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1 Introduction

Carbon in its miscellaneous forms has been used in art and technology since prehistoric
times (1.1–1.4). Some of the earliest cave paintings, at Lascaux, Altamira and elsewhere,
were produced using a mixture of charcoal and soot. Charcoal, graphite and carbon black
(a pure form of soot) have been used as drawing, writing and printing materials ever
since: photocopier toner is largely composed of carbon black. Coal and charcoal, of
course, have been used as fuels for millennia, and charcoal played an important role in
what might be considered humankind’s first technology, the smelting and working of
metals. Charcoal was used in this way right up to the eighteenth century, when it began to
be replaced by coke, a development which helped to stimulate the Industrial Revolution.
With the development of the electrical industry in the late nineteenth century, a demand
developed for graphite. The American Edward Acheson is credited with producing the
first synthetic graphite in 1896. In the twentieth century, the importance of activated
carbon in purifying air and water supplies grew steadily, and the invention of carbon
fibres in the 1950s provided engineers with a new lightweight, ultra-strong material.
Diamonds, like graphite, have been known since antiquity, but until quite recently were
only used decoratively. The development of a commercial synthetic method at General
Electric in the 1950s opened the way for the industrial use of diamonds.

The history of carbon science is littered with illustrious names. Antoine Lavoisier, in a
famous experiment in 1772, proved that diamonds are a form of carbon by demonstrating
that they produce nothing but carbon dioxide on combustion. Carl Wilhelm Scheele
carried out a similar experiment with graphite in 1779; before that time graphite had been
thought to be a form of lead. Humphrey Davy and Michael Faraday carried out extensive
studies of combustion at the Royal Institution. Davy correctly ascribed the yellow incan-
descence of a flame to glowing carbon particles, while Faraday, in his famous series of
lectures on ‘The chemical history of a candle’, used a burning candle as the starting point
for a wide-ranging dissertation on natural philosophy (1.5). The structure of diamond was
one of the first to be solved using X-ray diffraction, by William and Lawrence Bragg
in 1913 (1.6), while nine years later John D. Bernal solved the structure of graphite (1.7).
In 1951 Rosalind Franklin demonstrated the distinction between graphitizing and
non-graphitizing carbons (1.8, 1.9), and at about the same time Kathleen Lonsdale made
important contributions to the study of diamonds, both natural and synthetic (e.g. 1.10).

By the early 1980s, however, carbon science was widely considered to be a mature
discipline, unlikely to yield any major surprises, let alone Nobel Prizes. That the situation
is so different today is due, in large measure, to the synthesis in 1985 by Harry Kroto of



the University of Sussex and Richard Smalley of Rice University, and their colleagues, of
the first all-carbon molecule, buckminsterfullerene (1.11). It was this discovery which led
to the synthesis of fullerene-related carbon nanotubes and which made carbon science
suddenly so fashionable.

1.1 Buckminsterfullerene

Neither Kroto nor Smalleywere traditional carbon scientists, but both had a strong interest
in synthesizing carbon clusters. Kroto’s interest arose from a long standing fascination
with the chemical species that are found in the interstellar medium. He believed that small
carbon clusters or molecules might be responsible for some of the unexplained features in
the spectra recorded by astronomers. Smalley’s motivation was more down to earth. For
many years he had been working on the synthesis of inorganic clusters using laser-
vaporization, with the aim of producing new semiconductors or catalysts. Carbon clusters
produced in a similar way might also have valuable properties.

The now-famous series of experiments involved vaporizing graphite using a Nd:YAG
laser. The distribution of carbon clusters in the gas-phase was then determined using
mass spectrometry. This produced an extremely striking result. In the distribution of
gas-phase carbon clusters, detected by mass spectrometry, clusters containing 60 carbon
atoms were by far the dominant species. This dominance became even more marked
under conditions that maximized the amount of time the clusters were ‘annealed’ in the
helium. There was no immediately obvious explanation for this since there appeared to
be nothing special about open structures containing 60 atoms. The eureka moment came
when they realized that a closed cluster containing precisely 60 carbon atoms would have
a structure of unique stability and symmetry, as shown in Fig. 1.1. The unwieldy name
which they gave to this structure, buckminsterfullerene, honoured the visionary designer
of geodesic domes, Richard Buckminster Fuller. The discovery of C60, announced in
Nature in November 1985 (1.11), had an enormous impact (1.12–1.15).

Fig. 1.1 C60: buckminsterfullerene.

2 Introduction



At first, however, further progress was slow. The main reason was that the amount of
C60 produced in the Kroto–Smalley experiments was minuscule. If C60 were to become
more than a laboratory curiosity, somewaymust be found to produce it in bulk. Eventually,
this was achieved using a technique far simpler than that of Kroto and Smalley. Instead of a
high-powered laser, Wolfgang Krätschmer of the Max Planck Institute at Heidelberg,
Donald Huffman of the University of Arizona and their co-workers used a simple carbon
arc to vaporize graphite, again in an atmosphere of helium, and collected the soot which
settled on the walls of the vessel (1.16). Dispersing the soot in benzene produced a red
solution which could be dried down to produce beautiful plate-like crystals of ‘fullerite’:
90% C60 and 10% C70. Krätschmer and Huffman’s work, published in Nature in 1990,
showed that macroscopic amounts of solid C60 could be made using methods accessible to
any laboratory, and it stimulated a deluge of research. Carbon nanotubes are perhaps the
most important fruits of this research.

1.2 Fullerene-related carbon nanotubes

Sumio Iijima, an electron microscopist then working at the NEC laboratories in Japan, was
fascinated by the Krätschmer–Huffman Nature paper. Ten years earlier he had used
transmission electron microscopy to study soot formed in a very similar arc-evaporation
apparatus to that used by Krätschmer and Huffman (1.17, 1.18). He found that the soot
contained a variety of novel carbon architectures including tightly curved, closed nanopar-
ticles and extended hollow needles. Might such particles also be present in the K–H soot?
Initial high-resolution TEM studies were disappointing: the soot collected from the walls of
the arc-evaporation vessel appeared almost completely amorphous, with little obvious
long-range structure. Eventually, Iijima gave up sifting through the wall soot, and turned
his attention to the hard, cylindrical deposit which formed on the graphite cathode after
arc-evaporation. Here his efforts were finally rewarded. Instead of an amorphous mass, the
cathodic soot contained a whole range of novel graphitic structures, the most striking of
which were long hollow fibres, finer and more perfect than any previously seen. Iijima’s
beautiful images of carbon nanotubes, shown first at a meeting at Richmond, Virginia in
October 1991, and published in Nature a month later (1.19), prompted fullerene scientists
the world over to look again at the used graphite cathodes, previously discarded as junk.

A typical sample of the nanotube-containing cathodic soot is shown at moderate
magnification in Fig. 1.2(a). As can be seen, the nanotubes are accompanied by other
material, including nanoparticles (hollow, fullerene-related structures) and some disor-
dered carbon. The nanotubes range in length from a few tens of nm to several μm, and in
outer diameter from about 2.5 to 30 nm. At high resolution the individual layers making
up the concentric tubes can be imaged directly, as in Fig. 1.2(b).

Virtually all of the tubes produced using the arc-evaporation method are closed at both
ends with caps which contain pentagonal carbon rings. The structural relationship between
nanotubes and fullerenes can be illustrated by considering the two ‘archetypal’ carbon
nanotubes that can be formed by cutting a C60 molecule in half and placing a graphene
cylinder between the two halves. DividingC60 parallel to one of the three-fold axes results in
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the zig zag nanotube shown in Fig. 1.3(a), while bisecting C60 along one of the five-
fold axes produces the armchair nanotube shown in Fig. 1.3(b). The terms ‘zig zag’ and
‘armchair’ refer to the arrangement of hexagons around the circumference. There is a
third class of structure in which the hexagons are arranged helically around the tube
axis (see Chapter 3). In practice, the caps are rarely hemispherical in shape, but can
have a variety of morphologies; a typical example is shown in Fig. 1.4. More complex
cap structures are often observed, owing to the presence of heptagonal as well as
pentagonal carbon rings (1.21).

(a)

(b)

Fig. 1.2 (a) ATEM image of multiwalled carbon nanotubes produced by arc-evaporation. (b) A higher
magnification image of individual tubes.
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1.3 Single- and double-walled nanotubes

Nanotubes of the kind described by Iijima in 1991 invariably containmore than one graphitic
layer, and generally have inner diameters of around 4nm. In 1993, Iijima and Toshinari
Ichihashi of NEC, and Donald Bethune and colleagues of the IBM Almaden Research
Center in California independently reported the synthesis of single-walled nanotubes (1.22,
1.23). This proved to be an extremely important development, since the single-walled tubes
appeared to have structures that approximate to those of the ‘ideal’ nanotubes shown in
Fig. 1.3. They proved to have extraordinary properties, and today there are more papers
published on single-walled tubes than on their multiwalled counterparts. An important
advance came in 1996 when Smalley’s group described the synthesis of single-walled

(a)

(b)

Fig. 1.3 Drawings of the two nanotubes that can be capped by one-half of a C60 molecule (1.20). (a) Zig zag
(9, 0) structure, (b) armchair (5, 5) structure (see Chapter 5 for an explanation of the indices).

Fig. 1.4 An image of a typical multiwalled nanotube cap. Scale bar 5 nm.
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tubes using laser-vaporization (1.24). They can also be made catalytically, as discussed
below. A typical image of single-walled nanotubes (SWNTs) is shown in Fig. 1.5. It can be
seen that the appearance is quite different from that of samples of multiwalled nanotubes
(MWNTs). The individual tubes have very small diameters (typically ∼1nm), and are
often curved rather than straight. They also have a tendency to form bundles or ‘ropes’.
Methods for producing double-walled carbon nanotubes (DWNTs) in high yield using
arc-evaporation have also now been developed (1.25).

1.4 Catalytically produced carbon nanotubes

The production of filamentous carbon by catalysis had been known long before
Iijima’s discovery of fullerene-related carbon nanotubes. As early as 1890, P. and L.
Schultzenberger observed the formation of filamentous carbon during experiments
involving the passage of cyanogen over red-hot porcelain (1.26). Work in the 1950s
established that filaments could be produced by the interaction of a wide range of
hydrocarbons and other gases with metals, the most effective of which were iron, cobalt
and nickel. Probably the first electron micrographs showing tubular carbon filaments
appeared in a 1952 paper by Radushkevich and Lukyanovich in the Russian Journal of
Physical Chemistry (1.27). Serious research into the catalytic formation of carbon
filaments began in the 1970s when it was appreciated that filament growth could
constitute a serious problem in the operation of nuclear reactors, and in certain chemical
processes. The most extensive programme of research was carried out in the 1970s by
Terry Baker and his colleagues at the United Kingdom Atomic Energy Authority’s
laboratories at Harwell, and later in the USA (e.g. 1.28). This group were concerned
with filamentous carbon growth in the cooling circuits of gas-cooled nuclear reactors.
Thus, Baker’s work was primarily motivated by the need to avoid filamentous carbon

Fig. 1.5 A typical image of single-walled nanotubes. Courtesy Kazu Suenaga.
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growth in these cooling pipes. A few workers, however, recognized that it might be
possible to produce useful carbon nanofibres by catalysis. Notable among these was
Morinobu Endo of Shinshu University in Japan, who proposed in 1988 (1.29) that
catalytic carbon nanotubes could represent an alternative to conventional carbon fibres,
which are produced by pyrolysing strands of polymer or pitch.

Following Iijima’s paper in 1991, interest in catalytically produced carbon nanotubes
exploded. As well as multiwalled nanotubes, single-walled and double-walled tubes can
now also be produced by catalysis (e.g. 1.30, 1.31). The production of nanotubes catalyti-
cally is attractive for many reasons. Perhaps most importantly, it is much more amenable to
scale-up than arc-evaporation.A number of processes have now been developed for the bulk
synthesis of single-walled tubes using catalysis (e.g. 1.32, 1.33). Catalytic methods also
allow the controlled growth of tubes on substrates, for applications in display technol-
ogy and other areas. The main drawback is that, at least for multiwalled nanotubes, the
quality of tubes produced in this way is poorer than for those produced by arc-evaporation.

1.5 Who discovered carbon nanotubes?

If carbon nanotubes have been known since the 1950s, if not earlier, why is Iijima’s work
considered so important? And who, in fact, should be credited with discovering carbon
nanotubes? This has often been debated at nanotube conferences, and in the literature
(1.34, 1.35), and the uncertainty surrounding the question of who actually discovered
nanotubes probably explains why no Nobel Prizes have yet been awarded in this area.
In discussing this topic, some researchers have attempted to downplay the importance of
Iijima’s work. It has even been stated that Iijima simply took bettermicrographs than anyone
else! In the view of the present author this is wrong. Iijima’s 1991 work is undoubtedly
responsible for the current explosion of interest in carbon nanotubes, and for good reason.
The nanotubes he prepared were far more perfect than those that had been previously
produced catalytically, and differed from them in being all-carbon structures, closed at both
ends, and not ‘contaminated’ with catalyst particles. Moreover, all the evidence suggests
that arc-produced tubes have superior properties to catalytically-grown ones. This appar-
ently remains the case even after the catalytic tubes have been annealed in an attempt to
remove the defects (see Section 7.1.2). Thus it can be argued that fullerene-related carbon
nanotubes are different in kind from catalytically produced tubes. It is important to note,
however, that this distinction only seems to apply to multiwalled tubes. Tubes with one or
two layers seem to have similar properties no matter how they are produced.

If we accept, then, that fullerene-related carbon nanotubes are a different species from
catalytically produced tubes, is there evidence that the fullerene-related variety were
known before 1991? The answer is yes, although the potential importance of these
structures was not recognized. To begin, there are Iijima’s studies of carbon films carried
out in the late 1970s and early 1980s, which were mentioned above. For this work he
prepared specimens of arc-evaporated carbon using an apparatus of the type commonly
employed to make carbon support films for electron microscopy. The method he used
would have differed slightly (but significantly) from the Krätschmer–Huffman technique
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in that the chamber would have been evacuated rather than filled with a small pressure of
helium. The resulting films were largely amorphous, but contained small, partially
graphitized regions which contained some unusual structures. These structures included
discrete graphitic particles apparently made up of concentric closed shells, tightly curved
around a central cavity. One of these structures, reproduced as Fig. 5(a) in his 1980
Journal of Microscopy paper (1.17), is clearly a nanotube, and Iijima confirmed its
tubular nature using tilting experiments. But he did not explore these structures in detail,
and suggested that the curved layers were probably due to sp3 bonding, rather than, as we
now believe, the presence of pentagonal rings.

There are other examples of structures resembling ‘Iijima-type’multiwalled nanotubes
scattered throughout the pre-1991 carbon literature. In some cases these structures might
be contaminants on the carbon films used to support the samples (1.36). It has also been
claimed that an image in a 1976 paper by Agnes Oberlin and colleagues contains an
image of a single-walled tube (Fig. 11 of ref. 1.37). While this may be true, the authors
did not recognize its significance at the time.

Work by theoreticians also anticipated the discovery of carbon nanotubes. For exam-
ple, Patrick Fowler of Exeter University described theoretical studies of small cylindrical
fullerene molecules in early 1990 (1.38). Two groups of American theorists, one at the
Naval Research Laboratory, Washington DC (1.39), and one at the Massachusetts
Institute of Technology (1.40) submitted papers on the electronic properties of fullerene
tubes just a few weeks before Iijima’s paper appeared in Nature. Last, but not least, the
highly imaginative British chemist David Jones, under his pen-name Daedalus, rumi-
nated about rolled-up tubes of graphite in The New Scientist in 1986 (1.41).

1.6 Carbon nanotube research

Interest in carbon nanotubes, which took off following the publication of Iijima’s 1991
paper, continues to grow. This can be seen in the rise in the annual total of papers on
nanotubes, up from 886 in 2000 to 5406 in 2007 (Fig. 1.6). During the same period the
number of papers on fullerenes has remained fairly static at about 700 per year. The contrast
between the number of papers on carbon nanotubes and the number on fullerenes of course
reflects the far greater potential for practical applications of nanotubes. Despite the con-
tinuing growth of interest in carbon nanotubes, however, there are signs that the number of
major breakthroughs in the field is falling. Thus, in 2007 there was just one paper on carbon
nanotubes in Nature and two in Science, compared with nine and ten respectively in 1999.
As far as the origin of papers is concerned, the United States leads the way, as might be
expected, with 27% of the total of carbon nanotube papers published in 2007. Perhaps
surprisingly, this is closely followed by China, with 26%, demonstrating a major invest-
ment in carbon science and nanotechnology in that country. About 10% of nanotube papers
originated in Japan and 7% from South Korea. Of the European countries, Germany
contributed about 6% of the total, the United Kingdom about 5% and France 4%.

Perhaps the largest volume of research into nanotubes has been devoted to their
electronic properties. The theoretical work that pre-dated Iijima’s discovery has already
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been mentioned. A short time after the publication of Iijima’s 1991 letter in Nature,
theoretical studies appeared which demonstrated that the electronic properties of nano-
tubes were a function of both tube structure and diameter. These remarkable predictions
stimulated huge interest, but attempting to determine the electronic properties of nano-
tubes experimentally presented great difficulties. By the late 1990s, however, studies
were appearing which confirmed these predictions, and the first nanotube-based electro-
nic devices began to be produced. The Science cover picture shown in Fig. 1.7(a)
accompanied a 2001 article on nanotube logic circuits by Cees Dekker of Delft
University of Technology and colleagues (see p. 167). The second major area of carbon
nanotube research has revolved around their mechanical properties. Again, theory came
slightly ahead of experiment, but ingenious measurements using electron microscopy
and scanning probe microscopy soon confirmed the theoretical predictions: carbon
nanotubes are the stiffest and strongest fibres known. These properties, coupled with
their low density, mean that carbon nanotubes are the only fibres suitable for producing a
‘space elevator’, an Earth-to-space cable first proposed by Arthur C. Clarke (1.42), as
illustrated in Fig. 1.7(b). On a more down-to-earth level, the outstanding mechanical
properties of carbon nanotubes are beginning to find applications in a whole range of
areas, from sports equipment to automobiles. In such applications it is almost always
necessary to encapsulate the tubes in a matrix, and the production of carbon nanotube
composites is becoming a major field in itself. As well as their electronic and mechanical
properties, many other aspects of carbon nanotubes have captivated researchers, and, as
will become clear in this book, nanotube research has developed in an amazingly wide
range of directions. Some aspects of carbon nanotube research have even begun to
impinge on popular culture. While Arthur C. Clarke was unaware of nanotubes when
he speculated about space elevators, contemporary science fiction writers are alive to the
possibilities offered by these newmaterials. Thus, in Rollback by Robert J. Sawyer (1.43)
there is a glistening carbon nanotube tower called the Spire of Hope, while River of Gods
by Ian McDonald (1.44) features a ‘no-maintenance domestic scale carbon nanotube
solar power generator’, although how this actually works is not specified.
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Fig. 1.6 The number of papers on carbon nanotubes published annually, from 2000 to 2007. Data
from ISI Web of Knowledge.
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1.7 Scope of the book

The next two chapters cover the synthesis of carbon nanotubes. Chapter 2 is concerned
with non-catalytic methods, primarily arc-evaporation and laser-vaporization, while
catalytic synthesis is discussed in Chapter 3. Methods of purifying nanotubes and of
processing them into defined forms and arrangements are covered in the following
chapter. In Chapter 5, theoretical approaches to the analysis of nanotube structure are
outlined, and experimental observations described. One of the major growth points of
nanotube science, namely research into their electronic properties, is considered in
Chapter 6, while other physical properties, including mechanical, are discussed in the
following chapter. Chapter 8, entitled ‘Chemistry and biology of nanotubes’ covers the
chemical and biomolecular functionalization of carbon nanotubes and their interaction
with biological systems. Chapters 9–11 discuss the incorporation of nanotubes into
polymer and other matrices; the filling of nanotubes with foreign materials and the
production and properties of heterogeneous nanotubes; and the use of nanotubes in

(a)

Fig. 1.7 Carbon nanotube cover art. (a) Science, 9 November 2001 issue, showing a
nanotube-based electronic circuit. (b) American Scientist, July–August 1997 issue, with an
illustration of a nanotube space elevator.
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sensing and imaging devices respectively. The final chapter summarizes the achieve-
ments and failings of carbon nanotube research.
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2 Synthesis I: arc- and
laser-vaporization, and heat
treatment methods

As we saw in the last chapter, the excitement surrounding carbon nanotubes was
originally sparked by Iijima’s production of highly perfect multiwalled tubes using
arc-evaporation in 1991. Although the catalytic production of carbon tubules had been
known for decades, the structures discovered by Iijima displayed a degree of perfection
much greater than those seen in catalytic tubes. The first synthesis of single-walled
nanotubes in 1993 also involved arc-evaporation, this time with metal-impregnated
electrodes. Arc-evaporation remains an important method of nanotube synthesis, and
will be discussed in detail in this chapter. The chapter begins with a description of
the practical aspects of the arc synthesis of multiwalled nanotubes. A summary of the
various models that have been put forward for the growth of multiwalled tubes in the arc
is then given. This is followed by a discussion of the production of multiwalled
nanotubes by high-temperature heat treatment of disordered carbon. The synthesis of
single-walled carbon nanotubes by arc-evaporation and by laser-vaporization is then
covered, and the possible mechanisms of nanotube formation in these processes sum-
marized. Finally, the arc synthesis of double-walled nanotubes is described.

2.1 Production of multiwalled nanotubes by arc-evaporation

2.1.1 Early work

The original method used by Iijima to prepare nanotubes (2.1) differed slightly from the
Krätschmer–Huffman technique for C60 production in that the graphite electrodes were
held a short distance apart during arcing, rather than being kept in contact. Under these
conditions, some of the carbon which evaporated from the anode recondensed as a hard
cylindrical deposit on the cathodic rod. It was the central part of this deposit that Iijima
found to contain both nanotubes and nanoparticles. But the yield was rather poor in these
initial experiments. A significant advance came in July 1992 when Thomas Ebbesen and
Pulickel Ajayan, working at the same Japanese laboratory as Iijima, discovered that
increasing the pressure of He in the arc-evaporation chamber dramatically improved the
yield of nanotubes formed in the cathodic soot (2.2). The discussion that follows draws
considerably on the excellent reviews which have been given by Ebbesen (2.3, 2.4).

A variety of different arc-evaporation reactors have been employed for nanotube
synthesis, but a stainless steel vacuum chamber with a viewing port is probably the



most commonly-used type. A typical example is illustrated in Fig. 2.1. A glass-dome
chamber of the kind used in the original Krätschmer–Huffman experiments is not ideal,
since this does not easily allow for the separation of the rods to be adjusted during
discharge. The chamber must be connected both to a vacuum line with a diffusion pump,
and to a He supply. A continuous flow of He at a given pressure is usually preferred over a
static atmosphere of the gas. The electrodes are two graphite rods, usually of high-purity,
although there is no evidence that exceptionally pure graphite is necessary. Indeed,
nanotubes have been successfully produced using very impure forms of carbon, such
as coal, as electrodes (see later). Typically, the anode is a long rod approximately 6mm in
diameter and the cathode a much shorter rod 9mm in diameter. Efficient water-cooling of
the cathode has been shown to be essential in producing good quality nanotubes, and the
anode is also frequently cooled. The position of the anode should be adjustable from
outside the chamber, so that a constant gap can be maintained during arc-discharge.
Avoltage-stabilized DC power supply is normally used, and discharge is typically carried
out at a voltage of 20 V. The current depends on the diameter of the rods, their separation,
the gas pressure and so on, but is usually in the range 50–100A.

When the pressure is stabilized, the voltage should be turned on. At the start of the
experiment the electrodes should not be touching, so no current will initially flow. The
movable anode is now gradually moved closer to the cathode until arcing occurs. When a
stable arc is achieved, the gap between the rods should be maintained at approximately
1mm or less; the rod is normally consumed at a rate of a few mm per minute. When the
rod is consumed, the power should be turned off and the chamber left to cool before
opening. The rate of nanotube synthesis in the arc-evaporation process is quite high:
deposits are typically generated at rates of 20–100mgmin− 1 (2.6). However, the dis-
charge can only be sustained for a few minutes.

Fig. 2.1 A schematic illustration of arc-evaporation apparatus for the production of fullerenes and
nanotubes (adapted from ref. 2.5). Although not shown here, it is usual for the electrodes to be
water-cooled.
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A number of factors have been shown to be important in producing a good yield of
high-quality nanotubes. Perhaps the most important is the pressure of the He in the
evaporation chamber, as demonstrated by Ebbesen and Ajayan in their 1992 paper (2.2).
This is illustrated graphically in Fig. 2.2, taken from this paper, which shows nanotube
samples prepared at 20, 100 and 500 torr. A striking increase in the number of tubes is
evident as the pressure is increased. At pressures above 500 torr there is no obvious
change in sample quality, but there is a fall in total yield. Thus, 500 torr appears to be the
optimum He pressure for nanotube production. Note that these conditions are not
optimum for C60 production, which requires a pressure of below 100 torr.

Another important factor in the arc-discharge method is the current, as demonstrated in
several studies (2.7, 2.8). Too high a current will result in a hard, sintered material with
few free nanotubes. Therefore, the current should be kept as low as possible, consistent
with maintaining a stable plasma. Efficient cooling of the electrodes and the chamber has
also been shown to be essential in producing good quality nanotube samples and
avoiding excessive sintering. If arc-discharge has been carried out correctly, a cylindrical
and homogenous deposit should form on the cathode. This consists of a hard outer shell,
consisting of fused material and a softer fibrous core that contains discrete nanotubes and
nanoparticles. These can be extracted by cutting open the outer shell. Some indication of
the quality of the nanotube samples be gained by a simple physical examination of the
carbon. A poor sample containing few nanotubes will generally have a powdery texture,
while good quality material can be smeared to produce sheet-like flakes with a grey
metallic lustre (note, however, that gloves should be worn when handling the carbon: see
Section 2.1.4 below).

2.1.2 The arc-evaporation technique: further developments

There have been a number of variations on the ‘classic’ arc-evaporation method since the
original work in the early 1990s. Several groups have experimented with using alter-
natives to He for arc-evaporation. These alternative gases include H2 (2.9–2.11), N2

(2.12), CF4 (2.13) and organic vapours (2.14). Some of these experiments have produced
interesting results. For example, in a paper published in Nature in 2000 (2.11), Iijima
and colleagues claimed to have produced the ‘smallest possible carbon nanotube’. The
tube, with a diameter of 0.4 nm, was the innermost shell of a multiwalled nanotube in a
sample produced by arc-evaporation under H2. It was suggested that the tube had a (3, 3)
armchair structure and was capped with half of a C20 molecule. Although smaller
nanotubes are theoretically possible, the (3, 3) structure is believed to be the narrowest
that could have any realistic stability. It was suggested that the H2 atmosphere facilitated
the formation of the semi-C20 dodecahedra by terminating dangling bonds with hydro-
gen. Addition of carbon species to these stabilized ‘seeds’would then result in the growth
of (3, 3) tubes. In the same issue of Nature, a group from the Hong Kong University of
Science and Technology reported the pyrolytic synthesis of SWNTs with a similar
diameter (2.15). In a later paper it was claimed that these tubes exhibited superconduc-
tivity, as discussed in Chapter 6 (p. 164). In general, there is little evidence that using
alternative gases produces major benefits in terms of nanotube yield, although workers
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(a)

(b)

(c)

Fig. 2.2 Micrographs showing the effect of helium on the yield of nanotubes in arc-evaporation
experiments, from the work of Ebbesen and Ajayan (2.2). Samples prepared at (a) 20 torr,
(b) 100 torr and (c) 500 torr.
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from the Fuji Xerox company in Japan (2.14) claim that the use of hexane or other
organic vapours can dramatically increase the yield of MWNTs. Another variant on the
arc-evaporation process involves carrying out the arcing in a liquid, thus removing the
requirement for a vacuum chamber altogether. It seems that the first experiments of this
kind were carried out in 2000 by Alex Zettl’s team from Berkeley using liquid N2 (2.16).
Their method involved inserting a graphite anode into an open container of liquid
nitrogen containing a short copper or graphite cathode. The electrodes were momentarily
brought into contact and an arc was struck. Nanotubes formed in the arc plasma region
dropped and collected on the bottom of the vessel. A major advantage of this approach
over arc-discharge under a gas is that the process can be operated continuously, thus
potentially increasing the yield of nanotubes many fold.

Subsequent work, notably by workers from Tsing Hua University, Beijing, and by a
team led by Gehan Amaratunga of Cambridge University, has shown that nanotubes
and nanoparticles can also be made by arc-discharge under water (2.17–2.21). The
Amaratunga group compared the quality of nanotubes produced under liquid N2 with
those produced in water (2.20) and found that the latter were significantly more perfect.
This group have also discussed the production of carbon onions (2.20, 2.21) and nano-
horns (2.22) by arc-discharge under water. Other researchers have described the devel-
opment of an optoelectronically automated system for the arc-synthesis of MWNTs in
solution (2.23, 2.24).

Another modification of the original arc-evaporation method involved the use of
magnetic fields. The Fuji Xerox group showed in 2002 that situating four cylindrical
Nd–Fe–B magnets around the electrodes, to form a symmetrical magnetic field, greatly
increased the yield of nanotubes (2.25). Soots containing up to 97% of nanotubes could
apparently be produced. This approach would seem to merit further investigation.

2.1.3 Alternatives to graphite

As mentioned above, arc-evaporation can be carried out with electrode materials other
than graphite. There has been some interest in using coal as an electrode material, since
this would reduce the cost of raw material approximately ten-fold. The production of
multiwalled nanotubes from coal using arc-discharge was first explored by Michael
Wilson of the Australian National University and his co-workers in 1993 (2.8), and has
been studied in detail by Jason Qiu and colleagues of Dalian University of Technology,
China (2.26–2.29). It is not clear at present whether using coal as an electrode material for
arc-discharge synthesis of nanotubes offers any real advantages. Although coal is cheap,
the saving is probably insignificant compared with the labour costs associated with the
arc-evaporation method. There is also the problem of contamination produced by the
non-carbon constituents of coal.

2.1.4 Safety considerations for the arc-evaporation method

This section considers briefly the safety issues associated with the arc-evaporation
synthesis of nanotubes. It is clearly important to check the machine for short circuits
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before carrying out arc-discharge and, if a vacuum chamber is being used, the vacuum
should be tested for leaks before introducing the inert gas. Since most chambers will
have a viewing port, care must also be taken to protect the operator’s eyes from the
intense light of the arc using a high-density optical glass filter. The soot produced by
arc-evaporation, particularly that which condenses on the walls of the chamber, is
extremely light and can easily become airborne. Precautions should therefore be taken
to avoid inhalation. For this reason, it is recommended that the entire arc-discharge
apparatus is enclosed in a fume hood. A mask should also be worn when opening the
chamber, and it is advisable to wear gloves when handling the fullerene-related materials.

Carrying out arc-evaporation under liquids appears to be a less alarming procedure
than onemight expect. If carried out correctly, the discharge should not cause the liquid to
dramatically vaporize or bubble violently. In the case of arc-discharge in water, some CO
vapour may be released, which must be extracted. Otherwise the process is relatively
mild and, with proper circulation of the liquid, can be run for several hours at a time.

The toxicity of carbon nanotubes is discussed in Chapter 8.

2.2 Growth mechanisms of multiwalled nanotubes in the arc

2.2.1 General comments

Before discussing theories of the growth mechanisms of MWNTs in the arc, it is worth
considering the influence of tube structure on growth. Many of the comments here may
also apply to other types of nanotube growth.

Iijima pointed out in his 1991 Nature paper (2.1) that the growth of tubes with a
helical structure would seem to be favoured, since such tubes have a repetitive step at the
growing edge. This situation, illustrated in Fig. 2.3, is rather similar to the emergence of a
screw dislocation from a crystal surface. Armchair and zigzag nanotubes do not possess
such a favourable growth structure and would require the repeated nucleation of a
new ring of hexagons. This suggests that helical nanotubes should be much more
commonly observed than armchair and zigzag tubes, and the experimental evidence tends
to confirm this.

A further, very basic, question concerning the growth mechanism is why tubes remain
open during growth. An early view, put forward by Smalley and colleagues, was that the
electric field in the arc may be important in keeping tubes open during growth (e.g. 2.30,
2.31). If correct, this would help to explain why nanotubes are never found in the soot
which condenses on the walls of the arc-evaporation vessel, but only on the cathode.
However, calculations indicated that field-induced lowering of the open tip energy was
not sufficient to stabilize the open configuration except for unrealistically high fields
(2.32, 2.33). Therefore, a refined model was developed in which adatom ‘spot-welds’
between layers help to stabilize the open tip conformation against closure (2.34).

An alternative explanation for the phenomenon of open-ended growth is that
the interactions between adjacent concentric tubes can stabilize open tubes (2.35,
2.36). A detailed analysis of the interaction of two adjacent tubes was carried out by
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Jean-Christophe Charlier and colleagues using molecular dynamics simulations (2.35).
They considered a (10, 0) tube inside an (18, 0) tube, and found that bridging bonds
formed between the edges of the two tubes. At high temperatures (3000K), the config-
uration of the lip–lip bonding structures was found to fluctuate continuously. It was
suggested that this fluctuating structure would provide active sites for the adsorption and
incorporation of new carbon atoms, thus enabling the tube to grow. A final possibility is
simply that nanotube growth is a kinetic process, and that the growth of an open tube is
more kinetically favourable than closure.

As far as the detailed mechanism ofMWNT growth in the arc is concerned, three types
of model have been put forward, which could be labelled ‘gas’, ‘solid’ and ‘liquid’. These
are now discussed in turn.

2.2.2 Vapour phase growth

Most early theories of nanotube formation in the arc assumed that nucleation and growth
occurred as a result of direct condensation from the vapour, or plasma, phase. It was also
thought that the electric field of the arc played an essential role in inducing the ‘one-
dimensional’ growth that leads to the formation of tubes (2.37). Probably the most

Fig. 2.3 A drawing of two concentric helical tubes showing the presence of steps at the growing edges (2.3).
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detailed analysis of the gas phase nucleation and growth of MWNTs in the arc was given
by Eugene Gamaly, an expert on plasma physics, and Thomas Ebbesen in 1995 (2.38).
These authors began by assuming that the nanotubes and nanoparticles form in the region
of the arc next to the cathode surface. They then analysed the density and velocity
distribution of carbon vapours in this region, taking into account the temperature and the
properties of the arc, in order to develop their model. They suggested that in this layer of
carbon vapour there will be two groups of carbon particles with different velocity
distributions. This idea is central to their growth model. One group of carbon particles
will have a Maxwellian, i.e. isotropic, velocity distribution corresponding to the tem-
perature of the arc (∼3700 °C). The other group is composed of ions accelerated in the gap
between the positive space charge and the cathode. The velocity of these carbon particles
will be much greater than those of the thermal particles, and in this case the flux will be
directed rather than isotropic. The process of nanotube (and nanoparticle) formation is
considered to occur in three stages. In the first stage the isotropic velocity distribution
results in the formation of approximately equiaxed structures such as nanoparticles. As
the current becomes more directed, open structures begin to form which Gamaly and
Ebbesen consider to be the seeds for nanotube growth. In the second stage, a stream of
directed carbon ions flows in a direction perpendicular to the cathode surface, resulting in
rapid tube growth. Finally, instabilities in the arc discharge lead to abrupt termination of
nanotube growth by the formation of caps.

A variation of the vapour phase growth model has been given by Oleg Louchev and
colleagues (2.39, 2.40). Here, the key process is not the direct condensation of carbon
atoms onto a growing edge, but the adsorption of atoms onto a nanotube surface followed
by surface diffusion to the growth edge. The kinetics of nanotube growth in this model
have been analysed in detail (2.40). Han Zhang and colleagues of Peking University
have extended the Louchev model by considering heptagon formation at the growing
edge (2.41).

2.2.3 Liquid phase growth

The liquid phase model of multiwalled nanotube growth was put forward byWalt DeHeer
of Georgia Tech and colleagues in 2005 (2.42). These workers studied MWNTs formed
on the surfaces of columns within the cathodic deposit. They found that these tubes were
often decorated with beads of amorphous carbon, as shown in Fig. 2.4. The appearance of
these beads was suggestive of solidified liquid droplets, and this led them to conclude that
liquid carbon played a central role in nanotube nucleation and growth. Based on their
observations, and on the known properties of liquid carbon, they proposed the following
nanotube formation scenario. When arc-discharge is initiated, the carbon anode is locally
heated by electron bombardment from the cathode, causing the surface to locally liquefy
and liquid carbon globules to be ejected from the anode. Initially, because of the high
vapour pressure of liquid carbon, the surface of a globule will evaporatively cool very
rapidly. However, the cooling of the interior of the globule occurs much more slowly, and
this causes the liquid carbon to supercool. It is within this supercooled liquid carbon that
carbon nanotubes and nanoparticles are envisaged to homogeneously nucleate and grow.
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2.2.4 Solid phase growth

The solid phase theory of MWNT growth by arc-evaporation (2.43) was first put forward
by the present author and his colleagues in a paper published in 1994 (2.44). In this
paper, fullerene soot was heated to approximately 3000 °C in a positive-hearth electron
gun. This resulted in the formation of single-walled cones and tubes, as discussed in
Section 2.3 below. The observation that nanotube-like structures can be produced by
high-temperature heat treatment of fullerene soot prompted us to put forward a solid-state
model of nanotube growth, in which fullerene soot is an intermediate product. The model
can be summarized as follows. In the initial stages of arc-evaporation, carbon in the
vapour phase (consisting largely of C2 species) condenses onto the cathode as a fullerene
soot-like material. This condensed carbon then experiences extremely high temperatures
as the arcing process continues, resulting in the formation firstly of nanotube ‘seeds’ and
then of multiwalled nanotubes. Growth terminates when the supply of carbon is
exhausted or when arcing finishes. The model is illustrated in Fig. 2.5. It is recognized
that this model is incomplete. In particular, it has not been established why the fullerene
soot evolves into carbon nanotubes rather than nanoparticles when heated in the arc.
Experiments on the high-temperature heat treatment of fullerene soot and other carbons,
described below, show that nanoparticles are the usual product of such a treatment. It may

(a)

(b)

Fig. 2.4 Micrographs from the work of De Heer et al. showing arc-produced MWNTs covered with
beads of amorphous carbon (2.42).
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be that the electric field of the arc helps to promote tube growth, or that kinetic factors are
involved.

2.2.5 The crystallization model

In 2003, Dan Zhou and Lee Chow of the University of Central Florida described detailed
high-resolution TEM observations of defective nanotube-like structures produced by
arc-evaporation (2.45). Among other structures, they found complex, branching forms
(see also Section 5.3.5). These observations suggested to the authors that the formation
and growth of multiwalled nanotubes does not proceed from one end to the other, as
assumed in most previous theories, but that the formation of the tubes was a

(a)
Cathode

Anode

(b)

(c) (d) (e)

Fig. 2.5 A schematic illustration of the solid phase growth model for multiwalled carbon nanotubes.
(a) Electron bombardment from the cathode causes heating of the anode surface, and evaporation
of C2 and other species. These rapidly coalesce into fullerene soot fragments. (b) Some of the
fullerene soot condenses onto the cathode, with the remainder being deposited on the walls of the
vessel. (c)–(e) Enlarged views of the interior of the cathodic deposit, showing the transformation of
fullerene soot into firstly open-ended ‘seed’ structures and then multiwalled nanotubes and
nanoparticles (2.43).
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crystallization process which began at the surface and progressed toward the
centre. Their theory of MWNT growth could therefore be described as the ‘crystal-
lization’ model. Like the mechanism first put forward by the present author and collea-
gues (2.44), the model proposed by Zhou and Chow is a two-stage, solid-state, process.
In the first stage, amorphous carbon ‘assemblies’ are formed on the surface of the
cathode. These assemblies can have a variety of shapes, depending on their surface
energy and the local discharge conditions. In the second stage, which occurs during the
cooling process, graphitization of the assemblies occurs from the surface toward the
interior region. The formation of extended tubes would seem to require that the original
assemblies also had extended shapes. This may seem unlikely, but Zhou and Chow state
that under certain arc-discharge conditions, cylindrical amorphous assemblies may be
preferred.

Support for the crystallization model has come from a recent study by Jianyu Huang of
Boston College and colleagues (2.46). These workers grew amorphous carbon nanowires
in situ by electron-beam deposition inside a HRTEM. The wires were then resistively
heated to temperatures higher than 2000 °C, and were observed to evolve into graphitized
structures, which in some cases resembled multiwalled nanotubes.

2.3 Production of multiwalled nanotubes by high-temperature
heat treatments

Compared to the large amount of work carried out on arc-evaporation, the preparation of
nanotubes by the high-temperature heat treatment of disordered carbons has not been
widely studied. However, this approach may constitute a possible method for the
large-scale production of high-quality MWNTs. Studies of the evolution of disordered
carbon into multiwalled nanotubes may also provide insights into the nucleation and
growth mechanism. The first experiments in this area involved heat treatments of full-
erene soot. As already mentioned, fullerene soot is the light, fluffy carbon that forms on
the walls of the evaporation vessel during fullerene synthesis. It is this soot which
contains the C60, C70 and higher fullerenes, which can be extracted using organic
solvents. A typical micrograph of fullerene soot is shown in Fig. 2.6. The structure of
the soot is highly disordered, consisting of curved carbon fragments in which both
pentagons and heptagons are distributed randomly throughout a hexagonal network,
producing continuous curvature (2.44, 2.47, 2.48).

High-temperature heat treatments of fullerene soot were first carried out by the Oxford
group (2.44) and by Walt De Heer and Daniel Ugarte, then at the Ecole Polytechnique
Fédérale de Lausanne in Switzerland (2.49, 2.50). The results were somewhat different.
The Oxford group found that heat treatment produced a structure apparently made up
of large pores which were often extended in shape, resembling large-diameter single
layer nanotubes, as can be seen in the micrograph shown in Fig. 2.7(a). Like nanotubes,
the extended pores were almost invariably closed, and exhibited a variety of capping
morphologies. In some cases features were observed which are thought to be indicative
of the presence of seven-membered carbon rings. The extended pores were usually
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bounded by single carbon layers, although multilayer structures were also present.
The precise mechanism of the transformation of fullerene soot into nanotube-like
structures is not known, but may involve rearrangements such as the Stone–Wales
mechanism (see p. 115).

De Heer and Ugarte found that high-temperature heat treatments generally tended to
transform the fullerene soot into small, graphitic nanoparticles rather than nanotubes.
However, rather short multiwalled nanotubes were occasionally observed in the
heat-treated soot. An example is shown in Fig. 2.7(b) (2.49). These observations led
the present author and his colleagues to propose the solid phase model of MWNT growth
discussed above.

Robert Chang and colleagues from Northwestern University, in a paper published in
2000, described further studies of the synthesis of MWNTs by high-temperature heat
treatment (2.51). They began by studying the annealing of fullerene soot made by the arc
evaporation of graphite at 450 torr of He. The soot was activated in a CO2 atmosphere at
850 °C to increase its surface area and then heated at 2200–2400 °C in a graphite
resistance furnace. In the case of pure soot, this heat treatment mainly resulted in the
formation of nanoparticles, as observed in the work of de Heer et al. When the soot was
mixed with amorphous boron, however, heat treatment resulted in the growth of nano-
tubes several microns in length. Similar experiments were then carried out on other
disordered carbon materials: ball milled graphite, carbon black, and sucrose carbon. Heat
treatment of ball milled graphite or carbon black did not produce any nanotubes, even
when doped with boron. However, annealing sucrose carbon with boron did produce
multiwalled nanotubes, albeit in relatively low yield. These experiments provide further
evidence that nanotube growth is a solid-state process. In their initial study the Chang
group succeeded in preparing nanotubes from fullerene soot and sucrose carbon, but not

Fig. 2.6 A high-resolution electron micrograph of fullerene soot.
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from carbon black. Subsequent work showed that carbon black could also be used as a
precursor for nanotube synthesis (2.52–2.54). In this study an arc-evaporation unit was
modified so that it could be employed as a high-temperature furnace.

There are other examples of the solid-state synthesis of MWNTs. Lewis Chadderton
andYing Chen of the Australian National University reported the production of nanotubes
by thermal annealing of mechanically milled graphite powder at temperatures around
1400 °C (2.55). Again, the formation of nanotubes at such low temperatures must have
been a solid-state process, and the authors emphasize the importance of surface diffusion
in the transformation. They also suggest that the nanotube growth may have been partly
catalysed by impurity particles from the milling process. A further example of the
production of nanotubes by heat treatment is the formation of double-walled nanotubes
from tubes filled with fullerenes, as discussed in Chapter 10 (p. 257).

Finally in this section it should be mentioned that multiwalled carbon nanotubes, albeit
with rather unusual structures, can sometimes be found in commercial samples of

(a)

(b)

Fig. 2.7 Nanotube structures observed in fullerene soot following high-temperature heat treatment.
(a) Tube-like structures in soot heated to approximately 3000 °C in a positive-hearth
electron gun (2.44), (b) short MWNT in soot heated to 2400 °C, from work by De Heer and
Ugarte (2.49).
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synthetic graphite (2.56). An example is shown in Fig. 2.8. Since synthetic graphite is
produced from solid precursors (typically petroleum coke) by high-temperature heat
treatment, this provides further evidence for a solid-state growth mechanism.

2.4 Production of single-walled nanotubes by arc-evaporation

The discovery of single-walled carbon nanotubes, like so many in fullerene science, was
serendipitous. In early 1993, several groups reported that foreign materials could be
encapsulated inside carbon nanoparticles or nanotubes by carrying out arc-evaporation
using modified electrodes. Rodney Ruoff’s group in the USA (2.57) and Yahachi Saito’s
group in Japan (2.58) prepared encapsulated crystals of LaC2 by employing electrodes
impregnated with La, while Supapan Seraphin and colleagues reported that YC2 could be
introduced into nanotubes by using electrodes containing Y (2.59). This work opened the
way to a whole new field based on the use of nanoparticles and nanotubes as ‘molecular
containers’, as described in Chapter 10, but it also led indirectly to a quite different
discovery, with even more important implications.

Donald Bethune and his colleagues of the IBMAlmaden Research Center in San Jose,
California were particularly interested in the papers of Ruoff and others. This group were
working on magnetic materials for applications in information storage, and believed that
ferromagnetic transition metal crystallites encapsulated in carbon shells might be of great
value in this area. Bethune therefore set out to try some arc-evaporation experiments
using electrodes impregnated with the ferromagnetic transition metals Fe, Co and Ni and
an atmosphere of He (100–500 torr). But the result of this experiment was not at all what
he expected. To begin with, the soot produced by arc-evaporation was quite unlike the
normal material produced by the arc-evaporation of pure graphite. Sheets of soot hung
like cobwebs from the chamber walls, while the material deposited on the walls them-
selves had a rubbery texture, and could be peeled away in strips. When Bethune and his
colleague Robert Beyers examined this strange new material using high-resolution
electron microscopy they were astonished to find that it contained multitudes of nano-
tubes with single-atomic-layer walls. These ultra-fine tubes were entangled with amor-
phous soot and particles of metal or metal carbide, holding the material together in a way

Fig. 2.8 Nanotube structure found in a commercial graphite.
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that would account for its strange texture. This work was written up for Nature and
appeared in June 1993 (2.60). Micrographs taken from their paper are shown in Fig. 2.9.

Independently of the American group, Sumio Iijima and Toshinari Ichihashi of the
NEC laboratories in Japan were also experimenting with arc-evaporation using modified
electrodes. In addition, they were interested in the effect of varying the atmosphere inside
the arc-evaporation chamber. Like Bethune and colleagues, they discovered that
certain conditions produced a quite different type of soot from that normally formed by
arc-evaporation. For this work, the Japanese researchers impregnated their electrodes
with Fe, and the atmosphere in the arc-evaporation chamber was a mixture of methane
and argon rather than pure He. When examined by high-resolution electron microscopy,
the arc-evaporated material was found to contain extremely fine single-walled nanotubes
running like threads between clusters containing amorphous carbon and metal
particles (2.61).

As noted in Chapter 1, single-walled nanotubes differ from multiwalled tubes pro-
duced by conventional arc-evaporation in having a very narrow range of diameters. In the
case of the multiwalled tubes, the inner diameter can range from c. 1.5 to c. 15.0 nm, and
the outer diameter from c. 2.5 to c. 30 nm. The single-layer tubes, on the other hand, all
have extremely narrow diameters. In the material produced by Bethune and colleagues,
the tubes had diameters of 1.2 (±0.1) nm, while Iijima and Ichihashi found that the tube

Fig. 2.9 Images from the work of Bethune et al. (2.60) showing single-walled carbon nanotubes
produced by co-vaporization of graphite and cobalt. The tubes have diameters of approximately
1.2 nm.
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diameters ranged from about 0.7 to 1.6 nm with the average being approximately 1.05 nm.
Like tubes produced by conventional arc-evaporation, all the single-layer tubes appeared to
be capped, and there appeared to be no evidence that catalytic metal particles were present
at the ends of the tubes.

Following these initial studies, a great deal of work has now been carried out on
optimizing the arc synthesis of single-walled tubes (e.g. 2.62–2.68). Helium at around
500–800 torr appears to be the most favourable atmosphere for SWNT production, and
Fe, Co and Ni, or mixtures such as Ni/Y (2.63) are the most commonly used ‘promoters’
(we avoid the term ‘catalysts’ for these additives, as the process of nanotube formation is
not catalytic). It has been shown that the addition of sulphur to the Co in the anode (either
as elemental S, or as CoS), resulted in a much wider range of nanotube diameters than
obtained from Co alone. Thus, single-walled nanotubes with diameters ranging from
1 to 6 nmwere produced when sulphur was present in the cathode, compared to c. 1–2 nm
for pure Co (2.64). It was subsequently shown that bismuth and lead could similarly
promote the formation of large-diameter tubes (2.65). In 1997 a French group showed
that high yields of single-walled nanotubes could be achieved with arc-evapora-
tion (2.66). Their method was similar to the original technique of Bethune and collea-
gues, but with a slightly different reactor geometry. Also, the promoter used was a Ni/Y
mixture rather than the Co generally favoured by the Bethune group. The highest
concentration of SWNTs was found to form in a ‘collar’ around the cathodic deposit,
which made up approximately 20% of the total mass of evaporated material. Overall, the
yield of tubes was estimated to be 70–90%. Examination of the ‘collar’ material by
high-resolution electron microscopy showed many bundles of tubes, with diameters
around 1.4 nm. In 2007, Marc Monthioux and colleagues showed that significantly
improved yields could be achieved by using anodes made from either diamond powder
or small grain graphite, rather than the usual large-grain graphite (2.68).

Fig. 2.10 Single-layer nanotubes growing radially on a lanthanum particle (2.72).

2.4 Production of SWNTs by arc-evaporation 29



Although the iron group metals, with or without additives, are the most commonly
used promoters, other metals including Rh, Pd and Pt (2.69, 2.70) and rare earth metals
(2.71–2.73) can also be used. When produced using rare earth metals, the tubes tend
to be rather short, and are often found growing radially from the metal particles. An
example, taken from the work of Saito and colleagues (2.72), is shown in Fig. 2.10.
Unlike the iron group metals, the rare earth elements are not known as catalysts for the
production of multiwalled nanotubes, so the formation of tubes on these elements is
rather surprising, and the fact that the tubes grow on relatively large particles suggests
that the mechanism may be different. It is worth noting that the radial growth of
multiwall tubes from iron group metal particles was observed many years ago by
Baker and others (e.g. 2.74).

