure 1.7 shows an example of a detector image from such a film. Diffraction peaks from the
1D lattice of close-packed Cg, peas are concentrated in the horizontal direction, perpendicular to
those from the 2D pod lattice. This separation is a consequence of the out-of-plane preferred ori-
entation; the sample is neither a “perfect powder” nor a single crystal, but rather a “mosaic crystal”
with identical orientation distributions exhibited by [0 0 L] and [H K 0] families of reflections [32].
The absence of mixed [H K L] indicates that the peas in different pods “float” along the tube axis
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FIGURE 1.6 Combining x-ray fiber diagrams and angle-dependent polarized Raman scattering to solve the
texture problem in SWNT materials. (a) Background-subtracted X-ray counts, summed over different Q inter-
vals, every 1° in y. Symbols represent data; smooth curves are fits to two Gaussians plus a constant. (b) Angle-
dependent polarized Raman data (open circles) and fits (solid curves). A two-parameter model was used, with
one (FWHM) fixed at the value determined from (a). (From Zhou, W. et al., J. Appl. Phys. 95, 649 (2004), with
permission.)

with respect to each other; there are no 3D correlations among peas in different pods [32,41]. Also
shown are radial cuts through 2D images of an unfilled control sample [0 0 L] I, the filled sample
[00 L] IL, and [H K 0] III. Note that the filling of C, into nanotubes significantly changes the dif-
fraction profile. The (0 0 1) and (0 0 2) peaks from the 1D C, chains are easily detected. Filling
fractions can be obtained from detailed curve fits; these seem to be limited only by the diameter dis-
persion of the starting material, i.e., a real-world sample will always contain some tubes that are too
small to be filled [42,46].

One of the most significant developments in the peapod arena is their exploitation as precursors
to the formation of highly perfect double-wall nanotubes [13]. Thermal decomposition inside the
original SWNT container leads to rearrangement of broken bonds on near-neighbor tubes into a
smaller seamless cylinder whose diameter respects the usual vdW spacing requirement. This
process takes place at a temperature considerably below those of the amorphization of FCC Cg, [47]
and enormously below the gas-phase decomposition temperature [48]. Clearly, the coordination and
packing environment in the condensed phase leads to facile destruction of the icosahedral molecule
by rather violent near-neighbor collisions, more effective in the 12-coordinated 3D solid than in the
2-coordinated chain structure of the “peas.”
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FIGURE 1.7 (a) Detector image from a C,@SWNT peapod film. Diffraction peaks from the 1D C, lattice
are concentrated in the direction perpendicular to those from the 2D pod lattice, a consequence of the out-of-
plane preferred orientation. (b) X-ray diffraction patterns from starting SWNT film (control sample), and
Ceo@SWNT film (peapod sample). Note that the filling of C, into nanotubes significantly changes the dif-
fraction profile. The (0 0 1) and (0 0 2) peaks from the 1D C, chains are easily detected. (From Zhou, W.
et al., Appl. Phys. Lett. 84, 2172 (2004), with permission.)

The extent to which nanotube properties are affected by the endohedral doping is controversial
and will be discussed later.

1.2.6 NANOTUBE SUSPENSIONS

It is appropriate to conclude our discussion of structure in nanotube materials with a few words about
tubes in solution or suspension. These are important for fundamental and technological reasons.
Absorption spectroscopy of isolated tubes [49] reveals important aspects of their presumed simple
electronic structure and its dependence on tube diameter and symmetry as well as the importance of
excitonic and other higher order effects [50]. Nanotube suspensions also provide a unique system in
which to study rigid rod-phase behavior [51] and network formation at higher concentrations.
Furthermore, an improved understanding of suspension structure should lead to better control of
solution processes such as phase separation, chemical derivatization, control and improvement of
polymer/nanotube composite properties, and optimization of the “dope” from which fibers are spun.
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FIGURE 1.8 Analysis of SANS data from nanotubes in surfactant/heavy water suspension. Subtraction of
surfactant contribution from total intensity for HiPco tubes. Dashed and dotted lines correspond to the extreme
assumptions of no excess surfactant and no surfactant on the tubes, respectively. A Q™! slope is clearly visible
from 0.003 to 0.02 A~!, no matter what fraction of surfactant intensity is subtracted. There is also a crossover
to —2 exponent at 0.004 A~!, suggesting the formation of a dilute network with a mesh size ~160 nm. (From
Zhou, W. et al., Chem. Phys. Lett. 384, 185-189 (2004), with permission.)

Individual SWNTs with diameters 1-2 nm and lengths 100 nm to several micrometers can be
envisioned as rigid rods, and if sufficiently dilute, should display a correspondingly simple structure
factor in scattering experiments (light, x-rays, neutrons, etc.). In particular, the scattered intensity, /7,
from a suspension of isolated rigid rods with diameter D and length L should follow a Q! law for scat-
tering wave vectors 271/L < (Q = 4nsin O/A) < 27/D [52]. This is generally not observed; suggesting
that even at very low concentrations, the SWNTs tend to form loose networks with node spacings of
the order of the tube length. One exception is the dilute suspensions using the ionic surfactant sodium
dodecylbenzene sulfonate (NaDDBS) and its relatives [52]. It is believed that the benzenoid moiety
provides 7 stacking interactions with the graphene-like tube wall structure, of sufficient strength to
adhere to single tubes and thus preventing them from aggregating. Figure 1.8 shows small-angle neu-
tron scattering data for HiPco SWNT in 1% NaDDBS/D,0 suspensions. After correcting for scatter-
ing from NaDDBS micelles and incoherent proton background, one indeed observes a linear regime
at intermediate values of Q. There is a crossover from Q! to Q2 behavior at about 0.004 A~ corre-
sponding to average tube length ~160 nm. This is precisely what is found from atomic force
microscopy (AFM) image analysis of >1000 tubes, confirming that we have truly isolated tubes at this
very low concentration, i.e., 1073 wt%. Linear regimes are not observed at any practicable concentra-
tion using Triton-X, polymer melts, or superacids. Fiber spinning requires much higher concentrations,
so we must accept some degree of aggregation as the dope is being extruded out of the orifice or spin-
neret. How this limits the properties of the ensuing fibers has not been determined as yet.

1.3 PHYSICAL PROPERTIES

We focus on the properties of macroscopic nanotube materials. These ultimately derive from the
intrinsic attributes of single tubes, vastly complicated by defects, impurities, preferred orientation,
network connectivity, large-scale morphology, etc. Theory does a reasonable job of predicting, ration-
alizing, and explaining single-tube properties, while structure—property relations in macroscopic
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assemblies are still in a rudimentary state. For composites in particular, properties of the simplest
materials show large deviations from the rule of mixture behavior.

To achieve viability in practice, any class of new materials must have some property that
surpasses the state of the art sufficiently to justify replacement. Alternatively, new materials may
provide some new capability otherwise unavailable. It seems likely that the first large-scale applic-
ations for nanotubes will arise from multifunctionality, for example, stiff lightweight structural
parts, which also conduct electricity and have low thermal expansion.

1.3.1 MECHANICAL PROPERTIES

The strength of the carbon—carbon bond gives rise to the extreme interest in the mechanical prop-
erties of nanotubes. Theoretically, they should be stiffer and stronger than any known substance.
Simulations [53] and experiments [54] demonstrate a remarkable “bend, don’t break” response of
individual SWNT to large transverse deformations; an example from Yakobson’s simulation is
shown in Figure 1.9. The two segments on either side of the buckled region can be bent into an acute
angle without breaking bonds; simulations and experiments show the full recovery of a straight per-
fect tube once the force is removed.

Young’s modulus of a cantilevered individual MWNT was measured as 1.0 to 1.8 TPa from the
amplitude of thermally driven vibrations observed in the TEM [55]. At the low end, this is only
~20% better than the best high-modulus graphite fibers. Exceptional resistance to shock loads has
also been demonstrated [56]. Both the modulus and strength are highly dependent on the nanotube
growth method and subsequent processing, due no doubt to variable and uncontrolled defects.
Values of Young’s modulus as low as 3 to 4 GPa have been observed in MWNT produced by pyrol-
ysis of organic precursors [57]. TEM-based pulling and bending tests gave more reasonable moduli
and strength of MWNT of 0.8 and 150 GPa, respectively [58].

Multiwall nanotubes and SWNT bundles may be stiffer in bending but are expected to be
weaker in tension due to “pullout” of individual tubes. In one experiment, 15 SWNT ropes under
tension broke at a strain of 5.3% or less. The stress—strain curves suggest that the load is carried pri-
marily by SWNT on the periphery of the ropes, from which the authors deduce breaking strengths
from 13 to 52 GPa [59]. This is far less than that reported for a single MWNT [58]. On the other
hand, the mean value of tensile modulus was 1 TPa, consistent with near-ideal behavior. Clearly, the
effects of nonideal structure and morphology have widely different influences on modulus and
strength. There is always some ambiguity in choosing the appropriate cross-sectional area to use in
evaluating stress—strain data. On a density-normalized basis the nanotubes look much better [22];
modulus and strength are, respectively, 19 and 56 times better than steel.

Figure 1.10 shows the formation of a remarkable nanotube yarn by pulling and (optionally)
twisting material from a “forest” of vertically aligned MWNT grown by a CVD process [19]. The
untwisted yarns are very weak; if they accidentally touch a surface while being pulled off the sub-
strate, they immediately break. On the other hand, twisted single-strand yarns exhibited strengths in
the range 150 to 300 MPa; this improved to 250 to 460 MPa in the two-ply yarns. Further gain to

FIGURE 1.9 MD simulation of a large-amplitude transverse deformation of a carbon nanotube, apparently
beyond the elastic limit. In fact, the tube snaps back once the computer-generated force is removed, and there
is no plastic deformation or permanent damage. (From Yakobson, B. 1., Appl. Phys. Lett. 72, 918-920 (1998),
with permission.)
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(a)

FIGURE 1.10 Ex situ SEM snapshots of a carbon nanotube yarn in the process of being drawn and twisted.
The MWNTs, ~10 nm in diameter and 100 um long, form small bundles of a few nanotubes each in the for-
est. Drawing fiber normal (a) and parallel (b) to the edge of the forest of nanotubes. (From Zhang, M. et al.,
Science, 306, 1358 (2004), with permission.)

850 MPa was achieved by infiltration with PVA [19], which also improved the strain-to-failure to
13%. Toughness, the so-called “artificial muscle” [60], is a major issue in the optimization of nan-
otube actuators, where the figure of merit is the work done per cycle.

Another form of nanotube material useful for sensors and actuators are thin films or buckypapers.
A typical result for solution-cast film with random SWNT orientations in the plane [32] is described
in [61]. The tensile modulus, strength, and elongation-to-break values are 8 GPa (at 0.2% strain),
30 MPa, and 0.5%, respectively, much lower than what can be routinely achieved in fibers. This sug-
gests that failure in the films occurs via interfibrillar slippage rather than fracture within a fibril.

1.3.2 THERMAL PROPERTIES

The thermal conductivity x of carbon materials is dominated by atomic vibrations or phonons. Even in
graphite, a good electrical conductor, the electronic density of states is so low that thermal transport via
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“free” electrons is negligible at all temperatures. Thus, roughly speaking, x(7) is given by the product
of (1) the temperature-dependent lattice specific heat C,, a measure of the density of occupied phonon
modes at a given temperature; (2) the group velocity of the phonon modes (speed of sound V| for
acoustic branches, not strongly 7-dependent); and (3) a mean free path accounting for elastic and
inelastic, intrinsic and extrinsic phonon-scattering processes. It was conjectured early on that nanotubes
would be excellent heat conductors [62]; the axial stiffness conduces to large V, the 1D structure
greatly restricts the phase space for phonon—phonon (Umklapp) collisions, and the presumed atomic
perfection largely eliminates elastic scattering from defects. Calculations of the lattice contribution to
K, pioneered by the Tomanek group [63], yield values in the range of 2800 to 6000 W/mK.

Experiments on individual tubes are extremely difficult, and so far have been limited to MWNT
[64]. Figure 1.11 shows the temperature-dependent thermal conductance of a 14-nm-diameter,
2.5-um-long MWNT; x(7) based on an effective cross-sectional area is shown in the inset. The
salient features are a peak value ~3000 W/mK at 320 K, in good agreement with the perfect-tube
calculations, and a roll-off in x above 320 K signaling the onset of Umklapp scattering. For bulk
MWNT foils, kis only 20 W/mK [65], suggesting that thermally opaque junctions between tubes
severely limit the large-scale diffusion of phonons. The temperature dependence below 150 K
reflects the effective dimensionality of the phonon dispersion, a subtlety that is more pronounced in
SWNT and will be discussed later. The onset of Umklapp scattering at 320 K is highly significant.
Knowing C, and V; from other experiments and theoretical estimates, the mean free path is
~500 nm, comparable to the length of the sample. This means that phonon transport at low 7 is
essentially ballistic; on average a phonon scatters only a few times as it traverses the sample. There
is no corresponding rollover in the data from bulk nanotube samples.
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FIGURE 1.11 Thermal conductance of an individual MWNT of 14 nm diameter. The power law slope
decreases from ~2.5 to ~2.0 above ~5 K. Saturation occurs at 340 K, the thermal conductance decreasing at
higher 7. Lower inset shows the thermal conductivity, for which some assumptions about effective area are
required. (From Kim et al., Phys. Rev. Lett. 87, 215502 (2001), with permission.)
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One of the most important concepts in nanotube physics is quantization of the electronic states
by the restricted 1D geometry. Analogous 1D phonon quantization is difficult to observe because
of the far smaller energy/temperature scale. In general, the smaller the object, the higher the tem-
perature at which quantum confinement effects can be detected, so SWNT with radii ~2 nm raise
the temperature to practicable values. Temperature-dependent heat capacity of purified SWNT
shows direct evidence for 1D quantized phonon subbands [66] (see Figure 1.12). The sample is ~40
mg of purified HiPco SWNT, for which the 2D triangular lattice is not well developed. This mate-
rial was chosen in the hope that the 1D physics would not be obscured by tube—tube coupling.
However, a good fit to the data (solid dots) requires an anisotropic, weakly 3D Debye model, shown
in the inset, which accounts for weak coupling between SWNT in a rope (black curve). Below 8 K,
only the acoustic branch contributes (blue curve), while above 8 K the first optic subband becomes
significant (red curve). The key point is that this subband “turns on” at a temperature high enough
to be detected, yet low enough not to be buried by graphene-like 2D contributions. The relevant fit-
ting parameters are 4.3 meV for the Q = 0 subband energy (in reasonable agreement with predic-
tions for this diameter) and 1.1 meV for the transverse Debye energy, signaling very weak intertube
coupling. It would be of interest to repeat this experiment on samples with weaker or stronger
tube—tube coupling, the former, for example, by intercalation with large dopant ions [67]. Above
25K, C, of bulk SWNT is indistinguishable from that of graphite. Extension of the measurement
on the same sample down to the milliKelvin regime [68], confirmed the importance of 3D effects
at the lowest temperatures; a definitive analysis was impeded by a strong nuclear hyperfine contri-
bution from residual Ni catalyst.

Both SWNT and MWNT materials and composites are being actively studied for thermal man-
agement applications, either as “heat pipes” or as alternatives to metallic or alumina particle addi-
tives to low thermal resistance adhesives. The individual MWNT results are promising; similar data
for SWNT are not yet available. In the case of polymer composites, the important limiting factors
are quality of the dispersion and interphase thermal barriers [3]. What limits x in all-nanotube

Yl

C (mJ/g K)

FIGURE 1.12 Specific heat vs. T of SWCNTs (dots) fitted to an anisotropic two-band Debye model that
accounts for weak coupling between SWNT in a rope (solid curve). The rope structure and ensuing phonon
dispersion are shown as insets. (From Hone, J. et al., Science 289, 1730 (2000), with permission.)
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fibers, sheets, etc.? Tube wall defects can be minimized by avoiding long sonication and extended
exposure to acids in the fabrication process. In one example, partial alignment of nanotube axes in
buckypaper yielded anisotropic thermal conductivities, with x;, /k, ~5 to 10 [69].

Experimental determinations of x are subject to many pitfalls, one of which is the problem of
defining the cross-sectional area through which the heat is flowing. This is similar to the dimen-
sional ambiguity we encountered with Young’s modulus. There are many well-tested methods for
measuring thermal conductance G, but translating that into thermal conductivity K is not straight-
forward. This is illustrated by two different results from the magnetic field-aligned buckypaper
mentioned above. In the first method, sample dimensions were deduced from a measurement of
electrical resistance of the x sample and scaling to the resistivity of a different sample, with well-
defined geometry, taken from the same batch. This assumed that the resistivity is uniform over cen-
timeter length scales in the original piece of buckypaper, and gave x parallel to the average tube axis
~250 W/mK. A second measurement in which the actual dimensions were carefully measured gave
a more modest 60 W/mK.

Figure 1.13 shows the effect of stretch alignment on the thermal conductivity of SWNT fibers
gel extruded from water/PVA suspensions [25]. Here the fibers are statically stretched in a
PVA/water bath by suspending a weight on the end of a length of pristine fiber. Vacuum annealing
after elongation eliminates the PVA, so the fiber properties are entirely due to aligned nanotubes.
Reducing the mosaic by increasing the elongation, form 23° to 15° FWHM, gives an almost three-
fold increase in k (300 K). In contrast to the individual MWNT data (Figure 1.11), there is no evi-
dence for x(7) saturation or rolloff at high temperature. This almost certainly means that x is limited
by interparticle barriers and not by the Umklapp mean free path.

Figure 1.14 shows x(7) for similar fibers extruded from superacid suspension but not stretched
[34]. Here the correlations are with nanotube concentration and syringe orifice diameter.
Concentration dictates the phase of the rigid rod suspension [26] and controls the viscosity, while
the orifice diameter affects the degree of flow-induced alignment. From the three examples shown,
and from other observations, the authors find that (1) annealing to remove acid residues and the
attendant p-type metallic doping (see below) has no effect on k at any temperature; (2) reducing the
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FIGURE 1.13 Thermal conductivity vs. temperature for annealed nanotube fibers, which have been stretch-
aligned to 21% (lower curve) and 58% (upper curve). Additional alignment of the latter yields a factor of ~2
further enhancement of k. The temperature dependence is dominated by that of the lattice specific heat, as is
generally observed. (From Badaire, S. et al., J. Appl. Phys. 96, 7509 (2004), with permission.)
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FIGURE 1.14 Thermal conductivity x vs. temperature of three HiPco fibers. HPR93 exhibits the broadest
mosaic distribution of nanotube axes, as determined from the x-ray fiber diagrams.

concentration from 8 to 6%, or reducing the syringe diameter from 500 to 250 um improves x (300 K)
fourfold; and (3) further syringe diameter reduction to 125 um yields no further improvement. The
syringe diameter effects are clearly due to improved alignment; the smallest orifice gives the small-
est mosaic, 45° FWHM compared to 65° with the 500 um one. The best x value is still orders of
magnitude below graphite and ideal MWNT, most probably due to thermal barriers. It may be sig-
nificant that the highest macroscopic k was obtained for materials made from pulsed laser vapor-
ization (PLV) SWNT without extended exposure to strong acids. PLV tubes made thus are known
to be highly perfect, while acid immersion can lead to defects and ultimately to very short tubes.
Either way, the phonon mean free path in such materials may be quite low.

Thermal conductivity of peapods is enhanced relative to that of empty tubes, and the enhance-
ment exhibits interesting temperature dependence [70,71]. Difference data, «(filled)-x(empty),
from 10 to 285 K are shown in Figure 1.15. Three distinct regions are evident. Region I is domi-
nated by the contribution from the very soft C,—C, acoustic modes. A 1D Debye temperature of
90 K is estimated for these modes using a Lennard—Jones potential. At 7}, all the LA modes are
excited, the excess heat capacity saturates and Ak levels off to a constant value (region II). The fill-
ing fraction of this sample is well below 50%, and the theory predicts the existence of C,, capsules
separated by lengths of empty tubes to account for the unfilled sites [46]. We imagine the onset of
a new thermal transport mechanism (region III), beginning at temperatures sufficiently high to
break the weak vdW bond between a terminal Cg, and its capsule. This will happen more efficiently
at the hot end, and, once liberated, the free C, will thermally diffuse to, and join, the end of a cold
capsule, as shown schematically in the inset. The internal degrees of freedom represent an addi-
tional thermal transport process accompanying the mass transport inside the tube. The rate of this
process increases with increasing 7 and will saturate at a very high 7, which transforms the assem-
bly of capsules to a 1D gas. This scenario is speculative at this point since it has been observed only
in one sample. A rigorous test of the mechanism would be to find out if the effect disappears in a
completely filled sample. Other endohedral species may give larger enhancements, and these mate-
rials may then become candidates for thermal management applications such as additives to
conducting adhesives.

Copyright 2006 by Taylor & Francis Group, LLC



18 Nanotubes and Nanofibers

AK = Kfjled = Kempty
3 =] .f
]
.I
.l
..
.l
2 .l.
=
<
. 1. M.
Phonons Phonons +
1- cluster sublimation
0 / L ' T bl ! I v 1
0 50 100 150 200 250 300

T(K)

FIGURE 1.15 Excess thermal conductivity in a partially filled C,,@SWNT buckypaper. Enhancement in
regime I attributed to the 1D LA phonons on the Cy, chains. Saturation in regime Il after 7> Tpy, . ~ 90 K of
the 1D molecular modes. Further enhancement in regime III assigned to hot C,, molecules subliming off the
end of a capsule, diffusing to the end of a colder capsule while carrying internal vibrations as a combined heat
and mass transfer.

1.3.3 ELECTRONIC PROPERTIES

At the last count Google.scholar gave 4400 hits on this rubric, so this section will be highly selective.

Theory led experiment in this important aspect of nanotube properties, and the most important
results emerge from a simple idea. One monolayer of graphene has two energy bands E (k) which
cross at the Fermi energy Ep, so the system is on the cusp of a metal—insulator (MI) transition. The
electronic ground state can therefore be described either as a zero-gap semiconductor or as a metal
with infinitesimal density of states at the Fermi energy N(Ey). In 3D graphite, the interlayer inter-
action causes a transition to a semimetal which conducts well, because the ~10'® charge carriers/cm?
have very high mobility. On the other hand, rolling a single sheet into a tube is a symmetry-break-
ing transition, which leads to semiconducting or metallic ground states, depending on the choice of
wrapping (Figure 1.1). The band structure of a single tube consists of unusual 1D subbands result-
ing from the requirement that the radial wave function be commensurate with the circumference of
the tube. The larger the tube, the smaller the subband spacing; in the 2D graphene limit, there are
only the two bands mentioned above. The longitudinal dispersion is linear for a range of energies
close to zero.

As noted earlier, bulk properties are generally dominated by extrinsic effects, although some of
the 1D subtleties remain, especially in oriented material. The properties of the principal techniques
are resistivity and its temperature dependence, density of states spectroscopy using electron energy
loss and photoemission, optical absorption, and reflectivity. In a few cases, thermoelectric power
and conduction electron spin resonance have also been applied to nanotube physics.

The electrical properties of bulk nanotube materials have evolved considerably since the first
experiments 10 years ago. Early samples consisted of pressed “mats” of nanotube soots from car-
bon arc or laser ablation processes, which contained only 10 to 30 wt% tubes. Major impurities
were amorphous carbon, metal catalyst particles, and fullerenes, mainly C,,. Mat densities were as
low as 1% of the crystallographic value computed from a triangular lattice of 1.4 nm diameter
SWNT. On the other hand, long high-quality tubes could be found in these soots. This is because
they had not been subjected to acid treatment or sonication in attempts to remove impurities, both
of which are now known to create sidewall defects and ultimately to cut tubes into shorter lengths.
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The prevailing attitude at the time was that only single-tube measurements would give useful infor-
mation. Nevertheless, some valuable information, still valid today, was obtained from four-probe
measurements on these mats. First, correcting for the missing material, p (300 K) values within
1-2 decades of in-plane graphite were obtained, suggesting that bulk SWNT materials could be
developed into strong, lightweight synthetic metals [72]. Second, the very modest temperature
dependence in the range 80 K < 7'< 350 K changed from nonmetallic to weakly metallic at ~200 K,
suggesting a phonon-scattering mechanism at high temperatures. Third, experiments extended to
very low T showed a strong divergence in p (7) as T > 0, indicating strong localization of carriers
[73]. Finally, chemical doping with bromine or potassium [67,74] showed that like graphite, bulk
SWNT material acted as an amphoteric host for redox doping. All of these phenomena have since
been revisited using purified samples with SWNT content approaching 100%.

Figure 1.16 shows the anisotropy of p (7) measured parallel and perpendicular to the alignment
direction for the case of buckypaper deposition in a magnetic field [30]. The temperature depend-
ence is weakly nonmetallic and quite similar for both orientations. Furthermore, the anisotropy is
independent of temperature. These observations indicate that we are not observing the intrinsic
anisotropy of aligned SWNT; transport in the perpendicular direction is dominated by misaligned
bundles or fibrils, which short out the larger intertube/interbundle resistance. The nonmetallic
T-dependence is consistent with previous results on unoriented buckypaper after similar acid purifi-
cation and high-temperature vacuum annealing. These processes are presumed to reduce the mean
free path for electron—phonon scattering via defect creation or tube cutting, and thus eliminate the
high-temperature regime of positive dp/d7. At 295 K, the measured p, for 7 T field alignment is
0.91 mQ cm. Accounting for gross porosity raises this to 0.41 mQ cm.

The weak anisotropy can be accounted for by a simple model of 1D paths in the plane of the sam-
ple, each sample containing on average » elements (ropes, tubes) of fixed length and resistance. The
resistance of each path is linearly proportional to » and, since for a fixed number of elements, the
number of paths is inversely proportional to 7, the resistance of the ensemble of paths in parallel is
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FIGURE 1.16 Resistivity vs. temperature for annealed 7 T-aligned buckypaper, measured with current per-
pendicular and parallel to the average alignment axis on two different samples with in-line four-probe contacts.
(From Fischer, J. E. et al., J. Appl. Phys. 93, 2157 (2003), with permission.)
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proportional to #°. The average number of elements 7 required for current to flow through the sam-
ple is equal to L/A, where L is the length of the sample and A is the mean projection of the element
length in the current direction: A depends on the distribution width and aligned fraction. Using x-ray
and Raman data as input, very good agreement is obtained between predicted and measured p, /p;
for 7 and 26 T data.

How does the experimental p,, (300 K) compare with that of an assembly of ballistic conductors?
Assume that each metallic tube in a perfectly aligned sample is comprised of finite-length ballistic
conductors in series, the length being the mean free path A for electron—phonon backscattering. Each
tube has two transport channels corresponding to the two bands degenerate at Ey.. Taking A = 300 nm
[75], p, = (area/tube)/(2G, % 300 nm) =1.5 x 107> Q cm, where G, is the conductance quantum
12.6 K Q)~!. Assuming further that tube growth is stochastic with respect to wrapping indices, only
one third of the tubes will be metallic at 300 K and so p, ~50 p€2 cm, roughly twice the value for
graphite. This is a surprising result because there are many factors which will increase this number
in real samples: finite distribution width of tube axes, unaligned tubes, empty volume (porosity),
junction resistance between tube segments and between ropes, incoherent intertube scattering within
a rope, and elastic scattering from tube ends, defects and impurities. These may be partially offset by
p doping of the semiconducting tubes by acid residues from purification and by atmospheric oxygen.

Pure nanotube fibers offer the prospect of even lower resistivities since they are readily aligned
during extrusion and can be further aligned by stretching. We discuss next the results of transport
measurements on the two sets of fibers described above: syringeextruded from oleum suspensions
and PVA/water mixtures.

Figures 1.17(a) and (b) show the effects of extrusion conditions and post-extrusion annealing
on the temperature-dependent resistivity of fibers extruded from anhydrous sulfuric acid, or oleum
[34]. Varying degrees of alignment were obtained from HPR93 fibers extruded using three differ-
ent combinations of SNWT concentration and orifice diameter. The texture results of these have
been discussed above. Annealing was carried out in vacuum or flowing argon at 1100°C for 24 h.
In the neat state, all three fibers exhibit low resistance with metallic temperature dependence above
200 K, as shown in Figure 1.17(a). The best alignment is obtained for HPR93B, which correlates
nicely with the lowest p (300 K) = 0.24 m€ cm, about a factor 10 less than graphite. For all three
neat fibers, both the small values and the weak temperature dependence are due to the strong redox
doping effect of bisulfate from the acid suspension. The nondivergent low-7 behavior in the neat
state can be ascribed to interparticle tunneling induced by thermal fluctuations [76].

The effect of annealing on p (7) is shown in Figure 1.17(b), which displays the results of a series
of successively higher annealing temperatures at constant time intervals. All three annealed samples
show large increases in resistivity at all 7, in addition to notably steeper nonmetallic temperature
dependence. In general, annealing removes dopant molecules and the fibers become more resistive
with higher annealing temperatures. This effect is more pronounced at low 7. Note that for
HPR93B, dp/dT still becomes more negative with decreasing 7 at our lower limit of 1.3 K, unlike
the nondivergent behavior of the neat fibers. These results suggest that removing dopant molecules
leads to localization of charge carriers within the ropes.

A similar study of fibers spun from PVA—water—surfactant [29] focused on the effect of post-
extrusion stretching while the green “gel” fiber still contained ~50% PVA. The effect on p (300 K)
is shown in Figure 1.18 [25]. An initial decrease by a factor ~4 up to 21% stretch is followed by sat-
uration beyond ~35% stretch. Surprisingly, the x-ray-derived-distribution width is narrowing con-
tinuously over the whole range of stretching (up to 80%), suggesting that above an intermediate
degree of alignment, p (297 K) is limited by some other factor which does not improve with further
stretching. Note also that for these composite gel fibers, p (300 K) is 20 to 30 times larger than for
the neat oleum-based fibers. Here, the insulating PVA impedes long-range transport while the pres-
ence of trace p-type dopants enhances the neat conductivity of the oleum fibers.

Selected fibers were annealed in H, at 1000°C after stretching, to remove the insulating PVA
and thereby obtain more highly conducting material. This process leads to a strong reduction in
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FIGURE 1.17 (a) Four-point resistivity vs. temperature for three neat SWNT fibers extruded from oleum
suspension. p decreases at all 7 as alignment improves. Nonmetallic behavior at low T levels off as 7 — 0 (non-
divergent behavior) while metallic behavior is observed above 200 K. (b) Effect of vacuum annealing on p (7)
for HPR93B; note log—log scale. p increases as the bisulfate p-dopants are removed, especially at very low T’
(factor ~500 at 1.3 K). Metallic behavior is lost, and the slope dp/dT continues to increase as 7 — 0 (divergent
behavior). (From Zhou, W. et al., J. Appl. Phys. 95, 649 (2004), with permission.)

p (300 K) and a flattening of the p (7) curve to a much weaker 7 dependence than in the green gel
fiber. The data for green PVA/SWNT composite fiber and for the PVA-free annealed one are shown
in Figure 1.19. Both have been stretch-aligned as indicated in the figure legend; note the log—log
scale. At 300 K, p for the composite fiber exceeds that of the annealed one by 40 to 50 times. Here,
the elimination of PVA removes high-resistance interbundle contacts so the macroscopic carrier
transport is more efficient. At low temperature the difference is more dramatic, suggesting that the
presence of PVA enhances the effects of carrier localization by disorder. The composite fiber resist-
ance becomes too high to measure at the lowest temperature. Extrapolating to 2 K, we deduce a
resistance ratio of at least 11 decades, strongly suggesting totally different conduction mechanisms
in the two morphologies. It is obvious from the data that disorder dominates charge transport in both
states. Furthermore, the disorder is most likely to encompass all three dimensions since the fibers
consist of coupled and intertwined objects. In particular, we expect that the disorder is neither lim-
ited to 1D carrier localization on individual tubes or bundles, nor to defect scattering/trapping on
single tubes. The huge effect of PVA, which permeates the interbundle volumes in the composite
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FIGURE 1.18 Four-probe electrical resistivity at room temperature vs. stretch ratio for PVA composite
nanotube fibers. The experiments have been conducted on two series of samples (black squares, open circles).
Accurate cross-sectional areas were obtained from SEM image analysis. The resistivity decreases with stretch
ratio by a factor between three and four for the two sets of data. The absolute value is intermediate between
all-SWNT fibers and polymer composites. The dashed line is a guide to the eye. (From Badaire, S. et al.,
J. Appl. Phys. 96, 7509 (2004), with permission.)
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FIGURE 1.19 Resistivity vs. temperature for composite (53% stretch) and annealed (76% stretch) nanotube
fibers (note log—log scale). Note that p (T) for the composite fiber is more strongly divergent as 7 — 0 as com-
pared to the annealed one. (From Badaire, S. et al., J Appl. Phys. 96, 7509 (2004), with permission.)

fibers, cannot possibly be 1D. It is interesting to note that for both fiber series, one ends up with
about the same p (300 K) after annealing, whereas this value is approached from opposite directions
in the two different processes.

The qualitatively different p (7) behaviors in the two sets of fibers can be attributed to an MI
transition as a function of doping level [77]. On the metallic side for heavily doped tubes, p tends
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to a finite value as T approaches zero, and the effective band gap, —dInp/d7, vanishes as T
approaches zero; examples of this behavior are shown in Figure 1.20. On the insulating side for
PVA-rich gel fibers or annealed oleum fibers, p diverges as T approaches zero, and the exponential
T dependence can be ascribed to strong localization and either 3D Mott or Coulomb gap variable-
range hopping [77]. The MI transition is revealed by systematic measurements of resistivity and
transverse magnetoresistance (MR) in the ranges 1.9 to 300 K and 0 to 9 T, as a function of p-type
redox doping. The observed changes in transport properties are explained by the effect of doping
on semiconducting SWNTs and tube—tube coupling.

How does the presence of endohedral C, affect the electronic properties of peapods? Despite
predictions based on work function differences between peas and pod, there is no evidence for
charge transfer redox doping by the endofullerenes. Figure 1.21 shows p (7) data for a peapod sam-
ple and an unfilled control [70,71]. Near 300 K the resistivities are the same within experimental
error, and the peapod temperature dependence is steeper suggesting stronger disorder effects com-
pared with the empty tubes.

More fundamental than electron transport properties is the spectrum of allowed electron ener-
gies or density of states N(E). This can be measured on individual tubes using scanning tunneling
spectroscopy, which yields much important information. For bulk materials, one measures the
related quantities such as electron energy loss function, using electron energy loss spectroscopy
(EELS), absorption spectroscopy using thin films, or reflection spectroscopy if flat and reasonably
smooth surfaces are available. We close this section by giving a few examples.

Figure 1.22 shows the loss function of a 100-nm-thick film of ~60% SWNT deposited on a
TEM grid [78]. Both energy and momentum of the transmitted electrons can be determined, so the
observed transitions can be separated into dispersing and nondispersing, which correspond to “col-
lective” (plasmon) and “localized” interband processes, respectively. The inset shows the loss func-
tion over a wide energy range, in which the plasmons representing collective excitations of the 7w
and w + o electrons can be clearly seen at 5.2 and 21.5 eV, respectively, in agreement with the
theory. Features in the loss function at 0.85, 1.45, 2.0, and 2.55 eV are independent of ¢ and are
therefore assigned to interband transitions. Their nature is revealed by a Kramers—Kronig transform
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FIGURE 1.20 Reduced activation energy W vs. T for the most conductive p-doped SWNT samples.
Extrapolating from the lowest data point 1.3 K to 7 = 0 shows that 7, and any possible energy gap, vanishes,
signaling a true metallic state. (From Vavro, J. et al., Phys. Rev. B 71, 155410 (2005), with permission.)
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FIGURE 1.21 Four-point resistivity vs. T for C,, @SWNT (filled circles) and empty nanotubes (open

squares). The ratio empty/filled is shown in the inset. At ambient temperature the resistivities are indistin-
guishable. (From Vavro, J. et al., Appl. Phys. Lett. 80, 1450 (2002), with permission.)

to obtain real and imaginary parts of the dielectric function, &, being directly proportional to the
optical absorption coefficient. The results are shown in Figure 1.23, which reveals three interband
transitions at 0.65, 1.2, and 1.8 eV. These are the energy separations of the 1D van Hove singulari-
ties, slightly broadened by diameter dispersivity in bulk samples. We now understand the sequence
of transitions as EJ|, E3,, and EM where 7 is the band index and Sand M denote semiconducting and
metallic tubes, respectively.

EELS also gives important information about the effects of redox doping on electronic proper-
ties [79]. Figure 1.24 shows how the loss function evolves with potassium concentration. The
upshift in the 7 plasmon near 6.5 eV is due to the gradual addition of an extra electron per » car-
bons to the previously empty 7 * conduction band. The extra delocalized electron is charge-com-
pensated by K° oxidizing to K* during intercalation. Figure 1.24(b) shows this relation explicitly,
with K/C determined from core-level spectroscopy. The disappearance of fine structure below 2 eV
signals the upshift in £, which quenches the van Hove interband transitions since the final states
in the neutral material (Figure 1.23) are now occupied by doping.

Optical absorption and reflectance are complementary to EELS. The energy resolution is
higher, polarization and selection rule information is accessible, and the spectra extend to lower
energies which would otherwise be obscured in EELS by the tail of the ~100 kV incident electron
beam. The lower energy cutoff permits accurate measurements of the so-called Drude plasmon, a
collective excitation of the delocalized electrons, and how it evolves with doping.

Figure 1.25 shows the reflectance of an unoriented undoped film [80]. The solid curve is a model
fit, including a free carrier Drude term and several interband Lorentz oscillators. These results con-
firm that undoped material consists of a mixture of conducting and semiconducting nanotubes, typ-
ical for bulk samples. The interband transition energies are consistent with electronic structure
calculations for 1.4-nm-diameter tubes, and with EELS described above. The theory predicts that
because these transitions involve 1D van Hove singularities, they should be completely polarized
along the nanotube axis, i.e., they should vanish when the incident and transmitted beams are cross
polarized. This was proved in a clever experiment on magnetically aligned SWNT suspensions with
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FIGURE 1.22 The loss function of purified SWNT from EELS in transmission for the different ¢ values is
shown. The contributions from the elastic peak have been subtracted. The inset contains the loss function over
an extended energy range, showing the 7 plasmon and the 7 + o plasmon at around 5 and 22 eV, respectively.
(From Pichler, T. et al., Phys. Rev. Lett. 80, 4729 (1998), with permission.)

the alignment locked in place by gelation [81]. Polarized Raman scattering was used to quantify the
degree of alignment. Combined with absorbance data from the partly aligned sample, the intrinsic
polarized absorbance is recovered. The fitted Drude plasma frequency w; is 0.29 eV, characteristic
of a small concentration of conduction electrons or holes.

Chemical doping is revealed in absorption and reflectance spectroscopy by several mechanisms.
The higher concentration of free carriers shifts the Drude edge to higher energy. The Drude scatter-
ing time may be affected by doping-induced disorder or dimensional crossover. Low-energy inter-
band transitions may be quenched by the Ep shift through valence or conduction band singularities.
Examples of these phenomena are evident in the reflectance spectra shown in Figure 1.26 for potas-
sium-doped purified SWNT buckypaper [82]. These experiments were performed in sealed quartz
tubes to avoid air exposure; consequently, the results differ significantly from those quoted in an ear-
lier publication in which such precautions were not taken [83]. Data recorded in the range 0.07 to
4 eV show clearly that with increasing K concentration, the 1D van Hove transitions disappear and
the Drude edge shifts progressively to higher energies into the visible spectrum [84]. Colors from
purple to golden-brown, reminiscent of alkali graphite compounds, are observed as the K concen-
tration increases to saturation. The Drude edge blue-shifts strongly, signaling a large increase in con-
duction electron concentration after doping. Now the fitted value of o, is 1.85eV. In the
free-electron model for metals, the DC conductivity is proportional to @;?. This implies a ~40x
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FIGURE 1.23 Real and imaginary parts of the dielectric function (upper panels) and the real part of the opti-
cal conductivity for SWNT (solid curves), C,, (dot—dash curves) and graphite (dotted curves). (From Pichler,
T. et al., Phys. Rev. Lett. 80, 4729 (1998), with permission.)

enhancement in o by saturation doping, in excellent agreement with direct measurements.
Reference [83] reports a much smaller enhancement, underscoring the importance of avoiding air
exposure. Similar experiments with electron acceptor doping show a maximum upshift to only
1.2 eV. The weaker effect on w, with acceptors is again familiar from graphite intercalation com-
pounds, in which the fraction of a free hole per intercalated molecule is considerably less than the
fraction of a free electron per alkali ion.

A key parameter in characterizing doped bulk SWNT samples is the position of the Fermi
energy, above or below the neutrality point for donors and acceptors, respectively. This is straight-
forward in electrochemical experiments, in which temperatures are limited to near ambient and the
sample is not optically accessible at all wavelengths. An alternative is provided by the phonon drag,
or electron—phonon scattering contribution to the thermopower. The basic idea is quite simple [85],
and is shown schematically in Figure 1.27(a). The Fermi surface of a 1D metal consists of two points
separated in k by a wave vector of amplitude |Q|. Momentum-conserving (inelastic) electron—
phonon scattering thus requires participation of acoustic phonons with wave vector O, which are
absorbed or emitted as electrons scatter from the left- to right-moving branch of E(k). Thus, the tem-
perature dependence will reflect the temperature dependence of the heat capacity, and phonon drag
is quenched below a characteristic temperature 7, given approximately by 0.27h@q/ky (cf. Figure
1.27(a)). || 1s set by the chemical potential ¢, which in turn is controlled by the doping level; # and
kg are the Planck and Boltzmann constants, respectively. Operationally (Figure 1.27(b)), one records
thermopower vs. temperature, locates T, from the peak in the derivative, and backs out £} from the
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FIGURE 1.24 (a) The loss function of pristine and potassium-intercalated SWNT; the potassium concentra-
tion increases from bottom to top. The dashed line indicates the shift of the position of the charge carrier plas-
mons with increasing concentration. (b) The quantitative relation between the square of the energy position of
the charge carrier plasmon and the relative potassium concentration. (From Liu, X. et al., Phys. Rev. B 67,
125403 (2003), with permission.)

Photon energy (eV)
0.0 05 1.0 1.5 2.0 25 3.0

L N L L L L L B

SWNT
— Obad ]

0.1}

Reflectance

0 5000 10000 15000 20000 25000
Frequency (cm™)

FIGURE 1.25 Reflectance of an unaligned SWNT mat measured from 25 to 25,000 cm™' (lower scale), cor-
responding to the energy interval 0.003-3 eV (upper scale). R approaches 1 at E = 0, characteristic of a metal.

Four interband transitions involving 1D van Hove singularities are identified by the downward arrows. (From
Hwang, J. et al., Phys. Rev. B 62, R13310 (2000), with permission.)
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FIGURE 1.26 Reflectance vs. photon energy for four SWNT buckypaper samples with increasing carrier
concentration from alkali doping. Leftmost curve is for undoped SWNT. Doping causes a strong blueshift of
the free carrier Drude edge, and quenches the interband transitions as £y increases through the first two-con-
duction band van Hove singularities. (From Zhou, W. et al., Phys. Rev. B 71, 205423 (2005), with permission.)

relevant dispersion relations. In the example shown, we see the sharp contrast between undoped and
sulfuric acid-doped data from which a Fermi level depression of 0.5 eV is obtained.

The phonon drag method for locating £ suffers one major drawback — it relies on a model for
the energy band dispersion E(k). The original one-electron tight-binding models have been
extremely useful [86], while the importance of higher order effects is becoming evident [87]. For
studies of the metallic state of doped nanotube materials, it would be helpful to have a characteri-
zation technique which directly measures the free carrier concentration (Hall effect), or at least the
density of states at the Fermi energy N(E}). The Pauli paramagnetism of conduction electrons pro-
vides one option. This is difficult to observe directly in magnetization measurements due to strong
diamagnetic corrections, which are not well quantified. This limitation is overcome by conduction
electron spin resonance (CESR), which in essence is the Zeeman effect of delocalized electrons.
Evidence for Pauli spins in raw SWNT soot was reported 10 years ago [88]. This was controversial
because (1) it was believed that the random orientation combined with anisotropic metallic proper-
ties would broaden the CESR beyond recognition, and (2) assuming stochastic growth such that
only approximately one third of the tubes is metallic, and given the theoretical result that N(E}) per
mole is only approximately one fourth that of 3D graphite, these few intrinsic metallic spins might
be undetectable. The original interpretation was supported by subsequent measurements of the tem-
perature dependence of integrated CESR linewidth [89]. While the more typical paramagnetic res-
onance associated with localized spins obeys a Curie law temperature dependence, susceptibility
x~1/T, the nanotube  was independent of 7 in the range 70 to 300 K. The same sample exhibited
the aforementioned shallow minimum in resistivity vs. 7 at about 200 K, so the 7" independence of
Ypaui Tuled out an MI transition in the undoped material.

CESR was extended to alkali-doped buckypaper using in situ electrochemical doping to follow
the resonance vs. K concentration [90]. Figure 1.28(a) shows the evolution of the full profile, which
consists of a narrow Pauli contribution, magnified in Figure 1.28(b), superposed on a broad anti-
ferromagnetic resonance (AFMR) associated with residual transition metal catalyst. The Pauli
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FIGURE 1.27 Phonon drag in SWNT. Top: calculated phonon heat capacity vs. T for a p-type doped nan-
otubes with chemical potential u applicable to semiconducting or metallic tubes is shown in the inset. The cut-
off in occupied phonon energies leads to a weak threshold in thermopower S. Bottom: S (7) and its derivative
for SWNT fibers extruded from sulfuric acid (b) and after annealing to remove the acid and return u toward
zero. The peak in the derivative (b) is a measure of the doping-induced downshift in E.. (From Vavro, J. et al.,
Phys. Rev. Lett. 90, 065503 (2003), with permission.)

CESR grows in intensity with increasing K concentration, while the position and width are constant.
The AFMR intensity diminishes as the sample becomes more conducting and the microwave skin
depth decreases. Figure 1.28(b) shows that y;,;, proportional to the double integral of the CESR
line, increases monotonically with K/C. Now that an absolute scale is established, the absence of
CESR in this undoped material is surprising since there is ample sensitivity.

It also calls into question the origin of the 7-independent signal observed previously in unpuri-
fied soot [89]. Figure 1.29 shows that y,, ;; is independent of 7" for two saturation-doped samples,
from 30 to 290 K. This proves beyond doubt that alkali-doped SWNTs are true metals. The absolute
value 5 x 1078 emu/g translates to N(Ey) = 0.015 states/eV per carbon per spin, approximately five
times smaller than a theoretical estimate [91]. The anomalously small value in doped material, and
the absence of a true ESR signal in clean undoped material, remain to be resolved.

The independence of the CESR linewidth on temperature is unusual. The inverse of the width
is proportional to the spin relaxation rate, which is usually dominated by spin—orbit interaction with
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FIGURE 1.28 Conduction electron spin resonance in K-doped SWNT. (a) Ferromagnetic resonance of Ni
catalyst particles in undoped and fully doped SWNT (light and heavy curves, respectively). The narrow CESR
peak is not seen in the undoped sample, and the Ni resonance changes line shape as the sample becomes more
conducting and the skin depth decreases. (b) The CESR line grows continuously with increasing K concentra-
tion, while the spin relaxation rate (linewidth) and g factor (position) remain constant. (From Claye, A. S.
et al., Phys. Rev. B 62, R4845 (2000), with permission.)
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FIGURE 1.29 The Pauli spin susceptibility vs. T for saturation-doped SWNT is independent of 7 above 30 K,
characteristic of a metallic state. (From Claye, A. S. et al., Phys. Rev. B 62, R4845 (2000), with permission.)

the dopants. The only explanation is inhomogeneous doping; small saturation-doped regions are
created at the outset, and their number density increases with global K/C without affecting their
size. This model is supported by accompanying x-ray diffraction data [90].

1.3.4 MAGNETIC AND SUPERCONDUCTING PROPERTIES

We close with a brief mention of these collective phenomena in bulk nanotube materials. An excel-
lent entrée to the magnetism controversy is the recent paper by Cesvedes et al. and references
therein [92]. The authors prove convincingly that there is no bulk magnetism in a clean multiwall
nanotube sample. On the other hand, when placed on a flat ferromagnetic substrate, fringing fields
can be observed by magnetic force microscopy. Thus, the prospect for “contact-induced magnet-
ism” and the application of carbon nanotubes to nanoscale spintronic devices remain open.
Magnetic contrast is observed for carbon nanotubes placed on cobalt or magnetite substrates, but is
absent on silicon, copper, or gold. Spin transfer of about 0.1 uB per contact carbon atom is obtained.

The dialog about nanotube superconductivity began with a very simple argument [93]: if one could
tune the chemical potential to the peak of a van Hove singularity, either chemically or electrostatically,
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one should have a high N(E}) value, a prerequisite for BCS superconductivity. The obvious problem in
applying this to bulk material is the diameter dispersivity. Even in single tubes, higher order interactions
will broaden the square-root energy divergences. This has not prevented some from conjecturing 7,
above 400 K for nanotube superconductors. Super-current flow through an SWNT with low-resistance
contacts was reported in 1999 [94]; analogous to contact-induced magnetism, no claims were made for
bulk nanotube superconductivity. Evidence for a bulk anisotropic Meissner effect below 20 K in aligned
0.4-nm-diameter SWNT was claimed and justified by the argument that small-diameter tubes will be the
stiffest, and thus, the average phonon energy in the BCS equation will be favorable [95]. This dramatic
result has not been reproduced by other researchers since it appeared 4 years ago. As with bulk mag-
netism, it would appear that the jury is still out concerning bulk superconductivity in carbon nanotubes
and other nanostructures.

1.4 SUMMARY AND PROSPECTS

It is difficult to counter the argument that carbon is the most amazing element in the Periodic Table.
In the space of a mere 30 years, we have experienced the discovery of (or renaissance in) three mate-
rial families: graphite intercalation compounds (GICs), fullerene solids, and nanotubes. GICs pro-
vided a wealth of detailed chemical and physical information, while immediate applications were
frustrated by cost, lack of air stability, and most importantly, the lack of new or greatly improved
applications and properties. Though the foundations of physics and chemistry remain unshaken, the
Li ion battery industry has certainly benefited greatly from this store of knowledge. Fullerene solids
fared better, and may yet surprise us in the practical world; while no large volume application has
yet emerged, the elucidation of electronic properties in this highly correlated system has made
invaluable contributions to fundamental science. Nanotubes may offer the best prospects yet; money
is already being made on some small-scale applications. The combination of enhanced properties
encourages the drive to multifunctional materials, and also affords an excellent laboratory for study-
ing 1D phenomena. Extensions to other tubular and nanowire-like materials provide ample scope
for new discoveries.
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ABSTRACT

The main trends and recent achievements in carbon nanotube chemistry are reviewed. Apart from
“traditional” subjects such as opening, filling, and decoration of nanotubes, some new subjects have
also been discussed. A special emphasis has been placed on the functionalization and solubilization
of carbon nanotubes, their self-assembly, film and fiber formation, and sensor and biosensor prepa-
ration. Some basics on carbon nanotubes are introduced.

2.1 INTRODUCTION

Owing to their electronic, mechanical, optical, and chemical characteristics, carbon nanotubes
(NTs) attract a good deal of attention from physicists, chemists, biologists, and scientists from sev-
eral other fields.! Possible applications in the fields of molecular electronics, nanomechanic
devices, information display, sensoring, energy storage, and composite materials are of interest for
industry.®

The perspectives of NT application are greatly dependent on NT chemistry. Chemical behavior
of NTs is very diverse and the processes of NT synthesis, purification, modification, and solubi-
lization”8 all contribute to this diversity.

There are different ways to modify NTs:

 Partial oxidation and decapping (opening) of NTs

» Attachment of functional groups to the open ends of NTs

e Attachment of functional groups to the sidewalls of NTs

e Chemical reactions of functionalities attached to NTs

« Filling of inner cavities of the NTs with different substances (gaseous, liquid, or solid)
and carrying out a chemical reaction inside the NTs

» Replacement of the carbon atoms of NTs by atoms of other chemical elements or groups

 Intercalation (insertion) of “guest” atoms or molecules into the intertubular space of
single-wall NTs (SWNTs) bundles or in between the walls of multiwall NTs (MWNTs)

e Decoration of outer walls of NTs and using NTs as templates

» Adsorption of gases

NTs having very large molecular weights cannot form true solutions. Therefore, solubilization
of NT means the formation of their colloid solutions (dispersions). The solubilization can be sub-
divided into the formation of aqueous, organic, or polymeric dispersions.

The geometry and size of NTs allows them to take part in self-assembly and aligning processes.
The directional deposition on certain surfaces, structuring by Langmuir—Blodgett films and by lig-
uid crystals, and formation of colloidal systems are mentioned here.

In its chemical behavior, NTs partially resemble graphite and fullerenes; however, there are also
noticeable differences from both graphite and fullerenes.® Graphite represents a typical layered
polymeric crystal and each fullerene can be considered as a molecule which can form molecular
crystals (fullerites). However, a great many NTs cannot be classified as either usual molecules or
crystals. SWNTs are similar to polymeric molecules of simple substances and MWNTs resemble
structured nanoparticles. The individual NT can be also assumed as 1-D crystal and well-ordered
NT bundles as 2-D crystals.

Graphite has planar structure corresponding to sp? for o bonds and p for 7 bond. Fullerenes and
NTs have hybrid bonding orbitals between sp? and sp*. NTs having low percentage of sp? bonds are
in this regard nearer to graphite. All these bonds in straight NTs are concentrated in half-spherical
or conical caps, and in curved NT they are concentrated in the bends. The difference in chemical
activity between NT caps and sidewalls as well as between straight and curved NTs is determined
by the sp?:sp® bonds ratio.
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Specific chemical properties of graphite, fullerenes, and NTs as well as of fullerenes or NTs of
different diameters are also different owing to dissimilar surface curvatures.'”

The chemistry of new carbon allotropes has been described with a pyramidalization angle
6, formalism.!" For graphite, 8, = 0°. All carbon atoms in C,, have 6, = 11.6°. Pyramidalization
angle of SWNTs (n, n) of various n (n = 2 to 10) is calculated to vary between 14—17° and 2°.'
Pyramidalization changes the hybridization of atomic orbitals at the C atom so that the 7 orbital
contains different portions of s and p orbitals, leading to different chemical reactivity. Because of
this hybridization, fullerenes and NTs are known to be more reactive than graphite. The deforma-
tion energy of sp? bond is inversely proportional to the diameter of NT, and therefore tubes with
smaller diameter have greater reactivity. The enthalpy of the reaction decreases with increase in the
diameter. The enthalpy of homolytic reactions of H atoms and methyl radicals with atoms of curved
carbon plane is linearly dependent on the pyramidalization angle and can differ by 1 eV.!?

The cups of NT, which are often similar to fullerene molecule halves, contain more reactive
C atoms, than the sidewalls. Experimental evidence of the higher chemical reactivity of conforma-
tionally strained carbon sites in MWNTSs has been reported. '

NTs exhibit more differences owing to various structure and morphology (kinked, branched,
conical NTs, etc.).!> The NTs differ from fullerenes by the larger size of internal cavity, and from
graphite by the greater share of accessible surface sites.

Fullerites, graphite, and NTs contain van der Waals gaps, which on being filled can form inter-
calates, or “guest-host” compounds. The dimensionality of such compounds is different: 0-D for
fullerites, 2-D for graphite, and 1-D for NTs. NTs can form “guest-host” compounds of different
types: for instance, the “guests” can exist in the inner cavity of SWNT or MWNT, in the intertube
space of the bundled NTs, or in between the walls of MWNTs having scroll structure.

The development of the chemistry of NTs will determine the fields of their practical applica-
tion. Primarily, NT chemistry is involved with the rational routes of NT purification and sorting.
Chemical modification of NTs can open the way to modify the properties of these materials.

Unlike physical investigation of the solid-state properties of NTs, the study of their chemical
reactivity is still in its infancy. At the same time, there have been very impressive achievements in
the study of the chemistry of NTs in recent years. There are a large number of original publications
and some reviews on the subject.®!%1621 The present review pertains mainly to works in the last five
years.

2.2 CARBON NANOTUBE MORPHOLOGY AND STRUCTURE

Dozens of different morphological varieties of filamentous carbon nanoparticles were revealed in a
remarkably short period of time after the discovery of “classical” NTs. As was mentioned by
Hilding et al.,'” NTs can differ by “aspect ratio, NT diameters, surface structures, defect densities,
and physical entanglements.”

The NT of the “classical” type represents a cylindrical particle formed from graphene — a flat
carbon net with the atoms located in the corners of joined hexagons. They may be single-walled
with a diameter between ~0.3 and ~5.0 nm (typical SWNTs have diameters of 1.0 to 1.4 nm, and
length up to 50 to 100 um) or multi-walled. SWNTs as a rule contain less topological defects and
possess better mechanical and electrophysical properties. The specific surface area of SWNTs is
independent of their diameter and is equal to 1315 m?/g (for outer surface).

MWNTs consist of several (from two to tens) coaxial tubes, with outer diameter of ~1.4 to
100 nm. Their specific surface area depends on the number of walls, and to a lesser extent on the
diameter of the inner tube. The theoretical surface area of double-wall NTs is between 700 and
800 m?/g, and of ten-wall NTs is about 200 m?/g. Nanofibers (NFs) have a diameter from tens to
hundreds of nanometers.

Some MWNTs and NFs have internal cross connections formed by curved graphenes. A mod-
erate relative number (density) of cross connections correspond to a “bamboo-like” structure of
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MWNT, while a high relative number of connections may be attributed to conical structures such
as “herringbone-like” or “cup-stacked” types. The angle of conicity in the conical structures varies
from 15 to 85°. Grafene layers in NFs may also be located perpendicular to the fiber axis.
Nanofibers having regularly changing diameter (“nanobeads”) have been synthesized.?? And finally,
there are amorphous NTs or NFs.

SWNTs, MWNTs, and NFs can spontaneously form “secondary” structures. A classification of
carbon nanotubular particles into primary, secondary, and tertiary forms was first introduced by
De Jong and Geus.?* The most popular secondary form of the SWNT is a bundle (“rope”), which
consists of tubes in a 2-D triangular lattice, with a lattice constant of 1.7 nm. The bundles usually
have greater lengths as compared to individual NTs. For example, 1-m-long bundles of NTs have
been produced. They can combine to form a structure of higher order. Tangled SWNTs or MWNTs
can form “bucky paper” (“nanopaper” and ‘“nanomats’).

Single-walled nanohorns (nanocones) quite often combine to produce flower- or bud-like structures.

“Secondary” structures formed by MWNTs are more diverse. The formation of bundles of
MWNT is less typical. More often, kinked (L-shaped) and branched (Y-, T-, H-like, “octopus,” tree-
like) forms were synthesized. Tangled MWNTs form aggregates up to 3 mm in diameter (“worms”
and “boiled spaghetti”’). The aggregates along with conical “ceder forest,” and “bucky pearl” some
others are the members of “tertiary” structure.

A pyrolytic synthesis sometimes yields coiled NTs, helixes, double helixes, helixes inside NTs,
and even more complex structures, such as brushes, entangled worm-like features, and foil-like
structures at the nanometer scale. Transitional forms, such as nanopeas (fullerenes inside SWNTs),
are also among the structures formed.

The chemistry of different structures must be notably diverse. This diversity has not been stud-
ied yet, and the overwhelming majority of published results pertain to SWNTs, SWNT bundles, and
MWNTs.

2.3 SYNTHESIS OF CARBON NANOTUBES

There are two main methods or groups of processes of NT synthesis: sublimation of graphite with
subsequent desublimation, and decomposition of carbon-containing compounds.>’** The first
group of processes is associated with high temperatures (up to 4000°C), which can be obtained in
electric arcs (see, for example, Refs. 25-29), by the process of laser ablation,?3* by focused solar
radiation,**3 or by resistive heating of graphite.

The arc process is remarkable for the larger number of versions, among which some versions
allow the realization of a semicontinuous process in automated facilities. Arching process in liquid
nitrogen,*®37 in water,*® and in aqueous solutions*** have also been developed.

Arching processes in gaseous*’ or liquid*'*? hydrocarbons are classified as combined methods,
where the pyrolysis of hydrocarbons takes place along with the sublimation—desublimation of
graphite.

The arc-discharge technique is a popular method. The main disadvantages of the method lies in
the difficulty of organizing a continuous process, the concurrent formation of amorphous carbon,
metal clusters coated with carbon and in some cases fullerenes along with NTs. The total yield of
SWNT, as a rule, does not exceed 20 to 40%.

The second group of methods has its own variations: pyrolysis of gases (chemical vapor depo-
sition, CVD process), solids (e.g., pyrolysis of polymers), aqueous solutions (hydrothermal synthe-
sis),**# or organic solutions (supercritical toluene).*

The CVD method can produce NTs in large quantities and can be realized at temperatures of
500 to 1300°C. In accordance with the chemical composition of the carbon source, the method can
be subdivided on the disproportionation of CO,*-334¢ the pyrolysis of hydrocarbons (CH,, C,H,,
C4Hg, etc., including polymers),>*"** pyrolysis of CH,O, compounds (for example, alcohols™),
and pyrolysis of heteroatomic CHA B, compounds (A, B =N, O, S, Cl, ..., e.g., amines).
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It is also possible to synthesize NTs via a template method, applying, for example, porous
anodic alumina membrane. CVD using hydrocarbons as NT precursors over patterned catalyst
arrays leads to the formation of different complex structures and opens up exciting opportunities in
nanotechnology.*®

The thermal disproportionation of CO is realized in two main variants: HiPco®>* and
CoMoCAT.>*! These methods are considered by American researchers as the most promising for
the commercial production of SWNTs.

High-value NTs, viz. SWNTs, are produced at temperatures of 900 to 1200°C, mainly using
CO or CH, as a precursor. The availability of precursors, such as C,H,, methanol, and ethanol,
for SWNT synthesis is also shown. SWNTs in all instances are produced only by catalytic
reactions.

Methods other than the ones mentioned above, for example, thermal decomposition of metal
carbides’>3 or carbonitrides,>* chlorination of carbides,’ electrolysis of molten salts,” interaction
of cesium metal with microporous carbon,” defoliation of graphite by forming and subsequent
transformation of “guest-host” intercalated compound, transformation of fullerenes Cy, and C,,,>
“rapid thermal processing” of amorphous carbon film containing iron,>® sonochemical produc-
tion,’” AC plasma processing,’® etc., are not widely used.

2.4 OPENING OF CARBON NANOTUBES

Independent of their synthesis method, pristine SWNTSs have large aspect ratio (10° to 10%) and
closed ends. Open-ended NTs offer unique possibilities as conduits for flow of low-surface-tension
fluids through their cylindrical pores. Applications of NTs in molecule separation devices, in bio-
catalysis, in molecule detection, and as encapsulation media have been proposed. The end cups on
NTs must be destroyed to make the inner cavity available for filling. The simplest method to open
NTs is their oxidative treatment. The oxidation tends to initiate on the end cups, thus providing a
mechanism for opening the NT. The treatment is accompanied by functionalization of NTs with
oxygen-containing groups (see below).

Liquid or gaseous chemical agents are used as oxidants. Refluxing, sonication, or microwave
(MW) digestion in concentrated acids, such as HNO,, H,SO, and their mixtures, are the most pop-
ular methods of oxidation. Refluxing of MWNTs in concentrated HNO, leads not only to oxidative
opening, but also in the reduction of the NT length and diameter as well as the breaking of entan-
gled MWNTSs.* Treatment of SWNTs results in tube cutting and narrowing of diameter distribu-
tion.%%®! The bundles of SWNTSs become disordered and partly exfoliated, when they are immersed
in 70% HNO; for a long period of time.5? Nitric acid can be intercalated into SWNT bundles, in
that way disintegrate the tube walls into graphitic flakes and then reforms them into various multi-
shell phases such as MWNTs, cone-shaped phases, and onion-like phases.®* A prolonged treatment
of SWNTs leads to amorphization and complete destruction of the tubes.

Bundles in raw SWNT material are significantly thinner (<10 NTs) than those found in soni-
cated and HNO,-oxidized samples (>30 NTs).%4% It has been suggested that this thickening is pro-
moted by the H-bonding between —COOH side groups formed during oxidation.

The concentrated H,SO,/HNO, mixture (3:1) is a better agent for cutting SWNTs*%¢ and for
enrichment of large-diameter SWNTs. 6768

Oxidation of SWNTs with H,0, is a common tube-opening procedure.®7! SWNTs react
exothermically with the H,SO,/H,0, mixture.®® Oxidation in solution (HNO,/H,0,/H,SO,) has
been found to be effective for opening SWNTs. Aqueous solutions of OsO,, OsO,/NalO,,”? RuO,,
KMnO,, H,SO,/KMnO,, H,SO,/(NH,),S,0,® have also been successively used to open NTs.
Superacids such as HF—BF;, have been shown to act as an etchant of NTs at room temperature.

The opening of MWNTSs can be realized at room temperature electrochemically in H,SO,"
or in dilute aqueous KCl solutions.” Supercritical water acts on MWNT as an opening and thin-
ning agent.’¢
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Gaseous thermal oxidation is more effective than acid treatment. Thinner SWNTSs burn more
quickly than thicker SWNTs during oxidation by oxygen gas.””’® Fixed ambient air,”**° fixed air
activated by microwave irradiation,®! air flow,**** 5% O,/Ar mixture,33¢ reduced O, atmosphere,!
0,/H,S mixture,?”:88 O,, and H,0O plasma® used for oxidation. It has been shown that the oxidative
stability of SWNT is higher than that of amorphous carbon but lower than the oxidative stability of
graphitic carbon.

The pore structure and specific surface area of SWNT aggregates are changed by air oxidation.®?
However, unlike oxidation with H,SO,/HNO; (3:1) solution, the air oxidation process preferentially
oxidizes SWNTs without introducing sidewall defects.”® The air oxidation rate of SWNTSs is clearly
correlated to the amount of metal impurity. Ultrafine gold particles catalyze the oxidation.”!

A mechanism for oxidative etching by O, includes adsorption of O, molecules on the tube cup
or wall, successive transformation of adsorbed molecules, and tube cup being etched away.’?
Defective sites on the ends and the walls of MWNTs facilitate the thermal oxidative destruction of
the tubes.”® The kinetics of oxidation in an air flow has been studied at 400 to 450°C.%* The appar-
ent activation energy of oxidation has been found to be equal to 150 kJ/mol and corresponds to the
data for oxidation of carbon soot.” A kinetic model of the process has been proposed.*

Ozone at reduced or room temperature®®'%! and CO,/Ar (2:1) mixture at 600°C'%? are suitable
for the oxidation of NTs.

As a rule, the oxidation procedure is used for the purification of crude SWNTs and MWNTs
containing amorphous carbon, catalyst, and graphitic nanoparticles. Acid reflux followed by ther-
mal oxidation or reciprocal manner of treatment are common,>%-10.79:83.85.86.103-105 A ¢id treatment of
SWNTs in combination with tangential filtration!° or centrifugation!®* have been tested.
Microwave acid digestion allows a reduction in the operational time.!?” In some cases, HCI"!:1% or
HF!99:119 i ysed for the dissolution of metal impurities. Multistep purification procedures includ-
ing acid treatment®®!'! or air oxidation'!'>!'!*> have been developed. Hydrogen peroxide has been
shown to be an effective agent in the process of carbon nanostructure purification from amorphous
carbon impurities.'!'* The methods that are usually used to remove impurities from the as-prepared
SWNT material lead to hole-doped purified SWNTs.!15

2.5 FUNCTIONALIZATION OF CARBON NANOTUBES

Functionalization allows the segregation of entangled or bundled NTs for their subsequent align-
ment. It is widely used for solubilization of NTs and for purification and classification of NTs in
solutions. The surface modification of NTs plays an important role in their use in composites, pro-
viding strong fiber—matrix bonding and thus improving the mechanical properties of the material.
The integration of NTs into integrated circuits and working devices, such as sensors and actuators
requires robust, well-defined connections, for which few processes are better than covalent func-
tionalization.

All the existing methods of chemical derivatization of NTs are divided into two groups, depend-
ing on whether attached moieties are introduced onto the NT tips or sidewalls. The use of the latter
offers wider opportunities to change the original NT properties, since it allows high coverage with
attached groups. The attachment can be realized either by covalent bond formation, or by simple
adsorption via noncovalent interactions (hydrophobic, 7 stacking, etc.).

The covalent bonding can be realized via chemical or electrochemical reactions. The chemical
functionalization involves oxidation, fluorination, amidation, and other reactions. Two main paths
are usually followed for the functionalization of NTs: attachment of organic moieties either to car-
boxylic groups that are formed by oxidation of NTs with strong acid, or by direct bonding to the
surface double bonds.!'®

Using NTs as either anode or cathode in an electrochemical cell enables oxidation or reduction
of small molecules on the surface of the NT, leading to the formation of radical species which can
be covalently bonded.
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FIGURE 2.1 Structure of (10,10) SWNT-COOH.

2.5.1 ATTACHMENT OF OxipDIC GROUPS

By analogy with other carbonaceous materials, concentrated HNO, and mixtures of H,SO, with
HNO;, H,0,, or KMnO, have been widely used for attaching acidic functionalities to NTs. First,
acidic groups are attached to the open ends of SWNTs (Figure 2.1).

Refluxing NTs in a H,SO,/HNO, mixture results in a clear, colorless solution, which on evap-
oration of the solvent and removal of excess acid, gives a white solid containing functionalized
NTs.”? Neutralization of the acidic solution by alkali results in precipitation of a brown solid con-
taining nanotubes.

The main acidic functionalities comprise -COOH, -C=0, and —OH groups!!” approximately in
the proportion of 4:2:1.!'8 The concentration of surface acid groups in the NTs treated by different
oxidants varies in the range of 2 X 10%° to 10 X 10%° sites/g.”” On a molar basis, the concentration
of acid groups is equal to 5.5 to 6.7%,'"" ~6%,'20 ~5%!'?! for shortened SWNTs or ~4% for full-
length SWNTSs.!?? Simple acid-base titration method shows that three different samples of purified
SWNTs had about 1 to 3% of acidic sites and about 1 to 2% of -COOH functionalities.!?* The func-
tional group concentration is time-dependent.

Treatment of SWNTs with concentrated H,SO, containing (NH,),S,0, and P,O;, followed by
treatment with H,SO, and KMnO,, results in the formation of material containing C/O/H in the
atomic ratio of 2.7:1.0:1.2.7

A “one-pot” oxidative method via ozonolysis of the NT sidewall has been developed.” The
ozonized NTs can react with several types of reagents, thus providing control over functional groups
(Table 2.1).

Along with functionalization with carboxylic, alcoholic, aldehydic, and ketonic groups, acidic
treatment leads to sizeable attaching of protons. The MWNTs after acidic purification contain
76.6% CH,, 13.0% C-0, 4.2% C=0, and 6.2% N-C=0 and O-C=0 groups'** -CSO;H groups
are also attached using sulfuric acid.

Acid-functionalized, purified, and shortened SWNTSs can be dispersed in water by sonication.!?’
No tube precipitation was observed with solutions containing 0.03 to 0.15 g/L after a month. The
solubility and stability of the solution are pH-dependent.

2.5.2 REeACTIONS OF CARBOXYLIC GROUPS ATTACHED TO NANOTUBES

The carboxylic groups at the SWNT tips can chemically react in organic solutions to form closed

rings (Figure 2.2).!26 The average diameter of the rings is 540 nm with a narrow size distribution.
The most important aspect for further covalent or ionic functionalization is the possibility of

exploiting carboxylic groups at the tube ends or walls. Amines are among the reagents that have drawn
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TABLE 2.1
Relative Amounts of Different Surface Oxygenated Groups (%) on HiPco SWNTs Subjected
to Ozonolysis at —-78°C in Methanol Followed by Selective Chemical Treatment

Sample C-OH C=0 COOH, 0-C=0
Ozonated 13.3 50.8 35.9
Treated with H,0, 37.0 9.4 53.6
Treated with DMS 28.7 41.1 30.2
Treated with NaBH, 29.1 36.3 34.6

Source: From Banerjee, S. and Wong, S.S., J Chem. Phys., B 106, 12144—12151, 2002. With permission.

0 0
Ho—C &—on
HO_C—OH

g

OrrenD

FIGURE 2.2 A possible scheme for the ring-closure reaction with 1,3- dicyclohexylcarbodiimide. (Reprinted
with permission from Sano, M. et al., Science, 293, 12991301, 2001.)

the greatest attention. There are three types of carboxylic group reactions with amines: (1) amidation,
(2) acid-base interaction, and (3) condensation. Besides, amines can be physisorbed on NT walls.

Haddon and coworkers!!%120:127.128 pioneered the approach of functionalizing the carboxylic
groups of shortened oxidized SWNTs through amidation with amines bearing long alkyl chains. To
modify SWNTs with the amide functionality, the reactions shown in Figure 2.3 were used.

Shortened SWNTs were stirred in SOCI, containing dimethylformamide (DMF) at 70°C for 24 h,
and after centrifugation, decantation, washing, and drying, the residual solid was mixed with
octadecylamine (ODA) and heated at 90 to 100°C for 96 h. During this process, the volume of the
SWNTs expanded several times.

The second and the third routes to attach amines are the direct reactions of carboxylic groups
with amine (see Section 2.5.4).

The concentration of functional groups bound in SWNTs functionalized with SOCI, seems to
be sensitive to gamma irradiation.'” SWNTs and MWNTs containing acyl chloride groups are sol-
ubilized via poly(propionylethylenimine-co-ethylenimine) attachment.!3%-132 Reaction with polyeth-
yleneimine caused the formation of a product, which is soluble in chloroform.'** MWNTs
functionalized with —COCI groups can covalently attach polythiophene.!3*

The refluxing of functionalized NTs with an excess of NaBH, in absolute ethanol leads to the
reduction of the carboxylic acid groups into hydroxyl groups.
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FIGURE 2.3 Covalent chemistry at the open ends of SWNTs. (Reprinted with permission from Niyogi, S.
et al., Acc. Chem. Res., 35, 1105-1113, 2002. Copyright 2002. American Chemical Society.)

Esterification of the NT ends or sidewalls after their carboxylation'3%!135-14! differs from many
other methods of functionalization in the simplicity of defunctionalization.!*¢ The attached groups
can be easily removed by a hydrolysis reaction, catalyzed by acids or bases. The NTs evolve from
the solution after hydrolysis.

Oxidized carbon atoms can act as specific sites for adsorption of metal ions.'#>!43 The simplest
reaction may be expressed by the equation

NT-COOH + M*X~ — NT-COOM + HX

Individual Pb?>*, Cu?*, and Cd*>* ion-adsorption capacities are equal to 97, 28, and 11 mg/g, respec-
tively.!*> Hg(II) ions form groups of two types: (—COO),Hg and (—O),Hg, in the ratio (%) of
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30:70.142 Ultrasonication of a dispersion of MWNTs in water—isopropanol solution containing
RuCl;-3H,0 leads to Ru attachment.!* The surface carboxylic groups are used to attach the rela-
tively bulky metal complexes such as Vaska’s complex (zrans-IrCI(CO)(PPh,),),'** Wilkinson’s
complex (RhCI(PPh,),),'*¢ and also TiO, or CdSe nanoparticles.!:143 It has been shown that Ir
coordinates to the NTs by two distinctive pathways. With raw tubes, the metal attaches as if the
tubes were electron-deficient alkenes. With oxidized tubes, oxygen atoms form a hexacoordinate
around the Ir atom. The Rh atom similarly coordinates to these NTs through the increased number
of oxygenated species. The functionalization reaction, in general, appears to increase significantly
oxidized NT solubility in DMF in the case of Vasca’s and in dimethyl sulfoxide (DMSO) in the case
of Wilkinson’s.

Among the range of reagents tested, the most effective for MWNTs silylation were N-(fert-
butyldimethylsilyl)-N-methyltrifluoroacetamide and 1-(ferz-butyldimethylsilyl)imidazole.'#

The oxidized groups present on SWNTs allow the formation of polymer/NT films by the alter-
nate adsorption of the polyelectrolyte and SWNTS onto substrates.'*® Such groups on MWNT walls
can react with 3-mercaptopropyl trimethoxysilane.'>! Alkoxysilane-terminated amide acid oligomers
are used to disperse NTs.!>? Alkoxysilane functional ends on the oligomer, once hydrolyzed, react
with functionalities on the ends of the purified SWNTs, thus leading to polymer formation.

The formation of NT arrays by self-assembling COOH-terminated NTs onto certain metal
oxide substrates (e.g., Ag, Cu, Al) has been demonstrated.!> In such reactions, the ability of car-
boxylic groups to deprotonate in contact with metal oxides is utilized.? An assembling acid-func-
tionalized SWNTSs on patterned gold surface has been developed.'>*!>° The reaction mechanism is
presumed to include an ester intermediate formation.

The carboxylated tips of NWNT are used to force titrations by atomic force microscope
(AFM).!5¢ The ability of carboxylic groups at the tips of NT to be readily derivatized by a variety
of reactions allows the preparation of a wide range of molecular probes for AFM. 157158

Air heating of derivatized NTs at controlled temperatures and for controlled periods leads to the
decomposition of carboxylic groups and to the formation of hydroxyl groups.!® The carboxylic
groups could be removed by thermal vacuum decarboxylation without damaging the electron sys-
tem of the NTs, but defects remain on the tube walls.%® It is generally accepted that carboxylic
groups decomposed on heating to CO, gas and carbonyl groups, desorbed in the form of CO (Figure
2.4).160.161 The CH, groups decompos giving CH, and H,.'*!
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FIGURE 2.4 CO, and CO temperature programmed desorption patterns of oxidized and pristine NTs.
(Reprinted from Kyotani, S. et al., Carbon, 39, 771-785, 2001. With permision from Elsevier.)
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2.5.3 FLUORINATION

Fluorination plays an important role in the chemistry of NTs because of the simplicity in acheiving
a high degree of functionalization, the very high stability of fluorinated NTs, and the possibility to
change the attached fluorine atoms to other functional groups. The fluorination reaction can easily
be scaled-up.

The first work devoted to fluorination of fibrous carbon material was published by Nakajima
et al.'s? before NTs were discovered. This work showed that the reaction starts at room temperature.
The composition of the products prepared at fluorine pressure of 1 atm corresponds to Cg_,F.

After a decade, MWNTs were fluorinated at different temperatures and the formation of (CF),
at 500°C was documented.!®® A year later, French specialists, using a mixture of F,~HF-IF, for
fluorination of MWNTs, observed a modification of NT structure after reaction at high tempera-
tures, and studied the electrochemical behavior of the fluorinated NT (“fluorotubes™) as electrode
material in a lithium cell.'®%1% The fluorination of MWNTs by vapor over a solution of BrF; in lig-
uid Br, at room temperature revealed a decrease of cage nanoparticles in the fluorinated material
relative to the pristine sample, which was connected with unrolling the NTs during fluorination. !
Insufficient purity of the samples used in these works makes the full interpretation of the results
difficult.

The amount of doped fluorine increases with increasing doping temperature. Doping at lower
temperatures resembles the intercalation of graphite with fluorine and leads to the buckling of the
outer MWNT walls.!¢’

The fluorination of the internal surfaces of NTs, prepared by a template carbonization technique
and which are less crystalline than those synthesized by arc discharge or laser methods, by ele-
mental fluorine at 200°C shows that the resulting compound corresponds to CF, ,,.!%

Fluorination of purified SWNTs in the form of “bucky paper,” by flow of fluorine gas diluted
by helium at a reaction time of 5 h demonstrated that the composition of fluorinated NTs varied
from CF,, at 150°C to CF, ; at 600°C.'% It appeared that fluorination at 400°C and higher temper-
atures leads to destruction (e.g., “unzipping”) of SWNTs, to the formation of structures resembling
MWNTs, and to the evolution of gaseous products such as CF,, C,F,, C,F,. Once fluorinated at tem-
peratures up to 325°C, which corresponds to the formation of C,F, SWNTs were defluorinated with
anhydrous hydrazine and were rejuvenated. Partial or complete elimination of fluorine can be done
by LiBH,/LiAlH, treatment.'”

In their subsequent works, Peng et al.!”! realized the fluorination of purified SWNTs with F,/HF
mixture at 250°C (HF acts as a catalyst).

Heat annealing of fluorinated SWNTs having C/F ratios between 2.0 and 2.3, in a flow of noble
gas, indicates that NTs could be recovered at 100°C.!7? Tubes fluorinated at 250°C to a CF ,; stoi-
chiometry lose fluorine on annealing under flowing helium gradually with increasing tempera-
ture.!”® Upon heating, the largest fluorine loss occurred between 200 and 300°C.

The fluorination of purified HiPco tubes to a stoichiometry CF, (x = 0.2) followed by pyrolysis
of partially fluorinated material up to 1000°C was found to have “cut” the NTs.!”* In an argon atmo-
sphere, the fluorine was driven off the NT structure in the form of gaseous CF, and COF,. Short bun-
dles comprising strongly interacting individual NTs were found in the cut nanotube sample.

As a result of band-gap enlargement, the resistivity of fluorinated SWNT mat increases with
increasing fluorination temperature, i.e., fluorine content.!” The electronic properties are also
altered by fluorination. As they are fluorinated, NTs reduce their tendency to self-agglomerate.

The most important property of fluorotubes is their ability to form soluble derivatives (Figure
2.5).176-179

Sidewall-alkylated NTs are obtained by interaction of fluorinated NTs with alkyl magnesium
bromides in a Grignard synthesis or by reaction with alkyllithium precursors. The alkylated NTs
are soluble in various organic solvents, including chloroform, methylene chloride, and tetrahydro-
furan. For example, the solubility of hexyl-solubilized SWNTs in chloroform is up to ~0.6 g/L,

Copyright 2006 by Taylor & Francis Group, LLC



48 Nanotubes and Nanofibers

N2H4 NaOMe p SWNT
¢ ‘ Sonlcatlon
(CoSWNT ) (CpSWNT )| (1) R-MgBr

150-325°C i
or R-Li O-SWNT
(2) NoHy
R
250°C l

FIGURE 2.5 Sidewall fluorination of SWNTSs and fluorine substitution reactions. (Reprinted with permission
from Niyogi, S. et al., Acc. Chem. Res., 35, 1105-1113, 2002. Copyright 2002. American Chemical Society.)

in tetrahydrofuran to ~0.4 g/L, in methylene chloride to ~0.3 g/L, as compared with maximum con-
centration of 0.1 g/L of pristine NTs in DMFE.

Sonication of SWNTs in some solvents for ~5 min also results in the selective solubilization of
highly fluorinated (isopropanol) or sparcely fluorinated (DMF) samples. Fluorotubes can be sol-
vated in alcohols yielding metastable solutions. Of the solvent used, 2-propanol and 2-butanol
seemed to be the best, reaching SWNT concentration of 1 g/L. A probable mechanism of such sol-
vation would be hydrogen bonding between the hydroxyl hydrogen atom in alcohol and NT-bound
fluorine. Water, diethylamine, perfluorinated solvents, or acetic acid do not solvate NTs.

Fluorotubes dissolved in alcohols can react with alkoxides or terminal diamines such as
H,N(CH,),NH, (n = 2, 3, 4, 6). They are capable of reacting with hydrogen peroxide, organic per-
oxides (e.g., lauroyl, benzoyl, fert-butyl), and with a number of solid inorganic compounds, such as
alkali halides, L1,S, ZnS, Li,0,, and AIP.

The atomic and electronic structures of fluorinated SWNTSs have been examined in a few experi-
mental and theoretical works.!7>180-188 Ag a result of fluorination, a significant charge transfer occurs
from the NT wall to the fluorine atoms, resulting in partially ionic bonds. This transforms the non-polar
SWNT to the polar one.

X-ray photoelectron spectroscopy can identify the type of bonding within CF, compounds. The
spectra of fluorinated samples give peaks appearing at 287 eV (semi-ionic C—F), at 288 to 299 eV
(nearly covalent C—F), and at 292.0 to 294.05 eV (covalent CF, and CF;).!">

Fluorinated SWNTs are used to form composites with poly(ethylene oxide).!®

2.5.4 AMIDATION

Amines, particularly ODA, have attracted special attention in the studies of functionalization of
CNs. The SWNT-COOH product treated with oxalyl chloride at 0°C and then heated with ODA at
100°C, after purification contains 4 mol% of amine.!”® Shortened MWNTs attach considerably
larger amounts of ODA, up to 41.7 wt%, after 96-h functionalization.'!

Acid-chloride-functionalized SWNTs are used to attach glucosamine,'®?> didecylamine,
4-dodecyl-aniline, and 4-CH;(CH,),;C,H,NH,.!!® NTs functionalized with aniline prove to be sol-
uble only in aniline, whereas NTs derivatized with tetradecylaniline are soluble in CS, and aromatic
solvents. The anilination reaction solubilizes SWNTs and allows their purification chromatograph-
ically using excess of adsorbed aniline. A product with the ratio of NT carbons to aniline sites of
360:1 has been prepared by refluxing oxidatively end-cut SWNTs.!®> The functionalized group of
MWNTs modified with aniline was determined to be CqH,N".!¢ The terminal chlorinated car-
boxylic groups were used to append pyrenyl subunits'®” and n-pentyl ethers.'*!

SWNTs absorb MW radiation, and thus tubes can be rapidly heated by radiated. A procedure
based on MW heating, which allow the attachment of monoamine-terminated poly(ethylene glycol)
molecules to shortened SWNTs—COCI, has been developed.!*®

The acid-chloride-functionalized SWNTs were attached in pyridine suspension to chemically
functionalized Si surfaces.!”’

193,194
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FIGURE 2.6 Zwitter-ionic functionalization of SWNTs. (Reprinted with permission from Niyogi, S. et al.,
Acc. Chem. Res., 35, 1105-1113, 2002. Copyright 2002. American Chemical Society.)

It is supposed that SWNT in DMF can form covalent bonds with tenth generation poly(ami-
doamine) starburst dendrimer.??® A “grafting-from” method has been developed for production of
hyperbranched poly(amidoamine)-modified NTs.?!

Solution of SWNTs in DMF derivatized with ODA 1is used for chromatographic purification
procedure.??? The NT end-to-side or end-to-end junctions are created by the reaction between mod-
ified NTs and diamines.2%3-2%

The CdSe quantum dots were coupled to individual acid-chloride-modified SWNTs via amide-
bond formation.?%

Oxygen-containing groups that are present on NT tips can condense with alkoxysilane groups-
terminated amide acid polymers and facilitate the formation of NT/polymer films for electrostatic
charge mitigation.!32-206

The simplest possible route to the solubilization of SWNTs is direct reaction of the molten
amine with the shortened SWNT—-COOQOH. Thus a simple acid—base reaction is realized and zwitte-
rions are formed (Figure 2.6).!'® The products of the reaction are found to be soluble in tetrahydro-
furan (THF) and CH,Cl,. Zwitterion-functionalized shortened SWNTs are used for length
separation via gel permeation chromatography?®’ and for selective precipitation of metallic SWNTs
upon solvent evaporation.?”® The method is used to solubilize full-length SWNTSs.!?? The derivati-
zation of the oxidized MWNTs with triethylenetetramine leads to subsequent covalent bonding with
the epoxy resin used as a matrix for MWNTs.2? *NH,(CH,),,CH, ions, as has been stated, can read-
ily exchange with other ions, e.g., metal ions.!! Cysteamin allows the realization of thiolization
reaction of carboxyl-terminated SWNTs and deposition of the NTs onto a gold surface.?'® A ver-
sion of region-specific NT deposition onto prepatterned surface via amidation of acid-functional-
ized NTs is described.?!212

Sun et al.?!? studied the reaction and dispersal of noncarboxylated SWNTs by refluxing in ani-
line. Dark red complexes are formed in the process. The solubility of SWNTs in aniline is up to
8 g/L. This aniline—NT solution can be readily diluted with other organic solvents such as acetone,
THF, and DMF. As evidenced by their relatively high solubility in aniline, NTs may form
donor—acceptor interactions with aniline.?’* Complexing with aromatic amines makes both single-
and multiwall tubes dispersable in organic solvents.

The condensation reaction of acid-functionalized SWNTs with 2-aminoethanesulfonic acid
allows to supply the end of SWNT with sulfonic groups and enhance its solubility in water.?!* This
technique has been used for attachment of aminopolymers.!*? The amidation of NT-bound carboxylic
acids can be accomplished in diimide-activated reactions. Functionalization with poly(propi-
onylethylenimine-co-ethylenimine) in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide has been found to be significantly improved in both efficiency and yield by sonication under
ambient conditions.?!

The attachment of poly(styrene-co-aminomethylstyrene) is possible under amidation reac-
tion.!3® The ball-milling process in ammonia atmosphere allows the introduction of amine and
amide groups onto MWNTs. 2!

Basiuk et al.?!” attempted to simplify convenient solution method, and to apply gas-phase
derivatization of oxidized NTs containing carboxylic groups on their tips according to the equation

SWNT-COOH + HNR'R? - SWNT-CO-NR!R? + H,0
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Nonylamine, dipentilamine, ethylenediamine, and propylenediamine?!” have been used as test com-
pounds. This procedure consists of treating SWNTs with amine vapors under reduced pressure and
at a temperature of 160 to 170°C. Amine molecules not only formed derivatives with SWNT tips
but physisorbed inside SWNTs. The content of physisorbed nonylamine is about one order of mag-
nitude higher than the amide content.

Theoretical consideration of the amidation reaction with methylamine shows that the formation
of amide derivatives on carboxylated armchair SWNT tips is more energetically preferable than that
on the zigzag NTs.?!3

The physisorption on metallic SWNTs causes no significant change in the electrical conduc-
tance, whereas adsorption of amines (such as butylamine and propylamine) on partial length of
semiconducting NTs causes modulated chemical gating.?"”

Other works on amidation have been published; among them is the amidation of HiPco SWNTs,?2
and the functionalization of SWNTSs with phthalocyanine molecules through amide bonds.??!

2.5.5 OTHER TYPES OF COVALENT BONDING

Direct covalent functionalization of NT can be realized via addition of carbenes,!?7-%2%-226
nitrenes,??3227-22% 1 3-dipoles,?**232 aryl cations,!*?3323* and radicals (Figure 2.7).19:233:235-241

For direct functionalization, one can use processes such as ultrasonication in organic media,'®
plasma treatment, UV irradiation, or irradiation with energetic particles.

Carbenes have the general formula CRR’, where R, R’ = H, halogen, organic residuum, etc.,
and represent unstable compounds of bivalent carbon. Dichlorocarbene is an electrophilic reagent
that adds to deactivated double bonds, but not to benzene. It is capable of attacking C=C bonds,
replacing them by CCl, bridges. The addition of dichlorocarbene took place at the sidewall of both
insoluble SWNT??? and shortened SWNTs (s-SWNTs).!?7 It was reacted with NTs in a refluxing
chloroform/water suspension. Around 5% of chlorine was incorporated into or onto the SWNTs.??

Hu et al.??® used dichlorobenzene solution of PhCCL,HgBr and showed that the addition
of dichlorocarbene converts metallic SWNTs to semiconducting SWNTs. Thermal treatment of
(s-SWNT)CCI, above 300°C results in the breakage of C—Cl bonds, but the electronic structure
of the SWNTSs was not recovered. Monthioux?** published a method for dichlorocarbene formation
and attachment to the SWNT by the decomposition of chloroform under UV irradiation. The C=Cl,
bridges are assumed to be removed under UV treatment.

The two-level Our owN n-layered Integrated molecular Orbital + molecular mechanics Method
(ONIOM) technique has been employed to study the [2+ 1] cycloadditions of dichlorocarbene, sily-
lene, germilene, and oxycarbonitrene onto the sidewall of SWNT.?2¢ Results showed that the reac-
tions are site-selective and yield three-membered ring species. The thermal stability of the SWNT
derivatives follows the order oxycarbonitrene >> dichlorocarbene > silylene > germilene. The
derivatives can be good starting points for further functionalization.

Nitrenes are analogs of carbenes; they represent unstable compounds of monovalent nitrogen and
have general formula RN, where R = alkyl, aryl, getaryl, NR’,, CN, etc. Among the methods of nitrene
generation, thermal and photochemical decomposition of azides and other compounds should be men-
tioned. The addition of (R-)-oxycarbonyl nitrenes allows the bonding of a variety of different groups
such as alkyl chains, aromatic groups, dendrimers, crown ethers, and oligoethylene glycol units.??’

For functionalization based on the 1,3-dipolar cycloaddition of azomethine ylides,?3%2* the het-
erogeneous reaction mixture of SWNTs suspended in DMF together with excess aldehyde and mod-
ified glycine was heated at 130°C for 5 days. The modified NTs are remarkably soluble in most
organic solvents (CHCl;, CH,Cl,, acetone, methanol and ethanol) and even in water. The solubility
of SWNTs in CHCI, is close to 50 g/L without sonication. The reactions were successful with the
use of either short-oxidized or long-nonoxidized SWNTs, without notable differences in their sol-
ubility. The functionalized NTs are less soluble in toluene and THEF, and practically insoluble in less
polar solvents including diethyl ether and hexane.
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FIGURE 2.7 Sidewall covalent chemistry on SWNTs. (Reprinted with permission from Niyogi, S. et al., Acc.
Chem. Res., 35, 1105-1113, 2002. Copyright 2002. American Chemical Society.)

It was reported that sonication and homogenization of a mixture of SWNTs and a mono-
chlorobenzene solution of poly(methylmetacrylate) increased the ratio of shorter and thinner
SWNTs?#2-24 and led to the chemical modification of SWNTs.?*> Organic molecules decompose
at the hot spots, and reactive species react with damaged SWNT sidewalls. FT-IR spectra show the
formation of C—H and C=0 groups. The sonication of purified SWNTs in monochlorobenzene
solution leads to the formation of two kinds of modified SWNTs.243:244 Sonochemical decomposi-
tion of o-dichlorobenzene?*® and 1,2-dichrorobenzene?*’ also leads to the attachment of decompo-
sition products to SWNTs and to the stabilization of SWNT dispersions. Other organic solvents
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formed NT dispersions under sonication (see the next section) most likely by an analogous
mechanism.

For the purpose of SWNT sidewalls functionalization using organic radicals, Ying et al.?*
decomposed benzoyl peroxide in the presence of alkyl iodides and obtained phenyl radicals. These
radicals reacted with alkyliodides, which generated iodobenzene and alkyl radicals. The procedure
allowed them to attach long-chain alkanes, alkyl halides, amides, nitriles, and ethers to the sidewalls
of the NTs. Methyl radicals can also bond to the sidewalls, but the resulting NTs are generally insol-
uble in organic solvents.

Water-soluble diazonium salts can react with NTs.?33233237 A reactive radical can be produced
by electrochemical reduction of different aryl diazonium salts using a bucky-paper electrode.?*> The
estimated degree of functionalization is up to 5% of carbon atoms. Along with reductive coupling,
it is possible to provide oxidative coupling (Figure 2.8).23%248 The derivatization with aryl diazonium
salts is not limited to the electrochemically induced reaction.??’

NTs derivatized with a 4-tert-butylbenzene moiety exhibit the highest solubility in organic sol-
vents. Solvent-free functionalization has short reaction times.?*

Addition of diazonium salts to NTs suspended in aqueous solution opens a way to select chem-
ically and separate NTs based on their electronic structure. Metallic NTs under certain controlled
conditions give up electrons more readily than semiconducting NTs, a factor that the diazonium
reagent can respond to.2** The chemistry is reversible. Heating of the functionalized NTs in inert
media at 300 to 400°C stimulates pyrolysis of arene groups and leads to restoration of the pristine
electronic structure of NTs. This work also proves that the assumption that NT chemistry is con-
trolled solely by their diameter (with smaller-diameter NTs being less stable) is in fact not always

true.
(a)
NH

R NH, + R

A NH
(b)

R

R N5+

B

/

R
FIGURE 2.8 Oxidative (a) and reductive (b) electrochemical modification of SWNTs. The broken line in (a)

indicates the formation of electro-polymerized layers of A on the SWNT, without the creation of chemical bonds.
(Reprinted with permission from K. Balasubramanian, et al., Adv. Mater., 15, 1517-1518, 2003).
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Since organic thiol derivatives are generally well known to interact strongly with noble metal
surfaces, therefore, the selective thiolation may be used to make a good electrical junction between
a NT and a metal electrode, or to position the NT relative to a metal surface. The first thiolated
NTs, NT-(CH,),,—SH, with long alkyl chains, were synthesized by Smalley and coworkers.®
Because of the long and flexible alkyl chain, the latter compounds do not anchor on a metal sur-
face in a specific orientation and give rise to a large contact resistivity. To overcome these prob-
lems, another type of compound, NT-CONH—(CH,),SH, with a shorter alkyl chain, was
synthesized.?!’ The compound, however, contains an amide bond that tends to react easily in an
acid or basic environment.

The new form of thiolated NT, which contains thiol groups almost directly linked to the body
of NT, was synthesized by Lim et al.>** The formation of NT-CH,—SH is achieved via successive
carboxylation, reduction, chlorination, and thiolation of the open ends of NTs.

Time-dependent plasma etching and irradiation with energetic particles can provide controlled
introduction of defects and functionalities into NTs. Irradiation creates links between NTs, and
leads to coalescence and welding of NTs (see, e.g., Refs. 250 and 251). Argon ion irradiation
enhances the field emission of NTs.?*2

It has been shown that H,O plasma can be used to open end-caps selectively of perpendicularly
aligned NTs without any structural change.?>® The treatment of NTs with oxygen plasma at a low
pressure for some minutes results in an oxygen concentration up to 14% and formation of outer lay-
ers consisting of hydroxide, carbonyl, and carboxyl groups.?*

Interaction of SWNTs with high-energy protons at low irradiation doses causes the formation
of wall defects.?>® The NTs curve at higher doses (>0.1 mC) and degrade into amorphous material
at even higher doses (approaching 1 mC). The hydrogenation of NTs can be achieved in a cold MW
plasma at low pressure.? A 30 sec exposure to a plasma of H, generated by glow-discharge results
in near-saturation coverage of SWNT with atomic hydrogen.?*’

Calculations using molecular dynamics show that CH, radicals with energies of higher than 19
eV can attach to NT sidewalls.?*®2%° The heat of the attachment reaction changes from ~0.8 eV for
graphite to ~1.6 eV for fullerene C,, and has intermediate, close to figures for graphite, values for
NTs.!

The experiments show evidence of chemical functionalization of MWNTs by attachment of
CF,* ions at incident energies of 10 and 45 eV.**® The exposure of SWNTs to CF, gaseous plasma
leads to the formation of semi-ionic and covalent C—F bonds.?6%26! The ion bombardment does not
result in loss of NT structure.?¢!

Ion beams of certain energies can be used to create nanotube-based composites with improved
adhesion between the filler and polymer matrixes as well as to create covalent cross-links between
NTs and the Cy, molecules.?®?

The modification of NTs is possible with acetaldehyde plasma activation.?'?> Plasma-modified
NTs improve the properties of nanotube-epoxy composites.?®® The hydrogen plasma treatment
enhances field emission of NTs.?** By using hydrothermal synthesis it is possible to produce
hydrophilic SWNTs or MWNTs that are wetted by water and water solutions, because their outer
and inner surfaces are terminated with OH groups.

An electrochemical derivatization method can also be used to attach carboxylate groups to NT
walls (see Ref. 265 and references therein).

2.5.6 NONCOVALENT BONDING

Carbon NTs have been solubilized in water with the aid of surfactants, which can deposit on the NT
surface and help to form stable colloidal dispersion. The repulsive force introduced by the surfac-
tant overcomes the van der Waals attractive force between the carbon surfaces. However, there is a
problem when the surfactant is removed from the NT surface.
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Sodium dodecyl sulfate (NaDDS, CH,(CH,),;0SO,Na),?%6-27¢ lithium dodecyl sulfate (LiDDS,
CH;(CH,),,0S0;Li),72” and sodium dodecylbenzene sulfonate (NaDDBS, C,,H,:CH,SO,Na)?0-284
are among the simplest and most popular surfactants used for NT solubilization.

At low NaDDS concentration, large and dense clusters of the initial NTs were still found after
sonication. At higher surfactant concentrations, black and apparently homogeneous solutions, sta-
ble over several weeks, were obtained.?®® The phase diagram of the NaDDS-SWNT-water system
is not a simple one.?’! The domain of homogeneously dispersed NTs is limited and has an optimum
(good NT solubility and system stability) at ~0.35 wt% in NTs and 1.0 wt% in NaDDS.

Suspensions of MWNTs or SWNTs in water stabilized by 0.25% NaDDS solution have been
used for purification and size separation of tubes.?°6-26% An individual SWNT encased in close-
packed columnar NaDDS micelle has a specific gravity of ~1.0, whereas that of an NaDDS-coated
bundle has a specific gravity of ~1.2 or more.?’® Therefore, NaDDS suspensions (2 g/L) prepared
by sonication of raw, solid SWNTs in 0.5% NaDDS solution are capable of separating bundled
SWNTs from isolated individuals.?’? The MWNT dispersion stabilized by NaDDS allows the pro-
duction of MWNTs/hydroxyapatite composites.?’®

Non-specific physical adsorption of NaDDBS allows the solubilization of lightweight fraction
SWNTs in water.89-282 The NT stabilization depends on the structure of surfactant molecules that
lie on the tube, parallel to the cylindrical axis (Figure 2.9). It was possible to achieve relatively high
SWNT concentration (up to 10 g/L as a mixture of isolated and small bundles of SWNTSs) without
nematic ordering in suspension. The optimum NT/surfactant ratio was found to be 1:10 (by weight).
The properties of a dispersion depend on the sonication technique used (high-power or mild mode
of operation, tip or bath sonicator). The mechanism of NT solubilization determines the hydropho-
bic forces between the surfactant tail and the NT surface. Each NT is covered by a monolayer of
NaDDBS molecules, in which the heads form a compact outer surface of a cylindrical micelle.?®?
The aqueous (D,0) suspension in the presence of NaDDBS surfactant exhibits the presence of
SWNT aggregates, but not rigid rods.?%

The dispersing power of Triton X-100 (TX-100, C.H,,CH,(OCH,CH,),OH; n~
9.5),60.66,131.280.285-288 godjum octylbenzene sulfonate (C4H,,C,H,SO;Na),?** sodium butylbenzene sul-
fonate (C,H,C(H,SO;Na),?® sodium benzoate (C;H;CO,Na),?** dodecyltrimethylammonium bromide
(DTAB, CH;(CH,),;N(CH,);Br),280289.2%0  cetyltrimethylammonium  bromide (C,,TMAB,
CH,(CH,),,CH,N(CH,);Br),®! cetyltrimethylammonium chloride (CH,(CH,),,CH,N(CH,),Cl),?*’
cetyl alcohol derivative (CH;(CH,),,CH,(OC,Hs),,OH),?*! pentaoxoethylenedodecyl ether (C,,Es),?*
and hexadecyltrimethylammonium bromide (CH,(CH,),,N(CH,);Br)*? have been studied. Both
NaDDBS and TX-100 dispersed the NTs better than NaDDS, because of their benzene rings; NaDDBS
dispersed better than TX-100 because of its head groups and slightly longer alkyl chain.?®* DTAB and
C,,E; solutions, at concentrations ranging from 0.05% to a few percent, do not stabilize the NTs.?

Ultrasonication of a mixture of distilled water and MWNTs in the presence of 5 vol% TX-100,
followed by centrifugation to remove unsuspended material allows the production of a suspension of

NaDDBS SDS Triton X-100
CioHaps—()—S03 Na*  CHg(CH,);;0S03 Na*  O(CH,CH,0),-H —()—CgHy;
n=~95
; 59 SO3

FIGURE 2.9 A representation of surfactant molecules adsorbed onto NT surface. (Reprinted with permis-
sion from Islam, M.F. et al., Nano Lett., 3, 269-273, 2003. Copyright 2003. American Chemical Society.)
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concentration of 0.1 g/L.?%” An aqueous (or alcoholic) solution of TX-100 has been used to prepare
SWNT dispersion, followed by alignment under AC electric field.?®® Such dispersions are suitable to
prepare thin film coatings on flexible plastic substrates.?8%2°!

Spectral study reveals that the most essential spectral shift of lines compared with the spectrum
of SWNT in KBr pellet is observed for NT aqueous solutions with the surfactants containing
charged groups.??

Acidification of a solution of surfactant-dispersed SWNTs in water in the pH region of 6.0 to
2.5 results in the reversible and selective reaction of protons at the sidewall of SWNTSs.?*° The equi-
librium constants are dependent on the NT band gap, and metallic NTs appear more sensitive to
acidity of the solution. A crucial role is played by adsorbed O,, which controls both the rate and
equilibrium extent of the reaction. The results of this investigation hold promise for chemical sep-
aration and sorting of NTs having different electronic structures.

C,,TMAB or other surfactants are used to prepare a SiO,/NT composite.?!-2%4

SWNTs can be solubilized in water at g/L concentrations by non-covalent wrapping them with
water-soluble linear polymers, most successfully with polyvinyl pyrrolidone?*>*°¢ and sodium poly-
styrene sulfonate.??>2°72%8 Polymetacrylic acid,*® polypyrrole,?”® poly(phenylacetylene),3%°
poly(diallyldimethylammonium chloride)**!*%2 have also been tested. The solubilization of SWNTSs
by polymer wrapping might provide a series of useful techniques, such as purification, fractiona-
tion, and manipulation of the SWNTs.

For many applications, bio-compatible water-soluble derivatives of NTs are desirable. For this
reason, the solubilization of NTs in cyclodextrins,*®-3% polysaccharides and natural mixtures of
polysaccharides such as gelatine,3°%37 Gum Arabic,?’>?%° and starch3®® has been studied.

Nanotubes are not soluble in aqueous solutions of starch but they are soluble in a starch—iodine
complex. The starch, wrapped helically around small molecules, will transport NTs into aqueous
solutions.>*® The process is reversible at high temperatures, which permits the separation of NTs in
their starch-wrapped form. The addition of glucosidases to these starched NTs results in the pre-
cipitation of the NTs from the solution. Readily available starch complexes can be used to purify
NTs. An effective process to produce colloidal solution of SWNT—amylose complexes is elabo-
rated.>” The solubility of sonicated NTs improves by dilution of water with DMSO (10 to 25 vol%).
Some natural polysaccharides wrap SWNTs, forming helical suprastructures.®!’

An amphiphilic a-helical peptide specifically designed not only to coat and solubilize NTs, but
also to control the assembly of the peptide-coated NTs into macromolecular structures, is described.’!!
The NTs can be recovered from their polymeric wrapping by changing their solvent system.

As for the solubility of pure SWNTSs in organic solvents, these solvents are divided into three
groups.?® The “best” solvents are N-methylpirrolidone (NMP), DMF, hexamethylphosphoramide,
cyclopentanone, tetramethylene sulfoxide, and é&-caprolactone, which readily disperse SWNTs,
forming light gray, slightly scattering liquid phases. All of these solvents are nonhydrogen-bonding
Lewis bases. Group 2 includes DMSO, acrylonitrile, 4-chloroanisole, and ethylisothyocyanate. The
third group includes 1,2-dichlorobenzene, 1,2-dimethylbenzene, bromobenzene, iodobenzene, and
toluene.

Using solvochromic and thermochemical parameters of different solvents Torrens also catego-
rized them into three groups.'? The first group include the “best” solvents mentioned earlier. In the
group of “good” solvents, he includes toluene, 1,2-dimethylbenzene, CS,, 1-methylnaphthalene,
iodobenzene, chloroform, bromobenzene, and o-dichlorobenzene. Group 3 are the “bad” solvents,
n-hexane, ethyl isothyocyanate, acrylonitrile, DMSO, water, and 4-chloroanisole.

As reported earlier, the best solvents for generating SWNT dispersions in organic solvents are
amides, particularly DMF and NMP.!7® The solubilities of SWNTs in 1,2-dichlorobenzene, chloroform,
1-methylnaphthalene, and 1-bromo-2-methylnaphthalene are equal to 95, 31, 25, and 23 mg/L,*
respectively. Solubilities of purified and functionalized SWNTs in ethanol, acetone, and DMF is 0.5,
1.06, and 2.0 mg/L,*"3 respectively. According to Ref. 247, the solubilities are <1, <1, and 7.2 mg/L.

MWNTs cannot be dispersed in toluene into the level of single tubes even when diluted to a con-
centration of ~1073 g/L.3'* It has been found that the aggregation decreases with increasing temperature.
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A procedure for the quantitative evaluation of the purity of bulk quantities of SWNT soot on
the basis of near infrared (NIR) spectroscopy of a sample dispersed in DMF is described.?'”

Organic solutions of NTs in poly(p-phenylenevinylene-co-2,5-dioctoxy-m-phenylenevinylene),?!¢
poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene),?!” poly(2,6-pyridinylenevinilene-co-
2,5-doictyloxy-p-phenylenevinylene),?'” a family of poly(m-phenylenevinylene-co-p-phenylene-
vinylene)s,*!® can be formed due to the physical adsorption of polymers. Certain polymers such as
polyphenylenevinylene derivatives, and vinyl-based polymers such as polyvinylalcohol and
polyvinylpyrrolidone tend to disperse NTs, while rejecting other carbon-based impurities (see Ref. 319).

The solubilization of small-diameter NTs is possible using rigid side-chain poly(aryleneethyl-
ene).’?° The method includes the dissolution of SWNTs in methylene chloride and polymer under
vigorous stirring or sonication, and yields a solubility as high as 2.2 g/L. Researchers believe that
the most probable mechanism is a 7 stacking which stabilizes the polymer—NT interaction.

Noncovalent solubilization of NTs can be realized by encapsulation of SWNTs by metallo-
macrocyclic rings.?'%32! A DMF solution of poly(vinylidene fluoride) can be used for size fraction-
ation of MWNTs 3%

2.5.7 DISPERSIONS IN OLEUM

Successive dispersion of SWNTs in oleum at concentrations up to 4 wt% was first achieved at Rice
University.3?} It was shown that at very low concentrations of SWNTs (<0.25 wt%), a single phase
with uniformly dispersed tubes was formed. The SWNTs in the dilute system behave as Brownian
(noninteracting) rods. The SWNT concentration in the dispersion can be increased up to 10 wt%;
the dispersion process is promoted by the protonation of the SWNT sidewall, and the tubes are sta-
bilized against aggregation due to the formation of electrostatic double layer of protons and nega-
tively charged counterions.’** Increasing the concentration of SWNTs in the acid leads to the
formation of a highly unusual nematic phase of spaghetti-like, self-assembled supra-molecular
strands of SWNTs. As concentration increases (to 4 vol% in 102% H,SO,), the strands self-assemble
into a single-phase nematic liquid crystal. If a small amount of water is added, the liquid crystal sep-
arates into ~20 um long, needle-like strands of highly aligned SWNTs, termed “alewives.” This
phase can be processed, under anhydrous conditions, into highly aligned fibers of pure SWNTs with
a typical alignment ratio of 20:1 to 30:1. A syringe pump was used to extrude the mixture through
a 0.15-mm internal diameter needle, followed by spinning the neat SWNT fibers up to 1 m long.
The detailed structure and properties of the fiber have been studied.>> High-temperature annealing
of the fibers does not affect the SWNT alignment.