2.5 Production of single-walled nanotubes by laser vaporization

As discussed in the previous chapter, C60 was first produced at Rice University in 1985 as
a result of a programme of experiments on the vaporization of graphite using a Nd:YAG
laser. In 1995 Smalley’s group reported the laser vaporization synthesis of single-walled
nanotubes (2.75). Subsequent refinements of the method led to enhanced yields of
single-walled tubes, which tended to form large bundles or ‘ropes’ (2.76). The apparatus
used by the Rice team illustrated schematically in Fig. 2.11. The furnace is heated to a
temperature of approximately 1200 °C and an inert gas (typically argon) flows through

Argon gas

Furnace at 1200 ° Celsius

Neodymium-yttrium-
aluminium-garnet laser

Graphite target

Nanotube ‘felt’ growing
along tip of collector

Water-cooled
copper collector

Fig. 2.11 Oven laser-vaporization apparatus for the synthesis of single-walled carbon nanotubes (2.77).
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the 5 cm diameter tube at a constant pressure of 500 torr. A cylindrical graphite target
doped with small amounts of catalyst metal (typically 0.5–1.0% each of Co and Ni) is
mounted at the centre of the furnace. Vaporization of the target is performed by a Nd:
YAG laser. In the refined process (2.76), a double laser pulse was used to provide a more
even vaporization of the target. This method was capable of producing up to 1 g per day
of SWNTs, and the Rice group began selling samples commercially. The availability of
these high-quality samples of SWNTs gave an important boost to nanotube research, and
some important results were achieved using these samples.

The laser vaporization method has been taken up by several other groups to make
single-walled nanotubes, although the high cost of the powerful lasers required has
perhaps prevented it becoming more widely used. In 1999 Iijima and colleagues pro-
duced SWNTs by irradiating a graphite–Co/Ni target with a 1 kW CO2 laser (2.78). It
was found that nanotubes were produced even at room temperature, although the yield
increased significantly when the oven temperature was increased to 1100–1200 °C.
The effect of oven temperature on nanotube yield has been studied by a number of
groups, as discussed in the next section. Several groups have explored the possibility of
scaling up the laser vaporization process. In 2002, Peter Eklund of the Pennsylvania State
University and colleagues used a 1 kW free electron laser at the Jefferson Lab in Virginia
to produce SWNTs with production rates as high as 1.5 g h− 1 (2.79). It is interesting to
note that Hongjie Dai’s team have reported that the laser vaporization method appears to
preferentially produce metallic SWNTs (2.80) – see also p. 65. This potentially important
finding does not seem to have been confirmed. Useful reviews of the production of
single-walled nanotubes by laser vaporization have been given by Sivaram Arepalli
(2.81) and by Christopher Kingston and Benoit Simard (2.82).

2.6 Growth mechanisms of SWNTs in the arc and laser methods

There are good reasons for assuming that the mechanisms of single-walled nanotube
formation in the arc-evaporation and laser-vaporization processes are broadly similar.
Both use similar starting materials, namely a graphite–metal mixture, and both involve
the vaporization of this mixture followed by condensation in an inert atmosphere.
Moreover, the nanotube-containing soot produced by both methods is identical in
appearance, containing bundles of SWNTs together with disordered carbon and metal
particles. Therefore, in the discussion that follows, we assume that mechanisms proposed
for one process are applicable to both.

Although many different models have been mooted for the growth of SWNTs by the
arc or laser methods, it is generally accepted that the mechanism probably involves ‘root
growth’ rather than ‘tip growth’. In other words, the tubes grow away from the metal
particles, with carbon being continuously supplied to the base. This is supported by the
fact that metal particles are not found at the tips of SWNTs produced by arc-evaporation
or laser-vaporization, as would be the case if tip growth had occurred. Also, most of the
particles observed in the SWNT-containing soot have diameters much larger than those
of the individual tubes. The mechanisms which have been put forward for nanotube
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growth in the arc-evaporation and laser-vaporization methods will now be considered
in detail.

2.6.1 Vapour–liquid–solid models

Much the most popular mechanism for the growth of single-walled carbon nanotubes in
the arc and laser methods is the vapour–liquid–solid (VLS) model. This kind of mechan-
ism was first put forward in the early 1960s to describe the growth of whiskers of Si, Ge
and other materials (2.83). It was adapted by Tibbetts in 1984 (2.84) to explain the
catalytic growth of multiwalled carbon nanotubes (see also next chapter, p. 53) and was
applied by Saito in 1995 to the growth of SWNTs in the arc (2.85).

The model assumes that the first stage of nanotube formation involves the
co-condensation of carbon and metal atoms from the vapour phase to form a liquid
metal carbide particle. When the particles are supersaturated, solid phase nanotubes
begin to grow, as illustrated in Fig. 2.12. The driving force for the diffusion of carbon
through the particles is either a temperature gradient or a concentration gradient.
A number of detailed modelling studies, have been carried out based on the application
of this mechanism to SWNT growth (e.g. 2.86–2.90). An illustration of the VLS growth
of single-walled carbon nanotubes, from the work of Annick Loiseau and colleagues
(2.88), is shown in Fig. 2.13. The first stage in this process is the formation of a liquid

Solid carbon
nanotube

Liquid metal
carbide

Vapor carbon
feedstock

Vapor carbon
feedstock

Fig. 2.12 Illustration of the vapour–liquid–solid model for nanotube growth (2.86).
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nanoparticle of metal supersaturated with carbon (Fig. 2.13a). On cooling, carbon begins
to precipitate out of the solution, and can either form a graphitic coating on the particle
surface (Fig. 2.13b) or can form seeds for the nucleation of single-walled nanotubes
(Fig. 2.13c). Nanotube growth then proceeds through further incorporation of carbon
atoms at the root (Fig. 2.13d). Figures 2.13(d) and (f) show situations where growth has
been perturbed for some reason, resulting in the formation of short tubes and amorphous
or graphitic C on the particle surfaces.

Loiseau and co-workers used molecular dynamics simulations to model some of these
processes. They firstly modelled the diffusion–segregation process occurring at the
surface of the catalytic particle. The starting point was a cluster containing 51 Co
atoms and 102 C atoms, which was first heated to 1727 °C, leading to random positions
of Co and C within the cluster, and then cooled to 1227 °C, causing C atoms to segregate
to the surface. The formation of a hexagon connected with two pentagons on the surface
was observed, which the authors considered to be a possible first stage of the nucleation
of a nanotube. A second simulation was then carried out which modelled the growth of
a tube from an initial seed. This is illustrated in Fig. 2.14. The starting point was a small
(6, 6) nanotube portion capped by a fullerene hemisphere, which was is placed on a slab
of HCP Co, with 20 additional isolated carbon atoms on the particle surface. The system
was then heated to 1227 °C, and diffusion of C atoms to the tube base, and incorporation
into the nanotube structure, were observed.

(a)

(b)

(c)

(d)

(e) (f)
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C

C

Fig. 2.13 A scenario, based on the VLS mechanism, for nucleation and growth of SWNTs, from the work
of Annick Loiseau and colleagues (2.88).

(a) (b) (c)

Fig. 2.14 Simulation of the root growth mechanism for SWNTs extruded from large metal nanoparticles
by Loiseau et al. (2.89).
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Although Annick Loiseau and colleagues have modelled some of the key processes in
the VLS growth of single-walled nanotubes, their treatment cannot be considered to be a
complete simulation. The VLS model is also considered to be a plausible mechanism for
the growth of SWNTs by CVD, as discussed in the next chapter (p. 65).

2.6.2 Solid-state models

All the theoretical studies of SWNT formation discussed so far assume that the process
involves a transformation of vapour phase carbon to solid carbon tubes, induced by the
metal particles. Studies of SWNT production using the laser vaporization method
published in 2001 and 2002 suggested that this model might not be correct, and that in
fact the mechanism may involve a transformation of solid phase carbon (2.43, 2.91–
2.95). The first of these studies was described by David Geohegan of Oak Ridge National
Laboratory and colleagues in 2001 (2.91), whose work will now be summarized. This
group had been studying the preparation of SWNTs by Nd:YAG laser vaporization of a
graphite/Ni–Co target (2.92, 2.93). Their studies suggested that nanotube growth did not
occur during the early stages of the process when carbon was in the vapour phase, but at a
later stage when the ‘feedstock’would be aggregated clusters and nanoparticles. In order
to test the idea that SWNT growth is a solid-state transformation, they carried out further
experiments involving the heat treatment of nanoparticulate soot containing short
(∼ 50 nm long) nanotube ‘seeds’. This ‘seeded’ soot was produced by carrying out
laser vaporization for shorter periods at a lower temperature than that used to produce
full-length nanotubes. The soot collected from the laser vaporization apparatus was
placed inside a graphite crucible under argon, and heated by a CO2 laser to temperatures
up to 1600 °C. It was found that these heat treatments could produce micron length
SWNTs, with optimum growth occurring at temperatures in the range 1000–1300 °C.

Geohegan and colleagues put forward the following growth mechanism for SWNTs by
laser vaporization. The Nd:YAG laser pulse initially produces an atomic-molecular
vapour containing both carbon species and Ni/Co atoms. This evaporated material
remains in the vapour phase for approximately 100 μs. The plasma then cools rapidly,
and the carbon condenses and forms clusters ∼200 μs after ablation (the metal atoms
condense much later, at about 2ms). The size of the carbon particles within the plume at
these times does not exceed 20 nm at temperatures around 1100 °C. Geohegan et al.
estimate the onset of SWNT growth to occur at 2ms after ablation. By this time, both the
carbon and the metal atoms are in a condensed form, so nanotube growth is largely a
solid-state process.

Studies similar to those of Geohegan and colleagues were carried out at about the same
time by two other groups. Andre Gorbunov of Dresden University of Technology and
co-workers prepared soot using laser vaporization, but at a temperature too low to induce
nanotube formation (2.94). This soot was then annealed at 1200 °C in an Ar atmosphere.
This resulted in the formation of large numbers of single-walled nanotubes. On the basis
of this observation they put forward a growth model that involved the conversion of solid
disordered carbon into nanotubes via liquid phase metal particles. The mechanism is
clearly very similar to the vapour–liquid–solid model, but with a solid carbon source, and
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was named the solid–liquid–solid (SLS) mechanism. The process is illustrated in
Fig. 2.15. The first stage involves a molten catalyst nanoparticle penetrating a disordered
carbon aggregate, dissolving it and precipitating carbon atoms at the opposite surface.
These atoms then form a graphene sheet, whose orientation parallel to the supersaturated
metal–carbon melt is not energetically favourable. Any local defect of this graphene
sheet will therefore result in its buckling and the formation of a SWNT nucleus.

The third study which independently demonstrated solid phase growth of single-
walled nanotubes was described by Hiromichi Kataura, then at Tokyo Metropolitan
University, and colleagues (2.95). Here, soot was obtained by laser ablation of Ni–Co–
graphite composite targets at temperatures in the range 25–700 °C. The soot was then
heated to 1200 °C in Ar. It was found that the soot which had been prepared using
temperatures above about 550 °C yielded single-walled nanotubes after the 1200 °C
treatment, but the soot prepared at lower temperatures did not. This is a very significant
finding, for reasons we will return to below. On the basis of these observations, and of
previous studies (2.96), Kataura and colleagues posited a model for SWNT growth,
which is generally similar to the Geohegan mechanism, but which emphasizes the key
role played by fullerene-like carbon fragments in nucleating growth. The model is
illustrated in Fig. 2.16. In the first phase, which occurs at a very early stage (μs) and at
very high temperatures (2000–3000 °C), small carbon clusters nucleate. These have
fullerene-like structures, rich in pentagonal rings. At this stage the metal atoms are still in
the gas phase. As the system cools, metal atoms condense, forming particles or droplets,
which become supersaturatedwith carbon, at around the eutectic temperature. The particles

Fig. 2.15 The solid–liquid–solid mechanism for the growth of single-walled carbon nanotubes from the work
of Gorbunov et al. (2.94).

Step 1 Step 2

Metal-Carbon
Mixture

Step 3

Fig. 2.16 An illustration of a model for SWNT growth proposed by Kataura and colleagues (2.96).
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then become covered with fullerene-like carbon fragments. The ‘open edges’ of these
fragments tend to stick to the particles to eliminate dangling bonds, and TEM observations
suggest that in some cases the fragments form close-packed arrays. The fragments then act
as precursors for SWNT growth, with carbon being supplied by precipitation from the
particles or from the disordered carbon which surrounds the particles.

2.7 Arc-evaporation synthesis of double-walled nanotubes

Although double-walled carbon nanotubes (DWNTs) are often found in samples pre-
pared by arc-evaporation (an example was included in Iijima’s classic 1991 paper – see
Fig. 5.15), specific methods of preparing DWNTs in high yield were not developed until
about ten years later. In 2000, French researchers reported a method that yielded
relatively large numbers of DWNTs, among SWNTs and MWNTs, using catalysis
(2.97). The catalytic synthesis of DWNTs is discussed in the next chapter (p. 68). In
2001, John Hutchison and Jeremy Sloan, in collaboration with workers from Russia and
the USA described an arc-evaporation method for the selective synthesis of DWNTs
(2.98). Arc discharge was carried out using a graphite anode which contained a catalyst
prepared from a mixture of Ni, Co, Fe and S. The atmosphere employed was a mixture of
Ar and H2 (1:1) at 350 torr. This produced a mixture of nanotubes in which
double-walled tubes were the dominant type. The outer diameter of the DWNTs gen-
erally fell into the range 1.9–5 nm, and the tubes often formed bundles. Figure 2.17

(a) (b)

Fig. 2.17 Double-walled nanotubes produced by arc-evaporation (2.98).
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shows some of the material produced by Hutchison and colleagues. It can be seen that
the DWNTs are accompanied by rather large catalyst particles covered with graphitic
carbon.

It is not entirely clear why the method of Hutchison et al. favours DWNT production,
although the authors themselves believe that the use of the Ar/H2 mixture is a key factor.
The temperature of the arc in this atmosphere is likely to be rather lower than when He is
used (approximately 2400–2600K, compared with 3600–3900K). This lower tempera-
ture, coupled with the presence of H2 means that carbon may be vaporized in the form of
hydrocarbon fragments, radicals and molecules, rather than as pure carbon species, and
this may favour the formation of DWNTs. On the other hand, a team from Sony in Japan
showed that DWNTs could be grown by arc-discharge in an H2 free atmosphere (2.99).
The influence of different atmospheres and catalysts on the formation of DWNTs in the
arc has been examined by Chinese workers (2.100).

2.8 Discussion

Despite the huge volume of research on nanotube production since the publication of
Iijima’s paper in 1991, the arc-evaporation method remains the best method for the
synthesis of high-quality multi walled tubes (for single-walled nanotubes the situation is
rather different, as discussed below). The arc technique, however, suffers from a number
of disadvantages. Firstly, it is labour intensive and requires some skill to achieve a
satisfactory level of reproducibility. Secondly, the yield is rather low, since most of the
evaporated carbon is deposited on the walls of the vessel rather than on the cathode, and
the nanotubes are ‘contaminated’ with nanoparticles and other graphitic debris. Thirdly,
it is a ‘batch’ rather than a continuous process, and it does not easily lend itself to
scale-up. Clearly there is a need for an alternative method for producing the best quality
MWNTs. Some researchers have argued that catalytic methods can produce tubes of a
comparable degree of perfection to those made by arc-evaporation. However, the
mechanical properties of catalytically-produced MWNTs have been shown to be sub-
stantially poorer than those of arc-grown tubes (see p. 182), suggesting a much less perfect
structure. It is possible that high-temperature heat treatment methods of the kind described
in Section 2.3 might provide a scaleable method for making high-qualityMWNTs, and this
is an area which would benefit from more research.

Turning now to single-walled nanotubes, it appears that the quality of the tubes is less
dependent on the production method. Single-walled tubes produced by the arc and laser
techniques are undoubtedly highly perfect, as shown by their excellent mechanical
properties (see p. 188), but there is evidence that catalytically-produced SWNTs are equally
perfect or more so, as discussed in the next chapter (p. 71). Catalytic methods are therefore
increasingly becoming the favoured methods for producing single-walled tubes, owing to
the relatively simple apparatus required and scaleability.

As far as growth mechanisms in the arc and laser methods are concerned, these remain
obscure. In the case of multiwalled nanotubes, many different growth models have been
put forward, as we saw in Section 2.2, but there is no consensus on which one is correct.
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It is not even clear whether growth is a vapour, liquid or solid phase phenomenon. For
single-walled tubes produced by arc or laser vaporization, two types of growth model
have been posited – the vapour–liquid–solid mechanism and the solid-state mechanism.
Of these, the former is more widely accepted, and has been the subject of far more
theoretical modelling. However, there appears to be experimental support for a
solid-state mechanism, and some modelling studies of this type of growth would be of
great value. The lack of understanding of the growth of both MWNTs and SWNTs by
arc/laser vaporization is a serious impediment to progress in producing tubes with a
defined structure or to developing methods for the mass production of high-quality tubes.
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3 Synthesis II: catalytic chemical
vapour deposition and related
methods

The preparation of carbon nanotubes by catalysis has a number of potential advan-
tages over the arc and laser methods discussed in the previous chapter. In particular,
catalysis (or chemical vapour deposition, as the process is often called) is much
more amenable to scale-up than arc- or laser-evaporation, and many successful
processes for the large-scale catalytic synthesis of both SWNTs and MWNTs have
been developed. Catalytic techniques also enable nanotube synthesis to be achieved
under relatively mild conditions, giving more control over the growth process.
Thus, it is possible, using catalytic methods, to grow arrays of aligned nanotubes
on substrates. Such arrays are showing great promise as field-emission displays.
It may also be possible to construct nano-electronic circuits by using catalysis to
grow defined networks of nanotubes. It is widely believed that the main disadvan-
tage of catalytic methods is that nanotubes produced in this way are structurally
inferior to those made by the high-temperature arc and laser techniques. While
this may still be true for multiwalled tubes, there is evidence that catalytically-
produced SWNTs can have a high degree of structural perfection, as noted at the
end of the last chapter. This may suggest that a common growth mechanism is
involved.

The long history of filamentous carbon production by catalysis was outlined in
Chapter 1. The present chapter begins with a brief summary of the work carried out in
the 1970s and 1980s by Baker, Endo and others, but concentrates mainly on post-
1991 research. Methods for growing aligned MWNTs on substrates, and for produ-
cing nanotube yarns are described. The structure and possible growth mechanisms
of catalytically produced MWNTs are then discussed. The next section of the chapter
covers the rapidly growing subject of the catalytic synthesis of single-walled carbon
nanotubes. The experimental conditions required to produce SWNTs are described,
and specialized topics including the preparation of SWNT strands and the directed
growth of SWNTs discussed. Finally, brief accounts are given of the catalytic synth-
esis of double-walled nanotubes, and of the production of MWNTs by electrochem-
istry and by heat treatment of metal-doped carbon. No attempt is made in this chapter
to give detailed descriptions of the experimental set-ups or the precise conditions
used in the catalytic synthesis of nanotubes. Methods used to prepare the catalysts are
also not covered. For such details, the reader should consult the many excellent
reviews available (3.1–3.7).



3.1 Catalytic synthesis of multiwalled nanotubes: pre-1991 work

In the early 1970s, notable work on the formation of filamentous carbon was carried out
by Terry Baker’s group at Harwell and by Tom Baird, John Fryer and co-workers at the
University of Glasgow (e.g. 3.8–3.13). Carbon formation both from the disproportiona-
tion of carbon monoxide and from the decomposition of hydrocarbons was investigated.
Considering CO disproportionation first, this reaction can be represented by the
Boudouard equilibrium:

2COðgÞ5 ¼¼¼¼ 4CðsÞ þ CO2ðgÞ

The maximum rates of carbon deposition from this reaction were found to occur at
temperatures of around 550 °C in the presence of metal particles of the iron subgroup.
Transmission electron microscope studies of filaments produced in this way showed that
they were often helical or twisted, and could be either hollow, i.e. tubular, or solid. The
filaments had diameters ranging from 10 nm to 0.5 μm and could be up to 10 μm in
length. It was not clear from Baker’s work, or from the other early studies, whether the
active catalytic site for filament production was the metal or the carbide.

Turning now to the catalysed decomposition of hydrocarbons, Baker et al. found that
once again Fe, Co and Ni were the most active catalysts. The rate of filament growth
from a number of unsaturated hydrocarbons was measured (3.8). It was found that the
growth rates increased in the same order as the exothermicity of the hydrocarbon
decomposition, with acetylene producing the most rapid growth. On the basis of these
observations, a mechanism was proposed for the filament growth process. This mechan-
ism assumes that a temperature gradient develops on the catalyst particle due to the
exothermic character of the hydrocarbon decomposition reaction, and that this promotes
diffusion of carbon through the particle, to be precipitated at the trailing end in the form
of a filament. A problem with this mechanism is that hydrocarbons which undergo
endothermic decompositions, such as paraffins, should not produce carbon filaments,
and it is known that filaments can be grown from CH4. Theories of the catalytic growth
of MWNTs will be dealt with in detail in Section 3.3. The morphologies of the filaments
observed in these early studies varied quite widely, but were generally very disordered.
A typical TEM micrograph is shown in Fig. 3.1(a). As noted above, helically coiled
filaments were commonly seen, as in Fig. 3.1(b) (3.9). Baker has given comprehensive
reviews of this early work (3.14, 3.15).

Morinobu Endo carried out his doctoral studies with Agnes Oberlin in France, and
began working on the catalytic growth of carbon filaments in the early 1970s (3.16, 3.17).
Much of his early work involved the controlled decomposition of benzene on a catalytic
substrate. Thus, in a typical experiment, high-purity hydrogen would be passed through
benzene, and the resulting mixture would then flow across a catalytically-treated sub-
strate held in a furnace at an initial temperature of approximately 1000 °C. This initially
produced hollow nanofibres approximately 10 nm in diameter. These could subsequently
be thickened by raising the temperature to promote direct decomposition of the benzene.
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In this way, fibres with diameters up to 10 μm and lengths up to about 25 cm could be
produced (3.18).

In the late 1980s, Endo’s team, working in collaboration with Mildred Dresselhaus
and colleagues of MIT introduced an important innovation in nanofibre production,
the ‘volume seeding’ or ‘floating catalyst’ technique (3.19). In this method catalyst
particles are introduced directly into the feedstock so that fibres can grow in the three-
dimensional space of the reactor, rather than just on a two-dimensional surface. This
opened the way for the continuous production of the filaments. The ‘vapour grown
carbon fibres’ (VGCF) tended to have rather large diameters compared with today’s
carbon nanotubes – typically between 100 nm and 1μm. Like the filaments produced by
Baker and his colleagues, these benzene-produced fibres were hollow, with a small
catalytic particle remaining at the tip, but they were generally quite straight rather than
curled or helical. The degree of graphitization in the catalytically-grown fibres is rather

µm

(a)

(b)

1 µm

Fig. 3.1 Early images of catalytically-produced carbon nanofibres. (a) Fibres produced by decomposition
of butadiene over Ni, (b) helically coiled fibres, produced by Co-catalysed decomposition
of acetylene (3.9).
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low, but the fibres can be graphitized by heating at ~3000 °C. The fibres produced in this
way can have excellent mechanical properties.

As well as tubular structures, other forms of carbon nanofibre can be produced
catalytically. Quite commonly observed are fibres with a ‘herringbone’ appearance, as
shown in Fig. 3.2 (e.g. 3.20–3.23). These fibres appear to have few useful properties,
compared with nanotubes, although at one time they were believed to have exceptional
hydrogen uptake capacities (see Chapter 10 p. 263).

3.2 Catalytic synthesis of multiwalled nanotubes: post-1991 work

The discovery of fullerene-related nanotubes in 1991 stimulated a greatly increased
demand for samples of nanotubes. Since MWNTs could be made far more cheaply by
catalysis than by arc-evaporation, many commercial companies began to supply these
materials (one of the most prominent of these, Hyperion, had actually been in existence
since 1982). The methods used by these companies to produce bulk samples of MWNTs
remain closely-guarded secrets, but are probably broadly similar to the methods devel-
oped by Morinobu Endo and his colleagues.

The huge volume of research on the catalytic production of multiwalled nanotubes
since 1991 has resulted in significant improvements in quality. This can be seen by
comparing Fig. 3.3, taken from a 2004 review by Ken Teo and colleagues of the
Cambridge Engineering Department (3.2), with the earlier image shown in Fig. 3.1(a).
The tubes shown in Fig. 3.3 were prepared using ferrocene as both the carbon source and
the catalyst. The use of metal complexes in this way to produce multiwalled carbon
nanotubes has become increasingly popular. It appears that Endo and co-workers experi-
mented with this approach in the late 1980s (3.18), but the use of metal complexes was
not taken up widely until the mid 1990s. In 1994, Gary Tibbetts et al. reported the
gas-phase synthesis of carbon fibres in flowing mixtures of CH4 or hexane with orga-
nometallics including ferrocene (3.24) and iron pentacarbonyl (3.25). C. N. R. Rao and
colleagues have also described the production of nanotubes by the pyrolysis of pure

Fig. 3.2 A high-resolution TEM micrograph of a ‘herringbone’ carbon nanofibre, from the work
of Audier et al. (3.21).
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metallocenes (3.26) and of metallocene–hydrocarbon mixtures. The advantages of using
organometallic compounds are that the carbon source and catalyst are in the same phase
and that there is no catalyst support to remove at the end of the reaction. Metal complexes
are used in the production of aligned arrays of MWNTs, and of nanotube yarns, as
discussed below. Complexes are also used to make SWNTs (see p. 55). A review of the
organometallic precursor route to nanotubes, concentrating on MWNTs, has been given
by Govindaraj and Rao (3.27).

In 2006, Christian Deck and Kenneth Vecchio from the University of California,
San Diego, described a detailed study of the catalytic growth of MWNTs using a wide
variety of transition metals catalysts (3.28). They found that Fe, Co and Ni were the
only active catalysts, with Cr, Mn, Zn, Cd, Ti, Zr, La, Cu, V and Gd showing no
activity. They suggested that the key to catalytic activity is the solubility of carbon in
the metals. Successful catalysts had carbon solubility limits of 0.5–1.5wt% carbon,
while unsuccessful catalysts had either nearly zero carbon solubility, or formed inter-
mediate carbides, making it difficult for the diffusion required for graphite precipitation
to occur.

It should be mentioned that sophisticated catalyst formulations are not necessary in
order to make multiwalled carbon nanotubes. Among the materials from which MWNTs
have been made are volcanic ash and cat litter (3.29, 3.30).

Fig. 3.3 Multiwalled tubes grown using a ferrocene-toluene mixture at 760 °C with the inset showing
a high degree of graphitization (3.2).
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3.2.1 Growth of aligned MWNTs on substrates

An important growth area in nanotube science since the late 1990s has been the catalytic
synthesis of aligned nanotubes on substrates. The primary application of these nanotube
arrays has been as field emission sources (see p. 170), but they have also been used
in other applications including photonics (3.31) and in the spinning of nanotube yarns
(see Section 4.3.3). A further novel application for the arrays is as dry adhesives, which
work in the same way as gecko foot-hairs (3.32), and could be used in ‘Spiderman’
suits (3.33).

Probably the first demonstration of aligned growth was given in 1996 by a Chinese
group who used a technique in which Fe nanoparticles were embedded in mesoporous
silica and then used to catalyse the decomposition acetylene at 700 °C (3.34). This
resulted in the formation of straight MWNTs growing in a direction perpendicular to
the surface of the silica. It was reported that nanotube arrays of several square millimetres
in area could be grown in this way, and that the arrays could be readily detached from the
substrate. A slightly different method was described a short time later by Mauricio
Terrones and colleagues (3.35). These researchers used laser etching to prepare a
patterned cobalt catalyst on a silica substrate, which was then heat treated to break up
the Co films into discrete particles. The patterned catalyst was used to pyrolyse an
organic compound at 950 °C, resulting in the formation of aligned nanotubes growing
approximately parallel to the substrate. In 1999, workers from the University of Toronto
reported the growth of aligned MWNT arrays up to 100 μm in length by the pyrolysis of
C2H2 on Co particles within a ‘nanochannel’ alumina template (3.36). At about the same
time, Hongjie Dai and colleagues from Stanford grew aligned arrays of nanotubes on
both porous silicon and plain silicon substrates, and demonstrated their field emission
properties (3.37).

A very popular approach to growing carbon nanotubes on substrates involves the use
of a plasma. The technique of plasma enhanced chemical vapour deposition (PECVD)
was first used for nanotubes by Zhifeng Ren and his team from the State University of
New York in 1998 (3.38). In this work, the tubes were grown on nickel particles
deposited onto glass. A DC plasma was used with acetylene as the carbon source.
Ammonia was introduced into the reaction chamber, and appeared to have an important
role as a catalyst as well as acting as a dilution gas. Aligned arrays of tubes were formed
over several square centimetres. An SEM micrograph showing the excellent alignment
achieved is shown in Fig. 3.4. Plasma enhanced chemical vapour deposition had been
widely used for many years as a method for coating glass plates and other substrates for
applications in flat panel displays, solar cells or other devices (3.39). It is widely used for
the deposition of diamond-like carbon films. A plasma is an excited/ionized gas, and the
processing plasmas, usually known as ‘cold’ plasmas, are generated using DC, RF or
microwave excitation. When used for fabricating diamond-like carbon, the role of the
plasma is to activate carbon-containing precursor molecules in the gas phase, in order to
allow deposition to occur at a lower temperature. However, it is not entirely clear whether
this is always the case for PECVD growth of nanotubes. The alignment that occurs
during plasma enhanced CVD is believed to be due to the presence of the electric field.
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The effect of the electric field was demonstrated by Otto Zhou of the University of
North Carolina at Chapel Hill and colleagues (3.40). In this study, aligned nanotubes
were grown on various substrates under PECVD conditions. The experiment was then
repeated under identical conditions, but with the plasma source turned off. This resulted
in the growth of ‘curly’ nanotubes, with no obvious alignment. Other groups have
similarly demonstrated the aligning effect of the plasma (e.g. 3.41).

Various methods have been used to apply catalytic nanoparticles to substrates. A
number of groups have used solutions containing salts of the catalytic metals, which
are deposited onto the substrate, dried and then reduced to leave the particles on the
surface. In other studies, including the original work by Ren and colleagues, physical
techniques have been used. These include ion beam sputtering (e.g. 3.41) and electron
gun evaporation (e.g. 3.42). The advantage of physical deposition techniques is that
catalytic particles can be deposited in defined patterns using e-beam lithography. This is
important, since the best field emission properties are achievedwith tubes which are spaced
out rather than closely packed, as discussed on p. 171. An illustration of the degree of
control that can be achieved using lithographic methods is given in Fig. 3.5, taken from the
work of BillMilne and his team at the EngineeringDepartment at Cambridge (3.43–3.46).
In this work, arrays of Ni nanodots with diameters ranging from 100 up to 800 nm were
deposited onto a substrate. For Ni particles smaller than 300 nm, it was found that each
particle generally produced a single nanotube. Excellent control over both the height
and diameter of individual tubes grown in this way has also been demonstrated by
Milne’s group and others. Awide variety of patterns have been grown – an example is
shown in Fig. 3.6. Interesting work on the plasma enhanced CVD growth of nanotubes

Fig. 3.4 A scanning electron micrograph of aligned nanotubes grown on glass using catalytic
methods (3.38).
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on surfaces has been carried out by Ravi Silva and colleagues from the University of
Surrey (3.47). These workers showed that tubes could be grown with the substrate at
room temperature. This was achieved by using plasma energy rather than thermal
energy to decompose the CH4 carbon source. This approach enables plastic and even
biological samples to be used as substrates. Useful reviews of the growth of carbon
nanotubes and nanofibres by plasma enhanced chemical vapour deposition have been
given by the Cambridge group (3.44, 3.46).

Fig. 3.5 Arrays of MWNTs produced on Ni dots of different diameters, from the work of Milne and
colleagues (3.44).

Fig. 3.6 Patterned growth of MWNTs on a substrate (3.43).
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As mentioned above, aligned MWNT bundles can also be produced by the decom-
position of organometallic precursors which are injected into the reactor together with
the carbon source (e.g. 3.48, 3.49). Here, the alignment seems to be simply a result of
self-assembly promoted by van der Waals interactions. An advantage of this approach
over the use of a patterned catalyst is that aligned tubes can be grown parallel to a
substrate as well as in a perpendicular direction.

3.2.2 Direct spinning of nanotube yarns

The production of continuous nanotube fibres can been achieved through post-
synthesis methods, as discussed in the next chapter (p. 89). However, there would
be significant advantages if a direct method for producing such fibres could be
developed. Alan Windle and his co-workers in Cambridge’s Materials Department
described such a method in 2004 (3.50). The technique, which was partly inspired
by polymer technology, involved spinning the fibres from the CVD synthesis zone
of a furnace onto a rod or spindle. The starting material was ethanol containing
0.23–2.3 wt% ferrocene, and between 1.0 and 4.0 wt% thiophene. This solution was
injected from the top of the furnace into a hydrogen carrier gas. Multiwalled
nanotubes formed in the furnace’s hot zone at a temperature of 1100–1180 °C. The
tubes formed an aerogel, which could then be wound onto a rotating rod, as shown
in Fig. 3.7. Single-walled nanotubes could also be formed by adjusting the thio-
phene concentration, the hydrogen flow rate and the temperature. The mechanical
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Fig. 3.7 The apparatus used by Windle and colleagues for the direct spinning of carbon nanotube fibres
(3.50). (a) An arrangement with an offset rotating spindle, (b) spindle rotating normal to the
furnace.
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properties of the fibres produced in this way were initially unimpressive, but sub-
sequent improvements to the process have enabled the production of fibres with high
stiffness and toughness (3.51).

3.3 Growth mechanisms of catalytically produced MWNTs

Baker and his colleagues obtained detailed insights into the mechanism of filament
growth from the skilful application of controlled atmosphere electron microscopy
(CAEM) from about 1972 onwards (e.g. 3.9). This work demonstrated directly for
the first time that filament growth involved the deposition of carbon behind an advan-
cing metal particle, with the forward face remaining apparently clean. The CAEM
technique also enabled the kinetics of the process to be determined directly, showing
that the activation energy for filament growth was about the same as the activation
energy for bulk carbon diffusion in nickel. This result led Baker et al. to propose
mechanisms for both the tip and base growth (sometimes called root growth) of carbon
filaments. These are illustrated in Fig. 3.8. Tip growth involves the decomposition
of the carbon-containing gas on the ‘front’ surface of the metal particle, producing
carbon, which then dissolves in the metal, as shown in Fig. 3.8(a). The dissolved
carbon then diffuses through the particle, to be deposited on the trailing face, forming
the filament. They proposed that temperature and concentration gradients were the
main driving forces for this process. If there is a strong interaction between the metal
particles and the support material, the particle remains anchored to the surface and base
growth occurs, as in Fig. 3.8(b). An example of a system with weak metal-support
interaction, resulting in tip growth, is Ni on SiO2 (3.53), while Co or Fe on SiO2 favour
base growth (3.36, 3.54). The diameter of MWNTs produced by catalysis appears to
depend largely on the size of the catalytic metal particles, as discussed by Susan Sinnott
and colleagues (3.55).
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Fig. 3.8 An illustration of the tip growth mechanism (upper diagram) and the base growth mechanism
(lower diagram) of nanotube growth (3.14, 3.52).
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An interesting discussion of the growth mechanisms of catalytically produced
MWNTs was given by Gary Tibbetts in 1984 (3.56). In this paper Tibbetts suggested
that the catalytic particles might be liquid during the growth of the tubes, so that the
mechanism could be described as vapour–liquid–solid (VLS). Mechanisms of this kind
had been previously posited to describe the growth of whiskers of Si, Ge and many other
materials (3.57), as mentioned in the previous chapter. An apparent problem with the
model when applied to the growth of carbon nanotubes is that the temperatures used to
produce MWNTs are usually well below the melting points of the catalytic metals. Thus,
the catalytic synthesis of MWNTsmight typically be carried out at 500–700 °C, while the
melting point of bulk Fe is 1536 °C, and that of Ni is 1453 °C. However, it has been
known for many years that the melting temperature of nanoparticles can be significantly
depressed, compared to that of the bulk (3.58, 3.59). Could the catalytic particles used
to produce MWNTs be in a liquid state? This actually seems rather unlikely. Moisala
et al. give a formula for the melting temperature of metals as a function of particle
diameter (3.1). This shows that the melting temperature for a 10 nm Fe particle (which is
a typical size used inMWNTsynthesis) would be about 940 °C, while that of a Ni particle
of the same size would be ~1180 °C. These temperatures are higher than those normally
used to produceMWNTs. Another factor to take into account is that the iron groupmetals
form eutectic mixtures with carbon, i.e. mixtures with melting points lower than those of
the individual components. The Fe–C eutectic point lies at 1130 °C, while for Ni, the
eutectic occurs at 1326 °C. In neither case is this effect likely to be sufficient to result in
particle melting at the synthesis temperatures of MWNTs. Evidence that the catalytic
particles which produce MWNTs are indeed solid comes from a consideration of the
growth rates of nanotubes. It was pointed out by Baker (3.10) that the activation energy of
MWNT growth correlates closely with that for the diffusion rate of carbon through the
solid metals. Diffusion of carbon through a liquid metal would occur much more rapidly.
In the case of SWNTs, on the other hand, where higher temperatures and smaller catalytic
particles are used, the possibility that the particles are in a liquid state needs to be
considered (see p. 65).

Another area of controversy is the chemical state of the catalyst, i.e. are the active
particles metal or metal carbide? There are many conflicting reports, with some groups
finding evidence that carbides are the active phase (e.g. 3.17, 3.60), and others arguing
that the particles remain metallic (3.61, 3.62). It may be that different phases are active
under different conditions.

So far, it has been assumed that the catalytic growth of MWNTs involves the diffusion
of carbon through a solid or liquid particle. An alternative mechanism, based on surface
diffusion of carbon around the metal particle was put forward by Tom Baird and
colleagues in 1974 (3.13) and elaborated by Oberlin, Endo and Koyama in 1976
(3.17). The model is illustrated in Fig. 3.9. Apparent support for this mechanism came
in a study by Danish researchers in 2004 using controlled atmosphere transmission
electron microscopy (3.63, 3.64). As noted above, some of the earliest insights into the
growth mechanism of catalytically produced MWNTs were obtained using this techni-
que. The Danish workers were able to use the much higher resolution available with
modern TEMs to achieve atomic-scale images of the catalytic reaction between CH4 and
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supported nickel nanoparticles at about 500 °C. Nanotubes were found to grow by the tip
growth mechanism, with growth apparently promoted by abrupt shape changes in the
catalyst particle itself, from spherical to elongated and back. In its elongated form the
particle served as a template, assisting the alignment of the graphene layers into a tubular
form as carbon atoms diffused across its surface. A detailed analysis of the images
revealed that the nucleation and growth of these graphene layers occurred at single-atom
step-edges that developed and disappeared continuously. This study provides quite
compelling evidence for the surface diffusion mechanism, but it is possible that bulk
diffusion may be important under different conditions.

The role of the catalyst in the growth of aligned nanotubes on a substrate has been quite
widely investigated. In general, it seems that the mechanism involves base-growth,
whether the catalytic particles are pre-deposited on the substrate or produced in situ by
decomposition of organometallic precursors. In some cases, however, catalytic particles
are seen at the tips of the nanotubes, showing that tip growth has occurred (3.65). Liming
Dai and his colleagues studied the mechanism that operates when the catalyst particles
are formed by decomposition of organometallic precursors (3.49). They suggested the
following mechanism for the process. When injected into the reactor, the Fe-containing
precursor decomposes to produce Fe particles, surrounded by carbon, on the substrate
surface. These metal particles then grow until they reach an optimal size for carbon
nanotube nucleation, when nanotube growth begins. Once again, however, there is
evidence that tip growth can occur under similar conditions (3.66).

If the fundamental processes involved in the catalytic formation of MWNTs
from gaseous carbon sources remain unclear, the mechanisms whereby helical morphol-
ogies can form are also poorly understood. Severin Amelinckx and colleagues at the
University of Antwerp have discussed the growth of these tubes in terms of a locus of
active sites around the periphery of the catalytic particle, and growth velocity vectors
(3.67, 3.68). In the simplest case the locus of active sites is circular and the extrusion
velocity constant, producing a straight tube propagating at a constant rate. If the catalytic
activity varies around the circle, such that the velocity vectors terminate in a plane which
is not parallel with the locus of active sites, a curved tube results. In practice, of course,
the locus of active sites may not be circular, and this introduces another level of
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Fig. 3.9 An illustration of the growth mechanism based on the surface diffusion of carbon around
the metal particle (3.52).
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complexity. Amelinckx et al. consider the case of an elliptical locus of active sites. In this
case, they show that a catalytic activity which varies around the ellipse will produce
helical growth. A detailed discussion of their model is given in ref. (3.67).

Several groups have discussed the growth mechanism of bamboo-like structures
(e.g. 3.69–3.72). The most direct study of the process was reported in 2007 by a group
from the National University of Singapore (3.72). These workers used in situ TEM to
make real-time observations of the growth of bamboo tubes on a Ni–MgO catalyst by
the catalytic decomposition of C2H2 at 650 °C. A series of their micrographs is shown in
Fig. 3.10. The nucleation of an ‘internal cap’ begins in micrograph (c), and the new
graphene layers grow around the trailing edge of the particle. As growth continues, the Ni
particle becomes elongated until eventually it is ejected from the tube leaving a fully
formed internal cap. It was also found that the catalyst particle remained as metallic Ni
during the growth process.

The growth mechanism of herringbone fibres, and the reasons why these structures
sometimes form instead of tubes has also been widely discussed (e.g. 3.73–3.75).
A notable feature of the catalytic particles found at the end of the herringbone fibres is
that they tend to be strongly faceted, and this seems to provide a clue to the growth
mechanism. It is well established from fundamental studies of catalysis that metal
particles can undergo restructuring as a result of adsorption. Baker and his colleagues
have suggested that herringbone fibres form when the carbon-containing gases cause
reconstruction of the metal particles, to produce faces on which decomposition of the
reactant gases can occur, and other faces on which graphitic carbon is precipitated. The
formation of herringbone structures is apparently favoured by alloy catalysts (3.11, 3.73),
although Pd has also been used alone under certain growth conditions to yield similar
structures (3.74). It has been suggested (3.75) that hydrogen plays a significant role in the
formation of nanofibres, as the presence of hydrogen in abundance can terminate the
large number of dangling bonds at the edges of the stacked graphite platelets. Without
hydrogen termination, the more stable form of the carbon filament would be a closed tube
with no dangling bonds.

3.4 Catalytic synthesis of single-walled nanotubes

3.4.1 Conditions required to produce SWNTs

In order to produce single-walled rather than multiwalled nanotubes by catalysis, a
number of factors need to be carefully controlled. These include temperature, feedstock
and the nature and size of the catalytic particles. The temperatures used for synthesizing
SWNTs are higher than those used for MWNTs: typically 900–1200 °C. This can cause
problems when certain feedstocks are used. At temperatures higher than about 900 °C,
the rate of pyrolysis of many hydrocarbons becomes very high, resulting in the formation
of large amounts of amorphous carbon. For this reason, many groups have chosen to use
CO or CH4 as the carbon source, since these both have relatively high thermal stability.
The addition of H2 or benzene to the CH4 flow has been shown to enhance the SWNT
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yield (3.76). Smalley’s group also produced SWNTs in high yield using ethylene (3.77).
An interesting aspect of this study was that SWNT formation was apparently favoured
by a limited carbon supply, and this enabled relatively low temperatures to be used
(700–850 °C). Other hydrocarbons have been used, including hexane (e.g. 3.78) and
benzene (e.g. 3.79), but in such cases H2 is normally added to the feedstock to break

Fig. 3.10 Sequence of in situ TEM images showing the growth of a bamboo-like carbon nanotube
catalysed by a Ni particle at 650 °C (3.72).
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down the excess carbon. Some micrographs of typical CVD-grown single-walled nano-
tubes are shown in Fig. 3.11.

The first successful catalytic synthesis of SWNTs, by the Rice group in 1996 (3.81),
employed CO as the feedstock. This was passed over a catalyst containing Mo particles a
few nanometres in diameter, at a temperature of 1200 °C, resulting in the formation of
SWNTs in the size range 1–5 nm. The best catalyst for SWNT synthesis depends to some
extent on the feedstock. The most commonly used metals have been Fe, Ni, Co andMo, or
some combination of these, but oxides have also been used. In the first example of SWNT
synthesis from CH4, in 1998, Hongjie Dai’s group used a supported Fe2O3 catalyst (3.82).
In subsequent work, this group found that the optimum catalyst for SWNT synthesis from
CH4 consisted of Fe/Mo bimetallic species supported on silica-alumina (3.83). More
recently it has been shown that SWNTs can be produced from metals not known to be
catalysts for carbon formation, including Au, Ag and Cu (3.84–3.86). This came as a
surprise, since it has been shown experimentally that Cu cannot catalyse the growth
of multiwalled nanotubes (3.28), while theoretical work has suggested that Au should
be incapable of catalysing SWNT formation (3.87). These findings have implications
for understanding the growth mechanisms of SWNTs by CVD, as discussed later. As
well as supported catalysts, ‘floating catalysts’ have been successfully employed. Mildred
Dresselhaus and co-workers were probably the first to use this technique to make
SWNTs, using ferrocene as the catalyst precursor and benzene as the feedstock (3.79).
The high-pressure CO disproportionation (HiPco) process for high-volume SWNT pro-
duction utilizes Fe(CO)5 as a precursor for Fe clusters, as discussed in the next section.

In addition to temperature, feedstock and the type of catalyst, the other major factor
determining whether SWNTs are produced is the size of the catalyst particles. Work by
Jie Liu and his group from Duke University suggested that catalyst particles must be
smaller than about 8.5 nm in order to promote SWNT growth (3.88). Hongjie Dai’s group

(a)

5 nm 5 nm

(b)

Fig. 3.11 TEM images of typical catalytically-produced single-walled carbon nanotubes, from the work
of Colomer et al. (3.80).
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observed similar trends: nanoparticles less than 1.8 nm in size were the most active in
producing single walled tubes, while nanoparticles with diameters above ~7 nm did not
show any SWNT growth (3.89). Workers from Harvard prepared monodispersed
nanoclusters of iron with diameters of 3, 9 and 13 nm (3.90). After exposure to ethylene,
single walled and double walled tubes were nucleated from the 3 and 9 nm diameter
nanoclusters, whereas only multiwalled tubes were observed from the 13 nm nanoclus-
ters. Further evidence for the importance of catalyst particle size in determining the type
of nanotubes produced has come form work by Emmanuel Flahaut and colleagues from
the University of Toulouse, discussed in Section 3.6 below. Despite these observations, it
is also apparently possible for SWNTs to grow from larger catalyst particles (3.91, 3.92).
Similar behaviour is seen in the arc-discharge synthesis of SWNTs (see p. 29).

A few groups have looked at the application of PECVD to SWNT synthesis. This
process has been widely used in growing aligned MWNTs on substrates discussed in
Section 3.2.1 above, but in general has proved more difficult for SWNT growth.
However, in 2005, Dai’s group showed that PECVD could be used to grow vertical
arrays of single-walled carbon nanotubes on wafers of SiO2/Si, using an Fe catalyst
(3.93). Nanotube growth was found to be boosted by the addition of 1%O2 to the reaction
mixture. The role of the O2 was apparently to remove reactive hydrogen radicals, and to
provide a carbon-rich and hydrogen-deficient condition conducive to SWNT growth.
Some micrographs of the SWNT arrays are shown in Fig. 3.12. In another interesting
study, Dai’s group claimed that PECVD synthesis can result in the preferential formation
of semiconducting SWNTs (3.94). This work, and other studies aimed at preparing
SWNTs with defined structures is discussed in Section 3.4.5 below.

3.4.2 Large-scale catalytic synthesis of SWNTs

Making SWNTs catalytically clearly has great potential for scale-up, and many groups have
used this approach to develop bulk synthesis processes. An early example was the already-
mentioned work of Dresselhaus and colleagues, who produced large numbers of SWNTs

Fig. 3.12 Single-walled nanotubes grown vertically on a SiO2/Si wafer by O2-assisted PECVD. (a) Square
and circular towers, (b) lines (3.93).
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from benzene, using ferrocene as the catalyst precursor. The addition of thiophene was
found to be effective in increasing the yield of nanotubes (3.79). The work of Dai et al. on
SWNTsynthesis from CH4 with a supported Fe/Mo bimetallic catalyst was also mentioned
in the previous section (3.83). In this way, gram quantities of SWNTs could be synthesized
in ~0.5 h. Jean-François Colomer of the University of Antwerp and co-workers reported the
large-scale production of SWNTs using a catalyst comprising metal particles supported on
MgO (3.80). Following the reaction, the MgO support could be easily removed by an acid
treatment. Cheol Lee, of Hanyang University, Korea and colleagues (3.95) described a
method for the large-scale production of SWNTs from ethylene using a Fe–Mo/MgO
catalyst at 800 °C. The tubes were produced in high yield, and were relatively free of
amorphous carbon, as can be seen in Fig. 3.13. As in the Colomer work, the MgO support
material could be readily removed by mild acid treatment, giving high-purity SWNTs.

Some of the most successful methods for the large-scale catalytic synthesis of SWNTs
have employed CO as the feedstock. Daniel Resasco and co-workers at the University of
Oklahoma showed that increased yields of SWNTs could be achieved by using Mo
oxides combined with Co as catalysts for CO disproportionation (3.96–3.98). They
believe that interactions between Mo oxides and Co stabilize the Co catalyst against
aggregation through high-temperature sintering. The Resasco group have developed a
method for high-volume production of SWNTs using this catalyst, which they named the
CoMoCAT process (3.98).

Perhaps the most important method for the large-scale catalytic synthesis of SWNTs is
the high-pressure CO disproportionation (HiPco) process introduced by the Smalley
group in 1999 (3.99). This process is based on the decomposition of Fe(CO)5 to form Fe
clusters for the catalytic production of SWNTs from CO at about 1000 °C. As noted
earlier, the injection of organometallic compounds as catalyst precursors directly into the
reactant feedstock greatly facilitates the continuous production of nanotubes. A problem
in the early work, however, was that the HiPco nanotubes contained comparatively large
amounts of Fe, typically 14% byweight. Smalley’s group (3.100) and others (3.101) have
reported purification protocols, which can reduce the Fe content to 3wt% or lower. The
purification of nanotubes is discussed in detail in the next chapter. At least two
large-scale HiPco reactors are currently operational: one at Rice University and one at
a spin-off company, Carbon Nanotechnologies, Inc. A number of reviews of the process
have been given (3.4, 3.102, 3.103).

3.4.3 Preparation of SWNT strands

Strands or fibres of aligned SWNTs can be prepared by the processing of ready-made
material, as discussed in the next chapter (p. 95). The direct synthesis of macroscopic
strands of SWNTs using catalysis was first reported by Pulickel Ajayan and colleagues
in 2002 (3.78). The carbon source in this work was liquid n-hexane, into which
thiophene and ferrocene were dissolved. This was then sprayed into a H2 stream, and
fed into the top of a vertical furnace. It was found that this method could result in the
formation of nanotube strands, up to 20 cm in length, which could be collected at the
bottom of the furnace.
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Figure 3.14 shows some typical electron micrographs of the SWNT strands prepared
by Ajayan et al. The strand shown in Fig. 3.14(a) is approximately 70 μm in diameter;
some other strands were as large as 500 μm (0.5mm) in diameter. The strands appeared to
be made up from smaller ropes of SWNTs, which could be peeled apart, as in Fig. 3.14(b).
High-resolution TEM (Fig. 3.14c) confirmed that the ropes contained aligned SWNTs.
Subsequent work showed that most tubes had a diameter of 1.1 nm, and the ‘lattice

(a)

(b)

Fig. 3.13 Images of SWNTs prepared by the Fe–Mo/MgO catalysed decomposition of ethylene, from
the work of Lee et al. (3.95). (a) Low-magnification SEM images, (b) TEM image.
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constant’ was 1.42 nm (3.104, 3.105). Tensile tests were carried out on some of the ropes
teased away from the larger strands, and produced values of the Young’s modulus in
the range 49–77GPa. These figures are similar to those achieved for SWNT/polyvinyl
alcohol composite fibres prepared by Baughman and colleagues (see Chapter 9, p. 234).
Researchers from South Korea have also explored the synthesis of long strands of SWNTs
using catalysis (3.106).