A solution of purified SWNTs in oleum (H,SO,/30% SO;) was used to cast optically isotropic
film exhibiting fibrillar morphology.??¢ The electrical conductivity of this film (1 X 105 S/m) is
about an order of magnitude higher than that for the SWNT bucky paper.

Chlorosulfonic acid, triflic acid, and anhydrous HF—BF; solution can also be used for the solu-
bilization of NTs.

2.5.8 SELF-ASSEMBLY, FiLM, AND FIBER FORMATION

A promising feature of NTs in nanotechnology is that they are potentially amenable to a “bottom-up,”
self-assembly-based manufacturing approach. It is essential to fabricate well-aligned structures of NTs
for various electric and optical applications. The necessity for aligned and micropatterned NTs has
been elaborated in many articles (see, e.g., review 20).

There are two general strategies to align NTs: (1) in situ synthesis and (2) postsynthesis order-
ing. The first approach includes CVD processes on a prepatterned (with catalyst) surfaces or a
template-based synthesis.?*®327 This approach is not considered here.

The second approach includes a variety of chemical or electrochemical processes® such as dif-
ferent functionality reactions and noncovalent (e.g., electrostatic) interactions between the NTs and
surface-bound moieties.
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FIGURE 2.10 Schematic illustration of the formation of highly aligned SWNTs on gold surface. (Reprinted
from Nan, X. et al., J Colloid Interf. Sci., 245, 311-318, 2002. Copyright 2002. With permission from Elsevier.)

To organize NTs on gold or silver substrates, the carboxylic groups at the end of NTs were thiol-
functionalized to form Au-S or Ag—S chemical bonds (Figure 2.10).!133-155210212 Flexible SWNTSs
with many thiol groups at their ends are more likely to bend on metal surface to form the “bow-
type” structure, while a more rigid form of SWNT or MWNT with less thiol groups, will stand
upright on the surface, forming a rod-like structure.?*® The monolayer of randomly tangled SWNTs
is attached to a gold surface containing HS—(CH,),,—COOH.328

It is possible to use a patterned self-assembled monolayer, which can either enhance or deter NT
adherence.3?°3% Silicon wafers can be coated with either nonpolar methyl groups or with polar car-
boxyl and amino groups.'*®3*! When the substrate is placed in a suspension of SWNTs, the tubes are
attracted toward the polar regions and self-assemble to organize pre-designed structures. To form
self-assembled monolayers with amino-terminated surface, silicon wafers were silanized using
3-aminopropyltriethoxysilane.?*? The octadecyltrichlorosilane is used to attach methyl-terminated
groups.

Polyelectrolyte layers on a silicon substrate have been used to align MWNTs.>”> The carboxy-
late anion groups of MWNTs bind on the oppositely charged polycationic poly(diallyldimethylam-
monium chloride) (PDSC). The possibility of forming multilayer assemblies such as
Si/PDSC/PSS/PDSC/MNT (where PSS stands for poly(sodium 4-styrenesulfonate)) using coulom-
bic interaction has been demonstrated.

An original method to produce a hollow spherical cage of nested SWNTs using self-assembly
technique consists of attaching of NTs to amidated silica gel spheres and subsequent drying and dis-
solution of the template.33*

The aligning of NTs can be realized under the influence of the capillary force and the tensile
force that appear in the process of solvent evaporation.*3*-33° The vacuum evaporation of concen-
trated (20 to 50 g/L) aqueous dispersion of purified MWNTs at 100°C yields long ribbons of
aligned NTs, self-assembled on the wall of the container.?*” The ribbons form in one of the two
orthogonal orientations to the bottom of the container (glass beaker): perpendicular when vacuum
is applied, and parallel when no vacuum is applied. The ribbons are 50 to 100 um wide, 4 to 12 um
thick, and 100 mm long. Presumably, the key factor is the rate of evaporation.

Using a dispersion of shortened purified SWNTs in de-ionized water, Shimoda et al.33%3%°
formed a thin film on the surface of a soaked glass substrate with natural vaporization of water. The

333
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FIGURE 2.11 Self-assembly process of shortened SWNTs onto a hydrophilic glass slide.

SWNT bundles were uniaxially aligned parallel to the bottom of the container (Figure 2.11). In this
process, SWNT bundles are first dispersed at a concentration of 0.5 to 1.0 g/L. Then a clean
hydrophilic glass sheet is immersed vertically into the suspension. As the water evaporates, the NTs
deposit near the triple borderline air/water/NTs and the deposit progresses downward. By means of
patterned hydrophilic regions, patterned deposits were produced in the form of squares and strips,
100 um in width.

Capillary forces arising during the evaporation of liquids from dense NT arrays were used to re-
assemble the NTs into 2-D contiguous cellular foams.3#°

Natural self-assembly and cooperative mechanisms of liquid crystals can be employed to
manipulate the alignment of NTs.3*! Thermotropic liquid crystals used as a solvent provide a tool
for aligning SWNTs and MWNTSs.3*? The broad range of possibilities of liquid crystals has been
demonstrated.

An alignment of NTs can be realized under the electric field with both DC and AC voltage
between the electrodes.**® This method allows the orientation and spatial positioning of the
SWNTs** to be controlled. The room-temperature method, called “minimal-lithography” tech-
nique, has been used to prepare crossbars of SWNT ropes and deterministic wiring networks from
SWNTs. Electrophoretic deposition of NT films** and dielectrophoretic formation of fibrils**¢ has
been demonstrated.

Multilayer polymer/SWNT films can be formed by electrostatic assembly.!”® The
Langmuir-Blodgett method is used to deposit thin uniform films of SWNTs onto sub-
strates.?”’*47348 Thin films have been made with NTs embedded in a surfactant matrix suspended
on top of an aqueous subphase and then pulling the substrate through the surface. The
Langmuir-Blodgett method has been used to prepare a monolayer of crown ether-modified full-
length MWNTs and SWNTs.**° A method of laying down thin uniform films of NTs on substrates
of arbitrary composition resembling the Langmuir—Blodgett deposition technique has been devel-
oped.** The composite Langmuir-Schaefer conducting organic/MWNT films with useful optical
and electrochemical properties have been studied.?>!
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FIGURE 2.12 Simplified drawing of the experimental setup used to make NT ribbons. (From Poulin, P.
et al., Carbon, 40, 1741-1749, 2002. With permission.)

Fukushima et al.’>? have found a way to distribute NTs evenly through a gel, to form an elec-
trically versatile material. The “bucky gel” materials were produced by grinding suspensions of
SWNTs in imidasolium cation-based ionic liquids in an agate mortar. The gel can be printed using
inkjet printer or polymerized. Lowering the temperature of the gels results in long-range ordering
of the ionic liquid molecules and formation of crystal-like materials.

Yodh and his colleagues embedded isolated SWNTs coated with NaDDBS into a cross-linked
polymer matrix, an N-isopropyl acrylamide gel.?®' The volume of the gel is highly temperature-
dependent, and a change in temperature results in volume-compression transition. The condensed
gel thus creates concentrations of isolated, aligned NTs that cannot be achieved when they are sus-
pended in water.

Re-condensing of surfactant-stabilized NT solutions is used for the formation of aligned NT
fibers.2%%333 In this method, NTs are sonicated in an aqueous solution of NaDDS. The dispersion is
injected into a co-flowing stream of poly(vinyl alcohol) (PVA) via capillary tube. This principle was
modified to produce long aligned fibers of NTs.?’® The process consists of introducing SWNT dis-
persion into a co-flowing stream of PVA in a cylindrical pipe, thereby causing the agglomeration of
the SWNTs into a ribbon. The fibers are then unwound and passed through a series of washing
stages to remove the excess PVA.

The extrusion of aqueous dispersions of NTs into rotating viscous solution of PVA leads to
aggregation of NTs into narrow strips (Figure 2.12).2%° These strips, a few micrometers thick and a
few millimeters wide, contract when dried in air forming dense fibers.

Electro-spinning allows the fabrication of an oriented poly(ethylene oxide) NFs in which
MWNTs are embedded mostly aligned along the fiber axis (Figure 2.13).2”> The feasibility of this
electrostatically induced self-assembly process for incorporation of NTs into NFs, production of
membranes, and nanofiber yarn have been demonstrated.?3#35

Macroscopic fibers have been produced from NT dispersions in oleum by spinning technique.??4323

2.6 FILLING THE INNER CAVITY OF CARBON NANOTUBES

Numerous attempts to fill the nanoscale cavities of NTs have been made following the discovery of
these materials. The filling was attempted to achieve one of the two goals. First, being a kind of tem-
plate synthesis, filling allows the preparation of nanostructured materials with controlled size,
shape, and purity. Secondly, doping can modify the electronic properties of NTs. The thus prepared
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FIGURE 2.13 Schematic of the electrospinning process used to form SWNT-filled composites.

compounds are also interesting as nanosized objects to investigate size—crystal structure relations
and size effects.

The filling of SWNTs attracts more attention than filling of MWNTSs due to the smaller diam-
eter of SWNT inner cavities, better stability, and more perfect structure of SWNTs. The afterward
removal of SWNT used as nanomolds is a more easy procedure than removing the MWNT shield.

The filler can exist either in solid, liquid, or gaseous state. As far as solid materials are con-
cerened, the inner cavity of NTs can be filled with single crystalline nanorods, polycrystalline
nanorods, amorphous nanorods, or discrete nanoparticles.

Many solid substances can fill the inner cavities of NTs. The list of fillers includes metals (Cs,
Cu, Ag, Au, Sn, Fe, Co, Ni, Pd, Rh, etc.), alloys (Fe-Ni, Fe-Pt, Pt-Ru, Nd,Fe, ,B), nonmetals (Ge, S,
Se, Te, 1, etc.), oxides (SnO, Sb,0,, NiO, UO, ), hydroxides (Ni(OH),), halides (KI, LaCl,, ZrCl,),
salts (AgNO,), carbides (B,C, LaC,, NbC, FeC)), sulfides (AuS,, CdS, CoS,), nitrides (BN, GaN),
organic substances (CHCl,), acids (HNO,), polymers (polystyrene), complex inorganic compounds
and eutectic mixtures (FeBiO;, CoFe,0,, AgCl-AgBr, KCI-UCL,), fullerene and endofullerene mole-
cules (Cq, Gd@Cy,), complex hybrid materials (FeCl,—Cgy, K—Cgp, Pt=WO,).78:224:336358 Quantum
chemical simulations predicted the stability of alkali metal compounds (Na@SWNT) and metallo-
carbohedrene derivatives (TigC ,@SWNT).

Water, inorganic acids, aqueous solutions, CHCI, solutions, and molten salts are among liquid
substances suitable to fill NTs.

The solid and liquid substances can fill the cavity entirely or partially. Materials produced by
filling of NT inner cavities can be used as magnetic media, catalysts, sorbents, quantum wires, field
emitters, electromagnetic shielding, etc.

The results of theoretical calculations show that the radius as well as the helicity of the most
stably doped SWNT are different for different kinds of impurity atoms.*°

There are two basic strategies of filling: in situ synthesis of filled NTs or post-production meth-
ods that require an opening of the tubes.

2.6.1 IN SiTU FILLING

All synthesis strategies may be accompanied by filling of NTs produced. In an arching process,
the filler precursor can be introduced either by graphite anode doping (the most commonly used
technique) or by dissolution in a liquid medium (if the process takes place in liquid environment).
In the first stage of NT study, most information was obtained by using arc-discharge method in an
inert gas flow. For filling of arc-produced NTs, a variety of metals, oxides, or salts have been used
to dope the anode. With a few exclusions (Co, Cu, Pd), the encapsulated materials were always car-
bides.
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Close-capped NTs can be filled in situ with metallic Co, S, and CoS, from aqueous solution of
CoSO, by arching.’® A simplified arc-discharge in aqueous solution of PdCl, yields Pd-nanoparti-
cles-filled NTs.3¢0

All types of pyrolytic synthesis of NTs (using supported, dissolved, or floating catalysts, different
physical activation methods) are inevitably accompanied by capture of some part of the catalyst and
encapsulation of catalyst particles. Consequent purification with boiling HNO, or other oxidants can-
not eliminate the metals completely.’! The filling can be controlled to some extent by varying the
process parameters, but sometimes, relative amount of incorporated material reach substantial values.

For example, the HiPco technique results in SWNTs partially filled with Fe (total Fe content in
crude product is about 20 to 30%). The oxidation treatment of LaNi, alloy followed by CVD process
using a CH,/Ar mixture at 550°C leads to the formation of MWNTs filled with single-crystal Ni
nanowires.*®? The synthesis of NTs filled with Ni by CVD over the Raney-Ni catalyst gives straight
and two types of bamboo-shaped NTs.3¢3 The synthesis of Fe-, Ni-, and Co-filled NTs by using the
pyrolysis of metallocenes (cyclopentadienyles) has been performed at 900 to 1150°C.3643% Invar
(Fe4sNiys) has been introduced into NTs by pyrolyzing an atomized solution of NiCp,/FeCp, in
C¢H, at 800°C (Cp stands for cyclopentadiene).’®® The pyrolysis of methane over Fe,0,/Al,0;
binary aerogel at 880°C yields multi-wall nanohorns filled with Fe nanoparticles.*¢” The decompo-
sition of gaseous Fe(CO); in a mixture with CO or C,H, yields NTs partially filled with Fe.3
MWNT-encapsulated Co particles have been produced by the catalytic method using water-soluble
NaCl/NaF mixture as a support for the metal 3%

Plasma-enhanced CVD on Si wafers allows the production of NTs-containing magnetic Fe,
Nd,Fe,,B, or Fe—Pt nanoparticles.>>® The formation of simple and branched Cu-filled NTs has been
observed in the plasma-activated CVD process.*’ The Cu electrodes serve as a metal source in this
process. Microwave-plasma-enhanced CVD process yields almost 100% GaN-filled NTs.3"!

“Double template” synthesis demands exploration of a material with aligned micropores. For
example, NTs filled with Co have been synthesized using the CVD method and molecular sieve
AIPO-5 and AIPO-31 as a primary template to formate NTs.37?

A high-temperature process interaction of pulverized Fe(NO,), solution with carbon black and
boron precursor results in the formation of Fe nanowire encapsulated in the inner cavity of carbon NT
having an inner layer of BN.3”* The mechanism of the phase separation between C and BN is not clear.

An original, but complicated, method to produce relatively long cobalt nanowires filling the NT
consists of a reaction of Co(CO),NO with magnesium in closed vessel cell.374375

During a hydrothermal synthesis of MWNTSs, some gases, particularly CO,, H,0, and CH, can
be trapped in the inner cavity of the tube.?’® Theoretical analysis of phase equilibria in such systems
reveals an enhanced layering effect in the liquid phase.’”’

2.6.2 POST-PROCESSING FILLING

Nanotubes of two types are used in the filling process: NT synthesized by an usual method and NTs
prepared by a template method in pores of Al,O,, AIPO-5, AIPO-31, or other suitable membranes.
The usual methods lead to the formation of NTs of different diameters, whereas membrane synthe-
sis (“double template” or “second-order” template synthesis) allows for the preparation of NTs of
similar diameter and therefore in the production of encapsulated materials of uniform size. The sec-
ond method is more complex and less productive.

2.6.2.1 Filling from Liquid Media

Filling by capillarity is possible only if the NTs are opened. The classification of liquid fillers or
precursors includes:

» water and aqueous solutions
e liquid organic compounds
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e hydrothermal solutions
 supercritical solutions
e molten metals, salts, and molten eutectic mixtures

The wetting properties of different carbons have been found to depend on the surface tension
of the fluid, with a threshold value of 100 to 200 mN/m. Therefore, water having surface tension of
72 mN/m should wet NTs.37837 The boundary value is dependent on the inner diameter of NT.

The study of the filling of NT with water is of considerable importance in many biological sys-
tems and for the development of molecular devices. The behavior of water in the inner channel of
NT has been discussed in a set of works.*¥%% Hummer et al.’* showed, by molecular dynamics
simulations that water molecules enter NTs of diameter greater than 0.81 nm even though carbon is
hydrophobic. The possibility of transport of an electrolytic solution (KCI) through a carbon NT by
a molecular dynamics simulation has also been explored.*%?

Certain metal oxides (V, Bi, Mo, Mn, Fe) can be doped by refluxing closed NTs with HNO; in
the presence of metal nitrate and by subsequent calcination of metal nitrates inside NTs.3%3%
Filling with Ag (presumably silver oxide) has been achieved using concentrated aqueous solution
of AgNO,.*! Aligned, open MWNTs can also be filled with Ag nanorods of up to 9 um in length,
using aqueous nitrate solution.®” The reduction to metal Ag was achieved with CH;COOH at 300°C.
Interaction of the opened MWNTs with inner channel diameter of 60 nm with aqueous nitrate solu-
tion and subsequent heat treatment under inert atmosphere at 100°C, leads to the formation of spinel
CoFe,0, in the form of nanowire several micrometers long.*?3% Immersion of a sample of pre-
treated SWNT in a saturated aqueous solution of RuCl; leads to filling with this salt.3%>

Platinum—ruthenium nanoparticle (1.6 nm) filled NTs have been prepared by immersing the
carbon/alumina template composite in an aqueous solution of H,PtCl, and RuCl, for 5 h, and sub-
sequently drying at room temperature, reducing in H, at 550°C, and dissolution of the mem-
brane.*%3%7 This method was used to load Pt, Pt-Ru, and Pt-WO, nanoparticles inside NTs.?*%3% A
second-order template method was used for electrochemical Ni deposition inside NTs.*° Highly
crystalline nanorods of o-Fe,O, were synthesized in the cavity of carbon NTs by hydrothermal treat-
ment with NaOH aqueous solution.*!

A solution of chromium(III) oxide in hydrochloric acid is used to fill NTs with the oxide at
room temperature.’*!*92 Wet chemical techniques to produce CuO nanoparticles, 20 to 90 nm in
diameter and 250 to 700 nm in length, using MWNTs as templates has been developed.**

Gold nanoparticles can be introduced into the inner cavity of MWNT after its heat treatment in
NH3.404

The rapid filling of metals (Pd, Ni, and Cu) into MWNTs can be achieved using super-critical
CO, as the reaction medium.*** Britz et al.**® used a metal-f-diketone complex M(hfa), (hfa stands
for hexafluoroacetylacetonate), which was reduced by H, dissolved in super-critical CO,. Super-
critical CO, solutions were used to fill SWNTs with C,, and C,,(COOELt), molecules.

The solvent method of peapod preparation based on the refluxing of n-hexane suspension
makes it possible to get a high yield of C,@SWNT, C,,@SWNT and to synthesize
N@C):Coo@SWNT.*7 Two others methods of nanopeapod formation consist of establishing a con-
tact of SWNT and fullerene ethanol or toluol solutions/suspensions (Figure 2.14).408

A synthetic method of integrating organic molecules, such as fetrakis(dimethyl-amino)ethylene
and tetracyanoquinodimethane into SWNTs*® has strong potential for molecular electronics.
Molecular dynamic simulations have indicated that even DNA could be encapsulated inside NTs in
a water solute environment via an extremely rapid dynamic interaction process, provided that the
tube size exceeds a certain critical value.*!”

Capillary filling with molten oxides,*''*!? molten metal salts, such as chlorides,*>#13-4!5 and
some molten metals*!®#'7 is also widely used. Metal nanowires encapsulated in NTs have been
obtained by treating SWNTs with metal salts at melting temperatures in vacuum-sealed quartz
tubes, followed by reduction with hydrogen.
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FIGURE 2.14 Schemes of nanoextraction and nanocondensation methods. The difference in relative affini-
ties among the three components are shown in the triangles. (From Yudasaka, M. et al., Chem. Phys. Lett., 380,
42-46, 2003. With permission.)

The doping of SWNT bundles by immersion in molten iodine gives quite different results com-
pared to using iodine vapors. This is due to the dissociative character of the melt.*'® Todine atoms
form charged polyiodide chains inside MWNTSs of different inner diameter.*!”

A carbon nanotube 75 nm in diameter and 10 um long, filled with liquid Ga, acts as a ther-
mometer as claimed by Gao and Bando.*?* The height of the continuous, unidirectional column of
Ga inside the nanotube varies linearly with temperatures ranging from 50 to 500°C.

2.6.2.2 Filling from Gas Phase

In SWNTs with open ends, nitrogen and oxygen are adsorbed first in the inside of the tubes, and
next in the interstitial channels of bundles (see Section 2.7).#?! In each site, gases can be adsorbed
with the stoichiometry of C,)N, or C,,0,, as a monolayer.

Theoretical analysis of the behavior of some of the simplest molecules (methane, ethane, ethylene)
in the NT cavity predicts normal-mode molecular diffusion for methane, and intermediate between
molecular diffusion and single-file diffusion for ethane and ethylene at room temperature.?2423

The filling of NT with vapors of halcogenes (Se),**° hydrides (SiH,),*** metal halogenides
(ZrCl,),** fullerenes (Cg, Sc,@Cyg,y, La@Csy,),*?%*? and metallocenes (Fe(Cp),, and Ni(Cp),)*?*432
has been studied. Volatile metal carbonyls, metal diketonates, and metal phthalocyanines can also
be used.
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Reaction with Se in vapor phase using the two-bulb method allows to reach a filling of 50 to
80% of NTs.3*° The thermal decomposition of SiH, inside NTs by double-template technique leads
to the formation of NTs/Si core-sheath composite.*** Filling of SWNTs by ZrCl, is possible by heat-
ing of the mixture of components with mass ratio of 1:1, in a sealed ampoule at 623 K.**3 It is pos-
sible that under the experimental conditions (under pressure), ZrCl, formed melt and the NT filling
is induced by capillary effect. Filling of opened NTs with fullerene molecules is possible by heat-
ing the mixture of components at 400 to 650°C in a sealed quartz or glass tube.***4?® Mechano-
chemical activation under nitrogen atmosphere of solid-phase mixture of SWNTs and C,, fullerene
leading to fullerene-modified NTs**3 presumably involved evaporation of fullerene.

An unusual process of Cs encapsulation inside SWNT via plasma-ion irradiation has also been
demonstrated.**

2.6.3 REACTIONS INSIDE NANOTUBE

Many interesting chemical reactions can be performed inside NT cavities. Among these are:

 thermal decomposition of salts (e.g., metal nitrates)

 thermal decomposition and pyrolysis of volatile compounds (e.g., silane, metallocenes)
» chemical reduction of salts (e.g., metal halides or nitrates)

e air oxidation (e.g., metal halides)

 hydrolysis and pyrohydrolysis (metal halogenides, trimethylaluminum)

e polymerization (styrene, C,)

e formation of complex salts (CoFe,0,)

e alloy formation (Nd,Fe, ,B)

e sorption of vapors

» photolytic reduction

Some processes are complex and involve reactions of different type, e.g., thermal decomposi-
tion, reduction, and alloying. It is also possible to modify the inserted solid materials by in situ elec-
tron irradiation at intermediate accelerating voltages (100 to 400 kV). Electron** or carbon-ion*3
beam irradiation can form a connection between NTs. The structural change observed in NTs with
encapsulated Ni particles is quite different as compared to empty samples, and leads to the forma-
tion of short-range fibrous or amorphous structures instead of a layered structure.*’” The crys-
talline-amorphous phase transformation has been observed under irradiation of encapsulated Fe.*3

The first example of a chemical reaction inside SWNT is the H, reduction of RuCl, yielding Ru
metal.**> Some other examples of reactions (thermal decomposition of AgNO; to produce Ag
nanowire, reduction of the salts, and CVD processes) have been mentioned earlier. One-dimensional
crystals may be reduced to form metallic wires or templated 0-D nanocrystals of regulated sizes.

The reaction of trimethylaluminum and water vapor at 300°C using atomic-layer deposition
technique yields Al,0, nanorods inside MWNTs.*%

Bando and coworkers** revealed that MWNT filled with Ga at 800°C can effectively absorb
copper vapor, forming Ga—Cu alloy. The absorption rate for sealed tubes was equal to or even greater
than the rate for open-ended tubes. This is presumably due to the fact that the Ga vapor pressure
within a closed NT is much higher than that in an open one. and the Cu penetrates inside via defects.

Polymerization of C, and generation of double-wall NTs takes place under heat treatment (the
temperature must be above ~800°C) or irradiation.'!®#41-443 Photopolymerization of Cg, or C,,
inside NT under blue-laser irradiation has also been detected.*** A Raman investigation revealed
that inner SWNTSs produced by polymerization are remarkably defect-free.**? It is interesting that in
the polymerization of Cg, short inner NTs with diameters of ~0.7 nm are preferentially formed
first. Such short NTs merge together and lengthen with diameter increasing in the course of poly-
merization, #4446
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The polymerization of Cg, fullerenes takes place also after heavy doping of the peapod system
with an alkali metal.''® A polymeric phase of K,C, has not been observed so far outside the NTs.
The coalescence of Sm@Csy, has been observed under electron irradiation.*4’

In contrast to fullerenes, in the case of LnCl; and ZrCl,, the formation of clusters has been
observed. 414425

MWNTs can be hydrothermally synthesized from different precursors in the presence of metal
powder catalyst. One of the important features of some MWNTs produced in hydrothermal condi-
tions is their large inner diameter, well suited for inner-tubular chemical reactions.** Since a part of
these MWNTs have closed tips and contain encapsulated water and gases (supercritical mixtures of
CO, CO,, H,0, H,, and CH,),*-*4#4 it was important to investigate interaction between the fluid and
inner carbon walls.3”¢ It has been shown that strong interaction between the tube wall and aqueous
mixture results in penetration of liquid between the graphitic layers, swelling of the inner wall lay-
ers, bending of graphite layers toward the tube center, and inter-calation of several inner layers with
O-H species, and interlayer spacing increasing to 0.61 nm. The chemical interaction leads to dis-
solution of the tube wall and increase in the internal diameter of the tube in the vicinity of the liq-
uid inclusions.

Recently, NTs with an outer diameter of ~90 nm and tube walls inclined with respect to the tube
axis were found to form at 770°C and 50 to 90 MPa.**° The conical-scroll structure of these tubes,
with a high density of graphene edges at both inner and outer surfaces, enables functionalization of
both surfaces. The outer wall of these NTs is shown to be covered by a hair-like layer of functional
groups containing oxygen and carbon, thus making the hydrothermal NTs hydrophilic.

It is expected that nanopeapods could be used as chemical nanoreactors. 43447

Selectively opened NTs with 2.0 nm opening would allow many organic molecules to enter and
leave. As pointed by Green,* rather than having a “ship-in-the-bottle™ situation, one would have
what could be described as a “fleet-in-the-harbor,” and the idea of NT catalysis is very attractive.
Encapsulation of polystyrene within MWNTs can be realized using solutions of monomer styrene
and benzoyl peroxide (initiator) in super-critical CO,.*!

Some inner-tubular chemical and physical processes of NTs have been reviewed by Yang et al.*3

2.6.4 THE STRUCTURE OF CRYSTALS INSIDE NANOTUBES

The restricted diameter range of NT confines the crystals formed inside the NT cavity. As nanocrys-
tal size decreases, surface energy becomes an increasing factor in structural stability. For a given
size, surface energy also influences the structural phase diagram in the temperature—pressure plane.
Simple thermodynamic models, which predict a lowering of the melting point if the surface energy
of the solid is higher than that of the liquid, describe the data semi-quantitatively.

The size of an NT inner cavity is usually small enough to show the dimension effect on embedded
particles. The effect consists, for example, of size dependency of melting temperature of encapsulated
nanocrystals.*33 But, besides enhanced surface energy, there are other factors affecting the crystal struc-
ture of material inside NT; e.g., van der Waals interaction and interaction with the NT wall.

The structure of the encapsulated materials significantly deviates from the structure of bulk
materials, with lower surface coordination and substantial lattice distortion. The most noticeable
studies in these fields were carried out at Oxford University and Cambridge University (see Refs.
414, 454, 455 and references therein).

The “Feynman crystal’s” growth inside SWNTs is atomically regulated. One-dimensional KI
having nine atoms in cross section (inside an NT of 1.6 nm diameter) and four atoms (inside NT of
1.4 nm diameter) were among the first such crystals studied.*34¢ In both cases, the crystal struc-
ture peculiar to the bulk crystal is distorted due to interaction with NT walls and change in the coor-
dination number (CN). Especially, noticeable contraction was observed in 4 X 4 crystals, in which
crystal parameters were about 4/9 of the standard ones for the bulk crystal. A novel, low-dimen-
sional, crystal structures such as “twisted” crystal, was found.*’>8
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TABLE 2.2
Packing Behavior Observed in SWNTs as a Function of Bulk Structure Type
Common Bulk Structure Inside CNs Observed or Predicted

Halide Filling Structure Type CN in Bulk SWNTs within SWNTs?
KI 3-D rock salt 6 Rock salt 4,5,6
AgXb 3-D rock salt 6 Rock salt 4,5,6

Wurzite 4 Wurzite 3,4
Srl, 3-D network 7 1-D PHC* 4,6
Bal, 3-D network 7+2 1-D PHC 56
Pbl, 2-D layered 6 1-D PHC 5,6
LnCl,¢ 2-D layered 6 1-D PHC 5,6

2CNs in bold have been observed experimentally. Bulk coordination is predicted for polyhedra in the center of wide
capillary SWNTs.

>X includes Cl or Br and L.

¢1-D PHC, 1-D polyhedral chain.

4Ln = La to Tb (UCl,-type) only, Ln = Tb to Lu (PuBr;-type) only.

Source: From Sloan, J. et al., Chem. Commun., 1319—1332, 2002. With permission.

It was stated later that the form of the structures varies depending on whether the bulk material
is a single packed structure (e.g., rocksalt or wurzite) or represents 1-D chain structure of simple
coordination polyhedra (Table 2.2).

The chains of lanthanoide halides*'> and zirconium tetrachloride*?* consist of edge-shared MClj
polyhedra. “Twisted” CdCl, structure closely resembles helical iodine chains.*!® Double-helix
iodine chains with the period of ~5 nm correspond to a composition of 1C,,.

In the case of Sb,0; filling, the material is identified as a single crystal in the valentinite form
(i.e., the high-pressure modification as opposed to its senarmontite form). In comparison to the bulk
structure of valentinite, the encapsulated crystal shows a longitudinal contraction of ~13% and sig-
nificant lattice distortions.

The fullerenes inside NTs of appropriate diameter (close to that of (10,10) NT for C,,) form
1-D molecular chains. Two different domains, where the dominant alignment of C,, molecular long
axis is standing or lying with respect to the NT axis, have been observed.*>® The ratio of the stand-
ing to the lying C,, domains is roughly 7:3.

Molecular dynamic simulations show that water molecules inside NTs at 300 K and 1 atm tend
to organize themselves into a solid-like wrapped-around ice sheets.’®* A variety of new ice phases
that are not seen in bulk ice, and a solid-liquid critical point where the distinction between solid and
liquid phases disappears, are observed.’®} The water has been observed to exhibit first-order freez-
ing transition to hexagonal and heptagonal ice nanotubes, as also a continuous phase transforma-
tion into solid-like square or pentagonal ice nanotubes.

415

2.7 ADSORPTION AND STORAGE OF GASES

Owing to the specific structure and morphology of NTs, there are a variety of possible sites avail-
able for adsorption. In ideal, defect-free, and bundled SWNTs, the sites having different energy of
gas adsorption include (1) the internal cavity of opened SWNTs, (2) the interstitial channels
between NTs in bundles, and (3) the grooves at the periphery of the bundles (Figure 2.15).
Adsorptive capacity of single-wall nanohorns (nanocones) differs from the capacity of SWNTs. The
surface structure of MWNTs may be more complex due to different topological defects, such as
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FIGURE 2.15 The three possible adsorption sites on a bundle of SWNTs with closed ends. (From Babaa,
M.R. et al., Carbon, 42, 1549—1554, 2004. With permission.)

pentagons and heptagons, holes and dislocations in sidewalls, etc. The structure of MWNT can be
scroll-like, branched, or coiled. The tubes can form second- and third-order structures (see Section
2.2) and aligned arrays. Therefore the adsorption behavior of MWNTs is more complicated than
that of SWNTs. Admixtures such as amorphous carbon, graphitic nanoparticles, or catalyst
residues, attached to tube walls functionalities, exert influence upon the adsorption characteristics.

2.7.1 HYDROGEN PROBLEM

Hydrogen is an ideal fuel for the future. If hydrogen fuel cells were used to power automobiles and
other vehicles, air pollution would be reduced. But the problem is not only to develop effective fuel
cells or cost-effective method of hydrogen production. It is necessary to supply every vehicle with
a safe, cheap, compact on-board hydrogen accumulator. The nearest goal is to achieve an adsorp-
tion capacity of 6.5 wt% or 62 kg H, m™ at room temperature.

There are two methods to store hydrogen in NTs: one is to store it under high gas pressure, and
the other is to employ an electrochemical charge—discharge cycling method.’

The first article on the possibility of hydrogen storage in NTs was published in 1997.4%° Dillon
et al.*0 estimated that SWNTSs can adsorb from 5 to 10 wt% of hydrogen under ambient conditions.
In 1998, Rodriguez and coworkers*®! claimed that certain graphite NFs can store more than 50 wt%
at room temperature. In 1999, Chen et al.*¢? reported hydrogen uptake at 300 K and a pressure of
0.1 MPa up to 20 wt% by alkali metal-doped MWNTs. Aligned MWNTs with diameters of 50 to
100 nm show a reversible hydrogen storage capacity of 5 to 7 wt% at room temperature under
1 MPa pressure.*®® Pre-treatments of MWNTS increase the storage capacity up to 13 wt%.

Subsequent studies could not confirm these results. Other experimental data are given in Table 2.3.

Most of the work given in Table 2.3 has been done with minor quantities of highly impure and
badly characterized samples of NT materials, and only some of the latest publications seemed to
be accurate. Therefore the measurements using samples up to 85 g show low adsorptive capacities
of MWNTSs. % The thermal desorption spectra show that hydrogen desorbs below 300 K and at 656
K.#3 The D, sorption at 77 K has been found to be 0.45 wt% in raw SWNTs and 0.67 wt% in
potassium-doped SWNTs. %

Results indicate that hydrogen uptake by metal-containing NT bundles is substantially enhanced
compared with uptake by pure tubes. MWNTSs seems to be more promising materials than SWNTs.
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TABLE 2.3
Hydrogen Adsorption Levels in NTs

Adsorption
NT Type Adsorption Conditions Capacity (wt%) Year Reference
SWNTs 300K, 0.1 MPa, E* 0.35 1999 464
SWNTs 300K, 0.1 MPa, E* 29 2000 465
SWNTs 300K, 0.1 MPa 0.04-1.5 2001 466
SWNTs 300K, 0.1 MPa, E* 1.84 2002 467
SWNTs 300K, 0.1 MPa, E* 6 2002 468
SWNTs 300K, 0.1 MPa 1.8 2004 469
SWNTs 300K, 0.1 MPa 0.01 2004 470
SWNTs 295K, 0.1 MPa 0.93 2002 471
SWNTs 300K, 9 MPa 0.3 2003 472
SWNTs 300K, 9 MPa 0.3-04 2004 473
SWNTs 300 K, 10 MPa 3.5 2001 474
SWNTs 300 K, 10 MPa <0.2 2002 475
SWNTs 300K, 12 MPa 42 1999 476
SWNTs 253 K, 6 MPa 1 2004 477
SWNTs 77K, 0.04 MPa 3 2004 478
SWNTs 77K, 0.1 MPa 1 2004 470
SWNTs 77K, 0.1 MPa 2.37 2002 471
SWNTs 77K, 0.2 MPa 6 2002 479
SWNTs 77K, 1 MPa 0.7 2002 475
SWNTs 77K, 2 MPa 0.6 2003 480
SWNTs 77K, 2.5 MPa 24 2003 474
SWNTs 77K, 10 MPa 8.2 1999 481
MWNTs 300K, 0.1 MPa 0.25 2000 482
MWNTs 300K, 0.1 MPa, E? 0.7 2000 483
MWNTs 300K, 0.1 MPa, E 0.1-1.6 2001 484
MWNTs 300K, 0.1 MPa, E* 1.6 2003 74
MWNTs 300K, 0.1 MPa, E?, Li 0.6-2.3 2001 484
MWNTs 300K, 0.1 MPa, Li, K 1.8-2.5 2000 485
MWNTs 300K, 0.1 MPa 0.30 2004 486
MWNTs 300K, 3 MPa <0.2 2002 475
MWNTs 300K, 10 MPa 0.7-2.4 2001 487
MWNTs 300K, 10 MPa 0.5-2 2001 488
MWNTs 300 K, 10 MPa 1.16-2.67 2000 489
MWNTs 290 K, 10 MPa 3.4 2001 490
MWNTs 300 K, 12 MPa, KNO, 32 2002 491
MWNTs 300K, 13.5 MPa 2.54.6 2003 492
MWNTs 77K, 0.1 MPa 227 2004 486
MWNTs 77K, 3 MPa ~0.3 2002 475
NFs 300 K, 0.1 MPa, KNO, 5.1 2003 493
NFs 300K, 12 MPa 6.5 2002 494

3E = electrochemical storage.

The results of theoretical calculations on hydrogen sorption in NTs>*7-15 are also controversial.

It is clear that purified SWNTs store hydrogen in the molecular form. The hydrogen uptake is due to
physisorption, therefore the relative amount of adsorbed hydrogen is proportional to the specific sur-
face area of the sorbent material (1.5 wt% per 1000 m?/g at 77 K). It has been shown that different
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forms of carbon are essentially the same for hydrogen molecules.>!® Close-ended SWNTSs and open
SWNTs have a relatively low accessible surface areas due to bundling of the tubes.

MWNTS can be used as additives to metal adsorbents.>'” Mg—5 wt% MWNTSs composite absorbed
4.86 wt% (80% maximum hydrogen storage capacity) within 1 min at 553 K, under 2.0 MPa.

The problem has been discussed in the reviews.’'83?7 One can trace the change from rather
optimistic estimations of the prospects to use NTs as effective storage media in early publications,
to more cautious conclusions and even to a pessimistic point of view in the latest ones. Today, it is
still unclear whether N'Ts will have real practical applications in the hydrogen storage area. Addition
of some metals and salts to the NTs, chemical activation, and aligning of NTs leads to an increase
in adsorption capacity. However, some other problems which need to be solved include achievement
of fast kinetics of discharge, high stability during cycling, low self-discharge level, etc.

2.7.2 CARBON NANOTUBE GAS SENSORS

The adsorption of different gases and vapors in NT materials as reported in publications up to year
2000 has been briefly reviewed earlier.® Apart from hydrogen, adsorption of noble gases, 28332
nitrogen, 3317334 oxygen,331332334336 carbon monoxide,>** carbon dioxide,>3!533:337-539 nitrogen diox-
ide,?1*4 ammonia,>*!40 water vapor,*3!°3* methane,>?8-231:533,541-544 gcetylene, > acetone,>*¢ carbon
tetrachloride,’*’ carbon tetrafluoride,’?* sulfur hexafluoride,>*° methanol,’*® ethanol,’*¥4° linear-
chain alkanes, and fatty acids>° has been characterized in the last 5 years. The gas transport prop-
erties of NTs has been measured.>>!-532

NTs have been found to be an effective separation media for removing some admixtures from
flue gases; they can store gases having relatively high molecular mass (e.g., methane). However, the
most promising field of their application is the development of new sensing devices. Sensing
gaseous molecules is important in environmental monitoring, control of chemical processes and
agriculture, and biological and medical applications. NT-based sensors have huge prospects in outer
planetary exploration and for incorporation into yarns and fabrics.

Chemical doping of NTs, particularly of SWNTs, changes their electronic properties and can
induce strong changes in conductance*®33%4 and in thermoelectric power.>>-337 Chemical sensors
are measurement devices that convert a chemical or physical property of a specific analyte into a
measurable signal whose magnitude is usually proportional to the concentration of the analyte. For
sensing applications, NTs have advantages, such as small size with larger surface, high sensitivity,
fast response, and good reversibility.

The first sensor based on SWNTSs was reported by Dai and coworkers,3*® who demonstrated that
small concentrations of NO, produced large changes in sensor conduction. To clarify the reason for
the discrepancy of recovery time between theoretical results and experimental data, the formation
of adsorbed NO; has been postulated.>® Recent works>%3! show the possibility of using MWNT
thin films for measuring sub-ppm NO, concentrations (10 to 100 ppb) in dry air, with the maximum
response at 165°C. The gas-sensing properties of NT thin films depend on the nature of the defect
and concentration.’®

Gas-sensing characteristics of MWNTs as applied to humidity, NH,, CO, and CO, partial pres-
sure have been studied.’®® A practical gas sensor for ammonia and water vapor, based on measuring
the variation of the electrical conductivity of MWNT ropes, has been proposed.>®* In particular, the
absorption of different gases in the MWNT/S10, layer changes the permittivity and conductivity of
the material, consequently altering the resonant frequency of the sensor, which is tracked remotely,
using a loop antenna.>®* Detecting properties of MWNTs for NH; allow the exploitation of the sen-
sor at room temperature.%

The construction of gas sensors based on MWNT thin films to measure NO,, CO, NH;, H,O,
and C,H;OH concentrations has been described.*®!

The thermoelectric response due to the interaction of adsorbed molecules with NT walls can be
used to detect gases such as He, N,, and H,.3%
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The viability of using boron- or nitrogen-doped NT films as sensors has been suggested>®’ and
verified.*®® It was shown that sensors fabricated using individual films of CN, NTs have a fast
response for NH; and reach saturation within 2 to 3 sec. The experiments also indicate a great poten-
tial in the manufacture of solvent vapor sensors, and especially for ethanol, acetone, and chloroform
detection. The simple casting of SWNTSs on an inter-digitated electrode allows to the fabrication of
a gas sensor for detection of NO, and nitrotoluene.>®’

Rational chemical modification of NTs leads to the fabrication of a sensor having good molec-
ular selectivity. A selective molecular hydrogen sensor has been formed using SWNTSs decorated
with Pd nanoparticles.’’® Sensing properties of NTs can be amplified using conjugated polymer
composites (see Ref. 571 and references therein).

2.8 ATTACHMENT OF BIOMOLECULES

NTs are considered to be biocompatible®’>37¢ and attract great interest as a material for biological
applications. The main fields of such applications include: (1) fabrication of bioprobes and biosen-
sors, (2) synthesis of molecular structures for the transport of vaccines and drugs, especially water-
insoluble substances into the body or to a certain body organ, (3) formation of anti-fouling surfaces
(enzyme-containing composites), (4) use of NTs as a template to grow cells, and (5) creation of
implantable bioelectronic devices.

2.8.1 BIOSENSORS

The development of biosensors has taken greater importance in the past years of heightened secu-
rity. Biosensors are defined as analytical devices incorporating biological material (e.g., DNA,
enzymes, antibodies, microorganisms, etc.) associated with or integrated within a physico-chemical
transducer. In contrast to gas sensors, biosensors act in the aqueous phase, particularly in physio-
logical solutions. NTs have definite advantages in sensing applications: small size, large specific
surface, high sensitivity, fast response, and good reversibility.>”’

Amperometric sensors are based on the reaction between a biomolecule immobilized on the
sensor electrode with the analyte. The reaction produces an electric current, which is proportional
to the analyte concentration and can be measured.

The NT film can be easily fabricated on a glassy carbon or edge-plane carbon surfaces to form an
electrode.”’® Nonfunctionalized NT electrodes have been used in electrochemical oxidation of
dopamine and norepinephrine’’®>”° and to determine thyroxine.’® The NT sidewalls can be functional-
ized for biocompatibility and to display selective binding sites for specific biological analytes.>”
Different biomolecules, such as proteins, enzymes, and DNAs, can be attached to the NTs. The attach-
ment can be covalent or noncovalent. The noncovalent linking of DNA is a usual way to modify
NTs.>73581-58 The method elaborated by Chen et al.”® involves a bi-functional molecule, 1-pyrenebu-
tanoic acid, and succinimidyl ester, irreversibly adsorbed onto the inherently hydrophobic surfaces of
SWNTs in an organic solvent. Succinimidyl ester groups are highly reactive to nucleophilic substitu-
tion by primary and secondary amines that exist in abundance on the surface of most proteins.

The covalent binding of DNA with NTs has been described.’®-3%7 A major area of interest for
biosensor developers is the study of human DNA. The NT array electrode functionalized with
DNA/PNA can detect the hybridization of targeted DNA/RNA from the sample. A nanoelectrode
array based on vertically aligned MWNTSs embedded in SiO, has been reported by Li et al.’®® and
Koehne et al.’® Oligonucleotide probes were selectively attached to the ends of the MWNTs. The
hybridization of subattomole DNA targets was detected by combining the electrode array with
ruthenium bipyridine-mediated guanine oxidation.

Such electro-chemical assay provides enhanced daunomycin signals.’® A MWNTs—COOH-
modified glassy carbon electrode was fabricated and oligonucleotides with 5'-amino groups were
covalently bonded to the carboxyl group of NTs.
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FIGURE 2.16 The attachment of proteins to NTs via a two-step process of diamide-activated amidation.
(From Jiang, K. et al., J. Mater. Chem., 14, 37-39, 2004. With permission.)

Trace levels of oligonucleotides and polynucleotides can be readily detected following short
accumulation periods with detection limits of 25, 60, 126, and 219 ug/L for oligo(dG)(21),
oligo(dG)(11), ss, and da calf thymus DNA, respectively.**!

A novel glucose biosensor based on NT-modified electrode is also of great practical interest.
Glucose oxidase (GOXx) is a flavine enzyme used commercially on a massive scale to monitor blood
glucose levels in diabetics. The GOx adsorbs spontaneously on NT sheets and can be reversibly oxi-
dized without complete loss of enzymatic activity.>*> A vertical array of MWNTSs with GOx mole-
cules is adsorbed nonspecifically on the exposed ends.’®* The electrode exhibits an amperometric
response in the presence of varying glucose concentrations. Different methods of GOx immobi-
lization onto NTs have been described.>45%

SWNTs fabricated into field effect transistors have several advantages over conventional
sensor systems, providing high sensitivity and allowing real-time detection.’®” This approach has
been used to fabricate biosensors for streptavidin recognition.’®® NT coated with a polymer
functional layer was functionalized with protein biotin, thus providing specific molecular detec-
tion.

The immobilization of different proteins and enzymes onto NTs for the development of new
biosensors has been described.’**%% Two different methods were employed for NTs functionaliza-
tion with bioactive peptides:®°7 (1) fragment condensation of fully protected peptides and (2) selec-
tive chemical ligation. The latter is shown in Figure 2.16.

Biosensors can be applied for detecting of diseases, particularly in cancer diagnostics.%08:60?

Detection of organophosphorus pesticides and nerve gases by biosensors is possible.
Detection of pathogens and toxins, and direct determination of total cholesterol in blood, has been
studied. Bacterial binding has been used to create biosensors.’!! The capture of specific
bacteria by particular antibodies can be detected by different sensor platforms, e.g., by acoustic
wave sensors, using piezoelectric resonator. NTs can also be potentially used as ion channel
biosensors.>%8

The study of the kinetics and thermodynamics of biological redox processes by biosensors is an
important part of biochemistry.’’66!2 As per theory, NIR-radiation-excited NT ropes could control
the activity of proteins in vivo.5'3

610
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2.8.2 OTHERS FIELDS OF APPLICATION

Enzyme-containing polymer/SWNT composites have been explored as unique biocatalytic materi-
als.®'* NTs functionalized with bioactive peptides act as a medium to transfer peptides across the
cell membranes.!3

MWNTs functionalized with hemin are able to detect oxygen in solution.®!%6!7 Bucky paper can
be used for transplanting cells into the retina. In experiments, the substrate worked as a scaffold for
the growth of the retinal cells taken from white rabbits, for implanting in other rabbits. The NTs
served as substrates for neuronal growth,6!8:61

Some biomolecules solubilize NTs. Lipid rings®?® and DNAS?! have been studied as solubiliz-
ers to dissolve NTs in aqueous solutions. The solubility of S-galactoside-modified SWNTSs in water
was shown to be increased by adsorption of lectin molecules.®??> NTs in the presence of galactose-
specific lectins form micrometer-sized nanostructures.

Solubilization using single-stranded DNA allows the purification and separation of NTs.623624
By screening a library of oligonucleotides, scientists found that a certain sequence of single-
stranded DNA self-assembles into a helical structure around individual NTs. Since NT/DNA
hybrids have different electrostatic properties that depend on the NT diameter and electronic struc-
ture, they can be separated and sorted using anion-exchange chromatography. DNA-stabilized dis-
persions of NTs prepared by Barisci et al.>° are concentrated (up to 1%, by mass) and are better
suited for fiber spinning than conventional surfactants.

Selective localization of SWNTs on aligned DNA molecules on surfaces is an important tool in
bottom-up bio-templated nanofabrication.®?® Self-assembly based on molecular recognition could
be the best approach for constructing complex architectures (e.g., field-effect transistor®?’) for
miniature biological electronics and optical devices. The attachment of DNA to oxidatively opened
ends of MWNT arrays®®’ and the DNA-guided assembly of NTs®?® have been studied.

2.9 NANOTUBES AS TEMPLATES

2.9.1 SUBSTITUTION OF THE CARBON ATOMS OF NANOTUBES

The incorporation of some chemical elements in carbon NTs leads to a new nanomaterial without
a significant modification of the NT structure, but with possible improvement of their properties.
Substitution of carbon atoms with nitrogen or boron atoms is most interesting from a practical
standpoint. It allows the formation of hetero-junctions within a single NT, and opens a way to use
such a tube in electronic devices. Besides, substitution with silicon has also been studied.

Tight-binding calculations show that the presence of nitrogen atoms is responsible for intro-
ducing donor states near Fermi level.62%6%* Nitrogen-doped carbon NTs have been found to be met-
als®3%-631 (earlier it was stated that the modified tubes were metals or semiconductors depending on
the relative position of nitrogen and carbon atoms®*?).

Arc-discharge process®*%** and pyrolysis®>*35-6% are the main methods of nitrogen-substituted car-
bon NT synthesis. The third method is carbon-resistive heating under high isostatic nitrogen pressure.%’

The incorporation of nitrogen into carbon NTs grown by arc-discharge method takes place in an
helium—nitrogen atmosphere®** or by introducing nitrogen-rich organic or inorganic precursors into the
anode rods.5* Metal phthalocyanines,®*%%*! methane and nitrogen mixtures,®73%46 ferrocene and
melamine mixtures,®?*%4 acetylene/ammonia/iron carbonyl mixtures,*? acetylene/ammonia/hydrogen
mixtures,* and acetonitrile or acetonitrile/hydrogen mixtures®+%%5 have been used in CVD processes.

The amount of incorporated nitrogen varies from some tenths of a percent to 9%°%! and even
13%.%47 The nitrogen incorporation enhances the growth of NTs by the CVD process and induces
visible changes in the NT structure and morphology. Overall, the presence of nitrogen suppresses
the formation of bundles, changes the tube conformation, and leads to the NT texturing.

All boron-doped carbon NTs exhibit highly metallic electronic character. Boron has been
shown to play a key role at the open end of a growing carbon NT, thus increasing its overall length.
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Boron-substituted NTs are formed by arc-discharge®448:64 or CVD®%6! methods. Moreover,
solid-state®2955 and gas—solid®>*%7 reactions are also employed to prepare the material.

It is possible to reach boron-substitutional level up to 20%%3363* and synthesize carbon-free BN
nanotubes.®%%5® The methods described allow the preparation of B-C—N NTs%? and NFs,634.658-661

The determined properties of silicon-doped carbon NTs and a suggestion how such tubes can
be synthesized have been published.®62:¢63 The interaction of carbon NTs with SiO, or Si yields
SiC nanorods (see the next section). Some substitution reactions have been developed to produce
hetero-structures of SWNTs and metal-carbide nanorods.®¢*

2.9.2 DECORATION OF CARBON NANOTUBES

Surface-modified carbon NTs, inorganic NTs, and nanorods are of great significance in various
practical applications, such as catalysis, electrocatalysis, photocatalysis, ion-exchange and gas sorp-
tion, electron emitter and nanodevice fabrication, and production of composites. “Decoration” is
often referred to as a process of covering NTs with a substance that does not form strong chemical
bonds with carbon atoms. At the same time, several decoration processes yield a covering substance
linked by weak chemical or electrostatic forces to the NTs.

NTs can be decorated with metals (Cu, Ag, Au, Al, Ti, Ni, Pt, Pd), alloys (Co—B, Ni—P, Mo—Ge),
nonmetals (Se), metal oxides (ZnO, CdO, AL O,, CeO,, Sn0O,, SiO,, TiO,, V,0s, Sb,0s5, M0O,,
MoO,, WO;, Ru0O,, IrO,), metal chalcogenides (ZnS, CdS, CdSe, CdTe), metal carbides (SiC),
metal nitrides (SiN,, AIN), and polymers (polyaniline, polypyrrole). The list of such substances can
go on. It is possible to prepare the covering of NTs in the form of quantum dots and nanoparticles,
to isolate nanotubules or nanorods and nanowires. The surface structure of NTs, and the strategy
and extent of deposition greatly influence the morphology of a coating.

The approaches to decoration of NTs include physical evaporation, electroless deposition, elec-
troplating, CVD, sol—gel process, chemical attachment of metal ions or complexes with subsequent
reduction or thermal decomposition, solid-state reactions, solid—gas reactions, self-assembling,
polymerization, and others chemical processes.

The decoration of NTs with nickel is achieved by electroless plating method,**3-%%8 by electro-
chemical deposition process,®*$7° by chemical reduction of NiCl, with hydrogen,%’! or by electron-
beam evaporation of the metal.®’>¢73 Copper has been deposited onto NTs by electroless plating®®’
or by reduction of CuCl, with hydrogen.®’* Cobalt has been plated onto NTs via electroless plat-
ing%”® or by reduction of Na,Co(OH), using KBH, solution.®”¢ Electroless plating usually demands
preliminary chemical activation of a substrate.

Several procedures have been used to decorate acid-treated NTs with nanoscale clusters of Ag,
Au, Pt, and Pd. For instance, Satishkumar et al.®’’ carried out the refluxing with HAuCl, and HNO,
or tetrakis hydroxymethyl phosphonium chloride, with H,PtCl, and HNO, or ethylene glycol, and
with AgNO, and HNO;; Li et al.5”® refluxed NTs for 6 h with H,PtCl, dissolved in ethylene glycol.
The activity of Pt cathode catalyst for direct methanol fuel cells has been shown to be dependent on
the ratio of water/ethylene glycol.’” Pt/NTs composite prepared by reduction of H,PtCl, with
Na,S,0, in water/alcohol solution exhibited good catalytic properties.®® It is possible to use sorp-
tion of Pd** ions from solution with subsequent hydrogen reduction.®®%%! Contact of an acetone
solution of H,PtCl, with NTs allows production of NTs decorated with platinum clusters without
any surface functionalization.®> Decomposition and reduction of H,PtCl,, HPdCl;, HAuCl,, or
AgNO, dispersed on NTs at temperatures from 300 to 700°C gives metal nanoparticles with aver-
age size of 7 to 17 nm.%®* Nanoparticle/NT hybrid structures have been prepared by forming Au and
Pd nanoparticles on the sidewalls of SWNTs using reducing reagents or catalyst-free electroless
deposition, as a result of direct redox reaction between metal ions and NTs.®%* Because Au** and
Pt>* have much higher reduction potential than NTs, they are reduced spontaneously. Hydrogen
reduction of a Pd(IT)--diketone precursor in super-critical carbon dioxide produces Pd nanoparticles
on MWNTs,#05:685
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As for gold and silver nanoparticles, the usual thiol-linking procedure can be used to anchor
them to NTs.68-688 Silver clusters on SWNT surface have been grown by the decomposition of
(cycloocta-1,5-diene)(hexafluoroacetylacetonate)silver(I).%%¢ A highly selective electroless deposi-
tion of gold nanoparticles on SWNTSs has been reported.®®* Sonication allows the deposition of gold
onto MWNTs directly from gold colloid solution.®® A method to fabricate gold nanowires using
NTs as positive templates has been demonstrated.®®® The first step was to self-assemble gold
nanocrystals along NTs. After thermal treatment, the nanocrystal assemblies were transformed into
continuous polycrystalline gold nanowires. Monolayer-protected Au clusters strongly adsorb onto
both end-opened and solubilized when refluxed in aniline SWNTs.!%3

Formation of different metal nanowires using NTs as positively charged template has been
described.®!

To form a Si0, or SiO, coating on NTs as well as to prepare silica nanotubes, silica nanorods
and silica/NT composites, sol-gel technique has been employed by many researchers.592-6%
Tetraethoxysilane (tetraethyl-o-silicate) was the usual precursor in this process. Silica-coated
SWNTs have also been produced by adding silica/H,SiF, solution to a surfactant-stabilized disper-
sion of SWNTs®7 or by hydrolysis of 3-aminopropyltriethoxysilane.®®

NTs have been coated with titania by using titanium bis-ammonium lactato dihydroxide,
tetraethyl-o-titanate,®%7% titanium tetraisopropoxide,'4’-7% titanium oxysulfate,’”’ and titanium
tetrachloride’™! as precursors. Sol-gel method has been used to sheathe NT tips for field emission
electron emitters (Figure 2.17).72 The coating morphology depends on the precursor composition
and method of deposition.”” Covalent linking of TiO, nanocrystals to SWNTSs by short-chain
organic molecule linker is demonstrated.'#’

Coating of NTs with alumina®2%.7%3 or AI(OH),’* is possible by either thermal or chemical
decomposition of aluminum sources, such as aluminum isopropoxide, aluminum trichloride, or
aluminum nitrate. Oxidation of a powdered aluminum meta/ MWNT mixture with O, or air leads
to the formation of Al,O, nanotubes or nanowires.”” Treating the same mixture in NH; atmosphere
at 300 to 500°C yields AIN nanowires or particles.”®

SWNTs and MWNTSs can be coated with a thin or thick film of Sn0O,.7%7% Heat treatment of
MWNTs with zinc at various temperatures gives ultra-thin films of ZnO on the tubes, ZnO quan-
tum dots, or nanowires.”” Deposition of CeO, nanoparticles on the surface of MWNTs by hydrol-
ysis of CeCl, in aqueous solution has been described.”!? Covering of NTs with oxides of different
metals (V, Sb, Mo, Ir, Ru) has been characterized.”!!7!2

699

Tungsten tip 41_

. Y

Sol-gel solution including carbon nanotube

FIGURE 2.17 Schematic illustration of the sol-gel coating process under DC voltage. (From Brioude, A.
et al., Appl. Surf. Sci., 221, 4-9, 2004. With permission.)
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Semiconductor metal chalcogenide nanoparticles such as CdS,”!? CdSe,!47205.714.205 CdTe, '8 and
ZnS7'3714 have been bound to the surfaces of NTs. The example of an attachment process is pre-
sented in Figure 2.18.

Reaction of carbon NTs and carbon NFs with silicon”!%7!7 as well as with silica’”'® allows the
production of SiC coatings, NFs or nanorods. The plasma enhanced CVD (PECVD) method using
mixtures of SiH, with C,H, or with NH; introduced into the reaction chamber at 250°C has been
used to coat MWNTSs with amorphous films of SiC or SiN,.”'? A process of simultaneous growth
of carbon NTs and SiC nanorods has been realized by means of CVD.”?

The aligned NTs can be used to make conducting polymer/NT coaxial nanowires by electro-
chemical deposition of a concentric layer of conducting polypyrrole.”?! Ultra-thin films of pyrrole
were deposited on the surfaces of MWNTs using a plasma polymerization technique.’?> Polymer
nanoshells on NTs can be formed via layer-by-layer deposition on NT template.”?

Interesting and unusual nanowires of rare-earth phthalocyanine have been produced via the
templated assembly method.”>* When the solvent is evaporated gradually, RErPc, nanoparticles and
nanowires are found to self-assemble on the exterior walls of NTs.

2.10 INTERCALATION OF “GUEST” MOIETIES

Similar to graphite, NTs can form guest—host compounds with electron acceptors (e.g., bromine,
iodine, interhalogens, FeCl;, HNO,) and electron donors (alkali metals).®!%!8 The guest species can
be inserted between the graphene shells of MWNTs or in the open inter-tubular spaces inside the
bundles of SWNTs. Reversible inter-calation proceeds by both direct vapor/liquid contacting and
electrochemical insertion of ions. The doping is accompanied by charge transfer and enhancement
of NT conductivity.

The inter-calation of bromine into MWNTs at 50°C shows an unusual ordered accumulation along
the direction perpendicular to the NT surface.”” Todine reversibly forms charged polyiodide chains
into SWNT bundles,’?¢ which is similar to the chains in iodine-doped SWNTs*'® and MWNTs.#!

The behavior of MWNTSs depends on their structure. In addition to FeCl,, other metal chlorides
(ZnCl,, CdCl,, AICI;, and YCl;) formed inter-calation compounds with MWNTs having scroll
structure.!®

The HNO; molecules intercalate into the bundles of SWNT,”?” and HNO,, H,SO,, and HCI
intercalate into the SWNT film (“bucky paper).”?® In all cases, an acceptor-type doping of the
SWNTs has been observed.

Fluorine, as was mentioned earlier (see Section 2.5.3), forms strong semi-ionic or covalent
bonds with carbon atoms of NTs and cannot be deintercalated in diatomic molecular form.

Much more information has been obtained on NT doping with alkali metals. Some theoretical
models of inter-calation products have been offered.!®!® Potassium and other heavy-weight alkali
metals at saturation state form MC, compounds corresponding to the first-stage graphite intercal-
ation compounds (GIC).'®!® The doping of SWNTs is diameter-selective.’”?73° The dopant atoms ini-
tially deposited on the tips of aligned MWNTs diffuse toward their roots at extremely small rates.”?!

The rapid development of lithium-ion batteries, which use graphite or carbonaceous materials as
one of the electrodes, gives rise to a great interest in NT material inter-calation with lithium.>%22 A
significant reversible capacity has been found.””> SWNTSs can be reversibly intercalated with lithium
up to Li, ,C, composition.”®® The reversible lithium storage capacity after etching of SWNTs
increases to Li,C.”**73% Moreover, this saturation composition increases to Li, ,C, by applying a suit-
able ball-milling treatment to the purified SWNTSs.?® It means that SWNTSs can contain roughly
twice the energy density of graphite. To explain the results of Refs. 732 and 736, a non-GIC mech-
anism of storage has been proposed.”’ In this mechanism, except for the lithium intercalated
between graphene layers to form GIC, the higher charge capacity should be related to lithium doped
into disordered graphitic structures, defects, microcavities, and edge of graphitic layers.

The reversible capacity increases as compared to that of raw NTs after treatment with lithium
compounds such as LiNO,.”®8 The lithium diffusion coefficient decreases with an increase of the
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open-circuit voltage. This phenomenon is presumably connected with a change of composition and
properties of thin inorganic film covering the NTs.

2.11 SUMMARY AND CONCLUSIONS

Carbon NTs represent a set of materials including numerous variants with different structure, mor-
phology, and properties. Some of these materials are now coming to the industrial arena as new
attractive resources with many remarkable properties and dozens of promising applications. Several
scaleable continuous chemical methods of NT production have been elaborated and scaled.

The practical significance of carbon NT chemistry and its achievements is sharply increased.
Today, this branch of NT “general chemistry” subdivides into carbon NT inorganic, organic, bioor-
ganic, colloidal, and polymeric chemistry. NT chemistry now occurs in solution, in such a way that
it opens many new possibilities to purify, sort, and modify the material and to integrate it in elec-
tronic devices.

Carbon NTs are among the most important materials of modern nanoscience and nanotechnol-
ogy, including molecular electronics, and the chemistry of NTs play a remarkable role in the devel-
opment of this interdisciplinary area.
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ABSTRACT

Carbon nanotubes and fullerenes have been extensively studied and are described in separate chap-
ters in this book. However, the world of carbon nanostructures is not limited to these two groups of
materials. Carbon nanocones, whiskers, and larger polygonized nanotubes, called graphite polyhe-
dral crystals, are a whole new class of carbon nanomaterials; which, along with vapor-grown car-
bon fibers, can be placed between graphite and fullerene families of carbon. They are elongated and,
typically, axially symmetric structures. This chapter provides a comparative study of several such
graphitic nanomaterials. The discussion covers the gamut of such materials — from the first
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graphite cones and whiskers discovered long before the beginning of “nano” age, to the latest addi-
tions to this family of nano- and micromaterials. Some of these particles are as large as several
micrometers, and they provide a bridge between carbon nanomaterials such as nanotubes, and con-
ventional materials such as carbon fibers or planar graphite. Their structure, properties, Raman
spectra, and potential applications are discussed in detail in this chapter.

3.1 PREFACE

Both planar graphite! and carbon nanotubes? have been extensively studied, and their structure and
properties are well documented in the literature. This section is a review of the current understand-
ing of some less common nonplanar graphitic materials, such as graphite whiskers, cones, and poly-
gonized carbon nanotubes (graphite polyhedral crystals). Although nonplanar graphitic
microstructures in the shape of cones were reported as early as 1957, it is only recently®>® that
attention has been paid to these exotic classes of graphitic materials. There is no doubt that this
growing interest has been triggered by the discovery of fullerenes® and nanotubes,>!* which has
stimulated very intensive research on carbonaceous nanomaterials over the past 20 years. While
fullerenes and nanotubes have been discussed in several books during the past decade, carbon
cones, whiskers, and other similar structures have received much less attention. Our intention here
is to give an overview of the current understanding of their structure, synthesis methods, properties,
and potential applications.

Some of the engineering disciplines that could benefit from the emergence of these forms of
carbon are:

e Materials engineering: graphitic cones and polyhedral crystals will enable the develop-
ment of new functional nanomaterials and fillers for nanocomposites.

o Chemistry and biomedicine: in the development of new chemical sensors, cellular
probes, and micro-/nanoelectrodes.

» Analytical tools and instrumentation development: cones and polyhedral crystals can act
as probes for atomic force and scanning tunneling microscopes.

o FEnergy, transportation, and electronic devices: as materials for energy storage, field
emitters, and components for nanoelectromechanical systems.

The common features of carbon whiskers, cones, scrolls, and graphite polyhedral crystals,
besides their chemistry and the graphitic nature of their bonds, are their morphology and the high
length-to-diameter aspect ratio, which places them between graphite and carbon nanotube materi-
als. In the following sections, we will examine various types of these materials, and we will show
the effect of structural conformation as well as describe their properties and potential applications.

3.2 GRAPHITE WHISKERS AND CONES

Graphite whiskers, cones, and polyhedral crystals are all needle-like structures — meaning that
their length is considerably larger than their width or diameter. The major difference between the
graphitic cones and polyhedral crystals, besides their shape, is in their texture, i.e., in the orienta-
tion of the atomic planes within the structure. While graphite polyhedral crystals (GPCs) comprise
of (0 0 0 1) planes parallel to their main axis, carbon cones and whiskers may have various textures.
Therefore, we will consider GPCs separately from cones and whiskers. The orientation and the
stacking arrangement of the planes is closely related to the nucleation mechanism and the growth
conditions of the cones. The following section explains currently available methods for synthesis of
carbon whiskers and cones. Also, two different types of cones have also been observed in natural
deposits of carbon. These are described briefly in a separate section. A detailed explanation of their
structure and properties in relation to their potential applications follows.
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3.2.1 SYNTHETIC WHISKERS AND CONES

3.2.1.1 Whiskers

Graphite whiskers are the first known nonplanar graphitic structures that were obtained through a
controlled preparation. Bacon'' succeeded in growing high-strength graphite whiskers on carbon
electrodes using a DC arc under an argon pressure of 92 atm. The temperatures developed in the arc
were sufficiently close to the sublimation point of graphite (above 3600°C), which enabled carbon
to vaporize from the tip of the positively charged electrode, and form cylindrical deposits embed-
ded with whiskers of up to 3 cm in length and a few microns in diameter.!? Carbon deposition under
extreme conditions, such as a “flash CVD” process, also resulted in the growth of very peculiar
micron-sized tree-like carbon structures. '3

Whiskers and filaments of graphite have also been observed to form during pyrolytic deposi-
tion of various hydrocarbon materials. Hillert and Lange'# studied the thermal decomposition of
n-heptane and reported the formation of filamentous graphite on iron surfaces at elevated temper-
atures. Pyrolysis of methane,!® and carbon monoxide'® on iron surfaces or heated carbon filaments'”
also resulted in the formation of similar structures as well as the thermal decomposition of acety-
lene on Nichrome wires below 700°C.!8

Whisker growth during pyrolytic deposition process is generally considered as being catalyzed
by metals.!”?° Haanstra et al.2! however, observed noncatalytic columnar growth of carbon on
B-SiC crystals by pyrolysis of carbon monoxide at 1 atm pressure above 1800°C (Figure 3.1). The
experiments showed that the growth of carbon whiskers in that case was defined by rotation twin-
ning and stacking faults on {1 1 1} habit plane of the B-SiC substrate. The cylindrical carbon
columns formed by this mechanism were observed to consist of parallel conical graphitic layers
stacked along the column axis. Most specimens of a run had the diameter between 3 and 6 um, and
they were several tens of microns long. The apex angle of the conical mantle was measured to be
about 141°. The conical nuclei of these columns were produced on defects in twinned S-SiC, such
as the dislocation with a screw component perpendicular to the surface.

Very similar “needle”- or “spine”-like graphitic materials were also reported by Knox et al.?> In
an attempt to synthesize porous graphitic carbon material that would be capable of withstanding
considerable shear forces, such as those seen in high-performance liquid chromatography, they pro-
duced porous glassy carbon spheres, which in most cases contained graphitic needles. Knox et al.
impregnated the high-porosity silica gel spheres with a melt of phenol and hexamethylenetetramine
(hexamine) in a 6:1 weight ratio. Impregnated material was first heated gradually to 150°C to form

FIGURE 3.1 Electron micrographs of (a) pencil-like carbon columns; (b) columnar carbon specimen with
screw-like markings on side.?!
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phenol-formaldehyde resin within the pores of the silica gel, and then carbonized slowly at 900°C
in a stream of oxygen-free nitrogen. The silica was then dissolved with hot aqueous potassium
hydroxide (at least 99% complete), and the remaining porous glassy carbon was consequently
heated up to 2500°C in oxygen-free argon.

Besides the expected glassy carbon structure, the resulting product often contained considerable
amounts of needle-like material that was determined to have a three-dimensional graphitic struc-
ture. The graphitic whiskers resulting from the experiments were usually a few microns long and
about 1 um thick. Electron diffraction and transmission electron microscopy (TEM) revealed the
twinned structure of the whiskers. The angle between the layers was measured to be about 135°.

Since this material was a side product of their experiment, Knox et al. neither provided any fur-
ther details of its structure nor explained the nucleation mechanism. It is, however, highly probable
that their graphitic needles were nucleated and grown in a pretty much the same way as were
Haanstra’s whiskers shown in Figure 3.1. Incomplete dissolution of the silica matrix could have
caused formation of twinned S-SiC phase during the glassy carbon pyrolysis between 1000 and
2500°C, which further induced growth of columnar graphite from disproportionated CO within the
porous glassy carbon spheres. The 135° whiskers have also been synthesized recently at 2100°C
from gaseous CO and ball-milled natural graphite?>** contaminated with zirconia particles during
milling. When heated above 1900°C, the zirconia particles react with the carbon to form ZrC.?> The
growth of the graphitic whiskers was probably initiated by screw dislocations on the surfaces of
ZrC particles.

Similarly, Gillot et al.?® studied the heat treatment of products of martensite electrolytic disso-
lution, and observed the formation of “cigar”-shaped crystals of graphite at 2800°C. The model of
the texture they obtained is shown in Figure 3.2a. The length of the crystals ranged from a few
microns to 250 um with a length-to-diameter ratio of about 10. It was suggested that the growth
mechanism of the “cigars” involved mass transfer through the gas phase. The graphite layers in the
whisker had the shape of an obtuse cone, the axis of which was coincident with the axis of
the whisker, and had basically the same structure noted but not fully described by Knox et al.
Such whiskers were assumed to be formed by a single graphene sheet coiled around the axis
in a helix, each turn of the helix having the shape of a cone (Figure 3.2b). The angular shift 0 of the
(h k 0) crystallographic directions from one whorl to the next one in the helix was measured to be
0 = 60°. All graphitic layers were found to have the same stacking arrangement as of a perfect
graphite crystal. Later, Double and Hellawell?” proposed the cone-helix growth mechanism of such

@ (b) :

W
/i

FIGURE 3.2 Model illustrating the formation of cigar-like graphite: (a) longitudinal cross section of the
cigars showing their texture; (b) cone-helix structure of graphitic filaments.?
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structures, which relies on the formation of a negative wedge disclination within a graphene sheet.
This model will be explained in detail in the following section.

3.2.1.2 Cones

Ge and Sattler,® Sattler,” and Krishnan et al.® were among the first to observe and study fullerene
nanocones, i.e., seamless conical structures formed when one or more pentagonal rings are incor-
porated into a graphene network. Incorporation of pentagonal and heptagonal defects into graphene
sheets and nanotubes had at that time been already discussed by Iijima et al.,?® Ajayan,?-
Ebbesen,?! Ebbesen and Takada,*? and others,* to explain conical morphologies of carbon nan-
otube tips observed by high-resolution transmission electron microscopy (HRTEM). The impor-
tance of the pentagonal defects in the formation of three-dimensional conical graphitic structures,
however, was not fully recognized till the thorough investigation of their electron diffraction pat-
terns by Amelinckx et al.,>*%37 who studied helically wound conical graphite whiskers (Figure 3.3a)
by electron microscopy and electron diffraction. Whiskers gave rise to unusual diffraction effects
consisting of periodically interrupted circular ring patterns (Figure 3.3b). Very similar diffraction
patterns had been previously obtained from whiskers described in Ref. 21. Amelinckx et al. pro-
posed a growth mechanism whereby the initial graphite layer adopts a slitted dome-shaped config-
uration (Figures 3.4a and b) by removing a sector 8 and introducing a five-fold carbon ring in the
sixfold carbon network (Figure 3.4c). Successive graphene sheets were then rotated with respect to
the previous one over a constant angle, thus realizing a helical cone around a “disclination,” with a
five-fold carbon ring core. The model explains the morphological features and the particular dif-
fraction effects observed on these reproducibly prepared columnar graphite crystals and it also
builds on the other cone models.?"?’

The first true multishell fullerene graphitic cones consisting of seamless axially stacked coni-
cal surfaces (Figure 3.5) were observed in the products of chlorination of silicon carbide at tem-
peratures above 1000°C in 1972% and then reported by Millward and Jefferson® in 1978. Since
these structures were rather singular observations in the products of the reaction, they were not rec-
ognized as a new material until much later.3® Similar structures in large quantities were for the first
time successfully produced by Ge and Sattler.® Up to 24 nm in length and 8 nm in base diameter,
these nanometer-sized structures were generated by vapor condensation of carbon atoms on a highly
oriented pyrolytic graphite substrate. All of the cones had the same apex angle ~19°, which is the
smallest among five possible opening angles for perfect graphitic cones (Figure 3.6a). The growth
of these nanostructures is thought to be initiated exclusively by fullerene-type nucleation seeds with

FIGURE 3.3 Conical graphite whiskers. (a) SEM micrograph of a cleavage fragment of conically wound
graphite whisker. Note the 140° apex angle of the conical cleavage plane. (b) Electron diffraction pattern with
the incident electron beam along the normal to the cleavage ‘plane’ of the conically wound whiskers. Note the
126-fold rotation symmetry of the pattern.3¢
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FIGURE 3.4 Model illustrating the formation of a conical helix. (a) Sector j is removed from a disc. (b) The
angular gap is closed and a cone is formed. (c) Twisted nucleus of the conical helix containing one pentagonal
ring in the graphene network. Conical helix is formed through rotation of successive graphene sheets over a

constant angle.3¢

(@) (b) gt N ()

FIGURE 3.6 Fullerene cones. (a) The five possible seamless graphitic cones, with cone angles of 19.2,
38.9, 60, 86.6, and 123.6°.%7 Electron micrographs of the corresponding five types of cones (scale bars in b—f,
200 nm). Apex angles: (b) 19.2°, (c) 38.9°, (d) 60.0°, (e) 84.6°, and (f) 112.9°.8
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different number of pentagons. Fullerene cones of other apex angles corresponding to 1 to 4 pen-
tagons were produced and reported 3 years later by Krishnan et al.® (Figures 3.6¢—f). They also
reproduced the ~19° cone (Figure 3.6b).

Graphite conical crystals of very small apex angles (from ~3 to ~20°) and perfectly smooth sur-
faces (Figure 3.7) have been reported to form in the pores of glassy carbon at high temperatures,**:#!
in addition to other various axial graphitic nano- and microcrystals.*? Graphitic structures from the
glassy carbon pores were produced from carbon-containing gas formed during decomposition of
phenol formaldehyde. The size of these graphite conical crystals ranged from about 100 to 300 nm
in the cone base diameter, and their lengths ranged from about 500 nm to several micrometers.
Similarly, a few other conical structures of graphite were produced by thermal decomposition of
hydrocarbons® with or without the aid of a catalyst, or by employing various thermochemical
routes.** The structure of the majority of catalyst-free cones observed is consistent with the cone-
helix growth model; however, some of the small apex angle cones (~2.7°), as seen in Figure 3.7¢,*#
do not conform to this rule. These are most likely carbon scroll structures.*>-*¢ Orientation of layers
in catalytically produced cones is closely related to and resembles the shape of the catalyst parti-
cle.#7% Catalytically produced cones can adopt open,*->! helical,*! or close-shell structures.*

Several other types of cones have been reported that are actually composed of cylindrical graphite
sheets. >3 So-called tubular graphite cones (TGCs) (Figure 3.8) have been synthesized on an iron nee-
dle using a microwave-plasma-assisted chemical vapor deposition (MWCVD) method®? in a CH,/N,
gaseous environment. Corn-shape carbon nanofibers with metal-free tips have also been synthesized
by a MWCVD method using CH, and H, gases.>® Graphitic coils wound around a tapered carbon nan-
otube core have also been produced by the same technique using different substrate material.>* What

SINEIETE
angle GCC

FIGURE 3.7 SEM micrographs of carbon nano- and microcrystals found in pores of glassy carbon. (a)
Fracture surface, showing crystals in a pore. (b) Graphite polyhedral crystals (GPCs) and graphite conical crys-
tals (GCCs). (c) A small apex angle GCC growing along with GPCs, and a stylus-like multiwall carbon nan-
otube (MWNT).*!
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FIGURE 3.8 Tubular graphite cones. (a) Aligned TGCs grown on an iron needle surface. (b) A high-resolu-
tion view of one TGC shows the faceted and helical appearance.>?

makes these and similar structures cone-shaped is not purely an inclination of their graphitic layers
with respect to the cone axis, but rather the continuous shortening of graphitic wall layers from the
interior to the exterior of the structure,> or a combination of both mechanisms, as in the case of car-
bon nanopipettes.>* Although their morphology resembles a cone, intrinsically their microstructure is
that of the multiwall carbon nanotubes. This implies different mechanical and electronic properties.
Tailoring carbon nanotubes to cone shapes can now be done routinely.*>°

3.2.2 OCCURRENCE OF GRAPHITE WHISKERS AND CONES IN NATURE

Graphite whiskers and cones have also been observed growing on natural Ticonderoga graphite crys-
tals,® Gooderham carbon aggregates,®! and friable, radially aligned fibers of Kola graphite.® In their
brief communication, Patel and Deshapande® reported the growth of 65 to 125-um-thick graphite
whiskers in (0 0 0 1) direction, the (0 0 0 1) planes of graphite being perpendicular to the whisker
axis. The growth of the whiskers was presumed to be a result of a screw dislocation mechanism dur-
ing the growth of graphite, but no details indicating the relationship of the structure and the geologi-
cal origin of the sample were given. Several other exotic forms of graphite have been observed
recently from two different geological environments: arrays of graphite cones in calcite from highly
sheared metamorphic rocks in eastern Ontario (Gooderham graphite, Figure 3.9a),%! cones, and scrolls
of tubular graphite in syenitic igneous rock from the Kola Peninsula of Russia (Figures 3.9b—d).%

In a few geological occurrences, graphite forms compact spherical aggregates with radial inter-
nal textures,®?¢ similar to those observed in graphite spheres in cast iron.?” One prominent natural
occurrence is in metasedimentary rocks exposed at a roadcut, south of Gooderham, Ontario,
Canada.®”-%® In this region, graphite crystallizes in calcite in various forms of tabular flakes, spher-
ical, spheroidal, and triskelial polycrystalline aggregates,®% some of which were found to contain
large arrays of graphitic cones dominating the surfaces of the samples.®! Cone heights ranged from
less than a micron to 40 um, and unlike most laboratory-produced cones, they showed a wide dis-
tribution of apex angles. The apex angles were found to vary from 38 to ~140°, with 60° being the
most common. The cone structure can be well described by the Double and Hellawell?” disclination
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FIGURE 3.9 FESEM images of graphite cones from (a) Gooderham, Ontario, Canada. [61] (b—d) Graphite
cones, scrolls, and tubes from Hackman Valley, Kola Peninsula, Russia. A scroll-type structure is suggested in
(b). Some of the Kola cones appear to be hollow, as indicated by a fractured structure (d).%?

model. Other than full and solid cones, some Gooderham samples also revealed partly conical hol-
low structures composed of curved graphite shells (“protocones”).®? These indicate a possible ear-
lier growth stage for the cones reported in Ref. 61. Unlike large solid cones, many of these graphitic
structures have partly faceted surfaces (Figure 3.10). The tips of the polygonal cones typically have
six facets, and these facets only extend part way down the surfaces of the cones, which maintain a
circular base.®? The faceted cones are reminiscent of the polyhedral graphite crystals from glassy
carbon pores.*? The morphology and the surface topography of the cones and petrologic relations
of the samples suggest that the cones formed from metamorphic fluids.

Numerous scroll-type graphite whiskers, up to 15 um in length and up to 1 um in diameter
(Figures 3.9b—d), were discovered to cover inner and outer surfaces of channels comprised of tabu-
lar graphite crystals. They have been found in samples of alkaline syenitic pegmatite of Kola
Peninsula, Russia.” The surfaces of cavities in the host rock were coated with fine-grained graphite
layer comprised solely of such whiskers. Some of the Kola natural graphite whiskers are cigar-like
(Figure 3.9b), while others exhibit true conical (Figure 3.9¢) morphologies with dome-shaped tips.
The conical whiskers appear to be significantly larger and more abundant than the tube-like
whiskers. Many Kola cones show distinct spiral growth steps at the surfaces of their tips, suggest-
ing that they have a scroll-type structure, as seen previously in other synthetic whiskers,!!-17:2126
SEM images of some broken cones reveal that they are hollow (Figure 3.9d).

3.2.3 STRUCTURE: GEOMETRICAL CONSIDERATIONS

We have seen in the previous section that, on the basis of their structure, a distinction can be made
between the two major classes of graphitic cones. One type has a “scroll-helix” structure, while the
second type comprises seamless conical graphene layers stacked over each other along their axis
(therefore called “fullerene cones™). This classification may be considered as an equivalent to dif-
ferentiating between “scroll” and “Russian-doll” type of multiwall carbon nanotubes.”!

Pure “scroll-helix” cones are made up of a single graphene sheet that coils around an axis, each
layer having a cone shape. The nucleation of this kind of structure is generally controlled by a line
defect (dislocation), although we will see later that in addition, it always involves a screw dislocation
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FIGURE 3.10 FESEM micrograph of a graphite “protocone” having a faceted tip.%?

and some kind of point defect at the terminated side of the dislocation line, as indicated in Figure
3.4. On the other hand, an ideal “fullerene” cone contains only point defects in the form of pentago-
nal, heptagonal, or lower/higher order carbon rings and their various combinations. It is also possi-
ble that some of the actual graphitic cones are neither purely helical nor purely fullerene structures,
but rather a combination of the two.

Euler’s theorem’? has been found particularly useful in explaining geometrical aspects and gen-
eration of fullerenes and fullerene cones. Suppose that a polyhedral object is formed by enclosing
a space with polygons. The number of polygons is therefore equal to the number of faces (F) of such
object. If V' is the number of vertexes, £ the number of edges, and g a genus of the structure, then
the four parameters correlate as follows:

V—E+F=21-g) (3.1)

For bulk three-dimensional solids, g is equivalent to the number of cuts required to transform a solid
structure into a structure topologically equivalent to a sphere (for instance, g = 0 for a polygonal
sphere such as C, or C,,, and g = 1 for a torus). Suppose, further, that the object is formed of poly-
gons having different (i) number of sides. The total number of faces (F) is then

F=>N, (3.2)

where N, is the number of polygons with i sides. Each edge, by definition, is shared between two
adjacent faces, and each vertex between three adjacent faces, which is represented as

E = (1/2) > iN, (3.3)
and
V= (2/3)E (3.4)
By substituting Equations (3.2) to (3.4) into (3.1), Euler’s postulate for i = 3 is represented as
3N; + 2N, + Ny — N, —2Ng — 3Ny, — = —=12(1 — g) (3.5)

26— DN, =12(1 — g) (3.6)
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It can be observed from Equation (3.5) that the number of hexagons does not play a role, and a bal-
ance between the number of pentagons and higher order polygons (i = 7) is required in order to
form an enclosed structure. If each vertex is considered an atomic site containing an sp-hybridized
C atom, and each edge is assigned to one C—C bond, then according to Equations (3.5) and (3.6),
only 12 pentagons are needed to form a fullerene or a nanotube. If one heptagon is present, then 13
pentagons will close the structure.

The total disclination in a completely closed structure, such as a sphere, is 720° (i.e., 4m). Each
out of 12 pentagons contributes a positive disclination of 720°/12 = 60°, and a heptagon, similarly,
creates a negative 60° disclination. Incorporation of a heptagon in a graphene sheet will, therefore,
produce a saddle-like deformation,”? while adding pentagons will result in conical structures.
Exactly five different cones (Figure 3.6) are generated by having respectively 1 to 5 pentagonal
rings in their structure, as experimentally observed®’ and mentioned in a previous section. Careful
examination of such cones suggests that pentagons are isolated from each other by hexagonal rings,
as in fullerene molecules and fullerene nanotube caps. The apex angles for these cones can be cal-
culated from the following relation:’*

sin(6/2) = 1 — (Ny/6) (3.7)

where N; 1s the number of pentagons in the cone structure.

Topo-combinatoric conformations of i-polygonal carbon rings (where i = 1, 2, 3,4, 5,7,9, ...)
within a hexagonal carbon network had been studied in detail even before the discovery of
fullerenes, carbon nanotubes, and graphitic cones.”’¢ Growing interest in this topic resulted in the
number of publications”77-8 that revealed the fine structure of the cone tip, such as the reconfig-
uration of carbon atoms and distribution of defects in the near vicinity of the tip. It had also been
shown that the pentagons separated by hexagons (Figure 3.11)7* make the most stable conformation
of the cone tip structure, as observed experimentally. Establishing valid theoretical models of struc-
ture later helped in calculating the electronic properties of cones and curved carbon surfaces.®' -84

Apart from seamless cones, there are conical structures that are formed by introducing a wedge
disclination (Figure 3.12a) and a screw dislocation (Figure 3.12b) in a graphite sheet, as observed
experimentally by various groups.*>2!-2226:36 The cone-helix model?’ is based on growth around a
positive disclination with a screw dislocation component (Figure 3.12c). As a graphene sheet wraps
around the disclination, adjacent overlapping layers are rotated with respect to one another by an
angle equal to the disclination angle. Among practically unlimited number of disclination angles,
some of them should be energetically more favorable (Figure 3.12¢ and inset table in Figure 3.13).
Their value can be calculated from the following equation:

a=nX60° or a=nX60°*w (3.8)

wheren=0,1,2,...,6,and ®=13.2,21.8, 27.8°, ... are expected low-energy (0 0 1) twist grain-
boundary angles based on lattice coincides, which are a measure of “goodness of fit,” but do not

FIGURE 3.11 Distribution of pentagonal defects within the cone tip. The apex angle changes with the num-
ber of pentagons.’™
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- 9 —V
Overlap angle

FIGURE 3.12 Formation of helical cones. (a) Positive wedge disclination is created after a sector is removed
from a graphene sheet and (b) the cone is formed by an overlap through a screw dislocation. (¢) Model illus-
trating growth of columnar carbon, and (d) one of several energetically preferred stacking arrangements.?’
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FIGURE 3.13 Frequency of occurrence of various apex angles for natural graphite cones. The maximum is
observed at 60°. Apex angles that correspond to “goodness” of fit are listed in the table. When measuring apex
angles of cones, the inclination of cones to the projection plane of the microscope has been taken into account
(inset, left).o!

account for atomistic interactions and the curvature of the sheets. Disclinations with overlap angles
equal to integer multiples of 60° should be energetically the most favorable, because they preserve
the graphite crystal structure without stacking faults, provided the screw component of the discli-
nation has a Burgers vector corresponding to an even multiple of the graphite’s
c-axis interplanar spacing. Values of corresponding apex angles are calculated from the following
relation:

0= 2sin (1 — a/360°) (3.9
and they range from 6 to 149°. Graphitic cones having such apex angles should predominate over
others.®! The apex-angle distribution in a sample of natural cones is shown in Figure 3.13. Among
all possible apex angles, the 60° angle is found to be the most frequent. Cones with smaller apex
angles may be disfavored because of the higher elastic energy due to bending required to form the
corresponding disclinations.

The dislocation line usually terminates with a point defect that includes bond recombination within
the hexagonal network to form a pentagon or some other kind of polygon, as shown in Figure 3.4c.
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3.2.4 PROPERTIES AND APPLICATIONS

3.2.4.1 Electronic Properties of Synthetic Whiskers and Cones

Carbon nanotubes are known to be either metallic or semiconducting, depending on their diameter
and chirality.®-° The role of pentagon, heptagon, or pentagon—heptagon pair topological defects in
structural and electronic properties of nanotubes has also been studied theoretically,?' %+ and
experimentally by means of scanning tunneling microscopy (STM) and scanning tunneling spec-
troscopy (STS).3* Special attention has been paid to curved surfaces of capped carbon nanotube tips,
since these can be considered as regions of high density of defects. As the density of defect states
increases at the tube ends, it can be expected that the electronic band structure of the end differs sig-
nificantly from that elsewhere on the tube.®!-3* This has been successfully demonstrated by means
of spatially resolved STM/STS carried out on a conically shaped tube end (Figures 3.14a and b),3
which in fact is a fullerene-type carbon nanocone structure.

An STM image of one such conical tip is shown in Figure 3.14a. The apex of the cone has a
diameter of 2.0 nm. The tunneling spectra were acquired at four different positions along the tube
(marked with white letters in Figure 3.14a). Local densities of states (LDOS), derived from the
scanning tunneling spectra, are represented in Figure 3.14b. In addition, the tight-binding calcula-
tions performed on two different tip morphologies are given in Figures 3.14c¢ and d.
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L i
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Energy (eV)
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DOS (arb.units)

P P
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FIGURE 3.14 Electronic structure and localized states at carbon nanotube tips: (a) STM image of a fullerene
carbon cone; (b) local densities of states for a cone tip derived from scanning tunneling spectra at four (A-D)
points along the tip; and (c—d) tight-binding calculations for two different configurations of cone tips.%
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As we move along the tube from position A to position D, the density of topological defects
increases, since the topological defects are concentrated in a smaller volume. As a result, the
effect of confinement on electronic structure becomes more and more pronounced. This does not
seem to be very striking in the case of the conduction band, where only a slight and broad
enhancement has been noted in the LDOS at the cone apex. The valence band, however, is found
to alter considerably, exhibiting sharp resonant states at the cone tip (Figure 3.14b, curve D). The
strength and position of these resonant states with respect to the Fermi level is, in addition, very
sensitive to the distribution and position of defects within the cone. This is illustrated with two
models of cones having different morphologies obtained by altering the position of pentagons
within the tip structure (Figures 3.14c and d). In the two examples, the (A), (B), and (C) LDOS
calculated by the tight-binding method are very similar. Strong and sharp peaks in (D) LDOS have
different shape and position in the case of models I and II. The values calculated for model II show
better fit to the experimental values given in Figure 3.14b. The distribution of the defects and their
effect on electronic properties of the cones have been studied in detail elsewhere.” LDOS of
helix-type carbon cones are obtained by establishing the tight-binding model of a screw disloca-
tion in graphite.’!

Localized resonant states are very important in predicting the electronic behavior of carbon
cones. They can also strongly influence the field emission properties of cones.

3.2.4.2 Raman Spectra

Owing to its sensitivity to changes in the atomic structure of carbons, Raman spectroscopy has
proven a useful tool in understanding the vibrational properties and the microstructure of graphitic
crystals and various disordered carbon materials.”>” The relationship between the spectra and the
structure has been extensively discussed in the literature, and the studies cover a wide range of car-
bon materials, such as pyrolytic graphite (PG)*** and highly oriented pyrolytic graphite
(HOPG),”%% microcrystalline graphite, amorphous carbon and glassy carbon, fullerenes, carbon
onions, nanotubes, etc. Little work is carried out on the Raman scattering from graphite
whiskers,!%%-192 which usually consist of carbon layers oriented parallel to the growth axes. For such
structures, it is expected that their Raman spectra will be similar to those of disordered graphite
crystals and carbon fibers.

Figure 3.15 shows the Raman spectra of an individual graphite whisker and turbostratically
stacked particles, using 632.8 nm excitation wavelength. Whiskers were synthesized in a graphiti-
zation furnace using a high-temperature heat-treatment method.?* Carbon layers in these whiskers
are almost perpendicular to their growth axes. Most of the first- and second-order Raman modes in
whiskers, such as the D, G, and D' modes at ~1333, 1582, and 1618 cm™!, respectively, can be
assigned to the corresponding modes in HOPG and PG.

In contrast to other carbon materials, the Raman spectra of whiskers exhibit several distinct
characteristics. For example, the intensity of the 2D overtone is found to be 13 times stronger than
that of the first-order G mode in whiskers. The strong enhancement of the D and 2D modes is also
found in the Raman spectra of whiskers with 488.0 and 514.5 nm laser excitations.!® Second, there
are two additional low-frequency sharp peaks located around 228 and 355 cm ™!, and two additional
strong modes (around 1833 and 1951 cm™!) observed in the second-order frequency region. The
line widths of the D, G, D’, 2D, and 2D’ modes in whiskers are 17, 18, 10, 20, and 14 cm™!, respec-
tively. Because the frequencies of the L, and L, modes are in the frequency region of acoustic
modes, these two modes are supposed to be the resonantly excited acoustic modes in the transverse-
acoustic and longitudinal-acoustic phonon branches. The two high-frequency modes at 1833 and
1951 cm™! are designated as L, + D" and L, + D’ modes, respectively. The observed excitation-
energy dependence (140 cm ™! eV~!) of the 1833 cm™! mode is in excellent agreement with the the-
oretical value of 139 cm™! eV~! of the L, + D’ mode.!?
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FIGURE 3.15 Raman spectra of turbostratically stacked (TS) particles and an individual graphite whisker
excited with 632.8 nm laser excitation. The inset gives the energy dependence of the frequencies of the L, and
L, modes.'??

The intensity enhancement of the dispersive modes indicates that double-resonance Raman
scattering may be responsible for this phenomenon.'® Such enhancement of the 2D mode is also
observed in GPCs (Figure 3.17) that have a similar loop-edge structure in brim regions.*?

Raman spectra from tubular, helix-type, and naturally occurring carbon cones are available else-
where in the literature.%!102

3.3 GRAPHITE POLYHEDRAL CRYSTALS — POLYGONAL MULTIWALL TUBES

3.3.1 SYNTHESIS

The structure of single- and multiwall carbon nanotubes, and single-wall carbon nanotube ropes have
been widely studied over the last 10 years,>3!,71,104+-108

While the ability of carbon to form multiwall tubular nanostructures is well known and these
tubes have been studied extensively, very little information is available about carbon nanotube struc-
tures having polygonal cross sections. Although an occurrence of polygonal vapor-grown carbon
fibers with a core carbon nanotube protrusion was noted by Speck et al.'® as early as 1989, no
details were given about core fiber structure and its polygonization.

Zhang et al.''% have studied the structure of an arc-discharge-produced carbon soot by the
HRTEM, and they were the first to indicate the possibility of polygonal multiwall carbon nanotubes,
assuming that the tubes consisted of closed coaxial concentric layers. The first evidence for occur-
rence of polygonized carbon nanotubes came from Liu and Cowley,!%4195:19%8 who used nanodiffrac-
tion in conjunction with HRTEM and selected area electron diffraction to investigate the structures
of carbon nanotubes having diameters of a few nanometers. Nanodiffraction is a form of convergent
beam electron diffraction, which allows one to obtain a diffraction pattern from regions of the spec-
imen about 1 nm or less in diameter. The tubes used in this study were produced by a variant of
Kratschmer-Huffman arc-discharge method!'! in helium gas at a pressure of 550 Torr. The DC
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voltage applied to electrodes was 2628 V and the corresponding current was 70 A. The carbon
nanotubes obtained at the given experimental conditions consisted of 3 to 30 carbon sheets and had
a length of up to 1 um. The inner diameters of these tubes ranged from 2.2 to 6 nm, and the outer
diameters ranged from 5 to 26 nm. In addition to nanotubes of circular cylindrical cross section,
with zero, one or several helix angles, there were many tubes having polygonal cross sections, made
up of flat regions joined by regions of high and uniform curvature.'® An HRTEM image of one such
structure is given in Figure 3.16a. Polygonization of the cross section is observed indirectly through
formation of uneven patterns of lattice fringes on the two sides of the tube, with spacings varying
from 0.34 nm from the circular cylinder tubes, to 0.45 nm from the regions of high curvature
(Figure 3.16b).

In their study of the intershell spacing of multiwall carbon nanotubes prepared by the same
Kratschmer—Huffman arc-discharge method, Kiang et al.,'!? similarly, found that the intershell spac-
ing in carbon nanotubes ranged from 0.34 to 0.39 nm among different nanotubes, decreasing with
the increase in the tube diameter (Figure 3.16¢). Some other reports have also shown variation of
the values from 0.344 nm (obtained by the electron and powder x-ray diffraction measurements)'!?
to 0.375 nm (based on the HRTEM images).''*

Faceted multiwall carbon nanotubes with larger diameters, called graphite polyhedral crystals
(GPCs), have been reported to grow at high temperatures in the pores of a glassy carbon material
(Figures 3.17a and b).*? The glassy carbon containing polyhedral tubes was made from a thermoset
phenolic resin by carbonization at 2000°C in N, atmosphere at ~10 Torr. The density of glassy car-
bon was 1.48 g/cm? with an open porosity of ~1%; its microstructure and properties are typical of
other glassy carbons. After the structure of the matrix was set and some closed pores were formed,
polyhedral nanotubes grew from C-H-O (N,) gas trapped within these pores during the resin car-
bonization phase.

Graphite polyhedral crystals have a very complex morphology. Their size ranges from 100 to
1000 nm in diameter and up to few micrometers in length. The number of facets can vary from 5 to
14 and more, and they may possess a helical habit or be axially true. Many of the crystals terminate
with a thin protruding needle that appears to be a multiwall nanotube (Figure 3.17b), typically with
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FIGURE 3.16 (a) HRTEM image of a nine-sheet nonsymmetric tube. A d spacing of 0.34 nm is found on the
left side and a d spacing of 0.45 nm is seen on the right side.'” (b) Model illustrating the formation of the non-
symmetric fringes from a tube (a) with polygonal cross section.'® (¢) The graphitic interplanar spacing
decreases as the tube diameter increases, and approaches 0.344 nm at roughly D = 10 nm. The data were meas-
ured from three different nanotubes indicated by different symbols. Hollow circles: from a seven-shell tube with
innermost diameter D, ;,, = 1.7 nm. For large D, graphitization may occur resulting in a polygonal cross section.
The broken line indicates the expected decrease in interplanar spacing owing to local graphitic stacking.'!?
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FIGURE 3.17 Graphite polyhedral crystals (GPCs). (a) SEM micrograph of a faceted GPC.'%? (b) A carbon
nanotube stylus is connected to a microsize body. (c) TEM image of a GPC’s lattice fringes indicates that GPCs
are highly graphitic and that the basal planes are terminated by a closed-loop structure.'”? (d—e) GPCs pro-
duced by using the flame combustion method.!''

a core diameter of about 5 to 20 nm and a conical, dome-capped, or semitoroidal tip. There is no
evidence about catalytic nucleation of the graphite polyhedral crystals. Formation of highly ordered
structures is promoted with the high temperature of treatment, the supersaturation of the environ-
ment with carbon atoms, slow reaction kinetics, and the presence of active species such as hydro-
gen and oxygen atoms that balance the crystal growth rate with the surface etching rate. This
explains the surprisingly large number of ordered carbon layers (up to 1500) growing on the core
nanotube, resulting in complex axis-symmetric structures. GPCs of somewhat less perfect struc-
tures (Figures 3.17c and d) have been successfully produced recently by using the flame combus-
tion method.!"”

Annealing of carbon nanotubes with a circular cross section at high temperatures causes polyg-
onization of their walls. An HRTEM image of a CVD carbon nanotube sample before and after
annealing is shown in Figure 3.18. The tubes were annealed for 3 h in a 107 Torr vacuum at
2000°C. High-temperature annealing of carbon nanotubes in a vacuum or an inert environment
allows for the transformation of circular tubes into polygonal ones. However, polygonization will
not be uniform along the tube, nor will the cross section take the shape of a regular polygon.

To the best of our knowledge, natural counterparts of polygonal carbon multiwall nanotubes
have not been observed so far, but it would not come as a surprise if they are discovered in the near
future. Very short needle-like polygonal multiwall carbon nanotubes have also been synthesized
from a supercritical C-H—O fluid by hydrothermal treatment of various carbon precursor materi-
als'1®!117 with and without the aid of a metal catalyst. Hollow carbon nanotubes, with multiwall
structures, comprising of well-ordered concentric graphitic layers, have been produced by treating
amorphous carbon in pure water at 800°C and 100 MPa.!'” HRTEM analysis of the reaction prod-
ucts indicates the presence of carbon nanotubes with polygonal cross sections (varying contrast and
lattice spacing along the tube diameter) within these samples. The experimental conditions for
hydrothermal synthesis of nanotubes resemble to a great extent the conditions of geological meta-
morphic fluids, and it is possible that some polygonal tubes are present in the Earth’s crust along
with the natural graphitic cones and tubules but have not been found yet.

3.3.2 STRUCTURE OF POLYGONAL TUBES

One of the earliest works dealing with the polygonization of the cross section of carbon nanotube,
is a report by Zhang et al.''’ Based on experimental observations, it was suggested that the fine
structure of carbon nanotubes is determined by two competing accommodation mechanisms (Figure
3.19a). As a result of one of the mechanisms, the successive tube can adopt different helical shapes
to accommodate the change in circumference, therefore keeping an orientationally disordered (tur-
bostratic) stacking. As a result of the second mechanism, the rows of hexagons in successive tubes
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FIGURE 3.18 Transformation of multiwall carbon nanotubes into polygonal GPC-like structures by anneal-
ing in vacuum at 2000°C. (a) TEM image of a tube with a core nanotube in the form of stylus extension.
Arched semitoroidal structures, similar to that of GPCs, have been also formed (inset) through elimination of
dangling bonds at high temperature. (b) Polygonized cross section and graphitic walls of an annealed hollow
tube. TEM micrographs courtesy of H. Ye.
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FIGURE 3.19 (a) Schematic model of a nanotube cross section. “Interfacial dislocations” (bold lines) are
introduced to accommodate the strains on the tube surfaces. The graphite stacking is maintained in the tube
walls (as indicated by lines). The full circles represent the atoms in the paper plane and the open circles are
projected positions of the atoms of the paper plane. (b) Defect regions in the HRTEM image of a carbon
“onion.” The defect regions are characterized by their abnormal image contrast.!'!°

remain parallel and adopt a graphitic stacking, thus inducing some regions of stacking faults due to
the deformation of hexagons. The regions of stacking fault are assumed to be evenly distributed
along the tube circumference,!!? and are separated from the graphitic structure by interfacial dislo-
cations (bold lines in Figure 3.19a). Polygonization of carbon nanotubes therefore may appear as a
result of the necessity to allow graphitic stacking of the layers, as often seen in carbon onions
(Figure 3.19b).110118119 Tt jg easy to envision a trade-off between the energy associated with tur-
bostratic stacking vs. the strain energy associated with shape changes and stacking faults. The
mechanism prevailing depends strongly on the tube size. The relative strain required to maintain
graphitic order is smaller with increasing tube size; therefore thicker tubes are expected to have
graphitic ordering and polygonal cross sections with discrete regions of stacking faults, while thin-
ner tubes are more likely to retain turbostratic concentric structures with cylindrical cross section
and varying helicity between the individual shells.

In the near-planar regions of the polygonized tubes, an ordering of the stacking sequence of
the carbon layers gives rise to hexagonal and possibly rhombohedral graphite structure.!® The near-
planar regions are connected into seamless shells through the regions of high curvature (Figure 3.16b).
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A small value for the radius of curvature is preferred in regions of bending of the carbon sheets
between the extended near-planar regions because of the nature of local perturbations of the carbon
bonding arrangement.!%4105.108

A tube structure model has been proposed to explain the variation of intershell spacing as a
function of tube diameter (Figure 3.20a). Individual intershell spacings as a function of tube diam-
eters were measured in real space from HRTEM images of various nanotubes.!!? The empirical
equation for the best fit to these data is given as

dyy, = 0.344 + 0.1e272 (3.10)

The function is plotted in Figure 3.20b. The large full circles show experimental values.

The increase in the intershell spacing with decreased nanotube diameter is attributed to the high
shell curvature of small diameter tubes and it has also been suggested that polygonization of the
tube cross section will occur for inner tube diameters larger than ~12 nm (see Figure 3.16c). This
observation is in agreement with the model suggested by Zhang et al.''°

Furthermore, it has also been proposed that multiwall nanotubes most likely consist of circular
core shells and polygonal outer layers.'?° In their pioneering work on nanodiffraction from carbon
nanotubes, Liu'* and Cowley!® noted a possibility that there might be some nanotubes with nei-
ther entirely polygonal nor fully cylindrical cross sections. Such tubes could be considered as a mix-
ture of the two possible morphologies, with structure varying along the tube length and the shell
diameter. A schematic illustrating this model, taking into account variations of intershell spacing, is
given in Figure 3.20.

In order to obtain direct evidence of tube microstructure, there have been several cross-sectional
TEM studies.'?'"1?* These studies were conducted on both carbon nanotubes produced by arc-
discharge method and the tubes produced by a chemical vapor deposition. A large number of defects
in CVD tubes is very common, and it is an intrinsic property of the CVD process and, therefore,
will not be discussed further here. HRTEM images of the cross sections of tubes reveal their nested
structure, but they do not confirm models proposed by Liu,'% Zhang,'!° and others.!!>!?° Instead,
rather random dislocation lines extending radially have been recorded.!?!
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FIGURE 3.20 Effect of tube diameter on interplanar spacing. (a) Model for a nanotube crystal with a vary-
ing intershell spacing. (b) The d spacing is given an exponential function of tube diameter (Equation 3.10).
The intershell spacing d is plotted as a function of the average tube diameter (D,), where » is the number of
shells in a nanotube. The curves are calculated for » = 2, 5, 10, and 40, using the above model and Equation
3.10. The three data points shown by the large full circles were obtained based on experimental observa-
tions.!'!? Insets: Model illustrating change of interplanar spacing d and polygonization of tube cross section
with increase of tube diameter, as observed in some TEM micrographs. (TEM image: courtesy of S. Welz;
scale bar, 5 nm).
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Aside from their polygonal cross section, GPCs**!!> possess another important feature that may

affect their electrical, chemical, and mechanical properties to a great extent. This is the several
nanometer thick loop-like layer (Figure 3.17¢ and inset in Figure 3.18a) formed by zipping of the
adjacent graphitic shells at their terminations.!?>!26 This phenomenon is also observed in edge
planes of some high-temperature planar graphites,'>>'?” and on the surfaces of cup-like multiwalled
carbon nanotubes annealed in argon atmosphere above 900°C.!?8 In the case of planar graphite, zip-
ping of graphitic layers (also known as “lip—lip” interactions) forms nanotube-like sleeves, while in
the case of multiwall nanotubes, the resulting structure resembles concentric polygonal hemi-
toroidal structures.!?® “Lip-lip” interactions are especially pronounced when samples are annealed
at temperatures above 1600°C.4>31:125:128-130 The reactive edge sites transform into stable multiloops
through the elimination of dangling bonds due to enhanced carbon mobility at higher temperatures.
Multiloops are typically built by 2 to 6 adjacent graphitic layers. Typically, single-loop structures
are formed between 900 and 1200°C, while 1500°C is considered as the threshold for the formation
of multilayer loops.!?® The radius of curvature of the outer layer is similar to the average radius of
double-walled nanotubes.'3!

3.3.3 PROPERTIES AND APPLICATIONS

3.3.3.1 Electronic Band Structure

Electronic properties of cylindrical single- and multiwall carbon nanotubes have been widely stud-
ied both theoretically and experimentally over the past 15 years, and findings have been summarized
in several books about carbon nanotubes,”!!*? as well as in Chapter 1 of this book.

Electronic structure of polygonal single-wall carbon nanotubes has been investigated theoreti-
cally within a tight-binding and ab initio frameworks,'**!3* and it has been found that polygoniza-
tion changes the electronic band structure qualitatively and quantitatively. An example of a zigzag
nanotube is given. Considered is the (10, 0) tube with: a circular (a) and pentagonal (b) cross sec-
tion (Figure 3.21). The (10, 0) carbon nanotube with a circular cross section is a semiconductor,
with a band gap of 0.82 eV. In calculating the band structure of a polygonal tube, it is reasonable to
assume that the zones of strong curvatures near the edges of the polygonal tube will introduce a
o*—m* hybridization of carbon bonds. This local variation of bonding with strong sp* character in
the folds creates a sort of defect line in the sp? carbon network.!3> In addition to the effect of bond
hybridization, polygonization of the cross section lowers the symmetry from a ten- to a fivefold

Density of states (arb. units)

-20 -15 -10 -6 0 2-10 1 2

E-E: (eV) E-E- (eV)
FIGURE 3.21 Tight-binding densities of states (states/eV/cell) for the (10, 0) cylindrical (a), and the (10, 0)°

pentagonal (b) cross-section nanotubes. The Fermi level is positioned at zero energy. Both nanotubes are also
represented in the inset on the right of their respective DOS.!3*
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axis. Furthermore, out-of-plane bending of the hexagonal carbon rings along the polygonal edges
brings new pair of atoms closer than the second-neighbor distance in graphite. All this leads to the
modification of the electronic band structure, and as a consequence, the semiconducting band gap
of the (10, 0) polygonal tube is almost completely closed (Figure 3.21b). The ab initio calcula-
tions'** confirm these tight-binding results and predict a gap of 0.08 eV for the pentagonal cross
section. Electronic behavior of metallic armchair nanotubes is not so strongly altered with polyg-
onization because the o *—* hybridization is not possible in the case of armchair configurations.