3.4.4 Directed growth of SWNTs

Producing defined arrays of single-walled nanotubes on a substrate would be of great
interest in the development of nanoscale devices, as well as in other areas. There are
two ways in which this could be achived: by directed in situ growth of nanotubes, or by
post-synthesis arrangement of the tubes. This section is concerned with the guided
growth of SWNTs on surfaces. The alternative approach is discussed in the next
chapter.

The earliest attempt to achieve controlled growth of SWNTs was described by Hongjie
Dai and his colleagues in 1998 (3.107). This group used silicon wafers patterned with
μm-scale islands of an iron compound to catalyse the formation of single-walled nano-
tubes. The resulting tubes grew out from the catalytic regions, in some cases forming
bridges between adjacent islands. However, although this work was impressive, it did not
represent directed SWNT growth. True directed growth of SWNTs, using an electric
field, was demonstrated by Dai’s group in 2001 (3.108). Their method involved deposit-
ing a poly-silicon film on a quartz wafer and then using photolithography and plasma

(a) (b)

(c)

Fig. 3.14 SWNT strands prepared by Ajayan and colleagues (3.78). (a) Low-magnification SEM image
of a strand. (b) High-resolution SEM of an array of SWNT ropes peeled from a strand.
(c) HRTEM image of a top view of a SWNT rope. The inset shows the cross-sectional view
of polycrystalline bundle.
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etching to form parallel trenches in the film. A catalyst consisting of metal particles
supported in mesoporous alumina was then deposited onto the poly-Si structures. Some
outer poly-Si strips acted as electrodes. Note that in this arrangement the nanotubes are
growing in free space, rather than being supported on the substrate. If the nanotubes were
pinned on a surface, strong van der Waals interactions would reduce the field-directing
effect. In an initial control experiment, nanotube growth was carried out with no applied
electric field. As expected, the resulting growth exhibited no preferred orientation.
However, when a voltage was applied to the outer poly-Si electrodes, aligned growth
was observed across the trenches, as shown in Fig. 3.15. Both DC and AC fields
produced alignment.

A short time later, Ernesto Joselevich, of theWeizmann Institute of Science, Israel, and
Charles Lieber also reported the directed growth of SWNTs using an electric field
(3.109). In this work, iron oxide nanoparticles were deposited on a silicon chip between
a pair of microfabricated electrodes, 25 μm apart. The SWNTs were grown at 800 °C in a
flow of 0.2% C2H4, 40% H2 and 60% Ar. Applying an electric field of 100Vacross the
microelectrodes resulted in directed growth of the tubes perpendicular to the electrodes.
They speculated that field-directed growth could discriminate between metallic and
semiconducting nanotubes during their formation, although this has not yet been proved
experimentally.

Attempting to grow SWNTs in two dimensions using electric fields has proved more
difficult. Initial experiments by Dai’s group involved depositing four Mo electrodes in a

Fig. 3.15 SEM micrograph showing electric field-directed growth of SWNTs between Si strips, from
the work of Dai et al. (3.108).
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cross arrangement on an Si substrate (3.110). Catalyst islands were then deposited onto
the electrodes, and SWNTs were grown at 800–900 °C using a CH4/ C2H4 mixture as the
carbon source. It was found that nanotubes assembled in the regions of the most intense
electric field and tended to follow the local field lines. It was also observed that the tubes
grew from negative toward positive electrodes.

The application of electric fields is not the only way to achieved directed growth of
SWNTs on a substrate. An alternative approach is to use the crystallography of the
substrate material to define the growth direction. The first demonstration of this was
given by Jie Liu and colleagues in 2000 (3.111). The SWNTs were grown by catalytic
CVD of CH4 on silicon surfaces terminated with hydrogen, native oxide, and an
ultra-thin aluminium layer. On Si (100)-based surfaces, the nanotubes grew in two
perpendicular directions, while on Si (111)-based surfaces they grew in three preferred
directions separated by 60°. Ernesto Joselevich and his colleagues have studied the growth
of SWNTs on sapphire wafers with a high concentration of atomic steps (3.112, 3.113).
They showed that SWNT growth occurred preferentially along the atomic steps. In
subsequent work they deliberately created faceted nanosteps on the surface of sapphire
crystals by annealing, and once again demonstrated preferential growth along the steps.
This kind of intentional modification of surfaces to enhance epitaxy is known as ‘graphoe-
pitaxy’, and may have considerable potential in the guided growth of SWNTs on surfaces.

A still further way to achieve oriented growth of SWNTs was described by Liu’s team
in 2003 (3.114). It was shown that the growth direction of tubes on a substrate could be
determined simply by the flow direction of the feedstock gas. Thus, when Fe/Mo catalyst
nanoparticles on a SiO2/Si support were rapidly heated in the presence of a CO/H2 gas
mixture, SWNTs were found to grow almost exclusively in the gas flow direction. These
tubes could be grown to lengths of several mm. In subsequent work (3.115), this methodwas
used to produce aligned growth in two dimensions. This was achieved by firstly growing
tubes along one direction, then rotating the sample and growing a second set of tubes in the
new direction. Examples of nanotube arrays produced in this way are shown in Fig. 3.16.

Finally in this section, another fascinating piece of work by Dai’s group should be
mentioned (3.116). Although this did not involve directed growth as such, it probably
represents the first successful integration of nanotube transistors into a silicon circuit. The
starting point was a silicon metal oxide semiconductor (MOS) chip, onto which were
deposited catalyst islands. By using these islands to grow single-walled tubes, it was
possible to produce nanotube transistors connected to the NMOS circuit. Thousands of
these connections could be made on a 1 cm2 chip, and the path that led to an individual
nanotube could be isolated. In this way it could be determined whether the tube was a
semiconductor and/or a metal. This would seem to be an important step towards the
utilization of carbon nanotubes in integrated circuits.

3.4.5 Synthesis of SWNTs with defined structures

It was noted in Section 3.4.1 that the sizes of catalytic particles can determine whether
single-walled or multiwalled nanotubes are formed. It is much less clear whether
catalytic synthesis can be used to produce SWNTs with defined structures. Certainly no
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procedures yet exist that are guaranteed to produce tubes with a known structure. However,
a few reports have been published which suggest that this might be possible. One of the first
of these was published by Jean-François Colomer and his colleagues in 2002 (3.117). These
workers used transmission electron diffraction to study SWNT bundles produced by
arc-discharge, laser ablation and catalytic CVD. Diffraction patterns of arc-discharge-
produced bundles showed a diffuse pattern, characteristic of a random chirality dispersion
within the bundle. Diffraction from the laser-ablation-produced bundles showed evidence of

(a)

(b)

25 µm

15 µm

Fig. 3.16 SEM images of networks of crossed SWNTs on a SiO2/Si surface fabricated by Liu et al. (3.115).
(a) A crossed-network SWNT array with a 90° included angle; (b) an array with a 60° included
angle.
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a rather narrower range of chiralities, while bundles produced by CVD appeared to exhibit
just one or two tube helicities.

Daniel Resasco and co-workers have also reported that SWNTs with certain chiralities
can be formed preferentially by thermal CVD (3.118). They used fluorescence spectro-
scopy to analyse SWNTs prepared by the CoMoCAT method. As discussed in Chapter 7
(p. 190), spectrofluorimetric measurements on semiconducting SWNTs in solution can
distinguish between tubes with different structures. Resasco and colleagues found
evidence that tubes with the (6, 5) and (7, 5) structures made up more than 50% of the
semiconducting SWNTs produced by the CoMoCAT process. In subsequent work it was
shown that the (n, m) distribution could be controlled by varying the gaseous feed
composition, the reaction temperature, and the type of catalyst support used (3.119).
The reasons why these near-armchair structures appear to be favoured is not well
understood.

In 2004, Hongjie Dai and co-workers reported that plasma enhanced CVD could result
in the preferential growth of semiconducting SWNTs (3.94). This preferential formation
was particularly marked in the smallest tubes (3.120), and may indicate that semicon-
ducting SWNTs have higher stabilities than metallic ones. As already noted (p. 31), Dai
et al. carried out some control experiments which indicated that laser vaporization
preferentially produces metallic SWNTs.

3.5 Growth mechanisms of catalytically produced SWNTs

Single-walled tubes produced by CVD are generally similar in appearance to those made
by the arc and laser methods. They typically have diameters of the order of 1.2 nm, and
often form close-packed bundles (see Fig. 3.13b). This suggests that many tubes can
grow from a single metal particle, and this has been directly observed in some cases
(3.121). In other studies, small metal particles have been seen at the tips of individual
CVD-grown single-walled tubes (3.89, 3.122). Unlike multiwalled carbon nanotubes
produced catalytically, CVD-grown single-walled tubes seem to be highly perfect, with
few defects. The growth mechanisms of catalytically produced SWNTs have been widely
discussed, and a number of useful reviews are available (3.3–3.7, 3.123). Virtually all the
discussions have assumed that CVD growth of SWNTs involves a VLS-type process, and
this type of mechanism will now be considered.

3.5.1 Vapour–liquid–solid mechanisms

The VLS model has been widely discussed with reference to the arc and laser methods of
SWNT synthesis (see previous chapter, p. 32). A number of groups have also developed
models of VLS growth that relate specifically to catalytic synthesis (e.g. 3.123–3.128).
Kim Bolton of the University of Gothenburg and colleagues have simulated the CVD
growth of SWNTs on floating Fe particles at temperatures in the range 600–1600K
(3.123, 3.125). They assume a vapour–liquid–solid mechanism in which Fe particles
become saturated with carbon and then carbon strings, polygons and small graphitic
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islands nucleate on the cluster surface. Then, if the temperature is sufficiently high, a
graphitic island can lift off the particle to form a cap which can potentially grow into a
tube. They found that the critical temperature for cap nucleation is 800K. Below this
temperature, graphene sheets encapsulate the particles, whereas above 1600K, carbon is
deposited as a soot-like structure rather than as nanotubes. These results broadly agree
with experimental observations. One of their simulations, corresponding to a temperature
of 900K, is shown in Fig. 3.17.

As noted previously, a basic assumption of the VLS mechanism is that carbon diffuses
through a liquid metal particle, driven by either a temperature gradient or a concentration
gradient. Bolton and colleagues have pointed out that, for very small catalytic particles, it
is unlikely that any temperature gradient could exist (3.126). However, they have shown
that a carbon concentration gradient can provide a sufficient driving force for diffusion.
On the other hand, the idea that diffusion through the metal particle occurs at all during
nanotube growth has been questioned by Jean-Yves Raty and colleagues (3.87). These
researchers modelled the CVD growth of SWNTs on Fe nanoparticles using ab initio
molecular dynamics. In contrast to the work of Bolton et al., they found that the carbon
atoms did not dissolve in the Fe, but instead diffused onto the surface of the metal and
then formed an sp2 sheet, with the form of a nanotube cap, as shown in Fig. 3.18. Single C
atoms could then diffuse to the root and become incorporated into the growing tube. In
this work approximately half of the nanoparticle surface atoms were passivated with H to
mimic the presence of a supporting surface.

3.5.2 A solid-state mechanism for CVD growth?

As outlined in the previous chapter (p. 34), several groups have proposed that the
production of single-walled nanotubes by laser vaporization might involve a solid-state
mechanism in which the metal particles convert solid, disordered carbon into nanotubes.
The suggestion that the CVD synthesis of SWNTs might also involve a solid-state

(a) 2.0 ns (b) 2.5 ns (c) 3 ns (d) 10 ns (e) 18 ns

Fig. 3.17 A simulation of SWNT growth at 900K by Bolton et al. The cluster contains 50 Fe atoms, and
one carbon atom is added to the central part of the cluster every 40 ps. Iron atoms are represented
as balls and carbon atoms as a stick-like structure (3.125).
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transformation has not been previously raised, so it is worth considering whether such a
mechanism would be feasible. A possible scenario is given in Fig. 3.19. The first stage in
the process (Fig. 3.19a) is the condensation of curved, fullerene-related, carbonaceous
fragments on the surfaces of the catalyst. Literature reports suggest that significant
amounts of disordered carbon could deposit on the catalyst surfaces under the conditions
used for CVD. For example Bai et al. have shown that methane readily decomposes to
carbon over alumina at 850 °C (3.129). It cannot be said with certainty whether this
carbon would have a fullerene-related structure, but there are many studies which show
that C formed by condensation from the vapour consists of assemblies of small curved
sheets (3.130), and this curvature may indicate the presence of fullerene-like elements.
The second stage in the process is the conversion of the rather disordered carbon clusters
into single-walled tubes, promoted by the metal particles (Fig. 3.19b). The experiments

(a)

(b)

Fig. 3.19 Schematic illustration of the ‘solid-state’ mechanism for the growth of single-walled carbon
nanotubes by catalytic CVD. (a) Deposition of carbon fragments on surfaces of the catalyst,
(b) transformation of disordered carbon into nanotubes.

Fig. 3.18 A simulation of SWNT growth on an Fe catalyst, from the work of Raty et al. (3.87).
(a) Diffusion of single C atoms on the surface of the catalyst. (b) Formation of a graphene
sheet on the catalyst surface with edge atoms covalently bonded to the metal. (c) Root
incorporation of diffusing single C atoms (or dimers).
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of Gorbunov et al. (3.131) and Kataura et al. (3.132) show that such a transformation can
indeed occur, although the mechanism remains unclear.

Thus, it seems that a solid-state mechanism for CVD growth may at least be possible.
Are there any reasons, however, to question the well-established VLS model for CVD
synthesis of SWNTs? Some recent results suggest that there may be. As noted above,
studies by a number of groups (3.84–3.86) has shown that SWNTs can be produced from
metals not previously known to be catalysts for tube formation, including Au, Ag and Cu.
This is difficult to explain in terms of the classic VLS theory, which assumes dissolution
of C in the metal particles, since these metals have very limited ability to dissolve C
(3.133, 3.134). Therefore the possibility of a solid-state mechanism should be given
further consideration.

3.6 Catalytic synthesis of double-walled nanotubes

The first controlled production of double-walled nanotubes, in 1999, involved thermal
treatments of C60 ‘peapods’ (see p. 257). Double-walled nanotubes can also be produced
by arc-evaporation (p. 36). A number of techniques for the catalytic synthesis of DWNTs
in high yield are also now also available. There is great interest in producing DWNTs in
this way, since CVD-producedMWNTs with a small number of layers can have excellent
mechanical properties, unlike those with many layers (see Chapter 7).

In most cases the catalytic methods for making DWNTs appear to have been
developed using a trial-and-error approach, rather than from a thorough understanding
of the processes involved. Workers from the University of Toulouse found in 2000
that relatively large numbers of DWNTs (among SWNTs and MWNTs) could be
produced using an Mg1−xCoxO catalyst, with a feedstock of H2–CH4 (3.135, 3.136).
The highest fraction of DWNTs observed in these mixtures was about 50%. A some-
what higher yield of DWNTs was reported by Sishen Xie and colleagues from the
Chinese Academy of Science, Beijing in 2002 (3.137). Their method involved pyr-
olysing C2H2 on a floating iron catalyst at 900–1100 °C. An interesting aspect of this
work was that the growth of DWNTs was strongly promoted by the presence of sulphur
in the reaction mixture, although the reasons for this are unclear. A short time later,
another Chinese group, led by Hui-Ming Cheng (3.138) synthesized DWNTs, in good
yield, using the floating catalyst method with ferrocene as catalyst precursor and CH4

as carbon source. Again sulphur, introduced into the reactor in the form of thiophene,
was found to promote nanotube formation. In subsequent work, they were able to
obtain aligned DWNT ropes with a narrow diameter distributions using a similar
technique (3.139).

Cheol Lee’s group at Hanyang University, Korea (3.140) described in 2003 the
production of high-quality DWNTs in good yield by the catalytic decomposition of
alcohol over an Fe–Mo/Al2O3 catalyst at 800 °C. Using an ethylene feedstock under
similar conditions produced mainly SWNTs (see p. 59 above), for reasons that are not
well understood. The DWNTs synthesized by Lee and colleagues had outer diameters in
the range of 1.52–3.54 nm, with a slightly larger interlayer distance than usually observed
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for MWNTs (approximately 0.38 nm). At about the same time the Toulouse group
reported the synthesis of gram-scale quantities of nanotubes, 77% of which were
DWNTs, using a Mg1−xCoxO catalyst containing additions of Mo oxide (3.141). The
average diameter was about 2 nm. In later work, this group showed that preparing the
Mg–Co–Mo–O catalyst in different ways could result in different distributions of
nanotubes (3.142). Thus, one preparation could result in a sample containing more
than 90% double- and triple-walled nanotubes, while another could give a sample
containing almost 80% double-walled tubes. Since the chemical compositions of the
catalysts were identical, the authors believe that the differing products resulted from
differences in the morphology and particle sizes of the catalysts.

Numerous other recipes for preparing double-walled carbon nanotubes are now
available (e.g. 3.143–3.146). These include a method for growing vertically aligned
DWNT arrays (3.146). Perhaps the most effective method for large-scale DWNT
production was described by a multinational team from Shinshu University, Japan,
IPICYT, Mexico and MIT (3.147). Their method involved using an Mo ‘conditioning
catalyst’ at one end of the reaction furnace and an Fe catalyst in the middle of the
furnace. The conditioning catalyst promoted the growth of DWNTs, rather than SWNTs,
possibly by increasing the amount of active carbon species. The DWNTs produced in
this way were then purified in a two-step process. An HCl treatment removed the iron
catalyst and supporting material, while oxidation in air removed amorphous carbon and
chemically active single-walled carbon nanotubes. A filtration step then produced sheets
of DWNT ‘buckypaper’, which contained more than 95% double-walled tubes. Images
of the product are shown in Fig. 3.20 (see Section 4.4.3 for a fuller discussion of
buckypaper).

(a)

Fig. 3.20 Images of DWNT ‘buckypaper’, from the work of Endo and colleagues (3.147). (a) SEM
micrograph showing bulk structure, (b) HRTEM image showing a cluster of tubes.
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3.7 Electrochemical synthesis of multiwalled nanotubes

An electrochemical method for the synthesis of multiwalled nanotubes was described by
the Sussex group (with the present author) in the mid 1990s (3.148, 3.149). This involved
the electrolysis of molten lithium chloride using a graphite cell in which the anode was a
graphite crucible and the cathode a graphite rod immersed in the melt. A current of about
30 Awas passed through the cell for 1 minute, after which the electrolyte was allowed to
cool, and then added to water to dissolve the lithium chloride and react with the lithium
metal. The mixture was left for 4 hours, and toluene was then added to the aqueous
suspension and the whole agitated for several minutes.

This treatment resulted in most of the solid material passing into the toluene layer, which
was then separated from the aqueous layer by decanting. Transmission electron micro-
scopy revealed that the material contained large numbers of rather imperfect multiwalled
nanotubes which were similar in appearance to catalytically-formed tubes. Nanoparticles
were also found, and both tubes and nanoparticles often contained encapsulated material,
presumably lithium chloride or oxide. Thus, the technique could prove to be a useful
method of preparing filled carbon nanostructures. There has been relatively little subse-
quent work on the electrochemical synthesis of nanotubes, although Ian Kinloch and
co-workers have examined the effect of electrolysis duration, current density and voltage
on nanotube yield, and the feasibility of scaling-up the process (3.150, 3.151).

3.8 Synthesis of MWNTs by heat treatment of metal-doped carbon

We saw in the previous chapter (p. 24) that multiwalled nanotubes can be produced by
the high-temperature heat treatment of disordered carbons, and that single-walled tubes
can also form as a result of a solid-state transformation. In recent work, Chinese workers

(b)

Fig. 3.20 (cont.)

70 Synthesis II: catalytic chemical vapour deposition and related methods



have shown that multiwalled tubes can be made by heating a glassy carbon containing
Fe nanoparticles at temperatures of 800–1000 °C (3.152). Clearly the mechanism must
involve a solid phase transformation, which may be similar to that of the electrochemical
synthesis described above. A group from the Czech Republic have also reported a solid
phase synthesis of MWNTs from an Fe–C ‘nanopowder’ (3.153). Further work in this
area would be welcome.

3.9 Discussion

As we have seen in this chapter, amazing progress has been made in the catalytic
synthesis of nanotubes since the early 1990s. Processes for the bulk production of
multiwalled nanotubes have advanced to the point where several companies claim to
be making more than 100 tons per year. Single-walled tubes can also now be
produced in bulk using CVD, although production volumes are inevitably rather
lower, and techniques for making double-walled nanotubes catalytically have been
developed. Remarkable advances have also been made in the growth of nanotubes in
a controlled manner on substrates. In the case of MWNTs, this has generally involved
the vertical growth of tubes on surfaces, producing large arrays which have applica-
tions in areas such as field emission. The directed growth of SWNTs, on the other
hand, has mainly involved the formation of defined patterns on substrates, with the
aim of constructing nanoscale electronic devices. Another area where important
progress has been made, notably by the Windle group in Cambridge, is the continuous
spinning of nanotube yarns, which may have important applications as components of
composite materials.

Are there any disadvantages to the catalytic synthesis of nanotubes? In the case of
multiwalled tubes, the answer is yes, as the quality of CVD-produced multiwalled
nanotubes is still inferior to those made by arc-evaporation. Generally speaking,
catalytically-made MWNTs contain far more defects than those produced in the arc,
and this is reflected in their mechanical properties. It might be thought that the properties
of CVD-MWNTs could be improved by high-temperature annealing, but this does not
seem to be the case. As discussed in Chapter 7 (p. 187), the mechanical properties of
CVD tubes are not significantly improved even by heating at temperatures up to 2400 °C.
Interestingly, however, catalytically-produced SWNTs, or MWNTs with a small number
of layers, can have excellent mechanical properties, suggesting that they contain many
fewer defects than many-walled tubes (see pp. 187–188). Further evidence for the high
quality of catalytically-produced SWNTs comes from work by Philip Collins and
colleagues (3.154). These workers showed that the most chemically reactive sites on
SWNT surfaces could be selectively decorated by electrochemically deposited nickel
particles. Using this method they found that the best quality SWNTs contained just one
defect per 4 μm on average, with most defects being found in areas of SWNT curvature.
They pointed out that this defect density compares favourably to high-quality silicon
single-crystals. Collins et al. used their technique to compare SWNTs prepared by
different processes and found, perhaps surprisingly, that tubes made by arc-evaporation
contained rather more defects than these made catalytically.
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The growth mechanisms of catalytically-made nanotubes are little better understood
than those of arc- or laser- produced tubes. In the case of MWNT growth, the generally
accepted view is that the carbon-containing molecules decompose on one side of the
metal particle, and the tube grows on the opposite side. However, there is uncertainty
about whether the carbon diffuses through the particle or around the edge, and about the
physical and chemical state of the catalytic particle. For single-walled tubes, the vapour–
liquid–solid mechanism is quite widely thought to be correct, but this has not been
definitely established. Other possible mechanisms exist, such as the solid-state model
discussed in Section 3.5.2.
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4 Purification and processing

None of the techniques discussed in the previous two chapters produce pure carbon
nanotubes. When multiwalled nanotubes are produced by arc-evaporation, for exam-
ple, they are always accompanied by nanoparticles and disordered carbon. When
produced catalytically, nanotubes are contaminated with catalyst particles and support
material. In order to make use of the nanotubes, therefore, it is often necessary to purify
them. This chapter begins with a summary of the chemical and physical methods
available for purifying nanotubes. Techniques for processing nanotubes are then
reviewed. Procedures for aligning tubes and for forming them into fibres and sheets
are covered, and methods for sorting them by length and structure outlined. Ways of
improving the solubility of nanotubes by functionalization are covered later in the book
(Chapter 8), while the incorporation of nanotubes into composite materials is discussed
in Chapter 9.

4.1 Purification of multiwalled tubes

4.1.1 MWNTs produced by arc-evaporation

The first successful technique for purifying multiwalled tubes produced by arc-evaporation
was described by Thomas Ebbesen and co-workers in 1994 (4.1). Following the
demonstration that nanotube caps could be selectively attacked by oxidizing gases
(see Chapter 10), these researchers realized that nanoparticles, with their defect-rich
structures might be oxidized much more readily than the relatively perfect nanotubes.
Therefore they subjected raw nanotube samples to a range of oxidizing treatments, in
the hope that the nanoparticles would be preferentially oxidized away. They found
that a significant relative enrichment of nanotubes could be achieved in this way,
but only at the expense of losing of a major proportion of the original sample.
Thus, in order to remove all the nanoparticles, it was necessary to oxidize more than
99% of the raw sample. When 95% of the original material was oxidized, about 10–
20% of the remaining sample consisted of nanoparticles, while an oxidation of 85%
resulted in no enrichment at all. These results suggest that the reactivities of nanotubes
and nanoparticles towards oxidation are very similar, so that only a very narrow
‘window’ exists between the selective removal of nanoparticles and complete oxida-
tion of the sample.



A different and slightly less destructive approach was introduced by a Japanese group
at about the same time (4.2). This technique made use of the fact that nanoparticles and
other graphitic contaminants have relatively ‘open’ structures, and can therefore be
more readily intercalated with a variety of materials than can closed nanotubes. By
intercalating with copper chloride, and then reducing this to metallic copper, the
Japanese group were able to preferentially oxidize the nanoparticles away, using copper
as an oxidation catalyst. A similar purification technique, which involves intercalation
with bromine followed by oxidation, was described by the Oxford group (4.3). Another
Japanese team combined wet grinding, hydrothermal treatment, and oxidation to purify
arc-grown MWNTs (4.4). In this way, 16mg of purified MWNTs were obtained from
850mg of inner core material from the cathode.

Other workers have employed solubilization methods to achieve purification of arc-
synthesized MWNTs (see Chapter 8, p. 211, for a discussion of solubilization by
surfactants). Thus, a group from the Ecole Polytechnique Fédérale de Lausanne in
Switzerland used sodium dodecyl sulphate (SDS) to produce a stable suspension of
nanotubes and nanoparticles in water, then allowed the nanotubes to flocculate, leaving
the nanoparticles in suspension (4.5). The sediment could then be removed, and further
flocculation procedures carried out. This not only enabled the nanoparticles to be
removed, but also resulted in some degree of length separation of the tubes.
Chromatographic methods can also be used for the purification and size selection of
arc-produced MWNTs, as shown by Georg Duesberg and colleagues (4.6). In recent
years, interest in purifying multiwalled nanotubes produced by arc-evaporation has
dwindled, as the focus has shifted to catalytically-produced tubes, and at present there
are no completely satisfactory ways of achieving pure arc-grown MWNTs.

4.1.2 Catalytically-produced MWNTs

When produced catalytically, MWNT samples inevitably contain residual metal catalyst
particles, and support material, if used. These impurities can be more harmful than the
carbon contaminants that accompany arc-produced tubes. However, removing this
unwanted material can be achieved rather more easily than is the case for arc-grown
tubes, as shown by a number of groups (e.g. 4.7–4.11). It seems that the most successful
methods involve high-temperature annealing. Rodney Andrews and colleagues from the
University of Kentucky described the purification of catalytically-produced MWNTs
produced by annealing at ‘graphitization’ temperatures (1600–3000 °C) (4.7). The effect
of this treatment was not only to remove the catalyst impurities but also to improve the
structural perfection of the tubes, as shown in Fig. 4.1.

Acid treatments, often combined with heat treatments, have also been used to purify
CVD-produced MWNTs. Workers from Hunan University, China, used this approach to
purify MWNTs produced with Ni–Mg–O catalysts (4.8). Treatment with concentrated
HNO3 and HCl followed by oxidation in air at 510 °C reportedly resulted in 96% pure
tubes. A disadvantage of acid treatments is that they may damage the structure of the
nanotubes, while heat treatments tend to improve them. Fei Wei and co-workers from
Tsing Hua University compared vacuum annealing and acid methods (4.9, 4.10), and
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(a)

(b)

Fig. 4.1 Micrographs showing (a) as-preparedMWNTand (b) MWNT following heat treatment at 3000 °C.
The insets show diffraction patterns illustrating the improvement in structural perfection of the
tubes (4.7).
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found annealing to be more effective, with the capability of producing 99.9% purity
tubes. Hui-Ming Cheng and colleagues described an effective purification method
involving high-temperature annealing (2600 °C) followed by an extraction treatment
with a dispersing agent (4.11). The annealing process evaporated the metal particles,
while the extraction treatment removed carbon nanoparticles.

4.2 Purification of single-walled tubes

Purifying single-walled nanotubes presents an even greater challenge than for MWNTs.
Early attempts to apply harsh oxidation methods, like those used to purify MWNTs,
proved unsuccessful with SWNTs, so it was necessary to develop more sophisticated
approaches. As with MWNTs, slightly different methods are needed depending on how
the tubes were prepared. When produced by the arc-evaporation and laser vaporization
methods, SWNTs are typically accompanied by large amounts of amorphous carbon and
metal particles, often themselves coated with carbon. These coated particles can be
particularly difficult to remove. Catalytically-produced SWNT samples also contain
residual catalyst material, but tend to have less amorphous carbon. A huge effort has
been put into developing techniques for purifying SWNTs, and some of this work will
now be summarized. For more detailed discussions, a number of excellent reviews have
been published (4.12–4.14).

4.2.1 Acid treatment and oxidation

Of the many recipes which have been published for the purification of single-walled
nanotubes, the majority involve acid treatments and/or gas phase oxidation. Rather than
attempt to review all of the available methods, this section will describe two very
effective techniques for the purification of SWNTs which were described by Ivana
Chiang and co-workers at Rice University (4.15–4.16). Firstly, a little background is
given.

When oxidation methods were applied to SWNT samples, it was found that the tubes
were destroyed along with the contaminating material. The reasons for this were not
immediately clear. It is now appreciated, however, that the problem lies with the metal
catalyst particles present in the soot. In the presence of oxidizing gases, the metal
particles catalyse low-temperature oxidation of carbons indiscriminately, destroying
the SWNTs. Methods are therefore needed to remove the metal particles before applying
more rigorous oxidation treatments. Frequently the method used for this involves an acid
reflux, as first used by Andrew Rinzler et al. in a 1998 paper (4.17) describing the
production of ‘buckypaper’ (see p. 96 below).

The first of the Chiang papers described the purification of SWNTs produced by the
laser vaporization method (4.15). In this case, the as-received soot had already been
subjected to nitric acid treatment, which would have dissolved away most of the metal
particles. The soot was supplied as a suspension in toluene. This suspension was filtered
and washed with methanol to remove additional soluble residue left from the initial
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nitric acid cleaning treatment. This left a black puffy paper (‘buckypaper’), which was
refluxed in water. This was followed by two oxidations, first at 300 °C, then at 500 °C,
with an HCl extraction step after each oxidation. The authors claimed that this could
produce samples containing 99.9% SWNTs. Two images illustrating the purification
process are shown in Fig. 4.2. In a subsequent paper they described the purification of
SWNTs produced by the HiPco process (4.16). As noted in Section 3.4.2, HiPco
nanotubes contain comparatively large amounts of Fe, typically 14% by weight.
Here, the first step was a low-temperature (225 °C), wet Ar/O2 oxidation treatment.
This was found to facilitate the removal of carbon coated metal particles by breaking
open the carbon shell and converting the metal to the oxide or hydroxide. Stirring the
material in concentrated HCl following this treatment resulted in dissolution of the
iron. After filtering off the acid and drying, the oxidation and acid extraction cycle was
repeated once more at 325 °C, followed by oxidative heating at 425 °C and annealing
in Ar at 800 °C. The authors do not seem to give a figure for the SWNT purity
following this treatment, but they state that the final Fe content is approximately
0.02%.

When using acid and oxidative treatments for purification, it is important to recognize
that these treatments can result in the formation of carboxylic acid and other groups at the
tube ends and possibly, at defects on the sidewalls (see p. 205). It is possible that the
introduction of these groups could affect the tubes’ properties. For a detailed survey of
acid and oxidative treatments for the purification of SWNTs, the review by Stanislaus
Wong and colleagues can be recommended (4.13).

(a) (b)

Fig. 4.2 Micrographs illustrating the purification of laser-grown single-walled nanotubes, from the work
of Chiang et al. (4.15). (a) Untreated soot, (b) soot after the purification treatment.

84 Purification and processing



4.2.2 Functionalization

The chemical functionalization of carbon nanotubes is discussed in detail in Chapter 8.
A few researchers have explored the idea of using functionalization as a way of purifying
single-walled tubes. It has been argued that organic functionalization, as opposed to
treatment with acids or gas phase oxidants, renders SWNTs easier to handle and therefore
better for potential practical uses (4.13). In 2001,Maurizio Prato of the University of Trieste
and co-workers described the functionalization of SWNTs with azomethine ylides (see
p. 208). They showed that this treatment could be used to purify SWNTs produced by the
HiPco process (4.18). It was found that the functionalization greatly increased the solubility
of SWNTs in organic solvents, while leaving the metal particles insoluble. The metal
particles could therefore readily be separated from the nanotubes. To remove the remaining
amorphous carbon and nanoparticles, a slow precipitation process was used which involved
the addition of diethyl ether to a chloroform solution of SWNTs. This was found to
precipitate most of the contaminating carbon, leaving the nanotubes in solution. After
filtering off the tubes, the final step of the purification process was the removal of functional
groups by thermal treatment at 350 °C followed by annealing to 900 °C. Transmission
electron microscopy showed that the resulting nanotubes were largely free of impurities.

As discussed in Section 8.1.2, Sarbajit Banerjee and Stanislaus Wong have used
ozonolysis to functionalize SWNT sidewalls (4.19). It was also found that ozonolysis
had the effect of purifying the nanotube samples. The reason for this seems to be that,
upon ozonolysis, amorphous carbon and nanoparticles become heavily functionalized
with oxygenated groups and thereby have increased solubility in the polar solvents that
were used to wash the samples.

4.2.3 Physical techniques

Physical techniques that have been used for the purification of single-walled nanotubes
include filtration, chromatography, centrifugation and laser treatment. The potential
advantages of physical treatments are that they are, in principle, less destructive than
chemical methods and there is less danger of chemical modification of the tubes. Smalley
and co-workers were probably the first to use microfiltration to purify SWNT samples. In
1997 they described a technique involving the use of a cationic surfactant to suspend the
nanotubes and accompanying material in solution, and then trapping the tubes on a
membrane filter (4.20). However, multiple filtration was required, with sample resuspen-
sion after each filtration, in order to achieve a significant level of purification, making the
procedure slow and inefficient. An improved method was described (4.21) in which
ultrasonication was used to keep the material suspended during the filtration, thus enabling
large amounts of sample to be filtered continuously. In this way, up to 150mg of soot could
be purified in 3–6 hours, with the resulting material containing more than 90% of SWNTs.
The oxidation–filtration method of Chiang et al. was described above.

Size exclusion chromatography has been used to purify single-walled tubes, as well
as to separate small quantities of SWNTs into fractions with a small length and diameter
distribution. Duesberg et al. have described a method similar to that used for
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MWNTs (see above), which proved effective for SWNTs (4.22). Robert Haddon’s
group at Kentucky have described a chromatographic purification of soluble
single-walled tubes (4.23).

Haddon’s group has also shown that centrifugation can be effective in removing
both amorphous carbon and carbon nanoparticles from nitric acid-treated SWNT soot
(4.23, 4.24). Low-speed centrifugation had the effect of preferentially suspending the
amorphous carbon, leaving the SWNTs in the sediment. By contrast, high-speed cen-
trifugation of well-dispersed preparations is effective in sedimenting carbon nanoparti-
cles, while leaving the SWNTs suspended in aqueous media.

The use of laser treatments to purify SWNTs was demonstrated by John Lehman of the
USA’s National Institute of Standards and Technology in 2007 (4.25). Samples produced
by arc-discharge and CVDwere exposed to a 248 nm excimer laser, and improvements in
purity were shown by Raman measurements. The technique seemed to be particularly
effective at removing amorphous carbon and nano-crystalline graphite.

4.2.4 Assessing purity

Perhaps the most useful method of assessing the purity of samples of single-walled
nanotubes is Raman spectroscopy. The application of this technique to nanotubes is
discussed in detail in Chapter 7 (p. 192). Of particular interest in relation to purity is the
so-calledD line, at around 1340 cm− 1, which is assigned to disordered graphitic material.
The ratio of the D band intensity to the intensity of the G band at ∼1582 cm−1 (ID/IG)
provides a good estimation of sample purity. However, Raman spectroscopy does not
supply information about the amount of metal impurities.

Near-infrared (NIR) spectroscopy is another technique that has been used to evaluate
the purity of bulk quantities of single-walled carbon nanotubes (e.g. 4.26–4.28). The
purity can be assessed by determining the integrated intensity of the S22 transitions
compared with the S22 intensity of a reference sample. Thermogravimetric analysis
(TGA) has proved useful in determining the amount of metal catalyst particles in samples
of SWNTs (4.15, 4.16, 4.29), but is of less value in easily distinguishing between
different carbonaceous species. Of course, the most direct way to evaluate purity is
transmission electron microscopy, but obtaining a representative sample is not always
easy since the raw material can be highly inhomogeneous.

In a comparative study, Haddon and colleagues concluded that solution-phase
near-infrared spectroscopy and solution-phase Raman spectroscopy are the best techni-
ques for determining the purity of samples of bulk single-walled nanotubes (4.30).

4.3 Processing of multiwalled nanotubes

4.3.1 Multiwalled nanotube suspensions and assemblies of pure MWNTs

A great deal of work has been carried out on the acid treatment of nanotubes, both in
connection with purification (see above) and as a method for opening the tubes, as
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discussed in Chapter 10. The effect of acid treatment is often to introduce oxygen
containing surface groups, including phenolic, carboxylic and lactonic groups. Alan
Windle and colleagues have shown that these have the effect of stabilizing dispersions
of nanotubes at much higher concentrations than are possible with the raw material
(4.31). The properties of nanotube dispersions prepared in this way have been investi-
gated, and analogies drawn between the dispersions and polymer solutions (4.32).
Optical bireflection revealed that aqueous dispersions of multiwalled tubes underwent
a transition above a certain concentration (∼ 4.3 vol.%), in which the arrangement
changed from isotropic to liquid crystalline (4.33, 4.34). The liquid crystal phase
exhibited a Schlieren texture which is typical of a nematic liquid crystal phase, i.e. a
phase in which the components have long-range orientational order. This kind of
organization is commonly seen in nanoscale rigid rod systems, such as the tobacco
mosaic virus. The evaporation of the solvent from the dispersions gave a solid sample
with a very similar microstructure to the original dispersions, and this solid material
could be studied in the scanning electron microscope. A typical SEM image is shown in
Fig. 4.3. Here, disclinations which are typical of nematic liquid crystals can be seen.
Windle et al. point out that the existence of these phases suggest that carbon nanotubes
could be processed using methods analogous to those used for rigid chain polymers such
as the aramids. In practice, this has proved difficult, due to the strong interactions
between tubes and their tendency to stick together in bundles or ropes.

4.3.2 Alignment and arrangement of MWNTs

Methods for the catalytic growth of aligned MWNTs on substrates are well established
(see Section 3.2.1), but there is often a requirement for the post-synthesis alignment of

Fig. 4.3 Scanning electron micrograph of dried nematic MWNT film showing a pair of disclinations, from
the work of Song and Windle (4.34).
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nanotubes. This can be achived in a variety of ways. It has been shown that nanotube
‘yarns’ can be spun from aligned arrays of tubes, as discussed in the next section. Another
way of aligning nanotubes is to incorporate them into a matrix and then extrude the
matrix in some way, so that the tubes become aligned along the direction of flow. This
kind of process is discussed in the chapter on nanotube composites (see p. 229).

One of the first methods used to align multiwalled tubes was dielectrophoresis, i.e. the
application of an electric field to a sample held between electrodes. Seiji Akita and
colleagues from Osaka demonstrated significant alignment of MWNTs suspended in
isopropanol using this method (4.35, 4.36). When AC fields were used, the degree of
alignment increased with increasing frequency of the applied field, an observation
confirmed in studies of single-walled tubes (see Section 4.4.1). More recently, Rodney
Ruoff’s group at Northwestern University used an array of electrodes to align multi-
walled tubes in solution (4.37). It was found that using combined AC and DC fields (i.e.
a biased AC field) gave the best results.

Functionalization has been used to facilitate the arrangement of multiwalled nanotubes
into aligned arrays. A Chinese group (4.38) described a method in which MWNTs were
shortened using an oxidation–sonication treatment and then functionalized with acyl
chloride in thionyl chloride (SOCl2). Multilayer polyelectrolyte films were then depos-
ited onto the substrates and the modified substrates were dipped into a tetrahydrofuran
suspension of the functionalized tubes. This resulted in the formation of perpendicularly
aligned arrays of MWNTs, as shown in Fig. 4.4. Whether this approach will prove more
effective than the direct growth of MWNTs on substrates remains to be seen.

A novel approach to the assembly of multiwalled tubes was described by Pulickel
Ajayan and Ravi Kane and their colleagues in 2004 (4.39). The starting point for this
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Fig. 4.4 An AFM image of self-assembled MWNTs on a substrate (4.38).
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work was an array of vertically aligned MWNTs grown on a silica substrate using CVD.
The tubes were partially oxidized to aid wetting, then immersed in various liquids, which
were allowed to evaporate at room temperature. The drying process resulted in the
formation of random, foam-like patterns, as shown in Fig. 4.5. Ordered arrangements
could also be formed, by using patterned substrates. Figure 4.5(c) shows an example,
formed from a substrate containing an array of circular holes. It was shown that the
nanotube foams could be elastically deformed, separated from the substrate to produce
free-standing ‘fabrics’ or transferred to other substrates. It was suggested that the foams
could have applications as shock-absorbent structural reinforcements or elastic mem-
branes. At about the same time, and independently, Lei Jiang of the Chinese Academy of
Sciences, Beijing, and colleagues produced similar patterns by applying drops of water to
aligned MWNT films (4.40).

4.3.3 Pure MWNT fibres

The direct spinning of MWNT yarns using catalytic synthesis was discussed in the
previous chapter (p. 51). Post-synthesis methods have also been developed for the
production of continuous nanotube fibres. Perhaps the most successful technique
involves pulling ‘yarns’ of nanotubes from arrays grown on flat substrates. This was

(c)

Fig. 4.5 The formation of cellular patterns by the evaporation of liquids from vertically aligned
multiwalled carbon nanotube films (4.39). (a) A SEM image of original array, (b) an image
showing the cellular structures formed by the evaporation of water from a MWNT array,
(c) The formation of ordered ‘foam’ from a patterned array consisting of circular holes (shown
on the right).
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first described by a team from Tsinghua University in 2002 (4.41). They were initially
attempting to pull a bundle of nanotubes out of an array grown on a Si substrate. Instead,
they managed to draw out a continuous yarn of nanotubes, a process they compared to
drawing a thread from a silk cocoon. The yarns usually took the form of thin ribbons, and
could be drawn to a length of 30 cm. Initially the threads were manually drawn with
tweezers, but in later work a more controllable method, using an electric motor to perform
the pulling with a constant speed was developed (4.42). A further advance on this process
was described by Ray Baughman of University of Texas at Dallas and his colleagues in
2004 (4.43). In this work a twist was introduced as the yarns were drawn, thus applying a
technique that has been used in textile production since ancient times. Scanning electron
micrographs showing a nanotube yarn in the process of being simultaneously drawn and
twisted are shown in Fig. 4.6 (the process was conducted outside the SEM and interrupted

(a)

(b)

Fig. 4.6 SEM images illustrating the drawing of a nanotube yarn from a ‘forest’ grown on a flat
substrate (4.43).
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for SEM imaging). The yarns could be further twisted into two and four-ply MWNT
threads, or formed into more complicated, knitted structures, as shown in Fig. 4.7. The
single yarns had measured tensile strengths between 150 and 300MPa, while higher
strengths, between 250 and 460MPa, were observed for two-ply yarns. It was shown
that single yarns could be infiltrated with polyvinyl alcohol by soaking in a solution of the
polymer and then drying. This increased the strength of the yarns to 850MPa. Baughman
and colleagues suggest that the MWNT yarns could have a host of applications in areas
such as structural composites, protective clothing, artificial muscles and electronic textiles.

4.3.4 MWNT sheets

Baughman’s team have also shown that MWNT sheets can be drawn from catalytically-
grown nanotube forests (4.44). Again, the drawing process was initiated using an
adhesive strip, and it was shown that sheets up to 1m long and 5 cm wide could be
made. The sheets were transparent, with highly anisotropic electronic properties and may
have applications as electrodes or light-emitting diodes.

4.3.5 Breaking and cutting of MWNTs

There are several reasons why one might want to cut down MWNTs into short lengths.
Broken or damaged MWNTs are more amenable to functionalization than pristine

(a) (b)

(c)

(d)

Fig. 4.7 SEM images of MWNT yarns (a) single, (b) two-ply, (c) four-ply and (d) knitted (4.43).
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tubes, for example, due to the higher concentration of defects. Also the incorporation of
catalytically-producedMWNTs into composites is often facilitated by breaking down the
as-produced tubes into short lengths. A number of different methods have been devel-
oped for deliberately damaging MWNTs or cutting them into shorter lengths. One of the
first successful methods of breakingMWNTs was described by the Oxford group in 1996
(4.45). In this work, samples of the tubes were suspended in CH2Cl2, cooled to 0 °C
and then subjected to high-energy ultrasound using an immersion horn (this method
delivers much more energy to the tubes than the ultrasonic processing sometimes used to
aid dispersion in solvents). Following this treatment a high proportion of the tubes
contained defects such as bending and buckling. Stripping of the outer graphene layers
was often observed, but completely fractured tubes were relatively rare. Subsequently,
high-energy ultrasonic treatment has quite frequently been used to introduce defects into
MWNTs to facilitate the attachment of catalytic metal particles to the tubes (4.46).

Janos Nagy and colleagues from Namur, Belgium, used ball-milling to break down
catalytically-produced MWNTs (4.47). The untreated tubes were typically 50 μm in
length, while after 12 h of milling the average length was around 0.8 μm. In 2006 Chinese
researchers (4.48) showed that catalytically-produced MWNTs could be cut into short
lengths by firstly depositing NiO particles onto them and then inducing a localized
reaction between the carbon and the oxide particles. A short time later Milo Shaffer of
Imperial College and colleagues showed that a simple oxidizing treatment could be used
to produce short CVD-produced MWNTs (4.49). The resulting short tubes had moderate
levels of functionalization, and showed enhanced dispersibility in organic solvents.

The most controlled method for cutting MWNTs was demonstrated by Alex Zettl and
colleagues in 2005 (4.50). This group used the focused electron beam of an SEM to
achieve precise cutting of arc-grown MWNTs. Partial cutting, creating hinge like geo-
metries, as well as complete cutting was demonstrated.

4.4 Processing of single-walled tubes

4.4.1 Alignment and arrangement of SWNTs

Techniques for aligning nanotubes in polymer matrices are discussed in Chapter 9 (p. 229).
Here we are concerned with methods for arranging and aligning pure single-walled
nanotubes.

One way of organizing nanotubes into defined networks is to bond together nanotubes
with functionalized tips. The first demonstration of this was given by the Smalley group
in 1998 (4.51). In this work, SWNTs were firstly cut into short lengths (‘fullerene pipes’:
see Section 4.4.4 below), then reacted firstly with thionyl chloride and secondly with
NH2–(CH2)11–SH to produce an amide link between the alkanethiol and the nanotube
ends. Gold particles were then attached to the thiol-derivitized tips of the tubes. The
authors demonstrated that nanotubes could be connected together in this way, through
bonding to a common gold particle. Subsequently, interesting work in this area has been
carried out by Masahito Sano and colleagues (4.52, 4.53). In a 2001 Science paper (4.52)
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they reported the formation of rings from acid-oxidized SWNTs through esterification
between the carboxylic acid and hydroxyl end-groups at the nanotube tips in the presence
of a condensation reagent, 1,3-dicyclohexylcarbodiimide. The same group have grafted
dendrimers or dendrons onto oxidized carbon nanotubes to form nanotube stars.
Duesberg and colleagues have demonstrated the formation of junctions between
SWNTs through amine linkages (4.54). The tubes could be joined in either an end-
to-side or end-to-end configuration.

Similar methods have been used to produce arrays of SWNTs on surfaces. Zhongfan
Liu and colleagues of Peking University have described a wet chemical technique for
attaching SWNTs in a perpendicular manner to gold surfaces (4.55). The as-grown
nanotubes were first chemically cut into ‘pipes’ and thiol-derivatized at the open ends.
A gold crystal with a clean (111) surface was then dipped into an ethanol suspension of
the thio-functionalized nanotubes, and assembly of the SWNTs occurred by spontaneous
chemical adsorption to the gold surface through Au–S bonds. In an alternative
method (4.56), a pre-treated gold surface was dipped into a suspension of
carboxyl-terminated shortened SWNTs. This again resulted in an ordered assembly of
perpendicularly oriented SWNTs. Justin Gooding from the University of New South
Wales and colleagues used a similar method to produce vertically aligned arrays of
SWNTs on gold, and then functionalized these with the enzyme microperoxidase
MP-11 (4.57). The resulting arrays could be used as sensing devices (see also p. 282).

The use of dielectrophoresis to align MWNTs was mentioned above. The technique
has also been successfully used to align and position SWNTs (e.g. 4.58, 4.59). Perhaps
the most impressive demonstration of nanotube positioning using this method was
given in 2007 by Ralph Krupke of the Institute for Nanotechnology in Karlsruhe and
colleagues (4.59). In this work, nanotubes were deposited from an aqueous solution
onto an array of electrodes, as illustrated in Fig. 4.8. An inhomogeneous electric field
was generated by the two opposing needle-shaped electrodes, and the tubes were
selectively deposited between these electrodes. An important aspect of the work was
that just a single nanotube or nanotube bundle was deposited at the predefined loca-
tions. This was because the dielectrophoretic force field changed upon nanotube
deposition, such that further tubes are repelled. The authors claimed that several million
nanotube devices per cm2 of substrate could be made in this way. Dielectrophoresis has
also been used to separate metallic and semiconducting nanotubes as discussed in
Section 4.5.2 below.

Another effective method for the assembly of large numbers of single-walled tubes has
been described by Seunghun Hong and co-workers (4.60). Their approach was based on
the formation of patterns of self-assembled monolayers (SAM) of molecules on a
substrate, which were then used to guide the self-assembly of the tubes. Two types of
surface region were created, one patterned with polar groups such as amino or carboxyl,
and the other coated with non-polar groups such as methyl. When the substrate was
placed in a suspension of SWNTs the tubes were found to be attracted to the polar regions
and became aligned within them, as shown in Fig. 4.9. It was claimed that millions of
individual tubes could be assembled in this way, covering an area of about 1 cm2. Hongjie
Dai’s group has described a method for making devices based on short single-walled
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carbon nanotubes which combines photolithography and shadow evaporation (4.61).
In this way they produced a field-effect transistor based on a 50 nm semiconducting
nanotube.

DNA can be used to position nanotubes (e.g. 4.62, 4.63), as discussed further in
Chapter 8 (p. 217). Thus, Israeli researchers have demonstrated that the interactions of
proteins and DNA can be used to assemble nanotubes into a field-effect transistor which
operates at room temperature (4.62).

(a)

(b)

Fig. 4.8 (a) A schematic illustration showing the deposition of SWNTs from an aqueous solution
onto an array of electrodes, (b) a SEM image of the electrode array, with each electrode pair
bridged by a nanotube (4.58).
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Yet another approach to the arrangement of SWNTs involves the use of the Langmuir–
Blodgett technique (e.g. 4.64, 4.65). This is a well established procedure for preparing
monolayers of molecules on liquid surfaces. The Dai group has used the method to
prepare densely packed monolayers of aligned SWNTs (4.64). The monolayers were
transferred as a flat layer onto a SiO2 substrate, and lithographic techniques and oxygen
plasma etching were then used to form patterned arrays of the aligned SWNTs. Vertically
aligned arrays of SWNTs have also been prepared on a substrate using the Langmuir–
Blodgett method, and used to produce electrochemical sensors (4.65) (See p. ??).

The assembly of SWNTs is a highly active area of nanotube research at present, and
only a snapshot is possible here. For a fuller discussion of the literature to 2007, the
review by Yehai Yan et al. is recommended (4.66).

4.4.2 Pure SWNT strands

As already mentioned, nanotubes are far less amenable to processing than polymers,
partly because of their tendency to stick together in bundles or ropes. In order to facilitate
the application of processes such as extrusion to nanotubes it is necessary to break apart
the bundles. In 2004, workers from Rice University showed that SWNT bundles could be
effectively separated by treatment with 102% sulphuric acid (4.67, 4.68). This creates an
aligned phase of positively charged nanotubes surrounded by acid anions, with around
8% nanotubes by weight. Following on from this work, the Rice group, with workers
from the University of Pennsylvania, described a method for the large-scale production
of pure SWNT fibres (4.69). For this work they used HiPco tubes, purified according to
the Chiang protocol (4.16). The tubes were dispersed in the sulphuric acid, and then

(a) (b)

(c) (d)
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Fig. 4.9 A schematic diagram showing the directed assembly of carbon nanotubes using self-assembled
monolayer (SAM) patterns (4.60).
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extruded through a capillary tube less than 125 µm in diameter into a coagulant bath
containing either diethyl ether, 5 wt% aqueous sulphuric acid or water. The structure of
the resulting carbon nanotube fibres depended on the coagulation conditions. Fibres spun
into diethyl ether had a collapsed ‘dogbone’ structure, while fibres spun into dilute
sulphuric acid or water retained their circular shape and were more dense. As a final
step, the researchers heat-treated the fibres to remove water and residual acid.

Scanning electron microscopy showed a high degree of nanotube alignment within the
fibres by SEM; this was confirmed by measurements using XRD and Raman spectro-
scopy. The mechanical properties of the fibres were good but not outstanding. Thus, the
Young’s modulus of the fibres was measured at 120 ± 10GPa and the tensile strength
116 ± 10MPa. The electrical resistivity of the fibres, after high-temperature annealing to
remove residual acid, was ∼ 2 milliohm cm. This is around two orders of magnitude
higher than that of nanotube/polymer composite fibres, but similar to those of aligned
mats of SWNTs.

For a fuller discussion of carbon nanotube suspensions and solutions, see Chapter 8.

4.4.3 SWNT sheets

In 1998, Andrew Rinzler of Rice University and co-workers described a simple method
for purifying large quantities of single-walled nanotubes produced by laser vaporization
(4.17). The method involved refluxing the raw soot in 2–3M nitric acid for 45 h,
centrifuging and washing with deionized water, filtering and vacuum baking. The end
product consisted of a thin flexible film in which the tubes were held together like the
fibres in a sheet of paper. Without really intending to do so, the authors had produced a
new form of nanostructured carbon material: ‘buckypaper’ (an appropriate name, as the
preparation process is similar to the ancient art of papermaking). Although the nanotubes
making up the paper are not ultra-pure, buckypaper has proved to have some interesting
properties (note that DWNT buckypaper has also been produced, as mentioned in the last
chapter).

Some SEM images of SWNT thin-film samples produced by workers from Karlsruhe,
Germany (4.70), using a similar technique to that of Rinzler et al., are shown in Fig. 4.10.
The pictures illustrate the structural integrity of the paper and the way it can be formed
into curved shapes. The mechanical properties and failure mechanisms of buckypaper
were studied by the same German group (4.71). Tensile tests were carried out on a 14 μm
thick SWNT film, and strengths of the order of 10–20MPa were measured. To examine
failure mechanisms, the films were glued onto 3mm copper TEM rings. Curing of the
glue by drying at room temperature produced a contraction such that the films experi-
enced tensile forces. A small hole was then punched into the centre of each specimen
using a sharp needle, to induce tearing. Some images of the cracked films are shown in
Fig. 4.11. The narrow regions of the cracks were often found to be bridged by taut SWNT
strands, which terminated in branching structures, as can be seen in Fig. 4.11(b).

Several years after his initial work at Rice, Andrew Rinzler, now at the University of
Florida, and his colleagues described a method for making ultra-thin buckypaper (4.72).
The key to producing the thin film was to use a filter material (cellulose ester) that could
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be dissolved away after depositing the nanotube layer. By using this approach they were
able to produce films with thicknesses between 50 and 150 nm, which were transparent to
visible light and electrically conductive. Other groups have explored applications of these
films in a number of areas including light-emitting diodes and solar cells (4.73–4.75).

It has been shown that a degree of alignment can be induced in SWNT films by
applying strong magnetic fields during the filtration process. This was demonstrated by
researchers from Rice and the University of Pennsylvania (4.76–4.78). It was shown that
this alignment led to anisotropic electrical and thermal transport properties: the parallel
components of both the electrical and thermal conductivity increased with respect to
unoriented material.

Filtration methods are not the only way to make SWNT films. It was mentioned above
that the addition of sulphuric acid can aid the processing of SWNTs. Workers from the
Georgia Institute of Technology and Rice have used this approach to facilitate film
formation. The method involved dispersing SWNTs in oleum, pouring the dispersion
into a Petri dish, then removing the acid and allowing the film to dry (4.79). The films
seemed to have similar mechanical and electrical properties to those of buckypaper. Thin
SWNT films can also be made by simply drying down aqueous solutions. Matteo
Pasquali of Rice, and co-workers produced nanotube films on glass by evaporating
droplets of water containing surfactant and single-walled tubes (4.80).

(a) (b)

(c)

Fig. 4.10 SEM images of SWNT films produced by Hennrich et al. (4.70). (a), (b) Images of the surface that
faced the suspension before filtering, (c) image of a curved sheet.
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4.4.4 Length control of SWNTs

The first successful technique for cutting single-walled nanotubes into controlled lengths
involved the use of a scanning tunnelling microscope tip to break individual tubes at
defined points (4.81). While this approach may be useful for constructing devices using

(a)

(b)

Fig. 4.11 SEM images of tears in SWNT films (4.71).
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single tubes, methods for controlling the length of bulk samples of single-walled
nanotubes into short lengths are also needed. As already mentioned, Smalley’s group
have developed such a method (4.51). They showed that samples of short tubes (which
they named ‘fullerene pipes’) could be produced by prolonged sonication of the nanotube
material in a mixture of concentrated sulphuric and nitric acids. During this treatment, it
appears that localized sonochemistry produces holes in the tube sides, which are then
further attacked by the acids to leave the open ‘pipes’. Smalley and colleagues showed
that the pipes could be sorted into different length fractions by a method known as
field-flow fractionation. Other groups have also used acid treatments, sometime coupled
with other procedures, to cut single-walled tubes into short lengths (e.g. 4.82).

Although effective in producing short tubes, the acid treatment method can be rather
inefficient, due to high weight loss of SWNTs. As an alternative, fluorination has become
a more popular method of cutting. Again the Rice group have taken the lead in this area.
In 2002 (4.83) they reported that the pyrolysis of sidewall-fluorinated SWNTs at tem-
peratures up to 1000 °C can cut them to lengths of ~50 nm. In later work, (4.84) they
introduced a two-step process for cutting SWNTs which involved sidewall fluorination
followed by treatment with strong oxidants such as H2SO5 (Caro’s acid). This produced
nanotubes with lengths of ∼100 nm. As an alternative to fluorine, ozone (O3) has also
been used for cutting SWNTs (4.85). Here, the tubes were suspended in perfluoropo-
lyether (a good solvent for ozone) and a mixture of 9wt% of O3 in O2 was bubbled
through the suspension. The lengths of the cut nanotubes depended on the length of the
treatment. Thus, after 1 h the mean length was 92 nm, while after 8 h it was 59 nm.

4.5 Separating metallic and semiconducting single-walled nanotubes

4.5.1 Selective elimination

The first attempt to separate metallic (m) and semiconducting (s) nanotubes was reported
by Phaedon Avouris’s team at IBM (4.86). Their method relied on current-induced
electrical breakdown to eliminate metallic tubes. Carbon nanotubes can withstand
remarkable current densities, exceeding 109A cm−2, but at high enough currents the
nanotubes will burn up in air. In this way, metallic tubes can be removed selectively from
SWNT ropes. The IBM team firstly used a gate electrode to deplete the electrical carriers
(electrons or holes) from the semiconducting tubes within a SWNT rope. The metallic
SWNTs within the rope could then be destroyed by current-induced oxidation, leaving
the carrier-depleted semiconducting tubes, which carried no current, intact. Having
eliminated themetallic tubes, the teamwere able to fabricate arrays of nanoscale field-effect
transistors based solely on the remaining s-SWNTs, as discussed in Chapter 6 (p. 167). In
the same study, they also showed that similar techniques could be used to remove
individual shells one at a time from multiwalled tubes.

An alternative approach to the selective elimination of metallic SWNTs was intro-
duced by Hongjie Dai’s group in 2006 (4.87). This relied on the idea that m-SWNTs may
have a higher chemical reactivity than s-SWNTs. The tubes were grown between
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patterned catalytic islands on a silicon wafer in the way described in Section 3.4.4. The
tubes were treated with a methane plasma at 400 °C, to selectively hydrocarbonate
(i.e. convert to hydrocarbons) the m-SWNTs, as well as small nanotubes of both types.
A further annealing treatment at 600 °C removed unwanted functional groups from the
remaining semiconducting tubes. In this way they were able to produce a large number of
devices, each containing a small number of tubes.

4.5.2 Dielectrophoresis

Dielectrophoresis has been used to align and position both multiwalled and single-walled
nanotubes, as discussed previously. In 2003, Ralph Krupke and colleagues showed that
this technique could be used to separate metallic and semiconducting nanotubes (4.88).
This is based on the fact that metallic and semiconducting tubes are expected to have
different electrical polarizabilities. Krupke et al. calculated that that the dielectric con-
stant of s-SWNTs is of the order of 5, while for m-SWNTs the value is at least 1000. For
water the dielectric constant lies between these two figures, at approximately 80, so it
should be possible to separate the two tube types in an aqueous suspension by exposing
them to a strong and inhomogeneous electrical field. The method used by Krupke and
colleagues involved suspending HiPco tubes in D2O containing 1wt% of SDS (D2O was
used rather than H2O as it interferes less with the absorption spectroscopy of SWNTs).
The suspension was then sonicated and centrifuged to further disperse and purify the
tubes. Microelectrodes were prepared with electron-beam lithography and connected to a
function generator which was operated at a frequency 10MHz and a peak-to-peak
voltage of 10V. A drop of the suspension was applied to this chip, and it was found
that the metallic tubes were attracted towards the microelectrode array, while the semi-
conducting tubes remained in the solution. Raman spectroscopy was used to confirm the
effectiveness of the separation. A similar procedure, using repeated separation cycles,
was demonstrated by Eleanor Campbell of Gothenburg University, Sweden and collea-
gues in 2005 (4.89).

In 2006 Howard Schmidt and colleagues from Rice used a dielectrophoresis-based
technique to sort semiconducting SWNTs by size (4.90). This is possible because smaller
diameter semiconducting tubes have a larger band gap, which affects their dielectric
constant. The Rice group used a method called dielectrophoresis field flow fractionation,
which involved injecting a suspension of SWNTs into a mobile phase which passed
through a chamber, the bottom of which was fitted with an array of gold electrodes. A
1MHz, 10V peak-to-peak signal was applied to the electrodes, attracting the metallic
tubes and leaving the semiconducting ones in solution. As the tubes eluted from the
chamber, it was found that there were fewer smaller nanotubes as the retention time
increased.

4.5.3 Selective functionalization

A group from the University of Connecticut used a method involving non-covalent
functionalization with octadecylamine (ODA) to separate metallic and semiconducting
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nanotubes (4.91). This was based on the assumption that the physisorption of ODA on
the sidewalls of semiconducting SWNTs will be stronger than on metallic ones. There
seems little direct evidence for this, but the authors cite a demonstration by Kong and
Dai that the electrical properties of s-SWNTs upon adsorption of linear alkylamines
are significantly changed while those of m-SWNTs remain unaffected (4.92). Both
HiPco and laser-ablated SWNTs were used in this study, and the tubes were carboxy-
functionalized by acid treatment before treatment with ODA. It was hypothesized that the
ODA treatment would selectively solubilize the s-SWNTs, leaving the m-SWNTs in the
solid phase, and this seemed to be borne out in Raman studies.

In 2003 a collaborative group led by Ming Zheng of DuPont presented evidence that
DNA can be used to separate metallic and semiconducting nanotubes. Initial work
showed that that single-stranded DNA strongly interacts with SWNTs to form a stable
DNA-carbon nanotube hybrid that effectively disperses carbon nanotubes in an aqueous
solution (4.93), as also discussed in Chapter 8. In a subsequent study, the group found
that a particular sequence of single stranded DNA self-assembles into a helical structure
around individual carbon nanotubes (4.94). Importantly it was shown that that the
electrostatics of the DNA-nanotube hybrid depended on tube diameter and electronic
properties, enabling nanotube separation by anion exchange chromatography. Thus,
early fractions were enriched in smaller diameter and metallic tubes, while late fractions
were enriched in larger diameter and semiconducting tubes. This was confirmed using
optical absorption and Raman spectroscopy. A review of the interactions between carbon
nanotubes and nucleic acids has been given by Bibiana Onoa and colleagues (4.95).

In 2006, French researchers claimed that the covalent functionalization of SWNTs by
azomethine ylides could be used to separate semiconducting from metallic tubes (4.96),
as described in Chapter 8 (p. 209).

4.6 Discussion

This chapter began with a discussion of nanotube purification. A huge amount of work
has been done in this area, and new purification protocols are continually being pub-
lished. The methods that have been used include oxidative and acid treatments, high-
temperature heating and physical techniques such as filtration, chromatography and
centrifugation. Very often a combination of two or more of these methods is employed.
Which one to choose depends on the types of nanotubes, and to some extent on the
intended application, but a couple of protocols can be generally recommended. For
multiwalled nanotubes produced catalytically, the high-temperature annealing process
of Andrews and colleagues (4.7) is a highly effective way of both removing the
catalyst impurities and improving the structural perfection of the tubes. For single-walled
tubes, the methods described by Chiang and co-workers (4.15, 4.16) have proved very
popular.

Methods of processing nanotubes were then considered and some impressive work has
been carried out in this area. The production of ‘buckypaper’ from single-walled carbon
nanotubes is a particularly interesting development. This is an extraordinary material
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which will surely find important applications. Also remarkable is Baughman’s work on
the spinning of MWNTyarns from arrays grown catalytically on substrates. It remains to
be seen, however, whether this technique could be scaled up for commercial production.
Great ingenuity has been used in developing methods for assembling nanotubes, parti-
cularly single-walled ones, into defined arrangements. The most promising methods
seem to be those involving dielectrophoresis, although other approaches are being
actively explored. Using techniques of this kind some groups have claimed to have
arranged millions of tubes in a defined way. We are still some way from producing
practical nanoelectronic devices based on arrays of tubes, however.

In the absence of a method of making nanotubes with a defined structure, methods for
separating them according to their structure or properties are of great importance. Most
work in this area has concentrated on separating metallic and semiconducting nanotubes,
rather than isolating tubes with a specific structure. Some success has been achieved in
the selective elimination of metallic SWNTs from mixtures of tubes, and promising
results have also been reported using dielectrophoresis and selective functionalization.
Of course, none of these methods would be needed if a method was available for
synthesizing tubes with a defined structure, and this must remain the ultimate aim.
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5 Structure

Soon after the discovery of fullerene-related carbon nanotubes it became clear that a
completely new framework would be needed to analyse the structures and symmetries of
these new materials. Although theoretical methods have been developed for analysing
cylindrical arrays in biology (5.1), these are insufficient for a full analysis of nanotube
structure. The challenge of formulating the new approaches necessary for classifying
nanotube structure was taken up by Mildred Dresselhaus and co-workers, and by Carter
White and colleagues, among others. The techniques developed by these groups have
been essential in determining the electronic and vibrational properties of nanotubes, as
discussed in later chapters. Theoretical discussions have also been given of the layer
structure of multiwalled tubes, of tube capping and of other aspects of nanotube structure
such as elbow connections.

Experimental studies of nanotube structure have mainly been carried out using
microscopy. X-ray and neutron diffraction have generally been of less value, since
samples of nanotubes always contain tubes with a wide range of different structures.
High-resolution transmission electron microscopy (HRTEM) has been by far the most
widely used and most valuable technique. Recent improvements in the resolution of
HRTEM have meant that the atomic network which makes up individual tubes can be
imaged directly, as well as the layer structure, opening the way for a deeper under-
standing of their structure. The use of spectroscopic techniques to probe nanotube
structure is discussed in Chapter 7.

The present chapter begins with a brief discussion of bonding in graphite and full-
erenes. Theoretical models of carbon nanotube structure are then summarized.
Experimental studies of the structure of nanotubes, mainly using HRTEM, are then
covered, beginning with multiwalled tubes and then moving on to single-walled tubes.
Finally, the application of neutron diffraction to the study of carbon nanotube structure is
briefly discussed.

5.1 Bonding in carbon materials

A free carbon atom has the electronic structure 1s2 2s2 2p2. In order to form covalent
bonds, one of the 2s electrons is promoted to 2p, and the orbitals are then hybridized in
one of three possible ways. In graphite, one of the 2s electrons hybridizes with two of the
2p electrons to give three sp2 orbitals at 120° to each other in a plane, with the remaining



orbital having a pz configuration, at 90° to this plane. The sp2 orbitals form the strong σ
bonds between carbon atoms in the graphite planes, while the pz, or π, orbitals provide the
weak van der Waals bonds between the planes. The overlap of π orbitals on adjacent
atoms in a given plane provides the electron bond network which gives graphite its
relatively high electrical conductivity. In naturally occurring or high-quality synthetic
graphite, the stacking sequence of the layers is generally ABAB, with an interlayer {002}
spacing of approximately 0.334 nm, as shown in Fig. 5.1. This structure is often known
as Bernal graphite after John D. Bernal who first proposed it in 1924 (5.2). The unit cell
contains four atoms, and the space group is P63/mmc (D6h ). In less perfect graphites, the
interplanar spacing is found to be significantly larger than the value for single crystal
graphite (typically ∼0.344 nm), and the layer planes are randomly rotated with respect to
each other about the c axis. Such graphites are termed turbostratic.

In diamond, each carbon atom is joined to four neighbours in a tetrahedral structure.
The bonding here is sp3 and results from the mixing of one 2s and three 2p orbitals.
Diamond is less stable than graphite, and is converted to graphite at a temperature of
1700 °C at normal pressures. Disordered carbons containing sp3-bonded atoms are also
rapidly transformed into graphite at high temperatures.

The C60 molecule, shown in Fig. 1.1, consists of carbon atoms bonded in an icosahe-
dral structure made up of twenty hexagons and twelve pentagons. Each of the carbon
atoms in C60 is joined to three neighbours, so the bonding is essentially sp2, although
there is a small amount of sp3 character due to the curvature: theory suggests that the
hybridization in C60 is sp

2.28 (5.3). Note that all 60 carbon atoms are identical, so that the
strain is evenly distributed over the molecule. The bonding in carbon nanoparticles and
nanotubes is also primarily sp2, although once again there may be some sp3 character in
regions of high curvature.

A new chapter in the science of carbon opened in 2004 with the isolation of individual
sheets of graphene by Andre Geim of the University of Manchester, with colleagues from
Russia (5.4). The technique they used was amazingly simple, and just involved rubbing
a freshly cleaved graphite surface against another surface. This left a variety of flakes

0.246 nm

0.334 nm

0.142 nm

A

B

A

Fig. 5.1 The structure of hexagonal (Bernal) graphite, showing the unit cell.
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attached to the surface, including single graphene sheets. The sheets were characterized
by AFM, TEM and optical microscopy. This discovery has attracted huge interest,
comparable with that which surrounded nanotubes following Iijima’s 1991 paper,
owing to the extraordinary electronic properties of graphene and its potential in nanoscale
devices (5.5).

5.2 The structure of carbon nanotubes: theoretical discussion

5.2.1 Vector notation for carbon nanotubes

Asmentioned in Chapter 1, there are two possible high-symmetry structures for nanotubes,
known as ‘zigzag’ and ‘armchair’. These are illustrated in Fig. 1.3. In practice, it is
believed that most nanotubes do not have these highly symmetric forms but have structures
in which the hexagons are arranged helically around the tube axis, as in Fig. 5.2. These
structures are generally known as chiral, since they can exist in two mirror-related
forms.

The simplest way of specifying the structure of an individual tube is in terms of a
vector, which we label C, joining two equivalent points on the original graphene lattice.
The cylinder is produced by rolling up the sheet such that the two end-points of the
vector are superimposed. Because of the symmetry of the honeycomb lattice, many of
the cylinders produced in this way will be equivalent, but there is an ‘irreducible
wedge’ comprising one-twelfth of the graphene lattice, within which unique tube
structures are defined. Figure 5.3 shows a small part of this irreducible wedge, with
points on the lattice labelled according to the notation of Dresselhaus et al. (5.6, 5.7).
Each pair of integers (n, m) represents a possible tube structure. Thus the vector C can
be expressed as

C ¼ na1 þma2

where a1 and a2 are the unit cell base vectors of the graphene sheet, and n ≥ m. It can be
seen from Fig. 5.3 that m¼ 0 for all zigzag tubes, while n¼m for all armchair tubes. All
other tubes are chiral. In the case of the two ‘archetypal’ nanotubes which can be capped
by one-half of a C60 molecule, the zigzag tube is represented by the integers (9, 0) while

Fig. 5.2 A drawing of a chiral nanotube (adapted from ref. 5.6).
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the armchair tube is denoted by (5, 5). Since |a1|¼ |a2|¼ 0.246 nm, the magnitude ofC in
nanometres is 0.246

p
(n2 + nm + m2), and the diameter dt is given by

dt ¼ 0:246
pðn2 þ nmþm2Þ=p

The chiral angle, Θ, is given by

Y ¼ sin�1

p
3m

2
pðn2 þ nmþm2Þ

5.2.2 Unit cells of nanotubes

If we think of a nanotube as a ‘one-dimensional crystal’, we can define a translational unit
cell along the tube axis. For all nanotubes, the translational unit cell has the form of a
cylinder. Considering again the two archetypal tubes that can be capped by one-half of a
C60 molecule, the ‘unrolled’ cylindrical unit cells for both of these are shown in Fig. 5.4.
For the armchair tube, the width of the cell is equal to the magnitude of a, the unit vector
of the original 2D graphite lattice, while for the zigzag tube the width of the cell is

p
3a.

Larger diameter armchair and zigzag nanotubes have unit cells which are simply longer
versions of these. For chiral nanotubes, the lower symmetry results in larger unit cells. A
simple method of constructing these cells has been described by Jishi, Dresselhaus and
colleagues (5.6–5.10). This involves drawing a straight line through the origin O of the
irreducible wedge normal to C, and extending this line until it passes exactly through an
equivalent lattice point. This is illustrated in Fig. 5.5 for the case of a (6, 3) nanotube. The
length of the unit cell in the tube axis direction is themagnitude of the vectorT. Expressions
can be derived for this in terms of C, the magnitude ofC, and the highest common divisor
of n and m, which we denote dH (5.6, 5.7). If n – m ≠ 3rdH, where r is some integer, then

Fig. 5.3 Graphene layer with atoms labelled using (n, m) notation. Unit vectors of the 2D lattice are also
shown.
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T ¼ p
3C=dH

while if n – m ¼ 3rdH, then

T ¼ p
3C=3dH

It can also be shown that the number of carbon atoms per unit cell of a tube specified by
(n, m) is 2N such that

N ¼ 2ðn2 þm2 þ nmÞ=dH if n�m 6¼ 3rdH

and

N ¼ 2ðn2 þm2 þ nmÞ=3dH if n�m ¼ 3rdH

These simple expressions enable the diameters and unit cell parameters of nanotubes to be
readily calculated. For nanotubes in the diameter range that is typically observed experi-
mentally, i.e. ∼ 2–30nm, the unit cells can be very large. For example, the tube denoted (80,
67), which has a diameter of approximately 10 nm, has a unit cell 54.3 nm in length
containing 64 996 atoms. These large unit cells can present problems in calculating the

(a)

(0,0) (5,5)

(b)

(0,0) (9,0)

Fig. 5.4 Unit cells for (a) (5, 5) armchair nanotube and (b) (9, 0) zigzag nanotube.
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electronic and vibrational properties of nanotubes. For this reason, White, Mintmire and
colleagues have proposed an alternativemethod of generating tube structures, whichmakes
use of helical operators rather than a translational unit cell. This will not be detailed here,
but has been described in a number of papers and reviews (e.g. 5.11, 5.12).

5.2.3 Symmetry classification of nanotubes

We now consider the symmetry classification of carbon nanotubes, once again following
the work of Mildred Dresselhaus and co-workers (5.6–5.10). The symmetry of armchair
and zigzag nanotubes is considered first. Such tubes can be represented by symmorphic

Fig. 5.5 The construction of the unit cell for a (6, 3) nanotube.
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groups, that is groups in which the rotations can be treated by simple point group
representations. This differentiates them from chiral tubes, in which the symmetry
operations involve both translations and rotations.

In determining the symmetry classification of nanotubes, we assume that the tube
length is much greater than the diameter, so that the caps can be neglected. Since all
armchair and zigzag nanotubes have a rotational symmetry axis and may additionally
have either a mirror plane at right angles to this axis or an inversion centre, they fall into
either the Dnh or the Dnd group. In deciding between these two groups, we follow
Dresselhaus and colleagues in making the assumption that all tubes have an inversion
centre. Now inversion is an element ofDnh only for even n, and is an element ofDnd only
for odd n. It follows that the symmetry group for armchair or zigzag tubes with n even is
Dnh while the group for armchair or zigzag tubes with n odd is Dnd.

For chiral tubes the symmetry groups are non-symmorphic, i.e. the symmetry opera-
tions involve both translations and rotations. Thus, the basic symmetry operation
R = (ψ, τ), involves a rotation by an angle ψ followed by a translation τ. This operation
corresponds to the vector R = pa1 + qa2. Thus (p, q) denotes the coordinates reached
when the symmetry operation (ψ, τ) acts on an atom at (0, 0). Dresselhaus et al. show that
the values of p and q are given by

mp� nq ¼ dH

with the conditions q < m/dH and p < n/dH. It can also be shown that the parameters ψ
and τ are given by

ψ ¼ 2p
O

NdH

and

τ ¼ TdH
N

where the quantity Ω is defined as

O ¼ fpðmþ 2nÞ þ qðnþ 2mÞg=ðdH=dRÞ
with

dR ¼ dH if n�m is not a multiple of 3dH
3dH if n�m is a multiple of 3dH

�

We are now in a position to consider the symmetry group for chiral nanotubes. Unlike
armchair and zigzag nanotubes, chiral tubes contain no mirror planes, and therefore
belong to C symmetry groups. Considering first tubes with dH = 1, the order of the
rotational axis is equal to 2π divided by the number of rotation operations required to
reach a lattice vector, i.e. 2π/ψ =N/Ω, so that the symmetry group becomes CN/Ω. For
tubes with dH ≠ 1, the symmetry group is expressed as a direct product, CdH ⊗ C′N/Ω.

We can illustrate the meaning of some of these parameters with reference to Fig. 5.6,
which relates to the chiral (4, 2) nanotube. In this case, the parameters p and q are 1 and 0
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respectively, so thatR is the vector joining (0, 0) to (1, 0). If we now imagine the 2D sheet
being rolled up to form the tube, the line joining (0, 0) to (1, 0), (2, 0), etc. becomes a helix
running around the cylinder. Eventually this line intersects a lattice point at a distance T
along the tube. The length of the solid line at the point of intersection is then N/dH × R,
where N is one-half of the number of atoms in the unit cell and dH is the highest common
divisor of n and m. For the (4, 2) nanotube, N = 28, dH = 2, so the length of the line at the
point of intersection is 14R. This is represented in Fig. 5.6 by the intersection of the line
joining (0, 0) to (1, 0), (2, 0)… to a line drawn through the lower edge of the unit cell. The
intersection occurs at the point denoted by (14, 0). Now, for the (4, 2) tube the quantity Ω
is equal to 10, so that in this case the symmetry group is C2 ⊗ C′28/10.

For a fuller treatment of the symmetry classification of nanotubes, the reader should
consult references 5.6–5.10 and other papers by Dresselhaus, Jishi and co-workers.

5.2.4 Defects in the hexagonal lattice

The discussion so far has assumed that the hexagonal carbon network making up the
nanotubes’ sidewalls is perfect. In practice, this is never the case, and it is important to
consider the types of defects that can exist (5.13).

Nanotubes containing abrupt elbow-like bends are quite often observed in samples
produced by arc-evaporation (see Section 5.3.5). Connections of this type have been
analysed by a number of workers (e.g. 5.14–5.18). It has been established that armchair
tubes can be joined to zigzag tubes by elbow connections involving a pentagonal ring on
the outer side of the elbow and a heptagon on the inner side. As an example, Fig. 5.7
shows a connection between a (5, 5) armchair tube and a (9, 0) zigzag tube (5.17).

Fig. 5.6 A diagram illustrating symmetry operations for chiral nanotubes.
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According to Dunlap (5.15), the optimal angle between tubes joined by a pentagon–
heptagon connection should be 150°, but model-building exercises by Fonseca and
colleagues (5.16) produced an angle of 144°. It was pointed out by the Lucas and
Cohen groups in 1996 (5.17, 5.18) that elbow connections of this kind could constitute
metal/semiconductor or semiconductor/semiconductor junctions. This is discussed
further in Chapter 6 (p. 164).

As well as analysing single elbow connections, Fonseca et al. discussed the forma-
tion of nanotube tori and helices by the inclusion of a number of pentagon–heptagon
pairs. Nanotube tori, or ‘hoops’, have now been observed experimentally (5.19).
Helical tubes are often observed in catalytically-produced nanotube samples, as dis-
cussed in Chapter 3.

Another class of defect that can occur in the hexagonal carbon network involves
adjacent pentagon–heptagon pairs. Individual pentagons and heptagons introduce posi-
tive or negative curvature into the hexagonal network as discussed in Section 5.2.6
below. In adjacent pairs the effects are cancelled out, so the geometry of the network is
retained. The defects can occur singly, as first discussed by Jean-Christophe Charlier and
colleagues (5.20), or in a ‘5-7-7-5’ rearrangement. The latter forms as a result of the
Stone–Wales transformation. This mechanism, first put forward by Anthony Stone and
David Wales in 1986 to explain interconversion between fullerene isomers (5.21),
involves a 90° bond rotation, as illustrated in Fig. 5.8. The Stone–Wales transformation
may be important in the growth of nanotubes in the solid state and in the ductile fracture
of nanotubes. In 2007, Kazu Suenaga, Sumio Iijima and their colleagues directly imaged
pentagon–heptagon pair defects in an SWNT (5.22), as discussed in Section 5.5.3 below.

(a) (b)

Fig. 5.7 An illustration of an ‘elbow connection’ between a (5, 5) armchair and a (9, 0) zigzag nanotube
(5.17). (a) A perspective drawing with pentagonal and heptagonal rings shaded, (b) The structure
projected on symmetry plane of elbow.
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Other possible defects, including vacancies, di-vacancies, adatoms etc. have been
discussed by Charlier (5.13) and others (5.23).

5.2.5 The layer structure of multiwalled nanotubes

The most basic question concerning the layer structure of multiwalled tubes is whether
they have a scroll-like, ‘Swiss-roll’, structure, or whether they instead consist of a
‘Russian doll’, or nested, arrangement of discrete tubes. These two possible arrange-
ments are illustrated in Fig. 5.9. Alternatively, the structure might consist of a mixture of
these two arrangements, as discussed by several authors (e.g. 5.24, 5.25). Experimental
studies generally point to a Russian doll structure, at least for MWNTs produced by
arc-evaporation, as outlined in Section 5.3.1. Assuming this assumption to be correct, we
now address the question of the structural relationship between successive cylinders,
following discussions that have been given by Zhang and colleagues (5.26) and by
Reznik et al. (5.27).

If the concentric graphene tubes are separated by a distance of approximately
0.334 nm, then successive tubes should differ in circumference by (2π × 0.334) nm ≈
2.1 nm. It can readily be seen that this is not possible for zigzag tubes, since 2.1 nm is not
a precise multiple of 0.246 nm, the width of one hexagon. The closest approximation to
the ‘correct’ separation is obtained if two successive cylinders differ by nine rows of
hexagons, which produces an inter-tube distance of 0.352 nm. A schematic section
through a three layer zigzag tube, reproduced from Zhang et al. (5.26), is shown in
Fig. 5.10. Here, the bold lines indicate the 9 and 18 extra rows of atoms that have added to
the centre and outer tubes respectively. The inclusion of these extra rows is similar to the
introduction of a Shockley partial dislocation. It is clear from Fig. 5.10 that, for the most
part, the ABAB stacking of perfect graphite is not present in concentric zigzag tubes.
However, short regions exist half-way between each ‘dislocation’ in which there is a
good approximation to ABAB stacking.

In the case of armchair tubes, multiwalled structures can be assembled in which the
ABAB arrangement is maintained and the interlayer distance is 0.34 nm. This is because
2.1 nm is close to 5 × 0.426 nm, the length of the repeat unit from which armchair tubes

7

55

7

Fig. 5.8 An illustration of the Stone–Wales rearrangement, leading to a ‘5-7-7-5’ defect (5.21, 5.22).
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are constructed. For chiral nanotubes, the situation is complicated, but in general it is not
possible to have two tubes with exactly the same chiral angle separated by the graphite
interplanar distance. Overall it seems unlikely that the ABAB stacking of single-crystal
graphite will be present in cylindrical carbon nanotubes, except possibly in small areas.

Fig. 5.9 A schematic illustration of ‘Swiss roll’ and ‘Russian doll’ models for multiwalled nanotubes.

Fig. 5.10 A schematic illustration of a 3-layer nanotube showing how ‘interfacial dislocations’ (bold lines)
can be introduced to accommodate strains. Full circles represent atoms in the plane of paper, open
circles represent atoms out of plane of the paper (5.26).
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5.2.6 Theory of nanotube capping

It has been established that there are a very large number of possible cylindrical graphene
structures. Theory has also determined that all nanotubes larger than the archetypal (5, 5)
and (9, 0) tubes can be capped, and that the number of possible caps increases rapidly
with increasing diameter. There have been several different approaches to the representa-
tion of nanotube caps, and to enumerating the number of caps that will fit onto a particular
tube. The earliest detailed discussion was given by Fujita, Dresselhaus and colleagues
(5.8, 5.28, 5.29), and we begin by summarizing their approach.

Like fullerenes, all capped nanotubesmust obey Euler’s law. This states that a hexagonal
lattice of any size or shape can only form a closed structure by the inclusion of precisely
12 pentagons. Therefore, any nanotube cap must contain six pentagons, and considerations
of strain dictate that these pentagons must be isolated from each other (neglecting, for the
moment, caps containing heptagons). As noted above, the smallest tubes that can be capped
with isolated pentagons are the two archetypal tubes shown in Fig. 1.2, and for each of
these there is only one possible cap, corresponding to the C60 molecule divided in two
different ways. Fujita et al. have calculated the number of possible caps for nanotubes
larger than these, using a method based on ‘projection mapping’ (5.28). This method
involves constructing a map on a honeycomb network, which can be folded to form a given
fullerene or nanotube. The pentagons are constructed by removing a 60° triangular segment
of lattice, resulting in the formation of a conical defect known as a 60° positive wedge
disclination, as shown in Fig. 5.11(a). Following Fujita et al. we firstly consider the
projection mapping of icosahedral fullerenes, and then show how it can be extended to
nanotubes. An icosahedral fullerene can be fully specified by the vector that connects two
adjacent pentagons. As an illustration, consider the icosahedral fullerene C140. In this case
the defining vector, which we designate (nf, mf), is (2, 1), as shown in Fig. 5.11(b). The
complete projection map for C140 is shown in Fig. 5.12; in this case the defects form a
regular triangular array. The fullerene is formed by removing the non-shaded part of the
lattice and superimposing rings with the same numbers.

Now consider a nanotube capped at each end with one-half of a C140 molecule. This can
be mapped by simply extending the two lines AC and BD. The resulting tube is chiral, with
the vector (10, 5). Fujita et al. show that a general icosahedral fullerene designated by the
indices (nf, mf), when divided in half in a direction perpendicular to one of the five-fold axes,
will cap a nanotube with the indices (5nf, 5mf) (5.28). Thus, the series of so-called ‘magic
number’ icosahedral fullerenes, C60, C240, C540, …, which have the indices (1, 1), (2, 2),
(3, 3)…, can be bisected to cap the series of armchair tubes with the vectors (5, 5), (10, 10),
(15, 15) and so on. Similarly, when bisected in a direction perpendicular to one of the
three-fold axes, these fullerenes will cap the tubes (9, 0), (18, 0), (27, 0), etc.

As already indicated, all nanotubes larger than the (5, 5) and (9, 0) tubes (with one
exception) can be capped inmore than one way. This is illustrated in Fig. 5.13which shows
two different ways of capping the chiral nanotube defined by the vector (7, 5). In fact,
Dresselhaus and colleagues calculated that there are 13 possible caps for this tube.

The theory of nanotube capping has also been discussed by Patrick Fowler, David
Manolopoulos and their colleagues (5.30). These researchers used a method based on
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Fig. 5.12 A projection map for C140 (5.28).
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Fig. 5.11 (a) The creation of a pentagonal defect in a hexagonal lattice by removal of the shaded area.
(b) The vector (nf, mf) connecting two pentagonal defects which specify the icosahedral
fullerene C140 (5.28).
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graph theory to represent and enumerate nanotube caps for tubes up to 3 nm in diameter.
Their representations of the isolated-pentagon caps for (9, 0) and (10, 0) tubes are shown in
Fig. 5.14. In general, their approach produced even larger numbers of possible caps for a
given tube than did the method of Dresselhaus and colleagues. Thus, they found 39 possible
isolated-pentagon caps for (9, 0), (10, 0) and (11, 0) tubes, while Dresselhaus et al. found
only 21. The number of caps rapidly becomes huge as the diameter increases. Stephanie
Reich and colleagues showed that the number of caps, including those with adjacent
pentagons, varied with d7.8 (5.31). For caps fulfilling the isolated pentagon rule the number
of caps was smaller for small diameters, but the power-law behaviour was recovered for
larger diameters. The explanation for this is that for large tube diameters the fraction of caps
with adjacent pentagons becomes negligible. It should be noted that for a given tube diameter
there are fewer caps for armchair and zigzag tubes than for chiral tubes. This is due to the
higher symmetry of the achiral tubes, which reduces the choices of caps. Reich et al. have
also shown that although a given nanotube can have thousands of distinct caps, quite the
opposite is true for the inverse problem: a given cap only fits onto one particular nanotube.

Experimental studies of nanotube caps, described in Section 5.3.4, show that they
frequently have conical shapes, so it is worth considering the possible cone angles that
are formed by the introduction of pentagonal rings into a hexagonal network. A cone is
formed by the introduction of fewer pentagons than the six needed to form a cylinder.
It can be shown quite easily that the cone angle, α, is given by:
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Fig. 5.13 A projection map illustrating two different ways of capping the chiral nanotube defined
by the vector (7, 5) (5.28).
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sin ð�=2Þ ¼ 1� ðnp=6Þ
where np is the number of pentagons in the cone. Values for the opening angles of cones
containing 1–5 pentagonal rings are given in Table 5.1.

5.3 Experimental studies: multiwalled nanotubes produced
by arc-evaporation

5.3.1 The layer structure: experimental observations

As discussed in Section 5.2.5, there are two possible arrangements for the layer structure of
multiwalled nanotubes: the ‘Swiss-roll’, structure or the ‘Russian doll’ configuration. The
most direct way to determine the multilayer structure would be to prepare cross-sections

Fig. 5.14 Diagrams representing isolated-pentagon caps for (9, 0) and (10, 0) tubes, from the work
of Fowler and Manolopoulos and colleagues (5.30).

Table 5.1 Cone angles for graphitic cones wtih
various numbers of pentagons

Number of pentagons Cone angles in degrees

1 112.9
2 83.6
3 60.0
4 38.9
5 19.2
6 0.0
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of MWNTs, by setting the nanotubes in a resin and then sectioning and imaging using
HRTEM, but this has proved extremely difficult to achieve. Therefore, we have to infer
the structure from more indirect measurements. A consideration of nanotube reactivity
would seem to point to a ‘closed’, Russian doll structure. As discussed in Chapter 10, a
great deal of work has been carried out on the reaction of nanotubes with gas- or liquid-
phase oxidants, with the aim of opening the tubes. These studies invariably show that the
tubes are preferentially attacked in the cap region, with themain body of the tubes being left
intact. This seems to be inconsistent with a scroll model, which would have a reactive
surface all along the length of the tube, due to the terminating graphene layers.

Turning now to high-resolution TEM images of multiwalled nanotubes, these gener-
ally show evenly spaced lattice fringes with an equal number of fringes on either side of
the central core. Examples taken from Iijima’s 1991 Nature paper (5.32) are shown in
Fig. 5.15. The fact that micrographs of multiwalled nanotubes almost always show the
same number of fringes on either side of the central cavity could be taken as providing
support for the Russian doll model, although it certainly cannot be taken as unequivocal
proof. Perhaps stronger evidence for a Russian doll structure is the presence in the tubes
of internal caps or closed compartments, as discussed below. It is difficult to reconcile
such features with a scroll structure. For all of these reasons, most researchers now favour
the Russian doll structure for MWNTs produced by arc-evaporation.

Although the lattice spacings on either side of the cavities in MWNTs are generally
evenly spaced, this is not always the case. It is quite often found that the fringes on one
or both sides of the cavity contain ‘gaps’, or anomalously large spacings, as shown
in Fig. 5.16. The possible reasons for this are discussed in subsequent sections.

Fig. 5.15 Some of Iijima’s first images of arc-grown multiwalled nanotubes (5.32).
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Most X-ray diffraction measurements on nanotube samples give interlayer {002} spa-
cings of approximately 0.344 nm (e.g. 5.24, 5.33, 5.34), which is very similar to the value
found in turbostratic graphites, although figures ranging from 0.342 (5.27) to 0.375 nm
(5.35) have been obtained. For double-walled nanotubes, interlayer distances can range
from 0.34 to 0.41 nm (5.36, 5.37).

A frequent observation in multilayered tubes is the presence of one or more layers
traversing the central core. More complicated internal structures, sometimes involving
the formation of closed compartments, are also quite commonly seen. An example is
shown in Fig. 5.17. Such features can represent a barrier to the filling of nanotubes with
foreign materials, as discussed in Chapter 10.

Edge dislocation-type defects are quite commonly seen. An example, taken from the
work of Rodney Ruoff’s group (5.38), is shown in Fig. 5.18. A pair of terminating lattice
fringes can be seen on the inner and outer sides of the tube. Ruoff et al. suggested that

Fig. 5.16 A micrograph of a multiwalled nanotube showing uneven spacings in the layer structure
on either side of the central core. Scale bar 5 nm.

Fig. 5.17 A micrograph showing internal compartments in a multiwalled nanotube. Scale bar 5 nm.
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these edge defects represent a changeover from scroll-like to a Russian doll configura-
tion. Malcolm Heggie and colleagues have analysed in detail the way in which screw
dislocation type defects can separate scroll from Russian doll structures within the same
nanotube (5.25). However, it is possible that defects such as that shown in Fig. 5.18 could
simply be discontinuities in a nested structure.

5.3.2 Electron diffraction of MWNTs

Electron diffraction has been quite usefully applied to single-walled carbon nanotubes, as
discussed in Section 5.5.2, but has been of less value when applied to multiwalled
nanotubes. This is because electron diffraction patterns of MWNTs contain spots from
tubes with different chiralities, and are therefore difficult to interpret. This could be taken
as further evidence for a Russian doll structure, since a ‘scroll’ nanotube would have the
same helicity throughout.

Iijima included electron diffraction patterns of individual MWNTs in his original
Nature paper (5.32), but there have been relatively few such studies since that time.
Perhaps the most detailed work in this area was carried out by Severin Amelinckx and
co-workers in 1993–94 (5.26, 5.39, 5.40), who found evidence for zigzag, armchair and
chiral tubes within the same multiwalled nanotube. References on the theory of electron
diffraction by nanotubes are given in Section 5.5.2.

5.3.3 The cross-sectional shape of multiwalled nanotubes

Direct observations of the cross-sectional shape of nanotubes in the electron microscope
have proved very difficult to achieve. Therefore, inferences about the cross-sectional

Fig. 5.18 A slip plane defect in a MWNT, from the work of Ruoff and co-workers (5.38).
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shape of multiwalled tubes have to be made from images recorded perpendicular to the
tube axis. It should be noted that cap structure can influence the likely cross-sectional
shapes. For example, Ebbesen has argued that a cap with five-fold symmetry will impose
a faceted shape on the tube (5.41). However, this effect is likely to be slight, and will
diminish as one moves further away from the cap region. A stronger effect on nanotube
shape is probable with ‘asymmetric cone’ caps, of the kind discussed in the next section.
Caps of this type will result in an ‘egg shaped’ cross-section, although once again this
effect may diminish in regions well removed from the caps.

It was noted above that high-resolution electron micrographs of multiwall nanotubes
often show unevenly spaced lattice fringes on one or both sides of the core, as in
Fig. 5.16. Amelinckx and colleagues suggested that this may be due to scroll-like
elements in the multilayer structure, but an alternative explanation has been suggested
by Mingqi Liu and John Cowley of Arizona State University (5.42). These researchers
carried out a detailed analysis of high-resolution images of multiwall nanotubes, and
concluded that in many cases the tubes had polygonal cross-sections made up of flat
regions joined by regions of high curvature. In images of the regions where the two
planar sheets join, Liu and Cowley argue that fringes with spacings greater than 0.34 nm
would be observed. This situation is illustrated schematically in Fig. 5.19. Note that their
model assumes a relatively ‘perfect’ multilayer structure, and the observed gaps are a
consequence of the joining together of idealized flat regions with the 0.34 nm spacing.
The maximum interlayer spacing predicted by this model is 0.41 nm. In reality spacings
considerably larger than this are observed (in Fig. 5.16 spacings greater than 0.6 nm are
present). In such cases the multilayer structure is probably rather more imperfect than
envisaged by Liu and Cowley.

e–

0.336 nm 0.41 nm

hd

d

φo = 54°

Fig. 5.19 A schematic drawing of a polygonalized nanotube, as envisaged by Liu and Cowley (5.42).
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Another factor that must be taken into account when considering the cross-sectional
shapes of nanotubes is the presence of distorting forces resulting from contacts between
adjacent tubes. This effect was discussed by Rodney Ruoff and colleagues (5.43). These
workers described high-resolution TEM observations of nanotubes in contact along one
edge. In micrographs of adjacent nanotubes, {002} fringes were found to be more intense
along the inner region, where the two tubes make contact, than at the outer edges,
indicating a flattening of the tubes along the contact region. Ruoff et al. carried out
calculations for the interaction of a pair of double-layer tubes using a Lennard-Jones
model for the van der Waals interaction. These showed considerable flattening in the
contact area, in agreement with the experimental observations. Ruoff and colleagues also
found that the {002} interlayer spacings on the sides of the tubes adjacent to the contact
region were reduced by about 0.008 nm compared with those on the outer sides.

5.3.4 MWNT cap structure

Theoretical work on the capping of nanotubes was discussed in Section 5.2.6, where it was
noted that tubes with diameters larger than about 1 nm can be capped in a large number of
different ways. Experimental studies show that multilayer nanotube caps do indeed have a
wide range of different structures. In the great majority of cases the cap structures are
unsymmetrical, but caps with higher symmetry are sometimes seen. Two beautiful micro-
graphs, by Iijima (5.44), of symmetrical tube caps are shown in Fig. 5.20, together with
diagrams indicating the approximate positions of the pentagonal rings in each case. It is
notable that the degree of faceting increases as onemoves from the inner graphene layers to the
outer layers. This is in general agreement with predictions about the shapes of higher full-
erenes, namely that they become less spherical as the size increases. Iijima estimates that the
largest cap of the left-hand tube corresponds to a one-half of the icosahedral fullerene C6000.

A commonly observed type of nanotube cap is the ‘asymmetric cone’ structure,
illustrated in Fig. 5.21(a). This type of structure is believed to result from the presence
of a single pentagon at the position indicated by the arrow, with five further pentagons at
the apex of the cone. Theory predicts that the cone angle produced by five pentagons
should be 19.19° (see Table 5.1). In practice, the angles observed in asymmetric
cone caps can differ quite significantly from this value. In the case of the cap shown in
Fig. 5.21(a), the angle is approximately 26°. As noted above, this type of cap imposes a
non-circular cross-sectional shape on the nanotube. Rather less common are caps dis-
playing a ‘bill-like’morphology such as that shown in Fig. 5.21(b) (5.45). This structure
results from the presence of a single pentagon at point ‘A’ and a heptagon at point ‘B’.

Although virtually all multiwalled nanotubes in samples produced by arc-evaporation
are closed, examples are sometimes observed that are completely open, with no obvious
cap structure. An example is shown in Fig. 5.22(a). Careful analysis of such structures by
Iijima and colleagues (5.44, 5.46) has demonstrated that in such cases the tubes are
terminated with semitoroidal structures containing six pentagon–heptagon pairs, as
illustrated in Fig. 5.22(b). The walls consist of successive folded graphene sheets, with
no dangling edges. Occasionally, more complex structures are seen in which an inner
tube extends beyond a semitoroidal tube termination (5.46).
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5.3.5 Elbow connections and branching structures

As noted above, nanotubes containing abrupt elbow-like bends are sometimes observed
in samples prepared using the conventional arc-evaporation method. An example is
shown in Fig. 5.23. In most cases the tubes on either side of the elbow are of different
diameters, and the joints seem to be invariably associated with ‘internal caps’. It has been
suggested that this type of structure results from the presence of a pentagonal ring on the
inner side of the elbow and a heptagon on the inner side, as discussed in Section 5.2.4.
However, in experimental images, there are often discontinuities in the layer structure on
the inner side of the elbow joint, as can be seen in Fig. 5.23. Therefore, the structure of the
connections may be less perfect than envisaged by theoreticians. Measurements of the

(a) (b)

Fig. 5.20 Micrographs showing symmetrical nanotube caps, with drawings indicating the location
of the pentagons (5.44).
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exact angle on electron micrographs is difficult because it is almost impossible to know
whether the tube axis is precisely perpendicular to the electron-beam direction. However,
angles differing quite considerably from the 150° predicted theoretically have been
measured, even where the joint is believed to be approximately perpendicular to the beam.

(a)

(b)

Fig. 5.21 (a) A nanotube cap with an asymmetric cone structure. Scale bar 5 nm. (b) A nanotube cap
with a bill-like structure (5.45).

(a) (b)

Fig. 5.22 (a) A micrograph of a semitoroidal tube termination, (b) a schematic drawing of the structure (5.44).
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More complex, branching nanotube structures, which also apparently contained
negative curvature, were observed in 1995 by Dan Zhou and Supapan Seraphin of
the University of Arizona (5.47). These structures were produced under the usual arc-
evaporation conditions, but with a graphite anode which had been drilled out to leave
a hollow core approximately 0.32 cm in diameter. Three types of branched structure
were described, with ‘L’, ‘Y’ and ‘T’ configurations. An example of the T type is shown
in Fig. 5.24 with the negatively curved points labelled a, b, c and d. As with the elbow
connections, the angles made by these junctions varied quite considerably. The reason for
the formation of such structures is not clear at present, but Zhou and Chow have argued
that they provide evidence for a ‘crystallization’ model of nanotube growth (5.48)
(see Section 2.2.5). Jason Qiu’s group has produced more extensive branched MWNT

Fig. 5.23 An elbow connection joining two multiwalled nanotubes. Scale bar 5 nm.