Theoretical studies also suggest that the perturbation of electronic properties of carbon nan-
otubes will be different for various degrees of polygonization (i.e., various numbers of facets).!3*
An example is given for a (12, 0) nanotube. Zigzag (12, 0) nanotube of circular cross section is
metallic. When different polygonal cross sections (triangle, square, and hexagon) are considered,
the results indicate that all kinds of electronic properties arise (Figure 3.22). The first two cases are
metallic, while the third is a 0.5 eV band gap semiconductor. It is important to remember here that
these calculations are given for a carbon nanotube comprised of a single shell.

3.3.3.2 Raman Spectra

Vibrational properties of GPCs have been studied by means of Raman spectroscopy,*>!9%115 and it
has been confirmed that they are highly graphitized structures with the extinct disorder-induced (D)
band and the strong graphitic (G) band of about the same full width at half maximum
(FWHM = 14 cm™") as in crystals of natural graphite.!3® The selective micro-Raman spectra from
the crystal’s side face and tip are shown in Figure 3.23. Spectra from the crystal faces correspond
to perfect graphite with a narrow G band at 1580 cm ~!. In addition to 1580 cm™! peak, the spectra
from the tips feature a weak D band at 1352 cm™!, and an unusually strong 2-D (2706 cm™!) over-
tone that exceeds the intensity of the G band. A similar effect was observed on graphite scrolls
(Figure 3.15). Raman spectra of GPCs contain two additional bands in the second-order frequency
range at ca. 1895 and 2045 cm™! (Figure 3.23). A number of weak low-frequency bands including
a doublet at 184/192 cm™! has been observed in some samples.*? These low-frequency bands, typ-
ical for single-wall nanotubes,'*” may come from the innermost carbon nanotube shells protruding

@) (12,0)3A (b) (12,0 (c) (12,0)6C (d)

2.0H - 2.0 z.oﬂﬁ Zu 2.0

1.5H e 15 1.5H - 15

1.0H 5 1.0 1.0—/ i 1.0

= 0.5H - 0.5 o5 H E 0.5
L 0.0H —HEr 004 0.0H s 0.0H —
? -0.5H - -0.5 -0.5H s -05H i
0 4 oH H -1.0 -1.0H 8 -1.0H H
-1.5H g -15 1.5 s -1.5H H
—2.0H . 2.0 2.0 . —2.0H H

PYISN o5l Lo [REEES

r X r X r X r X

FIGURE 3.22 Tight-binding band structures of the metallic (12, 0) nanotube, illustrating the effect of the
degree of polygonization of the cross section on electronic behavior. Given here are examples of (a) the trian-
gle (12, 0)3, (b) square (12, 0)*, and (c) hexagonal (12, 0)° geometries that are compared to the pure cylinder
case tube (d).'3
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FIGURE 3.23 Fundamental modes, combination modes, and overtones in Raman spectra taken from the side
face and the tip of an individual graphite polyhedral crystal (514.5 nm excitation). Inset: an SEM micrograph
of a different crystal having structure similar to the one used to record Raman spectra.'??

sometimes from the GPCs (see Figure 3.17b). Low-intensity bands are also present in the range
1440 to 1500 cm™! (Figure 3.24), the origin of which has not been unambiguously determined yet.

3.3.3.3 Chemical, Thermal, and Mechanical Stability

Functionalization and chemical activity of carbon nanotubes is the subject of intensive study, and
many breakthroughs have been made in this field over the past 5 years. Sidewalls of single-wall
carbon nanotubes have been successfully functionalized with fluorine,'*® carboxylic acid groups, '’
isocyanate groups,'#? dichlorocarbene,'*! poly-methyl methacrylate,'#> and polystyrene.'** Various
functional groups have been attached to tube edge sites. This has made it possible to utilize carbon
nanotubes and other tubular carbon materials in the fabrication of sorbents,'** catalyst sup-
ports,'4>146 oag storage materials,'*’” and polymer matrix composites.'#®14° The effect of polygoni-
zation on chemical behavior of carbon nanotubes has not been thoroughly investigated yet; however
it is expected that polygonal tubes have chemical properties similar to those of circular multiwall
carbon nanotubes and graphite, and that they may be more reactive (less stable) along the polygo-
nal edges than in the extended near-planar regions.!?® Another interesting property of GPCs is poly-
gonized hemitoroidal edge plane terminations.'>® Transformation of active sites into loops
promotes the GPC into a more stable (or chemically inert) structure. Moreover, due to their spe-
cific spatial conformation, they allow for easier intercalation with foreign atoms such as lithium
and others.!27-151

Several methods have been utilized to probe the chemical activity of polygonal tubes. In one of
them, GPCs were intercalated with 50:50 H,SO,/HNO; for 1 h, washed in deionized water, dried for
24 h and then exfoliated by rapid heating at about 980°C for about 15 sec or until maximum volume
expansion is reached. GPCs survived very severe intercalation and exfoliation conditions, most of
them retaining their original shape of faceted axial whiskers, although damage in the form of cracks
along the axis and striations on the hemitoroidal surfaces was observed on most of the crystals.
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FIGURE 3.24 Raman spectra of graphite polyhedral crystals showing additional weak bands in the range:
(a) 1400 to 1500 cm~! and (b) 3100 to 3200 cm~' (for 514.5 nm excitation).!%?

Corrosion studies of graphitic polyhedral crystals showed that exposure of GPCs to overheated
steam at normal pressure for 1 h will cause their complete oxidation at temperatures between 600
and 700°C. Similarly, 700°C was determined as an onset temperature for oxidation in air. However,
they were more stable than disordered glassy carbon in supercritical water.*?

Polygonization of the cross section of a tube is not expected to significantly affect its tensile
strength, nor should it drastically affect the bending modulus of the tube. However, for a helical
polygonal multiwall nanotube, the pull-out strength is expected to be higher than in the case of its
cylindrical counterpart, because of the more favorable stress distribution upon loading.

3.4 CONCLUSIONS

Extended growth of nanotubes or fullerene cones leads to formation of a myriad of nano- and
microstructures, which are larger relatives of carbon nanotubes. Graphite cones and whiskers have
much in common with carbon nanotubes and nanofibers. They inherit the conical structure of
scrolled tubes (also known as “herring-bone” structure in carbon nanotubes). Seamless graphite
nano- and microcones can have five different apex angles with “magic” numbers of 19.2, 38.9, 60.0,
83.6, and 112.9°, which correspond to 60, 120, 180, 240, and 300° disclinations in graphite.
Scrolled conical structures may have virtually any apex angle, and very small (2 to 3°) angles have
been observed. A few other specific values also occur more frequently as they are energetically pre-
ferred because they allow the registry between graphene sheets in the cone.

Polygonization of nanotubes accompanied by growth in the radial direction leads to the forma-
tion of GPCs. They have nanotube cores and graphite crystal faces. Unusual symmetries have been
observed in GPCs. Most of them are built of co-axial graphite shells.

Cones and large nanotubes have been produced synthetically in the laboratory, and several
methods for their synthesis are known. GPCs have only been discovered in synthetic carbon mate-
rials and can be grown by CVD or hydrothermally. However, since many natural graphites have
been formed from hydrothermal deposits in nature, it would not be surprising to learn that GPCs
exist in nature as well. Large carbon nanotubes have already been observed in natural deposits along
with carbon cones.

Cones, whiskers, and GPC can bridge the nano- and microworlds and may have numerous appli-
cations, where sizes between nanotubes and carbon fibers are required. They may also have inter-
esting electronic and mechanical properties determined by their geometry. However, while their
structure has been well understood, very little is known about their properties. Properties need to be
studied before their wide-scale applications can be explored.
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4.1 PREFACE

The discovery of carbon fullerenes [1] and later carbon nanotubes [2] stimulated research on car-
bonaceous nanomaterials and also the search for nanotubes and fullerene-like structures from other
layered compounds. Numerous inorganic compounds possess layer (2-D) structure, including metal
dichalcogenides (sulfides, selenides, and tellurides), metal dihalides (chlorides, bromides, and
iodides), metal oxides, and numerous ternary or quaternary compounds, resembling thereby
graphite. The metal dichalcogenides, MX, (M = Mo, W, Nb, Ta, Hf, Ti, Zr, Re; X = S, Se) contain
a metal layer sandwiched between two chalcogen layers with the metal in a trigonal pyramidal or
octahedral coordination mode [3,4]. Analogous to graphite (Figure 4.1a), weak van der Waals forces
are responsible for the stacking of the MX, layers along the c-axis (Figure 4.1b). The molecular
sheets of inorganic layered compounds consist of multiple layers of different atoms chemically
bonded together.

The stimulus for the formation of fullerenes and nanotubes can be understood on the basis of the
structure of the parent bulk compound, graphite, which consists of atomically flat carbon (graphene)
sheets. Here, each carbon atom is bonded to its three nearest-neighboring carbon atoms via sp?
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FIGURE 4.1 (a) Schematic structure of graphite. (b) Schematic presentation of MoS, layer with both bulk
and rim atoms delineated.

hybridization, forming a hexagonal (honeycomb) network. The layers are stacked together via weak
van der Waals forces. Carbon atoms that are disposed on the rim of the sheet are only twofold-
bonded, each one thus having a dangling bond. When the graphene sheet size shrinks, the ratio of
rim/bulk atoms increases as 2", where » is the number of cutting cycles of the sheet into smaller
pieces. The large increase in the ratio of rim/bulk atoms with shrinking size of the graphene sheet
makes the planar nanostructure unstable. This instability results in folding of the graphite layers and
the formation of carbon fullerenes and nanotubes, which are seamless structures. While the nan-
otubes involve winding of the graphene nanosheet in one axis, the fullerenes are obtained by folding
the nanosheet along two axes. Since the latter process requires much higher elastic energy, the fold-
ing is realized by disposing 12 pentagons into the hexagonal carbon network. It is important to real-
ize that folding of the graphene nanosheet involves overcoming an elastic energy activation barrier,
which is provided by heating or irradiation. The invested energy is more than compensated once the
fullerene is closed and the dangling bonds at the periphery of the nanosheet disappear.

In analogy to that, one notes that the chalcogen atoms of MX, compounds on the basal (0 0 0 1)
plane are fully bonded and therefore nonreactive. In contrast the metal and chalcogen atoms on the
rim of the nanosheet are not fully bonded. While the metal atom within the MX, layer is sixfold-
coordinated to the nearest chalcogen atoms, it is only fourfold-coordinated at the edge of the MS,
nanocluster. Similarly, the chalcogen atom in the rim is only twofold-bonded to the metal atoms
instead of being threefold-coordinated as in the bulk (Figure 4.1b). Therefore, planar nanosheets of
the dichalcogenide compounds become unstable, forming structures reminiscent of nested carbon
fullerenes and nanotubes (Figure 4.2), referred hereafter as inorganic fullerene-like (IF) structures
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FIGURE 4.2 TEM image of a WS, nanotube.

[5,6]. Generally, the fullerene-like structures are less regular in their shape than the respective nan-
otubes and contain many defects (see below). Other related structures are nanoscrolls, which are
obtained by winding molecular sheets several times around their axial direction. In the energy land-
scape, nanoscrolls can be considered to be an intermediate stage between a perfectly crystalline the
stable nanotubular structure and the unstable flat nanosheets. Nanoscrolls are preferably produced by
“chemie douce” (low temperature) processes, like sol-gel, intercalation—exfoliation, hydrothermal
synthesis, etc., in which the thermal energy is not sufficiently large to induce growth of the ultimately
more stable nanotubular structure.

Over the past few years, considerable progress has been achieved in the synthesis of nanotubes
from layered metal dichalcogenides and several other layered compounds. Nanotubes of various
layered transition metal compounds, including halides like NiCl, [7], and various layered-type
oxides like V,04 [8,9] and H,Ti;0, [10], have been synthesized using different methodologies. The
advent of the synthesis, structural characterization, properties, and applications of inorganic nan-
otubes have been covered by a number of recent review articles, see, e.g., [11,12].

Perhaps, the most well-known example of an early tube-like structure with diameters in the
submicrometer range is formed by the asbestos minerals, like chrysotile, kaolinite, etc. The folding of
kaolinite sheet was studied by Pauling [13], and was attributed to an asymmetry of the layered struc-
ture, which consists of fused silica tetrahedra and alumina octahedra (Figure 4.3). The larger alumina
octahedra occupy the outer face of the scrolling sheet, whereas the smaller silica tetrahdra are found
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Kaolinite

FIGURE 4.3 Schematic representation of the mineral kaolinite.

at the inner face of the asbestos sheet. More recently, a systematic effort to synthesize “misfit” com-
pounds, in which cubic crystals like PbS are intercalated between layers of, e.g., NbS,, forming
thereby an artificial superlattice, is well documented [14]. Owing to lattice mismatch between the two
compounds, an asymmetry arises in the “misfit” lattice, which induces folding of the layers and the
formation of tubular structures [15]. The synthesis of mesoporous silica with well-defined nanopores
in the range 2 to 20 nm was reported by Beck and Kresge and their coworkers [16]. The syntheses
strategy involved the self-assembly of liquid crystalline templates. The pore size in zeolitic and other
inorganic porous solids is varied by a suitable choice of the template. In contrast with the IF phases,
which consist of isolated nanoparticles, mesoporous materials form an interconnected and extended
lattice.

Using various templates, recent efforts have resulted in the synthesis of nanotubes from isotropic
3-D (nonlayered) compounds also, further widening the scope of inorganic nanotubes. Even folding of
sheets of 3-D compounds, like silica or AIN into nanotues with below 100 nm diameter requires very
large amounts of elastic energy and is therefore prohibitive. Even higher elastic energy is required for
the formation of quasi-spherical polyhedral (fullerene-like) nanostructures from 3-D compounds. One
way for a 3-D compound to overcome this energy barrier is to introduce grain boundaries and disloca-
tions, leading thereby to polycrystalline nanotubes. Nanotubes of 3-D compounds can be obtained
through a templated growth using an artificial scaffold. Earlier, amorphous silica nanotubes were
obtained by hydrolysis of tetracthylorthosilicate (TEOS) in a mixture of water, ammonia, ethanol, and
tartaric acid [17,18]. Later on, polycrystalline silica, alumina, and vanadia nanotubes were obtained by
using carbon nanotubes as a template and subsequent calcination of the product at elevated tempera-
tures [19]. Recently, however, highly faceted and crystalline nanotubes of isotropic (3-D) compounds
were obtained by growth along an easy axis, as demonstrated for AIN [20] (Figure 4.4) and for micro-
tubules of Ga,O; (Figure 4.5) [21]. Here, the c-axis (0 0 0 1) serves as the fast growth axis for this
wurzite-type lattice, with (1 0 1 0) and (1 1 2 0) faces making the facets of the tubes. The atomic struc-
ture of the edges between two such facets has not been studied in detail so far. Nanotubes of 3-D com-
pounds are inherently unstable and their surface is generally very reactive, a property which can be very
useful for catalyzing chemical reactions.

4.2 SYNTHESIS OF INORGANIC NANOTUBES

Even before IF materials were recognized as a universal phenomenon, tubular and fullerene-like
forms of layered compounds were reported. Perhaps the earliest among them were nanoscrolls of
MoS, obtained by reacting MoCl, with Li,S in tetrahydrofurane (THF) solution, and subsequent
annealing at 400°C [22]. In another study, NiS-MoS, core—shell structures, in which closed MoS,
layers enfold NiS nanoparticles, were reported [23]. Over the past few years, a number of synthetic
strategies have been successfully used for the production of nanotubes from layered (2-D) as well
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(@)

FIGURE 4.4 SEM image of faceted AIN nanotubes. (Adapted from Wu, Q. et al., J Am. Chem. Soc., 125,
10176, 2003.)

FIGURE 4.5 Faceted microtubules of Ga,0;. (Adapted from Sharma, S. and Sunkara, M.K., J. Am. Chem.
Soc., 124, 12288, 2002.) Note the clear hexagonal cross section of the tubes in both cases.
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TABLE 4.1

Summary of the Inorganic Nanotubes Reported in the Literature and the Synthetic
Procedures Used for Their Production

Compound Synthetic Approach References Comments
MS, (M=W, Mo) Reaction with the respective oxide [5,24-26] ReS, is a2-D
ReS, at elevated temperature compound with
Re-Re bonds
MS, (M=W, Mo) Chemical vapor transport (CVT) [27,28]
Single wall MoS, CVT(I,)+C, catalyst [29]
nanotubes

MoS, Ammonium thiometallate (ATM) solution [30,31] Not perfectly
in porous alumina template, reaction with H,S crystalline

MS, (M=Nb, Ta, Ti, Zr, Hf) Decomposition of MS; at elevated temperature [32,33]

MoS, Heating MoS, powder in a closed Mo crucible [34]

NbS,, ReS, Depositing NbCl, (ReCl;) from solution onto [35,36]
carbon nanotubes; firing in H,S at elevated
temperature

NbSe, Direct reaction of the elements at 800°C [37]

MoS, Hydrothermal reaction of ATM; [38] Nonperfect
crystallization from acetone; crystallinity
firing in H,S at 600°C

WS, Firing of ATM in thiophene/hydrogen [39]
at 360—450°C

TiS, CVT(L) [40]

MoS, Firing of ATM in H, [41]

MoS, Firing of MoO; nanobelts in the [42]
presence of sulfur

WS, Hydrothermal synthesis with organic amines [43]
and a cationic surfactant and firing at 850°C

WS, Growth of WO, _ nanowhiskers; annealing in [44,45]

H,S/H, atmosphere at elevated temperature

NbS,/C Deposition of NbCl, on carbon nanotubes [46]
template/firing in H,S

MX, (M=Mo, Nbj; Electron beam irradiation of MX, powder [47-50]

X=8, Se, Te)

MS, Arc discharge of submerged electrodes [51]

MoS,, WS, Microwave plasma [52]

SnS,/SnS (misfit) Laser ablation of SnS, [54]

InS Reacting t-Bu,In with H,S in aprotic [88] Metastable phase

solvent at 203°C in the presence of
benzenethiol

as nonlayered (3-D) compounds. Table 4.1 brings a concise summary of the various metal
dichalcogenide nanotubes that have been reported over the last few years, and the synthetic proce-
dures which have been used for their production. This summary shows the large versatility of the
chemical apparatus that has been developed for the synthesis of these nanotubes. It further suggests
that these nanostructures are thermodynamically stable, with the sole constraint that their diameter
is smaller than approximately 100 nm. Most commonly, the synthesis of metal dichalcogenide nan-
otubes is done at elevated temperatures. “Chemie douce” (low-temperature) processes like
hydrothermal synthesis, which are very useful for the synthesis of metal-oxide nanotubes, have not
been developed so far for chalcogenide nanotubes. Heating is not only important for accelerating
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the reaction kinetics, but also to endow sufficient thermal energy to the nanoclusters. This thermal
energy induces structural fluctuations in the lamella, leading to folding of the planar nanosheet into
a crystalline nanotubular structure. Obviously, ionizing or nonionizing irradiation can serve as a
source of energy to elicit the chemical reaction and the structural transformation [47-49]. This
effect was first recognized in the electron beam synthesis of fullerene-like MoS, nanoparticles [50].
However, such a procedure is not likely to become a useful way to grow macroscopic amounts of
inorganic nanotubes. Arc-discharge of MoS, electrode submerged in water led to the synthesis of
fullerene-like nanoparticles of this compound [51]. Microwave plasma has also been used to syn-
thesize fullerene-like nanoparticles of WS, and MoS, [52]. Sonochemical reaction has been used to
synthesize nanoscrolls of the layered compound GaO(OH) [53].

Laser ablation has been successfully used for the growth of carbon nanotubes and nanowires of
Si, GaAs, and similar compounds. Recently, very short nanotubes and nested fullerne-like nanopar-
ticles of “misfit” compound SnS,/SnS have been obtained by laser ablation of an SnS, pellet [54].
Here an ordered superstructure with one or a pair of SnS layers sheathed between two SnS, layers
was observed. The formation of these unusual nanostructures can be attributed to the volatility of
sulfur during the laser ablation process. Unfortunately, the “misfit” nanotubes are rather short
(<1 pm) and cannot be produced in large amounts. Laser ablation of MoS, and WS, targets yielded
nanoparticles with fullerene-like structure [55,56]. Growth of NiCl, nanotubes by a laser ablation
process was demonstrated [57]. The nanotubes were shown to grow in a vapor-liquid—solid (VLS)
mechanism. However, little control over the growth mode could be established, and the yield of the
nanotubes was extremely low.

Hexagonal boron nitride (BN) crystallizes in a graphite-like structure. Here, the iso-electronic
B—N pair replaces a C—C pair in the graphene sheet. Partial or entire replacement of the C—C pairs by
the B-N pairs in the hexagonal network of graphite leads to the formation of a wide array of two-
dimensional phases, like BC,N. BN tubes with turbostratic structure were reported by Hamilton et al.
[58]. The first synthesis of crytalline BN nanotubes was reported shortly afterwards [59]. BN nanotube
phases have been produced by several synthetic approaches [60—62]. Double-wall BN nanotubes were
obtained by plasma arc reaction using boron anodes impregnated with nickel and cobalt catalysts [63].
Likewise, BC,N nanotubes were synthesized by reacting aligned CN nanotubes with B,O5 in the pres-
ence of CuO in N, atmosphere and at 1800°C [64]. Sheated carbon/BN nanotubes were synthesized
as well [65]. Here a graphite cathode was arced with an HfB, anode in a nitrogen atmosphere. In this
configuration, the three constituents have different sources: the anode for boron, the cathode for car-
bon, and the chamber atmosphere for nitrogen. In addition, hafnium present in the plasma may be act-
ing as a catalyst. Reactive magnetron sputtering of graphite target in the presence of nitrogen
atmosphere led to the synthesis of carbon fullerenes with 20% N content. The aza-fullerene C 4N,
(Figure 4.6) is considered to be the most stable cluster belonging to the CN, family of compounds [66].
Each of the 12 pentagons is decorated by a single nitrogen atom.

In summary, the plurality of methods used to synthesize B,C N, nanotubes suggests that these
nanostructures, which are derived from macroscopically stable 2-D compounds are themselves
thermodynamically stable phasses, given the sole constraint that their diameter is smaller than
approximately 0.1 pm.

Systematic attempts to grow nanotubular structures from quasi-isotropic (3-D) oxide and
chalcogenide compounds have been undertaken [19,67]. By coating carbon nanotubes (CNTs) with
the respective metal-oxide gels and subsequently burning the carbon, polycrystalline nanotubes and
nanowires of a variety of metal oxides, including ZrO,, SiO,, and MoO; have been obtained [19].
Using a surfactant (Triton 100-X) as scaffold at low temperatures, polycrystalline CdSe and CdS
nanotubes were obtained after firing at 300 to 400°C [67].

The synthesis of numerous kinds of oxide nanotubes through “chemie douce” processes have
been recently documented. Sol—gel synthesis of oxide nanotubes is also possible in the pores of alu-
mina membranes [68]. An interesting case is that of the titania nanotubes, which are hypothesized to
exhibit excellent photocatalytic and photoelectrochemical properties for self-cleaning surfaces or
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FIGURE 4.6 Schematic representation of C,4N,, aza-fullerene. (Adapted from Hultman, L., et al., Phys.
Rev. Lett., 87, 225503, 2001.)

dye-sensitized solar cells. Titania nanotubes have been obtained by treating anatase or rutile struc-
ture TiO, with NaOH at 120°C, and subsequent washing with HCI solution [69,70]. The resulting
titania nanotubes (nanoscrolls) are 50 to 200 nm long and their diameter is about 10 nm. TEM images
of such nanotubes reveal lattice fringes with 0.78 nm spacing. Frequently, the number of molecular
layers is not the same on both sides of the nanotube, indicating that the nanotube is made of a con-
tinuous molecular sheet which is wound like a folded carpet or a scroll, and hence is termed nano-
scroll (Figure 4.7). Indeed, a recent series of works [16,71] concluded that the NaOH treatment leads
to recrystallization of the anatase and exfoliation of individual Na H,_, Ti;O, molecular sheets, which
fold into an open-ended nanoscroll. The driving force for the exfoliation of the titanate sheets was
attributed to the NaOH, which extracts protons from the exposed surface. This process produces a
charge imbalance between the two sides of the solution-exposed H,Ti;O, nanosheet. Consequently,
detachment of the nanosheet from the crystal surface and subsequent folding leads to the formation
of the nanoscroll [72]. Similarly, nanotubes (nanocrolls) of the lamellar compound K,Nb,O,, were
obtained by exfoliation of the parent crystallites with tetra (n-butyl) ammonium hydroxide [73]. The
radius of the nanoscrolls is determined by a very delicate balance between the van der Waals inter-
actions and the elastic energy, which explains the size uniformity of these self-assembled structures.

Nanotubes from various layered metal-silicates were recently prepared via hydrothermal syn-
thesis, i.e., under moderate temperatures (generally < 200°C) and pressure of a few MPa [74].
These nanotubes were shown to exhibit high surface area, appreciable hydrogen storage capacity,
and when loaded with Pd metal, high catalytic reactivity toward CO and C,H, oxidation. Nanotubes
of 8-MnO, were synthesized by hydrothermal conversion of the layered o-NaMnO, compound [75].
The importance of this advance is in the possibility of using such nanotubular phases as cathodes
in high performance Li intercalation batteries.

Nanotubular and fullerene-like structures of various rare-earth hydroxides have been prepared
by hydrothermal synthesis [76]. Furthermore, dehydration and subsequent reactions led to the for-
mation of nanotubular structures of rare earth oxides, oxisulfides and oxifluorides. Nanotubes of
the ferroelectric materials BaTiO, and SrTiO, with perovskite structure were obtained by a two-step
hydrothermal synthesis [77]. In the preliminary step, TiO, (or titanate) nanotubes were prepared by
hydrothermal synthesis with NaOH and subsequent wash with HCI solution. In the following step,
the BaTiO, and SrTiO; were synthesized by hydrothermal reaction between the titanate nanotubes
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FIGURE 4.7 TEM image and schematic representation of H,Ti;O, nanotubes: (a) axial direction;
(b) cross section showing clearly the winding of the sheets into nanoscroll structure; (c) schematic rendering of
the cross section; and (d) schematic rendering of the winding of the nanosheet into a nanoscroll. (Adapted from
Chen, Q. et al., Adv. Mater., 14, 1208, 2002.)

and Ba(OH), and SrCl,, respectively. Although the XRD and TEM analyses suggest that the nan-
otubes are crystalline, a more thorough analysis is needed in order to understand the morphology
of the nanotubes. Nested fullerene-like nanoparticles of the layered compound TL,O were synthe-
sized from TICl; solutions using a sonochemical method [78]. TL,O possesses the relatively rare
anti-CdCl, structure. Here, each molecular sheet consists of an oxygen layer in the center, sand-
wiched between two outer thalium layers. Numerous metal hydroxides afford a layered structure and
can therefore be transformed into nanoscrolls. Thus, Cu(OH), nanoscrolls were obtained by simply
dipping the metal foil in a basic ammonical solution [79].

Various oxide nanotubes have also been obtained via high-temperature syntheses. Nanotubes of
the cubic compound In,O, were synthesized by heating In and In,0O; powders under vacuum in an
induction furnace at 1300°C [80]. The nanotubes were crystalline, with one of their tips closed and
much of their hollow core filled with indium. Mg,B,0, nanotubes with polyhedral cross sections
were synthesized by heating Si wafer coated with thin film of boron in the presence of magnesium
vapor under mixed oxygen—argon atmosphere [81]. Magnesium borate is a thermoluminescing
material, which also possesses excellent tribological properties as an additive to lubricants.

Microtubes and nanotubes of pure elements like Te [82,83] and Se [84], have been synthesized
as well. A variety of techniques, including wet [82,84] and simple thermal evaporation [83], were
successfully used for this purpose. Bi nanotubes were synthesized by solvothermal reduction of
Bi1,0; with ethylene glycol [85], or alternatively by reduction of BiCl; with Zn at room temperature
[86]. Similar processes have been used by the same group for the synthesis of Sb nanotubes [87].

An interesting case is that of InS nanotubes [88], which have been synthesized by a “chemie
douce” process. While the stable crystalline structure of InSe and GasS is lamellar, the more ionic InS
compound crystallizes in an orthorhombic lattice structure. Using a low-temperature solution-based
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synthesis with benzenethiol (C,H;SH) as a catalyst, InS nanotubes were obtained. This work shows
that kinetic control could lead to the preferential growth of an otherwise metastable layered structure,
which does not exist in the bulk InS material.

Nanotubes of various III-V compounds with zincblende structure, like GaN and AIN nan-
otubes, were recently reported [20,89]. Clearly, simple folding of a molecular sheet is not possible
in this case. Here uniaxial growth along an easy axis is promoted resulting in a highly faceted nan-
otube morphology. The faceted faces of the nanotube are chemically very reactive. Therefore, pro-
tection of the facets’ surfaces with respect to the ambient atmosphere remains a great challenge for
various applications like field emission, etc.

In summary, over the past few years, a large chemical apparatus has been conceived in order to
synthesize new nanotubular and fullerene-like structures; part of this effort has been summarized in
this rather noncomprehensive listing.

4.3 INORGANIC NANOTUBES AND FULLERENE-LIKE STRUCTURES
STUDIED BY COMPUTATIONAL METHODS

Computational methods play a major role in the progress of materials science in general, and nanoma-
terials in particular. Pioneering efforts in this direction were undertaken by the Cohen—Louie group,
who studied various B,C N, nanotubes [90-92] (see also Table 4.2). Following this preliminary work,
Seifert and coworkers [94-96,101] undertook a systematic approach to elucidate the structural aspects
and the physical behavior of metal-dichalcogenide nanotubes [102]. These studies indicated that the
strain in the nanotube increases like 1/R?, where R is the radius of the nanoubes. Furthermore, due to
the bulky structure of the multiple atom S—-M-S layer, the strain energy of an MS, nanotube was found
to be about an order of magnitude larger than that of carbon nanotubes with the same diameter. These
calculations clearly indicated that in agreement with the experiment, multiwall WS, (MoS,) nanotubes
consisting of 4 to 7 layers, with an inner radius of 6 to 12 nm, are the most stable moities [101].

Generally, the formation of a polyhedral nanoparticle by folding the molecular sheet in two direc-
tions is more demanding in terms of elastic energy than folding the lamella in one direction to obtain
a nanotube. One manifestation of this conjecture is the fact that the number of defects and irregulari-
ties in nested fullerene-like nanoparticles of WS, is appreciably higher than those observed in WS,
nanotubes. Furthermore, while the cross section of WS, nanotubes is in general circular, fullerene-like
nanoparticles of WS, have been shown to exhibit a phase transformation from an evenly curved sur-
face into polyhedral (faceted) configuration, when the number of molecular layers (i.e., the thickness)
exceeds a critical number (3 to 4 layers) [125]. This principle has been confirmed also in the case of
black phosphorous, where a stable configuration could be calculated for the nanotubes, while
fullerene-like nanoparticles of similar dimensions have been found to be unstable [117-119].

The electronic structure of MS, nanotubes have been studied in considerable detail. It was
found that semiconducting materials, like MoS, and WS, [94,95], form nanotubes with forbidden
gaps, which shrink with decreasing diameter of the nanotubes. It is clear then that in contrast to
the ubiquitous semiconducting quantum dots and nanowires, the quantum size effect in MS, nan-
otubes is not particularly large. The diminutive nature of the quantum size effect in IF nanoparti-
cles can be attributed to the confinement of their electronic states within the molecular sheet. On
the other hand, the lattice distortion induced by the bending of the molecular layer, which increases
with the shrinkage of the nanoparticle radius, leads to an opposite effect, i.e., reduction of the
bandgap. Many of the semiconducting layered compounds possess an indirect transition and there-
fore exhibit a weak luminescence, if any. While (n,n) armchair nanotubes also possess an indirect
gap, (n,0) zigzag nanotubes were shown to be direct bandgap semiconductors, suggesting a vari-
ety of optical effects in such nanotubes. Nanotubes of materials with metallic character, like NbS,,
remain metallic in nature, irrespective of their diameter and chirality [96,98]. The high density of
states near the Fermi level suggests that such nanotubes may become superconductors at low tem-
peratures.
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TABLE 4.2

Summary of First-Principle Calculations for Inorganic Nanotubes

Compound

BN
BC,N
BC,
GaSe
WS,

MoS,
NbS,
TiS,
NbSe,
7ZrS,

MosS, I, ; bundles
WS,, MoS,
WS,, MoS,

(MS,)g4
(M=Mo, Nb, Zr, S)
nanooctahedra
Ca(AlSi), and Sr(GaSi),
CaSi,
V,0,

ZrNCl

B

AlB,

Bi

MB,
(M=Mg,Be,Sc,Ca,

ALTi,,Cr,Mo,Ta,Zr)
V,0q

Black-P, As

GaN

AIN

InP

Method Used

DFT-LDA
DFT-LDA
DFT-LDA
DFT-LDA
DFT-TB

DFT-TB
DFT-TB
DFT-TB

TB
TB

DFT
DFT-TB
DFT-TB
TB

TB
LDA-DFT

TB

TB

HF-SCF

HF-SCF

DFT
TB

TB

DFT-TB

DFT

DFT

SCF-MO

References
[90]
[91]
[92]
[93]
[94]

[95]
[96]
[97]

(98]
[99]

[100]
[101]
[102]
[103]
[104]
[105]

[106]

[107]

[108-110]

[111]

[112]
[113-115]

[116]

[117-119]

[120]

[121-123]

[124]

Comment

Insulator
Chiral; metals or semiconductors

Semiconductor

Semiconductor — Z Z, direct; AC indirect;
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The structure of the stable polyhedral clusters of metal dichalcogenide and other layered com-
pounds was first discussed in [6]. It was hypothesized that instead of pentagons, which occur in carbon
fullerenes and carbon nanotubes, rhombi and triangles would be the stable elements among IF nanopar-
ticles. Later work provided the first evidence for the existence of nanooctahedra (six rhombi) and nan-
otetrahedra (four triangles) in MoS, [126]. More decisive evidence in support of the existence and
stability of MoS, nanooctahedra was obtained by laser ablation of an MoS, target [55]. Figure 4.8 shows
an HRTEM image of one such MoS, nanooctahedron (left) and its Fourier transform filtered image
(right). These images clearly reveal the precise arrangement of the Mo atoms in the cluster. Recently,
the IF nanooctahedra of metal dichalcogenide compounds have been theoretically analyzed and their
atomic and electronic structure evaluated [103,127]. Figure 4.9 shows the structure of an (MoS,),
nanooctahedron calculated by tight binding (TB) theory. The structures of similar nanooctahedra of Nb,
Zr, and Sn disulfides were also investigated. Most interestingly, all the nanooctahedra studied were
found to be metallic, irrespective of the electronic structure of the parent compound. This conclusion,
which remains to be verified experimentally, shows the importance of elucidating the structure of IF
nanoparticles and their properties. Also, more accurate first-principle calculations have to be carried out
in order to verify the proposed stable structure of such nanooctahedra.

FIGURE 4.8 HRTEM image (right) and its Fourier filtered image (left) of an MoS, nanooctahedron prepared
by laser ablation of an MoS, target. (Courtesy of M. Bar-Sadan and S.Y. Hong.)

FIGURE 4.9 Schematic representation of the structure of (MoS,),,. (Adapted from Enyashin, A.N. et al.,
Inorg. Mater., 40, 395, 2004.)
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The structure, stability, and properties of GaN and AIN nanotubes were studied as well [120-122].
In analogy to the semiconducting MS, nanotubes, and in sharp contrast to carbon nanotubes, the
bandgap shrinks with a decreasing diameter of the nanotubes. Furthermore, while (#,7) armchair nan-
otubes were found to exhibit an indirect transition, direct transition was seen for (»,0) zigzag nanotubes.

An interesting case is presented by nanotubes of the layered compound S -ZrNCl (see Figure
4.10a). This compound is a semiconductor with a bandgap of 2 eV in the bulk. It was converted into
a superconductor (7, = 13 to 15 K) by intercalating such electron donors as alkali atoms, or by dein-
tercalation of some of the lattice chlorine atoms. The structure and electronic properties of
B-ZrNCl nanotubes were investigated in detail in [107] (Figure 4.10b). The (n,7) armchair nanotubes
were shown to be semiconductors, but (7,0) zigzag nanotubes with diameter larger than 2.8 nm are
found to be all metallic. Furthermore, while the (29,0) nanotube is metallic, its unfolded stripe is a
semiconductor with a bandgap of 1.2 eV. As in semiconducting MS, nanotubes [93,94], the bandgap
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FIGURE 4.10 (a) Crystal structure of a B-ZrNClI lattice; 1, Zigzag (12,0); 2, armchair (12,12) ZrNCI nan-
otube. (Adapted from Enyashin, A.N. et al., Chem. Phys. Lett., 387, 85, 2004.)
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of the armchair nanotubes shrinks with decreasing nanotube diameter. Moreover, intrinsic or extrin-
sic doping may lead to significant variation of the electronic properties of nanotubes. Thus, dein-
tercalation of 30% of chlorine atoms endows metallic character to the ZrNCI nanotubes [107],
suggesting that they may become superconductors at sufficiently low temperatures.

In conclusion, the structure and electronic properties of various inorganic nanotubes have been
investigated in some detail. While some of the properties could be confirmed by experiment, much
more work is needed to elucidate the electronic and optical properties of these novel nanomaterials.

4.4 STUDY OF THE PROPERTIES OF INORGANIC NANOTUBES IN
RELATION TO THEIR APPLICATIONS

The properties of inorganic nanotubes and IF nanoparticles have been studied only recently (see
Table 4.3). In spite of that, a major application area for the IF nanoparticles in solid lubrication has
emerged from these studies. It was initially hypothesized that the quasi-spherical nanoparticles

TABLE 4.3
Summary of Potential Applications of Inorganic Nanotubes and Fullerene-Like

Nanoparticles

Properties and

Compound Proposed Applications References Comment

MoS,, WS, Tribology: additives to [51,128,129] Oils, greases, machining
lubricating fluids fluids, etc.

MoS,, WS, Tribological coatings [129-131] Medical applications
(metallic, polymers)

MoS,, WS, Tribology: self-lubricating [132] Sliding bearings
porous structures

MoS,, WS, Impact resistance [133]

MS, M=W, Mo) Mechanical properties [134-136]

MS, (M=Mo,Ti)

(nanocomposites, etc.)
Rechargeable batteries

[40,137-139]

MS, (M=Mo, Ti) Hydrogen storage [40,41]
MosS, Catalysis [140] CO+3H, — CH,tH,0
MoS,l, Field emission [141]
BN Mechanical properties [142,143] Young’s modulus of
700-1200 GPa
BN H, storage [144] Up to 4.2 wt%
BCN Field emission [145] Comparable to multiwall
carbon nanotubes
VO, Cathodes for rechargeable [146-148] 100 cycles; >200 mAh/g
Li batteries
VO, Optical limiting [149]
MgSi,05(OH), H, storage; catalyst support [150]
CuSiO;-2H,0 for CO oxidation
Rare earth oxisulfides Non-linear optics [76]
Titanates Dye sensitized solar cells [151] Solar to electrical
(e.g., H,Ti;0,) efficiency of 5%
GaN Optical nanodevices [89]
Y,05:Eu Optical nanodevices [152]
Silicate Catalysis, H, stoarge [74] Catalytic CO and

C,H; oxidation
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would exhibit facile rolling and sliding. Coupled with its mechanical stability and chemical inert-
ness it was thought that IF-WS, (MoS,) nanoparticles could become very efficient nanoball bear-
ings, especially under high loads, where lubricating fluids tend to be squeezed out of the contact
region between the two moving pieces. This hypothesis was invariably confirmed [51,128].
Apparently, the favorable role played by IF nanoparticles in alleviating friction and wear is a much
more complex phenomenon than initially believed. A number of studies have indicated that during
friction tests under load, the IF nanoparticles gradually deform and exfoliate, depositing molecular
WS, (MoS,) nanosheets on the underlying surfaces. These transferred molecular sheets (third body)
provide easy shear for the mating metal pieces, further alleviating friction [129]. Recent technical
tests of IF-WS, in various industrial environments demonstrated the large potential of such
nanoparticles for numerous tribological applications in the automotive, aerospace, electronics, and
many other industries. Figure 4.11 shows the detrimental effect of addition of a minute amount of
IF-WS, nanoparticles on the friction coefficient between a ceramic pair, i.e., a Si;N, ball and alu-
mina flat. The effect of the IF-WS, nanoparticles on the wear rate of the ball was similar. The large-
scale application of IF-WS, (MoS,) would not be possible, should scaling of the production and its
cost effectiveness would not be proved. Indeed, a fluidized-bed reactor with a capacity of more than
100 g/day of a pure IF-WS, phase was realized sometime ago [153], and the construction of a
mock-up system for full-scale production is in progress. The feedstocks for the present process are
quite cheap and notwithstanding the small amount of the nanomaterials needed to alleviate both
friction and wear, the cost effectiveness of the IF-WS, nanolubricant seems to have been realized.

Many of the proposed applications of inorganic nanotubes are in their infancy stage and thus
they are not expected to reach the marketplace before a decade or so. Recent work has indicated the
large impact resistance of WS, nanotubes to shockwaves, suggesting numerous applications for
nanocomposites formulated with such nanoparticles [133].

One of the most appealing applications of inorganic nanotubes is in the field of cathode material
for rechargeable lithium batteries. Two of the most demanding requirements for host material are a
large capacity to accommodate significant amounts of the foreign lithium atoms and the reversibility
with respect to charge/discharge cycles. Intercalation of the lithium and hydrogen atoms have been
accomplished within the van der Waals gap between two layers of the nanotube [138,139]. An extra
capacity of the alkali atoms may exist also in the cylindrical hollow core of the nanotube, but the
mechanism of charge transfer in this case may be quite different from that of the alkali atoms interca-
lated between each two layers. The metal atoms in the core may not be in direct contact with the wall
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FIGURE 4.11 Friction coefficient vs. number of cycles for alumina Al,O; plat — Si;N, ball pair. Load
P =0.75 N. Open circles — non-lubricated part; full circles — IF lubricated pair.
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of the nanotube to permit a fast charge transfer from the alkali atoms to the host, and take part in the
electrochemical reaction effectively. The other property that makes inorganic nanotubes an intrigu-
ing cathode material for rechargeable batteries is their inherent stability, which in general is not com-
mon to nanostructured materials. The inherent stability of inorganic nanotubes coupled with their large
internal surfaces accessible to small molecules, also suggests that inorganic nanotubes can serve as
efficient and selective catalysts, which so far was realized in a few cases only [74,140].

4.5 CONCLUSIONS

Building upon the analogy between the structure of graphite and inorganic layered compounds, nan-
otubes and fullerene-like nanoparticles of various compounds have been synthesized and investi-
gated in some detail. The versatility in choosing the starting material coupled with the structural
complexity of inorganic layered compounds led to numerous intriguing observations, and some
important potential applications. Many fundamental issues remain to be addressed; most funda-
mental among them is the elucidation of the detailed structure of inorganic nanotubes and fullerene-
like particles. In order to study the physical properties and chemically modify these nanotubes,
macroscopic amounts of the nanotubes must first be synthesized, which in some cases has proved
to be an illusive goal. Finally, by careful characterization of these nanophases, new applications may
emerge with time.
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ABSTRACT

This chapter discusses the structure and major synthesis methods of boron nitride nanotubes
(BNNTs). Structure and chiralities of BNNTSs are introduced from the standpoint of curling up
hexagonal boron nitride (h-BN) sheets into nanosized cylinders, and are compared with carbon nan-
otubes (CNTs). Major synthesis methods including arc-discharge, laser, ball milling-annealing, car-
bon substitutions and chemical vapor deposition (CVD) have been reviewed. The recent successful
synthesis of high yield and large quantities of BNNTs will lead to significant application progresses.

5.1  INTRODUCTION

After the discovery of carbon nanotubes (CNTs) in 1991 [1], researchers immediately started to
seek other materials that have the same tubular structure. Boron nitride (BN) is one of them, and
NTs in BN were first theoretically predicted in 1994 [2], and subsequently synthesized successfully
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in 1995 by Zettl’s group at University of California, Berkeley [3]. Like CNTs, BNNTs too have
superstrong mechanical properties, because of their tubular structure and the strong sp? bonding
within a tube layer. The upper range of theoretical estimates of the elastic modulus of BNNTSs is
~850 GPa, about 80% that of CNTs [4,5]. Experimental results demonstrate a distinct mechanical
property with the measured modulus in the range of ~722 GPa to 1.22 Tpa [6,7], which is com-
parable with that of CNTs. In addition to these useful properties, which are similar to those of
CNTs, BNNTs have several other useful properties, and in some parameters, are even better than
CNTs. For example, theoretical studies suggest that BNNTSs are insulating materials with a uniform
electronic band gap of about 5.5 eV [2,8], which is independent of either the diameter or chirality
of an NT. Therefore, all BNNTs show insulating or semiconducting behavior in electrical conduc-
tance measurements [9,10]. On the other hand, most CNT samples synthesized currently consist of
both conducting and semiconducting NTs, and it is quite difficult to separate them. Boron nitride
nanotubes also exhibit more stable chemical properties — for instance, they have a much stronger
resistance to oxidation at elevated temperatures [11,12]. Boron nitride nanotubes synthesized using
a ball-milling annealing method can be oxidized only at over 800°C. Some BNNTs with perfect
nanocrystalline structures can withstand temperatures of up to 900°C, while CNTs are readily oxi-
dized in air at a temperature of 400°C, and burned completely at 700°C when sufficient oxygen is
supplied [12]. Owing to the high resistance to oxidation, BNNTSs are ideal for composite material
applications.

Though BNNTSs have such promising properties when compared with CNTs, several of their
properties, such as energy storage [13—15], optical [16], piezoelectricity and electrical-polarization
effects [5,16,17], field emission [10], and so on, have not yet been adequately studied. To explore
BNNTs’ properties and applications, a sufficient amount of high yield BNNT samples is essential.
This was not possible until recently because the synthesis methods known till recently did not give
the requisite yields. A large number of methods for BNNT synthesis have been documented hith-
erto, and in recent years, a significant progress has been achieved. This chapter first provides a brief
introduction of BNNT structures, which will help in understanding the process of the formation of
BNNTs. Following this, it presents a literature review on major synthesis methods reported from
1995 to 2004.

5.2  STRUCTURES OF BORON NITRIDE NANOTUBES

Boron nitride nanotubes can be regarded as wrapped hexagonal BN (h-BN) sheets from the stand-
point of their structure — the simplest way to construct a NT. It is thus helpful to start from the dis-
cussion of the structures of bulk BN. Bulk BN exhibits polymorphism in its crystalline structures
and has at least four different crystallographic forms: hexagonal (h-BN), rhombohedra (r-BN),
cubic (c-BN), and wurtzite (w-BN) structures. Interestingly, bulk C also has four similar corre-
sponding structures — this stems from the fact that BN and C are isoelectronic substances, with the
same average number of valence electrons per atom. However, in this section, only h-BN will be
discussed, because the layered structure of h-BN is the key to understanding BNNT structures. The
similar and different aspects of h-BN and carbon graphite structures will also be presented. Some
geometric quantities of BNNTSs such as chirality will be defined in this section. Finally, typical
transmission electron microscopy (TEM) experimental results of BNNT structures will be dis-
cussed briefly.

5.2.1 HEXAGONAL BORON NITRIDE

The ball-stick model of h-BN structure is illustrated in Figure 5.1. The model shows four coordi-
nated layers (or sheets) of threefold hexagonal networks stacked together and forming the h-BN
structure. The hexagonal layers are generally referred to as basal planes. The flat basal planes con-
sist only of hexagon rings, built with strong sp? bonds between B and N atoms. Between basal
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FIGURE 5.1 Crystal structure of h-BN. Large and small balls represent boron and nitrogen atoms, respec-
tively. The lattice constant of ¢, is 0.668 nm. Along the c-direction, B and N atoms alternate in adjacent basal
planes, thus forming a stacking sequence of ABAB.

planes, much weaker van der Waals interactions operate to keep them together in certain coordina-
tion to form a three-dimensional structure. As shown in Figure 5.1, a boron atom in one layer is
directly over an nitrogen atom in the adjacent layers, i.e., along the c-axis, B and N atoms alternate.
The adjacent layers are thus distinguished from each other and exhibit an ABAB... stacking
sequence. h-BN hence has a P6,mmc symmetry. The distance between adjacent basal planes of
h-BN is d = 3.34 A, while the lattice constant along the c-direction should be 2d = 6.68 A.

5.2.2 BORON NITRIDE NANOTUBE STRUCTURE

Single-walled nanotubes (SWNTs) can be regarded as a seamlessly wrapped mono-atomic sheet of
hexagonal networks. Multiwalled nanotubes (MWNTs) are several such tubulars concentrically
organized and nested into each other. As with CNTs, there are many different ways to wrap BN
basal planes and, consequently, the NTs exhibit different diameters and chiralities, which will be
discussed in this section.

To construct an SWNT, a sheet of hexagonal network can be curled up so that a selected lattice
point in the network is superposed on a predefined origin. For example, the predefined origin (0, 0)
is labeled “O” and the other lattice point A (12,6) is selected as shown in Figure 5.2(a). As to the
indices of the lattice points, i.e., (n, m), a crystallographic convention is adopted. The inter-angle
between basis vectors is 120° as shown in Figure 5.2(a). The NT formed by bringing point O to A
is shown in Figure 5.2(b). The NT can be named after the indices of lattice point A; thus a (12, 6)
BNNT is shown in Figure 5.2(b). The following geometric relation of the tubular structure is obvi-
ous but it is still worth pointing out: the length of OA equals the perimeter of the NT, and the axis
of the NT is along the direction of OA’.

We do not distinguish h-BN and carbon graphite in the above discussion. This is because the
graphite and h-BN have the same symmetry, and the wrapping operation depends solely on the sym-
metry of the hexagonal network. In the case of graphite, two kinds of carbon atoms exist in a sin-
gle graphite sheet, with their adjacent atoms in different geometric relationships; for example, the
atoms at points O and O’ (see Figure 5.2[a], disregarding the difference of species between B and
N atoms, the schematic picture of a BN sheet shown in Figure 5.2[a] is similar to a carbon
graphitic sheet). Two adjacent carbon atoms (O and O") form a pair, and these pairs are fixed on the
hexagonal Bravais lattice, which exhibits the required symmetry for the curling-up operation, i.e.,
these two kinds of carbon atoms can never be superimposed to form a tube. In the case of h-BN,
geometrically, two atoms (B and N) play the same roles as the two types of carbon atoms play in a
graphite sheet. Therefore, we cannot superimpose a boron atom with a nitrogen atom, which also
means that, theoretically, by curling up an h-BN sheet to construct a perfect tubular structure, a
homo-atomic bonding (B—B or N-N) is impossible. There are infinite ways to roll up a sheet into
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FIGURE 5.2 (a) Atom configuration of h-BN basal plane. The lattice constant of g, is 0.252 nm. For crys-
tallographic convention, the inter-angle between the basis vectors is 120°. By wrapping the basal plane and
superimposing lattice point A(12,6) with origin O, an armchair tube, as shown in (b), can be constructed. Point
B(12,0) hence corresponds to a zigzag tube shown in (c). The black lines in (b) and (c) indicate the armchair
and zigzag shapes, respectively.

an NT with different atomic configurations, though some duplicate cases and mirror-symmetric
equivalents can be ruled out by symmetry considerations. By defining the chirality angle of an NT
as the angle between the zigzag edge (shown in Figure 5.2[a]) and the tube perimeter (OA in Figure
5.2[a]), different ways of rolling result in NTs with different chirality angles. Two configurations of
NTs are special: the NT shown in Figure 5.2(b) is the so-called armchair NT, since we can liken the
configuration of the atoms (see bold lines) to an armchair. All (2n, n) NTs, where » is a positive
integer, are armchair-type NTs. Similarly, NTs with (#, 0) indices are zigzag. A (12,0) zigzag NT is
shown in Figure 5.2(c), which corresponds to the lattice point B in Figure 5.2(a) in the sense of curl-
ing up the basal plane.

There is no essential difference between BNNTs and CNTs as far as wall structures or configu-
ration are concerned. However, there are differences in their tip morphologies. An SW CNT is gener-
ally considered to be capped by a half-fullerene molecule (C60) consisting of six-membered hexagons
and five-membered pentagons, and thus CNTs have typical cone-shape tips [18]. Most BNNTSs have
flat tips as shown in Figure 5.3, which are formed with four-membered squares instead of five-mem-
bered pentagons [19]. Theoretical investigations reveal that five-membered pentagons in BN would
require energetically unfavorable B-B or N-N bonds that destabilize the structure [20].
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FIGURE 5.3 A typical flat tip of BNNTSs. (From Loiseau, A. et al., Carbon, 36, 743-752, 1998. Reproduced
with permission from Elsevier Science.)

In addition to typical straight parallel-walled cylindrical tubes, bamboo and cone-like BNNTSs
can also be produced [21]. Moreover, BNNTSs can also be filled with metals (Fe, Ni, W, ...) and
buckyballs [22]; BN sheath can also be coated on the surface of CNTs [23].

In the following section, chirality of straight and hollow BNNT will be introduced.

5.2.3 TRANSMISSION ELECTRON MICROSCOPY STUDIES OF BORON NITRIDE NANOTUBE
CHIRALITY

From the above discussion, we know that by determining the chirality and diameter of an SWNT,
its atomic configuration is determined completely. Transmission electron microscopy is an indis-
pensable tool for measuring the diameter and chirality of NTs. While diameter measurement is
straightforward, the determination of BNNT chirality is not a trivial job. Electron diffraction (ED)
has been used to clucidate the helical structures of both CNTs and BNNTSs [19,24-28]. The other
complementary method within TEM for measuring NT chirality is high-resolution TEM [29-31].
In addition to TEM, any measurement that can reach atomic resolution with the scales of NTs can
discern the chirality of CNTs — for example, scanning tunneling microscopy or atomic force
microscopy [32,33]. In this section, basic knowledge of ED of NTs is first illustrated briefly. Then
we will introduce some of the experimental work on BNNT chirality.

The theory of ED, and thorough reviews can be found in some distinguished review articles
[22,24,25]. Instead of trying to go through the diffraction theories strictly and systematically, here
we have tried to give a simple picture of the ED of thin NTs. For an MWNT, with its tube axis per-
pendicular to the incidence beam as shown in Figure 5.4(a), the top and bottom walls of the NT are
perpendicular to the incidence beam, i.e., the electron beam is along the 0002 direction of these
parts of the NT (in the z-axis direction). Hence, the top and bottom basal planes of the NT will result
in a diffraction pattern like the two-dimensional reciprocal lattice shown in Figure 5.4(b). If the
walls of the NT are aligned to each other, a simple diffraction pattern is expected; otherwise the
10-10 diffraction spots of each wall (even the top and bottom layers of a single wall) may split,
which is the case of helical NTs or the walls of MWNTs with different chiralities. On the other
hand, the sidewalls of the NT shown in Figure 5.4(a) are parallel to the incidence beam, i.e., the
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FIGURE 5.4 (a) Electron diffraction of MWNTs. The innermost layer is shown as a hexagonal network, and
the outer layers are represented by the flat sheets. Tube walls normal to the incident electron beam generate
diffraction patterns as shown in (b), which are also shown as solid dots in (c) and (d). Tube walls oriented edge-
on to the incident electron beam display a row of (0002) spots, shown as open circles in (¢) and (d). (c) and (d)
are diffraction patterns of armchair and zigzag tubes, respectively.