Fig. 5.24 An example of a branching nanotube structure, produced by the arc-evaporation method
with modified electrodes (5.47).
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networks by carrying out arc-evaporation using an anode containing a mixture of coal
and CuO powder (5.49).

Elbow connections and branching structures of the kind described here could be
thought of as constituting the first steps towards building ‘molecular scaffolding’ from
nanotubes. Elbow junctions might also have interesting electronic properties, as dis-
cussed in Chapter 6 (Section 6.4.1), and 3-point nanotube junctions are of interest as
building blocks of nanoelectronics (5.50). Branching structures are also observed in
nanotubes grown by catalysis as discussed in the next section.

5.4 Experimental studies: multiwalled nanotubes produced by catalysis

This section gives a brief overview of some of the structural features of catalytically-
grown multiwalled tubes. Generally speaking, MWNTs synthesized by catalysis tend to
be less perfect in structure than nanotubes produced by arc-evaporation. As one would
expect, the structure of catalytically-produced tubes depends strongly on the conditions
used, and in particular on the temperature. When prepared at relatively low temperatures
(below about 600 °C) the tubes tend to be irregular in form and imperfect, as shown in
Fig. 5.25. In such tubes the degree of graphitization is low. At higher temperatures,

Fig. 5.25 Multiwalled nanotubes produced from ethyne using a Ni(II)-exchanged zeolite catalyst
at 288 °C (5.51).
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relatively straight and perfect nanotubes can be produced as in Fig. 3.3. Helically coiled
tubes are often observed in samples produced catalytically, as mentioned in Chapter 3.
Examples taken from the work of Severin Amelinckx and his colleagues at the University
of Antwerp are shown in Figs. 5.26 and 5.27 (5.52). Amelinckx et al. have discussed the
growth mechanism of these structures in detail (see p. 54).

Another commonly observed feature of catalytically-grown nanotubes is a bamboo-
like structure, with many ‘internal caps’, as shown in Fig. 5.28. An early description of
such structures was given in 1981 by Marc Audier and colleagues who observed them in
tubes produced by the disproportionation of carbon monoxide at 400 °C on an Fe–Co
alloy catalyst (5.54). Experimental results show that the bamboo tubes nucleate at higher
carbon feedstock pressures than those required for SWNTandMWNT nucleation (5.55),

Fig. 5.26 Examples of helical nanotubes grown by the cobalt-catalysed decomposition of ethyne (5.52).

Fig. 5.27 A high-resolution micrograph of a helical nanotube (5.52).
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although the reasons for this are not yet fully understood. Bamboo-like structures can
also be produced when arc-discharge is carried out with doped electrodes (5.56). The
growth mechanism of these structures was discussed in Section 3.3.

Branching structures are sometimes observed in nanotubes grown by catalysis. Tree-
like formations were described by Baker in early work (5.57). In 2005 Patrick Bernier of
the University of Montpellier and his colleagues produced branched MWNTs in higher
yield using a method in which an aqueous catalyst-precursor solution was sprayed into a
furnace (5.58). They proposed a mechanism in which the branching resulted from a
restructuring of the catalytic particles into lobed forms. Branched nanotubes have also
been produced by using Y-shaped nanochannel alumina as a template (5.59).

5.5 Experimental studies: single-walled nanotubes

5.5.1 General features

Samples of single-wall nanotubes tend to be far more homogenous than samples of
multiwall nanotubes, with a much narrower range of diameters, and contain fewer
obvious defects. High-resolution electron micrographs of single-wall nanotubes gener-
ally show ‘featureless’ narrow tubes, and are therefore relatively uninformative com-
pared with images of multiwalled nanotubes. Some of the general features of single-wall
nanotubes have been discussed in previous chapters. The tubes often form bundles, and
images of these bundles viewed end-on show close-packed arrays of tubes, as shown in
Fig. 3.14. Both the tube bundles and individual tubes are frequently curled and looped.
However, regular helical structures such as those observed in catalytically-produced
multilayer tubes are not observed in single-walled nanotubes. The caps of SWNTs, like
those of multilayer tubes, can have various shapes although most of them appear to be
simple domes. Asymmetric cone caps are quite common; an example can be seen at the

Fig. 5.28 Bamboo-like nanotubes produced by the decomposition of CH4/H2 over a Ni–Cu/Al2O3

catalyst at 770 °C (5.53).
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bottom left-hand side of Fig. 2.10. Elbow connections appear to be rare in single-walled
tubes, but they are sometimes observed, and SWNTs containing such junctions have been
used as nanoscale diodes (see Chapter 6, p. 164). Iijima has also observed some striking
structures involving changes in the growth direction of SWNTs, as shown in Fig. 5.29
(5.60). The first of these, Fig. 5.29(a), can be understood in terms of pentagonal and
heptagonal defects in the positions indicated, while the second ‘candy-cane’ structure
may result from pentagon–heptagon pairs such as those which are present in the
semitoroidal caps discussed above.

5.5.2 Electron diffraction of SWNTs

Thorough theoretical discussions of electron diffraction from single-walled nanotubes
have been given by a number of authors. This theory will not be considered in detail here,
but interested readers should consult the papers by Lu-Chang Qin (5.61–5.63) and
Philippe Lambin and Amand Lucas (5.64, 5.65). In general, the diffraction pattern of a
single-walled nanotube will have the form shown in Fig. 5.30. This diagram, adapted
from the work of Jannik Meyer of the Max Planck Institute for Solid State Research,
Stuttgart, and colleagues (5.66), shows the simulated diffraction pattern for a (15, 6)
nanotube. Two separate sets of peaks are present, corresponding to the upper and lower
graphene layers of the nanotube. The peaks appear as streaks due to the curvature of the
graphene sheet. For armchair and zigzag tubes the two sets of peaks coincide. Along the
centre of the pattern runs the equatorial line. The periodicity of the intensities on this

(a)(a) (b)
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Fig. 5.29 Single-walled nanotubes displaying changes in growth direction, with drawings showing
the positions of heptagons and pentagons, from the work of Iijima (5.60).
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line is related only to the nanotube diameter, and is independent of the chiral angle Θ.
It might be thought that the angle between the two sets of peaks, or ‘rolling angle’, would
be equal to the chiral angle, but this is not necessarily the case. The difference between
the two angles is a result of the cylindrical curvature of the diffracting nanotube. A further
discrepancy also arises if the electron beam is not exactly normal to the tube. Qin,
Ichihashi and Iijima have calculated the correction required to determine the true
helicity from the measured rolling angle (5.67). Meyer et al. employed an alternative
approach, in which the chiral angle is determined from the relative distances of the
peaks to the equatorial line, indicated by d1, d2 and d3 in Fig. 5.30. The advantage of
this method is that these distances are independent of the angle of incidence of the
electron beam.

Experimentally, obtaining electron diffraction patterns of single-walled nanotubes
presents a considerable challenge. Quite apart from the small number of electrons that
are diffracted by an individual tube, there are problems with beam damage and specimen
drift. The fact that tubes may not be straight, or exactly perpendicular to the electron
beam, can also complicate the interpretation of diffraction data. Considering these
problems, it is remarkable that Iijima and Ichihashi were able to include a diffraction
pattern of an individual single-walled tube in the 1993 Nature paper announcing their
synthesis of SWNTs (5.68). This was interpreted in terms of a chiral tube structure.
Since that early work, there have been a number of studies in which electron diffraction
has been used to determine SWNT structure. In 1997, Iijima, Ichihashi and Qin (5.67)
reported electron diffraction patterns of two individual tubes, and determined the
indices to be (12, 1) and (31, 13). Lambin and Lucas and colleagues compared electron
diffraction and scanning tunnelling microscopy as methods of determining SWNT
structure in 2000 (5.69). More recent experimental studies of SWNT structure using
electron diffraction have been described by Qin’s group (e.g. 5.70), and by Meyer and
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Fig. 5.30 A simulation of the diffraction pattern for a (15, 6) nanotube (5.66).
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colleagues (5.66). The Meyer group used a novel sample preparation procedure, which
involved the in situ growth of SWNTs on an Si grid. Nickel nanoparticles (diameter 4–
5 nm) were used as the catalyst, and methane as the carbon feedstock; the synthesis
temperature was 900 °C. In this way, well-separated, long and straight individual tubes
ideally suited for diffraction could be grown between the grid bars. Examples of the
excellent diffraction patterns they were able to record using this method are shown in
Fig. 5.31. In all, diffraction patterns were recorded from 28 nanotubes grown by the
CVD process. The chiral angles of these tubes were not randomly distributed. Six of the
tubes had the armchair structure, while no zigzag tubes were found. Of the remaining
tubes, most had chiral angles close to the armchair value of 30°. A bias towards the

(a) (b)

(c)

Fig. 5.31 Electron diffraction patterns of individual SWNTs recorded by Meyer and colleagues. (a) (24, 11)
nanotube, (b) (16, 09) nanotube, (c) (13, 13) ‘armchair’ nanotube (5.66).
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armchair structure has also been observed in other studies using fluorescence spectro-
scopy (see Chapter 7, p. 190).

Electron diffraction has also been used to study bundles of single-walled tubes. As
noted in Section 3.4.5, Colomer and colleagues have recorded diffraction patterns from
bundles of SWNTs produced by laser ablation and CVD, and found evidence of a narrow
range of chiralities (5.71).

5.5.3 HRTEM of SWNTs

Achieving atomic resolution TEM images of single-walled nanotubes is just as difficult
as recording electron diffraction patterns, if not more so. It appears that the first such
images were obtained by Dmitri Golberg and colleagues from Tsukuba in 1999 (5.72).
These workers published images showing fringes with a spacing of 0.21 nm running at
right angles to the tube axis. These were interpreted in terms of a zigzag structure.
Another image showing a hexagonal arrangement of dots was interpreted as representing
an armchair structure.

An interesting analysis of the kind of contrast to be expected from SWNTs was given
in 2001 by the Oxford group (5.73). In this work, enhanced images of filled tubes, with
some of the aberrations removed, were obtained by digitally combining a tilt or focal
series of images. They showed that the periodicities observed along the walls of the tubes
should differ quite markedly depending on the tube structure. This is illustrated in
Fig. 5.32, which shows the contrast to be expected for a tube perpendicular to the
electron beam. In case of achiral tubes the observed contrast on both walls is always
identical. For the armchair tube (Fig. 5.32a), no wall contrast would generally be
observable since the spacing of 0.125 nm is beyond the experimental resolution of
most microscopes. For the zigzag tube, fringes should be clearly visible on both carbon
walls as the spacing is 0.216 nm. The contrast visible for chiral tubes depends on the
chiral angle, Θ. If this is small (less than about 10°) then fringes should be clearly visible
on one or both of the walls. The spacing of the fringes depends on the chiral angle. The
effect of tilting on the observed contrast was also simulated. In some images of filled
tubes, it was possible to calculate the tilt of the tube with respect to the electron beam,
and then determine the structure of the tube from the contrast observed in the walls
(5.73–5.75). The Oxford group’s work on HRTEM imaging of filled SWNTs is covered
in Section 10.5.

(a) (b) (c)

Fig. 5.32 Simulated HRTEM images of SWNTs. (a) armchair structure, (b) zigzag, (c) chiral. From
the work of Friedrichs et al. (5.73).
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Some beautiful high-resolution TEM studies of single-walled tubes have been carried
out by Suenaga, Iijima and colleagues. Images from a paper they published in Nature in
2004 (5.76) are shown in Figs. 5.33(a) and (b). Atomic resolution contrast is clearly
visible between the two dark lines corresponding to the vertical tube walls. This
represents a superposition of the contrast from the upper and lower walls. In the
Fourier transform (or optical diffraction pattern) of this image (Fig. 5.33(b) inset) two
regular hexagons can be identified, representing the upper and lower tube walls. By
measuring the angles that these hexagons make with the equatorial line, and accurately
measuring the tube diameter, the chiral indices could be determined. In this case,
the indices were found to be (13, 8). Defects were also deliberately introduced into
tubes by electron bombardment, and the resulting structures imaged. Figure 5.33(d)
shows a junction between two tubes with slightly different diameters that was produced
in this way. By analysing the Fourier transform of this image, Iijima and colleagues were
able to assign the indices (17, 0) to the upper tube and (18, 0) to the lower tube. Since the
(17, 0) tube is semiconducting and the (18, 0) tube metallic, the junction constitutes a
nanodiode.

Perhaps the most impressive HRTEM images of nanotube structure were published by
the Suenaga–Iijima group in 2007 (5.22). In this work, topological defects were delib-
erately introduced into single-walled tubes by heating at 2000 °C and cooling rapidly.
These were then imaged in an aberration-corrected TEM at 120 kV. Among the images
they obtained was one of a ‘5-7-7-5’ defect; this is reproduced in Fig. 5.34. Note that the
bright spots here do not represent individual carbon atoms but rather the centre of carbon
rings. An accumulation of topological defects was observed near the kink of a deformed
nanotube, suggesting that dislocation motions or active topological defects are respon-
sible for the plastic deformation of SWNTs.

5.5.4 Scanning tunnelling microscopy of SWNTs

If high-resolution TEM imaging of nanotube structure is hugely challenging, achieving
atomic resolution scanning tunnelling microscope (STM) images is no easier. First of
all there is the practical problem of anchoring the tubes sufficiently firmly to a flat
support material. Highly oriented pyrolytic graphite (HOPG) has often been employed
as a substrate, but here there is a risk of misinterpretation, since the atomic structure of
HOPG is identical to that of nanotubes. For these reasons, there are advantages in
alternative substrates such as gold. Even when the atomic resolution image of a nanotube
has been recorded, extracting structural information is not always straightforward. For
example, the measured pitch angle can be strongly affected by distortions due to a
torsional twist (5.77). Distortions can also result from the way the STM image is formed.
As Meunier and Lambin and their co-workers have pointed out (5.78–5.80), the tunnel-
ling current flowing from the tip to the nanotube follows the shortest path, i.e. perpendi-
cular to the nanotube surface, rather than vertically downwards. The effect of this is that
the image exhibits a stretching of the lattice in the direction normal to the tube axis.
In an undistorted image, the angle between the ‘zigzag’ and ‘armchair’ directions i.e. the
angle between the line connecting the (1, 0), (2, 0), … atoms and that connecting the
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(a) (b)

(c)

(f)(e)(d)

Fig. 5.33 HRTEM images of single-walled tubes, from the work of Suenaga, Iijima et al. (5.76). (a) Typical
HRTEM image of a SWNTwith enhanced contrast of the zigzag chain (inset). (b)Moiré pattern and
its optical diffraction, (c) best-fit model of SWNT structure, (d) cross-sectional view of a
topological defect in SWNT (e) pentagon–heptagon pair forming junction of (17, 0) and (18, 0)
tubes, (f) simulated image for the SWNTwith defect rotated by 90°.
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(1, 1), (2, 2),… atoms (see Fig. 5.3) should be 30°. In raw STM images it is often found
that the angle differs from this value. This is illustrated in Fig. 5.35, taken from the work
of Liesbeth Venema et al. (5.80). Figure 5.35(a) is an uncorrected image of a nanotube,
showing a ‘zigzag–armchair’ angle of 34°, and a chiral angle of 6°. In the corrected
image, with the zigzag–armchair angle adjusted to 30°, the chiral angle becomes 5°. In
early STM studies of SWNTs, this correction was not always applied, possibly resulting
in slightly erroneous (n, m) assignments.

Most experimental STM images of nanotubes have produced evidence for a random
distribution of structures. In a classic study, Cees Dekker and co-workers (5.81)

(a)

1 nm

(b)

Fig. 5.34 HRTEM image of pentagon–heptagon pair defect in SWNT, following heating at 2000 °C (5.76).

(a)

(b)

34°

30°

Φ2 = 6°

Φ2 = 5°

Fig. 5.35 Scanning tunnelling microscope image of SWNT, from the work of Venema et al. (5.80).
(a) Uncorrected image with an angle between the armchair and zigzag directions of 34° instead
of 30°, (b) the same image, corrected for the distortion.
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obtained atomic resolution images of 20 tubes, prepared by laser vaporization, of which
only one was zigzag and one armchair. Electronic measurements on individual tubes
were also made in this work, as discussed in Section 6.3.2. Studies by the Lieber group
of SWNTs produced by laser vaporization also found a random distribution of helicities
(5.82, 5.83).

5.6 Neutron diffraction

As noted in the introduction to this chapter, diffraction methods have been of less value
than microscopic and spectroscopic techniques in the study of carbon nanotubes, mainly
because of the heterogeneity of most nanotube samples. Some useful information about
the layer structure has been gained through X-ray diffraction, as discussed in Section
5.3.1, but the (hkl) peaks in X-ray powder patterns provide little useful information. In
principle, neutron diffraction can provide more accurate information about the hexagonal
network, since it allows a wider range of scattering vectors, Q, to be explored. Andrzej
Burian and co-workers used neutron scattering to determine nearest-neighbour carbon–
carbon distances in single- and multi walled nanotubes, and found a value of 0.141 nm
(5.84). This is very close to that of graphite and significantly shorter than the value of
0.144 nm for fullerenes. Calculations by this group (5.85) have suggested that, for the
smallest tubes, it may be possible to distinguish between armchair, zigzag and chiral
structures using neutron diffraction, although the data from samples containing many
different tube structures would be difficult to interpret.

5.7 Discussion

Awhole battery of techniques have now been deployed to probe the structure of carbon
nanotubes. These techniques are slowly giving us a clearer picture of the kinds of
structures that are present in real nanotube samples, although there is still much to
learn. If we consider first single-walled nanotubes, how much can we say for certain
about their structure? We know that chiral structures are far more common than achiral,
but this is unsurprising, since the number of possible chiral forms greatly exceeds the
number of zigzag and armchair structures. More interesting is the evidence for a bias
towards near-armchair structures, at least for catalytically-produced nanotubes. Both
electron diffraction (5.66) and spectrofluorimetric (Chapter 7 p. 190) studies have pointed
towards this trend. The possible reasons for this are not well understood. It should be
borne in mind, however, that some studies using Raman spectroscopy have found a
random distribution of SWNT structures (Section 7.3), so the preference for near-
armchair structures cannot be said to have been definitely confirmed.

How much can we say about the structural perfection of single-walled carbon nano-
tubes? In general, transmission electron microscope images suggest a high degree of
perfection; defects such as those shown in Fig. 5.34 are rare. STM images that directly
show the atomic structure of the SWNTs also indicate defect-free structures, although
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inevitably microscopic images only show short lengths of tube. However, as pointed out
in Section 3.9, there are other reasons to believe that SWNTs typically exhibit a high
degree of perfection. The evidence for this comes partly from mechanical measurements
(see Section 7.1.3) and partly from the work of Collins et al. who demonstrated that
SWNTs have a very low defect density, as already discussed (5.86).

Turning now to multiwalled nanotubes, it seems fair to say that these are generally
more defective than their single-walled counterparts. This is true even of those produced
by arc-evaporation, which remains the best method for making high-quality MWNTs.
Transmission electron microscope images of these tubes quite often show features such
as terminating lattice fringes and irregularly spaced gaps. Elbow connections are com-
monly observed, and the tubes often contain internal compartments. Catalytically-
produced MWNTs tend to be still less perfect in structure, often being helically coiled
or exhibiting bamboo-like structures, although the quality of catalytically-made MWNTs
can be improved by increasing the synthesis temperature.

The differing degrees of structural perfection of single- and multiwalled nanotubes
affect the kind of applications in which they can be used. Thus, the low defect density
of SWNTs means that it is feasible to use them in nanoelectronic devices, where
the presence of defects could have a serious effect on performance. Multiwalled
tubes, with their more complex and relatively defective structures, would be of little
use in such devices. On the other hand, the presence of defects in multiwalled tubes
may be less damaging to their mechanical properties than to those of single-walled
tubes. For a SWNT, a single defect would be a point of weakness, whereas for a
MWNT, a defect in one layer could be compensated by a more perfect structure in
other layers.
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6 Physical properties I: electronic

One of the most amazing characteristics of carbon nanotubes is that they can be metallic,
like copper, or semiconducting, like silicon, depending on their structure. These proper-
ties were first predicted theoretically and then confirmed experimentally by the extra-
ordinarily skilful application of techniques such as scanning tunnelling microscopy.
By the late 1990s, nanotube-based devices such as diodes and field effect transistors
were being constructed, and in 2001 the first logic gate based on a single nanotube bundle
was reported. At the same time, many groups around the world have explored the field
emission properties of nanotubes, for potential applications in display devices. Research
into the electronic properties of carbon nanotubes represents a remarkably dynamic and
fast-moving field, keeping abreast of which is no easy task. Nevertheless, some of the
early work in this area, both theoretical and experimental, has stood the test of time, and
many of the pioneering papers have become established classics.

This chapter begins with a brief summary of the electronic structure of graphite and
then shows how this has been used as a basis for a theory of the electronic properties of
carbon nanotubes. Experimental measurements on the electronic properties of nanotubes
are then reviewed and the use of nanotubes in electronic devices described. The magnetic
properties of nanotubes are summarized. Finally, the field emission properties of carbon
nanotubes are discussed.

6.1 Electronic properties of graphite

As one would expect from its structure, the electronic properties of graphite are highly
anisotropic. Electron mobility within the planes is high, as a result of overlap between
the π orbitals on adjacent atoms, and the room temperature in-plane resistivity of
high-quality single crystal graphite is approximately 0.4 μΩm. However, mobility per-
pendicular to the planes is relatively low. The first detailed band structure calculations for
graphite, by P. R. Wallace in 1947 (6.1), were carried out for conduction solely in the
planes, and ignored any interactions between planes. The following expression for the
energy, E2D, of an electron at a point defined by the wavevectors kx, ky was obtained:
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where γ0 is the nearest-neighbour transfer integral and a = 0.246 nm is the in-plane lattice
constant.

The unit cell for 2D graphite contains two atoms, so we have four valence bands,
three σ and one π. The above expression produces bonding and antibonding π
bands which just touch at the corners of the hexagonal 2D Brillouin zone, so that at
zero Kelvin the bonding π band would be completely full and the antibonding π band
completely empty. Figure 6.1(a) shows the E vs. k curves for 2D graphite along the
direction Γ–K in the Brillouin zone; a sketch of the Brillouin zone for 2D graphite is
given in Fig. 6.1(b). The density of states near the Fermi level for 2D graphite is shown in
Fig. 6.2(a).

The band structure of three-dimensional graphite was calculated by Slonczewski,
Weiss and McClure in the mid 1950s (6.2–6.4). The model shows that the π bands
overlap by ∼ 40MeV, making graphite a semi-metal with free electrons and holes at all
temperatures. This results in about 10−4N electrons lying in the conduction band at 0K,
where N is the number of atoms, leaving the same number of holes in the valence
band. A sketch of the density of states near the Fermi level for 3D graphite is shown in
Fig. 6.2(b). A detailed discussion of the band structure of graphite is not necessary here,
but excellent reviews have been given by a number of authors (6.2, 6.5–6.7).

The Slonczewski–Weiss–McClure (SWMcC) model allows us to calculate the elec-
tronic transport properties of graphite. However, such calculations are difficult, and a
close agreement with experiment is not always obtained (6.6). The calculations show
that graphite has a carrier density of the order of 1018 cm−3, i.e. about one carrier per 104

atoms. Thus the conductivity will be very low compared with, say, copper which has one
free carrier per atom. The low carrier density is partly offset by relatively high carrier
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Fig. 6.1 (a) The dispersion relation for 2D graphite along the directions Γ–K and Γ–M in the Brillouin zone,
(b) a sketch of the Brillouin zone for 2D graphite.
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mobilities in the basal plane, and this is reflected in the temperature dependence of
resistivity.

6.2 Electronic properties of nanotubes: theory

6.2.1 Band structure of single-walled tubes

In determining the band structure of graphite, it was assumed that the graphene planes
are infinite in two directions, and artificial boundary conditions are introduced on a
macroscopic scale in order to determine the band structure. For carbon nanotubes, we
have a structure that is macroscopic along the fibre axis, but with a circumference of
atomic dimensions. Therefore, while the number of allowed electron states in the axial
direction will be large, the number of states in the circumferential direction will be very
limited. The allowed states can be thought of as lying on a number of parallel lines
within the 2D graphene Brillouin zone. The nanotube BZ is then constructed by
‘compressing’ these lines into a single line. This will now be discussed in more detail,
drawing on the work of Mildred Dresselhaus and co-workers from MIT, and Noriaki
Hamada and colleagues from Iijima’s laboratory in Tsukuba (6.8–6.11) (although, as
noted in Chapter 1, it is recognized that the first electronic structure calculations for
carbon nanotubes were actually carried out by a group from the Naval Research
Laboratory in Washington (6.12)).

We consider armchair tubes first. Using the well-known expression for a periodic
boundary condition (6.13), allowed values for the wave-vector in the circumferential
direction can then be written as,

k�x ¼
�

Nx

2pffiffiffi
3

p
a

½6:2�

for υ= 1,… , Nx
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Fig. 6.2 The density of states near the Fermi level for (a) 2D graphite, (b) 3D (Bernal) graphite (6.2).
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Taking the example of the ‘archetypal’ (5, 5) armchair tube, υ has the values 1,… , 5.
Thus, there are five allowed modes in the y direction in this case, so that the
one-dimensional energy dispersion relations lie along five lines on either side of the centre
of the Brillouin zone with a further line passing through the centre, as shown in Fig. 6.3.
Now, it was noted above that the valence and conduction bands for graphite are degenerate
at the K point. Therefore, nanotubes with a set of wave vectors which include the K point
should be metallic. For armchair tubes, it is clear from Fig. 6.3 that the orientation of the
Brillouin zone means that there will always be one set of allowed vectors passing through
the K point, which leads to the conclusion that all armchair tubes are metallic.

The energy dispersion relation for a (5, 5) armchair tube is obtained by substituting
the allowed values of kx

υ into equation [6.1], and is shown in Fig. 6.4(a). Each band can
be assigned to an irreducible representation of the D5d point group, and is labelled
accordingly in the figure. The A bands are non-degenerate and the E bands are doubly

Γ

K‘

M‘

K

M

ky

kx

Fig. 6.3 An illustration of the allowed k-values in the Brillouin zone for a (5, 5) armchair nanotube.
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degenerate, so the total number of valence bands in this case is 10; the + and – labels denote
the unfolded and folded bands respectively. It can be seen that the valence and conduction
bands touch at a position that is two-thirds of the distance from k= 0 to the zone boundary at
k= π/a0. Calculations show that all armchair tubes have a similar band structure.

For zigzag tubes the allowed wavevectors are given by

k�y ¼
�

Ny

2p
a

½6:3�

for υ= 1,… , Ny.
Thus, for the (9, 0) tube there are nine lines of allowed wavevectors, as shown in

Fig. 6.5. The energy dispersion relation for this case is shown in Fig. 6.4(b), where the
bands are assigned to an irreducible representation of theD9d point group. Here, there are
two non-degenerate A-bands and eight doubly degenerate E bands making a total of 18.
The valence and conduction bands touch at k = 0, so that in this case the tube is a metal.
The reason for this is clear from Fig. 6.5, where it can be seen that one of the lines of
allowed wavevectors for this tube passes through a K-point. This is not the case for all
zigzag tubes, and only occurs when n is divisible by 3. Thus, for a (10, 0) tube there is an
energy gap between the valence and conduction bands at k= 0, as shown in Fig. 6.4(c),
and the tube would be expected to be a semiconducting. The electronic density of states
for the (9, 0) and (10, 0) zigzag tubes have been calculated by the Dresselhaus group
(6.14), and are shown in Fig. 6.6. It can be seen that there is a finite density of states at
the Fermi level for the metallic (9, 0) tube, and a vanishing density of states for the
semiconducting (10, 0) tube.

Chiral nanotubes may also be either metallic or semiconducting, depending on chiral
angle and tube diameter. Dresselhaus et al. (6.9, 6.10, 6.14) show that metallic conduc-
tion occurs when

n�m ¼ 3q ½6:4�
where n and m are the integers that specify the tube’s structure and q is an integer. Thus
roughly one-third of chiral tubes are metallic and two-thirds are semiconducting.

Fig. 6.5 An illustration of the allowed k-values in the Brillouin zone for a (9, 0) zigzag nanotube.
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In summarizing the above discussion we can say that all armchair single-walled tubes
are expected to be metallic, while approximately one-third of zigzag and chiral tubes
should be metallic, with the remainder being semiconducting.

6.2.2 Effect of curvature and of tube–tube interactions

In the previous section the band structure of nanotubes was derived from that of graphene
by limiting the number of allowed electron states in the circumferential direction.
No allowance was made for the fact that nanotubes are curved. As pointed out by
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Fig. 6.6 The electronic 1D density of states per unit cell for two zigzag tubes (6.14). (a) The (9, 0)
metallic tube, (b) the (10, 0) metallic tube. The dotted line shows the density of states for a 2D
graphene sheet.

6.2 Electronic properties of nanotubes: theory 151



Reich et al. (6.15), exactly the same band structure would have been obtained for long,
narrow strips of graphene. In the case of nanotubes, particularly those with small
diameters, it might be expected that curvature would introduce some sp3 character into
the bonding, and thus affect the calculated band structure. This issue has been addressed
by several workers (e.g. 6.16, 6.17), whose conclusions can be summarized as follows.
For armchair tubes, the effect of curvature is to displace the Fermi wave vector slightly
from the ideal K point, but it remains on an allowed line within the Brillouin zone, so the
tubes remain metallic. However, for non-armchair metallic tubes (i.e. those whose
indices satisfy equation [6.4]), curvature can have a significant effect on the electronic
properties. This is because the Fermi point is moved away from one of the allowed lines.
The effect is to open up a gap, whose magnitude is proportional to 1/d2. For nanotubes
with diameters larger than about 20 nm, the gap is negligible, but for smaller tubes (i.e.
most SWNTs) a band gap of the order of 10meV can occur. This is a small effect but, in
one of the most impressive achievements of nanotube science, has now been experimen-
tally observed (see Section 6.3.2 below).

As well as opening up a gap at the Fermi level, curvature can influence the electronic
states away from the Fermi energy, as first discussed by Blase et al. (6.16). Again theory
suggests that non-armchair nanotubes are affected much more than armchair tubes, and
predicts that the conduction bands will be distorted much more than the valence bands.
This has also been verified experimentally.

The effect of tube–tube interactions was investigated by Marvin Cohen, Steven Louie
and colleagues (6.18, 6.19). They predicted that the interactions in a rope of (10, 10)
nanotubes could induce a pseudogap of 0.1 eV in the density of states at the Fermi level.
David Tománek’s group reached similar conclusions (6.20). This effect does not seem to
have been observed experimentally.

6.2.3 Electron transport in nanotubes

We consider the transport behaviour of metallic nanotubes first. The above discussion
showed that the allowed electronic states for carbon nanotubes will be very limited
compared with those for bulk graphite. The consequence of this is that the transport
behaviour of metallic nanotubes will be essentially that of a quantum wire, so that
conduction occurs through well separated, discrete electron states. Thus, the resistance
does not increase smoothly as the length of the wire is increased, but is the same
independent of length, assuming no scattering. An important aspect of quantum wire
behaviour is that transport along the tubes is ballistic in nature. Ballistic transport occurs
when electrons pass along a conductor without experiencing any scattering from impu-
rities or phonons; effectively, the electrons encounter no resistance, and dissipate no
energy in the conductor (6.21). In other words, the material can conduct a large current
without getting hot – a highly desirable characteristic for the construction of nanoscale
circuits. It should be noted, however, that the conductance is not infinite as in a super-
conductor; the magnitude of the conductance quantum,G0, is given by 2e

2/h. The theory
of quantized conduction in nanotubes has been discussed by a number of groups
(e.g. 6.22–6.25), who have shown that that conducting single-shell nanotubes have two

152 Physical properties I: electronic



conductance channels, so that the conductance of a SWNTshould be 2G0. This equates to
a resistance of ∼ 6.5 kΩ, again assuming no scattering and perfect contacts. Quantum
wire behaviour has now been observed in both multiwalled tubes and single-walled
tubes, as discussed in Section 6.3.3.

Transport in semiconducting SWNTs is more complicated, and appears to be diffusive
rather than ballistic (6.26). However, experiments have found evidence for extremely
high mobilities in semiconducting SWNTs (6.27). The precise nature of the scattering
processes in semiconducting tubes has not yet been fully established, and a detailed
discussion would be beyond the scope of this book. The interested reader should see
references 6.28–6.30.

6.2.4 Effect of a magnetic field

The effect of a magnetic field on the electronic properties of carbon nanotubes in a
magnetic field was discussed in the mid 1990s by Hiroshi Ajiki and Tsuneya Ando of the
University of Tokyo (6.31, 6.32), and this work will now be summarized.

Consider first a magnetic field applied parallel to the tube axis. Calculations, using
k . p perturbation theory (6.31, 6.32), indicate that in this case the band gap would
oscillate with increasing magnetic field, so that a metallic tube would become firstly
semiconducting and then metallic again, with a period dependent on the magnetic
field strength. This behaviour is a consequence of the Aharonov–Bohm effect, which
is a phenomenon characteristic of quantum wires. In the case of nanotubes, the
Aharonov–Bohm effect means that a magnetic field changes the boundary conditions
that determine how the 2D graphene energy bands are cut. The variation of energy
gap with magnetic flux for an initially metallic nanotube is shown in Fig. 6.7 (6.31).
Here, the magnetic flux is given in units of φ0, the flux quantum defined by φ0 = hc/e,
where h is Planck’s constant, c is the velocity of light and e is the electronic charge.
The magnitude of the magnetic field required to deliver a flux quantum deceases
rapidly with increasing nanotube diameter. Thus, for a tube with diameter 0.7 nm the
magnetic field required is 10 700 T, while for a 30 nm tube the field would be 5.85 T.
Since fields larger than about 30 T cannot be easily achieved, full Aharonov–Bohm
oscillations would probably only be observable in practice for relatively large-dia-
meter tubes.

Oscillations of electron energy bandgap with increasing magnetic field are also
predicted when the field is applied perpendicular to the tube axis. This case was also
considered by Ajiki and Ando using the k . p method (6.31), and the tight-binding
approximation (6.32). Figure 6.8 shows the band gap as a function of magnetic field
for three zigzag nanotubes with different circumferences. Here the energy gap is
expressed in units of γ0(a/L)

2 where γ0 is the nearest-neighbour transfer integral, a is the
unit cell base vector and L is the nanotube circumference, and the magnetic field in units
of L/2πl where l ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

c�h=eH
p

and H is the magnitude of the magnetic field. The three
zigzag tubes chosen would all be metallic in the absence of a magnetic field, and it can be
seen that the variation of band gap with magnetic field is identical in each case. The field
required to produce the maximum bandgap for a (60, 0) tube (diameter = 4.7 nm) would
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be 220T. Experimental studies of the electronic properties of nanotubes in a magnetic field
are discussed in Section 6.3.4.

It has only been possible here to give a fairly brief summary of the theory of carbon
nanotubes’ electronic properties. For more detailed discussions, a number of excellent
reviews are available (e.g. 6.33–6.37).

6.3 Electronic properties of nanotubes: experimental measurements

6.3.1 Early studies of multiwalled nanotubes

The first attempts to make electrical measurements on individual nanotubes were carried
out on MWNTs. In 1996, researchers from the Catholic University of Louvain, Belgium,
described an experiment on a single multiwalled tube (prepared by arc-evaporation)
supported on a an oxidized silicon wafer (6.38). Electrical resistance was determined as a
function of temperature, down to T = 30mK. Resistance was found to rise with falling
temperature, indicating that the tube was semiconducting.

A short time later Thomas Ebbesen of NEC and colleagues described a series of
resistance measurements on eight different nanotubes (6.39). Before carrying out elec-
trical measurements, these workers annealed the nanotubes at 2850 °C, with the aim of
removing defects. The tubes were then deposited onto an oxidized silicon surface
between gold pads. A focused ion beam microscope was used to image the supported
nanotubes, and when a suitable tube had been located, four 80 nm wide tungsten wires
were deposited to produce an arrangement such as the one illustrated in Fig. 6.9. The

Fig. 6.9 A focused ion beam image of four tungsten wires connected to an individual nanotube, from
the work of Ebbesen et al. (6.39). Each tungsten wire is 80 nm wide.
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tungsten leads could then be connected to gold pads to enable four-probe resistance
measurements to be carried out. The distance between contacts on the tubes was in the
range 0.3–1.0 μm. In order to measure the temperature effects on resistance, the samples
were mounted on a cryostat.

The electronic properties of eight different nanotubes differed widely. The highest
measured resistance, for a tube with a diameter of 10 nm, was greater than 108 Ω, while
the lowest resistance, for a 18.2 nm tube, was 2 × 102 Ω. In both cases the distance
between leads onto the tubes was 1.0 μm. Ebbesen and colleagues estimate that these
figures translate to resistivity values of 8mΩm and 0.051 μΩm respectively. Although
these values are only very approximate, they show that the room temperature resistivity
of nanotubes can in some cases be comparable, or lower, than the in-plane resistivity of
graphite, which is approximately 0.4 μΩm.

The temperature dependence of resistivity of the tubes also differed widely. In addition
to the variation from tube to tube, different segments of a single tube could sometimes
have different temperature profiles. The commonest type of behaviour was a consistent
slight increase in resistivity with decreasing temperature. Ebbesen and colleagues did not
consider that these tubes should be thought of as semiconducting, particularly in view of
their low resistivities. Instead they suggested that the tubes are essentially metallic, and
the variations in their resistivities and temperature dependence are due to the interplay of
changes in carrier concentration and mobilities. In other cases, however, tubes did
display clear semiconducting behaviour. Experiments apparently demonstrating quan-
tum transport in multiwalled tubes are discussed in Section 6.3.3.

Phaedon Avouris’ group has investigated the limits of electronic transport in
MWNTs (6.40). Electrical breakdown was found to occur in a series of sharp current
steps, in contrast to metal wires, which fail in a continuous manner. This was attributed to
the sequential destruction of individual nanotube shells. The failure was found to occur
much more readily in air than in a vacuum.

6.3.2 Correlation between electronic properties and structure
of single-walled nanotubes

The first study to directly correlate the electronic properties of SWNTs with their
structure was described in Nature by Cees Dekker and co-workers in 1998 (6.41). In
this work, which was also discussed in the previous chapter (Section 5.5.4), the tubes
were probed by a combination of STM and scanning tunnelling spectroscopy (STS).
Imaging of the nanotubes by STM showed that a variety of nanotube structures were
present: most tubes were found to be chiral, with only a minority having armchair or
zigzag structures. In scanning tunnelling spectroscopy, the tip is positioned at an appro-
priate point on the sample and the tunnelling current (I) is measured as a function of the
bias voltage (V) between the tip and the sample. According to a simple but realistic
model, the derivative of the I–V curve gives an approximation to the density of electronic
states (DOS). Current–voltage curves obtained from eight individual nanotubes are
shown in Fig. 6.10(a). Tubes 1–6 were chiral, tube 7 zigzag and tube 8 armchair. Most
of the curves show a low conductance at low bias, followed by several kinks at larger bias
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voltages. The derivatives dI/dV for tubes 1–7, which give an indication of the densities of
states, are shown in Fig. 6.10(b). Two categories of tube can be distinguished here:
one with gap values around 0.5–0.6 eV, the other with larger gap values, in the range
1.7–1.9 eV. Dekker et al. identified the first category as semiconducting, the second as
metallic. Thus, the chiral tubes were found to be either semiconducting (tubes 1–4) or
metallic (tubes 5 and 6), while the zigzag tube (tube 7) was metallic. These observations
are consistent with theoretical predictions, although in theNature paper the (n, m) indices
for the eight tubes were not precisely determined, so an exact comparison between
experimental measurements with theory was not possible. Such a comparison was
made in a subsequent paper (6.42), in which Dekker and colleagues determined the
(n, m) indices for a number of nanotubes (using the correction methods outlined in
Section 5.5.4), and confirmed that the electronic characteristics of the tubes were exactly
as predicted by theory.

Similar studies were made by Charles Lieber’s group at about the same time as
the Dekker work (6.43). Some of their results are reproduced in Fig. 6.11. The image
in Fig. 6.11(a) shows a tube that was indexed as (13, 7), while the upper trace in Fig. 6.11(c)
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Fig. 6.10 Electronic measurements on single-walled nanotubes by Dekker and colleagues (6.41).
(a) Current–voltage curves for individual nanotubes. (b) Derivatives dI/dV. (c) Energy gap vs.
diameter for semiconducting chiral tubes.
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shows the experimental DOS from this tube (i.e. the dI/dV plot). It can be seen that there
is a good agreement with the calculated DOS for the (13, 7) tube, especially below the
Fermi energy. The DOS for a (12, 6) tube, which is the next closest metallic SWNT, is
also shown, and the agreement here is much less good. Figure 6.11(b) shows a (10, 0)
tube (6.44), with its experimental DOS given in Fig. 6.11(d). Here there is reasonable
agreement with the calculated DOS below the Fermi energy, but poor agreement above.
The discrepancy between theory and experiment above EF, is a consequence of tube
curvature, as discussed in Section 6.2.2. Taken together, the work of the Dekker and
Lieber groups provided strong support for the theories of nanotube electronic proper-
ties developed by Dresselhaus, Hamada and others, and represented a landmark in
nanotube science.
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Fig. 6.11 STM images and STS spectra of SWNTs, from the work of Lieber et al. (6.44). (a) An atomic
resolution image of a (13, 7) tube, (b) an image of a (10, 0) tube, (c) a comparison of the DOS
obtained from experiment (upper curve) and tight-binding calculation for the (13, 7) SWNT (second
curve from top); the calculated DOS for a (12, 6) tube is included for comparison, (d) a comparison
of the DOS obtained from experiment (upper curve) and calculation for the (10, 0) SWNT.
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In later work, Lieber and colleagues confirmed a further theoretical prediction, namely
that for some metallic tubes, curvature can have the effect of opening up a gap at the
Fermi level, effectively destroying the metallic character (6.45). Figure 6.12 illustrates
some of the gaps observed in metallic zigzag tubes. For isolated armchair nanotubes, no
gap was seen, again confirming theory. However, for armchair tubes in bundles, a small
suppression in the density of states, termed a pseudogap, was found. Lieber’s group have
also demonstrated that the DOS of single-walled nanotubes is drastically modified at
localized structures, such as bends and caps (6.43, 6.44).

While STM and STS have been much the most powerful techniques for correlating the
structure of SWNTs with their electronic characteristics, spectroscopic methods can also
provide information about electronic properties. Raman spectroscopy has been the most
useful technique in this area (6.46–6.50). The main features of Raman spectra of SWNTs
are described in the next chapter. Both the G-band and the radial breathing feature can
be used to distinguish between metallic and semiconducting nanotubes. In SWNTs the
G-band is composed of two components, one peaked at 1590 cm−1 (G+) and the other
peaked at about 1570 cm−1 (G−). The Dresselhaus group and others have shown that the
lineshape of the G− feature is highly sensitive to whether the SWNT is metallic or
semiconducting (6.48, 6.49). The same group showed that the radial breathing mode
can be used to obtain values of Eii, the electronic transition energies, for individual tubes.
This was achieved through a careful analysis of the laser energy dependence of the Stokes
and anti-Stokes Raman spectra of nanotubes (6.50).

6.3.3 Quantum conductance

A direct demonstration of quantum transport in nanotubes was given in 1998 by Walt de
Heer and colleagues (6.51), in experiments using bundles of multiwalled tubes. The
set-up they employed is shown in Fig. 6.13(a). A nanotube bundle (at the extremity of
which was a single tube) is dipped into a heatable reservoir containing mercury. When a
circuit is established, the current is measured as a function of the position of the nanotube
in the mercury. It was found that the conductance did not change smoothly with position,
as would be expected for a classical conductor, but instead jumped to a constant value as
soon as the nanotube entered the mercury and remained at this value as it was dipped
further in. The conductance remained constant until the nanotube was withdrawn from
the mercury, as shown in Fig. 6.13(b). The value of the conductance in these experiments
was found to be approximately equal to the conductance quantum, G0. Subsequent
work by this group produced similar results (6.52, 6.53). It was noted in Section 6.2.3
that the conductance of a nanotube should be 2G0 rather than G0. The reason for this
discrepancy between theory and experiment has been explained in terms of interwall
interactions (6.25).

A significant feature of the studies by de Heer et al. was that the nanotubes were found
to be undamaged, even at relatively high voltages (6V) for extended times. It was
calculated that the power dissipation at these voltages would produce enormously high
temperatures (up to 20 000K) in the tubes if they were acting as classical resistors. The
survival of the nanotubes therefore provided strong evidence for ballistic transport.
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The first experiments apparently demonstrating single-electron transport in SWNTs
were carried out using ‘ropes’ rather than individual tubes (6.54), and will not be
discussed here. Quantum wire behaviour in individual SWNTs was first observed by a
group including Cees Dekker and Richard Smalley in 1997 (6.55). This group demon-
strated the phenomenon of Coulomb blockade in individual tubes supported on Pt
electrodes on a Si/SiO2 substrate. Coulomb blockade is observed in a nanostructure
connected to two electrodes when two conditions are met (6.56). The first is that the
connections are relatively poor, so that the contact resistance is larger than RQ, the
resistance quantum, given by h/2e2. The second is that the nanostructure is sufficiently
small, so that the capacitance is small and the energy needed for adding an electron to the
system e2/C is larger than the thermal energy KBT. The arrangement used by the Dekker–
Smalley group is shown in Fig. 6.14. The distance between the contacts was approxi-
mately 140 nm. A bias voltage was applied between these contacts, and a gate voltage
was applied to the third electrode in the upper-left corner of the image, to vary the
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Fig. 6.13 (a) The experimental arrangement used by de Heer et al. to measure resistance of individual
MWNTs, (b) The conductance of a nanotube moved at constant speed into and out of mercury
as a function of time (6.51).
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electrostatic potential of the tube. Measurements were made at a temperature of 5mK,
and at a range of gate voltages. As can be seen in Fig. 6.14(c), it was found that the I–V
curves displayed a flat region near V = 0. This suppressed conductance, or ‘gap’, is
indicative of Coulomb blockade.

A significant advance was made in 2001 when Postma and colleagues described
SWNT-based single-electron transistors which operated at room temperature (6.57).
This group deposited SWNTs onto a Si/SiO2 substrate and used an AFM tip to create
sharp bends, or buckles, in the tubes, as described earlier. These buckles worked as the
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Fig. 6.14 Measurements of the electronic properties of individual SWNTs, by Tans et al. (6.55). (a) An
AFM image of a SWNT on a Si/SiO2 substrate, with two 15 nm Pt electrodes, (b) circuit diagram,
(c) current–voltage curves at different gate voltages.
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barriers, only allowing single electrons through under the right voltages. The whole
device was only 1 nm wide and 20 nm long.

Dai’s group have also observed quantum conductance in metallic SWNTs (6.58). In
this work they fabricated SWNT devices by the patterned CVD growth of SWNTs on
Si/SiO2 wafers, followed by deposition of metal source/drain contacts. By using Pd
electrodes they were able to achieve ohmic contacts with the nanotubes. The tubes
exhibited room-temperature conductance near the ballistic transport limit of 2G0 and
high current-carrying capability (∼ 25 μA per tube). The mean free paths for acoustic
phonon scattering were ∼ 500 nm at room temperature and >>4μm at low temperatures.
Similar techniques were used to make field-effect transistors using semiconducting
SWNTs, as discussed in Section 4.4.1.

In addition to the early work by de Heer et al., a number of later studies have also
demonstrated quantum wire behaviour in MWNTs (6.59–6.61). An example is the work
by Ahlskog and colleagues (6.59). This involved fabricating a three-terminal nanotube
device from two multiwalled nanotubes by positioning one on top of the other using an
atomic-force microscope. The lower nanotube, with gold contacts at both ends, acted as
the central island of a single-electron transistor while the upper one functioned as a gate
electrode. Coulomb blockade oscillations were observed on the nanotube at sub-Kelvin
temperatures. A different approach was used by Yoneya et al. (6.61). Here, very small
MWNT islands were produced by etching using an oxygen plasma. This was achieved as
follows. Firstly, MWNTs (prepared by arc-evaporation) were deposited onto a Si/SiO2

substrate. Three Pt/Au electrodes were deposited by thermal evaporation, two to form
contacts with the MWNT and one to act as a gate. The gate electrode was approximately
1.5 μm away from the MWNT. A resist material was then spin coated over the whole
device. Two narrow trenches were then etched into the resist using an oxygen plasma,
eventually cutting two gaps into the nanotube. Before cutting, the tubes generally
displayed normal metallic behaviour, but when they had been completely etched through,
Coulomb blockade behaviour was observed. Lizzie Brown, of the UK’s National
Physical Laboratory and colleagues have recorded conductance steps in MWNTs using
a modified scanning probe microscope (6.62). Thermal measurements were made at the
same time, and evidence for ballistic transport of phonons was found (see also p. 197).

6.3.4 Electronic properties of nanotubes in a magnetic field

As noted in Section 6.2.4, Ajiki and Ando predicted that a magnetic field can have a
profound effect on the electronic properties of carbon nanotubes. Some of these predic-
tions have now been confirmed. Among the first experimental work in this area was that
carried out by Christian Schönenberger of the University of Basel, Switzerland, and
colleagues, who reported the observation of Aharonov–Bohm oscillations in carbon
nanotubes in 1999 (6.63). Multiwalled nanotubes were used, since the magnetic fields
required to induce the effect in relatively large-diameter tubes are experimentally achiev-
able. The electrical resistances of MWNTs with diameters of around 16 nm were mea-
sured as a function of magnetic flux up to a maximum of about 14 T. Resistance peaks
were observed at B= 0, and smaller peaks at B = ± 8.5 T, in good agreement with the
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predictions of Ajiki and Ando. In 2004, Alexey Bezryadin’s group at the University of
Illinois showed that short multiwalled nanotubes with a diameter of about 30 nm could be
converted from semiconducting to metallic by the application of a magnetic field parallel
to the tube axis (6.64). The magnetic field required for one Aharonov–Bohm ‘period’was
about 6 T. More recently, researchers from France and Switzerland have observed the
Aharonov–Bohm effect in MWNTs threaded by magnetic fields as large as 55 T (6.65).

For a while it seemed that it might not be possible to observe these effects in
single-walled nanotubes, owing to the enormous fields that would be needed.
However, in 2004 Junichiro Kono at Rice University and his team reported measure-
ments that provided evidence for Aharonov–Bohm behaviour in SWNTs (6.66). They
used special facilities at the high-field magnet laboratory in Florida State University to
apply magnetic fields as high as 45 T, corresponding to 1% of a full Aharonov–Bohm
period. Optical absorption and photoluminescence spectroscopy were used to determine
the electronic properties of the tubes, and showed clear evidence that the band gap of
semiconducting nanotubes shrank in the presence of a magnetic field. At about the same
time, Hongjie Dai’s group found that relatively lowmagnetic fields applied parallel to the
axis of a single-walled tube caused large modulations to the valence band conductance of
the nanotube (6.67).

6.3.5 Superconductivity

There are a few reports claiming that pure carbon nanotubes can display superconduc-
tivity. As mentioned on p. 16, in 2000 a group from the Hong Kong University of
Science and Technology reported the pyrolytic synthesis of SWNTs with a diameter of
just 0.4 nm (6.68). The tubes were produced by pyrolysing tripropylamine in the chan-
nels of the nanoporous aluminophosphate AlPO4. In a subsequent paper (6.69), the same
group reported superconducting characteristics at the relatively high temperature of 15K.
This was attributed to an enhancement of electron–phonon coupling in these ultra-small
nanotubes. Superconductivity in ropes of single-walled tubes has also been reported by
Hélène Bouchiat of the Université Paris-Sud and colleagues This group exploited the
proximity effect, in which an ordinary metal can carry a supercurrent when placed
between two superconductors (6.70). Superconductivity in multiwalled tubes at tem-
peratures up to 12K was also reported by Japanese workers in 2006 (6.71). In general,
however, the investigation of superconducting behaviour in nanotubes has only gener-
ated moderate interest.

6.4 Nanoelectronic devices

6.4.1 Diodes

In 1996 theorists pointed out (6.72, 6.73) that ‘elbow connections’ joining tubes of
different structures could constitute nanoscale heterojunctions (the structure of elbow
connections was discussed in Chapter 4, p. 115). Thus, a connection between a metallic
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tube and a semiconducting one could form a rectifying diode: higher energy electrons
from the semiconducting side of the junction could flow ‘downhill’ to the metallic side,
but they could not travel the other way.Work by Collins et al. in 1998 (6.74) provided the
first evidence for this kind of behaviour in single-walled tubes. In this work, an STM tip
was moved along the length of individual tubes, and positions were found where the
current transport behaviour changed abruptly. Effectively, the tubes passed current in
only one direction. This was attributed to pentagon–heptagon defects, although no direct
proof was given. Ayear later, clear experimental evidence for the rectifying behaviour of
elbow connections was given by Cees Dekker and colleagues (6.75). The setup used was
similar to that employed to demonstrate quantum wire behaviour in individual SWNTs
(6.55). Thus, the nanotubes were dispersed on Pt electrodes on a Si/SiO2 substrate. A few
tubes were found that naturally contained elbow connections or ‘kinks’; an example is
shown in Fig. 6.15. Electrical transport measurements across the kink showed that the
junction did indeed constitute a nanoscale diode, which passed current in one direction
but not the other.

Another approach to producing nanotube diodes is to use doping to create a p–n
junction, as in a conventional silicon diode. Hongjie Dai’s team were the first to
demonstrate this approach, in 2000 (6.76). This was achieved by doping one half of a
semiconducting SWNT with K, while leaving the other half undoped. The undoped
segment acted as a p-type semiconductor, for reasons which are discussed in the next
section, while the doped part became n-type due to electron donation from the adsorbed
K atoms. Under certain conditions the junctions displayed behaviour consistent with that
of a tunnel diode. For example, negative differential conductance (i.e. a decrease in

Fig. 6.15 An atomic force microscope image of a diode constructed using a kinked nanotube (6.75).
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current as a function of voltage) was observed over certain voltage ranges. A SWNT p–n
junction diode with rather superior characteristics was described in 2004 by Ji Ung Lee
and colleagues of the General Electric Company (6.77). In this work the ‘doping’ was
carried out by applying different charges to different parts of the tube rather than actually
depositing a dopant onto the tube.

6.4.2 Field effect transistors

Several experiments that involved the construction of single-electron transistors using
metallic SWNTs were discussed in Section 6.3.3. This section is concerned with field
effect transistors (FETs), constructed using both semiconducting and metallic tubes. The
field effect transistor (FET), which forms the basis for modern integrated circuits,
consists of two metal electrodes designated ‘source’ and ‘drain’ connected by a
semiconducting channel. In conventional devices, the channel is made of Si. A third
electrode, the ‘gate’, is separated from the channel by a thin insulator film. Normally, if
no charge is placed on the gate, no charge flows between the source and drain. In a carbon
nanotube field effect transistor (CNTFET), the channel between the source and the drain
is an individual semiconducting single-walled nanotube. The first such device was
produced by the Dekker group in 1998 (6.78). The structure of the device, which
operated at room temperature, is shown in Fig. 6.16(a). The distance between the Pt
electrodes was approximately 280 nm and the thermally grown SiO2 layer was 300 nm
thick. The Si substrate served as a back-gate. Figure 6.16(b) shows the conductance
through the nanotube at zero bias as a function of the gate voltage. When a negative gate
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Fig. 6.16 (a) A schematic side view of the ‘TUBEFET’ device constructed by Tans et al. (6.78). A single
semiconducting nanotube is contacted by two Pt electrodes. The Si substrate, which is covered by a
300 nm layer of SiO2, acts as a back-gate. (b) Conductance of the nanotube at Vbias = 0 as a function
of the gate voltage Vgate.
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voltage is applied the conductance saturates at 10−6 Ω−1, while positive gate voltages
produce a rapid fall in conductance. Overall, the conductance can be varied over at least
six orders of magnitude. A short time after the Dekker work, similar devices were
described by Phaedon Avouris and colleagues, this time using both single- and multi-
walled tubes (6.26).

The first devices produced by the Avouris and Dekker groups had high contact
resistances (maximum conductance ∼10−6 Ω−1, contact resistance ∼1M Ω). Techniques
have subsequently been developed for achieving much reduced contact resistances.
Avouris et al. used methods involving ‘end-bonded’ rather than ‘side-bonded’ tubes
(6.79), while Hongjie Dai’s group used nanotubes grown in situ on substrates, as
discussed in Section 3.4.4 (6.80).

In 2001, Avouris and colleagues described the fabrication of arrays of nanoscale
FETs, utilizing ropes of pure semiconducting SWNTs (6.81). They were able to achieve
this by selectively ‘burning’ away themetallic tubeswithin the ropes, as describedChapter 4
(p. 99). To fabricate the arrays, the SWNT ropes were deposited on an oxidized Si wafer,
which also served as the back gate. An array of source, drain and side-gate electrodes was
then fabricated lithographically on top of the permanentlymodified SWNTropes. The back
gate was used to deplete the semiconducting tubes, followed by the application of a
voltage to destroy the metallic tubes. The resulting devices were shown to have reasonable
FET characteristics. This approach has been taken up by other groups. For example, in
2004 Robert Seidel from Infineon Technologies in Germany and colleagues produced
SWNT-based devices which could be used to control macroscopic devices such as light
emitting diodes and electric motors (6.82). An alternative approach to fabricating nanotube
devices is self-assembly. In an example of this, Israeli researchers exploited the interaction
of proteins and DNA to assemble nanotubes into a field-effect transistor which operated
at room temperature (6.83), as previously mentioned in Chapter 4.

In the studies of nanotube FETs described here, the transistors are ‘on’ for a negative
gate voltage, and are therefore p-type. This is despite the fact that the tubes were not
intentionally doped. Although not understood in the early days of research in this area,
this can now be explained in terms of the sensitivity of nanotubes’ electronic properties to
oxygen. The Zettl group showed in 2000 that exposure to air or oxygen dramatically
influences the electrical resistance, thermoelectric power and local density of states of
carbon nanotubes (6.84). Several explanations have been proposed for this behaviour,
such as doping by oxygen during the synthesis and handling of the nanotubes, or charge
transfer from the metal electrodes. Whatever the mechanism, it is likely that oxygen
exposure was responsible for the p-type behaviour, since the early FETs were fabricated
in air. This oxygen sensitivity is clearly a potential problem when constructing electronic
devices from nanotubes, but it can be used in a positive way in chemical gas sensors, as
discussed in Chapter 11 (p. 280).

6.4.3 Logic circuits

In order to produce useful logic circuits, both n- and p-type FETs are needed. We saw in
the previous section that as-prepared nanotube transistors are invariably p-type. Several
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groups have therefore explored ways of inducing n-type behaviour. In 2000, workers
from Berkeley and Rice Universities (6.85) described experiments on SWNT ropes, in
which intercalation with alkali metals changed the characteristics of the ropes from p- to
n-type. A simpler way of producing this effect was reported by the Avouris group in 2001
(6.86). It was shown that simply annealing an SWNT-based FET in a vacuum produced
n-type behaviour. In the same paper, Avouris and colleagues used both the doping
approach and the annealing method to induce n-type behaviour in short sections of
nanotube bundles. In this way they were able to build the first nanotube-based logic
gate, namely a voltage inverter, or ‘NOT’ gate. Figure 6.17 illustrates how they used
doping to construct the gate. A single nanotube bundle was positioned over gold
electrodes supported on SiO2, producing two p-type CNTFETs in series. The device
was covered by PMMA and a window was produced by e-beam lithography to expose
part of the nanotube. Potassium was then evaporated through this window to produce an
n-CNTFET, while the other CNTFET remains p-type. It was demonstrated that this
device operated as a NOT gate.

Since this pioneering work, groups have fabricated nanotube-based circuits that
exhibit a range of digital logic operations. These include inverters, random-access
memory cells, and ring oscillator circuits (6.87–6.89), For reviews of this fast-moving
field, refs 6.36 and 6.37 can be recommended.

6.5 Magnetic properties of nanotubes

The magnetic properties of graphite are dominated by the presence of ring currents, i.e.
electron orbits circulating above and below the hexagonal lattice planes which include
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Fig. 6.17 An intramolecular logic gate based on a single nanotube bundle (6.86).
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several atoms within their radius (6.90). These result in a relatively large negative
susceptibility which is highly anisotropic. Thus, when the field is oriented perpendicular
to the layer planes the susceptibility, χc, is 22 × 10

−6 emu g−1, while the susceptibility with
the field parallel to the planes, χab is 0.5 × 10

−6 emu g−1. On a very simple model, one
might assume that the magnetic properties of a carbon nanotube would approximate to
those of a rolled-up graphene sheet. The susceptibility of tubes aligned perpendicular to
the field, χ⊥, would therefore approximate to (χc + χab)/2 and the susceptibility of tubes
aligned parallel to the field, χ∥, would approximate to χab. Since χc >> χab, this would
suggest that χ⊥ >> χ∥ for nanotubes. Detailed theoretical work has tended to confirm this
simple-minded model (6.91–6.93).

Some early studies of the magnetic susceptibility of nanotubes were carried out by
Arthur Ramirez and colleagues from Bell Labs, in collaboration with Smalley’s group
from Rice University (6.94). These workers studied a variety of carbons, including an
unpurified sample of nanotubes, over a range of temperatures from absolute zero to room
temperature, using a SQUID magnetometer. The results are shown in Fig. 6.18. It can be
seen that the nanotube sample displays quite different behaviour to the other carbons,
having a large diamagnetic susceptibility (i.e. negative χ) which increases with decreas-
ing temperature. The results clearly indicate that nanotubes have a greater susceptibility
than graphite, although it is not possible to say whether this susceptibility lies parallel or
perpendicular to the tube axis since the tubes in the sample were randomly oriented.
Ramirez et al. speculated that the large susceptibility of nanotubes might result from ring
currents flowing around the tube circumferences.

The first attempts to measure the magnetic properties of aligned nanotube samples
were made by Robert Chang and colleagues from Northwestern University (6.95), who
carried out their measurements on the columnar deposits which are sometimes produced
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Fig. 6.18 The magnetic susceptibilities of carbon allotropes as a function of temperature, from the work
by Ramirez and colleagues (6.94).
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on the cathode following arc-evaporation. Chang et al. have suggested that these deposits
consist of aligned bundles of nanotubes. Magnetic measurements on this material
produced rather similar results to those of Ramirez et al., but also revealed the presence
of a small degree of anisotropy. It was found that the magnetic susceptibility with H
parallel to the axis of the bundle was about 1.1 times that of the susceptibility with H
perpendicular to the axis, and that this anisotropy increased with decreasing temperature.
These results represent the first evidence that carbon nanotubes have anisotropic mag-
netic properties, but it should be borne in mind that the degree of alignment within the
bundles is probably not high.

Magnetic measurements on samples of multiwalled tubes with a much higher degree
of alignment were carried out by the Lausanne group in 1995 (6.96). Susceptibilities were
measured from 4–300K, with the tubes aligned parallel and perpendicular to the field,
again using a SQUID magnetometer. The results confirmed that nanotubes are diamag-
netic, and showed a pronounced anisotropy of susceptibility. The magnetic susceptibility
of tubes aligned parallel to the field (χ∥) was found to be much greater than that of tubes
perpendicular to the field (χ⊥). In 2001, a group from Hiroshima University (6.97)
reported magnetic measurements on individual MWNTs, and again found that the
susceptibility parallel to the tube axis was greater than that perpendicular to the axis.
These results are the reverse of the theoretical predictions noted above, and the reason for
this discrepancy is not clear.

6.6 Nanotube field emitters

Work on the field emission properties of carbon nanotubes began in about 1995 (6.98),
and has developed into a major field of research. This work has primarily been driven by
the prospect of using arrays of field emitting nanotubes in flat screen displays, but there is
also interest in field emission from individual tubes. Before the advent of carbon
nanotubes, most of the research in this area focused on the use of metal cones deposited
onto silicon substrates using photolithographic techniques. However, a conical shape is
not ideal for field emission. In 1991, Takao Utsumi discussed the merits of variously
shaped field emitters, and assigned each a ‘figure of merit’, according to their emission
properties (6.99). The best structure was an extended narrow pillar, a geometry that
approximates closely to a carbon nanotube grown perpendicularly from a flat substrate.
The high conductivity and stability of nanotubes at high temperatures are further reasons
for their suitability as field emission sources.

Probably the earliest experiments on carbon as a field emission source were described
in 1972 by a group from the UK Ministry of Defence (6.100), who reported that under
some conditions, conventional carbon fibres showed superior performance to metals.
More recently, the field emission properties of a range of carbon materials have been
investigated, including chemical vapour deposited (CVD) diamond (6.101), amorphous
diamond-like carbon (6.102) and nanostructured carbon (6.103). However, none of these
carbons have the combination of characteristics that make carbon nanotubes such ideal
field emitters.

170 Physical properties I: electronic



Some of the first experiments on field emission from nanotubes were carried out by
Walt de Heer and colleagues in 1995 (6.104). They used MWNTs prepared by
arc-evaporation, which were purified and then deposited onto a plastic surface. Partial
alignment of the tubes could be achieved by lightly rubbing the surface with a Teflon or
aluminium foil. A 3mm copper electron microscopy grid was held above the film of
aligned nanotubes, at a distance of approximately 20 μm. The anode was situated about
1 cm above the copper grid, and current densities of up to 0.1A cm−1 were reported, at a
voltage of approximately 700V. This level of emission should be sufficient to produce an
image on a phosphor-coated display. Other groups have used ‘post-synthesis’ methods to
produce nanotube films for field emission. For example, Robert Chang’s group demon-
strated field emission from a flat panel display employing a nanotube-epoxy composite as
the source (6.105). However, the degree of nanotube alignment achieved in post-synthesis
processing is usually limited, so that field emission tends to be dominated by a small
number of tubes. For this reason, most studies of field emission from nanotubes have
employed catalytically-grown arrays of nanotubes, and this work will now be summarized.

The growth of aligned MWNTs on substrates using chemical vapour deposition
(CVD) and plasma enhanced chemical vapour deposition (PECVD) was described in
Section 3.2.1. Using this process, it is possible to grow aligned arrays sufficiently large to
serve as flat-panel displays. The first studies of field emission from arrays of tubes grown
in this way appeared in 1999–2000 (6.106–6.108). These early studies showed that close
packed arrays of nanotubes are not ideal for field emission applications as the close
packing of the tubes screens the applied field, effectively reducing the field enhancement
of the high aspect ratio tubes. It has been shown (6.109) that the optimum emitted current
density would be achieved with an array of individual vertically aligned tubes spaced
apart by twice their height. As a result, techniques have been developed for growing
patterned arrays of well-separated tubes, as shown in Fig. 3.5. A number of other factors
affect the field emission characteristics of nanotubes. High crystallinity results in high
conductivity, which gives improved field emission properties, as does a good contact
between the tubes and the substrate. Milne and co-workers have shown that both crystal-
linity and the quality of the contact can be improved by rapid thermal annealing of the
nanotube arrays in high vacuum (6.110). Several groups have compared emission from
open and closed nanotubes, with conflicting results. Thus, early work by Smalley and
colleagues showed that that field emission was enhanced when the tubes were opened by
laser vaporization or oxidation (6.111), while more recent work found that emission from
closed tips was more efficient (6.110). The consensus seems to be that open tips, being
‘sharp’, require less voltage to turn on, but tend to be unstable in terms of emission
current, while closed caps are very stable, with a smooth emission pattern, but require
more voltage to turn on (6.112).

At the time of writing, it appears that no nanotube-based field emission displays are
commercially available. However, a number of prototypes have been demonstrated. For
example, in 2005, Motorola displayed a 5-inch colour video display which utilized an
array of nanotubes grown on glass (Fig. 6.19). Other companies who claim to have
produced working prototypes include Samsung and Applied Nanotech Inc. Commercial
products may not be far behind.
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In addition to the work on arrays of nanotubes, field emission experiments have also
been carried out on individual tubes and on clusters of tubes. The earliest work in this area
arose out of studies by Smalley’s group into the use of single nanotubes as probes in
scanning tunnelling or atomic force microscopy (see Chapter 11). During these studies
they developed a method for mounting nanotubes on the tips of conventional carbon
fibres, and this enabled them to determine the field emission characteristics of individual
tubes (6.111). As mentioned above, they found that opened tubes produced the best
results. Field emission from individual MWNTs has also been studied by Yahachi Saito
and colleagues, who have used closed and open tubes as the sources in a field emission
microscope (6.113). The motivation behind these studies is to explore the possibility of
using individual nanotube field emitters in cathode ray tubes or as guns in electron
microscopes. There is also interest in nanotube-based light sources. In 2004, a team from
Lausanne described a luminescent tube of 40 cm length based on carbon nanotube field
emission (6.114). Nanotubes were grown on a metal wire, which was placed inside a
glass tube coated with a phosphor and a conductive layer (to conduct away the electrons).
It was demonstrated that the device performed well in comparison to conventional
fluorescent tubes. Whether the costs can be reduced to make the product commercially
viable is of course another question.

A number of excellent reviews of the application of carbon nanotubes as field emitters
are available (6.35, 6.109, 6.115).

6.7 Conclusions

Since the mid 1990s, huge strides have been made in understanding the electronic
properties of nanotubes and in constructing nanotube-based electronic devices. Among
the landmarks in this field are the direct correlation of electronic properties with SWNT
structure, by Dekker and co-workers in 1998; the demonstration in 1997 of quantum

Fig. 6.19 A colour field emission display using carbon nanotubes, developed by Motorola Labs.
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transport in SWNTs by Dekker, Smalley and colleagues and in MWNTs one year later
by de Heer’s group; and the construction in 1998 of SWNT field effect transistor and in
2001 of SWNT-based single-electron transistors which operated at room temperature,
both by the Dekker group. Other highlights include the first logic gate based on a single
nanotube bundle, constructed by the Avouris group in 2001. The observation of the
Aharonov–Bohm effect in both multi- and single-walled tubes is also worthy of note.

Despite these impressive achievements, a commercial nanotube-based personal com-
puter or iPod still seems a very distant prospect, for reasons which have become familiar
throughout this book. We still do not have a way of preparing nanotubes with a defined
structure, or of reliably arranging them in a defined manner in order to construct the kind
of complex circuit that will be needed for realistic applications. As far as the controlled
arrangement of nanotubes is concerned, some progress has been made, both using the
directed growth of SWNTs, as discussed in Chapter 3 (p. 61) and using methods for
positioning ready-made tubes as outlined in Chapter 4 (p. 92). However, these processes
will be of little avail until the more fundamental problem of making nanotubes with a
known structure is solved.

One area in which commercial electronic products based on nanotubes may soon
become a reality is field emission. A carbon nanotube has almost the perfect geometry for
a field emitter, and large arrays of nanotubes can now readily be grown on flat substrates.
As noted above, working field emission displays using nanotubes have been demon-
strated by several companies. Nanotube-based field emitters may also find applications as
light or X-ray sources and in a range of other areas.
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7 Physical properties II: mechanical,
optical and thermal

The mechanical properties of carbon nanotubes have attracted just as much interest as their
electronic properties, and with good reason. It is now well established that nanotubes are
the stiffest and strongest fibres ever produced. Thus, the Young’s modulus of the best
nanotubes can be as high as 1000GPa, approximately five times higher than steel, while
their tensile strength can be up to 63GPa, around 50 times higher than steel. These
properties, coupled with their low density, give nanotubes huge potential in a whole
range of structural applications. In many cases, exploiting these properties involves
incorporating the tubes into composite materials, and this is discussed in Chapter 9. The
present chapter covers the mechanical properties of carbon nanotubes in detail, beginning
with a review of the theoretical predictions and then giving a summary of experimental
measurements on multi- and single-walled nanotubes. Optical properties of carbon nano-
tubes are considered next, and the application of various forms of spectroscopy to
nanotubes is described. This is followed by a brief discussion of the thermal properties
of nanotubes, and finally some comments on the physical stability of nanotubes.

7.1 Mechanical properties of carbon nanotubes

7.1.1 Theoretical predictions

Before discussing detailed calculations of the mechanical properties of nanotubes,
we can carry out some simple calculations to illustrate the relationship between the
diameter of a nanotube and its stiffness. Consider first a tube with an inner diameter of
1 nm. We assume a wall thickness of 0.34 nm, so the outer diameter is 1.68 nm and the
cross-sectional area is 1.43 × 10–18m2. If we now apply a tensile load of 100 nN to the
tube, this results in a stress of ~7 × 1010Nm–2. The corresponding strain, assuming a
Young’s modulus of 1060GPa, is approximately 6.6%. Now consider a tube with an
inner diameter of 10.0 nm and an outer diameter of 10.68 nm. In this case a tensile load of
100 nN results in a stress of 9.05 × 109Nm−2, and a strain of about 0.85%. These figures
clearly demonstrate the way in which stiffness increases with tube diameter. This is
consistent with the observation that single-walled nanotubes, with diameters typically of
the order of 1 nm, are usually curly, while multiwall tubes tend to be straight.

In this simple calculation, it was assumed that the Young’s modulus for nanotubes will
be equal to that for a graphene sheet, i.e. 1060GPa. This can only be an approximation,



and a number of groups have attempted to calculate the modulus for nanotubes with
various diameters and structures, using a variety of approaches. Some of the first detailed
calculations were carried out by Jian Ping Lu of the University of North Carolina at
Chapel Hill, who carried out tight-binding calculations on single-walled tubes with
diameters from 0.34 to 13.5 nm (7.1), and found a Young’s modulus of 970GPa. This
is close to the modulus for a graphene sheet, and was found to be independent of tube
structure or diameter. A short time later, Angel Rubio of the University of Valladolid and
colleagues found slightly higher values for the Young’s moduli (typically 1240GPa) of
tubes with a range of structures and diameters (7.2). Unlike Lu, Rubio et al. found that the
moduli depended on both tube diameter and structure. Subsequent work has generally
supported the view that modulus depends on tube diameter and structure (e.g. 7.3–7.8).
A review of computational studies (7.7) found that the predicted values of Y are in the
range 0.5–5.5 TPa. This rather wide range of predicted values is partly due to the fact
that different authors chose different values for the wall thickness of a single-walled
tube. Most authors assume a wall thickness equal to the separation between adjacent
walls in a multiwalled tube, i.e. 0.34 nm. The high values of 5 TPa and above were found
in studies assuming much smaller values for the wall thickness. It is important to
appreciate that while the modulus can vary with tube diameter, the stiffness of small
tubes will always tend to be less than for larger tubes, as illustrated in the simple-minded
calculation above.

The behaviour of nanotubes under compression has been studied by workers from
North Carolina State University (NCSU) (e.g. 7.9, 7.10). Some of their results are
illustrated in Fig. 7.1. Here, the effect of axial compression on an armchair (7, 7)
nanotube has been simulated using molecular dynamics. Fig. 7.1(a) shows a plot of
strain energy vs. longitudinal strain, ε. This shows that at small strains, the strain energy
varies with ε2, as expected from Hooke’s Law, but at higher strains a series of disconti-
nuities are observed, and the strain energy curve becomes approximately linear. The
discontinuities labelled b–e correspond to the four buckled configurations shown in the
simulations. Nanotube bending was also simulated, as illustrated in Fig. 7.2 for the case
of a (13, 0) zigzag tube. Again a kink is observed in the strain energy curve, correspond-
ing to the buckled structure shown in Fig. 7.2(b). A number of other groups have also
modelled the mechanism of nanotube buckling (7.11–7.14).

The behaviour of nanotubes under high tensile loads, which leads to eventual fracture,
has been widely studied theoretically (e.g. 7.15–7.19). Again the NCSU group led the
way. Their calculations have shown that the maximum theoretical tensile strain, i.e.
elongation, of a single-walled tube is almost 20% (7.15, 7.16). Many researchers believe
that the early stages of the fracture mechanism may involve the formation of Stone–
Wales defects (see p. 115). The brittle fracture of nanotubes was simulated by workers
from Nanyang Technological University, Singapore (7.17). They found that a (5-7-7-5)
defect is formed at a strain of 0.24. As the strain increases, more (5-7-7-5) defects
are generated, and when the strain reaches 0.256, two bonds are broken leading to two
holes, as shown in Fig. 7.3(a). With increasing strain, more bonds are broken and
the holes become larger until the tube fractures (Fig. 7.3b–d). As discussed on p. 137,
(5-7-7-5) defects have been directly imaged in single-walled tubes using HRTEM.
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Fig. 7.1 Molecular dynamics simulation of armchair (7, 7) nanotube under axial compression, from
the work of Yakobson et al. (7.9). (a) Plot of strain energy vs. longitudinal strain, ε. (b)–(e)
Morphological changes corresponding to singularities in strain energy curves.
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Fig. 7.2 The simulated bending of a (13, 0) zigzag tube. (b) The morphology of a tube beyond buckling
point (7.9).
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7.1.2 Experimental observations: multiwalled nanotubes

General observations using transmission electron microscopy provide some useful
insights into the stiffness and strength of nanotubes. One indication that arc-grown
multiwalled nanotubes are reasonably stiff is that they generally appear fairly straight
in TEM images. Completely fractured nanotubes are hardly ever observed, even though
samples for TEM are sometimes prepared by grinding the material under a solvent in a
pestle and mortar. Single-walled nanotubes usually display much more curvature than
multiwalled tubes, but this is probably because they are generally extremely thin (as
noted in the previous section, stiffness increases with increasing diameter). These
observations indicate both a high Young’s modulus and a high breaking stress for
nanotubes.

Although broken tubes are rarely seen, bent nanotubes are quite commonly observed
(e.g. 7.20–7.23). Frequently, bent tubes with regularly-spaced buckles are seen, as shown
in the beautiful image by Walt de Heer, Daniel Ugarte and colleagues reproduced in
Fig. 7.4 (7.23). It is striking that no broken layers are observed in the buckled areas,
demonstrating the great flexibility of graphene layers. It has been demonstrated that when

Strain is at 0.256 Strain is at 0.263(b)

(d)

(a)

(c) Strain is at 0.279Strain is at 0.271

Fig. 7.3 A simulation of the brittle fracture of a single-walled nanotube, from the work
of Liew et al. (7.17).

Fig. 7.4 ATEM image of a bent nanotube (radius of curvature ~400 nm), showing wavelike
distortion (7.23).
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the stress constraining a tube is released, the tube can return to its original straight form
(7.24). This behaviour sets nanotubes apart from conventional carbon fibres, and all other
currently known fibres, which are much more susceptible to fracture when subject to
stress beyond the elastic limit. It also raises the fascinating possibility that composites
could be produced which would snap back into place following deformation. Ajayan’s
group and collaborators have studied the effect of compression on aligned MWNT
films (7.25). They found that the tubes collectively formed zigzag buckles, as shown in
Fig. 7.5. Like bent nanotubes, these compressed tubes could fully unfold to their original
length upon load release. Buckled single-walled tubes have also been described by Iijima
and colleagues (7.22), some of whose work is shown in Fig. 7.6.

The first quantitative TEM measurements of the mechanical properties of nanotubes
were carried out by Treacy, Ebbesen and Gibson in 1996 (7.26). Clusters of nanotubes
were deposited on TEM grids such that isolated tubes extended for a considerable
distance into empty space. The specimens were then placed in a special holder which
enabled in situ heating to be carried out in the TEM. Images were then recorded of a
number of individual, freely vibrating, nanotubes at temperatures up to 800 °C. Examples
are shown in Fig. 7.7. By analysing the mean-square amplitude as a function of
temperature it was possible to obtain estimates for the Young’s modulus. These ranged
from 410GPa to 4.15 TPa, with an average of 1.8 TPa. The large spread in values results
from uncertainties in estimating the lengths of the anchored tubes, and from the presence
of defects in the tube structures.

Charles Lieber and colleagues from Harvard were probably the first to use scanning
probe microscopy to probe the mechanical properties of nanotubes. In 1997 they
described a method of fixing nanofibres at one end, and then determining the bending
force of the fibres as a function of displacement (7.27). The fibres were firstly dispersed
on a single crystal MoS substrate, and then pinned to this surface by depositing square

Fig. 7.5 A SEM micrograph showing a buckled array of aligned MWNTs under
compression (7.25).
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Fig. 7.7 TEM images of free-standing multiwalled nanotubes showing blurring of the tips due
to thermal vibration (from 300 to 600K) (7.26).

Fig. 7.6 Images by Iijima of buckled multiwalled and single-walled nanotubes, and a simulation
of structure (7.22).
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pads of SiO through a mask. This left many fibres with one end trapped under the pads
and one end free. The samples were then imaged by AFM, enabling the free nanofibres to
be located. Repeated scans of individual fibres then enabled lateral force vs. displacement
(F–d) data to be recorded. Scanning could be carried out in such a way that the tip rode
over the fibre when a certain applied force was reached, so that the fibre sprang back to its
equilibrium position, enabling further scans to be made. Measurements on arc-produced
multiwalled nanotubes produced linear F–d curves for small deflections, and the results
implied a value of ~1.28 TPa for the elastic modulus. It was found that the tubes could
accommodate large deflections without breaking. However, for deflections larger than
10° an abrupt change in the slope of the F–d curve was seen. This was attributed to elastic
buckling of the kind seen in TEM studies.

In a paper published shortly after the Harvard work, Richard Superfine and colleagues
from the University of North Carolina at Chapel Hill also described AFM studies
of arc-synthesized MWNTs subjected to large bending stresses (7.28). For these experi-
ments the tubes were not fixed at one end, but were supported on mica. In many cases
the friction was sufficient to pin the tube in a strained configuration for imaging. Again
it was found that the tubes could be bent repeatedly through large angles without
fracturing. Fig. 7.8 shows an individual tube that has been manipulated into a severely
deformed configuration. Despite repeated bending, the nanotubes exposed to this treat-
ment showed no sign of plastic damage. As in the TEM studies, regularly spaced buckles
were observed in the bent tubes, which disappeared when the tubes were straightened.
These experiments provide further evidence of the extraordinary resilience of carbon
nanotubes.

Since this early work, the mechanical properties of multiwalled nanotubes have been
widely studied using AFM (7.29–7.34), TEM (7.35, 7.36) and SEM (7.37–7.39). All of
these studies have confirmed that MWNTs, at least those produced by arc-evaporation,
have exceptional stiffness and strength. Some of the most important studies will now be
summarized. For further information, a number of reviews are available (7.40–7.43).

László Forró and colleagues at Lausanne described detailed studies of arc-produced
MWNTs using AFM in 1999 (7.30). In this work the tubes were deposited on a polished
alumina ultra-filtration membrane with 200 nm pores, and an AFM tip was used to apply
a load to a tube which was suspended across a pore. The average value of the Young’s
modulus for 11 individual arc-grown carbon nanotubes was found to be 810GPa.

Manipulating carbon nanotubes inside an electron microscope poses an even greater
challenge than doing so using AFM, but a few groups have achieved this. In 2000, John
Cumings and Alex Zettl described in situ experiments inside a TEM in which the
reversible telescopic extension of arc-grown multiwalled tubes was demonstrated
(7.35). There appeared to be almost no friction between the layers, and no evidence of
wear or fatigue was seen, suggesting that the use of MWNTs in nanomechanical systems
(7.44) may be a practical possibility. In a subsequent study, the Zettl group used the same
in situ system to carry out a series of pulling and bending tests on individual MWNTs
(7.36). In some of these tests they were able to break the tubes, and therefore calculated
the tensile strengths: values of approximately of 150GPa were found. From bending
studies, the Young’s modulus of the tubes was estimated to be 900GPa.
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Exceptionally skilful work on the mechanical properties of nanotubes has been
described by Rodney Ruoff and his team (7.37–7.39). This involved the use of a
micromanipulator inside an SEM to attach individual arc-grown MWNTs to the
opposing tips of AFM cantilever probes, as shown in Fig. 7.9. In order to attach the
tube ends to the probes, the electron beam was used to deposit carbonaceous material
on the point of contact. When a tube had been successfully attached at both ends, one
of the cantilevers was driven away from the other, to apply a tensile load. Analysis of
the stress–strain curves for individual MWNTs enabled the Young’s moduli of the
outermost layer to be determined. Quite a wide range of values were found, varying
from 270 to 950 GPa. The most likely explanation for this variation is the presence of

Fig. 7.8 (a), (b) Atomic force microscope images of MWNTs on mica, showing bending and buckling
induced by the tip (7.28). The scale bar in (a) is 300 nm.
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defects. It should also be recognized that only the outer layers of the tubes were being
stressed in these experiments, unlike some of the other methods where the moduli of
whole tubes were determined. When sufficient stress was applied, the outer layers
fractured, leaving the inner ones intact, a failure mode known as ‘sword-in-sheath’.
The measured tensile strength of the outer layers ranged from 11 to 63 GPa. The
phenomenon of sliding shells in multiwalled tubes was also observed by the Ruoff
group.

All of the studies discussed so far have concerned multiwalled nanotubes produced
by arc-evaporation. Forró and colleagues have also measured the mechanical properties
of catalytically-producedMWNTs, and generally found them to be much inferior to those
of the arc-grown ones. In the first study, published in 1999 they used the AFM method
described above to directly compare arc-grown and catalytically-produced MWNTs
(7.31). The average Young’s modulus for the arc-grown tubes was found to be
870GPa, very similar to the value found in the previous study (7.30). The average figure
for catalytically-produced tubes, however, was just 27GPa. In a later study (7.32) it was
shown that the elastic moduli of the CVD tubes were not significantly improved by
heating at temperatures up to 2400 °C. The best value for the modulus, even after heat
treatment, was still below 100GPa. This is a very important result, which demonstrates
the inherent structural superiority of arc-produced MWNTs. Later work using AFM
(7.33) produced the slightly higher figure of 350 ± 110GPa, but this is still far short of the
values for arc-grown tubes.

Clearly most catalytically-grown tubes contain defects that it is almost impossible to
remove. This may not be true of all catalytically-produced tubes however. The Forró
group have shown that catalytically-producedMWNTswith a small number of layers can
have excellent mechanical properties (7.34). Thus, moduli as high as 1 TPa were seen for
tubes with 2 or 3 walls. This indicates a much lower defect density than in many-walled
CVD tubes, and may indicate that ‘few-walled’ nanotubes grow by a different mechan-
ism, as already noted (p. 71).

Fig. 7.9 A SEM image of individual MWNT mounted between two opposing AFM tips, for
mechanical testing (7.37)
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7.1.3 Experimental observations: single-walled nanotubes

Measuring the elastic properties of single-walled tubes presents an even greater
challenge than for MWNTs, and there have been very few measurements on individual
SWNTs. Ebbesen, Treacy and others were the first to report such measurements, in 1998
(7.45). Using methods similar to those first used for MWNTs, i.e. observing room
temperature vibrations of the tubes in a TEM, they found an average Young’s modulus
of 1.25 TPa. This is rather similar to the typical values found for arc-grown MWNTs.

While experiments on individual SWNTs are extraordinarily difficult, the mechanical
properties of SWNT ‘ropes’ are rather easier to study. Ruoff and co-workers used the
‘nanostressing stage’ described in the previous section to measure the breaking strength
and Young’s modulus of SWNTs produced by laser ablation (7.46). From these measure-
ments they were able to determine values for individual tubes, and found an average
strength of 30GPa and average modulus of 1.0 TPa. The maximum elongation of a
single-walled tube under tensile strain was found to be 6%, much lower than the 20%
predicted by theory (7.15, 7.16).

A group led by Jean-Paul Salvetat and László Forró used scanning probe microscopy to
measure the mechanical properties of SWNT ‘ropes’ prepared by arc-discharge in 1999
(7.47). They used the AFM method described in the previous section, with ropes sus-
pended across 200 nm pores. In this way they found elastic and shear moduli of the ropes
were to be of the order of 1 TPa and 1GPa, respectively. A study of CVD-grown SWNTs
was conducted by Thomas Tombler of Stanford and colleagues a short time later (7.48).
Although the main purpose of this work was to look at the electromechanical properties of
the tubes, the Young’s modulus was also measured and a value of 1.2 TPa was found. A
group fromRice usedAFM tomeasure the tensile strength of single-walled nanotube ropes
produced by laser vaporization (7.49). The tensile strength was found to be approximately
45GPa, with a maximum strain of 5.8%. Taken together, these studies show that SWNTs
have exceptional mechanical properties, independent of the preparation method.

7.2 Optical properties of nanotubes

The optical properties of carbon materials vary from the sparkling transparency of dia-
monds to the deep black of soot. Diamonds owe their transparency to the fact that all of the
electrons are associated with the sp3 bonds, which absorb only IR light, so that visible light
passes straight through. Their sparkle results from an exceptionally high refractive index,
and the ability to disperse visible light into its spectral components. Soot, on the other hand,
like all finely divided forms of sp2 carbon, has an abundance of π-electrons capable of
absorbing light at a wide range of wavelengths, giving it a black colour. Graphite does not
have the matt black colour of more finely divided sp2 carbons, as can be seen by comparing
the markmade by a pencil with that made by a charcoal crayon. This is because themetallic
character of graphite gives it reflective properties; these are particularly evident in the
extremely crystalline from of graphite known as highly-oriented pyrolytic graphite.

Samples of nanotubes usually appear black. However, as we saw in Chapter 4 (p. 91
and p. 96), very thin layers of tubes can be transparent. This is because the penetration
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depth for nanotubes is rather large. Penetration depth is the distance electromagnetic
radiation of a specific wavelength can penetrate into the material. For visible light the
penetration depth varies inversely with the free carrier density and since nanotubes are a
low carrier density system they have a large penetration depth.

In the following two sections we consider the use of optical spectroscopy techniques in
the study of carbon nanotubes.

7.2.1 Optical absorption spectroscopy

Optical absorption spectroscopy has not been widely used to study carbon nanotubes, as
it is not enormously informative. For example, absorption spectra cannot be used to
determine nanotube structure. The relatively few studies that have been carried out have
almost exclusively involved single-walled tubes. One of the most important of these
was published by Hiromichi Kataura, then at Tokyo Metropolitan University, and
colleagues in 1999 (7.50). Figure 7.10, taken from this work, shows absorption spectra
of as-prepared and purified SWNTs. Three large absorption peaks at approximately 0.68,
1.2 and 1.7 eV can be seen, superimposed on the broad absorption due to the π plasmon.
It was also shown that the positions of these peaks varied slightly in spectra from SWNTs
with different diameter distributions. This is to be expected, since the absorption bands
are due to transitions between spikes in the densities of states in the electronic structure of
the tubes. As we saw in the previous chapter, the positions of these singularities in the
densities of states depend on the structure and diameter of the tube. Kataura et al.
determined the theoretical gap energies between mirror-image spikes in the densities of
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Fig. 7.10 Optical absorption spectra of SWNTs prepared by the arc method, adapted from the work
of Kataura and colleagues (7.50).
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states for a large number of single-walled tubes. The resulting graph, shown in Fig. 7.11,
has come to be known as the Kataura plot. The plot shows where peaks should be
observed in an absorption spectrum for tubes with a given range of diameters. For
example, tubes with diameters of 1 nm would have peaks at approximately 0.8, 1.6
and 2.3 eV (peaks at higher energies would be swamped by the π plasmon). The Kataura
plot shows why simple optical absorption spectroscopy is of limited use in identifying
nanotube structure: the absorption features from nanotubes with different structures often
overlap, making an unequivocal assignment impossible. However, the discovery of
fluorescence in single-walled nanotubes by a group from Rice in 2002 (7.51) opened
the way to structure-assigned optical spectroscopy of SWNTs a short time later (7.52), as
discussed in the next section.

7.2.2 Fluorescence spectroscopy

The first study to demonstrate fluorescence in single-walled nanotubes involved making
spectroscopic measurements on samples in which the nanotube bundles were separated
into isolated tubes by encapsulating them in cylindrical micelles (7.51). Optical spectro-
scopy of these samples then revealed a series of emission peaks in the near infrared
(~800–1600 nm) that were attributed to fluorescence across the band gap of semicon-
ducting nanotubes. The fluorescence can be understood by reference to Fig. 7.12, which
shows schematically the density of states for a semiconducting nanotube. Fluorescence
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occurs when light absorption at photon energy E22 is followed by fluorescence emission
near E11. The values of E11 and E22 depend on tube structure.

The Kataura plot shows that nanotubes with different structures can have similar E11

values, so it is necessary to consider both the excitation wavelengths and the emission
wavelengths in order to separate out the spectral features of particular nanotubes. The
Rice group represented the excitation and emission wavelengths using 2D plots of the
kind shown in Fig. 7.13. Here the dark spots within the oval represent transitions from
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Fig. 7.13 A contour plot of fluorescence intensity versus excitation and emission wavelengths
for SWNTs (7.52).
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individual nanotubes. However, these spectral features have not yet been assigned to
(n, m) structures. To make these assignments, resonance Raman spectroscopy was carried
out on the same samples. By combining these Raman results with a detailed analysis of
the spectrofluorimetric data, each optical transition could be mapped to a specific (n, m)
nanotube structure. The result of this work is a powerful new technique for the determina-
tion of nanotube structure. It is important to note, however, that only semiconducting
nanotubes will exhibit fluorescence, so roughly one-third of tubes will not be detected by
this form of spectroscopy. For the HiPco nanotube sample studied by the Rice team, a
significant bias towards near-armchair structures was found (7.53). No zigzag tubes were
detected; armchair tubes would not of course be seen since they are all metallic.

Subsequent studies using fluorescence spectroscopy have also found evidence that
near-armchair structures appear to be favoured. As mentioned in Section 3.4.5, Resasco
and colleagues found that SWNTs prepared by the CoMoCAT method appeared to
contain a high proportion of tubes (~50%) with the (6, 5) and (7, 5) structures.

7.3 Raman spectroscopy

Raman spectroscopy has proved to be an extremely valuable tool for the detection of
nanotubes in bulk samples and for the study of nanotube structure. Experimentally the
technique is relatively simple, at least when applied to bulk samples, and the instrumen-
tation is widely available. Spectra can be recorded at room temperature and pressure, and
the technique is quick, non-destructive and sensitive. Raman can also be applied to
individual nanotubes, although this is experimentally much more demanding. The dis-
cussion that follows refers mainly to single-walled nanotubes; the technique has been of
less value when applied to multiwalled tubes.

A typical spectrum of a sample of single-walled tubes is shown in Fig. 7.14. The main
features are as follows.

(1) A low-frequency peak (< 200 cm−1), assigned to the A1g symmetry radial breathing
mode (RBM). The frequency of the peak depends on the diameter of the tube, as
discussed below.

(2) A strong feature at around 1340 cm−1, the so-called D line, assigned to disordered
graphitic material.

(3) A group of peaks in the approximate range 1550–1600 cm−1 labelled the G band. In
graphite, the G band exhibits a single peak at 1582 cm−1 related to the tangential
mode vibrations of the C atoms. Although not clear in Fig. 7.14, the G-band for
SWNTs is composed of two features due the confinement of the vibrational wave
vectors in the circumferential direction.

(4) A line at around 2600 cm−1, the second order harmonic of the D mode, labelled G′.
(5) Some second order modes between about 1700 and 1800 cm−1; these are not of great

value in characterizing nanotubes.

The vibrations responsible for the RBM and G-band vibrations are shown in Fig. 7.15.
The radial breathing feature occurring just below 200 cm−1 is a unique phonon mode,
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appearing only in spectra from single-walled carbon nanotubes, and is therefore very
useful in confirming that bulk samples contain SWNTs. Importantly, it can also provide
information concerning tube diameter, and can be used to infer structure. This feature
was first described in detail in a classic paper published in Science in 1997 (7.56). This
paper, a collaborative effort by workers from five different centres in the USA and Japan,
described a Raman study of purified nanotube ‘rope’ samples. A number of new
nanotube-related features were identified, with the RBM peak being much the strongest.
Strikingly, it was demonstrated that both the strength and position of this peak varied
according to the laser excitation frequency, as shown in Fig. 7.16. These results were
interpreted in terms of a resonant Raman scattering process, and provide evidence that
tubes with different diameters couple with different efficiencies to the laser field.
Resonant Raman scattering occurs when the energy of an incident photon matches the
energy of strong optical absorption electronic transitions. This greatly increases the
intensity of the observed Raman effect. The allowed optical transitions have been
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Fig. 7.14 Raman spectrum from a SWNT sample, from the work of Belin and Epron (7.54).

Fig. 7.15 Atomic displacements associated with the RBM and G-band normal-mode vibrations (7.55).
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calculated for a large number of tube structures (see Fig. 7.11), so the laser energy
required to maximize the signal from nanotubes with a given diameter can be determined.

Theory has shown that the frequency of the radial breathing mode, ωRBM, varies
inversely with diameter, d, at least for small tubes (7.57):

!RBM ¼ �=d

where α is a factor that depends on the nature of the sample. This has been confirmed in
a number of experimental studies (e.g. 7.58, 7.59). For tube diameters larger than about
2 nm, the character of the electronic states becomes essentially independent of tube dia-
meter, and therefore approximates to that of a graphene sheet. It has also been established
that ωRBM is independent of the (n, m) indices of a tube (7.60, 7.61). However, the (n, m)
values can be inferred, as discussed below.

A very large number of studies have now been published which exploit the resonant
Raman effect to study single-walled nanotubes (e.g. 7.62–7.67). When studying samples
in solution, a dispersant such as sodium dodecyl sulphate (SDS) is often used to separate

180

191 502 558 858 10671110

1258

1570

1592

1548

1593

1570

1549
1278

922860815464359

169
157

205
476 584 861

1294 1568

1546

1592

1542 1563
1589

1321

1593
1073861739

427390
236

192

186

376

500 1000
Frequency (cm–1)

R
am

an
 i

n
te

n
si

ty
 (

ar
b

it
ra

ry
 u

n
it

s)

514.5 nm, 2 W cm–2

647.1 nm, 2 W cm–2

780 nm, 12W cm–2

1064 nm, 5W cm–2

1320 nm, 20 W cm–2

1500

755 855

1567

1550

15261347

Fig. 7.16 Raman spectra of purified SWNTs excited at five different laser frequencies, from the work
of Rao et al. (7.56). The laser frequency and power density for each spectrum is indicated.

194 Physical properties II



bundles of tubes, and avoid complicating inter-tube effects. Especially noteworthy has
been the application of the technique to the study of individual nanotubes. The first such
experiments were reported by the Dresselhaus group in 2001 (7.68). In this work, isolated
SWNTs were prepared directly by CVD on a Si substrate containing Fe catalyst particles.
The Si substrate was then oxidized to give a thin SiO2 layer. Atomic force microscopy
showed that the tubes were generally well separated from each other, with an average
diameter of about 2 nm. Resonant Raman spectra were obtained from individual SWNTs
using a micro-Raman spectrometer with a 1 μm laser spot. Figure 7.17 shows the radial
breathing mode region of spectra recorded from three different isolated SWNTs. The
diameters of the tubes can be found directly, using the relation betweenωRBM and d given
above. In order to determine the (n, m) values of the tubes, we should ideally know the
electronic transition energy, Eii, for each tube. However, in many cases an (n, m)
determination can be made since there is generally only one (n, m) value that has both
a diameter close to the measured d value, determined fromωRBM, while also being within
the resonant window of the laser excitation energy. In this way, the Dresselhaus group
were able to make (n, m) assignments for 25 individual tubes without determining Eii

(7.68). Of these, 21 were chiral, two zigzag and two armchair. In subsequent work they
showed that values of Eii for individual tubes can be obtained by a careful analysis of the
laser energy dependence of Stokes and anti-Stokes Raman processes (7.69). By combin-
ing measurements of ωRBM and Eii, (n, m) assignments were made for 46 HiPco
nanotubes wrapped in sodium dodecyl sulphate (SDS) and dispersed in an aqueous
solution (7.70). They found that 40 were chiral, three zigzag and three armchair.

In addition to the RBM line, the G band can also be used to determine nanotube
diameter. As already mentioned, the G-band for SWNTs is composed of two features,
one at 1590 cm−1 labelled G+ and the other at about 1570 cm−1 named G –. Work by
Dresselhaus et al. on individual SWNTs has shown that the frequency of the G+ band
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is essentially independent of diameter, but that of the G– band does depend on d (7.65,
7.71, 7.72). It has also been shown that this band can be used to distinguish between
metallic and semiconducting SWNTs, through differences in their Raman lineshapes.
This was discussed in the previous chapter (p. 159). Further information about structure
and electronic properties can be obtained by analysing the second order features in the
spectrum, i.e. the D and G′ bands, although these are usually much weaker than the first
order features (e.g. 7.62).

A few studies have been made of multiwalled carbon nanotubes using Raman spectro-
scopy (e.g. 7.73–7.76), but these have generally been much less informative than the
studies of single-walled tubes. The large diameter of MWNTsmeans that the RBM signal
is usually too weak to be observable. The splitting of the G band observed in single-
walled nanotubes is also generally unobservable in multiwalled tubes. However, as noted
in Chapter 2 (p. 16) MWNTs with exceptionally thin innermost tubes can be made by
carrying out arc-evaporation in hydrogen. In this case both the RBM line and the splitting
of the G band can be observed (7.77, 7.78).

Several reviews of Raman spectroscopy of nanotubes have been given (7.55, 7.79–
7.82), and the book by Reich et al. also gives an excellent discussion of the topic (7.83).

7.4 Thermal properties of nanotubes

Crystalline carbons display the highest measured thermal conductivities of all known
materials. For pure diamond the thermal conductivity, k, is 2000–2500Wm−1 K−1, while
for graphite, the in-plane conductivity at room temperature can reach 2000Wm−1 K−1.
For carbon nanotubes, even higher values are predicted: calculations by David Tománek
and colleagues produced a value of 6600Wm−1 K−1 for an isolated (10, 10) nanotube at
room temperature (7.84).

Early experimental work on the thermal properties of nanotubes was carried out on
ropes or bundles of tubes. Alex Zettl’s group at Berkeley measured the thermal con-
ductivity of SWNTmats, made up of tangled bundles of ropes (7.85). Initially, the values
obtained for room temperature thermal conductivity of the mats were not high, ranging
from about 2–35Wm−1 K−1. However, these values did not take into account the highly
tangled nature of the ropes. An attempt to translate these numbers into thermal con-
ductivities for individual ropes produced values in the range 1750–5800Wm−1 K−1.
Thermal conductivity measurements of SWNT mats were also made at temperatures
down to 7K. It was found that the temperature dependence of k differed markedly from
that of graphite. In high-quality graphite, the in-plane thermal conductivity, which is
dominated by acoustic phonons, varies as T2–3 up to 150K (7.86). The low-temperature
thermal conductance of the SWNT samples studied by Zettl and colleagues was found to
vary linearly with temperature and extrapolated to zero at T = 0. This result is consistent
with quantization of thermal conductance of SWNTs (see below).

It appears that there have as yet been no measurements of the thermal conductivity of
individual single-walled tubes. Certainly such experiments would pose a major experi-
mental challenge. Measurements have been made on individual multiwalled nanotubes,
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however, and again very high conductivities have been found, at least for arc-grown
tubes. Paul McEuen’s group at Berkeley have used a microfabricated device to measure
the thermal conductivity of MWNTs produced by arc-evaporation (7.87). Values of
greater than 3000Wm−1 K−1 at room temperature were found. The thermal conductivity
of catalytically-produced MWNTs appears to be much lower, however. Workers from
Singapore grew arrays of tubes on Si substrates and, using a method called pulsed
photothermal reflectance, found values of approximately 200Wm−1 K−1 (7.88).