0002 direction of these parts of the NT is along the y-axis direction. The electron beam incidences
along some direction in the basal planes. The significant diffraction spots of such a configuration
are 0002 spots, which are perpendicular to the tube axis — this is because the stacking of the walls
is perpendicular to the tube axis. We can now draw a schematic picture of the diffraction patterns
of an armchair and zigzag NTs — shown in Figures 5.4(c) and (d), respectively. The open circles in
these pictures are the diffraction spots from the sidewalls, and the small dots are from the top and
bottom walls. In detail, the schematic picture of the diffraction patterns is constructed as follows:
(1) we draw the 0002 diffraction spots, which can determine the tube axis; (2) along the tube axis,
in real space, the crystallographic direction is 10—10 for an armchair NT. In reciprocal space, the
corresponding direction of 10—-10 is along a direction with a 30° inter-angle between its real space
counterparts. The angle between 10—-10 diffraction spot and the tube axis is thus 30°, which is an
indicator for the identification of an armchair NT. The same analysis applies to zigzag tubes and
results in the pattern shown in Figure 5.4(d). The characteristic of a zigzag diffraction pattern is
that the 10—10 diffraction spot is along the tube axis, i.e., perpendicular to the direction of the 0002
diffraction spots. It is worth clarifying that if one claims that the tube axis of a zigzag tube is along
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10-10, it means that the indices are in the reciprocal space; correspondingly, the very same direc-
tion in the real space is 12—-30.

In practice, nanobeam diffraction (NBD) technique is usually conducted to investigate the
chirality of NTs [34]. The chiralities of BNNTSs have been investigated by several research groups.
It seems that different chiralities were obtained from BNNTSs prepared through different growth
methods. For the BNNTs produced by arc-discharge method using HfB, as the electrode [19], dif-
fraction patterns from two as-grown NTs suggest either chiral or nonchiral, however, a preference
toward nonchiral is suggested. Compared with Figures 5.4(c) and (d), Figure 5.5(A) is an armchair
and Figure 5.5(B) is a zigzag [19]. For a given NT, the distribution peak of helicities of its walls
is always close to either 0, i.e., armchair, or 30, i.e., zigzag, with a rather small dispersion of ~10.

NBD statistics based
on 45 BN nanotubes

Relative frequency (%)

|Armchair or near| |Zigzag or near| |Mu|ti-he|ix |

Helicity type

FIGURE 5.5 Electron diffraction patterns from individual BNNTSs exhibiting armchair (A) and zigzag (B)
configurations. (From Loiseau, A. et al., Carbon, 36, 743—752, 1998.) (C) A characteristic NBD pattern taken
from a rope of zigzag BNNTSs, and the histogram (D) shows the preference of zigzag orientation. (From
Golberg, D. et al., Solid State Commn., 116, 1-6, 2000. Reproduced with permission from Elsevier Science.)
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In Golberg’s [27,31] work, the zigzag type of BNNTSs is overwhelming. An NBD pattern of the sam-
ple is shown in Figure 5.5(C), and the distribution of the NT chirality is shown in Figure 5.5(D).
Besides different tip morphologies, it is believed that the second major difference between the struc-
tures of BNNTs and CNTs is that dominant BNNT structures are zigzag tubes. Armchair and chi-
ral tubes are fewer, possibly due to the special tip configurations [35], while CNTs with zigzag,
armchair, and chiral structures are all particularly abundant.

To conclude the discussion on BNNT structure, the preferences of both their flat tips and the
achiral configurations should be stressed, which could be a characteristic of BNNTs. However, the
tips of BNNTs could also be cone-like [36], open [37], and flag-like [38]. Although pentagons or
heptagons can result in homogeneous bonding (B-B or N-N), which is energy unfavorable [2],
these multimorphology tips and the bending of BNNTSs indicate the existence of these rings [31].
Different chiralities of BNNTs have been observed, and the preference of specific chirality may
depend on the growth technique employed. As pointed by Golberg [26], BNNTs grown directly
from the vapor phase frequently have armchair configuration, while those grown from laser-heat-
ing and carbon substituted methods, are zigzag-dominant type [26,39]. The formation of achiral
BNNTs, either armchair or zigzag, is probably a consequence of the so-called lip—lip interaction
during the NT growth, which induces a correlation between the chiralities of adjacent layers and
selects the growth of particular pairs of tubes [20]. It is definite that the growth method affects the
morphologies of BNNTs. In the following section, we will review the major synthesis methods
developed since the discovery of BNNTs.

5.3 SYNTHESIS METHODS OF BORON NITRIDE NANOTUBES

The growth of BNNTSs involves the formation of boron and nitrogen hexagon networks curled up to
seamless tubular forms as discussed in the previous section. This is directly related to the
rearrangement of boron and nitrogen atoms via nitriding chemical reactions. To make the rearrange-
ment possible and efficient, atomic scale boron and nitrogen clusters need to be first generated,
which requires a significant amount of energy to be supplied. Different forms of energy can be
exploited to fulfill this task, and the growth methods can then be coarsely classified according to
the types of energy supplied. In this section, we will discuss most successful growth methods
reported so far.

5.3.1 ARC DISCHARGE AND ARC MELTING

Pure BNNTs, like their carbon counterparts [1], were first fabricated by using arc-discharge method
[3]. Conventional arc discharge is a method in which the reactants are used as electrodes and vapor-
ized between the two electrodes by electric energy. So far, several variations of the growth tech-
nique for BNNTs have been proposed. Figure 5.6(A) is a schematic diagram of an arc-discharge
set-up. The basic configuration of the set-up consists of a vacuum chamber, gas-flow controls, and
two electrodes with a DC power supply. Depending on the requirements of specific experiments,
the ambient condition inside the chamber can be either inert gas (e.g., helium, argon) or some reac-
tive gas, for instance, nitrogen gas in the case of growing BNNTs. During the growth, the pressure
inside the chamber is usually a few hundred torr [3,19,36-38,40—42]. The reactant materials are
compressed or shaped into rods, which are used as the electrodes. To synthesize CNTs, the elec-
trodes used are graphite rods, while for the growth of BNNTSs, the situation is more complicated and
is discussed below. The voltage exerted between the electrodes is ~20 to 40 V, and a high current
up to 150 A is applied to generate the arc [3,19,36-38,40—42]. For given values of the voltage and
current, we can adjust the gap between the electrodes (i.e., cathode and anode) to sustain a stable
arc. The duration of the discharge is normally several minutes. During the discharge, the high
current can easily increase the temperature of the electrodes to ~4000 K and evaporate the elec-
trodes into clusters at atomic scale. The anode is normally the consumed electrode because a large
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FIGURE 5.6 Schematic diagrams of (A) arc-discharging and (B) arc-melting apparatus.

quantity of electrons from the arc-discharge is accelerated toward the anode and collides with the
anodic rod. Deposits can be found on the cathode as well as on the inner wall of the chamber. The
deposits consist of many nanosized structures including NTs.

The rod-like electrodes, i.e., the reactants, should exhibit reasonable electrical conductance —
otherwise a high current, and thus a stable arc, are not possible. Unfortunately, this criterion was the
difficulty encountered when scientists first tried to make BNNTSs using the arc-discharge method.
Practically, bulk h-BN is an electrical insulator because of its wide band gap of 5.8 eV. Therefore,
pure BN electrodes cannot carry such a high current as required in the normal discharge process.
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Alternative conductive electrodes need to be considered. To circumvent this problem, Chopra et al.
[3] used a hollow tungsten tube stuffed with BN powders as the anode, and water-cooled copper as
the cathode. This modification in the preparation of new electrodes made arc discharge the first suc-
cessful method for pure BNNT synthesis. Multiwalled BNNTs were found in the dark gray cath-
ode soot. The typical length of these MW BNNTSs was about 200 nm, with diameters in the range of
6 to 8 nm. It is worth noting that metal particles were found at the ends of all the investigated BNNTs.
The composition ratio of B over N was about 1.14, as determined by electron energy loss spec-
troscopy (EELS). One year later, Terrones et al. [36] tried tantalum tubes filled with BN powders.
Stoichiometric BN MWNTs have been fabricated, and the as-grown BN MWNTs can be several
micrometers in length. In the two cases above, the starting materials are BN compounds, no chemi-
cal reactions are needed to bind B and N together, although the break and reconnection of B-N bonds
may happen. The formation process is very similar to the case of CNTs. In both cases, metal parti-
cles from the anodes were found in the BNNT samples and they accidentally played the role of cat-
alysts.

Some groups have used conducting metal borides as both the cathode and anode. Hot-pressed
HfB, [19,37] or ZrB, [38,40] electrodes have been demonstrated to be successful so far. In the case of
boride electrodes, nitriding reactions definitely occur during the arcing process. An nitrogen or ammo-
nia ambient is thus usually established as the nitrogen source for the nitriding reaction. As well as MW
BNNTs, some SW BNNTs have been observed, which was first reported by Loiseau et al. [19,37].
The image of an SW BNNT is reproduced as Figure 5.7(A). The aforementioned modifications have
resulted in the successful synthesis of BNNTs, and verified the theoretical prediction proposed several
years ago [2]. However, unlike the case of CNTs, in which the arc-discharge is already a routine
method for high yield synthesis, the yield of BNNTs is very low through the use of these methods. To
improve the yield and, also to overcome the conductance problem of electrodes, Cumings [41] and
Altoe [42] have developed another technique within the framework of arc discharge. Metal addictives
(e.g., Ni and Co) and boron powders were mixed, melted and then cooled to form an ingot. The ingot
was shaped into electrodes. This method can improve the NT yield. Mass quantity production of the
order of a milligram has also been realized. An interesting feature of the as-grown BNNTs is that dou-
ble-walled BNNTSs (see Figure 5.7[B]) are the dominant morphology of the products, as can be seen
from the histogram of the wall numbers as shown in the inset of Figure 5.7(C).

Arc melting is similar to the conventional arc-discharge method but with a simpler setup con-
figuration and experimental procedure. Instead of shaping the reactants into rod-like electrodes, the
reactant powders are put on a Cu mold (anode), as shown in Figure 5.6(B). The cathode is a tung-
sten gun. When the voltage and current (e.g., 200 V, 125 A) are applied between the electrodes, an
arc is generated and the powders on the mold are melted [45,46]. Together with the contribution
from the ambient gas, which may be one of the reactants, the evaporated clusters from the melted
sources form an ion gas. The growth of nanostructures can then occur in the ion gas by forming
quasi-liquid particles first. The presence of a catalyst, especially transition metal borides exempli-
fied by LaB, [43], are necessary in this method. The as-grown BNNTs are MW, with an appropri-
ate stoichiometry. The effects of different catalysts have been examined as well [44]. This method
is also called plasma-jet evaporation [45,46]. Only MW BNNTs were synthesized using arc-dis-
charge method, and SW BNNTs were not reported. This is different from CNTs, and might suggest
different growth conditions between BNNTs and CNTs. Arc-discharge method was the first tech-
nique in successful synthesis of CNTs and BNNTSs, but complications in the scale-up process keep
it as a laboratory technique.

5.3.2  LASER-ASSISTED METHOD

In addition to electrical energy, photonic energy can also be converted into heat, which evaporates
the starting materials into ion gas instantly. Nowadays, the outputs of some advanced lasers have a
very high-energy density in either a continuous wave mode or at kHz-repetition rates. For example,
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FIGURE 5.7 Boron nitride nanotube produced by arc-discharge method (A) SW BNNT. (From Loiseau, A.
et al., Carbon, 36, 743-752, 1998.) (B) Double-walled BNNT. (C) Histogram of BNNT walls. (From Cumings, J.
and Zettl, A., Chem. Phys. Lett., 316, 211-216, 2000. Reproduced with permission from Elsevier Science.)

at 10.6 um, the output power of a CO, laser-emitting infrared radiation can reach as high as 1 kW,
and can be further focused to a spot of several millimeters. When the light, either continuous beam
or discrete pulses, is focused on the target of the source materials with such small spot size, the
energy provided by the incident light elevates the temperature of the irradiated zone to several thou-
sand Kelvin within a very short period of time. If the temperature is above the sublimation temper-
ature of the target material, local explosions may occur and the source materials may effuse from
the surface. The ion gas of atomic scale reactants is thus generated. This process is called laser abla-
tion [47—-49]. On the other hand, if the target temperature is below the sublimation point under the
laser radiation, the radiation then only increases the temperature of the target without obvious ejec-
tion of materials from it. This process is referred to as laser heating [50,51]. Both these processes
have been attempted for the fabrication of BNNTSs in recent years.

A schematic diagram of the laser-ablation setup is shown in Figure 5.8. Air-cooled metallic
trap and filer are used to collect the ablation products, while the products of laser heating are obvi-
ously located on the surface and around the irradiated zone of the target. As shown in Figure 5.8,
a tube furnace can be used as an additional energy supply to maintain the temperature of the target
[47]. A diamond anvil cell under high N, pressure (~GPa) was also used for this purpose by Golberg
et al. [50] in laser-heating process. Targets of laser-assisted processes are usually pure BN or B, and
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FIGURE 5.8 Schematic setup of Laser-assisted method for the growth of BNNTSs.

therefore the products are metal catalyst free. It is worth mentioning that both laser-heating [51] and
laser-ablation [48] methods produce BNNTSs in macroscopic quantity (up to 1 g) with stoichiomet-
ric ratio of B over N.

By ablating a rotating BN target in a flowing N, ambient (100 ml/s) under pressure of 1 bar,
Lee et al. [48] have synthesized SW-dominant BNNTSs in gram quantities (0.6 g/h). The SWNTs
are self-organized into bundles as shown in Figure 5.9(A). When Ni/Co are used as catalyst,
SWNTs can also be found in the products (see Figure 5.9(B)) of laser ablation [47]. Similar to the
arc-discharge method, the laser method involves a significant amount of energy and very high tem-
peratures (several thousands Kelvin). The formation processes of BNNTSs are probably very simi-
lar. Both methods produce BNNTs with almost the same small size range and perfect cylindrical
structures with minimum defects. Scaling-up of the process is required to produce much larger
quantity and high yield of SWNTs, which is very important for property and application studies.

5.3.3 BALL MILLING AND ANNEALING

This is a two-step method involving first a ball-milling process at room temperature, and a subse-
quent annealing at relatively low temperatures. These two processes actually correspond to separate
nucleation and growth processes, respectively. As mentioned in the preceding section, atomic scaled
B and N clusters are expected for the growth of BNNTs. The starting materials used in the previ-
ous methods are usually powders or rods that have bulk properties. Generally, the surface to volume
ratio of bulk materials is low. To increase the effectiveness of the effusion, a large surface to vol-
ume ratio of the starting material is helpful. Regarding the chemical reaction involved in the for-
mation of BN, when one of the reactants is bulk boron, high temperature is required to achieve a
practical rate of the reaction. They are the reasons for exploiting high-temperature routines such as
with the assistance of an electric arc or a high-energy laser for the growth of BNNTs. A different
type of energy is used to achieve this reaction at lower temperatures. Chen et al. [52-54], in 1999,
were the first to fabricate BNNTSs using high-energy ball milling (HEBM) to pretreat boron or
boron nitride powders.

Repeated high-energetic milling impacts provide mechanical energy to material powders dur-
ing ball-milling process [55]. The grinding energy of HEBM is at least a thousand times higher than
that from conventional ones. Therefore, HEBM can create structural defects and induce structural
changes as well as chemical reactions at room temperature. There are several types of high-energy
ball mills, such as Spex vibrating mill, planetary ball mill, rotating ball mill, attritors [56]. As an
example, a photo and a schematic diagram of a room-temperature vertical-planetary ball mill are
shown in Figures 5.10(A) and (B), respectively. For the synthesis of BNNTSs, boron (or BN) pow-
ders were loaded into a stainless-steel cell with several hardened steel balls. The milling chamber
was then filled with NH; or N, up to a pressure of 300 kPa. An external magnet applies pulling
forces on the balls and thus increases milling energy. When the milling chamber rotates, the balls
drop to the bottom of the chamber due to both gravity and magnetic force, as they reach the top of
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FIGURE 5.9 (A) BNNTs produced by laser-assisted method organized in bundles. (Lee, R.S. et al., Phys.
Rev. B, 64, 121405, 2001. Reproduced with permission from American Physical Society.) (B) SW BNNTSs pro-
duced by laser-assisted method. (From Yu, D.P. et al., Appl. Phys. Lett., 72, 1966—1968, 1998. Reproduced with
permission from American Institute of Physics.)

the chamber. This impact movement of the balls generates a strong energetic collision toward the
boron/BN powders on the bottom of the chamber. The impact energy can be controlled by adjust-
ing the position of the magnet and the rotation frequency of the chamber. The milling process usu-
ally lasts over 100 h to ensure complete structural changes.

The milling process embraces a complex mixture of fracturing, grinding, high-speed plastic defor-
mation, cold welding, thermal shock, intimate mixing, etc. of the materials. Because the structural
changes and chemical reactions are induced by mechanical energy rather than thermal energy, reactions
are possible at low temperatures (room temperature). In the case of growth of BNNTSs, a nitriding reac-
tion between boron and atomic nitrogen inside the milling chamber was realized at room temperature.
Boron nitride was evidenced in the as-milled powders by X-ray diffraction (XRD) as shown in Figure
5.11. XRD results also indicate that the as-milled boron powders are either amorphous or consist of
extremely small, highly disordered crystallites. The ball-milling treatment creates a precursor.

The as-milled boron powders were then put into a tube furnace and annealed in nitrogen or
ammonia at a temperature of 1000°C or higher for several hours. Large quantities of BN MWNTs
have been found in the products. The high yield can be observed in the scanning electron micro-
scope (SEM) image shown is Figure 5.12. The yield of the growth is up to 85%, and due to the
capability of the ball milling, a kg-quantity production is possible. Therefore, this method provides
an opportunity to synthesize BNNTSs in an industrial-compatible quantity. This method is very dif-
ferent from the other methods, and special formation mechanisms have been observed. In the case
where BN compounds are used as the starting materials, because the growth temperature during
thermal annealing (1200°C) is far below the melting point of BN phase, no vapor could possibly be
generated as in arc-discharge and laser-ablation cases. The BNNT formation is a solid-state process.
Transmission electron microscopy investigation has revealed that crystal growth driven by surface
diffusion is a possible mechanism under such low-temperature growth conditions [53,54,57,58]. By
varying growth conditions, morphologies such as hollow tubes, and bamboo-like structures, (see
Figure 5.13) can be produced separately [21,52,59]. This method has been used by several groups
and demonstrated to be a very efficient method for production of BNNTs in large quantities [60,61].
Actually, the first commercial source for BNNTs was established based on this synthesis method.

5.3.4 CARBON NANOTUBE SUBSTITUTION

Several one-dimensional structures have been prepared by using CNTs as templates. The func-
tionalities of CNTs in these syntheses might be (1) their open hollow structures being filled by
other materials through capillary effects, (2) their fine cylinders being coated by some materials,
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Powder

FIGURE 5.10 Photo (A) and schematic diagram (B) of an HEBM setup.

and (3) the hexagonal-carbon network in the tubular network reacting with other materials. The
last functionality may result in either solid nanowire structures or hollow NTs. If the product struc-
ture reserves the framework of CNTs, the reaction is named CNT-substituted reaction and has been
used for the synthesis of BNNTs. Bando’s group in Japan covered B,0O; powders with carbon
MWNTs and annealed them at 1773 K in flowing nitrogen for half an hour [26,62]. The substitu-
tion reaction is

B,0; + 3C(NTs) + N,(g) — 2BN(NTs) + 3CO(g)
B,0; exhibits a much lower melting point of 450°C compared with B (2076°C) and BN
(~3000°C). Therefore, reasonable amount of B,O vapor can flow up and react with CNTs.

The general morphologies of BNNTs and CNTs are much alike. However, on an average,
as-grown BNNTs have a smaller number of walls than those of the CNT templates. The EELS
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FIGURE 5.11 XRD patterns of ball-milled and annealed samples. (Chen, Y. et al., Chem. Phys. Lett., 299,
260-264, 1999. Reproduced with permission from Elsevier Science.)

FIGURE 5.12 Scanning electron microscope image of ball-milling and annealing products showing large
quantity and high yield of BNNTs.

shows that the composition of the products can be pure BN without obvious trace of carbon. A strik-
ing increase in BN MWNT yield and self-assemblage of tubes into ropes have also been seen when
MoO; or V,0;s is introduced as an oxidizing-promoting agent during the substituted reaction
[27,63—65]. In addition to the improved yield, this method takes advantage of the alignment of car-
bon nitride nanotube (CNNT) arrays, i.e., by starting from aligned CNNTSs, the as-grown BNNTs
are also aligned [66]. Pure BNNTSs can be fabricated by this method, but it has been noted that these
attempts frequently resulted in C traces in the products and there were insurmountable difficulties
in preparing 100% pure BN nanomaterials. In fact, similar growth techniques, but with a lower
temperature (1373 K) and a longer anneal time (4 h), are used to fabricate boron doped CNTs
[67,68]. The boron carbon nitride nanotubes (BCN NTs) are easier to get than pure BNNTs, but it
is difficult to control the B level. To purify the BCN NTs from carbon contaminations so as to trans-
form BCN NTs into pure BNNTSs, Han et al. [69] burned BCN NTs in air at about 700°C for 30 min,

Copyright 2006 by Taylor & Francis Group, LLC



172 Nanotubes and Nanofibers

FIGURE 5.13 Different morphologies of BNNTs fabricated from the ball-milling and annealing method.
(From Chen, L. et al., J Mater. Res., 17, 1896-1899, 2002. Reproduced with permission from Material
Research Society.)

and found that up to 60% of the BCN NTs could be transformed. The quantity of BNNTSs produced
using this method depends on that of CNTs.

5.3.5 CHEMICAL VAPOR DEPOSITION AND OTHER THERMAL METHODS

In this section, we review several methods that, from the standpoint of energy provided, use thermal
energy only. During heat treatment, the formation of BNNTs may be through different kinds of
chemical reactions, depending on the starting materials that are used in the process. This has
resulted in several terminologies concerning these processes.

When amorphous boron (or mixed with h-BN) was heated in ammonia gas with the presence
of Li vapor for 10 to 20 h [70,71], boron nitride MWNTs with a typical diameter of 10 nm were
formed. In addition to Li vapor, oxides such as Fe,O;, MgO, Ga,O;, and SiO, have also been
co-heated with amorphous B, and NH; was usually exploited for the nitriding reaction as well.
Using various oxides, Tang [72] reported that straight concentric pure BNNTs with a large diame-
ter distribution from several nm to 70 nm were fabricated in large scale. The conversion rate was
~40%. The oxides may act as media, reacting with boron and generating an intermediate product of
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B,0,, which is in vapor phase at the reaction temperature. B,0, vapor and ammonia react and thus
facilitate the formation of BNNTs. Taking MgO as an example, the possible reactions are

2B(s)+2MgO(s) —»B,0,(g)+2Mg(g)
B,0,(g)+2NH;(g) —2BN(s)+2H,0(g)+H,(g)

Heating temperature and B/oxides ratio have noticeable effects on the NT formation [73,74].
Boron oxides (B,0;) can also be heated directly either as discussed in the carbon-substituted reac-
tion [26,62], or as described in Bartnitskaya et al. [75]. Boron nitride powders have also been
heated at high temperature (1750 to 2000°C) in nitrogen ambient to fabricate BNNTs [76]. Local
three-dimensional order was first observed in the as-grown products.

Chemical vapor deposition (CVD) has also been attempted for fabrication of BNNTs. A CVD
process is a process of chemically reacting a volatile compound of a material to be deposited, with
other gases, to produce a nonvolatile solid that deposits atomistically on a suitably placed sub-
strate. The volatile compound of the first CVD routine for BNNTs was B;N;H, [77], and it was car-
ried by N, to the substrate of Si covered with catalysts (Co, Ni, and NiB). The temperature of the
substrate was 1000 to 1100°C. B;N;H, vapor was decomposed and BNNTs were deposited on the
Si wafer. Changing the volatile materials, Ma et al. [78—81] have developed several CVD routines
for the fabrication of BNNTSs. Other compounds such as NH,BF, and KBH, are also used as pre-
cursor materials, and heated in a nitrogen-containing atmosphere to synthesize BNNTs [82]. The
yield of the CVD synthesis for BNNTs is not clear, though the CVD process itself is believed to be
a low-cost and high-yield method. Integrated into the CVD method, nanoporus templates have
become widely used to confined grow 1-D nanostructures. Anodic alumina membranes (AAMs) are
one of the most popular templates. The pores of AAM with adjustable diameters in the range of 5
to 200 nm are perpendicular to the surface of the AAM and are organized into arrays. The density
of the pores may be up to 10!''/cm?. The nanopores are filled with desired materials (e.g., BN) via
CVD process. After the filling, the template itself can be removed by proper chemical solutions.
Shelimov has used this technique to grow aligned BNNTs. Compared with other growth methods,
the temperature of the deposition is very low (750°C) [83]. However, because of the low tempera-
ture, the as-grown BNNTSs are polycrystalline in nature.

5.4 SUMMARY

BNNTs have a similar tubular structure as CNTs with different capes and possibly different chiral-
ities. More detailed research on a large number of BNNT samples is needed to fully clarify the
structure. BNNT synthesis is, however, much more complicated than that of CNTs, even using the
same processing techniques. This is probably because two different elements, B and N, are involved
rather than the single C, and consequently B-N pairs have to be created via a chemical reaction
prior to (or simultaneous to) the growth of tubular nanostructure. According to supplied energy clas-
sification of various synthesis methods, most successful synthesis methods reviewed previously do
not rely on traditional thermal energy as general chemical reactions and crystal growths normally
require. Electric (arc discharge), photonic (laser), mechanical (ball milling), and chemical (CNT
substitution) energies are more successful than thermal energy (pure-furnace heating). This implies
that the nitriding-reaction and NT-formation processes are thermo-dynamical nonequilibrium
processes. Compared with bulk h-BN, the curved BN basal planes in NTs at nanometer scale are
metastable structures, which are difficult to be produced with pure thermal energy under equilibrium
conditions. Similar to the CNT, the formation process needs to be detailed fully. Nevertheless, the
growth techniques of BNNTs still require significant improvement, and new synthesis methods
with better control over the growth directions and locations are needed. There is only one paper [48]
describing the BN SWNT dominant fabrication, while, to the best of our knowledge, study on the
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alignment growth and selective growth of BNNTs is still absent. We believe that the research and
application of BNNTs will be extensively developed, and a fundamental breakthrough of the growth
technique can be achieved.
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6.1 INTRODUCTION

Polymer nanocomposites have attracted great attention due to the unique properties introduced by
nanofillers, which typically refer to carbon blacks, silicas, clays, or carbon nanotubes (CNT). The
polymer matrix acts as a supporting medium and the improvement in the properties of the nanocom-
posites generally originates from the nature of these nanofillers. Compared to other nanofillers, the
unique structures of CNT potentially provide superior mechanical, electrical, and thermal properties.
There are two types of CNT with high structural perfection, single-walled nanotubes (SWNT) and
multi-walled nanotubes (MWNT) (Figure 6.1). SWNT can be considered as a single graphite sheet
seamlessly wrapped into a cylindrical tube. MWNT comprise an array of such nanotubes that are con-
centrically nested. Theoretical and experimental results! on individual CNT have shown extremely
high elastic modulus, greater than 1TPa, and their reported strength is many times higher than the
strongest steel at a fraction of the weight. The fiber-like structure of CNT with low density makes them
particularly attractive for reinforcement of composite materials. The nearly one-dimensional (1D)
electronic structure of CNT allows electrons to be transported along the nanotubes without scattering,
enabling them to carry high current with essentially no heating. Phonons also propagate easily along
the nanotubes, such that the measured room temperature thermal conductivity for an individual
MWNT? (>3000 W/m K) is greater than that of natural diamond (~2000 W/m K). The thermal
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(b)

FIGURE 6.1 (a) Image of SWNT. (Copyright, Dr. Smalley Group, Rice University, 2004.) (b) Image of MWNT.
(Copyright, Rochefort, Nano-CERCA, University of Montreal, Canada, 2004.)

conductivity of an individual SWNT is expected to be even higher.> The high aspect ratio
(Iength/diameter) of CNT suggests lower percolation thresholds for both electrical and thermal con-
ductivity in their nanocomposites. Therefore, CNT have considerable potential in multifunctional
polymer nanocomposites for structural, electrical, and thermal applications.

To date this potential has not yet been fully realized, although many researchers are devoting
much attention to developing CNT/polymer nanocomposites. One significant challenge is to obtain
uniform nanotube dispersion within the polymer matrix. CNT have diameters on the nanoscale and
substantial van der Waals attractions between them, so CNT tend to agglomerate. As shown in
Figure 6.2, these SWNT (synthesized by a high-pressure carbon monoxide method at Rice
University)* are highly entangled and the diameter of the nanotube bundles is tens of nanometers,
indicating hundreds of individual nanotubes in one bundle. Unfortunately, the nanotube bundles
have significantly lower aspect ratios and inferior mechanical (due to slipping of nanotubes inside
the bundles)’ and electrical properties. Lower aspect ratios are likely to lead to higher percolation
thresholds for both electrical and thermal conductivity in these nanocomposites. Therefore,
uniformly dispersed nanotubes within the polymer matrix is critical for improved properties at the
minimal CNT content. Various nanotube processing procedures and nanocomposite fabrication
methods have been used toward this goal.®® The second challenge is to understand the effect of nan-
otube alignment on nanocomposite properties because the nanotubes have asymmetric structures
and properties. For example, nanotube alignment increases the elastic modulus® and increases the
electrical conductivity® of the nanocomposites along the nanotube alignment direction. The third
challenge is to create strong physical or chemical bonds between the nanotubes and the polymer
matrix. These bonds can efficiently transfer load from the polymer matrix to the nanotubes, which
is important for mechanical reinforcement. Covalent bonds can also benefit phonon transferring
between the nanotubes and the polymer matrix, which is a key factor for improving thermal con-
ductivity of the nanocomposites. Therefore, various surfactants and chemical functionalization pro-
cedures have been adopted to modify the surface of nanotubes, so as to enable more adhesion to the
polymer matrix.

It is to be noted that nanotubes are synthesized by a variety of methods that give rise to differ-
ent mean lengths, mean diameters, distributions in lengths and diameters, relative amounts of con-
ductive nanotubes, and concentrations and types of impurities.!” Furthermore, we have found
important differences between different batches of nanotubes produced by seemingly equivalent
synthetic processes. Added to this complexity are the observations that nanotube distribution and
alignment significantly influence properties and is expected that the physical properties of
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1um

FIGURE 6.2 SEM image of as-produced SWNT, showing that nanotube bundles are highly entangled.
(Copyright, Winey group.)

nanotube/polymer composites will vary dramatically in the published literature. Thus, this chapter
focuses on trends rather than absolute values for elastic modulus, electrical percolation, and so
forth, because the nanotubes and composite processing methods employed by different researchers
are substantially different. After reviewing various methods for producing nanotube/polymer
nanocomposites, the mechanical, rheological, electrical, and thermal conductivities will be dis-
cussed separately.

6.2 NANOCOMPOSITE FABRICATION AND NANOTUBE ALIGNMENT

Solvent casting and melt mixing are two common fabrication methods for the nanotube-based
nanocomposites. Solvent casting involves preparing a suspension of nanotubes in a polymer solu-
tion and then allowing the solvent to evaporate to produce a nanotube/polymer nanocomposite.
Qian et al.'! cast a MWNT/polystyrene (PS)/toluene suspension after sonication into a dish to pro-
duce the nanocomposites with enhanced elastic modulus and break stress. Benoit et al.” obtained
electrically conductive nanocomposites by dispersing SWNT and poly(methyl methacrylate)
(PMMA) in toluene, followed by drop casting the mixture on substrates. Nanocomposites with
other thermoplastic matrices with enhanced properties have also been fabricated by solvent cast-
ing,'? but nanotubes tend to agglomerate during solvent evaporation, which leads to inhomogeneous
nanotube distribution in the polymer matrix. Unlike solvent casting methods, in which nanotubes
are typically dispersed by sonication, melt mixing uses elevated temperatures and high shear forces
to disrupt the nanotube bundles. Bhattacharyya et al.!*> made a 1 wt% SWNT/polypropylene (PP)
nanocomposite by melt mixing, but found that melt mixing alone did not provide uniform nanotube
dispersion. A subsequent processing step, namely passing the 1 wt% nanocomposite through a
stainless-steel filter at 240°C, removed the larger SWNT agglomerates and reduced the nanotube
loading to 0.8 wt%.

Some researchers use combined methods, such as solvent casting in conjunction with sonication,
followed by melt mixing. For example, Haggenmueller et al. first demonstrated the combination of
solvent casting and melt mixing for SWNT/PMMA composites with considerable improvement in
nanotube dispersion. They dissolved PMMA in dimethylformamide that was also used to disperse
SWNT by sonication and the resulting suspension was then cast into a dish. After drying, the
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nanocomposite film exhibited heterogeneous nanotube dispersion when subjected to optical
microscopy. These SWNT/PMMA films prepared by solvent casting alone contained micron-scale
nanotube agglomerates due to reaggregation during solvent evaporation. Thus, the nanocomposite
films were broken into pieces, stacked together, and then hot pressed. This hot pressing procedure was
repeated for up to 20 times and the state of dispersion steadily improved with each additional melt
mixing cycle. This combination of solvent casting and melt processing produced superior SWNT
dispersion.

As seen above, solvent casting can allow CNT to agglomerate during solvent evaporation. There
have been some attempts to reduce the solvent evaporation time by spin casting or drop cast-
ing.”1415 Spin casting, also called spin coating, involves putting a nanotube/polymer suspension on
a rotating substrate, so that the solvent evaporates within seconds. Drop casting involves dropping
a nanotube/polymer suspension on a hot substrate, so that the solvent can evaporate very quickly.
To better eliminate nanotube reagglomeration, Du et al.® developed a coagulation method to pro-
duce nanotube-based nanocomposites with uniform dispersion. Optical microscopy (Figure 6.3a)
shows that there are no obvious agglomerations of the nanotubes in a 1 wt% SWNT/PMMA
nanocomposite fabricated by the coagulation method, indicating that the nanotubes are uniformly
distributed within the polymer matrix. Scanning electron microscopy (SEM) of a 7 wt% nanocom-
posite (Figure 6.3b) shows that the nanotubes are also uniformly distributed on a sub-micrometer
scale. This coagulation method begins with a nanotube/polymer suspension in which the nanotubes
have been well dispersed by sonication, and then poured into an excess of a nonsolvent, causing
the polymer to precipitate and entrap the nanotube bundles. This precipitation process is rapid, so the
nanotubes apparently do not aggregate or flocculate during the coagulation process.'® Therefore,
the coagulation method provides better nanotube dispersion.

In addition to the solvent casting, melt mixing, and coagulation methods, which combine nan-
otubes with high molecular weight polymers, in situ polymerization method have also been used to
make nanotube-based nanocomposites starting with nanotubes and monomers. The most common
in situ polymerization methods involve epoxy in which the resins (monomers) and hardeners are
combined with SWNT or MWNT prior to curing (polymerizing).!”-!8 Epoxy is the most commonly
used thermoset polymer. Its resin can be crosslinked after mixing with a hardener of an appropriate
ratio (resin/hardener) based on the number of functional groups on them. In addition to thermoset
matrixes, a few examples of thermoplastic nanocomposites have been prepared by in situ polymer-
ization. Park et al.!” performed in situ polymerization of polyimide while sonicating to keep the
nanotubes dispersed in the reaction medium. The role of sonication during polymerization is to
disperse the SWNT in the low-viscosity monomer solution. As polymerization progresses, the

(@) - (b)

FIGURE 6.3 (a) Optical micrograph of a 1wt% SWNT/PMMA nanocomposite thin film illustrating the
absence of nanotube agglomerates; (b) SEM image of a 7wt% SWNT/PMMA nanocomposite. These
nanocomposites were fabricated by the coagulation method and show uniform nanotube distribution. (Adapted
from Du, F. et al.® J. Poly. Sci.: Part B: Poly. Phys. 41, 3333-3338, 2003.)
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high-molecular-weight polymer increases the solution viscosity, restricts Brownian motion and sed-
imentation of the nanotubes, and stabilizes the nanotube dispersion against agglomeration.

Many of the fabrication methods described above require nanotubes to be well dispersed in
solvents. The nanotube dispersion in the polymer matrix largely depends on the state of nanotube
dispersion in a solvent, assuming that the following processing procedures effectively avoid nan-
otube flocculation. However, the chemical structure of CNT makes dissolving long CNT in com-
mon solvents to form true solutions virtually impossible. Most nanotube/solvent systems are
suspensions of nanotube bundles where the size and concentration of the bundles dictate how
long the suspensions persist before flocculation. To date, large fractions of individual nanotubes
have only been achieved either by functionalizing the nanotubes or by surrounding the nanotubes
with dispersing agents, such as surfactants and polymers. The improved nanotube suspensions
resulting from functionalization or dispersing agents can be employed in many of the methods
described above to make nanotube nanocomposites with improved nanotube dispersion.
Furthermore, functionalized CNT might also allow covalent bonds between the nanotubes and the
polymer matrix.

Nanotube functionalization typically begins with oxidative conditions, such as refluxing in
nitric acid, to attach carbonoxylic acid moieties to the defect sites on the nanotubes surface.?’?!
These acid moieties can be further transformed to more reactive groups, like -COCI, or -CORNH,,
These reactive groups allow CNT to chemically bond with the polymer chains through certain
chemical reactions. Hill et al.?> showed that SWNT and MWNT could be chemically bonded to a
PS copolymer based on esterification. Lin et al.?* also reported that the carbonoxylic acid on the
surface of MWNT could attach aminopolymers via the formation of amide linkages. As function-
alization chemistries advance, those interested in nanocomposites will continue to adapt these meth-
ods for the preparation of nanotube/polymer nanocomposites. One caveat in this regard is the
degradation of properties, particularly aspect ratio and electrical conductivity, as the bonding of the
CNT is disrupted by attaching functional groups to the nanotubes. There is likely to be an optimal
level and type of nanotube functionalization that captures the advantages of better nanotube dis-
persion while minimizing the disadvantages of reduced nanotube performance.

The addition of dispersing agents, particularly surfactants, to nanotube/solvent systems has also
shown improved dispersion.?* Islam et al.>* reported that sodium dodecylbenzene sulfonate was an
effective surfactant to solubilize high-molecular-weight SWNT fractions in water by sonication.
Their atomic force microscopy (AFM) showed that ~63 + 5% of SWNT bundles exfoliated into sin-
gle tubes even at 20 mg(SWNT)/ml(H,0). Barrau et al.?’ used palmitic acid as a surfactant to dis-
perse SWNT into the epoxy resin, followed by a curing procedure in the presence of the hardener.
In comparison with nanocomposites not using palmitic acid, the use of palmitic acid lowers the
threshold of the electrical conductivity percolation, indicating better SWNT dispersion in the epoxy.
Polymers can also solubilize nanotubes in water by a noncovalent association. O’Connell et al.?
first reported improved nanotube dispersion in water associated with modest concentration of
polyvinyl pyrrolidone and also found that the nanotubes can be disassociated by changing the sol-
vent system. Star et al.?’ discovered that starch improves the dispersion of SWNT in water and
Barisci et al.?® found that DNA could disperse SWNT well in water. Many groups investgating the
interactions between nanotubes and polymers describe the mechanism by which nanotubes show
improved dispersion as “polymer wrapping.”?%2” While there might be a few examples in which a
polymer chain finds it energetically favorable to assume a periodic helical conformation about an
isolated nanotube, it is far more likely that the improved nanotube solubility is accomplished with
a more random association between the polymers and nanotubes. Regardless of the polymer con-
formations and mechanisms, improved nanotube solubility with the addition of surfactants and
polymers provides a means to improve the nanotube dispersion in nanocomposites by improving
the initial state of dispersion and by hindering the reaggregation during solvent casting and other
fabrication methods.
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Nanotubes can be aligned by magnetic force?*=3! (Figure 6.4a) and by polymer flow intro-
duced by mechanical stretching,® spin casting,’® or melt fiber spinning,®® (Figure 6.4b).
Magnetic fields have been used to align nanotubes in low-viscosity suspensions based on the
anisotropic magnetic susceptibility of nanotubes. While magnetic alignment has shown some
promise in the preparation of nanotube samples or buckypapers, this method is less appealing in
nanotube/polymer composites due to the higher viscosities of the nanotube/polymer suspensions.
Alternatively, polymer flow elongates and orients polymer molecules along the flow direction and
the frictional forces of this process align nanotubes within the polymer matrix. Of the mechanical
methods used to align nanotubes in a polymer matrix, melt fiber spinning methods exhibit the
greatest degree of alignment.

The characterization of dispersion and alignment requires special attention in nanotube/
polymer nanocomposites, because the physical properties are quite sensitive to these morphological
attributes. Transmission electron microscopy (TEM) is a direct method to characterize
MWNT/polymer composites, although there has been little success with SWNT/polymer composites
due to the small size of the filler. Figure 6.5 is an aligned 5 wt% MWNT/PS nanocomposite film
made by melt mixing and the MWNT were further aligned by drawing the nanocomposite in the
molten state.* It shows that the nanocomposite has quite good dispersion and the nanotubes are
well aligned along the polymer flow direction. In contrast to the qualitative measurements by TEM,
polarized Raman spectroscopy and x-ray scattering provide quantitative descriptions of the degree
of nanotube alignment in the nanocomposites. Besides detecting nanotube alignment, Raman spec-
troscopy can also be used to measure quantitatively nanotube dispersion in the polymer matrix.'6

Nanotubes show a resonance-enhanced Raman scattering effect when a visible or near-infrared laser
is used as the excitation source, while most polymers do not. By taking advantage of this scattering
effect, polarized Raman spectra are recorded for the nanocomposites with the nanotube alignment direc-
tion at some angles with respect to the incident polarization axis. In the recorded spectra, the intensity
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FIGURE 6.4 Schematics for aligning nanotubes in nanocomposites (a) by melt fiber spinning using extensional
polymer flow and (b) by a magnetic field. (Adapted from Kimura, T.et al., Adv. Mater., 14, 1380-1383, 2002.)
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FIGURE 6.5 TEM image of a 5 wt% MWNT/PS nanocomposite film showing strong nanotube alignment
after mechanical stretching. The arrow indicates the stretch direction. (Adapted from Thostenson, E.T. et al.,
Compos. Sci. Technol., 61, 1899-1912, 2001.)

of the unique nanotube scattering mode as a function of angle can be fitted by a Lorentzian or a Gaussian
function whose full width at half maximum (FWHM) can quantitatively determine the extent of nan-
otube alignment. For example, Haggenmueller et al.** obtained the degree of nanotube alignment for
their SWNT/polyethylene (PE) fibers aligned by melt spinning with polarized Raman spectroscopy.

However, Raman spectroscopy is surface sensitive because the penetration depth of the incident
beam is generally no more than several micrometers, depending on the nanotube loading. This prob-
lem can be solved by x-ray scattering, which is a bulk measurement for the nanocomposite in trans-
mission and can describe the degree of nanotube alignment. Jin et al.’? aligned nanotubes in a 50%
MWNT/polyhydroxyaminoether nanocomposite film by mechanical stretching. Wide-angle x-ray
scattering patterns that were dominated by a strong Bragg peak resulting from the intershell of
MWNT ((002) peak) were collected from both unstretched and stretched samples. The 2D scatter-
ing intensity, /, was then integrated along the 260 axis and plotted as / vs. azimuth, f, after subtract-
ing the background intensity, as shown in Figure 6.6 for the unstretched and stretched samples,
respectively. The scattering intensity from the unstretched sample is essentially a constant over the
whole f range, as shown in Figure 6.6a, indicating random nanotube orientation. The spectrum in
Figure 6.6b was fitted by 2D Lorentzian function with a FWHM of 46.4°, corresponding to a
mosaic angle of £23.2° around the stretching direction. Du et al.® used small-angle x-ray scattering
to characterize the degree of nanotube alignment in the SWNT/PMMA nanocomposites, in which
SWNT were aligned by melt spinning. X-ray intensity from SWNT nanocomposites in the small-
angle range (0.01 A < g <0.1 A) was mainly from the form factor scattering of SWNT and SWNT
bundles. They observed that the aligned 1 wt% SWNT/PMMA had a FWHM of 16°, indicating that
SWNT were highly aligned.

6.3 MECHANICAL PROPERTIES

Nanotubes were first considered as reinforcing fillers in polymer matrices due to their fiber-like
structure and their exceptionally high axial strengths and axial Young’s moduli. To date, the
mechanical properties of various polymer matrices have shown only moderate improvements with
the addition of either SWNT or MWNT.

Qian et al."! measured mechanical properties of MWNT/PS nanocomposites. With the addition
of only 1 wt% MWNT the nanocomposite exhibited a 36-42% increase in the elastic stiffness and
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FIGURE 6.6 Integrated x-ray intensity (along the 260 axis) vs. the azimuth for (a) an as-cast 50%
MWNT/polyhydroxyaminoether nanocomposite film, and (b) the nanocomposite after being mechanically
stretched. The solid line is a fit to the data by two Lorentzian functions and a constant background. (Adapted
from Jin, L. et al., Appl. Phys. Lett., 84, 2660-2669, 2002.)

8
°
7_
—_ 6] 09
© °
s : °
w 5 o °
° . °
_ ° o
4 [ ) cp. o % ) .
OZ ® & o ° .bo g PY
3 og o e ¢
o o
T T T LI || T T T T T TTT
10 100 1000
Draw ratio 1

FIGURE 6.7 Elastic modulus as a function of draw ratio A for the SWNT/PMMA nanocomposites melt spun
fibers containing 0 wt% (white), 1 wt% (blue), 5 wt% (red), or 8 wt% (green) of SWNT. (Adapted from
Haggenmueller, R. et al., Chem. Phys. Lett., 330, 219-225, 2000.)

a 25% increase in the tensile strength. Haggenmueler et al.® investigated the effect of both nanotube
loading and nanotube alignment on the elastic modulus of SWNT/PMMA nanocomposite fibers.
Nanotube alignment was achieved by melt fiber spinning and characterized by polarized resonant
Raman spectroscopy. The elastic modulus of the nanocomposite fibers increased with nanotube
loading and nanotube alignment, as shown in Figure 6.7. Note that the x-axis in Figure 6.7 is the
draw ratio, where higher draw ratios correspond to better nanotube alignment. Andrews et al.*® also
reported that the tensile strength and modulus of a 5 wt% SWNT/pitch nanocomposite fiber were
enhanced by ~90 and ~150%, respectively, as compared to pure pitch fiber.

To enhance mechanical properties, mechanical load has to be efficiently transferred from the
polymer matrix to the nanotubes. Lordi and Yao?” suggest that the strength of the interface might
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result from molecular-level entanglement of pristine nanotubes and polymer chains. Thus, many
researchers have investigated the interactions and load transfer between nanotubes and polymer
matrices in nanocomposites. Lourie et al.’® collected TEM images showing good epoxy-nanotube
wetting and significant nanotube-epoxy interfacial adhesion, and concluded SWNT-epoxy interfa-
cial affinity. This group also performed in situ deformation studies within the TEM and followed
the rupture of SWNT, another indication of strong nanotube/epoxy interfaces. Wagner and co-workers®
performed reproducible nano-pullout experiments using AFM to measure the force required to sep-
arate a CNT from poly(ethylene-co-butene) and found a separation stress of 47 MPa. In compari-
son, composite materials containing fiber reinforcements with weak fiber/polymer interactions
typically have separation stresses of <10 MPa.** Simulating nanotube pullout in a CNT/PS
nanocomposite, Liao and Li*® obtained an interfacial shear stress of ~160 MPa, corresponding to a
strong interface. These results from TEM, AFM, and simulation indicate that CNT can form strong
interfaces with various polymer matrices.

Stress transfer can be most directly investigated by Raman spectroscopy, because the second-
order (disorder-induced) Raman peak for nanotubes shifts with applied strain. If nanotubes within
a nanocomposite carry part of the mechanical strain, then the Raman peak shifts with increasing
applied strain. Cooper et al.*! observed that when their SWNT/epoxy nanocomposite was mechan-
ically strained the G’ Raman band (2610 cm ') shifted to a lower wave number. This shift in the G’
Raman band corresponds to strain in the nanotube graphite structure, indicating stress transfer
between the epoxy matrix and nanotubes, and hence reinforcement by the nanotubes.

In addition to the publications showing improvements in mechanical properties along with good
interfacial adhesion and load transfer, other reports have been less promising and highlight the
sensitivity of nanotube/polymer composites to all aspects of materials and fabrication. Fisher et al.*?
used a combined finite element and micromechanical approach and found that the nanotube wavi-
ness significantly reduced the effective reinforcement when compared to straight nanotubes. Cooper
et al.* investigated the detachment of MWNT from an epoxy matrix using a pullout test for indi-
vidual MWNT. Observed values for the interfacial shear strength ranged from 35 to 376 MPa, and
the authors attribute this variability to differences in structure, morphology, or surface properties of
the nanotubes. This structural variety in nanotubes occurs during their synthesis, but can also be
introduced during purification and other processing procedures.'” Defects to the nanotube structure
are expected to reduce significantly the mechanical properties of nanotubes.** Some methods of han-
dling nanotubes, including acid treatments and high- as well as low-power sonication for extended
periods of time, are known to shorten nanotubes.'” Shorter nanotubes and thereby reduced aspect
ratios are detrimental to mechanical properties. In contrast, some purification and processing steps
might also introduce functional groups, such as carboxylic acid to the nanotube surface that subse-
quently form secondary bonds, such as hydrogen bonds, between the nanotubes and polymer matri-
ces. Such functional groups might improve interfacial strength and promote nanotube compatibility
and composite properties. Given the complexity of the starting materials (raw nanotubes), the range
of chemical and physical processing methods and the breadth of polymer matrices being explored,
variability in the mechanical properties in nanotube/polymer composites will persist.

Although improvements in mechanical properties have been reported for various nanotube/
polymer nanocomposites, the gains are modest and fall far below simple estimates. Haggenmueller
et al.» applied the Halpin-Tsai composite theory to their SWNT nanocomposites and found their
experimental elastic modulus more than an order of magnitude smaller than predicted. They attrib-
ute this large difference mainly to the lack of perfect load transfer from the nanotube to the matrix,
but other sources of uncertainty in the model include the aspect ratio and modulus of the nanotubes.

6.4 THERMAL AND RHEOLOGICAL PROPERTIES

The glass transition temperature (7,) is a measure of the thermal energy required to allow polymer
motion involving 10 to 15 monomeric units and corresponds to the softening of a polymer. Park
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et al.!” reported that T, did not change for their in situ polymerized SWNT/polyimide nanocom-
posites. The SWNT/PMMA nanocomposites produced by the coagulation method have the same T,
over a wide range of nanotube loadings.!¢ The addition of nanotubes does not change the glass tran-
sition temperature in nanotube/polymer nanocomposites, because in the absence of strong interfa-
cial bonds and at low nanotube loadings, the majority of polymers are locally constrained only by
other polymers.

In contrast, at larger length scales, nanotubes do impede the motion of polymer molecules as
measured by rheology. Rheological (or dynamic mechanical) measurements at low frequencies probe
the longest relaxation times of polymers that correspond to time required for an entire polymer mol-
ecule to change conformation. Du et al.'® found that although it has little effect on polymer motion at
the length scales comparable to or less than an entanglement length, the presence of nanotubes has a
substantial influence at large length scales corresponding to an entire polymer chain. The storage mod-
ulus, G', at low frequencies becomes almost independent of the frequency as nanotube loading
increases (Figure 6.8a). These data show a transition from liquid-like behavior (short relaxation
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FIGURE 6.8 (a) Storage modulus (G') vs. shear frequency for SWNT/PMMA nanocomposites with vari-
ous nanotube loadings; (b) G’ as a function of the nanotube loading for SWNT/PMMA nanocomposites at a
fixed frequency, 0.5rad/sec. The inset is a power law plot of G’ of the nanocomposites vs. reduced mass frac-
tion on a logarithmic scale. (Adapted from Du, F. et al., Macromolecules, 37, 9048-9055, 2004.)
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times) to solid-like behavior (infinite relaxation times) with increasing nanotube loading. By plotting
G' versus nanotube loading and fitting with a power law function, the rheological threshold of these
nanocomposites is ~0.12 wt% (Figure 6.8b). This rheological threshold can be attributed to a hydro-
dynamic nanotube network that impedes the large-scale motion of polymer molecules. This phenom-
enon has previously been reported in polymer nanocomposites filled with nanoclays by Krishnamoorti
et al.* A network of nanoscale fillers restrains polymer relaxations, leading to solid-like or nontermi-
nal rheological behavior. Therefore, any factor that changes the morphology of the nanotube network
will influence the low-frequency rheological properties of the nanocomposites.

Du et al.'® found that better nanotube dispersion, less nanotube alignment, and longer polymer
chains result in more restraint on the mobility of the polymer chains; i.e., the onset of solid-like behav-
ior occurs at low nanotube concentrations. In addition to the loading, dispersion and alignment of the
nanotubes, the size, aspect ratio, and interfacial properties of the nanotubes are expected to influence
the rheological response in nanocomposites. For example, at a fixed loading, nanotubes with smaller
nanotube diameters and larger aspect ratios will produce a network with smaller mesh size and larger
surface area/volume, which might restrain polymer motion to a greater extent. Experimental results
support this hypothesis. Lozano et al.*® observed a rheological threshold of 10-20 wt% in carbon
nanofiber/PP nanocomposites in which the diameter of the carbon nanofiber is ~150 nm. The rheo-
logical threshold is ~1.5 wt% in MWNT/polycarbonate nanocomposites,*’ and only 0.12 wt% for the
SWNT/PMMA system.'® Although these three systems have different polymer matrices and their
states of dispersion are unclear, the diameters of carbon nanofibers, MWNT, and SWNT differ by
orders of magnitude. As the filler size decreases, the filler loading required for solid-like behavior
increases substantially.

The constraints imposed by nanotubes on polymers in nanocomposites are also evident in the
polymer crystallization behavior. Bhattacharyya et al.!’ studied crystallization in 0.8 wt%
SWNT/PP nanocomposites using optical microscopy (with cross-polars) and differential scanning
calorimetry (DSC) (Figure 6.9). The spherulite size in PP is much larger than in SWNT/PP
nanocomposites. DSC results show that upon cooling, the SWNT/PP nanocomposites begins crys-
tallizing at ~11°C higher than PP, suggesting that nanotubes act as nucleating sites for PP crystal-
lization. They also observed that both melting and crystallization peaks in the nanocomposite are
narrower than in pure PP. The authors proposed that higher thermal conductivity of the CNT as
compared to that of the polymer, at least in part may be responsible for the sharper but narrower
crystallization and melting peaks, as heat will be more evenly distributed in the samples containing
the nanotubes.

FIGURE 6.9 Optical micrographs using cross-polarizers of (a) pure PP and (b) a 0.8 wt% SWNT/PP
nanocomposite, showing that the nanocomposite has much smaller spherulite size compared to pure PP.
(Adapted from Bhattacharyya, A.R. et al., Polymer, 44, 2373-2377, 2003.)
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6.5 ELECTRICAL CONDUCTIVITY

A variety of applications are being pursued using electrically conductive nanotube/polymer
nanocomposites including electrostatic dissipation, electromagnetic interference shielding, print-
able circuit wiring, and transparent conductive coatings. For example, charge buildup can lead to
explosions in automotive gas lines and filters, and carbon black is typically added to plastics to dis-
sipate the charge. Nanotube/polymer composites also dissipate charge and have the added advan-
tage that the barrier properties against fuel diffusion are superior to composites made with carbon
black.*® Compared to carbon black’s globular shape and micron-scale size, nanotubes are cylindri-
cal in shape and with diameter in nanometer-scale. The larger aspect ratios and smaller diameters
of nanotubes led to improved electrical conductivity in polymers at lower filler concentrations as
compared to carbon black, so that a polymer’s other desired performance aspects, such as mechan-
ical and permeability properties, can be preserved.

Figure 6.10a shows the conductivity of SWNT/PS nanocomposites as a function of nanotube load-
ing measured by Ramasubramaniam et al.* The conductivity of the nanocomposite increases sharply
between 0.02 and 0.05 wt% SWNT loading, indicating the formation of a conductive nanotube net-
work; this behavior is typical of percolation. According to percolation theory, the conductance should
follow the following power law close to the threshold concentration: o ~ (v-v,)B, where v is the volume
fraction of the conductive component and f is the critical exponent for the conductivity. Most
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FIGURE 6.10 (a) Electrical conductivity of SWNT/PS nanocomposites as a function of nanotube loading,
showing a typical percolation behavior. Dashed lines represent the lower limits of electrical conductivity
required for the specified applications, (b) Electrical conductivity as a function of reduced mass fraction of
nanotubes, showing a threshold of 0.045 wt%. (Adapted from Ramasubramaniam, R. et al., Appl. Phys. Lett.,
83, 2928-2930, 2003.)
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researchers assume that the nanotube volume fraction is comparable to the nanotube mass fraction,
because the densities of nanotubes and polymers are similar. The power law expression for percolation
fits the conductivity data for SWNT/PS nanocomposites giving a low percolation threshold, 0.045 wt%.
Ounaies et al.’* also observed percolation behavior for electrical conductivity in SWNT/polyimide
nanocomposites with a percolation threshold of 0.1 vol%. Their current—voltage measurements exhibited
nonohmic behavior, which is most likely due to a tunneling conduction mechanism. Conduction proba-
bly occurs by electron hopping between adjacent nanotubes when their separation distance is small. At
concentrations greater than the percolation threshold, conductive paths are formed through the whole
nanocomposite, because the distance between the conductive filler (nanotubes or nanotube bundles) is
small enough to allow efficient electron hopping. Ounaies et al.** developed an analytical model and
numerical simulation using high aspect ratio and rigid spherocylinders in a unit cube to mimic
SWNT/polymer nanocomposites to aid in understanding these results. The predictions from both the
analytical model and the numerical simulation were in good agreement with the experimental results.

As presented earlier, a hydrodynamic nanotube network forms upon increasing nanotube load-
ing and leads to the nonterminal rheological behavior. Similarly, a conductive nanotube network
turns polymers from insulating to conducting. Du et al.'® have compared the hydrodynamic and the
conductive nanotube networks. In their SWNT/PMMA nanocomposites, the rheological percolation
threshold, 0.12 wt%, is significantly smaller than the percolation threshold for electrical conductiv-
ity, 0.39 wt%. They understand this difference in the percolation threshold in terms of the smaller
nanotube—nanotube distance required for electrical conductivity as compared to that required to
impede polymer mobility. Specifically, the proposed electron hopping mechanism requires tube—tube
distance of less than ~5 nm, while for rheological percolation the important length scale is compa-
rable to the size of the polymer chain, which is ~18 nm for PMMA (M = 100 kDa). Thus, they con-
clude that a less dense nanotube network can restrict polymer motion than can conduct electricity.

Three main factors that influence the percolation threshold for the electrical conductivity are
nanotube dispersion, aspect ratio, and alignment. Barrau et al.” used palmitic acid as a surfactant
to improve the nanotube dispersion in SWNT/epoxy nanocomposites and reduced the threshold
concentration for electrical conductivity from ~0.18 to ~0.08 wt%. Bai and Allaoui’! pretreated
MWNT to alter their aspect ratios before preparing MWNT/epoxy nanocomposites and found that
the threshold concentration for electrical conductivity varied from 0.5 to >4 wt% with decreasing
aspect ratio. This observation is consistent with the predictions from Balberg’s model.>? As the qual-
ity of nanotube dispersion improves and the aspect ratios of nanotubes increase, lower nanotube
loadings are required to increase the electrical conductivities and these loadings are smaller than the
loading required, obtaining comparable conductivities by adding other conductive fillers, like car-
bon black and graphite.>

Owing to their highly anisotropic shape the alignment of nanotubes must be considered when
studying the properties, including electrical conductivity of nanotube/polymer nanocomposites. Du
et al.® found that the electrical conductivity of a 2 wt% SWNT/PMMA nanocomposite decreased
significantly (from ~107* to ~107'°S/cm) when the SWNT were highly aligned (FWHM=20° as
measured by x-ray scattering as described above). This decrease in electrical conductivity is the
result of fewer contacts between nanotubes when they are highly aligned as compared to having an
isotropic orientation. In contrast, Choi et al.” observed that nanotube alignment increased the con-
ductivity of a 3 wt% SWNT/epoxy nanocomposite from ~10~7 to ~107¢ S/cm. Note that nanotubes
in the SWNT/PMMA systems® were aligned by melt spinning, while they were aligned in the
SWNT/epoxy® by magnetic force during fabrication. Although Choi et al. did not quantify the
degree of alignment, it is reasonable to assume that SWNT are better aligned by the extensional
flow of melt fiber spinning. More recently, we found an optimal degree of nanotube alignment that
yields a maximum electrical conductivity.> The degree of nanotube alignment was varied by con-
trolling the melt fiber spinning conditions and was characterized by x-ray scattering. In all cases,
the SWNT/PMMA nanocomposites with isotropic nanotube orientation have greater electrical con-
ductivity than the nanocomposites with highly aligned nanotubes. Furthermore, at low nanotube
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concentrations, there are intermediate levels of nanotube alignment with higher electrical conduc-
tivities than the isotropic condition. We attribute the maximum electrical conductivity at an inter-
mediate nanotube alignment observed in the competition between the number of tube—tube contacts
and the distance between these contacts.

The electrical properties of nanocomposites made from electrically conductive conjugated
polymers have also been studied.!*>* Tchmutin et al.>> compared the electrical conductivity behav-
ior of SWNT/polyanaline (PA) and SWNT/PP nanocomposites produced by the same method. The
nanocomposites prepared with PA have a lower threshold for electrical conductivity than SWNT/PP
nanocomposites, specifically ~2 vol% compared to ~ 4 vol%. They attribute this lower threshold to
a “double percolation,” involving both the nanotubes and the conjugated polymer matrix, where the
PA becomes conductive when injected with charge carriers from the nanotubes. In SWNT/PA com-
posites, the nanotubes are surrounded by PA domains of higher conductivity that increase the effec-
tive volume of conductive nanotubes and thereby reduce the concentrations required for percolation
in these nanocomposites.

6.6 THERMAL CONDUCTIVITY AND FLAMMABILITY

Nanotube/polymer nanocomposites are expected to have superior thermal conductivity due to the
exceptionally high thermal conductivities reported for nanotubes. Biercuk et al.*® first reported the
improvement in thermal conductivity for SWNT/polymer nanocomposites; their 1 wt% SWNT/epoxy
nanocomposite showed a 70% increase in thermal conductivity at 40 K, increasing to 125% at room
temperature. Choi et al.” reported a 300% increase in thermal conductivity at room temperature with
3 wt% SWNT in epoxy. The thermal conductivity of individual nanotube is approximately four
orders of magnitude higher than that of typical polymers (~0.2 W/m K), so these reported enhance-
ments are smaller than expected if one assumes perfect phonon transfer between nanotubes in the
composite. A more appropriate benchmark for thermal conductivities in nanotube/polymer composites
is the thermal conductivity of nanotube buckypaper (a low-density felt or mat of nanotubes typically
made via filtration of nanotube suspensions) so as to account for the thermal resistance between nan-
otubes. Hone et al.!” used a comparative method to measure the thermal conductivity of an unaligned
SWNT buckypaper at room temperature and found it to be ~30 W/m K. In the absence of thermal
resistance between nanotubes, this value would be expected to be less of the order of 10° W/m K.
Researchers are currently exploring the extent, to which substantial interfacial thermal resistance is
intrinsic to nanotubes.

A comparison of the electrical and thermal conductivity behaviors in nanotube-based
nanocomposites provides some insight to heat transport. A 2 wt% SWNT/PMMA nanocomposite
is well above the threshold concentration for electrical conductivity (~0.4 wt%),'® but has the ther-
mal conductivity of pure PMMA.% In other words, the electrically conductive nanotube network
in the 2 wt% SWNT/PMMA is not thermally conductive. This can be explained by the different
transport mechanisms for electrons and phonons. As we discussed above, an electron hopping
mechanism has been applied to nanotube-based nanocomposites, which requires close proximity
(but not direct contact) of the nanotubes or nanotube bundles in the composites. However, heat
transport inside nanotube-based nanocomposites proceeds by phonon transfer. The nanotubes and
polymer matrix are coupled only by a small number of low-frequency vibrational modes in the
absence of covalent bonds at the interface. Thus, thermal energy contained in high-frequency
phonon modes within the CNT must first be transferred to low frequencies through
phonon—phonon couplings before being exchanged with the surrounding medium.>” This is the ori-
gin of the high interfacial thermal resistance in nanotube/polymer composites. Huxable et al.>’
used picosecond transient absorption to measure the interface thermal conductance of CNT sus-
pended in surfactant micelles in water, a system comparable to polymer-based composites. They
estimated that the thermal resistance posed by the nanotube—polymer interface was equivalent to
the resistance of a 20-nm-thick layer of polymer. This finding indicates that heat transport in a
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nanotube-based nanocomposite material will be limited by the exceptionally small interface ther-
mal conductance and is in marked contrast to the findings regarding electrical conduction in these
composites. Thus, the thermal conductivity of nanotube/polymer nanocomposite will be much
lower than the value estimated from the intrinsic thermal conductivity of nanotubes. Improvements
in thermal conductivity will require strategies for overcoming the interfacial thermal resistance,
perhaps by interfacial covalent bonding.

In addition to interfacial bonding, nanotube dispersion, alignment, and aspect ratio are expected
to influence the thermal conductivity of the nanocomposites. There are a limited number of reports on
thermal conductivity of nanotube-based nanocomposites, due at least in part to the difficulty of the
experiments. Thus, only an incomplete view of how these parameters influence thermal conductivity
is available. Choi et al.” showed that the thermal conductivity of the magnetically aligned 3 wt%
SWNT/epoxy was 10% higher than that of the unaligned nanocomposite with the same loading.

Like silica® and clay,’>%° nanotubes also improve the thermal stability of polymer matrices in
nanocomposites. In these nanocomposites, the filler particles absorb a disproportionate amount of
thermal energy, thereby retarding the thermal degradation of the polymer. Du et al.® showed that the
temperature of the maximum weight loss peak shifts from 300°C for pure PMMA to 370°C for the
0.5 wt% SWNT/PMMA nanocomposite, as determined by thermal gravimetric analysis. Similar
results were also found using MWNT in various polymer matrices. 2!

Nanotubes have also proven to be effective flame-retardant additives. Kashiwagi et a
reported that small amount of MWNT greatly improve flammability of PP, as measured both by
cone calorimetery and radiant gasification in nitrogen. Mass loss rates decrease with increasing
MWNT concentration (Figure 6.11a) indicating that the addition of MWNT effectively prolongs the
burning of PP. The sample residue collected after nitrogen gasification (Figure 6.11b) is nearly the
same shape as the original sample and is a low-density, self-supporting structure of nanotubes, a
nanotube network. Kashiwagi et al.®? attribute the improvement in flammability to nanotube net-
works spanning the nanocomposite that dissipate heat and thereby reduce the external radiant heat
transmitted to the PP in the sample. A recent study®? of SWNT/PMMA nanocomposites also shows
similar flame retardancy effectiveness with lower concentrations of SWNT.

Kashiwagi et al.>! compared MWNT/PP and carbon black/PP nanocomposites. With the same car-
bon loading, 1 wt%, carbon black is much less flame retardant than MWNT. The residue of the 1 wt%
carbon black/PP nanocomposite after nitrogen gasification contains discrete aggregates and granular
particles in contrast to the residue from the MWNT/PP composites having a MWNT network. The
presence of the nanotube network is critical to improving the flame retardancy, because this morphol-
ogy provides efficient heat dissipation. A similar network was observed in clay/PP nanocomposites
with 5 wt% filler, but the residue was brittle. At only 0.5 wt% loading, intact nanotube networks
form in both SWNT and MWNT nanocomposites, indicating that nanotubes are more potent flame-
retardant additives than nanosilicates. As with other properties of nanotube/polymer composites, the
flame-retardant performance will depend on nanotube dispersion,®? aspect ratio, and alignment.

11231

6.7 CONCLUSIONS

Polymers are frequently modified to improve their physical properties for specific applications.
Among the additives now available are CNT that provide unique opportunities to improve mechani-
cal, electrical, and thermal properties of a variety of polymer matrices. We have summarized the cur-
rent state of this field, though each month brings new publications that expand the understanding of
nanotube/polymer nanocomposites. The published literature, as presented above, is only a fraction of
the current activity as companies pursue research and development on nanotube/polymer materials.
Upon review of the available literature the following generalizations are evident:

1. In addition to nanotube concentration, the properties of nanotube/polymer composites
strongly depend on the nanotube dispersion within the matrix, the aspect ratio of the
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FIGURE 6.11 (a) Mass loss rate for PP and MWNT/PP nanocomposites in nitrogen gasification, showing
that the addition of MWNT slows the thermal degradation of the polymer matrix; (b) highly porous residue of
the 1 wt% MWNT/PP nanocomposite after nitrogen gasification suggesting the presence of a nanotube network
in the nanocomposite. (Adapted from Kashiwagi et al.?")
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nanotubes and the alignment of the nanotubes within the polymer matrix. These traits, dis-
persion, aspect ratio, and alignment, are difficult and tedious to determine, and many pub-
lications fail even to attempt a qualitative description of these characteristics of their
composites. As these traits are not independent (e.g., shorter nanotubes are easier to dis-
perse) control experiments are challenging. Nanotube dispersion in a nanocomposite must
be explored over a range of length scales from nm to mm. The aspect ratios of nanotubes
depend on the synthetic route of the nanotubes with batch-to-batch variations that are con-
siderable. In addition, postsynthesis processing to increase purity and improve dispersion
can alter the distribution of aspect ratios. The high aspect ratios of nanotubes make them
prone to alignment by even modest applied forces (e.g., during solvent casting gravity is
sufficient to bias the spatial distribution of nanotubes to be preferentially horizontal). These
nuances are important to nanotube/polymer composites and their properties and serve to
caution researchers in the field.

2. The concept of networks of nanotubes provides strong correlations between nanocomposite
morphology and properties. Nanotube networks are structures in which interconnected nan-
otubes form an open and irregular framework of nanotubes that span across the nanocom-
posites. Such nanotube networks are readily detected by dynamic mechanical (rheological)
or electrical conductivity measurements. In fact, the detection of a nanotube network pro-
vides a reliable, though indirect and qualitative, measure of the relative nanotube dispersion
and aspect ratio. For example, the presence of solid-like behavior indicates better dispersion
than a comparable nanocomposite with the same nanotube loading and aspect ratio having
liquid-like behavior. The presence of nanotube networks in nanocomposites provides a
framework for discussing rheological, electrical, and flame-retardant properties. This frame-
work is inappropriate for properties such as mechanical and thermal properties in which the
interfacial properties of the nanotube/polymer nanocomposite are dominant.

3. Nanotubes are certainly capable of improving the physical properties of polymers. As
with any filler, there will be a balance of advantages and disadvantages. The higher elec-
trical conductivity available at low nanotube loadings will be balanced with the onset of
solid-like behavior that will make the nanocomposite more difficult to process. The cur-
rent cost of nanotubes is such that loadings as small as 1 wt% could be prohibitive over
the next few years, except in highly selective markets. Because the cost of nanotubes will
continue to drop, research with available nanotube materials should continue in earnest.
At the moment, improvements in the electrical and thermal properties are perhaps the
most promising, although mechanical properties of nanotube/polymer composites will
benefit substantially from the emerging availability of all nanotube fibers.

In conclusion, nanotube/polymer nanocomposites have demonstrated their promise as multi-
functional materials. Attention to the challenges detailed above will maximize their potential as a
new class of nanocomposites for a variety of applications in the coming decades.
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ABSTRACT

Within the last 10 years, inorganic single-crystalline semiconducting nanowires (NWs), functional-
oxide NWs have emerged as one of the most important nanostructured-material platforms. These
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nanomaterials have enabled fundamental investigations of the size and shape dependence on phys-
ical, optical, electronic, magnetic, mechanical, and functional properties. Moreover, these hierar-
chal nanostructures are the building blocks for the development of a range of new devices and
materials applications in several fields including electronics, photonics, sensing, photovoltaics, and
thermoelectric power. In this chapter, we review methods of producing these inorganic nanostruc-
tures, and highlight some of the widening array of nanowire (NW) and other one-dimensional
(1-D) materials. We also discuss some of the recent progress in the chara-cterization of some of the
more unique structural, mechanical, thermal, electronic, optical, and other functional properties of
semiconducting and oxide NWs and related nanostructures. Finally, we highlight important appli-
cation areas, and we discuss current levels of understanding with respect to modeling of the size-
and shape-dependent properties of these single-component and hierarchal 1-D nanostructures.

7.1 INTRODUCTION

Fundamental understanding, control, and application of the rich variation in the properties
of nanoscaled crystalline solids with size and shape remain central themes at the frontier of
nanomaterials research. For example, insights into the size-induced depression of melting temper-
ature [1], and on solid—solid phase transitions, temperatures, and pressures [2,3] gained from stud-
ies of low-dimensional materials have important implications for the development of new process
routes for material synthesis and of new nanostructural topologies. The altered and often unusual
behavior of electronic carriers confined to within one dimension in materials with altered or unique
electronic-band structures [4] has enabled new classes of electronic logic, memory, and sensing
devices. Twelve years following their introduction, the technological and commercial impact
of chemically synthesized semiconducting quantum dots (QDs) [5] as “artificial atoms” continues
to grow.

The technology sectors in which advances in nanomaterials research are expected to contribute
significantly are diverse: drug delivery, medical therapies, medical testing and diagnostics, imaging
and sensing, electronics, computing logic and architecture, telecommunications, transportation,
information storage, thermal management, energy conversion and storage, and manufacturing. The
transfer of nanoscience from the research laboratory to practical applications will be aided in part
by (1) progress in bridging length scales between micro- or mesoscopic materials and molecular
systems, and an improved understanding of the origin of size evolution of properties, (2) engineer-
ing functional and adaptable surfaces for the interfacing of inorganic-functional materials and bio-
logical systems at the nanoscale, (3) providing a high level of connectivity within nanostructured
systems, and (4) providing addressability of nanoscaled components — whether by mechanical,
electrical, optical, or other means. Inorganic nanowires and related nanostructures produced by so-
called “bottom-up” synthesis methods have emerged as important building blocks within nan-
otechnology for addressing these challenges. With nanowires (NWs) and segmented NWs,
finite-size effects can be realized in the radial and axial dimensions without the loss of connectiv-
ity. Considerable progress has been achieved in the development of (1) a large and growing library
of nanowire (NW) materials systems, (2) methods that yield structures with control of diameter,
length, shape, composition, and hierarchal complexity, (3) improved techniques for probing their
properties, (4) effective methods of controlling their assembly, and (5) application of computational
methods for predicting properties in nanostructures.

This chapter is organized into five sections. In Section 7.2, we review the methods and likely mech-
anisms for growth of 1-D single-crystalline inorganic nanostructures, and highlight some members of
the array of 1-D nanomaterials that have been produced. In Section 7.3, we discuss recent progress in
realizing more advanced nanostructures, including ongoing efforts in controlling the diameter, shape,
topology, and spatial modulation of composition in axial and radial directions. We also briefly discuss
branched and hierarchal nanostructures, nanobelts, nanosprings, and other nanostructures. In Section
7.4, we survey experimental work to date in characterizing selected properties that are unique to these
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FIGURE 7.1 Annual growth in numbers of 1-D nanostructure-related publications.

1-D nanomaterials. We also identify selected applications. Finally, in Section 7.5, we conclude with a
brief outlook for 1-D semiconductor and oxide-nanostructure material technology.

An important clarification is warranted: the phrase “one-dimensional” nanostructure is ambigu-
ous; structures may be regarded as 1-D with respect to the behavior of one or more elementary exci-
tations — e.g., electronic carriers, phonons, or photons — as distinguished from two- or
zero-dimensional (0-D) structures. Specifically, this would involve the comparison of a relevant
length scale, e.g., the Fermi wavelength, excitonic radius, coherence length, or scattering length,
with the NW diameter. Alternatively, an even more stringent use of 1-D is reserved for cases in
which fluctuations in an order parameter prevent the long-range order necessary to support the exis-
tence of a phase transition. In this chapter, the term 1-D is used to indicate that the diameters of the
structures are all <100 nm, and that the length-to-diameter aspect ratio is significantly greater than
unity. Given the importance of crystalline quality, for example, on electronic carrier mobility, and
its effect on overall electronic device characteristics and performance, and that grain boundaries
typically have a deleterious effect on many electronic, photonic, and other functional properties, we
focus our discussion here primarily on single-crystalline NWs.

The NW research and development landscape is vast: a search of the keywords “nanowires” and
“semiconductor” and “nanowires” and “oxide” produced well over 2400 publications over the last
12 years. (Included were synonyms for nanowire, e.g., nanowhiskers, nanofibers, and nanorods.)
Figure 7.1 shows the rapid growth in annual number of publications for each. In early 2004, one
estimate [6] placed the number of groups actively engaged in research and development of NW
materials and devices at ~100. Recently, comprehensive reviews of inorganic NWs have been pre-
sented [7,8].

7.2 STRATEGIES FOR THE SYNTHESIS OF 1-D NANOSTRUCTURES

Common to the synthesis or deposition of bulk and nanocrystalline solids — whether from the lig-
uid or vapor phase — are the concepts of nucleation and growth. Nucleation of the solid phase on
a surface or in solution, by definition involves the initial formation of clusters of atoms due to super-
saturation and subsequent precipitation of a selected elemental species or compound. Viewing
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synthesis of nanostructures as the early stage of bulk crystal growth, it should be emphasized that
in contrast to 0-D (sphere-like) and 2-D growth, the formation of 1-D structures is far less likely to
occur in the absence of a symmetry-breaking event, of interfacial strain between the substrate and
the nuclei, or of differences among crystallographic surfaces that can lead to strongly anisotropic
growth rates.

Some 1-D nanostructured materials may be grown using methods in which there is inherent
growth rate anisotropy to the crystalline structure. However, for other technologically important
materials (e.g., Si, GaAs) crystalline structure alone often does not typically provide the necessary
driving force to overcome more energetically favorable growth modes. Thus, a central challenge in
the rational synthesis of 1-D nanostructured materials is to employ growth conditions, which
employ a symmetry-breaking feature. Additionally, for some applications and fundamental studies,
methods that permit dislocation and twin-free structures or precise control of diameter and length,
and size dispersion may be important. In some situations, methods that produce periodic or nonpe-
riodic arrays of aligned nanostructures may be desired. Finally, the need to adapt a process for other
material systems or compositions to carry out growths at lower temperatures, to have compatibility
with existing processes, and adaptability for multi-component architectures, may also be important
considerations.

The methods of synthesizing single-crystalline 1-D nanostructured materials from the bottom-
up may be classified into those that employ inherent crystalline anisotropy, those that exploit a
metal nanocluster catalyst to facilitate 1-D growth, those that rely on templates, and those that rely
on kinetic control and capping agents. Specifically, kinetic control is gained by monomer concen-
tration or by multiple surfactants, bringing about conditions that strongly favor anisotropic growth.
Though not discussed here, self- or directed-assembly of 0-D nanostructures into 1-D nanostruc-
tures, and size reduction of 1-D structures are additional process routes. Alternatively, one can clas-
sify the strategies into chemical solution-based syntheses, and those via vapor condensation routes
(e.g., by solid source evaporation), by metallorganic-vapor phase, by thermal means (e.g., sublima-
tion), or by laser ablation.

7.2.1 MEeTAL NANOCLUSTERS: FACILITATING 1-D GROWTH

Vapor-liquid—solid (VLS) growth refers to a deposition route involving the condensation of species
from the vapor phase onto a miscible liquid, followed by supersaturation of a species and its sub-
sequent precipitation, forming the solid phase. Though VLS growth is commonly used for the syn-
thesis of NWs, an understanding of the conditions for whisker growth via VLS methods was
developed several decades ago by Wagner [9]. For more than two decades, 1-D semiconductor
nanostructures were realized by subtractive or top-down methods: narrow mesas were etched from
thin films, or structures produced by vicinal growth on selected steps were used in device configu-
rations in which electrostatic potential applied to electrodes was used to provide adjustable degrees
of confinement of electronic carriers to narrow channels within a planar 2-D electron or hole gas.
Though the top-down approaches are technologically significant and robust, the lower limits of
diameter or width are often restricted by the limits imposed by lithographic patterning techniques
(e.g., electron-beam lithography, typically ~20 nm), by film removal, or by direct writing tech-
niques (e.g., focused-ion beam). Following the early work of Wagner and Ellis [9], Hiruma et al.
[10] produced free-standing, single-crystalline GaAs NWs with diameters as small as 10 nm via
metallorganic vapor-phase epitaxy (MOVPE) on SiO,-patterned substrates. In 1992, the same group
showed that metal nanocluster droplets selectively catalyze NW growth, demonstrating the synthe-
sis of InAs NWs [11]. A brief review of early GaAs and InAs nanowhisker growth was also pre-
sented by these authors [12]. We note that the first synthesis of silicon nanowires (Si NWs) was
reported by Yu et al. [13]; the authors used thermal evaporation, specifically the sublimation of hot-
pressed targets containing Si and Fe in flowing Ar at 1200°C at ~100 torr. This relatively simple
method produced NWs with diameters of ~15 nm, with lengths reaching tens of microns. However,
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it was the 1998 publication by Morales and Lieber [14], of a generalizable strategy for synthesiz-
ing high-quality single-crystalline NWs via laser ablation-produced nanocluster catalyst and reac-
tant that stimulated enormous interest in the synthesis, characterization and application of
semiconductor and oxide NW and other 1-D nanostructures.

Today, two of the most common methods of producing high-quality elemental and binary semi-
conductor NWs are condensation of laser-ablation-produced reactant and flowing of gaseous precur-
sors (or a combination thereof), with a carrier gas in vacuum and at elevated temperature, such that
selective adsorption onto substrate-bound metal nanocluster catalyst particles is promoted. In practice,
metal nanoclusters can be in the form of colloidal nanocrystals (NCs) dispersed on the substrate or by
deposition of an ultrathin film followed by an elevated thermal treatment in an inert atmosphere, to
promote the formation of nanoscale islands. In the case of growth via laser ablation [14], nanocluster
catalysts can also be formed by ablating target material that includes the catalyst metal. The require-
ment for the needed symmetry-breaking at the nanoscale for a given gas-phase species may be satis-
fied by a combination of appropriately chosen metal nanocluster species, temperature, and partial
pressures. Following condensation and supersaturation of the adsorbate in the metal droplets, a nucle-
ation event occurs, producing an interface between the precursor component and the catalyst alloy, and
excess atoms from the precursor precipitate from the melt and crystallize as NW material. Under con-
ditions that suppress the thermal decomposition of the precursor and the resulting uncatalyzed depo-
sition, subsequent growth is strongly favored at the interface of the nanodroplet and crystal, forming
the basis for the desired shape-anisotropic growth mode. In practice, the NW synthesis via metal-
nanocluster catalyst routes can be achieved using some of the same methods that are used to deposit
thin films: i.e., via laser ablation of a source target, via decomposition of flowing gaseous precursors
(or both), by metallorganic chemical vapor deposition (MOCVD), or thermal decomposition and evapo-
ration of a source material. In general, the selection of metal catalyst is guided by the requirement that
it forms a miscible liquid phase with the NW components, and that the metal in the solid phase can-
not be more thermodynamically stable than the NW material.

Specifically, the conditions that permit growth of NWs can be understood in terms of the
Gibbs—Thomson effect. If the chemical potentials of the relevant bulk-solid phase, NW-solid phase,
and vapor-phase precursor component are denoted by Ly, My a0d U, the differences in chem-
ical potential Al ;. = Uyire = Hyapor A0 Al = Uy = Hygpor Will determine whether NW growth
can (AU < 0) or cannot (Al ;. > 0) occur. In addition, A, = Al T 4Q0dd, where Q, ¢,
and d denote the atomic volume, specific surface energy, and the nanocluster diameter, respectively.
Two effects should be noted: (1) for a fixed negative value of Au, ., there exists a minimum for d in
order to satisfy the condition for growth (A, < 0), and (2) this minimum for d can be altered by
increasing the partial pressure of the vapor phase during growth, resulting in a larger negative value
for Au,,,- However, an increase in the partial pressure of the precursor gas can lead to defects in the
NW product. In addition, heating of nanocluster-catalyst particles can lead to agglomeration, effec-
tively increasing d and lowering the required minimum vapor pressure at which growth can occur.

7.2.2 LASER-ASSISTED METAL-CATALYZED NANOWIRE GROWTH

In laser-assisted metal-catalyzed nanowire growth (LCG) [14], laser ablation of a target containing
the desired NW material(s) provides the source; the process is based, in part, on pulsed laser depo-
sition (PLD), a common route for producing a wide variety of different classes of inorganic thin-film
materials. The LCG method involves the flowing of an inert or carrier gas through a furnace, and the
use of a laser-ablation target and of a growth substrate with metal nanocluster-catalyst particles.
Alternatively, the catalyst material may be contained within the target, and may be prepared by sin-
tering appropriate components. In general, laser wavelengths A, for LCG are chosen so that the opti-
cal absorption depth is shallow in order to maximize the effect of heating over a relatively small
volume. Often, for growth of semiconductor NWs, an Nd:YAG (4, = 1064 nm, or frequency dou-
bled or tripled) or an excimer laser (e.g., ArF, KrF, or XeF) is used. Ablation targets are typically
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placed at the upstream end, and in cases where heating of the target is needed, within the hot zone.
Alternatively, if the required selected NW growth and furnace temperature is higher than the melt-
ing point of the target, targets are placed just outside the furnace.

The LCG method is a highly versatile route for obtaining a wide range of NW materials —
many materials can be prepared via laser ablation. It is also attractive in that the laser ablation route
eliminates the need for gaseous precursors, many of which are toxic and, in some cases, also
pyrophoric. Many of the target materials are widely available or can be prepared, for example, by
sintering of particle components. Moreover, the method can be used in conjunction with a vapor
deposition process to yield NWs having solid solutions and periodic segments of different compo-
sition [15,16]. Finally, as suggested by Duan and Lieber [17], LCG methods can be pursued as a
synthesis route even in the absence of detailed phase diagrams. Despite its versatility, a shortcom-
ing of the LCG method for the growth of semiconducting NWs (when used alone) is that the tar-
gets themselves typically must contain all of the components required for the NW. This limits the
ability to control the introduction of dopants or other dilute impurities during growth, or the ability
to adjust the composition. Moreover, to date, precise control of diameter, diameter dispersion, and
synthesis of ultranarrow (below ~10 nm) NWs has not been demonstrated with LCG.

7.2.3 METAL-CATALYZED VAPOR-LIQUID-SOLID GROWTH

Chemical precursors may also be supplied in the gaseous phase for the growth of NWs via chemi-
cal vapor deposition (CVD), or VLS growth with metal nanocluster catalyst particles. Growth
systems vary in their degree of complexity, but in their simplest forms consist a vacuum furnace or
growth chamber at controlled and elevated temperature, into which gaseous precursors or bubbled-
liquid-phase precursors and carrier gases are flowed at controlled mass flow rates.

Access to temperature—composition and temperature—pseudobinary phase diagrams can be
extremely helpful (if not indispensable) in the design of a metal-catalyzed NW growth process. The
conditions which favor NW growth over noncatalyzed deposition are determined from tempera-
ture—composition phase diagrams, and judicious tuning of the temperature and partial pressures
through mass-flow rate(s), and background pressure is essential in achieving diameter selectivity
and narrow diameter dispersion. In Figure 7.2, a representative schematic phase diagram for Ge-Au
is shown; at the eutectoid temperature, the metal NC forms a miscible liquid alloy with the precur-
sor. A basic schematic of the stages of the VLS mechanism is also shown in Figure 7.2. With suffi-
cient partial pressure of the precursor, selection of temperatures just above the eutectoid enables
precipitation from the alloy melt and thus nucleation of the NW. Wu and Yang [18] reported on
in situ TEM studies of Ge and Si NW syntheses. The authors observed distinct nucleation and
growth phases, and provided the direct evidence that for elemental NWs, the synthesis proceeds by
the VLS mechanism. Though Wu and Yang observed secondary nucleation events during the earli-
est stages of NW growth for some of the alloy droplets, they report that sustained NW growth from
a droplet generally proceeds along one direction.

The state of the art in small NW-diameter metal-catalyzed vapor-liquid-solid growth
(MCG) growth is perhaps best represented in Si NWs approaching molecular scale as reported by
Wu and coworkers [19] (Figure 7.3). The authors also report that large-diameter (20 to 30 nm)
NWs grow principally along (111), whereas smallest diameter NWs (<10 nm) grow along (110),
with an intermediate range of diameters (10 to 20 nm) exhibiting (112), reflecting important size-
dependent differences in the surface energetics. The presence of these planes is explained by the
following: during nucleation of NWs from eutectic droplets, the lowest energy growth plane is
expected to be the (111) solid-liquid interface, leading to the initial formation of crystal planes.
While (111) planes form initially, a (110) NW forms during axial elongation during unidirectional
growth. When additional (111) nucleation sites form on the droplet, they drive growth towards a
new plane with lower energy, the (110). The final direction (112) occurs as a so-called “transi-
tional” plane between the (111) and (110) NWs, because the (112) plane is a step plane between
(111) and (110).
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FIGURE 7.2 Upper panel: schematic of VLS growth; lower panel: binary Ge—Au composition phase dia-
gram illustrating that control of temperature and partial pressure of Ge gaseous precursor can control different
phases of NW growth. (Reproduced from Xia, Y. et al., Adv. Mater., 15, 353-389, 2003. With permission.)
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FIGURE 7.3 High-resolution transmission electron microscopy images of SINWs with diameters of (a) 13.2,
(b) 5.7, and (c) 3.5 nm. SiNWs were grown from 10-, 5-, and 2-nm gold nanoclusters catalysts, respectively.
The scale bar is 5 nm in each panel. The NW growth axes are indicated by white arrows. (From Wu, Y. et al.,
Nano Lett., 4, 433-436, 2004. With permission.)

Some NW materials, such as those of Group III-V materials, can be prepared via MOVPE
[12,20,21], in which deposition is carried out via the vapor phase, produced from bubbling of lig-
uid-phase precursors. Like LCG, MOVPE enables access to a broader range of inorganic binary and
ternary semiconductor materials and oxides than would be possible with gaseous sources alone.
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Using MOVPE and chemical beam epitaxy (CBE), researchers from Lund University have demon-
strated precise control of composition in the growth of III-V NWs, approaching monolayer sharp-
ness in axial modulation [21-24]. A representative TEM image of an axially modulated InP-InA
interface is shown in Figure 7.4. We also note that molecular beam epitaxy (MBE) has been used
to synthesize high-quality semiconducting NWs [25]. Finally, NW synthesis by sublimation of solid
sources has been used to produce Si NWs having diameters of ~15 nm [13], and, for example,
nitrogen-doped GaN [26], AIN [27], and GaP [28] NWs. In what follows, we briefly review recent
evidence for a different growth mechanism for the synthesis of metal nanocluster-catalyzed binary
and other compound semiconductor NWs.

7.2.4 VAPOR-SOLID-SOLID GROWTH

As discussed above, the prevailing view of the mechanism of metal nanocluster-catalyzed NW growth
for both elemental and binary semiconductor NWs has been the VLS route. Though this mechanism
has been shown to be operative for metal-catalyzed elemental NW synthesis, such as Si and Ge, there
have been a number of reports for the formation of NWs on metal nanocluster-catalyst particles at tem-
peratures well below the eutectoid, and on nanoparticles having diameters much larger than those for
which the melting temperature is expected to be significantly depressed [12,29,30]. Persson et al. [23]
examined recently the question of the validity of the application of the VLS mechanism to describing
binary compound NW synthesis. Using in situ TEM of GaAs NWs as a representative system Persson
et al. demonstrated that a different mechanism is likely to be operative. The authors showed that NW
nucleation and growth may proceed by a VSS route in which the NW elemental species are trans-
ported by solid-state diffusion. This work is particularly significant because an improved understand-
ing of the growth mechanism should enable the synthesis of a broader range of combinations of NW
material components. The Lund group has confirmed that this mechanism may also be operative in
the InAs NW vapor-phase-assisted synthesis [31]. This mechanism may help explain the reported

FIGURE 7.4 Scanning transmission electron microscopy (STEM) image of interface within atomically sharp
axially modulated InAs-InP NW grown by CBE. The slow growth rate (~1 monolayer/sec) enables the forma-
tion of sharp interfaces. (From Samuelson, L. et al., Physica E, 25, 313-318, 2004. With permission.)
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growth of Si—Ge alloy NWs at moderate temperatures via MCG from the vapor phase, without laser
ablation as reported by Lew et al. [32] and Redwing et al. [33].

7.2.5  CATALYST-FREE VAPOR-PHASE GROWTH

Metal-catalyzed NW growth process offers a significant degree of control in terms of diameter
selectivity and diameter dispersion. However, many semiconductor and oxide NWs can also be
grown from the vapor or solid phase in the absence of metal-nanocluster catalysts via a vapor—solid
(VS) route. These methods include oxide-assisted (OA) growth, carbothermal growth, sublimation,
PLD, and MOCVD. As the name implies, VS growth [9] involves a flowing vapor-phase precursor
produced by thermal evaporation, laser ablation, MOCVD, sublimation, or other means. Nanowires
of a number of binary-metal oxides have been grown epitaxially without metal nanocluster catalyst,
based on the VS growth mechanism.

With respect to binary-semiconductor NWs, Stach and coworkers [34] observed directly that
self-catalyzed NW growth can occur. The authors showed that by sublimation of a GaN film, lig-
uid droplets of Ga form, providing nucleation sites for the condensation of the concurrently pro-
duced GaN vapor phase. Johnson et al. [35] have reported the synthesis of pure hexagonal wurtzite
InN using indium and ammonia. In addition to syntheses of GaN [36,37] and CdS [38], Yang et al.
[39] employed vapor—solid growth to produce 20 to 100-nm-diameter single-crystalline NWs of
B-SiC on SiC substrates. Yang and Zhang [40] reported the synthesis of 20 to 100-nm-diameter ZnS
NWs. Catalyst-free MOCVD has also been employed to produce aligned GaAs and InGaAs NWs
on partially masked GaAs and InAs substrates [41]. Pan et al. [42] reported a generalizable synthe-
sis for binary oxides, including ZnO, SnO,, In,0;, and CdO. Among the other binary oxides pro-
duced by VS methods are CuO [43], WO, [44], Ga,0, [45], Al,O, [46], and SiO, [47]. In addition,
Lee et al. [48] demonstrated growth of ZnO NWs on Si(100). Zhao et al. [49] reported VS synthe-
sis of SeO, NWs with diameters of 20 to 70 nm.

Using OA growth, Lee et al. [50] have shown that decomposition of an Si O (x >1) vapor pro-
duced by either thermal evaporation or laser ablation of SiO, targets results in a high yield of Si
NWs. The authors reported that the Si nanoparticles, which precipitate as a result of this process,
serve as nucleation sites for subsequent growth. A combination of the catalytic effect of the Si,0
(x >1) on the NW tips, with the reduction of lateral growth by SiO, (formed by decomposition of
SiO) on the sides of the Si NWs, produces sustained NW growth. Stacking faults along the growth
direction of (112) and the availability of low-energy [51] surfaces promote the fast growth of NWs
along (112), and chains of nanoparticles in the case of nuclei having nonpreferred orientations.
Zhang et al. [52] have reported on a similar process developed for the synthesis of Ge NWs, pro-
ducing Ge NWs sheathed by a germanium-oxide layer. The growth of GaAs [53] and the high-tem-
perature superconductor yttrium—barium—copper oxide (YBCO) in nanorod form via laser ablation
of a YBCO target [54] are also attributed to OA growth.

Carbothermal processes represent a method for producing a large variety of metal oxide, semi-
conducting metal nitride as well as metal carbide NWs. Carbothermal methods involve the heating
of a metal oxide in the presence of activated or nanostructured carbon (e.g., carbon nanotubes
[CNTs]), producing a metal suboxide and CO. The suboxide is subsequently reacted, for example,
in O,, N,, or NH; to produce metal oxide or semiconducting-metal nitride NWs. This method has
been utilized to produce a wide range of NW materials, including materials such as In,O; [55],
GeO, [56], and GaN [57] NWs.

7.2.6 CHEMICAL SOLUTION-BASED GROWTH

Chemical solution-based methods are attractive alternatives to vapor-phase methods: the prepara-
tions are often carried out at lower temperatures. Chemical-solution methods of promoting
anisotropic crystal growth leading to 1-D nanostructures are distinguished by either kinetic control
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via supersaturation or by the use of coordinating ligands as capping agents. Precise control of size
and shape can often be obtained. These strategies include solution-liquid—solid (SLS), solvother-
mal, and hydrothermal methods.

The SLS method of NW growth is similar to VLS growth. Here, low melting-point metal nan-
oclusters (e.g., Sn, In, Bi) are used, and metallorganic liquid-phase precursors are decomposed
instead of vapor-phase precursors. Nanocluster-catalyst particles composed of metals with low
melting temperatures are used, and the decomposition products form an alloy with the miscible
NC-liquid droplet. Using this strategy, Buhro et al. [58—60] have synthesized single-crystalline
III-V NWs (GaAs, InAs, and GaP) at low (~200°C) temperatures. A variation of this method using
the so-called supercritical fluid-liquid solid (SFLS) method was employed by Holmes et al. [61] to
produce high-quality, defect-free, single-crystalline Si NWs. The SFLS-produced Si NWs were
seeded with 2.5-nm-diameter Au NCs and are nearly monodisperse (~4 to 5 nm in diameter).

Since the seminal work of Murray et al. [S] in synthesizing monodisperse, single-crystalline
semiconducting II-VI NCs, significant progress has been made in extending chemical solution-
based synthesis methods to produce other binary and ternary semiconducting and oxide-NC mate-
rials, and to develop rational methods for producing these NCs as shape-anisotropic 1-D
nanostructures in a wide range of material systems. Here we briefly outline the general progress in
the area of chemical synthesis of NWs and nanorods. Briefly, NC synthesis from solution involves
injection of organic precursors at elevated temperatures into a coordinating solvent. Nucleation
occurs from precipitation of the desired stable compound, and adsorption and desorption of the sur-
factant — typically one monolayer — enables deposition (and removal) of atoms on the nuclei.
Kinetic control and focusing of size is regulated by monomer concentration: for monomer concen-
tration above a solubility limit threshold, rapid growth of smaller NCs take place, and less rapid
growth of larger NCs occurs. Once the monomer concentration falls below this threshold, Ostwald
ripening takes place: NCs below a critical diameter become smaller and larger NCs grow. Capping
by the coordinating ligands also prevents agglomeration. The capping also passivates the surface of
NCs against oxidation, and improves the photoluminescence characteristics (intensity and mono-
chromic emission) by reducing or eliminating unterminated-surface bonds which lead to nonradia-
tive recombination of electron—hole pairs. Another key feature in attaining high-quality NCs — and
highly relevant for nanorod and NW synthesis using this method — is homogeneous nucleation and
its separation from the growth phase. In addition, maintaining a concentration of monomer above a
given threshold ensures rapid growth of smaller NCs and less rapid growth of larger NCs, i.e., size
focusing occurs.

Peng et al. [62] synthesized anisotropic NCs — quantum rods of CdSe — by taking advantage
of the anisotropic growth of this wurtzite-structured material when driven by an extremely high
monomer concentration. This anisotropy in growth is enhanced by the inherently
anisotropic—wurtzite structure, with preferred growth along the c-axis. The authors reported the pur-
poseful introduction of impurities to the coordinating ligand, trioctylphosphene oxide (TOPO).
Numerous other syntheses of binary semiconductors and oxide materials have been reported,
including ZnSe, B1,S;, yFe,0,, PZT, PbSe, PbS, ZnO, BaCrO,, Fe;O,, BiS, Bi,0;, Bi,Se;,
MnFe,0,, SnO,, cerium phosphate (CePO,), InAs, TiO,, CdTe, CoTe, NiTe, BaWO,, GaP, and
europium oxide [7]. A comprehensive review of oxide NW and nanorod materials and their process
routes is presented by Patzke et al. [63].

The synthesis of ternary oxide NWs, e.g., perovskite oxide NWs, has been particularly challeng-
ing. Urban et al. [64-66] demonstrated the synthesis of single-crystalline perovskite ternary oxide
(BaTiO, and SrTiO,) NWs by decomposition of metal-alkoxide precursors in oleic acid, based on a
synthetic strategy for producing monodisperse perovskite NCs developed by O’Brien et al. [67]. The
BaTiO; NWs possess diameters as small as 5 nm and lengths exceeding 10 um. High resolution TEM
and converging-beam electron diffraction confirmed that the NWs are essentially defect-free, single-
crystalline, and the c-axis is oriented along the long axis of the NW (Figure 7.5). Xu et al. [68]
employed a hydrothermal synthesis in the presence of polyvinyl alcohol and polyacrylic acid, to
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FIGURE 7.5 Upper panel: electron microscopy images of a representative single-crystalline BaTiO; NW.
Results from high-resolution transmission electron microscopy, and converging beam electron diffraction
(inset), collected at a number of locations along more than 50 NWs confirm that each NW is an essentially
defect-free single-crystalline perovskite NW. Lower panel: FE hysteresis of individual FE domain oriented per-
pendicular to the axis of an 11-nm-diameter NW (left), and independent manipulation of FE polarization
within an individual BaTiO; NW (right), measured by scanning probe microscopy. (From Urban, J.J. et al.,
Adv. Mater., 423426, 2002; Spanier, J.E. et al., in Nanowire Materials, Vol. 1, Wong, Z.L., Ed., Kluwer,
Boston, MA, 2002; Yun, W.S. et al., Nano Lett., 2, 447-450, 2002. With permission.)

produce single-crystalline PbZr,, s, Ti, ,4O; NWs. Of particular significance is that the BaTiO; NWs
produced by Urban et al. enabled more detailed investigations into ferroelectricity in nanostructured
materials [65,66,69]. Electrostatic force microscopy of these NWs reveals that the NWs possess sta-
ble ferroelectric (FE) polarizations, which can be reproducibly reoriented perpendicular to the NW
axes. As shown in Figure 7.5, these NWs exhibit FE hysteresis, and polarizations in these NWs can
be independently induced and manipulated. The FE domains in these NWs represent the smallest vol-
umes of stable FE reported to date. Subsequent studies have revealed distinct scaling behavior of the
evolution of FE phase transition temperature, and further fundamental insights into the origins of FE
stability in nanostructured and ultrathin-FE films. Our findings and the results of our investigations,
combining density-functional theoretical simulations with experiments, will be reported in a forth-
coming publication [70].

7.2.7  TEMPLATE-ASSISTED GROWTH

Another route for obtaining 1-D nanostructures involves the use of nanostructured templates, which
act as a host material into or onto which NWs (or alternatively NTs) of a wide range of materials
can be grown. For example, Ge NWs have been formed via deposition onto periodic corrugations
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(V-grooves produced by anisotropic etching in Si[100]) [71]. Salamo and coworkers [72] have used
MBE on high-index GaAs surfaces to promote the assembly of (In, Ga)As NWs and other nanos-
tructures during deposition. Following the growth or deposition into templates, selective etchants
can be used to isolate NWs. Among the advantages for this method is straightforward alignment of
NWs using template material having columnar pores, and the wide flexibility in deposition meth-
ods, including metal-catalyzed growth, catalyst-free growth from the vapor or liquid phases, elec-
trochemical methods, and solution-gelation (sol-gel). In addition, NW diameter is controlled by the
template-pore diameter. A principal disadvantage, however, is that the NWs produced using tem-
plate-assisted growth (TAG) are frequently not single crystalline. Moreover, the lower limit of
diameter of NWs is governed by the template-pore diameter, and some of the hierarchal structures
that can be produced via MCG may not be as easily prepared using TAG. In addition, aspect ratios
of TAG may be limited by mass transport. Among templates, two types of nanoporous-membrane
templates are frequently used: anodic aluminum oxide, (AAO) [73-76] and porous-polymer films
[77]. Pathways for the production of inorganic NWs include CNTs [78] and zeolites [79]. To pro-
duce AAO templates, aluminum films are electrochemically oxidized, and local etching takes place
producing pores that have local hexagonally close-packed ordering. Subsequent anodization of the
film leads to columnar pores with relatively monodisperse diameters ranging from 5 nm to >100
nm, depending upon preparation conditions, e.g., electrolyte composition and concentration, and
anodization voltage. Such template materials (e.g., Anodisc™) can be obtained commercially via
Whatman™ or prepared. Shingubara [80] has presented a review of the use of AAO templates for
the preparation of nanomaterials. Polymer films having track-etched channels are formed by irra-
diation of heavy ions from nuclear fissions [81]. In many cases, following deposition, the NWs can
be isolated by selective etching of the template; often an appropriately selected acidic solution pro-
vides the necessary selective etching. A diverse number of materials, including metals, semicon-
ductors, and binary oxides have been deposited in templates via vapor phase, electrochemical
means, or sol-gel methods.

Lew et al. [82], Lew and Redwing [83], and Redwing et al. [33] demonstrated that high-qual-
ity, single-crystalline Si and SiGe NWs can be produced using AAO templates with a metal cata-
lyst. In contrast to template-free MCG, in this case, the NW diameter is controlled by the template
diameter. This process has several notworthy features: it provides one possible route for growth-
aligned NWs; it enables investigation of growth mechanisms and kinetics in the absence of catalyst-
particle size-driven considerations. The demonstration of SiGe NW growth suggests the possibility
of producing more complex NW materials and compositions, such as Si Ge,_, NWs, whose com-
position is controlled. Template-based methods have not been limited to AAO and polymer-based
templates: for example, Han et al. [78] used CNTs as templates to facilitate the syntheses of single-
crystalline GaN and Si;N, NWs.

Al-Mawlawi and coworkers [84] demonstrated synthesis of CdS NW arrays via electrodeposi-
tion using AAO. Electrochemical methods typically yield NWs, which are polycrystalline and not
single crystalline; for many applications, however template-assisted electrochemical deposition
offers a rather easy route for synthesizing 1-D structures. Often limitations due to mass transport —
well understood from the electrodeposition through or in vias in top-down semiconductor device
processing — can be ameliorated by use of pulsed or alternating current (AC) electrodeposition
techniques. In selected cases, high-quality and even single-crystalline NWs have been produced
using this technique. Another attractive (though not exclusive) feature of electrodeposition is that
multiple species can be reduced and deposited at selected over potentials, enabling the formation of
compositionally segmented NWs within a single electrochemical bath.

For several decades, sol-gel methods [85] have represented an attractive, low-cost method for
producing both planar and nonplanar-thin films of a diverse number of materials, including binary,
ternary, and quaternary oxides, and binary semiconductors. For more than a decade, sol-gel methods
have been used with nanoporous templates to produce 1-D nanostructures, both NWs and NTs. In
nearly all cases, these nanostructures are polycrystalline in nature with varying degrees of control of
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orientation or texture, though there have been some exceptions. For example, Miao et al. [86]
reported the synthesis of single-crystal anataste TiO, NWs via an electrochemically enhanced sol-gel
route. Frequently, the instability of polymeric precursors in air requires sol-gel methods to be carried
out in an anhydrous environment. Here, the commercially available, air-stable polymeric precursors
for sol-gel processing routes have been helpful in furthering the research in the synthesis and char-
acterization of nanomaterials.

7.2.8  SELECTED OTHER METHODS

One particularly novel template-like method for producing a wide range of single-crystalline NW
materials, developed by Belcher and coworkers [87], is through the use of a virus-based scaffold.
Selected peptides that were shown to exhibit control of composition, size, and phase during
nanoparticle nucleation were expressed on a highly ordered capsid of a bacteriophage, providing a
template for directed synthesis of NWs. Variation of the synthetic route via substrate-specific pep-
tides through the virus offers a new material tunability not previously available. Other routes are
possible as well. For example, an additional route particularly suited for the preparation of metal
oxide NWs is the thermal oxidation of metal NWs produced by template-assisted or chemical solu-
tion-based methods, and Tang et al. [88] have shown that dipole-dipole interactions can be used to
facilitate the assembly of monodisperse CdTe NCs into highly crystalline NWs with uniform sizes.

7.3 HIERARCHAL COMPLEXITY IN 1-D NANOSTRUCTURES

Control of NW diameters, diameter dispersion, and crystallographic and physical orientation are
important features for fundamental investigations of size-scaling effects and for enabling the use of
NWs as building blocks for nanotechnology. Moreover, synthesis routes for preparing other quasi-
1-D topologies may provide new insights into mechanisms of nanostructure growth and new mate-
rial platforms for a range of technologies. In addition to the well-known effects of finite size on
electronic-band structure, the effects of finite size on nonlinear-optical properties, electrical and
thermal conductivity, ferroelectricity, ferromagnetism, superconductivity, phonons, and on the evo-
lution of phase-transition temperatures and pressures, and susceptibility behavior, are all areas of
intense investigation.

7.3.1 CONTROL OF DIAMETER AND DIAMETER DISPERSION

While several methods permit synthesis of NWs with lengths of many microns or even tens of
microns, and with diameters of the order of 10 nm and higher, controlled and reproducible growth
of NWs with smaller diameters (<5 nm) and with narrow diameter dispersion has been more chal-
lenging. Control of the relative growth rates in axial and radial directions is an important feature in
enabling access to a range of NW architectures. As pointed out by Wagner [9] for the VLS mecha-
nism, it is hypothesized that several factors are significant in determining the diameter of the NWs.
The size(s) of the catalyst nanoclusters is important, since the eutectic-droplet size for nucleation is
defined by these. Secondly, the temperature will profoundly affect the diameter (and in some cases
also the shape), since the solubility of the precursor reactant in the nanocluster will alter the eutec-
tic droplet size, which in turn will alter the NW diameter. Finally, a vapor pressure of the precursor
reactant in excess of the critical value at which deposition of the precursor reactant onto the NW
surface (as opposed to the eutectic droplet) takes place, will also have the effect of producing radial
as well as axial NW growth.