Like electronic conduction, heat conduction in nanoscale structures can become
quantized. This is because at temperatures close to absolute zero, only a limited number
of phonons remain active in small devices (7.89, 7.90). Quantized thermal conductance
was first observed experimentally in 2000 by Schwab et al. using a device containing
Si3N4 ‘phonon wave guides’ (7.91). With their extremely small diameters and high
stiffness, SWNTs are good candidates for the measurement of quantized thermal con-
ductance. They have a large phonon mean-free-path, of the order of 1 μm. A theoretical
analysis of quantized thermal conductance in carbon nanotubes has been given by
Takahiro Yamamoto and colleagues (7.92). It was shown that the phonon-derived
thermal conductance of semiconducting SWNTs exhibits a universal quantization in
the low-temperature limit, independent of the radius or atomic geometry. This has not yet
been confirmed experimentally. However, some studies have produced results which
reflect quantum effects in one dimension. The work of the Zettl’s group on SWNT mats
has already been mentioned (7.85). As noted in the previous chapter, researchers from the
National Physical Laboratory carried out simultaneous thermal and electrical measure-
ments on individual SWNTs using a temperature sensing scanning probe microscope and
found some evidence for ballistic transport of phonons (7.93).

As well as carrying out detailed studies of the thermal properties of carbon nanotubes,
Alex Zettl’s group have used nanotubes to fabricate a thermal rectifier, a device that
directs the flow of heat (7.94). This was achieved by loading one end of a tube with a
high-mass-density material, specifically, trimethyl cyclopentadienyl platinum. It was
shown that the system exhibited asymmetric thermal conductance with greater heat
flow in the direction of decreasing mass density. Such a ‘thermal diode’ might be useful
in preventing overheating in microelectronic devices.

7.5 The physical stability of nanotubes

The earliest theoretical work on the stability of carbon tubules as a function of diameter
was carried out by Gary Tibbetts in 1983 (7.95). Using a continuum model, Tibbetts
found that the strain energy of a thin graphitic tube varies with 1/(diameter). This implies
that the strain energy per atom varies with 1/(diameter)2. Following the discovery of
fullerene-related nanotubes, a number of groups have carried out more detailed theore-
tical studies of nanotube stability (e.g. 7.96–7.98). John Mintmire and colleagues from
the Naval Research Laboratory in Washington used empirical potentials to calculate the
strain energies per carbon atom for all possible tubes with diameters less than 1.8 nm
(7.96). They also found that, to a good approximation, the strain energy per atom varied
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with 1/(diameter)2. For tubes with diameters larger than about 1.6 nm, the strain energy
becomes very close to that in planar graphite. It is interesting to note that this diameter is
approximately the same as the smallest observed experimentally in multiwalled nano-
tubes. Mintmire and colleagues found that strain energy was independent of tube
structure.

Other workers have taken a slightly different approach to determining the stability of
nanotubes (7.97, 7.98). This involves considering a nanotube as a rolled-up graphene
strip, and balancing the energy gained due to the elimination of edge atoms against
the energy cost of bond-bending. In calculations of this kind, Sawada and Hamada found
that the critical diameter above which tubes are more stable than strips is approximately
0.4–0.6 nm (7.97). Independent calculations by Lucas, Lambin and Smalley produced a
similar result (7.98).

The energetics of multiwalled carbon tubes have been considered by Charlier and
Michenaud (7.99). They found that the energy gained by adding a new cylindrical layer
to a central one was of the same order as the one in graphite bilayering. The optimum
interlayer distance between an inner (5, 5) nanotube and an outer (10, 10) tube was
found to be 0.339 nm. This is somewhat smaller than the 0.344 nm {002} spacing
found in turbostratic graphite. Experimental measurements show that the interlayer
spacings in nanotubes can vary quite considerably, but are typically around 0.34 nm
(see Section 5.3.1).

The extreme thermal stability of multiwalled carbon nanotubes was demonstrated
experimentally by Zettl’s group in 2007 (7.100). Using a specially designed thermal
platform compatible with extreme temperature operation and real-time TEM, they found
atomic-scale stability to temperatures approaching 3000 °C. This suggests that carbon
nanotubes are more robust than either graphite or diamond.

7.6 Discussion

A list of the physical properties of carbon nanotubes would be packed with superlatives.
The mechanical properties, for example, of the best quality nanotubes are superior to
those of any other known fibre. As we have seen, a whole series of studies have found
that arc-grown multiwalled tubes have Young’s moduli of around 1 TPa, with tensile
strengths of the order of 50GPa (although higher values for tensile strength have been
recorded in some studies). Similar figures were found for single-walled tubes. The only
other materials with properties which remotely approach these are conventional carbon
fibres, produced by pyrolysing organic precursors. However carbon fibres do not
possess the combination of properties that are found in nanotubes: they are either high
modulus or high strength, but not both. Carbon nanotubes also have extremely high
thermal stability, as noted in the preceding section. This stability partially explains the
exceptionally high electric current-carrying capability of the tubes, which was mentioned
in the previous chapter. The thermal conductivity of carbon nanotubes also seems to be
extraordinary. Values of greater than 3000Wm−1 K−1 at room temperature have been
found for arc-grown MWNTs. Considering these properties it is easy to understand the
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excitement which has surrounded carbon nanotubes. However it is important to recog-
nize that not all nanotubes possess such outstanding characteristics. In particular,
catalytically-produced MWNTs fall short in a number of areas, reflecting the relatively
high concentration of defects in these tubes. Thus, the studies of László Forró and
colleagues found an average figure for the elastic modulus of CVD-grown tubes of just
27GPa (7.31). It might be thought that the stiffness could be improved by annealing out
the defects. However, the Forró group found that even after heating to 2400 °C, the
highest moduli were still below 100GPa (7.32). Similarly the thermal conductivities of
catalytically-producedMWNTs are much lower than those of the arc-grown tubes (7.88).
It appears, therefore, that catalytically-grown MWNTs should not be used when the best
properties are required, and that there is still a need to develop methods for making
arc-quality tubes in large quantities.

As well as mechanical and thermal properties, the optical properties of nanotubes have
also been discussed in this chapter. These do not lend themselves so readily to applica-
tions, but the application of fluorescence spectroscopy is proving to be a valuable method
for identifying nanotube structure (although it only applies to semiconducting tubes).
Raman spectroscopy has also become an extremely important and widely-used way of
characterizing both bulk samples of nanotubes and individual tubes.
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8 Chemistry and biology of nanotubes

The first insights into the chemistry of carbon nanotubes grew out of efforts to open and
fill the tubes in the early 1990s. As described in Chapter 10, this work clearly demon-
strated one very basic aspect of nanotube chemistry: they are most reactive at the tips.
Indeed, the reaction of nanotubes with acids and other reagents could be exquisitely
selective, with attack occurring only at defective regions. Since this early work, interest
in the functionalization of carbon nanotubes has grown rapidly. In many studies the aim
of functionalization has been simply to solubilize the tubes, by attaching hydrophilic
species to these normally hydrophobic structures. However, as will be seen, the chemical
modification of nanotubes is proving to be valuable in a wide range of areas, from the
preparation of carbon nanotube composites to the production of sensors. As well as
covalent functionalization, there is great interest in ‘non-covalent functionalization’, i.e.
connecting molecules to nanotubes without actually forming chemical bonds. The
advantage of this approach is that it avoids disrupting the structure of the tubes, enabling
their full properties to be retained. Non-covalent functionalization can be achieved by
forming van der Waals bonds between planar groups and the tube walls, or by wrapping
molecules helically round the tubes. This chapter begins with an overview of the methods
that can be used to chemically functionalize carbon nanotubes. This is followed by a
discussion of functionalization with biomolecules. Interest in this area was greatly
stimulated by the demonstration that functionalized nanotubes can cross cell membranes,
suggesting that tubes could be used to ferry therapeutic agents into cells. Of course,
before any such applications can be considered it is essential to assess the potential
toxicity of carbon nanotubes, and a brief review of the work that has been carried out on
this subject is given at the end of the chapter.

8.1 Covalent functionalization

An exhaustive review of the rapidly growing field of nanotube chemistry would not
be possible here; instead the aim is to illustrate the various different ways in which
nanotubes can be functionalized through selected examples. For more comprehensive
treatments, a number of reviews are available (e.g. 8.1–8.6), of which the 2006 article
‘Chemistry of carbon nanotubes’ by Maurizio Prato and colleagues (8.5) can be parti-
cularly recommended.



8.1.1 Functionalization of nanotube ends and defects

As already noted, functionalization of nanotube ends and defects occurs when acids
are used in nanotube purification and opening. Among the acids and acid mixtures that
have been used for this are HNO3 (8.7), HNO3 + H2SO4 (8.8) and H2SO4 + KMnO4 (8.9).
Such treatments result in the formation of carboxyl and other groups at the sites attacked by
the acid. Further functionalization can be achieved by reaction with these groups. Robert
Haddon and colleagues from the University of Kentucky were among the first to use this
approach. In 1998 they described a method for condensing long-chain alkylamines with
carboxyl groups attached to the ends of shortened SWNTs (8.10). This was achieved
by activating the carboxyl groups with thionychloride and then reacting with octadecyla-
mine, as in Fig. 8.1. The tubes had substantial solubility in chloroform, dichloromethane,
aromatic solvents (benzene, toluene, chlorobenzene, 1,2-dichlorobenzene) and CS2. Having
successfully solubilized shortened SWNTs by ‘end-functionalization’ Haddon and collea-
gues then demonstrated the solubilization of full-length SWNTs (8.11). They achieved this
by carrying out a treatment that simultaneously broke up the SWNT ropes and formed an
octadecylammonium SWNT-carboxylate zwitterion.

Also in 1998, the Smalley group demonstrated that end-functionalization could
be used to connect together single-walled nanotubes (8.12). This work, previously
discussed in Chapter 4 (Section 4.4.1), involved firstly cutting the tubes into short lengths
by sonicating in acid. The shortened tubes were treated with thionyl chloride and then
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with NH2–(CH2)11–SH to produce an amide link between the alkanethiol and the
nanotube ends. Gold particles were then anchored to the thiol-derivitized tips of the
tubes, and used as links for connecting tubes together.

In another notable early study, Charles Lieber and colleagues from Harvard described
the use of functionalized nanotubes as tips for atomic force microscopy (8.13, 8.14).
Multiwalled tubes were opened and shortened by treatment in an oxidizing environment.
Various functional groups were then attached to the carboxyl groups at the open tip ends,
and the tubes were then used to sense specific interactions with functional groups on
substrates. The use of nanotubes as tips for AFM is discussed further in Chapter 11.

Researchers from Clemson University, South Carolina, have grafted polymers with
amino terminal groups, such as poly(propionylethylenimine-co-ethylenimine) (PPEI- EI),
onto oxidized nanotubes through amide formation (8.15). The resulting polymer-grafted
SWNTs and MWNTs are highly soluble in most common organic solvents and water.
The aqueous suspensions had useful optical limiting properties. The same reaction was
also used to covalently attach polymers such as poly(vinyl acetate-co-vinyl alcohol)
(PVA-VA) onto oxidized carbon nanotubes. Karl Coleman and colleagues have prepared
iodinated SWNTs by treating oxidized tubes with elemental iodine and iodosobenzene
diacetate (8.16).

Adding silyl moieties to the walls of nanotubes is of interest in connection with
incorporating the tubes into composite materials, and possibly adjusting their electrical
properties. Masami Aizawa and Milo Shaffer described the silylation of multiwalled
tubes by reaction of various silyl sources with polar groups introduced onto the tubes
surface by acid oxidation (8.17).

In 2004, Liming Dai’s group demonstrated the asymmetric end-functionalization
of multiwalled nanotubes (8.18). In order to achieve this, aligned films of MWNTs
were grown on substrates and then removed and placed on the surface of a liquid such
as water or alcohol. Because of the tubes’ hydrophobic nature, the films floated on the
liquid surface, enabling just one end of the tubes to be functionalized. The films could
then be inverted and a different functional group attached to the opposite ends.
Functionalization was carried out photochemically. This ingenious approach has poten-
tial for the self-assembly of large numbers of nanotubes.

8.1.2 Functionalization of sidewalls

The preceding section was mainly concerned with the functionalization of nanotubes
that had been previously oxidized. The functionalization of nanotube sidewalls usually
involves the direct treatment of ‘pristine’ tubes. As Prato et al. have pointed out (8.4, 8.5),
some important lessons about the reactivity of nanotube sidewalls can be gained from a
consideration of fullerene chemistry (8.19, 8.20). Studies of different fullerenes have
shown that their reactivity in addition reactions depends very strongly on curvature.
An increase in the curvature of the carbon shell results in a greater pyramidalization of
the sp2 atoms, and therefore an increased tendency to undergo addition reactions. This
effect is illustrated by the case of C70, in which the bonds at the poles are much more
reactive than those around the flatter equatorial region. Addition to the equatorial atoms

206 Chemistry and biology of nanotubes



requires very reactive species, such as arynes, carbenes or halogens. In the case of
nanotubes, the curvature is considerably less than that of small fullerenes like C70, so
functionalization of the sidewalls will only occur if a highly reactive reagent is used. It
also follows that small diameter nanotubes are likely to display enhanced reactivity
relative to larger-diameter tubes. As mentioned in Chapter 4 (Section 4.5.3) it has been
suggested that metallic SWNTs may be more reactive than semiconducting tubes,
although there is little clear evidence for this. The most important methods employed
for sidewall functionalization are now outlined.

Fluorination
One of the first attempts to functionalize the sidewalls of SWNTs involved fluorination
and was described by workers from Rice in 1998 (8.21). The starting material for these
experiments was purified buckypaper, and this was treated with elemental fluorine at
temperatures between 150 –600 °C. For tubes treated at 600 °C, the degree of fluorination
was estimated to be 0.1–1. Treatment of the functionalized tubes with hydrazine at room
temperature caused defluorination, apparently restoring the tubes to their original struc-
tures. Subsequent work revealed that the fluorinated SWNTs could be dissolved in
alcohols by ultrasonication (8.22). Elemental fluorine has subsequently been used by a
number of groups to fluorinate nanotubes (e.g. 8.23), and the use of XeF2 has also been
explored (8.24). Fluorination has been used as the basis for further functionalization of
nanotubes, for example using alkyl lithium reagents.

Addition of carbenes
At about the same time as the Rice work on fluorination, Haddon and colleagues
demonstrated the functionalization of nanotube sidewalls using a carbene. It is well
established that 1,1-dichlorocarbene can attack C=C bonds connecting two adjacent
six-membered carbon rings, as shown in Fig. 8.2. Haddon and colleagues used
this reaction to derivatize firstly insoluble SWNTs, and then shortened SWNTs dissolved
in toluene (8.25). The dichlorocarbene was generated from the mercury complex
PhCCl2HgBr.

Although carbenes normally react with carbon double bonds by forming a cyclo-
propane ring, there are cases where just a single covalent bond is formed between the
substrate and a zwitterionic adduct. A carbene that reacts in this way is the dipyridyl
imidazolium carbene. This carbene has been used to functionalize fullerenes, and in 2001
was used by Andreas Hirsch of the University of Erlangen and colleagues to functiona-
lize SWNTs (8.26), as shown in Fig. 8.3. The derivitized nanotubes were quite soluble in
dimethyl sulphoxide (DMSO).

cl
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Fig. 8.2 The addition of dichlorocarbene to a double bond in a hexagonal network.
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Addition of nitrenes
Hirsch and colleagues also demonstrated the functionalization of nanotube sidewalls using
nitrenes, as shown in Fig 8.4 (8.27). Alkyl azides were used as the nitrene precursors, and
the resulting functionalized SWNTs were again found to be soluble in DMSO. Maxine
McCall and colleagues from CSIRO Molecular Science, Australia, have used azide
photolysis to functionalize MWNTs (8.28), and then to attach DNA oligonucleotides to
the tubes, as discussed further below (Section 8.4.2).

Modification via 1,3-dipolar cycloaddition of azomethine ylides
1,3-dipolar cycloaddition of azomethine ylides can be used to functionalize C60. This
reaction, first demonstrated by Maurizio Prato and colleagues (8.29) has become known
as the Prato reaction. The reaction can also take place on nanotube surfaces, and has been
used by Prato, Hirsch and colleagues to solubilize SWNTs and MWNTs (8.30). The
ylides were generated by condensation of an α-amino acid and an aldehyde, as in Fig 8.5.
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The triethylene glycol group was chosen as the N-substituent group of the α-amino acid
due to its high-solubilizing power, and various aldehydes were employed. Single-walled
nanotubes modified in this way showed a high solubility in chloroform (up to 50 g l− 1),
and other organic solvents and even in water.

Prato and co-workers showed that the functionalization of SWNTs with azomethine
ylides could be used to purify SWNTs produced by the HiPco process (8.31). In
subsequent work, the same group (8.32) demonstrated that SWNTs functionalized in
this way were able to associate with plasmid DNA through electrostatic interactions, as
discussed in Section 8.4.2 below.

In 2006 French researchers described an alternative method for the covalent functiona-
lization of SWNTs by azomethine ylides (8.33). Their approachwas based on the generation
of the 1,3-dipole by double deprotonation of the corresponding trialkyl-N-oxide. They
claimed that their approach resulted in the selective functionalization of semiconducting
tubes, and hence provided a method for separating these from metallic tubes.

Solution-phase ozonolysis
Sarbajit Banerjee and StanislausWong of the State University of NewYork, Stony Brook
have used ozonolysis to functionalize SWNT sidewalls (8.34). Ozonolysis was carried
out at low temperature in the solution phase. Ozone (O3) adds to the double bonds of
the sidewalls through a 1,3-dipolar cycloaddition similar to the addition of azomethine
ylides. This forms a rather unstable ozonide, which can be cleaved to yield a range
of functional groups, including aldehydic, ketonic, alcoholic and carboxyl groups. In
subsequent work they showed that smaller tubes reacted more readily in the ozonolysis
reaction than larger tubes (8.35). As well as leading to functionalized tubes, ozonolysis
also purifies the nanotube samples, as described in Chapter 4 (Section 4.2.2).

Addition of radicals
Radicals have been quite widely used for nanotube functionalization. In some cases this
has been achieved electrochemically, as discussed below, and in other cases thermal and
photochemical methods have been used. In a study published in 2003, the Rice group
generated radicals by thermally decomposing alkyl or aryl peroxides and used them to
produce phenyl and undecyl sidewall functionalized SWNTs (8.36). László Forró and
colleagues described a similar method at about the same time (8.37). The photoinduced
addition of perfluorinated alkyl radicals to tube walls has been described by Hirsch et al.
(8.2). This was accomplished by illuminating a mixture of SWNTs and an alkyl iodide
with a mercury lamp. As already mentioned, McCall et al. used azide photochemistry to
functionalize MWNT sidewalls (8.28).

Silylation
The work of Aizawa and Shaffer on silylation of MWNTs (8.17) was mentioned
above. In this work, silylation was achieved by reacting silyl sources with acid-oxidized
tubes. In 2006, Hemraj-Benny and Wong described the silylation of pristine single-
walled tubes (8.38). Two different organosilanes were used, trimethoxysilane and
hexaphenyldisilane, and the reactions were activated by UV irradiation. Examination

8.1 Covalent functionalization 209



of the functionalized tubes by electron microscopy and various types of spectroscopy
suggested that they had not been structurally damaged by the chemical treatment.

Electrochemical reactions
The electrochemical approach is a potentially valuable method for the chemical alteration
of nanotubes, as the extent of reaction can be directly adjusted by an applied potential.
Workers from Rice University have derivatized SWNTs via electrochemical reduction of
a variety of aryl diazonium salts (8.39). This resulted in the formation of a bond between
the nanotube surface and a benzene ring. Spectroscopic characterization of functiona-
lized tubes suggested that the tubes’ electronic properties had been drastically altered.
In subsequent work, a group from Stuttgart (8.40), demonstrated that using single-
walled nanotubes as either the anode or the cathode in an electrochemical cell enabled
oxidation or reduction of small molecules to occur at the nanotube surface, forming
radical species that could then attack the carbon lattice to form covalent bonds. Reductive
coupling resulted in C–C bond formation, while oxidative coupling resulted in the
attachment of amines through an NH group, as in Fig. 8.6. The growth of polymerized
layers up to 6 nm thick was demonstrated.

In a unique study published in 2007, Philip Collins and colleagues from the University
of California, Irvine, used electrochemistry to control and monitor covalent functionali-
zation of individual SWNTs (8.41). The nanotubes were grown by CVD on oxidized
Si wafers and connected to metal electrodes on the wafers. The devices were then placed
in an electrochemical cell with an acidic electrolyte solution. By applying a potential, an
electrooxidation reaction could be induced, resulting in large jumps in conductance,
which could be attributed to individual oxidation events. The potential could be switched
off with microsecond accuracy, thus stopping the reaction after just a single chemical
event. This approach has great potential for studying functionalization, and possibly for
constructing molecular circuits.

Attachment of Polymers
There has been interest in covalently attaching polymers to nanotubes, with the specific aim
of improving bonding in nanotube/polymer composites (see also Section 9.1). In 2003,
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Ajayan’s group reported a method for preparing polystyrene-grafted single-walled nano-
tubes by firstly treating the tubes with sec-butyl lithium and then using these as initiators
for the anionic polymerization of styrene (8.42). A short time later Jonathan Coleman and
co-workers described a similar technique, this time with halogenated polymers (8.43).

8.2 Non-covalent functionalization

The use of commercial surfactants to enhance the solubility of nanotubes can be thought
of as a kind of non-covalent functionalization. The ionic surfactant sodium dodecyl
sulphate (SDS), widely employed in household products such as shampoo and shaving
foam, was found to be of great value in solubilizing both MWNTs and SWNTs. Its use
in the purification of MWNTs was mentioned in Chapter 4, while the use of SDS in
suspending single-walled tubes for fluorescence spectroscopy was discussed in Chapter 7.
Typically, about 1% of SDS is added to the aqueous suspension, and ultrasonication is
frequently used to facilitate dispersion. In some cases the surfactant molecules form
ordered layers on the nanotube surfaces (8.44). Ionic surfactants work by transferring a
charge to the surfaces of the nanotubes. The nanotubes are then dispersed by electrostatic
forces, and the behaviour of the dispersion will show a strong dependence on pH. Arjun
Yodh and colleagues from the University of Pennsylvania have showed that sodium
dodecyl benzene sulphonate (SDBS) can be more effective than SDS in dispersing
SWNTs in water, because it contains a benzyl ring (8.45). Non-ionic surfactants (e.g.
triton X-100) have also been used to solubilize nanotubes, for example in the production of
composites (8.46). These operate using a combination of hydrogen bonding and/or steric
dispersion forces. At high concentrations the surfactants formmicelles, with the nanotubes
held in the hydrophobic core of the micelles.

Apart from the use of surfactants, there are essentially two different approaches to the
non-covalent functionalization of nanotubes. The first is to employ relatively small
molecules containing planar groups that irreversibly adsorb to the nanotube surfaces
by π-stacking forces, while the second involves wrapping larger polymeric molecules
around the tubes. The first approach was pioneered by Hongjie Dai’s group in 2001
(8.47). The molecule they used possessed a planar pyrenyl group to form the van der
Waals bonds, as shown in Fig. 8.7, and a ‘tail’ consisting of a succinimidyl ester group.
It was shown that biomolecules could be immobilized on the nanotube sidewalls by
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Fig. 8.7 Non-covalent functionalization of SWNTwith 1-pyrenebutanoic acid, succinimidyl ester (8.47).
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forming bonds with this group, as discussed in Section 8.4.1. Following this pioneering
work, pyrenes have been quite widely used to solubilize nanotubes (8.48, 8.49) and
to attach species such as magnetic nanoparticles (8.50) and fullerenes (8.51) to
nanotubes.

Heterocyclic polyaromatic molecules such as porphyrins and phthalocyanines
have also been used for the non-covalent functionalization and solubilization of
nanotubes (e.g. 8.52–8.54). The interaction of these molecules with SWNTs is
believed to be essentially van der Waals in nature, like that of pyrenes. A detailed
discussion on the interactions between single-walled nanotubes and pyrenes, por-
phyrins and other molecules has been given by Dirk Guldi, Maurizio Prato and
colleagues (8.55).

The second approach to the non-covalent functionalization of SWNTs involves
helically wrapping the tubes with a polymer. Of course, the interaction of nanotubes
with polymers has been intensively studied in connection with the production of
composite materials, and this is covered in the next chapter. Here we are primarily
concerned with the use of polymeric systems to solubilize nanotubes.

Fig. 8.8 Models of wrapping arrangements of a PVP polymer around an (8, 8) nanotube (8.56).
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In 2001 the Smalley group described the solubilization of SWNTs by non-
covalently associating them with linear polymers such as polyvinyl pyrrolidone (PVP)
and polystyrene sulphonate (PSS) (8.56). The polymers were found to wrap around the
tubes. Some possible wrapping arrangements are shown in Fig. 8.8. The nanotubes could
be unwrapped by changing the solvent system. At about the same time, Fraser Stoddart
and James Heath of the University of California, Los Angeles, and their colleagues
reported similar experiments using the conjugated polymer poly(m-phenylenevinylene)
substituted with octyloxy chains. By adding SWNTs to a solution of this polymer and
sonication the mixture, they were able to produce a stable nanotube suspension
(8.57). In further work (8.58) they used related polymers to wrap both individual
nanotubes and small nanotube bundles. They believe that this approach could even-
tually be used to assemble nanoscale electronic devices. The UCLA group have
also used stilbenoid dendrimers for the non-covalent functionalization of SWNTs
(8.59, 8.60), as illustrated in the molecular model shown in Fig. 8.9. The authors
believe that these relatively rigid polymers, with their well-defined structures, should
be particularly useful in breaking up bundles of nanotubes and stabilizing individual
tubes.

A number of other studies of the non-covalent functionalization of nanotubes using
polymers have been described, including the use of crosslinked, amphiphilic copolymer
micelles (8.61), pyrene-containing poly(phenylacetylene) chains (8.62) and poly(pheny-
leneethynylene) (8.63). A useful review has been given by Peng Liu (8.64).

Fig. 8.9 Model of stilbenoid dendrimer wrapped around a (10, 10) nanotube (8.60).
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8.3 Characterizing chemically functionalized nanotubes

Preceding sections have been illustrated with various reaction schemes showing the
formation of covalent and non-covalent bonds with carbon nanotubes. In fact, achieving
clear evidence that such bonds have been formed is often difficult. There are a number of
reasons for this. To begin with, most samples are contaminated with non-nanotube
carbon, and this material can also become functionalized. There is also the problem
that tubes with a range of different structures and sizes are always present, and this can
complicate the analysis of functionalized samples. Finally, when spectroscopic techni-
ques are used, the interpretation of spectral features themselves is not always straightfor-
ward. Despite these difficulties, a number of different forms of spectroscopy have been
used to analyse functionalized nanotubes, including X-ray photoelectron spectroscopy
(8.16, 8.40, 8.65), infrared (8.21, 8.40), Raman (8.16, 8.21, 8.30, 8.36, 8.37) and
ultraviolet–visible spectroscopy (8.30, 8.36). Direct imaging of functional groups on
nanotubes sidewalls by transmission electron microscopy has not yet been demonstrated,
but TEM is useful in establishing whether the structure of the tubes has been affected by
functionalization. Energy dispersive X-ray microanalysis in the TEM can also be used to
confirm the presence of non-carbon species attached to tubes.

8.4 Biological functionalization

Probably the earliest work on the interaction of biological molecules with carbon nano-
tubes was that carried by Malcolm Green and Edman Tsang from Oxford and their
colleagues in the mid 1990s (8.66–8.68) (see also Chapter 10, p. 252). The initial aim of
this work was to insert the molecules inside the tubes, but it was also found that biomo-
lecules including enzymes and DNA oligomers could be immobilized on the tube surfaces.
Such combinations of conducting nanotubes with biomolecules might have applications
in nanoscale sensing devices. Probably the earliest actual use of bio-functionalized nano-
tubes was the above-mentioned work by Lieber and colleagues in which modified
MWNTs were used as tips for AFM (8.13, 8.14). In one of these studies, biotin ligand
was covalently linked to nanotube tips by the formation of amide bonds, and the modified
tips were then used to probe immobilized streptavidin molecules adsorbed on mica. In
this way it proved possible to measure the binding forces between the biotin-streptavidin
pairs (see also p. 278). Since these pioneering studies, interest in the biological functiona-
lization has exploded, and the following sections can only give a snapshot of this subject.
Once again, a number of excellent reviews have been published (8.69–8.71).

8.4.1 Proteins

Proteins can be bound to nanotubes by non-specific adsorption, as demonstrated by the
Oxford group, or by more specific links, either covalent or non-covalent. In the case of
non-specific adsorption, the observed strong bonding of proteins may be partly a result of
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the amino affinity of carbon nanotubes. Covalent or non-covalent bonding of a range
of proteins has been achieved via one of the various functionalization strategies discussed
in previous sections.

In an interesting study of the non-specific adsorption of proteins, French researchers
(8.72) reported in 1999 that streptavidin and HupR (a transcriptional regulator from a
photosynthetic bacterium) were adsorbed onto MWNT surfaces in an ordered way,
forming a helical structure. It was suggested that crystallizing proteins on nanotubes
could be useful in structural investigations by TEM. Hongjie Dai and co-workers studied
the interaction of streptavidin with SWNTs (8.73). They found that, like MWNTs,
SWNTs could be readily coated with the protein. Single-walled tubes can also be
solubilized by sonication in the presence of streptavidin, as shown by a joint US–Italian
group (8.74). In some applications, such as in the development of specific biosensors,
the nanotube surfaces need to be receptive to some proteins while rejecting others.
Dai et al. demonstrated (8.75) that this could be achieved by coating the tubes with a
poly-(ethylene oxide)-containing surfactant, and then conjugating specific receptors to
the coated tubes. The adsorption of specific proteins to the functionalized tubes could
then be detected electronically, as also discussed in Chapter 11 (p. 282). Both the Oxford
(8.76) and Clemson (8.77) groups reported strong adsorption of ferritin onto SWNTs in
an aqueous environment. The Clemson workers reported that ferritin adsorption was in
fact so significant that it resulted in the solubilization of the SWNTs in water.

As discussed in Section 8.2, Hongjie Dai and colleagues have demonstrated the
non-covalent binding of a molecule possessing a planar pyrenyl group to the surfaces of
SWNTs (8.47). The ‘tail’ of this molecule consisted of a succinimidyl ester group. These
workers demonstrated that proteins could be immobilized on the nanotubes by using a
reaction that involved the nucleophilic substitution of the succinimide by an amine group
on the protein, resulting in the formation of an amide bond. The immobilization of other
biomolecules, including ferritin and streptavidin was also demonstrated. Figure 8.10 shows
the immobilization of ferritin on SWNTs supported on a SiO2 substrate.

Fig. 8.10 Immobilization of ferritin on SWNTs, from the work of Dai et al. (8.47). (a) AFM image showing
SWNT bundle before adsorption of ferritin, (b) image showing ferritin molecules adsorbed on
SWNTs.
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A great deal of work has also been carried out on the binding of enzymes to nanotubes,
partly due to possible applications in sensors. The early work of the Oxford group on
the immobilization of enzymes on both the inner and outer surfaces of MWNTs has
already been mentioned (8.66, 8.68). It was demonstrated in this work that the enzymes
retained moderate bioactivity while attached to the tubes. In 2004, workers from the
Rensselaer Polytechnic Institute, New York, studied the activities of two enzymes,
R-chymotrypsin (CT) and soybean peroxidase (SBP), adsorbed onto SWNTs (8.78).
The soybean peroxidase retained up to 30% of its native activity upon adsorption, while
the adsorbed R-chymotrypsin retained only 1% of its native activity. Analysis using
FT–IR spectroscopy showed that both enzymes underwent structural changes upon
adsorption. A group from Arizona State University showed that enzyme multilayers
on MWNTs exhibited remarkably sensitive electrochemical detection of proteins and
nucleic acids (8.79), while Australian researchers have attached the enzyme glucose
oxidase (GOx) to vertically aligned arrays of SWNTs on gold, for possible use as a
sensing device (8.80). Cees Dekker’s group (8.81) used a planar pyrenyl group linking
molecule to immobilize glucose oxidase on semiconducting SWNTs grown on a silicon
wafer. They used the GOx-decorated SWNTs as sensors to measure enzyme activity as
discussed further in Chapter 11 (p. 283).

Much of the work on the bio-functionalization of nanotubes has been aimed at possible
therapeutic applications. In this connection, a very important development has been the
discovery that functionalized tubes can pass through cell membranes. It appears that the
first demonstration of this was given in 2004 by a European team led by Alberto Bianco,
Kostas Kostarelos and Maurizio Prato (8.32). This work, which involved the transport
of plasmid DNA into mammalian cells is discussed further below. A short time later
Nadine Kam and Hongjie Dai reported that protein-functionalized nanotubes could cross
cell membranes (8.82). The mechanism of this process was believed to be endocytosis,
in which cells absorb external bodies by engulfing them with protrusions of their cell
membranes. In a further study Dai’s group showed that nanotubes could be targeted
to cancer cells growing in culture and used to kill the cell with high temperature (8.83).
This was accomplished by attaching folic acid to the surface of the nanotubes. Folic acid
binds to a folic acid receptor protein found in abundance on the surfaces of many types of
cancer cells.

A more direct way of targeting cancer cells would be to use antibodies specific to
antigens on the surfaces of cancer cells. Antibody-functionalized nanotubes might also
be useful in biosensors. With these kinds of applications in mind, several groups have
explored the binding of antibodies to nanotubes. James Rusling of the University of
Connecticut prepared aligned arrays of SWNTs using a Langmuir–Blodgett method, and
then attached antibodies to the ends of the tubes (8.84). These were then used in an
electrochemical sensor which could detect low levels of the prostate specific antigen
secondary antibodies.

Balaji Panchapakesan of the University of Delaware and his co-workers have shown
how antibody-functionalized nanotubes might be used in photodynamic therapy for
breast cancer (8.85). Monoclonal antibodies specific to breast cancer cells were attached
to SWNTs using a succinimidyl ester link. The complexes were attached to specific
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cancer cells, and then excited with near-infrared radiation using lasers. This generated
enough heat to destroy the cells. Antibody-functionalized nanotubes have also been used
to deliver radioactive therapeutic agents to tumours (8.86).

8.4.2 Nucleic acids

Attaching DNA and other nucleic acids to nanotubes is potentially interesting for a
number of reasons. At a fairly simple level, functionalizing nanotubes with nucleic acids
might provide a useful method for solubilizing the tubes. Nucleic acid-modified nano-
tubes might also be useful in sensors, and there is the possibility that DNA-guided
assembly could be used to build nanotube networks. Perhaps most excitingly, nanotubes
could be used to deliver therapeutic DNA into cells. Work on the preparation and
applications of DNA-nanotube complexes is now briefly reviewed.

Ming Zheng and colleagues from DuPont, with colleagues from MIT and the
University of Illinois at Urbana-Champaign were among the first to explore the solubi-
lization of nanotubes with DNA (8.87–8.89), as already discussed in Chapter 4 (p. 101).
They showed that bundled SWNTs could be dispersed in water by sonication in the
presence of single-stranded DNA (ssDNA). Optical absorption and fluorescence spectro-
scopy and AFM measurements provided evidence for individually dispersed carbon
nanotubes. Molecular modelling suggested that the ssDNAwas helical wrapped around
the tubes, with the bases innermost, bound to the surface by π–π interactions, and the
hydrophilic sugar–phosphate backbone pointing outwards and providing the solubility
in water. They also demonstrated that DNA-coated carbon nanotubes could be separated
into fractions with different electronic structures by ion-exchange chromatography.
A number of other groups have used DNA to solubilize nanotubes (e.g. 8.90–8.92).

Zheng and colleagues have explored the use of DNA-wrapped single-walled tubes as
sensing devices. In an initial study, they showed that SWNTs could detect subtle
rearrangements in the structure of adsorbed DNA induced by metal ions (8.93). They
began by wrapping DNA molecules around the tubes, and then introduced various ions
(e.g. Ca2+, Hg2+, Na+), which induced a conformational change in the DNA. This
reduced the contact area between the DNA and the tubes, resulting in a perturbation of
the electronic structure, which produced changes in the IR spectra. The system therefore
acts as a sensor, and Zheng’s group demonstrated that it could detect Hg2+ ions in whole
blood, ink and living mammalian cells and tissues. In a subsequent paper (8.94) they
described using a similar method to detect specific DNA sequences. This was accom-
plished by wrapping single strands of DNA around the tubes, and then using this to detect
the binding of complementary DNA strands. This kind of sensor could be used in the
detection of cancer-related genes or in identifying infectious organisms.

As well as studies of non-specific interactions of DNA with nanotubes, there has
been a large amount of work on the covalent bonding of DNA to tubes. One of the first
demonstrations was given by Chris Dwyer and colleagues of the University of North
Carolina at Chapel Hill (8.95). Single-walled nanotubes were firstly purified in HNO3 and
then oxidized in a HNO3/H2SO4 mixture to produce a solution of open-ended tubes with
terminal carboxyl groups. A condensation reaction was then carried out between these
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carboxyl groups and amino-terminated DNA strands, to form amide bonds between the
tube ends and the DNA. As mentioned earlier, Australian workers have used azide
photolysis to functionalize MWNTs (8.28, 8.96), and then to attach DNA oligonucleotides
to the tubes. The sites of DNA attachment were visualized by binding gold nanoparticles
modified with DNA of complementary sequence to the functionalized tubes.

Several groups have shown that carbon nanotubes functionalized with DNA can be
used as sensitive DNA sensors (e.g. 8.97–8.100). As an example, Liming Dai and
colleagues covalently attached specific DNA sequences to nanotubes and used these to
sense complementary DNA and DNA chains of specific sequences with a high sensitivity
and selectivity (8.99).

DNA has also been used to assemble nanotube networks. In one of the first examples of
this, Israeli researchers showed in 2003 that the interactions of proteins and DNA could be
used to assemble nanotubes into a field-effect transistor which operated at room tempe-
rature (8.101) (see also p. 94 and p. 167). At about the same time, Huijun Xin and Adam
Woolley from Brigham Young University described the use of aligned DNAmolecules on
a Si substrate to position single-walled tubes (8.102). Pyrenemethylamine (PMA)was used
as a bridging compound between the DNA and the tubes. The amine group of thismolecule
is attracted electrostatically to the negatively charged phosphate backbone of DNA, while
its pyrenyl group interacts with SWNT surfaces through stacking forces. AFM images
showed that over 60% of all the deposited SWNTs on substrates were aligned on DNA
fragments. The use of DNA to manufacture networks of nanotubes and other nanostruc-
tures is still at an early stage of development. Prospects for the field have been reviewed
(8.103–8.105).

The use of nanotubes to deliver DNA into cells for possible gene therapy is also a very
new area of research. As mentioned above the first demonstration of this seems to be
the 2004 work by Bianco, Kostarelos and Prato (8.32). In this work, plasmid DNA was
attached to ammonium-functionalized nanotube walls. The functionalized tubes were then
brought into contact with a culture of mammalian cells, and observed to enter the cells. This
pioneering work stimulated great interest, and there are undoubtedly many groups around
the world attempting to use nanotubes to ferry nucleic acids into cells. To date, however,
there have been relatively few published studies. One example is a 2007 paper by Hongjie
Dai’s group which describes a way in which RNA-functionalized nanotubes could be
used to block HIV infection (8.106). The short RNA fragments were attached to SWNT
sidewalls via amine groups and the nanotube–RNA hybrids were then introduced into
human T-cells and primary blood cells. The RNA fragments ‘switched off’ the genes for
HIV-specific receptors cell surfaces, thus inhibiting attack by HIV viruses.

As well as the review paper already cited, there are some general reviews on carbon
nanotubes and DNA (8.107, 8.108).

8.5 Toxicity of carbon nanotubes

Research into the interaction of carbon nanotubes with biological systems, and into the
toxicity of nanotubes, is still at an early stage, and a consensus has yet to emerge on the
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safety and biocompatibility of nanotubes. The aim of this section, therefore, is merely to
highlight some of the studies which have been done in this field, without making any
attempt to draw definitive conclusions.

To begin, it is worth considering the biocompatibility of some well-established forms
of carbon. As pointed out by Darren Martin and colleagues in a useful review (8.109),
carbon materials, including pyrolytic carbon and diamond-like carbon, are already quite
widely used in medicine. On the other hand, high-purity carbon black has been reported
to increase oxidative stress in human lung cells in vitro (8.110) and pulmonary tumours in
rats (8.111). Significantly, the toxicity of small carbon black particles was found to be
greater than that of larger ones, which may suggest that special care needs to be taken
with highly dispersed carbon materials.

One of the first attempts to assess the health hazards of carbon nanotubes was carried
out by Andrzej Huczko and colleagues from the University of Warsaw in 2001 (8.112).
This group looked at the effect of nanotube-containing soot on the pulmonary function of
guinea pigs, and found no evidence of any abnormalities. However, in subsequent
studies, the same group reported that exposure to nanotubes could induce measurable
pulmonary pathology in guinea pigs (8.113, 8.114). Other groups have confirmed that
nanotubes can induce inflammation of the lung tissue of mice (8.115, 8.116). In a
highly-cited study published in 2004, David Warheit and co-workers described the
effects of instilling the lungs of rats with SWNTs (8.117). It was found that 15% of the
instilled rats died within 24 h, but this was attributed to mechanical blockage of the large
airways by aggregates of tubes, and not toxicity per se. This kind of blockage might not
occur if the nanotubes were breathed in, rather than deliberately instilled. Warheit has
therefore recommended that an inhalation toxicity study should be carried out using
aerosols of tubes (8.118).

There have been several studies of the cytotoxicity of carbon nanotubes, i.e. their
toxicity to individual cells. One of the first was reported in 2003 by Anna Shvedova of the
US National Institute for Occupational Safety and Health and colleagues who showed
that exposure to nanotubes resulted in damage to human keratinocyte (skin) cells (8.119).
On the other hand, Irish workers found that SWNTs had very low toxicity to human lung
cells (8.120). In an interesting study, workers from Rice found that the cytotoxicity of
sidewall functionalized SWNTs was significantly less than that of non-functionalized
tubes (8.121).

In their 2006 review, Martin and colleagues concluded that ‘there is still much work
to be done in establishing the toxicity and biocompatibility of carbon nanotubes’ (8.109).
Vicki Colvin of Rice put the situation more starkly in November 2007: ‘The bad news
is that we have way over five different opinions about carbon nanotube toxicity right
now’ (8.122). In the light of the continuing uncertainty in this area, it is obviously wise
to err on the side of caution when preparing and handling these materials. Although
it appears that nanotubes are less likely to become airborne than previously thought
(8.123), measures should be taken to avoid inhalation of nanotube-containing material.
The wearing of a face mask is therefore recommended. As far as contact with the skin is
concerned, there is little concrete data available here, but wearing gloves when handling
nanotube material would seem to be a sensible precaution. For further information on the
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interaction of carbon nanotubes with biological systems, several reviews are available
(8.109, 8.118, 8.124–8.127).

8.6 Discussion

The chemistry and biology of nanotubes has advanced rapidly in recent years. Until
about 1999, when the earlier version of this book was published, the chemical modifica-
tion of nanotubes was largely limited to the formation of carboxyl and other groups
at the tips by acid treatment. Subsequent work has shown that nanotube sidewalls can
be functionalized, using reactive species such as halogens, arynes or carbenes. In this
way, a wide range of molecules, including biomolecules, can be chemically attached to
the sidewalls. As well as covalent functionalization, great advances have also been made
in the non-covalent functionalization of nanotubes, either by π-bonding small molecules
to nanotube walls, or by coiling polymeric molecules around the tubes. Proteins, nucleic
acids and other biomolecules can also be non-covalently bonded to nanotubes.

The benefits of these advances are being felt across the whole of nanotube science. The
ability to solubilize and separate nanotubes has greatly facilitated both purification or
processing of the tubes. As discussed in the next chapter, functionalization is often used
in the preparation of carbon nanotube composites in order to improve the bonding
between the nanotubes and the matrix material. Several groups have also shown that
functionalization can be used as a means of arranging nanotubes into defined arrays or
networks. The production of both chemical and biological sensors using functionalized
nanotubes is another rapidly growing area, and the possibility of using nanotubes in
medical applications, including gene therapy, is creating much excitement.

Despite these important developments, there is still much to be done. We need a much
better understanding of the interaction of carbon nanotubes with biological systems, and
of their toxicity, before any medical applications can be envisaged. As far as carbon
nanotube chemistry is concerned, it could be argued that this will not reach maturity until
we have a totally reliable way of making tubes with a known structure. Only then will it
be possible to fully characterize chemically modified nanotubes using spectroscopic and
other methods.
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9 Carbon nanotube composites

Many of the outstanding properties of carbon nanotubes that were outlined in Chapters 6
and 7 and elsewhere in this book can be best exploited by incorporating the nanotubes
into some form of matrix. The exceptional mechanical properties in particular have
prompted huge interest in the production of nanotube-containing composite materials
for structural applications. In many cases these composites have employed polymer
matrices, but there is also interest in other matrix materials such as ceramics and metals.
Preparing such composites is not without its difficulties, however, owing to the tendency
of nanotubes to stick together, the challenge of forming bonds between tubes and matrix,
and problems associated with the physical properties of some nanotube–matrix mixtures.
The aim of this chapter is to give an overview of the very large amount of work that has
been carried out on carbon nanotube composites, and to assess how successful this work
has been in utilizing the full potential of nanotubes. The incorporation of nanotubes into
polymer matrices is considered first.

9.1 Preparation of carbon nanotube/polymer composites

9.1.1 Solution mixing

Perhaps the simplest method for preparing nanotube/polymer composites involves mix-
ing nanotube dispersions with solutions of the polymer and then evaporating the solvents
in a controlled way. This method has been used with a range of polymers, including
polyvinyl alcohol, polystyrene, polycarbonate and poly(methyl methacrylate). In order
to facilitate solubilization and mixing, the nanotubes are often functionalized prior
to adding to the polymer solution. In an early example of this approach, Windle and
colleagues used acid treatments to disperse catalytically produced MWNTs in water (see
also p. 87), and then made nanotube/PVA composites by simply mixing one of these
dispersions with an aqueous solution of the polymer and casting the mixtures as films
(9.1, 9.2). Subsequent studies of the effect of covalent functionalization on composite
properties have been made (9.3–9.5). Problems can sometimes arise with the compat-
ibility of functional groups with the polymer matrix. To avoid this, the nanotubes can be
functionalized with polymers that are structurally similar or identical to the matrix
polymers (see also p. 210). This approach has been used by Ya-Ping Sun from Clemson
University and co-workers to produce SWNT/PVA composites (9.6) and by Jonathan



Coleman of Trinity College Dublin et al. (9.7) to bond SWNTs with halogenated
polymers. n alternative to covalent functionalization is to add a surfactant to the
nanotube suspension (9.8, 9.9). The advantage here is that the structure of the tubes is
not disrupted.

Functionalization of the nanotubes, or the addition of a surfactant, is not always
necessary in order to prepare a polymer composite using the solution approach.
Rodney Andrews and colleagues from Kentucky used a high-energy ultrasonic probe
to disperse MWNTs in toluene and then mixed the dispersed suspension with a dilute
solution of polystyrene in toluene, again with ultrasonic agitation (9.10, 9.11). The low
viscosity of the polymer solution allowed the nanotubes to move freely through the
matrix. The mixture was cast on glass and the solvent removed to yield MWNT-doped
films. Specimens of the composite were prepared for TEM by placing drops of the mixed
solution onto Cu TEM grids. On evaporation of the toluene, a thin film of the composite
was left suspended across the grid bars. A micrograph of one of these films is shown in
Fig. 9.1, and this illustrates the excellent dispersion which was achieved. Note that in situ
polymerization has also been used to prepare nanotube/polystyrene composites, as
discussed below.

A potential problem with solution mixing is that the nanotubes can agglomerate
during solvent evaporation, leading to inhomogeneous distribution in the matrix. This
can be alleviated by spin-casting, which reduces evaporation time (9.12). An alternative
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Fig. 9.1 TEM image of MWNT/polystyrene thin film prepared by solution mixing with ultrasonic agitation,
from the work of Andrews et al. Inset shows the distribution of nanotube lengths (9.10).
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method based on coagulation has been developed by Karen Winey of the University of
Pennsylvania and colleagues (9.13). This involved pouring the nanotube/PMMA sus-
pension into an excess of non-solvent (water). The precipitating polymer chains then
entrap the tubes, preventing agglomeration.

The solution mixing method can be used to make nanotube ribbons and fibres. As
noted in Chapter 4 (p. 91), Ray Baughman and colleagues have infiltrated MWNT yarns
with PVA by soaking in a solution of the polymer, thus enhancing their mechanical
properties (9.14). In 2000, Philippe Poulin of the University of Bordeaux and co-workers
described a method to continuously produce SWNT/PVA ribbons (9.15). Their method
involved firstly dispersing the tubes in sodium dodecyl sulphate. The SWNT dispersion
was then injected through a syringe needle into a stirred PVA solution, where it formed
ribbons with diameters similar to that of the needle. Examination of the ribbons by SEM
showed that the SWNT bundles were preferentially oriented along the main axis, as a
consequence of flow-induced alignment. In a further development of this process,
Baughman’s group added a second stage, which involved unwinding the fibres then
washing and drying to produce composite fibres of potentially unlimited length (9.16).
The fibres, which were about 50 μm in diameter and contained approximately 60%
SWNTs by weight, displayed excellent mechanical properties, as discussed in Section
9.2.1 below.

Another technique that has been used to produce nanotube/polymer fibres is electro-
spinning. This involves loading a polymer solution (or melt) into a syringe, and driving
the liquid to the needle tip to form a droplet at the tip. The application of a large electric
field between the needle and a collecting electrode leads to a jet, which is elongated and
the process of solvent evaporation leads to the formation of fibres (9.17). Polymer fibres
containing multiwalled (9.18) and single-walled tubes (9.19) have been produced in
this way.

9.1.2 Melt processing

The solution mixing approach is limited to polymers that freely dissolve in common
solvents. An alternative is to use thermoplastic polymers (i.e. polymers that soften and
melt when heated), and then apply melt processing techniques. The downside is that
achieving homogeneous dispersions of nanotubes in melts is generally more difficult
than with solutions, and high concentrations of tubes are hard to achieve, due to the high
viscosities of the mixtures. However, the dispersion of nanotubes can be improved using
shear mixing. Also, melt processing lends itself to techniques such as extrusion and
injection moulding.

The Kentucky group used shear mixing to disperse catalytically-produced nanotubes in
a range of polymers including high-impact polystyrene, acrylonitrile-butadiene-styrene,
and polypropylene (9.20). The dispersion of nanotubes was determined as a function of
mixing energy and temperature and the composites were formed into fibres and thin
films. The Pennsylvania group with colleagues from NIST used melt mixing methods to
disperse SWNTs in polystyrene and polyethylene (9.21) and poly(methyl methacrylate)
(PMMA) (9.22). In the case of the PE composites, melt-spinning was used to produce
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fibres with a high degree of nanotube alignment. Other groups have also used melt
processing to produce nanotube/polyethylene and polypropylene composites (e.g. 9.23,
9.24). Petra Pötschke of the Polymer Research Institute in Dresden and colleagues used
a screw extruder to prepare MWNT/PE composites with weight fractions ranging from
0.1 to 10 wt% (9.23). The electrical conductivity of the composites were found to be more
than 16 orders of magnitude higher than that of PE. Good mechanical properties were also
observed, although these began to fall off above a certain loading of tubes.