Gudiksen and Lieber [89] and Gudiksen et al. [90] demonstrated that Si NWs with control of
mean diameter and with relatively narrow size dispersions can be synthesized: 5 (4.9 = 1.0), 10 (9.7
* 1.5), 20 (19.8 %= 2.0), and 30 (30.0 = 3.0) nm-diameter Au colloid was used to produce Si NWs
with diameters of 6.4 = 1.2, 12.3 = 2.5, 20 = 2.3, and 31.1 £ 2.7 nm, respectively. The authors
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point out that the dispersion in diameters for each size group is comparable to that of the catalyst
particles, providing further evidence of the distinct role of nanocluster size in determining NW
diameter.

Single-walled CNTs have attracted significant interest because they behave as 1-D metallic con-
ductors or semiconductors with respect to electronic carriers. With regard to NWs, one challenge
has been to produce “molecular wires” in which the diameter of the NWs is as small as possible —
approaching a single chain of atoms. Such wires would find application, for instance, to the prob-
ing of size scaling and dimensionality effects in electronic transport, for extreme carrier or phonon
confinement, or, for example, unique signatures in metal-insulating transitions associated with
Peierls distortions in 1-D. In principle, the minimum NW radius is governed by equilibrium ther-
modynamics, namely that r,; = 20;,V,/RT In o, where o} is the liquid—vapor surface-free
energy, V, the molar volume of liquid, and o the vapor-phase supersaturation. This suggests that
nucleation and growth of ultranarrow-diameter NWs may be achieved using a higher partial pres-
sure of precursor for the nucleation phase, followed by lower partial pressure for the growth phase.
This has recently been applied by Wu et al. [19] in the VLS synthesis of molecular-scale Si NWs
as shown in Figure 7.3.

In chemical solution-based NW synthesis, however, the control of diameter can be superior to
those produced through VLS. For example, as of now, several investigators have applied size-selective
precipitation methods originally developed by Murray et al. [5], to produce a growing number of
nanostructured materials with size dispersion of the order of one monolayer. Peng et al. [62] have
shown that the CdSe nanorods possess narrowsize dispersions, as demonstrated by the periodic
ordering of these structures. Control of diameter and diameter dispersion has been shown in binary-
oxide NW systems. For example, O’Brien and coworkers [91,92] reported on an aqueous solution-
based chemical synthesis producing ZnO NWs with monodisperse-diameter NW yields, with
diameters as narrow as 2 nm; the authors also reported on the measurement of strong excitonic
confinement in these structures.

7.3.2 CONTROL OF SHAPE: NOVEL TOPOLOGIES

One of the significant features of inorganic-nanomaterial synthesis by surfactant-mediated chemi-
cal routes is the possibility of controlling the size and shape of nanostructures, thereby effectively
manipulating their properties. Manna et al. [93] demonstrated the growth of a range of nanostruc-
tures by varying the relative concentrations of two types of surfactants—TOPO and hexylphospho-
nic acid (HPA) — and systematically varying the monomer concentration with time. The HPA
serves to accentuate the difference between growth rates on different crystal faces. Different sys-
tematic variations yield long rods, arrow-shaped NCs, teardrop-shaped NCs, tetrapods, and den-
dritic tetrapods. Manna et al. have also reported [93] that differences between wurtzite and rocksalt
free energies and surface energetics govern the evolution of some of these structures — particularly
stacking faults in the tetrapods. They have explained the topology in terms of abrupt changes in the
crystal structure, from wurtzite in the rod segments to rock salt in the sphere-like vertices. Very
recent investigations by Manna and coworkers, however, have indicated that this multiphase
description of the tetrapod, and the corresponding model of their formation may not be valid: rather,
it seems that the tetrapod nanostructures may consist of single phase, and that it is likely that the
formation of twins plays a significant role in the unique evolution of their topologies [94].

The control of the relative axial and radial growth rates is the basis for the synthesis of coaxial, or
core—shell nanostructures as discussed above. In our laboratory at Drexel, we have demonstrated the
growth of apex-angle-controlled crystalline Si nanocones (Si NCs) and Ge nanocones (Ge NCs) of
diamond-hexagonal phase through simultaneous control of axial and radial growth rates using metal-
catalyzed CVD; we have also synthesized single-crystalline Ge nanosprings and characterized its
composition and crystallinity with electron microscopy and Raman scattering. As shown in Figure 7.6,
the Si NCs are tapered polyhedra, possessing hexagonal cross sections. They are typically several

Copyright 2006 by Taylor & Francis Group, LLC



One-Dimensional Semiconductor and Oxide Nanostructures 213

FIGURE 7.6 Silicon nanocones (Si NCs) formed by metal nanocluster-catalyzed CVD. The left panel shows
an array of nanocones, which are tapered polyhedra, possessing hexagonal cross sections. These Si NCs are
typically several microns in base diameter. As shown in the panel on the right, the radius of curvature at the tip
is as small as 1 to 2 nm. Though not shown, control of conical angle and its dispersion has also been achieved.
(From Cao, L. et al., J. Am. Chem. Soc. in press, 2005. With permission.)

microns in base diameter, and the radius of curvature at the tip is as small as 1 to 2 nm. Significantly,
these nanocones are of the diamond-hexagonal polymorph, and the taper angles can be tuned during
growth. These Si NCs may offer new opportunities as scanning probes and as central components in
single-molecule sensing. Details on the synthesis and characterization of the unique structural, opti-
cal, and other properties will be presented in several forthcoming publications [95,96].

7.3.3 OTHER BINARY OXIDE 1-D NANOSTRUCTURES

An incredibly diverse range of 1-D nanostructure topologies composed of binary oxides has been
developed by Z. L.Wong and coworkers at Georgia Tech, using solid-state thermal sublimation and
other techniques. A representative group of these 1-D nanostructures is shown in Figure 7.7. Briefly,
oxide powder is placed in the hot zone of a furnace, and ions from the vapor-phase condense onto a
nearby substrate in a lower temperature zone of the furnace. The control of growth kinetics of the polar
surface-dominated nanostructures as well as the use of templates and metal nanoclusters leads to the
synthesis of a wide range of nanostructured topologies, including nanobelts, nanoribbons, nanorings
and nanobows [97], nanosaws [98,99], and nanohelixes [100] — comprehensive reviews are
presented in [101-104]. While this diverse class of nanostructures possess a common feature in that
each is composed of a binary oxide with polar surfaces, we have recently identified CVD-based syn-
thesis methods in our own laboratory to produce similar crystalline-elemental nanostructures, includ-
ing Ge nanohelixes and tree-branched Ge nanostructures possessing sixfold branching symmetry
[105]. Our findings of synthesis conditions producing crystalline nanosprings in a material without
polar surfaces (e.g., Ge as shown in Figure 7.8) suggests that mechanisms other than polar surface-
specific energies and piezoelectricity may also be operative in the formation of one or more of the
binary-oxide nanostructures, this is an area of ongoing investigation by our group [105].

7.3.4 HIERARCHAL 1-D NANOSTRUCTURES

The integration of two or more semiconductor or other materials and the controlled incorporation
of dopants within individual components of nanostructures are essential characteristics of the
advancing development of NWs as building blocks for nanotechnology. Homo- and heterojunctions
within individual NWs enable fabrication of bipolar devices within individual NWs, opening up
possibilities for light-emitting diodes, photodetectors, and band gap-engineered devices within indi-
vidual NWs, and even NW-based superlattices.
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FIGURE 7.7 Representative polar surface-dominated, single-crystalline, zinc oxide 1-D nanostructures.
(From Wang, Z.L., Mater. Today, 26-33, 2004. With permission.)

FIGURE 7.8 Scanning electron micrograph of crystalline germanium nanosprings. The formation of
nanosprings having inversion symmetry may generate further debate on the formation mechanisms of these
and similar structures, in both polar and nonpolar crystalline materials. (From Martin, R.R. et al., submitted.
With permission.)
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Some synthesis methods permit formation of hierarchal nanostructures, including NWs with
segments composed of different materials. For most electronic or photonic device applications, syn-
thesis of single-crystalline components with some degree of control of composition at interfaces is
desired. To this end, synthesis of hierarchal nanostructures via metal-catalyzed and catalyst-free
VLS and solid-liquid—solid methods has been demonstrated successfully in several semiconduct-
ing and functional-oxide material systems. Specifically, modulation of composition and doping in
axial and radial directions in a number of material systems has been achieved.

7.3.5 AXIAL AND RADIAL MODULATION OF COMPOSITION AND DOPING

Groups at Harvard and Lund University independently reported the synthesis of semiconductor
NWs with compositionally modulated segments. The Harvard group employed the LCG method in
low vacuum to demonstrate the formation of GaAs/GaP heterojunctions as well as p—n junctions
within Si and InP NWs [106]. The group at Lund University reported the synthesis of axially mod-
ulated [1I-V NWs via CBE and MOVPE [107,108]. The Lund University group also demonstrated
synthesis of NW heterostructure interfaces with near-atomic sharpness.

Using a combination of MCG and LCG, Wu et al. [16] demonstrated the growth of segments of
SiGe alloy within Si NWs. The SiGe segments were produced by periodic additional use of laser
ablation of a Ge target at elevated furnace. As detailed by Dresselhaus et al. elsewhere in this mono-
graph, the Seebeck coefficient, a measure of the figure of merit for thermoelectric materials, can be
raised above bulk values in NWs through careful selection of diameters, compositions, carrier con-
centrations. Alternatively, engineered nanostructures, which combine some degree of carrier con-
finement, phonon scattering, and high electrical conductivity via such superlattices in
nanostructures, may yet offer new routes for advanced high-performance thermoelectrics [109,110].
Advances in the science and technology of such systems would support further miniaturization of
electronic devices through improved thermal management.

The formation of metal-semiconductor heterostructures within single-crystalline NWs can add
to the array of device capabilities. Wu et al. [111] reported the synthesis of single-crystalline
metal-semiconductor heterostructure NWs composed of segments of Si and nickel silicide. The
synthesis relies on the VLS-growth method via metal-catalyzed CVD. Following the Si NW syn-
thesis, NWs placed transverse to the Si NWs acted as a mask for evaporation of Ni. Following the
segmented Ni deposition on the surface of the Si NWs, an annealing step was used to form the sin-
gle-crystalline silicide segments.

Within 1 year of the first reports of axial modulation, Lauhon et al. [112] reported the synthesis
of radially modulated semiconductor NWs. Such nanostructures are synthesized by adjustment of
process conditions to strongly favor either selective decomposition on the metal alloy droplet or ther-
mal decomposition and noncatalyzed deposition. In this experiment, following the synthesis of NW
cores, the conditions were altered to favor noncatalyzed deposition. As reported in [112], this usu-
ally involves raising the process temperature and lowering the substrate temperature by adjusting its
position in the furnace. In addition, deposited amorphous shell layers were also recrystallized with
subsequent heating, producing high-quality epitaxial interfaces. Lauhon et al. [112] reported the syn-
thesis of core—shell structures consisting of intrinsic (i) Si/p-type doped Si and of Si/Ge. They also
extended the methods to produce core-multishell structures composed of i-Si/SiO /p-Si, of
1-Ge/S10,/p-Ge and of Si/Ge/Si. As shown in Figures 7.9 and 7.10, the synthesis of radially modu-
lated structures composed of p-type Si core with successive shell layers of i-Ge, SiO, and p-Ge was
used to demonstrate coaxially gated NW transistors. Other researchers have demonstrated field-effect
devices in other coaxial nanostructures, including the use of Ga,O; as a gate oxide shell material on
GaP NW cores [113].

Following the initial demonstration of coaxial semiconductor NW heterostructures, syntheses
of a number of other radially modulated semiconductor and oxide heterostructures have been
demonstrated, including preparations involving GaN, GaP [114,115], and CNT sheaths on InP cores
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FIGURE 7.9 Radially modulated Si—Ge and Si—Ge-Si core—shell and core—multishell NWs. Upper panel:
elemental mapping of the cross section, revealing a 21-nm-diameter Si core, a 10-nm-thick Ge shell and an
interface of ~1 nm. Below this is shown a high-resolution TEM image of a representative NW from the same
synthesis; the scale bar, 5 nm. The inset shows a 2-D Fourier transform of the real-space image showing the
[111] zone axis. Bottom panel: cross-sectional elemental mapping of a double shell structure. (From Lauhon,
L.J. et al., Nature, 420, 57, 2002. With permission.)

Copyright 2006 by Taylor & Francis Group, LLC



One-Dimensional Semiconductor and Oxide Nanostructures 217

1000

100

Current (nA)

—_
o

o1 | | l
-2 -1 0 1 2
Coaxial gate voltage (V)

FIGURE 7.10 Coaxially gated NW transistors. At the top is the device schematic showing the transistor
structure. The inset shows the cross section of the as-grown NW, starting with a p-doped Si core with subse-
quent layers of i-Ge (10 nm), SiO, (4 nm), and p-Ge (5 nm). The source (S) and drain (D) electrodes are con-
tacted to the inner i-Ge core, while the gate electrode (G) is in contact with the outer p-Ge shell, and
electrically isolated from the core by the SiO, layer. Scanning electron micrograph (SEM) of a coaxial tran-
sistor. Scale bar, 500 nm. Gate response of the coaxial transistor at V;, = 0.1 V, showing a maximum transcon-
ductance of 1500 nA V21. Charge transfer from the p-Si core to the i-Ge shell produces a highly conductive
and gateable channel. (From Lauhon, L.J. et al., Nature, 420, 57, 2002. With permission.)
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FIGURE 7.11 Branched and hyper-branched NWs composed of III-V NWs produced by sequential seeding
of nanostructures with catalyst particles. Such nanostructures may find a number of applications, including the
guiding of neuron growth. (From Dick, K.A. et al., Nat. Mater., 3, 380-384, 2004. With permission.)

[116]. One particularly important area of development has been efforts by the group of Chongwu
Zhou at the University of Southern California in integrating functional oxides, including per-
ovskites, and superconducting oxides, as epitaxial shells on binary-oxide (MgO and ZnO) NW
cores. Han et al. [117] reported synthesis and characterization of such core—shell NWs with shells
of FE piezoelectric single-crystalline lead zirconate titanate (PZT), and alternatively, supercon-
ducting YBCO, the colossal magnetoresistive material La,4,Ca,;;MnO; (LCMO) and of
maghemite (Fe;O,). The authors also performed electronic transport characterizations of LCMO
shells of various thicknesses, and demonstrated the persistence of metal-insulator transition and
magnetoresistance, down to the nanoscale.

A number of other hierarchal 1-D nanostructures have been produced. For example, Zhang
et al. [118] reported the synthesis of SiC/SiO, core—shell nano-helices [118], and Li et al. [79]
reported on the synthesis of Mg,Zn,,-MnO belt-like core—shell nano-cables via CVD. Lietal. [119]
reported on Zn/ZnS nano-cabled coaxial structures. We also note that chemical solution methods
have also been employed to produce core—shell nanorods. Manna et al. [120] and Mokari and Banin
[121] reported the synthesis of core—shell CdSe/CdS/ZnS and CdSe/ZnS nanorods respectively,
demonstrating increased quantum efficiencies in the photoluminescence associated with the passi-
vation of the nanorod core surfaces.

Shape anisotropy and hierarchal complexity can enhance the array of interesting and techno-
logically exciting optical properties of nanostructures. For example, the photoluminescence char-
acteristics of GaP semiconducting NWs are observed to strong optical polarization parallel to the
axis of the NWsnanowires as well as strong polarization sensitivity to the photoconductive and
absorption response [122,123]. Significantly, NWs can be used as optical-resonance cavities. As
reported by Yang and coworkers [124], ZnO and GaN NWs can be made to produce lasing emis-
sion despite the cross section of the NW cavity being well below the wavelength of light. The avail-
ability of core—shell architecture (e.g., GaN/Al GaN) with the shell material having a larger band
gap than the core provides simultaneous confinement of the exciton and photon, providing the nec-
essary wave-guiding function to the nanostructure. Nanowire-based lasers are key components in
the development of highly adaptable and flexible nanostrucured solutions for the formation of opti-
cal networks and other device components [125].

Dick et al. [185] and others have used secondary seeding of Au nanoclusters on III-V NWs in
order to produce branched and hyperbranched structures as shown in Figure 7.11. The authors
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FIGURE 7.12 Effect if reduced quantum dot length. Top: gate characteristics of a single electron transistor
with a 100 nm long dot. The oscillations are perfectly periodic and are visible up to 12 K. Middle: when the
dot length is 30 nm, the energy level spacing at the Fermi energy is comparable to the charging energy and the
Coulomb oscillations are no longer completely periodic. Bottom: a 10 nm dot results in a device depleted of
electrons at zero gate voltage. By increasing the electrostatic potential electrons are added one by one. For
some electron configurations the addition energy is larger, corresponding to filled electron shells. All data
in this figure were recorded at 4.2 K. (From Bjork, M.T. et al., Nano Lett., 4, 1621-1625, 2002. With

permission.)
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demonstrated that the diameter, length, number, and chemical composition of each branch can be
controlled. Such three-dimensional networked structures have the potential for a diverse number of
applications, including the guiding of neuron growth.

7.4 SELECTED PROPERTIES AND APPLICATIONS

7.4.1 MECHANICAL AND THERMAL PROPERTIES AND PHONON TRANSPORT

It has long been known that the mechanical properties of materials are not scale-invariant. For
example, for materials that undergo plastic deformation, the so-called Hall [127] and Petch [128]
behavior — the increase in the hardness and yield strength of a polycrystalline material with
reduction in grain size — involves the relative increase in the area of grain boundaries and the
associated piling up of dislocations. The reduction in grain size leads to more impediments to dis-
location motion and results in a scale-dependent toughness, though there exists a finite nanoscale
size for which the toughness reaches a maximum. With respect to ceramic nanomaterials, rela-
tively little has been reported on the scaling of mechanical properties (stiffness, modulus, tough-
ness, hardness) in the semiconducting and oxide NW or nanobelt materials. Moreover, the
synthesis of essentially defect-free 1-D single-crystalline nanostructured materials has created
opportunities for investigating the theoretical strength of materials in the absence of defects.
Lieber and coworkers [129] have measured the elasticity, strength, and toughness of individual SiC
nanorods in fixed-free configurations via atomic force microscopy (AFM). The authors reported
values in good agreement with theoretically predicted modulus for [110]-oriented SiC. Wang and
coworkers [130,131] have developed a method of evaluating Young’s modulus in individual NTs,
NWs, nanobelts and other nanostructures. The authors relate electric-field-induced mechanical
resonances in these nanostructures produced by electron beam in a TEM to values of elastic mod-
uli. Despite this and other progress, a systematic experimental study of the scaling of modulus and
other mechanical properties of single-crystalline semiconducting or oxide 1-D nanostructures has
not been reported to date.

Thermal conduction via phonons is expected to be significantly reduced in narrow NWs. When
the dimensions of a NW approach the mean free path of phonons, the thermal conductivity is
reduced relative to bulk values by scattering of phonons by surfaces and interfaces. The miniatur-
ization of electronic and photonic devices, e.g., the higher number density of transistors, is accom-
panied by new challenges in effective thermal management. A figure of merit for thermoelectric
materials, however, involves the unusual combination of poor thermal conductivity with high elec-
trical conductivity. Yang and his group at Berkeley have demonstrated that axial periodicity in
Si/SiGe axial superlattice NWs may be highly effective in tuning NW thermal conductivities for
thermoelectric applications; they reported the reduction in the thermoconductivity of Si/SiGe super-
lattice NWs by five times, compared with elemental undoped Si NWs of the same diameter
[109,110].

Raman scattering is one of the most powerful experimental tools for characterizing lattice
dynamics and corresponding thermodynamic properties in solids [132]. A number of investigations
have been performed to characterize the effects of finite size and wire-like geometry on the con-
finement of phonons. Theoretical predictions indicate that for Si NWs of diameters <~20 nm,
phonon dispersions become altered and group velocities are lowered relative to bulk values
[133,134]. Reduction in NW diameter is accompanied by a downshifting and asymmetric broaden-
ing of the Raman line shape, and has been attributed to the confinement of optical phonon(s). In per-
fect bulk single crystals with no loss of translational symmetry, first-order Raman scattering is
restricted to ¢ = 0 phonons in accordance with momentum selection rules. The reduction of size,
however, leads to the relaxation of these selection rules and necessitates an inclusion of a larger frac-
tion of the dispersion curves away from the I' point. A model for including and averaging ¢ — 0
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phonons was developed and applied by Richter et al. [135] and by Herman and coworkers [136].
This Gaussian-correlation model has been used to describe the sampling of the phonon dispersion,
and is widely used to model phonon confinement in nanostructures, including NWs. Enhancements
of the model are included to incorporate known-size dispersion and the effects of strain via a
Griineisen parameter [137]. In addition, the effects of lattice strain at and near the NW surface
defects, and coupling of free carriers to longitudinal optical phonons in degenerately doped semi-
conductors may also affect the Raman line shapes and zone-center phonon energies. In all cases
reported to date, the measurements have been carried out on ensembles of NWs with varying
degrees of diameter dispersion. One of the most systematic studies of the effects of finite size on
Raman spectra in NWs was recently presented by Eklund and coworkers [138]. Though a number
of papers have been published on Raman scattering from Si and other semiconducting and oxide
NWs, a recent theoretical study of Si NWs [139] predicts the presence of Raman-active low-fre-
quency breathing modes. This prediction and an experimental confirmation of these modes may be
helpful in providing another means of characterizing the diameters of NWs. In future, as the use of
hierarchal nanostructures becomes more prevalent in nanoelectronics and nanophotonics, Raman
scattering will continue to play a unique role in the evaluation of 1-D nanostructure materials and
devices, including, for example, crystal structure and quality, interfacial strain, thermal manage-
ment, and strongly correlated electron behavior.

7.4.2 ELECTRONIC PROPERTIES OF NANOWIRES

Since the invention of modulation doping and the higher electron mobility transistors by Stormer
et al. [140], precise control of the composition in semiconductors remains a critical component to
2-D electronic and photonic devices. In a seminal 1980 publication, Sasaki [141] pointed out that
the restriction of electronic carriers to 1-D from 2-D or 3-D would result in significantly reduced
carrier-scattering rates, owing to the reduction in the possible k-space points accessible to carriers.
In general, electronic-carrier mobility in real systems can be affected by the scattering of carriers in
a number of ways: scattering by other carriers, by surfaces, by interfacial roughness, by acoustic
phonons, optical phonons, impurities, and by plasmons. Significant theoretical and experimental
work involving electronic transport in CNTs has helped in distinguishing ballistic and diffusive
modes of transport. However, for free-standing semiconductor NWs, experimental and theoretical
consensus of carrier-scattering mechanisms that are most significant in single- and multicomponent
coaxial semiconductor NWs is less clear. In some cases, carrier mobilities in Si NW-field effect
transistors and transconductance values have been reported to exceed those associated with con-
ventional Si planar technology devices [142].

Even if the mobility of carriers in semiconductor NWs in a given device is lower than that in
the corrsponding bulk material, there are a number of other possible advantages to 1-D transistor
devices over their 2-D counterparts. With respect to electronic properties, NWs represent an impor-
tant link between bulk and molecular materials. The electronic properties of many bulk semicon-
ductors, including oxide semiconductors, are well known, and the electronic-band structures have,
in many cases, been modeled in great detail. Systematic control of NW diameter enables system-
atic investigation of the effects of dimensionality on electronic transport. In general, the diameter
below which electronic transport is significantly altered is related to the degree of confinement of
carriers and excitons, the Fermi wavelength and Coulomb interactions, although NWs with larger
diameters still possess significant surface-to-volume ratios that can affect electronic transport via
surface scattering. Semiconductor NWs, like CNTs, are currently being investigated for elements in
nanoscale spintronic devices by introducing dilute concentrations of magnetic dopants. Several
groups have reported successful doping of semiconductor NWs with manganese [143-146], using
different methods. There are numerous reports on the field emission properties of transition metal
oxide nanowires and semiconductor nanocones.
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There have been a number of simulations reported of the electronic transport and properties of
semiconductor NWs. The strategies can be classified into effective mass and k-p methods
[147-150], tight-binding theory [151-153], and pseudopotential approaches [154—157]. In the past,
the sizes of unit cells required to describe NWs, using first-principles density functional theoretical
(DFT) methods, were too computationally expensive to pursue; this has changed of late. Musin et al.
[158] have contributed a (DFT) study of the structural and electronic properties of [111]-oriented
Si-Ge core—shell interface in very small-diameter (1 to 2 nm) NWs. Significantly, the authors found
positive and negative deviations from Vegard’s law for compressively strained Ge and tensile-
strained Si cores respectively. They also found that the direct-to-indirect transition for the funda-
mental band gap is found in Ge-core/Si-shell NWs, while Si-core/Ge-shell NWs preserve a direct
energy gap almost over the whole compositional range. We note an earlier study by Zhao et al. [159]
in which the authors reported density-functional theoretical simulations of electronic-band structure
and optical properties of Si NWs, predicting that NWs having a principal axis along (110) possess a
direct gap at the I" point for wires modeled up to 4.2 nm in diameter. These findings hold significant
promise for the potential application of such Group IV single component and coaxial NW het-
erostructures for a broader range of photonic applications.

The formation of addressable 0-D semiconductor structures is important for fundamental stud-
ies of electronic transport phenomenon, and for future applications in single-electron transistors,
quantum computing, and metrology. Axial modulation of the composition of NWs may be used to
produce precisely located 0-D and 1-D segments within NWs (Figure 7.12) as shown by Samuelson
and coworkers [108,160,161]. The authors reported the fabrication of single-electron transistors and
resonant-tunneling diodes by producing heterostructural interfaces separated by as few as several
monolayers or as many as large as hundreds of nanometers. In addition, the authors have recently
used these so-called 1-D/0-D/1-D structures to fabricate nanowire-based, single-electron memory
devices [162]. Superlattices in NWs based on these structures may enable extension of the quantum
cascade laser as pioneered by Capasso [163]. Addressability of individual NWs for electronic and
optical devices is an important consideration for practical applications: among the developments in
this area, Zhong et al. [164] reported on the use of NW-crossbar arrays as address decoders.

Electronic transport in semiconductor-NW devices has been shown to be a highly sensitive
means of selective binding and detection of molecules on NW surfaces functionalized with recep-
tors. Nanowire-based detection of a number of analytes, including the prostate-specific antigen
(pSA) [165], label-free [166], single virus detection [167] has been demonstrated. NW arrays with
selectively functionalized NW surfaces represent one of the frontiers in high-sensitivity detection
of a broad range of chemical and biological molecules and other species. An overview of this work
has been presented in a recent review [168].

Among the most significant recent achievements pertaining to electronic transport are reports
of coherent transport in molecular scale semiconductor NWs [169] and the report of formation of a
1-D hole gas in a Ge/Si NW heterostructure [170]. The authors reported room-temperature ballis-
tic hole transport in semiconductor NWs with electrically transparent contacts, opening important
further possibilities for new fundamental studies in low-dimensional, strongly correlated carrier
gases and high-speed, high-performance nanoelectronic devices based on semiconductor NWs
[171]. Recently, proximal superconductivity was reported in semiconductor NWs, in which the
electronic transport characteristics of InAs NWs with closely spaced aluminum electrodes were
measured at temperatures below the superconducting transition temperature of Al. The NW-elec-
trode interfaces act as mesoscopic Josephson junctions with electrically tunable coupling [172].

7.4.3 OPTICAL PROPERTIES OF NANOWIRES

In NWs, like their 0-D nanostructure and 2-D ultrathin film counterparts, confinement of electronic
carriers leads to altered electronic-band structures that are manifested as changes in band-to-band
transition emission and absorption energies, and changes in other optical properties according to the

Copyright 2006 by Taylor & Francis Group, LLC



One-Dimensional Semiconductor and Oxide Nanostructures 223

135

% ——
z 0=
w0
>
I
-
-135
5
]
4 -
< 37 < -15-
< il £
2= -10 =
1 5
0 -
T | T _0 T | L]
0 100 200 0 -100 —-200
Vsp(mV) Vsp(mV)

FIGURE 7.13 Resonant tunneling and Coulomb blockade. Upper left: differential conductance as a function of
bias and gate voltage for zero, one, and two electrons on the dot for large bias voltages at 300 mK. The vertical line
indicates the (italic: I-V) curves shown in (lower left panel) and (lower right panel). Lower left: for positive bias
voltage (insert I) tunneling occurs to the dot via the thicker barrier and electrons then escape quickly to the collec-
tor. Hence, charging effects are weak. Resonances in the transport characteristics (dark diagonal lines) appear when
emitter states are aligned with discrete states in the dot. Lower right: for negative bias voltages (insert II) electrons
tunnel quickly to the dot through the thin barrier, whereas the tunneling rate out of the dot is lower, resulting in charg-
ing effects, i.e., a Coulomb staircase. (From Bjork, M.T. et al., Nano Lett., 4, 1621-1624, 2002. With permission.)

degree of confinement. In order to provide a basic description of the effect of the confinement of elec-
tronic carriers to within a NW, the electronic wave functions and bound-state energies are obtained by
solving the Schrodinger equation under the effective mass model and with the assumption that the NW
has a circular cross-section. The ground-state solution to the particle-in-a-cylinder [173] is given by
the wave function

re,h . n—’Ze,h
W(ep Zen) = NeNLw Jo| O Tp Jsin{ =7 (7.1)
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where J (0, 7/R) is the zero-order Bessel function, ¢, the first zero of the zero-order Bessel func-
tion, L the length of the cylinder, and

" Fon -1
Ny = Zirj rJ? o p |dr (7.2)
0

and N, = (2/L)"” are normalization factors for the radial and axial portions of the wave function.
The confinement energy increase in the band gap is then given by

h? 0, \2 T2
Ao = o (T) +(z) 7.3)

where m* is the reduced effective excitonic mass, m* = mn,/(m,+m), and Q is the Planck’s
constant.

In cases involving electronic excitations (e.g., those involving optical transitions), an additional
contribution to the energy from the excitonic Coulomb interaction must also be considered. This is
typically a small correction relative to the confinement energy, except for small (~10 nm) diame-
ters. The contribution for QDs is exactly solvable, and results in the additional term ~1.8¢%*/&R
[174,175]. However, an analytical solution for the cylindrical geometry is not possible. Gudiksen
[176] has compared the results of a numerical evaluation of the required matrix element to experi-
mental data of size-dependent excitonic photoluminescence from III-V NWs. Wang and Gudiksen
[122] also reported that the shape anisotropy of NWs produces strong effects in the optical proper-
ties, namely that the luminescence emission is strongly polarized, and that the photoconductivity of
NW-based photodetectors is highly polarization sensitive. Though these features are explained on
the basis of classical electromagnetic theory for an anisotripic dielectric material, these findings
were the first to suggest possibilities for single-photon polarized emission and detection based on
NW arrays.

One of the most exciting developments involving the optical properties of NWs is the demon-
stration of room-temperature lasing emission in the ultraviolet from individual NWs. As reported
by Yang and coworkers, well-faceted ZnO and GaN [124] NWs produced using VLS growth meth-
ods and having diameters from 100 to 500 nm support predominantly axial Fabry—Perot wave-
guide modes, which are separated by AA = A%/[2Ln(A)], where L is the cavity length and n(A) the
group index of refraction. Structures with smaller diameters are prevented from lasing due to dif-
fraction, and photoluminescence emission is lost in the form of surrounding radiation. Lieber and
coworkers [177] have reported on lasing in CdS N'W optical cavities. The flexibility of the hierar-
chal structure of NWs has also been applied to NW lasers.Using the core—shell GaN/Al,, ,sGa,, ,sN
configuration, Yang and coworkers [178] were able to provide simultaneous exciton and photon
confinement in NW cores having diameters as small as 5 nm — much smaller than the normal
minimum to avoid the diffraction effects that prevent lasing. The Berkeley group has extended
these concepts to a family of NW photonic components, and taken advantage of the ability of these
NWs to sustain significant deformation without fracture in order to develop NW-based optical
networks and devices [125]. In fact, the large nonlinear optical response of ZnO NWs, as reported
by the Yang group [179], may enable these to be used in optical frequency conversion for
nanoscale optical circuitry.

Semiconductor nanostructures with wide band gaps (e.g., TiO,) have emerged as important
components in a new class of photovoltaic devices. Highly conductive wide band gap transition
metal oxide nanostructures have been used in dye-sensitized solar cells to provide a conductive path
for the collection of photoexcited carriers. As shown recently by Law et al. [180], and Baxter and
Aydil [181], dye-sensitized solar cells based on aligned ZnO NWs offer features of a large specific
surface area, connectivity for carriers, and the desired optical response.
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7.5 CONCLUDING REMARKS

Presently, significant new results involving the development of novel 1-D semiconductor and oxide
nanostructure materials and devices, experimental characterizations, and theoretical predictions and
simulations are being reported every few weeks. The wider dissemination and use of methods for
controllably producing materials of selected composition and hierarchal topologies in 1-D nano-
structured form as introduced here undoubtedly will enable the advancement of material technolo-
gies, and facilitate wider adoption of 1-D-based semiconductor and oxide NW technologies in
commercial, consumer, and defense sectors. Significant challenges involving the controlled growth,
processing, and assembly of 1-D nanostructures remain to be addressed before these materials dis-
place the prevalence of top-down fabricated devices. However, this situation may change rather
soon: for example, the recent demonstration of monolithic integration of III-V NWs with standard
Si technology [182,183] represents a significant achievement in advancing the next generation of
optoelectronics devices and technologies. Nevertheless, issues regarding biocompatibility of these
nanomaterials, unknown environmental and health hazards pertaining to their production, handling,
use and disposal, and intellectual property considerations have not been addressed in a systematic
way. These and other challenges and opportunities for applying controlled growth, the flexibility of
working with nontraditional substrates and platforms, and advantages in the electronic, thermal, and
optical response and sensing capability of many 1-D nanostructured materials over their bulk coun-
terparts will continue to attract researchers and technologists across many disciplines, as well as
investors from the public and private sectors worldwide. It seems increasingly likely that the
prospects for NWs and related nanostructures to impact the quality of our everyday lives will con-
tinue its steady rise.
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8.1 INTRODUCTION

Nanofiber technology is a branch of nanotechnology whose primary objective is to create materials
in the form of nanoscale fibers in order to achieve superior functions. The unique combination of
high specific surface area, flexibility, and superior directional strength makes such fibers a preferred
material form for many applications ranging from clothing to reinforcements for aerospace struc-
tures. Although the effect of fiber diameter on the performance and processibility of fibrous struc-
tures has long been recognized, the practical generation of fibers at the nanometer scale was not
realized until the rediscovery and popularization of the electrospinning technology by Professor
Darrell Reneker almost a decade ago [1]. The ability to create nanoscale fibers from a broad range
of polymeric materials in a relatively simple manner using the electrospinning process, coupled with
the rapid growth of nanotechnology in recent years have greatly accelerated the growth of nanofiber
technology. Although there are several alternative methods for generating fibers in a nanometer scale,
none matches the popularity of the electrospinning technology due largely to the simplicity of the
electrospinning process. Electrospinning can be carried out from polymer melt or solution. A major-
ity of the published work on electrospinning has been focused on solution-based electrospinning
rather than on melt electrospinning due to higher capital investment requirements and the difficulty
in producing submicron fibers by melt electrospinning. We will concentrate on solution-based elec-
trospinning in this chapter. Specifically, after an introduction to the processing principles the relative
importance of the various processing parameters in solution electrospinning is discussed. The struc-
ture and properties of the fibers produced by the electrospinning process are then examined.
Recognizing the enormous increase in specific fiber surface, bioactivity, electroactivity, and enhance-
ment of mechanical properties, numerous applications have been identified, including filtration, bio-
medical, energy storage, electronics, and multifunctional structural composites.
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8.2 THE ELECTROSPINNING PROCESS

Electrostatic generation of ultrafine fibers or “electrospinning” has been known since the 1930s [2].
The rediscovery of this technology has stimulated numerous applications including high-performance
filters [3] and as scaffolds in tissue engineering [4], which utilize the unique characteristics of surface
area as high as 10° m?/g provided by nanofibers. In this nonmechanical, electrostatic technique, a high
electric field is generated between a polymer fluid contained in a glass syringe with a capillary tip and
a metallic collection target. When the voltage reaches a critical value, the electric field strength over-
comes the surface tension of the deformed droplet of the suspended polymer solution formed on the
tip of the syringe, and a jet is produced. The electrically charged jet undergoes a series of electrically
induced bending instabilities during its passage to the fiber collection screen or drum that results in
the hyperstretching of the jet. This stretching process is accompanied by the rapid evaporation of the
solvent molecules that reduces the diameter of the jet, in a cone-shaped volume called the ‘“‘envelope
cone.” The dry fibers are accumulated on the surface of the collection screen resulting in a nonwoven
random fiber mesh of nano- to micron diameter fibers. The process can be adjusted to control the fiber
diameter by varying the electric field strength and polymer solution concentration. By proper control
of the electrodes, aligned fibers can also be produced. A schematic drawing of the electrospinning
process and the random and aligned nanofibers are shown in Figure 8.1.

Metering
pump

Syringe
(Polymer solution)

High voltage
power supply |

Taylor cone
stability region
instability region

nanofibers —%

+

Target/collection
plate

(@) -

FIGURE 8.1 (a) Schematic drawing of the electrospinning process. (b) (top) random; (c) (bottom) aligned.

FIGURE 8.2 (a) The first commercially available nanofiber electrospinning unit (NEU) produced by the
Kato-Tech Co. (b) Close-up of the NEU system including a metering pump, a syringe containing the spinning
dope, the syringe needle is connected to a power supply (not shown), and a fiber collection drum connecting
to the electrical ground.
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Figure 8.2 shows a commercial nanofiber electrospinning unit known as NEU produced by the
Kato-Tech Co. The NEU system consists of a metering pump, which controls the volume flow rate
of the spinning dope in a syringe. An electrical potential is applied by a power supply between the
steel syringe needle and the fiber collection ground in the form of a metallic screen or a drum. The
temperature and humidity of the spinning chamber can be controlled.

8.3 KEY PROCESSING PARAMETERS

A key objective in electrospinning is to generate fibers of nanometer diameter consistently and
reproducibly. Considerable effort has been devoted to understand the parameters affecting the
spinnability and more specifically the diameter of the fibers resulting from the electrospinning
process. Many processing parameters have been identified, which influence the spinnability and the
physical properties of nanofibers. These parameters include electric field strength, polymer con-
centration, spinning distance, and polymer viscosity.

According to Rutledge et al. [5], the diameter of electrospun fibers is governed by the following
equation:

Q2 2 1/3
d= [ye? m} (8.1)

where d is the fiber diameter, y the surface tension, € the dielectric constant, Q the flow rate, I the
current carried by the fiber, and y the ratio of the initial jet length to the nozzle diameter.

One can control the fiber diameter by adjusting the flow rate, the conductivity of the spinning
line, and the spinneret diameter. Fiber diameter can be minimized by increasing the current carry-
ing capability of the fiber through the introduction of a conductive filler such as carbon black, car-
bon nanotube, metallic atoms, or mixing with an inherently conductive polymer. For example, an
increase of current carrying capability, /, of the fiber by 32 times will bring about 10-fold decrease
in fiber diameter. Alternatively, if the current / is kept constant, one can bring about a 10-fold
decrease in the fiber diameter by reducing the flow rate by 32 times. Reducing the spinneret nozzle
diameter can also bring about a reduction in fiber diameter. When the value of y is increased from
10 to 1000, the diameter of the fiber will decrease by approximately 2 times.

Experimental evidence has shown that the diameter of the electrospun fibers is influenced by
molecular conformation that is related to the molecular weight and the concentration of the poly-
mer in the spinning dope [6]. It was found that the diameter of fibers spun from dilute polymer solu-
tions can be expressed in terms of the Berry number B, a dimensionless parameter and a product of
intrinsic viscosity 1M, and polymer concentration, C. This relationship has been observed in a large
number of polymers. An example for this relationship is illustrated using polylactic acid (PLA). The
relationship between polymer concentration and fiber diameter of a PLA of different molecular
weight in chloroform are shown in Figure 8.3. It can be seen that fiber diameter increases as poly-
mer concentration increases. The rate of increase in fiber diameter is greater at higher molecular
weight. Accordingly, one can tailor the fiber diameter by proper selection of polymer molecular
weight and polymer concentrations.

Expressing fiber diameter as a function of B, as shown in Figure 8.4, a pattern emerges illus-
trating four regions of B vs. diameter relationships. At region (I), B<I, characterizing a very dilute
polymer solution with molecular chains barely touching each other. It is almost impossible to form
fibers by electrospinning of such solution, since there is not enough chain entanglement to form a
continuous fiber, and the effect of surface tension will make the extended conformation of a single
molecule unstable. As a result, only polymer droplets are formed. In region (II), 1<B<3, fiber
diameter increases slowly as B increases within the range ~100 to ~500 nm. In this region, the
degree of molecular entanglement is just sufficient for fiber formation. The coiled macromolecules
of the dissolved polymer are transformed by the elongational flow of the polymer jet into orientated

Copyright 2006 by Taylor & Francis Group, LLC



236 Nanotubes and Nanofibers

Average diameter vs. Concentration (Mw=300,000)

4000
R?2=0.8478
3500 - y = 895.29 x—1648.5

3000 -

2500 A

2000 -

1500 -

Average diameter (nm)

1000 T

500 - $

0 T T T T
0 1 2 3 4

Concentration (g/dL)

o1 4
(o]

Average diameter vs. Concentration (Mw=200,000)
3500

y = 330.3x-1018.4
30001 R2=0.9005

g

B
£
o
o 2000 -
€
S
S -
° 1500
o
o
o 1000
<

500

0 v *
0 5 10 15

Concentration (g/dL)

FIGURE 8.3 Relationship of fiber diameter and concentrations of polymer with different molecular weights.

molecular assemblies with some level of inter- and intramolecular entanglement. These entangled
networks persist as the fiber solidifies. In this region, some bead formations are observed as a result
of polymer relaxation and surface tension effect. In region (IlI), 3<B<4, fiber diameter increases
rapidly with B in the range from ~1700 to ~2800 nm. In this region, the molecular chain entan-
glement becomes more intensive, contributing to an increase in polymer viscosity. Because of the
intense level of molecular entanglement, it requires a higher level of electric field strength for fiber
formation by electrospinning. In region (IV), B>4, the fiber diameter is less dependent on B. With
a high degree of inter- and intramolecular chain entanglement, other processing parameters such as
electric field strength and spinning distance become dominant factors affecting fiber diameter. A
schematic illustration of the four Berry regions is shown in Table 8.1, showing the corresponding
relationship between fiber morphology and Berry numbers.

More recently, we further demonstrated, as shown in Figure 8.5, that the diameter, d, of
electrospun fibers is related to the Berry number B for three amorphous polymers with different
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FIGURE 8.4 The relationship between Berry number and fiber diameter.
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TABLE 8.1

Schematic of Polymer Chain Conformation and Fiber Morphology Corresponding to Four

Regions of Berry Number

Region I Region Il
Berry Number B<1 1<B<2.7

Polymer chain conformation in
solution

Fiber morphology

Average fiber diameter (Only droplets ~100-500 nm

formed)

1700-2800 nm

Region IlI
2.7B<3.6

~2500-3000 nm

molecular weights. It was shown that the relationship of fiber diameter to Berry number can be
expressed by d = a B¢, where a and c are experimental coefficients. The molecular weight of the
three polymers polystyrene, polybutadiene, and SBS are 48,000, 60,000, and 100,000 dalton,
respectively. It is of interest to note that the slope of the diameter vs. Berry number curves are
approximately the same, with a value of 5, reflecting the degree of crystallinity of the polymer. The
coefficient g is thought to be related to the molecular weight, radius of gyration of molecular chains,
and entanglement of the molecular chains. From this relationship, the polymer concentration

necessary to produce nanofiber can be predicted.
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FIGURE 8.5 The relationship between fiber diameter and the Berry number.

8.4 NANOFIBER YARNS AND FABRICS FORMATION

In order to translate nanoeffect to the macroscopic structural level, the nanofibers must be organ-
ized into linear, planar, and 3-D assemblies. The formation of nanofiber assemblies provides a
means to connect nanofiber effect to macrostructure performance. Electrospun fiber structures can
be assembled by direct fiber-to-fabric formation to create a nonwoven assembly and by the creation
of a linear assembly or a yarn from which a fabric can be woven, knitted, or braided. Linear fiber
assemblies can be aligned mechanically or by electrostatic field control. Alternatively, a self-assem-
bled continuous yarn can be formed during electrospinning by proper design of the ground elec-
trode. Self-assembled yarn can be produced in continuous length with appropriate control of
electrospinning parameters and conditions. The fibers are allowed to accumulate until a tree-like
structure is formed. Once a sufficient length of yarn is formed, the accumulated fibers attach them-
selves to the branches and continue to build up. A device such as a rotating drum can be used to
spool up the self-assembled yarn in continuous length as shown in Figure 8.6. This method pro-
duces partially aligned nanofibers yarn bundles of continuous length.

8.5 POTENTIAL APPLICATIONS OF ELECTROSPUN FIBERS

The Donaldson Company was the first to realize the commercial value of electrospinning taking
advantage of the enormous availability of the specific surface of electrospun fibers and the ultrafine
nature of the fibers. They introduced the Ultra-Web® cartridge filter for industrial dust collection in
1981 and more recently the Hollingsworth & Vose Company introduced the Nanoweb® for auto-
motive and truck filter applications. To date, industrial filter remains the primary commercial use of
electrospun fibers. The rediscovery and popularization of the electrospinning process in the 1990s
have changed the dynamics of the field of nanofiber technology. Electrospinning has been trans-
formed from an obscure technology to a word common in academia and one gradually being rec-
ognized by industry and government organizations. This was most evident in the Polymer Nanofiber
Symposium held in New York at the American Chemical Society (ACS) in September 2003,
wherein 75 papers and posters were presented [7]. On the basis of the papers presented in the ACS
symposium and the rapidly growing number of publications, one can categorize the potential
applications of electrospun fibers into (1) biomedical applications — tissue engineering scaffolds,
wound care, superabsorbent media, drug delivery carrier, etc. [8,9]; (2) electronic applications
electronic packaging, sensors, wearable electronics, actuators, fuel cells, etc. [10,11]; (3) industrial
applications — filtration, structural toughening/reinforcement, chemical/bio-protection, etc.
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FIGURE 8.6 Schematic illustration of the formation of self-assembled yarns by the electrospinning process.

[12,13]. It is of interest to note that these applications invariably made use of the large surface area
created by the fineness of the fibers. A few examples will be used herein to illustrate the potential
applications of nanofibers.

8.5.1 NANOFIBERS FOR TISSUE ENGINEERING SCAFFOLDS

It is well recognized, as articulated by Vacanti and Mikos [14], that the key challenges in tissue engi-
neering are the synthesis of new cell adhesion-specific materials and the development of fabrication
methods to produce reproducible three-dimensional synthetic or natural biodegradable polymer scaf-
folds with tailored properties. These properties include porosity, pore size distribution and connec-
tivity, mechanical properties for load-bearing applications, and rate of degradation. Of particular
interest in tissue engineering is the surface adhesion of the cells to the scaffold. Considering the
importance of surfaces for cell adhesion and migration, experiments were carried out in our labora-
tory using osteoblasts isolated from neonatal rat calvarias and grown to confluence in Ham’s F-12
medium (GIBCO), supplemented with 12% sigma fetal bovine on PLAGA-sintered spheres, 3-D-
braided 20 um filament bundles, and nanofibrils. Four matrices were fabricated for the cell culture
experiments. These matrices include (1) 150-300 wum PLAGA-sintered spheres, (2) unidirectional
bundles of 20 um filaments, (3) 3-D-braided structure consisting of 20 bundles of 20 um filaments,
and (4) nonwoven consisting of nanofibrils. The cell proliferation, as shown in Figure 8.7, is
expressed in terms of the amount of [*H]-thymidine uptake as a function of time. It can be seen that
there is a consistent increase in cell population with time for all the matrices. However, the nanofi-
brous structures demonstrated the most proliferate cell growth, whereas the cell growth in the struc-
tures consisting large diameter fibers and spheres were the least proliferate. Taking advantage of this
cell-friendly characteristic of nanofiber scaffolds, nanofibers are being evaluated for the regeneration
of skin, vascular grafts, ligament, cartilage, bone, and many other tissues and organs.

8.5.2 NANOFIBERS FOR CHEMICAL/BI10 PROTECTIVE MEMBRANES

Nanofiber assemblies are excellent structure barrier systems for dust filtration [12] and for the pre-
vention of the penetration of chemical and biological agents [13]. Considering the various barrier
concepts shown in Figure 8.8, it is concluded that neither the impermeable nor the permeable
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FIGURE 8.7 Directed cell growth (top) and cell proliferation (bottom) behavior in PLA nanofiber scaffold.

barrier systems are suitable because of the unacceptable level of heat generation in the imperme-
able barriers and the porous nature of the permeable systems. The semi-permeable barrier provides
incremental improvement but the addition of the sorptive layer may serve as a reservoir for bacte-
ria growth as well as adding bulk to the garment. Accordingly, the current design favors a system
that is carbon-free with selective permeable capability and which has the multiple functions of
repelling CB agents while allowing the body moisture vapor to escape. As an example, we illustrate
the feasibility of using the electrospinning process to construct a selective permeable membrane
using the polymers formulated and provided by Utility Development Cooperation (UDC).

An example of an solvent-based electrospun polymer is shown in Figure 8.9 showing a three-
dimensional interconnected fiber network. The morphology of the polymer was found to be con-
trollable by varying polymer concentration.

The electrospun membranes were tested at UDC for moisture vapor transmission by using the
Thwing Albert permeation cups. The testing was performed at 110°F to simulate hot weather condi-
tions. The moisture vapor transmission results of dip-coated nylon fabric with the same polymer as the
electrospun polymer formulation were compared to uncoated nylon fabric. These dip-coated fabrics
were about 6 mil thick compared to electrospun membrane at 10 mil thick. As shown in Table 8.2,
moisture vapor transmission through electrospun membrane was equivalent to uncoated nylon fabric
and there was no detectable moisture vapor transmission through the dip-coated nylon fabric. The test
duration was 5 h. Considering that the water vapor permeability of the state-of-the-art protective
membranes are of the order of 0.1 to 0.25 g/cm?, these results indicated that the electrospun mem-
branes meet the requirements for wearing comfort over an extended period. This favorable compari-
son with the performance of the state-of-the-art membranes appears to be consistent with the findings
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FIGURE 8.9 Electrospun UDC843A polymer showing an interconnected fiber network.

TABLE 8.2

Water Vapor Loss of Various Membranes (g/cm?)

Uncoated Nylon Electrospun Membrane Dip Coated Nylon Cloth
on Nylon Cloth

0.402 0.348 0.055

0.323 0.105 0.012

0.478 0.235 0.035

of Gibson et al. [15], who showed that the water-transport properties of electrospun nonwovens are
superior to that of the state-of-the-art commercial membranes.

Chemical agent testing was performed at Geomet Technology using HD chemical agents for
these tests in accordance with MIL-STD-282 static diffusion test. As indicated in the report from
Geomet, the UDC-formulated product has more than 24 h of HD chemical agent resistance exceed-
ing the performance requirement for state-of-the-art chemical/bio protective membranes.

8.5.3 NANOCOMPOSITE FIBERS FOR STRUCTURAL APPLICATIONS

Carbon nanotubes (CNTs) [16] are seamless graphene tubule structures with nanometer-size diame-
ters and high aspect ratios. This new class of one-dimensional material is shown to have exceptional
mechanical, thermal, and novel electronic properties. The elastic moduli of the CNTs are in the range
of 1 to 5 TPa [17-19] and fracture strains of 6 to 30%—both parameters about an order of magnitude
better than those of commercial carbon fibers, which typically have 0.1 to 0.5 TPa elastic moduli and
0.1 to 2% fracture strains [20]. The factor of 10 enhancement in strength implies that, for the same
performance, replacing or augmenting commercial carbon fibers with CNTs will lead to significant
reduction in the volume and weight of the structural composites currently used in space applications.

Studies carried out in our laboratory have demonstrated that composite nanofibers containing 1
to 10 wt% single-wall nanotube (SWNT) can be produced by electrospinning [21,22]. Fiber diam-
eters in the range of 40 to 300 nm have been obtained by varying the solution concentration and
electrospinning parameters. The alignment of SWNT in the nanofibers was confirmed by Raman
spectroscopy and TEM. Bulk mechanical properties of the green (as-spun) composite nanofibers
were characterized in the random mat form. With proper dispersion of SWNT and preparation of
the spinning dope, a twofold increase in strength and modulus is observed for the polyacrylonitrile
(PAN)/SWNT fiber assemblies containing 1 wt% SWNT. In addition, a continuous process for the
conversion of nanofibers into continuous yarn has also been successfully demonstrated. These con-
tinuous yarns provide an effective means to translate the properties of the SWNT to higher order
textile structures suitable for advanced composites and numerous other applications.
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FIGURE 8.10 Tensile properties of electrospun pristine PAN and 1 wt% SWNT/PAN fibers in random and
aligned.

Figure 8.10 shows the stress—strain properties of electrospun pristine PAN and 1 wt%
SWNT/PAN nanofibers. As can be seen in the random fiber mats, a more than twofold increase in
tensile strength and elastic modulus was obtained with the addition of 1 wt% SWNT. For the
aligned 1 wt% SWNT/PAN, a 33% increase in tensile strength and almost double strain were
obtained as compared with the random composite nanofibers. However, the increase in elastic mod-
ulus is not significant. A large increase in the area under the stress—strain curve of SWNT/PAN indi-
cates the effectiveness of SWNT in toughening and strengthening the fibers. Fibril as well as SWNT
alignments play an important role in maximizing properties translation from the nanoscopic level
to higher order structure. Even without any posttreatment, remarkable improvement in properties
was achieved in the electrospun composite nanofibrils. It is anticipated that posttreatment such as
mechanical drawing further aligns the SWNT in the fiber axis. Drawing of the fibers also induces
molecular orientation resulting in much higher properties. Furthermore, heat treatment enhances
interaction between the reinforcement and matrix leading to better load transferring across rein-
forcement—matrix interface.

The stress—strain behavior of the SWNT-loaded PAN suggested toughening and strengthening
of the fiber with the incorporation of 1 wt% SWNT.

8.6 SUMMARY AND CONCLUSIONS

The combination of high-specific surface area, flexibility, and superior directional strength makes
fiber a preferred material form for many applications ranging from clothing to reinforcements for
aerospace structures. The availability of fibers in nanoscale will greatly expand the performance limit
of materials and thus create new marketing opportunities leading to the birth of a new nanofiber-
based industry. Of the processing methods capable of fabricating nanofibers, electrospinning has
received the most intensive attention due to its simplicity and the potential for generating continuous
nanofiber assemblies. With the enormous increase in available surface area per unit mass, nanofibers
provide a remarkable capacity for the attachment or release of functional groups, absorbed mole-
cules, ions, catalytic moieties, and nanometer scale particles of many kinds. As a result, these
nanofiber assemblies provide favorable conditions for cell adhesion and cell migration for bioactive
nanofibers thus creating new opportunities for nanofiber-based scaffolds for tissue engineering and
for ultra-sensitive biosensors. Other areas expected to be impacted by nanofiber-based technology
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include drug delivery systems, wires, capacitors, transistors, and diodes for information technology,
systems for energy transport, conversion and storage, such as batteries and fuel cells, and structural
composites for aerospace structures. In order to capitalize on these new opportunities new process-
ing technology is needed, precise characterization tools for single nanofibers are required, and
nanoscale manipulation machines must be developed. These technologies must be supported by well-
verified engineering design tools and analytical methods. It is expected that nanofiber technology
will provide a critical link between nanoscale effect and macroscopic phenomena and become the
enabling pathway for the conversion of nanomaterials into practical large-scale applications.
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