Pötschke and colleagues have studied the use of melt processing techniques to
disperse nanotubes in polycarbonate (9.25–9.28). The approach they have used
involves firstly preparing a nanotube/polycarbonate ‘masterbatch’ with a high concen-
tration of tubes (typically 15 wt%). This is then carefully diluted with different amounts
of PC in a conical twin screw extruder to obtain different tube concentrations. Good
dispersions of catalytically produced MWNTs and SWNTs in PC resin were achieved
in this way. Extruded strands of the composite could also be produced using a fibre-
spinning apparatus. The nanotube/polycarbonate composites showed good mechanical
properties (9.26).

9.1.3 In situ polymerization

An alternative method for preparing nanotube/polymer composites is to use the monomer
rather than the polymer as a starting material, and then carry out in situ polymerization.
Wolfgang Maser and co-workers were among the first to use this method, to prepare a
MWNT/polyaniline composite (9.29). They showed that composites with MWNT load-
ings of up to 50 wt% could be produced in this way. Transport measurements on the
composite revealed major changes in the electronic behaviour, confirming strong inter-
action between nanotubes and polymer, as discussed later. Since this early work, many
other nanotube/polymer composites have been prepared using in situ polymerization,
including MWNT/polystyrene (9.30), MWNT/polyurethane (9.31), MWNT/polypyrrole
(9.32) and MWNT/nylon (9.33–9.35).

A large amount of work has been done on the preparation of nanotube/epoxy compo-
sites (e.g. 9.5, 9.36–9.41). This involves typically first dispersing the nanotubes in the
resin followed by curing the resin with the hardener. In most cases the epoxy begins life
in liquid form, facilitating mixing with nanotubes. One of the earliest studies of a
nanotube-containing epoxy, by Ajayan and colleagues, was not actually carried out
with the aim of producing a composite material. The objective was to obtain cross-
sectional images of nanotubes by embedding purified tubes into an epoxy resin and then
cutting it into thin slices with a diamond knife. However, no cross-sections were observed
following this treatment; instead, the nanotubes were found to have become aligned in the
direction of the knife movement, as shown in Fig. 9.2. According to Ajayan et al., the
alignment is primarily a consequence of extensional or shear flow of the matrix produced
by the cutting, although in some cases tubes appear to come into direct contact with the
knife and are pulled out of the matrix and oriented unidirectionally on the surface. In
more recent work, Australian researchers (9.39) showed that entangled MWNTs in an
epoxy matrix could be separated and aligned by continuous shear between steel discs.
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Some unconventional approaches to producing nanotube/epoxy composites have been
reported. Ben Wang’s group at the Florida Advanced Center for Composite Technologies
has produced SWNT/epoxy composites by infiltrating ‘buckypaper’ with acetone-diluted
epoxy (9.40), and reported good mechanical properties. Charles Lieber’s team have
produced thin films of nanotube/epoxy composite using a ‘bubble-blowing’ method
(9.41). In this work, MWNTs were firstly modified with n-octadecylamine and then
suspended in tetrahydrofuran. An epoxy was then added, mechanically mixed with the
nanotube suspension, and then allowed to cure. When the mixture reached a certain
viscosity range, it was blown into a bubble, as illustrated in Fig. 9.3. The films
produced in this way could be transferred to substrates or open frame structures. This
would seem to be a highly promising way of producing large-scale thin films of
nanotube-containing polymers.

9.1.4 Effect of nanotubes on polymer structure

Before proceeding to discuss the properties of carbon nanotube/polymer composites in
detail, it is worth briefly considering the effect that the inclusion of nanotubes can have
on polymer microstructure. Although this topic has not yet been widely studied, a
number of groups have demonstrated that the crystallization and morphology of the
polymers can be strongly affected by small additions of nanotubes. Thus Jonathan
Coleman and colleagues found that arc-produced MWNTs increased the crystallinity
of PVA (9.42, 9.43). The same effect was observed by researchers from Georgia Tech
(9.44) who recorded HRTEM images showing well resolved PVA (200) lattice fringes
oriented parallel to the nanotube axes. Nanotube-induced crystallization has also been
observed in a number of other polymers (e.g. 9.45–9.48), and may be an important factor
in determining the properties of composites.

It has been found that that the presence of nanotubes can promote stereochemical
selectivity in chiral polymers (9.49, 9.50). Wenhui Song and colleagues prepared

Fig. 9.2 Alignment of nanotubes in a polymer matrix following cutting with microtome (9.36).
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MWNT/polyaniline composite nanofibres using in situ polymerization (9.50) and found
that the polymer contained a high proportion of one of the enantiomers. The reasons for
this are not fully understood.

9.2 Properties of carbon nanotube/polymer composites

9.2.1 Mechanical properties

Much of the work on the preparation of nanotube/polymer composites has been driven by
a desire to exploit the tubes’ stiffness and strength. Even where the interest has been

(d)

Fig. 9.3 (a)–(c) Illustrations of the blown film extrusion process developed by Lieber and colleagues
for the production of nanotube/polymer thin films, (d) a photograph of an expanded bubble (9.41).
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focused on other properties, the ability of nanotubes to improve the mechanical char-
acteristics of a polymer has often been a valuable added benefit.

Shaffer and Windle were among the first to carry out a systematic study of the
mechanical properties of nanotube/polymer composites. Their technique for preparing
MWNT/PVA composites was described above (9.2). The tensile elastic moduli of the
composite films were assessed in a dynamic mechanical thermal analyser as a function of
nanotube loading and temperature. The stiffness of the composites at room temperature
was relatively low. From the theory developed for short-fibre composites, a nanotube
elastic modulus of 150 MPa was obtained from the room temperature experimental
data. This low value may have more to do with poor stress transfer than with the
weakness of the nanotubes themselves. Above the glass transition temperature of the
polymer (∼85°C), the nanotubes had a more significant effect on the properties of
the composite.

Jonathan Coleman and colleagues achieved rather better results in 2002 with compo-
sites made from PVA and arc-producedMWNTs (9.42). The composites were prepared by
solution-mixing and films were formed on glass substrates by drop casting. The presence
of 1 wt% of nanotubes increased the Young’s modulus and hardness of the PVA by factors
of 1.8 and 1.6 respectively. This improvement over the early results of Shaffer andWindle
reflects both the superior quality of the tubes and stronger interfacial bonding. Evidence
for the latter was provided by TEM studies. In more recent work (9.43), the same group
reported a 4.5-fold increase in the Young’s modulus of a PVAwith the addition of carbon
nanotubes. As noted above, it was found that the enhancement of the Young’s modulus
was partly due to a nanotube-promoted increase in polymer crystallinity.

The mechanical properties of nanotube/polystyrene composites were studied by the
Kentucky group (9.10). Two samples of catalytically-produced MWNTs were used, one
with an average length of ∼15 μm, the other with an average length of ∼50 μm. With the
addition of 1% nanotubes by weight they achieved a 36% and 42% increase in the elastic
stiffness of the polymer for short and long tubes respectively (the neat polymer modulus
was ∼1.2 GPa). In both cases a 25% increase in the tensile strength was observed.
Theoretical calculations, carried out assuming a nanotube modulus of 450 GPa, produced
increases of a 48% and 62% in the stiffness of the polymer for short and long tubes. The
close agreement, within ∼10%, between the experimental and theoretically predicted
composite moduli indicated that the external tensile loads were successfully transmitted
to the nanotubes across the tube–polymer interface. At higher nanotube concentrations,
the changes in the mechanical properties of the composites were more pronounced
(9.20). For MWNT/polystyrene composites containing from 2.5 to 25 vol.% nanotubes,
Young’s modulus increased progressively from 1.9 to 4.5GPa, with the major increases
occurring when the MWNT content was at or above about 10 vol.%. However, the
dependence of tensile strength on nanotube concentration was more complex. At the
lower concentrations (≤10 vol.%), the tensile strength decreased from the neat polymer
value of ∼40 MPa, only exceeding it when the MWNT content was above 15 vol.%.

In a study of nanotube-reinforced polyethylene by a group from the University of
Sydney (9.51), the Young’s modulus and tensile strength were found to increase by 89%
and 56%, respectively, when the nanotube loading reached 10 wt%. The Pennsylvania
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group (9.21) found that the tensile modulus of PE fibre was improved from 0.65 to
1.25GPa with the addition of 5 wt% SWNT. The same group also reported excellent
results with their SWNT/nylon composites (9.35): the incorporation of 2wt% SWNTs
produced a 214% improvement in elastic modulus and a 162% increase in yield strength
over pure nylon. These properties were undoubtedly partly due to the fact that functiona-
lized nanotubes were used, producing strong nanotube–polymer bonding. Perhaps
the most impressive mechanical properties were observed with the SWNT/PVA fibres
prepared by Baughman and colleagues (9.16). These had Young’s moduli of up to 80 GPa,
tensile strengths of 1.8 GPa and a very high toughness, suggesting applications such as
bullet-proof vests. In 2007, Poulin’s group showed that SWNT/PVA fibres prepared by the
coagulation spinning process had excellent shape-memory characteristics (9.52).

The tensile fracture mechanisms of nanotube/polymer composites have been quite
widely studied. In their work on MWNT/PS composites, the Kentucky workers per-
formed deformation studies inside a transmission electron microscope (9.10). Their
elegant method of preparing TEM specimens was described above. Focusing the electron
beam onto the thin film resulted in local thermal stresses which initiated cracks in the
composite. The propagation speed of the crack could be controlled by varying the beam
flux onto the sample. These in situ TEM observations showed that the cracks tended to
nucleate at low nanotube density areas then propagate along weak nanotube/polymer
interfaces or relatively low nanotube density regions. The nanotubes became aligned
perpendicular to the crack direction and bridged the crack faces in the wake, as shown in
Fig. 9.4. When the crack opening displacement exceeded ∼800 nm, the nanotubes began

Fig. 9.4 ATEM image of a crack in a MWNT/polystyrene thin film induced by thermal stresses (9.10).
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to break and/or pull out of the matrix. The fact that some of the pulled-out tubes do not
appear to be coated with polymer suggests that there is room for improvement in
nanotube–polymer bonding.

It is interesting to compare the work of the Kentucky group with a study by Paul Watts
andWen-Kuang Hsu of the University of Sussex (9.53). These workers also used TEM to
study the fracture behaviour of a nanotube/polymer composite. Their composite con-
sisted of arc-grownMWNTs embedded in a diblock copolymer known asMPC-DEA. To
prepare specimens of the composite for TEM, the tubes were mixed with the polymer in
an acidified aqueous solution and drops of this were applied to TEM grids, which were
then dried in vacuum. As in the work of the Kentucky group, cracks were produced in the
material by irradiation with an electron beam, but a low accelerating voltage (75 kV) was
used to avoid massive disruption of the thin composite film. Individual tubes and bundles
of tubes were observed to become stretched as the cracks grew wider, and pull-out was
often seen. In contrast to the work of the Kentucky group, however, the tubes did not
break. This was probably because high-quality arc-grown nanotubes were used, rather
than catalytically produced tubes.

The fracture behaviour of SWNT/polymer composites was studied by Ajayan et al.
(9.54). Two types of composite were prepared, firstly an SWNT/epoxy composite and
secondly a pressed pellet containing SWNTs and carbonaceous soot material formed
during nanotube synthesis. The SWNTs were used as-prepared, i.e. generally grouped
into bundles rather than separated into individual tubes. The composites were loaded
axially in tension until failure occurred and the fracture surfaces were then examined in
detail using SEM. In some cases the tube bundles were found to have been pulled out of
the matrix during the deformation and fracture of the composites, while in other cases the
nanotubes were not entirely pulled out but were stretched between two fracture surfaces.
The authors believed that during pull-out the nanotubes were sliding axially within the
ropes and that the failure observed at large crack distances was not failure of individual
tubes, but the bundles pulling apart. Studies by micro-Raman spectroscopy supported
this hypothesis. It was found that little shift in the second order A1g band occurred as a
result of the application of axial tension, showing that the individual nanotubes were not
being significantly stretched. To take full advantage of the high Young’s modulus of
SWNTs in polymer composites, it is clear that load must be transferred effectively from
the matrix to the nanotubes. Ajayan et al. suggested that load transfer could be improved
by breaking bundles down into individual tube fragments before dispersing in the matrix.
Alternatively the bundles themselves could be reinforced by cross linking the tubes
within bundles (e.g. by chemical treatments or irradiation).

Several reviews of the mechanical properties of carbon nanotube/polymer composites
are available (9.55–9.57).

9.2.2 Electrical properties

As well as mechanical properties, the electrical properties of carbon nanotube/polymer
composites have been very widely studied (e.g. 9.13, 9.32, 9.37, 9.58–9.65). These
studies fall into a number of distinct categories. In some cases the nanotubes have been
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used to increase the conductivity of relatively low cost non-conducting polymers, as
an alternative to currently used fillers such as carbon black. Other studies have involved
the incorporation of nanotubes into conducting polymers such as polyaniline. In many
cases, improved mechanical properties have been a valuable by-product of the inclusion
of nanotubes. We consider first the addition of nanotubes to low cost, bulk polymers.

Improving the electrical conductivity of bulk polymers is important in a number of
applications. For example, in some aircraft components, enhanced conductivity is
required to provide electrostatic discharge and electromagnetic-radio frequency inter-
ference protection. Static electrical dissipation is also needed in other applications,
including computer housings and exterior automotive parts. With these kinds of applica-
tions in mind, Shaffer, Windle and their colleagues investigated the electrical properties
of nanotube/epoxy composites (9.37). Matrix resistivities of around 100Ωm with filler
volume fractions as low as 0.1 vol.% were achieved. These figures represented an
advance on the best conductivity values previously obtained with carbon black in the
same epoxy matrix. In subsequent work, the same group reported an ultra-low electrical
percolation threshold in composites consisting of aligned catalytically-produced
MWNTs in epoxy (9.58). The percolation threshold of a polymer containing a conduct-
ing filler is the filler content required for the material to become electrically conductive.
It is characterized by a sharp jump in the conductivity, usually of many orders of
magnitude. The Cambridge group reported percolation thresholds as low as 0.0025
vol.% for their composites. Low conductivity thresholds have also been reported in
SWNT-containing composites (e.g. 9.61, 9.62). Arjun Yodh and colleagues showed that
the aspect ratios of the tubes in these composites affected the electrical properties (9.62).
This group prepared SWNT/epoxy composites using tubes produced by the HiPco and
laser vaporization methods. These had lengths of 167 and 516 nm and respectively. The
longer tubes were found to have a significantly smaller percolation threshold.

These and other published studies suggest that carbon nanotubes have great promise in
reducing the electrostatic charging of non-conducting bulk polymers. Nanotubes also
have other advantages over conventional fillers such as carbon black and carbon fibres in
that they are more amenable to processing and can be more easily dispersed throughout
the matrix. In addition to the studies available in the open literature, there is undoubtedly
a great deal of commercial work being carried out on the use of nanotubes to reduce
the electrostatic charging of plastics. In fact, nanotube-containing plastics are already
being used in commercial products. These include fuel lines in automobiles, where the
nanotubes help to dissipate any dangerous charge which may build up. Thermoplastic
polymers containing nanotubes are also used in some exterior automobile parts, so that
they can be earthed during electrostatic painting.

We turn now to nanotube composites in which the matrix is a conducting polymer.
Most studies in this area have involved polyaniline (PANI), a conducting polymer with
many attractive characteristics such as processability and environmental stability. There
has been interest in adding nanotubes to this polymer, both to provide enhanced con-
ductivity and improved mechanical properties. As mentioned above, Maser and collea-
gues prepared MWNT/polyaniline composites by in situ polymerization (9.29). The
nanotubes were found to have a strong influence on the transport properties of the
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polymer. Thus, the room temperature resistivity of the composite was found to be an
order of magnitude lower than that of pure polyaniline, while the low-temperature
resistivity was much smaller than that of either PANI or of MWNTs. The temperature
dependence of resistivity was also weaker than that of PANI alone. These observations
were explained by assuming that in situ polymerization favours charge transfer between
PANI and MWNTs resulting in an overall material that is more conducting than the
starting components. Raman studies indicated that these charge transfer processes
involved a site-selective interaction between the quinoid ring of the polymer and
the MWNTs. Other groups have also demonstrated excellent conductivity in MWNT/
polyaniline (9.63, 9.64) and it has been shown that SWNT/polyaniline composites can be
used as printable conductors for organic electronic devices (9.59). Composites contain-
ing nanotubes dispersed in polypyrrole, another conducting polymer, have also been
synthesized (9.32, 9.60, 9.65).

For general reviews on the preparation and properties of nanotube/polymer compo-
sites, references (9.56), (9.66) and (9.67) are recommended. A special issue of the journal
Composites Science and Technology on carbon nanotube/polymer composites appeared
in 2007 (9.68).

9.3 Carbon nanotube/ceramic composites

Ceramics have high stiffnesses and thermal stabilities but relatively low breaking
strengths. Incorporating carbon nanotubes into a ceramic matrix might be expected to
produce a composite with both toughness and high-temperature stability. However,
achieving a homogeneous dispersion of tubes in an oxide, with strong bonding between
tubes and matrix, presents rather more of a challenge than incorporating tubes into a
polymer. Various approaches have been adopted for incorporating nanotubes into oxides,
and these will now be summarized, beginning with attempts to produce nanotube/
alumina composites.

Alain Peigney of the University of Toulouse and colleagues were among the pioneers
in this field (e.g. 9.69–9.73). They have developed an ingenious technique that involves
impregnating the ceramic with catalytic metals such as Fe, and then using these to grow
nanotubes, producing the precursor for a nanotube/oxide composite. The resulting
powders can then be hot-pressed to form the final composite material. The mechanical
properties of these composites, however, have generally been rather disappointing. One
problem is that the nanotubes can be damaged during hot-pressing. Thus the fracture
strengths of the composites are frequently only marginally higher than those of the pure
ceramics.

Rather better mechanical properties appear to have been achieved with nanotube/
ceramic composites made using the technique of spark-plasma sintering (SPS). In this
process, sample material is held in a graphite die between stainless steel electrodes, to
which pressure is applied. Pulses of current (up to 20 000 A) are then passed through the
die and through the sample. This heats the sample and results in sparks being produced
between adjacent particles. This treatment promotes the formation of necks between the
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particles, and rapid sintering. An important advantage of SPS is that it allows ceramic
powders to be annealed at lower temperatures and for much shorter times than in other
sintering processes, leading to the fabrication of fully dense ceramics or composites
with nanocrystalline microstructures under mild conditions. Unlike some of the other
processes used to prepare nanotube/oxide composites, SPS does not damage the
nanotubes. The use of spark-plasma sintering to make nanotube/ceramic composites
has been investigated in detail by Amiya Mukherjee of the University of California,
Davis, and co-workers. In 2003 this group used SPS to prepare Al2O3 composites
containing 10 vol.% SWNTs (9.74). Prior to sintering, the powders had been mixed by
ball-milling, which produced a reasonably homogeneous dispersion, again without
damaging the nanotubes. The fracture toughnesses of the final composites were
remarkable – about twice that of the fully densified but unreinforced Al2O3 matrix.
In contrast to previous work on nanotube/ceramic composites, the fracture toughness
was found to increase with nanotube density. This is thought to be due to the formation
of entangled networks of single-walled carbon nanotubes, which may inhibit crack
propagation. A subsequent study of the nanotube/Al2O3 composites showed that they
had high electrical conductivities (9.75). Spark-plasma sintering has also been used by
Korean researchers to produce nanotube-reinforced Al2O3 (9.76). In this case the tubes
were mixed with alumina using the sol-gel process. Again good toughness was
observed.

Various techniques have been used to prepare carbon nanotube/silica composites.
Mauricio Terrones and colleagues described a method that involved preparing a
composite gel of MWNTs with tetraethoxysilane (TEOS) and then sintering this
at 1150 °C in Ar (9.77). A drawback of this technique was that the sintering process
led to a partial crystallization of the SiO2 resulting in a very inhomogeneous matrix.
An alternative method, which avoids these problems has been developed (9.78).
This involved using a Nd:YAG laser to rapidly heat a TEOS/nanotube mixture,
resulting in partial melting of the matrix. This produced an amorphous SiO2 matrix,
with no crystallization. Spark-plasma sintering has also been used to produce
nanotube/SiO2 composites, converting insulating SiO2 into a metallically conductive
composite (9.79).

There have been a few studies on preparing nanotube composites using oxides other
than alumina and silica. Several groups have produced nanotube/TiO2 composites using
sol-gel methods (9.80–9.83). Possible applications of such composites included optical
wave guides, conductive films and sensors. Sol-gel methods were also used by Sakamoto
and Dunn to prepare SWNT/V2O5 composites, with the aim of using them as electrodes
in secondary lithium batteries (9.84). Nickel oxide/MWNT composites have been pro-
duced, for potential use as supercapacitors (9.85). The possibility of using hydroxyapatite/
nanotube composites for biomedical applications such as bone grafts has been explored
by Ian Kinloch and co-workers (9.86). Nanotubes have also been incorporated into
non-oxygen containing ceramics, notably silicon carbide. In an early study, Chinese
researchers fabricated nanotube/SiC composites by mixing SiC nanoparticles with
10 wt% MWNTs and hot-pressing at 2000 °C (9.87). They found that the nanotubes
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played a strengthening and toughening role in the composite: both bend strength and
fracture toughness increased by about 10%, compared to monolithic SiC. More recent
work by Tadeusz Zerda of Texas Christian University and colleagues showed that
MWNT/SiC with good mechanical properties could be made by a high-pressure
reactive sintering technique (9.88). Single-walled nanotubes have also been incorpo-
rated into SiC (9.89).

9.4 Carbon nanotube/carbon composites

There has been some interest in incorporating nanotubes into carbon matrices. Rodney
Andrews and co-workers have produced carbon fibres containing single-walled nano-
tubes (9.90). These were prepared by dispersing SWNTs in petroleum pitch and then
heating at high temperature. The tensile strength, modulus and electrical conductivity of
the composite fibres were found to be greatly enhanced compared with the pure carbon
fibres. A group from Cambridge have grown MWNTs on a carbon fibre cloth using
plasma enhanced CVD, resulting in a significant increase of the bulk electrical conduc-
tivity (9.91).

Morinobu Endo and colleagues have shown that adding catalytically-produced
MWNTs to the synthetic graphite used in the anodes of Li-ion batteries can greatly
improve the performance of the batteries (9.92, 9.93). Nanotubes were found to have
significant advantages over the conventional carbon black filler. The tubes helped to
increase the conductivity of the anodes, while also enhancing their physical flexibility.
Improved penetration of the electrolyte was also observed. Nanotube-containing
Li-ion batteries have now been commercialized.

9.5 Carbon nanotube/metal composites

Composite materials containing conventional carbon fibres in a metal matrix such
as aluminium or magnesium are used in a number of specialist applications. Such
composites combine low density with high strength and modulus, making them particu-
larly attractive to the aerospace industry. There is growing interest in the addition of
carbon nanotubes to metal matrices. Pioneering work was carried out by Toru Kuzumaki
and colleagues of the University of Tokyo, who described the preparation of a nanotube/
aluminium composite in 1998 (9.94). Their method involved mixing a nanotube sample
with a fine Al powder, mounting the mixture in a 6mm silver sheath and then drawing
and heating the wire at 700 °C in a vacuum furnace. The result was a composite wire in
which the nanotubes were partially aligned along the axial direction. The tensile strengths
of the as-prepared composite wires were comparable to that of pure Al, but the composite
wires retained this strength after prolonged annealing at 600 °C, while the strength of
pure Al decreased by about 50% after this treatment.
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Quite a large amount of work has been carried out on nanotube/aluminium composites
since these early studies, and in most cases significant improvements in the mechanical
properties over the pure metal have been found (e.g. 9.95–9.97). A limited amount of
work has been done on incorporating nanotubes into other metals such as titanium (9.98)
and magnesium (9.99).

9.6 Discussion

As noted at the beginning of this chapter, incorporating carbon nanotubes into a matrix
material presents a number of special challenges (9.100). The primary difficulties involve
dispersing the nanotubes homogeneously throughout the matrix, and achieving good
bonding between tubes and matrix. While these have not been completely overcome,
notable progress has been made by a number of groups, particularly with polymer
matrices. Functionalization of the nanotubes (e.g. 9.5, 9.35), or the use of surfactants
(e.g. 9.8), has been quite widely used both to improve dispersion and to enhance
interfacial bonding. Ultrasonic mixing has also proved to be a successful method of
dispersing tubes (9.10, 9.11). As a result of these advances, nanotube/polymer compo-
sites are beginning to realize their potential. Thus, workers from the University of
Pennsylvania have shown that adding 2wt% SWNTs to nylon produces a 214%
improvement in elastic modulus and a 162% increase in yield strength over the pure
polymer (9.35). Some notable work has also been carried out on the production
of nanotube-containing polymer fibres. Following pioneering work by Poulin and
co-workers (9.15), the Baughman group have produced SWNT/PVA fibres with excep-
tional mechanical properties (9.16). Incorporating carbon nanotubes in polymers can also
confer useful electrical properties. There has been much interest in using nanotubes to
improve the conductivity of low cost bulk polymers, for possible applications in the
aircraft or automobile industry. Promising results have also been achieved with nanotube/
conducting polymer composites for more specialized applications.

Compared with the huge amount of research on nanotube/polymer composites, there
has been less work on incorporating nanotubes into other matrices, such as ceramics. The
challenges here are even greater than with polymers, but progress has been made using
the technique of spark-plasma sintering (e.g. 9.74).

As far as commercial applications of carbon nanotube composites are concerned, these
have been relatively limited to date. As already mentioned, nanotubes have been used to
improve the anti-static properties of fuel-handling components and body panels of
automobiles. Hyperion Catalysis International of Cambridge, Massachusetts were pio-
neers in this area. The French company Nanoledge have collaborated in the production of
nanotube-containing sporting equipment such as tennis rackets, while the Swiss bicycle
manufacturer BMC, in partnership with US company Easton, have incorporated nano-
tubes in the frames of high-performance racing bikes (see Fig. 9.5). The cost of these
products places them well outside the price-range of the ordinary consumer, however.
More widespread applications will have to await improvements in the low-cost produc-
tion of nanotubes.
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One area where nanotubes do seem to have had a significant commercial impact is in
Li-ion batteries. As mentioned in Section 9.4, Endo and colleagues have demonstrated
considerable improvements to the performance of such batteries by the addition of
catalytically-produced MWNTs (9.92, 9.93).
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10 Filled and heterogeneous nanotubes

Attempts to introduce foreign materials into the empty central cavities of carbon
nanotubes began soon after the appearance of Iijima’s paper in 1991. This work was
driven partly by curiosity – the empty cavities represented ideal ‘nano-test-tubes’ for the
study of matter in confined spaces – and partly by the idea of using nanotubes as
templates for nanowires. There was also interest in the possibility of filling opened
tubes with catalytic metals, to produce new size-selective catalysts. Multiwalled nano-
tubes were first successfully filled in 1993, using a technique that involved carrying out
arc-evaporation in the usual way, but with an anode containing some of the material to be
encapsulated. This method generally seems to favour the formation of filled nanoparticles
rather than nanotubes, and is only applicable to materials that can survive the extreme
conditions of the electric arc. A more generally applicable method, in which the tubes
were opened and filled by chemical means, was introduced a short time later. This has
now been applied to a wide range of materials, including biological molecules.
Single-walled tubes were first opened and filled in 1997, and some fascinating work
has been carried out on the effect of confinement in SWNTs on the structure of crystalline
materials. There is also great interest in filling SWNTs with fullerenes. In the first part of
this chapter the methods used to open and fill carbon nanotubes, and the new science and
possible applications that are emerging from this work, will be summarized.

The second part of this chapter gives a brief overview of heterogeneous nanotubes,
defined as nanotubes whose carbon atoms are partially substituted with hetero-atoms,
typically nitrogen and/or boron. Since this book is solely concerned with carbon-containing
structures, pure boron nitride nanotubes are not covered.

10.1 Filling by arc-evaporation

The first attempts to put foreign material inside nanotubes used the arc-evaporation
technique to vaporize a mixture of graphite and lanthanum oxide. Thus, instead of
using pure graphite electrodes, the anode was drilled out and a mixture of La2O3 and
graphite powder inserted. Arc discharge was carried out in the usual way, and the carbon
deposited on the cathode collected. Experiments of this kind were carried out indepen-
dently in 1993 by Rodney Ruoff’s group in the USA (10.1) and Yahachi Saito’s group in
Japan (10.2) and produced identical results: instead of filled nanotubes, the cathodic soot
contained significant numbers of filled nanoparticles.



Although arc-evaporation with modified electrodes usually seems to favour the for-
mation of filled nanoparticles (10.3, 10.4) rather than nanotubes, a French group has
studied the preparation of filled nanotubes in this way (10.5–10.7). They have success-
fully used arc-evaporation to produce nanotubes filled with a range of transition ele-
ments, rare earth elements and non-metals such as S, Se and Ge. A few other groups have
also experimented with filling using arc-evaporation (e.g. 10.8). However, this method
of filling carbon nanotubes has not been widely taken up since chemical methods,
discussed in the next section, are much more widely applicable and offer a greater
degree of control. It should be noted, however, that experiments on filling nanotubes
using arc-evaporation led to the discovery of single-walled nanotubes (see p. 27).

10.2 Opening and filling of multiwalled nanotubes using chemical methods

10.2.1 Early work

Pulickel Ajayan and Sumio Iijima were the first to use chemical methods and capillarity
to open and fill carbon nanotubes (10.9). Earlier theoretical work had suggested that
opened nanotubes should act as ‘nanopipettes’, sucking liquid inside by capillary action
(10.10). Ajayan and Iijima tested this idea by treating a sample of tubes with molten lead,
hoping that some of the lead might be drawn inside open tubes. Their method involved
depositing particles of lead onto the tubes in a vacuum using electron-beam evaporation
and then heating in air at 400 °C, a temperature sufficient to melt the lead. When they
examined the resulting samples using TEM they found that a small proportion of the
nanotubes had clearly been filled; examples are shown in Fig. 10.1. The fillings extended
for distances up to a few hundred nm, but were frequently blocked by the presence of
internal caps. The proportion of nanotubes filled with lead was estimated to be 1%. The
proportion of open tubes in a fresh sample is only around one in a million, so it is clear
that the lead was not entering the tubes through existing holes. It seems that the tubes
were opened by lead-catalysed oxidation.

Ajayan and Iijima’s work demonstrated that oxidation, apparently catalysed by a metal,
could be used to selectively remove the tips of nanotubes, while leaving the tube walls
unaffected. Work carried out a short time later by Iijima’s group in Japan and by Edman
Tsang, Malcolm Green and the present author in Oxford showed that nanotubes could be
opened with a reasonable degree of selectivity simply by heating in a mildly oxidizing
environment, with no catalyst being necessary (10.11, 10.12). The Oxford group used
carbon dioxide as the oxidizing agent, making use of the ‘reverse Boudouard reaction’:

CðsÞ þ CO2ðgÞ ! 2COðgÞ

Samples of nanotubes were heated at a range of temperatures up to 950 °C in CO2 for
periods up to 24 hours. When the oxidized samples were examined using TEM, it was
found that in a small, but significant, number of cases the tube caps had been selectively
attacked, frequently being thinned at the extremity, and sometimes completely opened. The
Japanese group heated the tubes in oxygen at temperatures up to 850 °C and observed
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similar behaviour. At temperatures below about 700 °C, little oxidationwas observed, but at
higher temperatures oxidation occurred rapidly: at 850 °C the entire sample was consumed
after 15 minutes. Samples containing opened tubes could be prepared by heating in oxygen
at 700 °C for short periods (typically 10 minutes). Using oxygen rather than carbon dioxide
as the oxidizing agent resulted in a higher proportion of open nanotubes, but the treatment
was considerably more destructive, with many tubes being massively corroded.

Having succeeded in preparing opened nanotubes, both groups then endeavoured to
fill the tubes with inorganic materials, but this proved far more difficult than expected.
The Oxford group attempted to introduce solutions of metal salts into the tubes using
‘incipient wetness’ techniques of the kind used in preparing supported catalysts, with the
aim of drying off the solvent and reducing the salt to leave metal crystallites inside the tube.
This met with little success, as did experiments by the Japanese group aimed at filling
opened tubes with molten lead. It was not immediately clear why the two-step approach to
filling nanotubes failed where the one-step method used by Ajayan and Iijima to fill tubes
with molten lead succeeded so well. One possibility is that tubes become blocked by
amorphous carbon as soon as they are opened, making subsequent filling difficult.

10.2.2 Opening by treatment with acid

Following the difficulties with the carbon dioxide oxidation method, Tsang, Green and
their colleagues in Oxford looked for alternative ways to open nanotubes. Previous work
on the treatment of other fullerene-related carbons with nitric acid had suggested that this
might be an effective way of selectively attacking pentagonal rings, so a similar treatment

Fig. 10.1 Nanotubes filled with lead or lead oxide, prepared using capillarity by Ajayan and Iijima (10.9).
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was applied to nanotubes. This proved to be highly successful (10.13). Not only did the
nitric acid treatment result in a high yield of opened tubes, but the selectivity with which
the tube tips were attacked was extraordinary. This is illustrated in Fig. 10.2, which shows
micrographs of tubes from a sample treated with boiling nitric acid for 4.5 hours. In
Fig. 10.2(a) the tube cap has been attacked at two points, labelled X and Y, both of which
are at positions where pentagonal rings would have been present. In Fig. 10.2(b) the tube
cap has been opened, and the internal caps have been selectively removed, so that a passage
exists to the central cavity, although the remainder of the tube remains intact. This indicates
that the acid has reacted only with the pentagonal rings; even where the edges of graphite
sheets have been exposed, these have not been attacked, and very little thinning or stripping
of the outer layers is observed. A similar effect is shown in Fig. 10.2(c). Tsang and colleagues
also showed that nanotubes opened using the nitric acid method, unlike those opened by
the less selective gas-phase oxidation methods, did not appear to be blocked with amorphous
material. Tubes opened in this way were therefore much more amenable to filling.

Fig. 10.2 Typical nanotube caps following treatment with boiling nitric acid. (a) Micrograph showing
selective attack at points X and Y, where non-six-membered rings are present. (b) and (c)
Micrographs showing the destruction of multiple internal caps (10.13). Scale bar 5 nm.
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The question arises of why the nitric acid method is so exquisitely selective. Once the
reactive edge of the basal planes have been exposed, why are they not rapidly consumed,
as is the case with gaseous oxidants? The answer is probably that a reaction occurs
between the exposed edges and the nitric acid, resulting in the formation of surface
carboxyl and other groups that act as a barrier to further reaction. These hydrophilic
groups would be expected to facilitate the filling of tubes with aqueous solutions and with
biological material as discussed below.

10.2.3 Filling opened tubes

In their original Nature paper (10.13), the Oxford team showed that the tubes could be
opened and filled in a one-stage process. Thus, when nickel nitrate was added to the nitric
acid used in the oxidation treatment, tubes containing crystalline nickel oxide resulted.
Further treatment with H2 at 400 oC reduced the oxide to nickel metal, showing that
chemical reactions could be effected inside the opened tubes. A micrograph showing a
tube containing metallic nickel is shown in Fig. 10.3(a). In a similar way, tubes were
filled with samarium oxide (Sm2O3) by treating closed tubes with Sm(NO3)3/HNO3, as
shown in Fig. 10.3(b) (10.14). Alternatively a two-stage process can be used in which
opened tubes are subsequently filled simply by treating them with a solution of the
substance, or with a molten material. The use of molten materials has the advantage that it
enables complete filling of the tubes. Deposition from solution can never result in

(a)

(b)

Fig. 10.3 Nanotubes opened and filled using acid treatments. (a) Tube filled with metallic nickel (10.13).
Scale bar 5 nm. (b) Samarium oxide crystallite inside nanotube (10.14).
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complete filling, since the precipitated material will always occupy far less space than the
solution. Ajayan and colleagues prepared a sample of tubes by treatment with oxygen or
nitric acid and then mixed the sample with V2O5 powder (m.pt. 690 °C) and heated to a
temperature of 750 °C (10.15). The Oxford group showed that treatment of opened
nanotubes with molten MoO3, followed by heating in H2, resulted in tubes completely
filled with single-crystal MoO2 (10.16).

In the course of these studies, it became clear that some materials entered the opened
tubes much more readily than others. Whether or not a liquid will enter the central core
of a nanotube depends to a large extent on the interfacial energy between two. If the
liquid–solid contact angle is less than 90°, liquid will enter the tube spontaneously, while
if the angle is greater than 90° it will not. Dujardin, Ebbesen and colleagues studied the
wetting of nanotubes with a range of materials in an attempt to determine the ‘critical’
surface tension, below which wetting would occur (10.17). They concluded that this
cutoff surface tension lies somewhere between 100 and 200 mNm− 1. Thus water, with a
surface tension of ∼72 mNm− 1 would be expected to enter nanotubes spontaneously, as
would most organic solvents, which have lower surface energies than water. This is
consistent with the observation that aqueous solutions enter opened tubes.

As well as inorganic materials, biological molecules have also been introduced
into multiwalled nanotubes. Green and Tsang, together with bioinorganic chemists from
Oxford and from Birkbeck College, London, showed that small enzyme molecules could
be inserted into opened MWNTs (10.18, 10.19). The technique was simply to suspend
samples of opened nanotubes in aqueous solutions of the proteins for 24 hours and then
evaporate off the volatile water under reduced pressure. In this way they successfully
introduced the enzymes Zn2Cd5-metallothionein, cytochrome c3 and β-lactamase I into the
nanotubes’ central cavities in high yield. The enzyme molecules also adhered to the
outsides of the tubes. This work probably represents the first study of the interaction of
biomolecules with nanotubes, a subject that has since grown rapidly, aswe saw in Chapter 8.

10.3 Filling catalytically-grown multiwalled nanotubes

All of the work described up to this point has involved multiwalled tubes produced
by arc-evaporation. There have now been a substantial number of studies on filling
catalytically-grown multiwalled nanotubes. Partially filled nanotubes are quite often
seen in samples of CVD-grown tubes, but complete filling requires an excess of catalyst
to be present. It has been found that this can be achieved in a one-stage process
by pyrolysing precursors that contain the catalytic metals and a source of carbon.
C. N. R. Rao and colleagues from Bangalore showed in 1998 that heating ferrocene, or
ferrocene-acetylene mixtures, to approximately 1100 °C produced aligned MWNTs,
most of which were partially or completely filled with Fe (10.20). At about the same
time, Nicole Grobert and colleagues prepared MWNTs filled with Ni by pyrolysing thin
films of C60 and Ni deposited on a silica plate (10.21). The approach has since become
quite widely used to produce tubes filled with Fe, Ni and Co (e.g. 10.22–10.25) as well as
with alloys of the metals (10.26). Micrographs showing some typical filled tubes
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produced in this way by Paul Watts of the University of Sussex and colleagues (10.24)
are shown in Fig. 10.4. Tubes filled with these ferromagnetic metals might be useful in
magnetic storage applications.

A fascinating study of filled MWNTs produced by pyrolysis was described in 2006
by an international collaboration which included Terrones, Ajayan and Banhart (10.27).
This demonstrated the effect of irradiating filled tubes with an electron beam. Previous
work had shown that simultaneous annealing and irradiation of carbon onions could
produce immense pressures inside the onion, which resulted in the formation of diamond
(10.28). It had also been shown that irradiating pure MWNTs with electrons could
result in the shrinkage of the tubes by a loss of atoms and diffusion of interstitials through
the inner cavity (10.29). In the 2006 work, MWNTs were filled with Fe, Fe3C and Co
using metallocene-based pyrolytic methods. The filled tubes were then irradiated in the
TEM, while being held at a temperature of 600 °C with a heating holder. As with the pure
tubes, this resulted in shrinkage of the tubes, exerting intense pressures on the contents.
The contraction caused by the tube restructuring can be so strong that the crystals inside
are squeezed and extruded, as shown in Fig. 10.5. Calculations showed that pressures
could reach more than 40 GPa in the radial direction. Therefore, this method offers a way
of studying the effect of high pressures on nanoscale materials.

(a)

(c)

(b)

20 nm

2 nm

3 nm

Fig. 10.4 Images of MWNTs filled by an in situ CVD process, from the work of Watts et al. The filling
material is α-Fe (10.24, 10.121).
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(a) (b)

(c) (d)

(e) (f)

Fig. 10.5 Deformation and extrusion of Fe3C crystal inside a MWNT (10.27). The nanotube was exposed
to intense electron irradiation at a specimen temperature of 600 °C.
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10.4 Water in multiwalled nanotubes

Some remarkable studies of water inside multiwalled nanotubes have been described
by Yury Gogotsi of Drexel University and his co-workers (10.30–10.32). The first of
these studies involved preparing tubes using a hydrothermal catalytic process, which
resulted in liquid water and gases (e.g. CO and CH4) being trapped inside the tubes’ central
cavities (10.30). Images of the partially filled tubes showed a good wettability of carbon
withwater, indicating that the formation of functional groups during synthesis has rendered
the carbon surface hydrophilic. In a later study (10.32), the interaction of the water with the
nanotubewalls was examined inmore detail. Liquid was observed to penetrate between the
layers of the tube, and some dissolution of hydrated carbon layers was seen. When the tubes
were locally heated with the electron beam, a more drastic dissolution of the tube walls was
induced. As well as producing water-filled tubes using hydrothermal synthesis, Gogotsi and
colleagues have introduced water into tubes previously produced by the catalytic and arc
methods (10.32). This was accomplished by treating them at high pressures in an autoclave.

The flow of water through membranes consisting of aligned carbon nanotubes was
investigated by a group led by Olgica Bakajin of Lawrence Livermore National
Laboratory (10.33). The flows observed were several orders of magnitude higher than
those of commercial polycarbonate membranes. This was despite the fact that the tube
diameters were smaller than the pore sizes of the commercial membranes. These results,
which are consistent with theoretical predictions (10.34), suggest that nanotube mem-
branes may be useful in applications such as removing salt from water.

10.5 Filling single- and double-walled nanotubes

With their extremely small diameters, single-walled nanotubes are even more difficult to
fill than their multiwalled counterparts. However, in an exceptional piece of work, Jeremy
Sloan and colleagues from Oxford demonstrated in 1998 that SWNTs can be opened and
filled using techniques similar to those employed for MWNTs (10.35). A short time later,
Brian Smith,MarcMonthioux andDavid Luzzi made the amazing discovery that fullerene-
filled SWNTs formed spontaneously during the purification and annealing treatments
applied to raw SWNT material produced by the laser vaporization technique (10.36,
10.37). These studies stimulated great interest, and much beautiful work has now been
done on filled SWNTs. Filling with inorganic materials will be discussed first.

10.5.1 Filling with inorganic materials

In their initial study (10.35), the Oxford group introduced Ru crystallites and other
materials into the tubes using a solution method. Subsequent work showed that almost
complete filling of single-walled tubes could be achieved using molten materials (10.38).
A typical filling procedure would entail heating as-made nanotubes with the molten
salt or oxide to a temperature 100 °C above its melting point. Using this technique, Sloan
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and colleagues filled SWNTs with a range of metals, metal salts and oxides (10.38–
10.43). In some cases chemical reactions have been carried out on material inside the
tubes. For example, metallic Ag was produced by photolytic reduction of AgBr (10.38).
Other groups have also experimented with putting inorganic materials into SWNTs.
Monthioux and colleagues showed that SWNTs could be filled with CrO3 by soaking
as-prepared SWNT materials in a mixture of the oxide and HCl (10.44), while Luzzi’s
group produced nanowires of magnetic metals (Fe, Co, Ho, Gd) by filling SWNTs with
precursor metal chlorides and subsequent reduction (10.45).

The structure of crystals inside SWNTs has been studied using electron diffraction and
HRTEM, with the Oxford group again leading the way. Some of their work on determin-
ing tube structure using HRTEM was discussed in Section 5.5.3. In 2000 they described
HRTEM imaging of KI crystals inside SWNTs (10.39). One of their images of a 2 × 2KI
crystal, recorded at optimum Scherzer defocus is shown in Fig. 10.6(a). In this image,
only the strongly scattering I atoms contribute significantly to the contrast, with the much
lighter K atoms making a negligible contribution. Higher quality images, with some of
the aberrations removed, can be obtained by digitally combining a tilt or focal series
of images. An example of such a restored image can be seen in Fig. 10.6(c), which shows
a 3 × 3KI crystal inside a 1.6 nm diameter SWNT. Here the contribution of the K atoms as
well as the I atoms is visible. It was found that both 1D crystals displayed considerable
lattice distortions compared with their bulk structures. In the 2 × 2 case, a lattice
expansion of ∼17% occurred across the nanotube, whereas in the 3 × 3 case, a differential
expansion was observed, with the I columns being more compressed than the K columns.

Sometimes twisted 1D crystals are observed inside single-walled tubes (10.42).
Figure 10.7(a) shows a CoI2 crystal inside a SWNT, with Fig. 10.7(b) illustrating its

Fig. 10.6 (a) Conventional HRTEM image of a 2 × 2KI crystal formed within a 1.4 nm diameter
single-walled nanotube, (b) structure model derived from (a), (c) super-resolved HRTEM image of
a 3 × 3KI crystal inside a 1.6 nm diameter SWNT, (d) corresponding structure (10.39, 10.120).
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twisted structure. The contrast of the encapsulated crystal was interpreted in terms of
Co2I4 repeating units. A remarkable feature of this system was that the asymmetric Co2I4
subunits caused a distortion of the tube’s cross-section, as shown in Figs. 10.7(e) and (f).

As well as inorganic crystals, Sloan and colleagues have inserted molecular species
into SWNTs. For example, ortho-carborane was introduced into SWNTs by sublimation,
and individual o-carborane molecules were imaged, (10.46). Studies such as this, and the
work on fullerene-filled tubes discussed below, show that placing molecules inside single-
walled nanotubes represents an excellent way of stabilizing them for HRTEM imaging.

10.5.2 Filling with fullerenes: ‘nano-peapods’

Turning now to single-walled tubes filled with fullerenes, or ‘peapods’, some extraor-
dinary work has been done on these materials since the initial studies of Smith,
Monthioux and Luzzi (10.36, 10.37). As noted above, the fullerene-filled tubes were
first produced accidentally during the purification and annealing of as-produced SWNT

(a)

(b)

(c)

(d)

(e)

(f)

90°

90°

φ = 35°

φ = 58°

1.3 nm

1.1 nm

Fig. 10.7 (a) A super-resolved HRTEM image of a one-dimensional (1D) CoI2 crystal inside a distorted
single-walled nanotube, (b) derived structure model, (c), (d) details from the left and right middle
sections of (a), showing the microstructure of the 1D crystal in two of the different projections, (e), (f)
end-on views of Co2I4 units in two different orientations, showing distortion of nanotube (10.42).
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soot. Subsequent work revealed that peapods also formed spontaneously during the
synthesis of SWNTs using arc discharge, although with low yield (10.47, 10.48). More
controlled methods of synthesis have now been developed, in which the tubes are firstly
opened using acids and then vacuum-annealed in the presence of fullerenes (e.g. 10.49–
10.51). A typical image of peapods is shown in Fig. 10.8. Smith, et al. measured the
average C60–C60 separation and found a value of ~0.97 nm (10.50). This is slightly
smaller than the intermolecular separation in FCC crystalline C60, but this may be due to
a slight tilt of the tube. Selected-area diffraction measurements produced separations very
close to that in crystalline C60.

It is thought that the fullerenes enter the SWNTs through opened ends, although the
possibility that they might enter through side-wall defects has also been considered
(10.52). Ramanmeasurements by Kataura and colleagues (10.51) showed that significant
numbers of C70, as well as C60 molecules had been encapsulated. It has also been
demonstrated by Smith and colleagues that electron irradiation of peapods within the
microscope can induce diffusion and coalescence of the encapsulated fullerenes (10.37,
10.49). Moreover, high-temperature heat treatments of peapods can result in the coales-
cence of many adjacent fullerenes, to produce extremely narrow inner tubes (10.37,
10.53, 10.54). This is illustrated in Fig. 10.9, taken from work by Kazu Suenaga and
colleagues in collaboration with workers from the University of Vienna (10.54).

A fascinating study of fullerenes inside both double- and single-walled nanotubes
was described by Andrei Khlobystov of the Materials Department at Oxford and

Fig. 10.8 Typical image of fullerene ‘peapods’: single-walled nanotubes filled with C60 molecules. Courtesy
Kazu Suenaga.
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colleagues in 2004 (10.55). One of their images of a DWNT with a single chain of
fullerenes inside is shown in Fig. 10.10(a). Larger-diameter DWNTs were also filled, and
in this case some novel packings were seen, including zigzag arrangements (Fig. 10.10b)
and double-helical phases.

The electronic properties of peapods were probed by Ali Yazdani of the University
of Illinois, with workers from Pennsylvania in 2002 (10.56). Using a low-temperature
scanning tunnelling microscope they found that the C60 molecules induced periodic
modifications in the nanotube’s local electronic structure. This was interpreted in terms of
a mixing of the nanotubes’ electronic states and the C60 orbitals (10.57). It is conceivable
that encapsulated molecules could be used to deliberately ‘tune’ the electronic properties
of carbon nanotubes although, needless to say, the degree of control required to achieve
this is beyond current capabilities.

The encapsulation of metallofullerenes in single-walled nanotubes was reported by
Iijima, Suenaga and colleagues from Japan and France in 2000 (10.58). In this study,

Fig. 10.9 Images showing the coalescence of fullerenes inside SWNTs at a temperature of 1250 °C, after
(a) 5 min, (b) 15 min and (c) 25 min (10.54).
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gadolinium metallofullerenes were inserted into SWNTs by heating a mixture of tubes
and Gd@C82 molecules in a sealed ampoule at 500 °C. The metallofullerenes were found
to pack tightly into the tubes, as shown in Fig. 10.11(a). Remarkably, the individual
encapsulated Gd atoms were visible as dark spots on many of the C82 molecules.
Figure 10.11(b) is a schematic representation of the metallofullerene-containing SWNTs.

(a)

(b)

Fig. 10.10 C60 molecules inside double-walled nanotubes (a) single chain of molecules, (b) ‘zigzag’ phase of
molecules with schematic illustration of arrangement (10.55).

Fig. 10.11 Images of encapsulated metallofullerenes (top) and computer-generated (bottom) images of
Gd@C82 peapods (10.58).
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This was the first time that atoms inside metallofullerenes had been seen directly, showing
that encapsulating molecular species inside nanotubes is an excellent way of imaging them.
It was also shown that the individual encapsulated Gd atoms could be detected by electron
energy-loss spectroscopy (10.59). In subsequent work, Gd2@C92 molecules were
encapsulated in SWNTs using similar methods, and rapid movement of the Gd
atoms inside the fullerene cages was observed (10.60). The most spectacular images
of nanotube-encapsulated fullerenes were published in 2007 by Iijima, Suenaga and
co-workers (10.61, 10.62). In this work, aberration-corrected TEM was used to directly
image the atomic structures of both the fullerene molecules and the encapsulating nano-
tubes. One of the superb images from these studies is shown in Fig. 10.12.

Fig. 10.12 Aberration-corrected TEM images of D5d-C80 fullerene molecules inside an (18, 1) SWNT.
Triangles indicate orientational changes of encapsulated molecule (10.62).
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As well as obtaining ultra-high-resolution TEM images of encapsulated fullerenes,
the Iijima–Suenaga group have also shown that it is possible to image small molecules
attached to fullerenes inside nanotubes (10.63). The molecule they studied was retinal,
which is found in photoreceptor cells. This was attached to C60 molecules that were then
inserted into SWNTs. Some of the images they obtained are shown in Fig. 10.13. The

(a)

(b)

Fig. 10.13 (a) HRTEM images of retinal-C60 molecules inside a single-walled nanotube, (b) structure of the
trans version of retinal-C60 (10.63).
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retinyl groups were found to appear in ‘strong’ or ‘weak’ contrast next to the C60

‘markers’, apparently due to conformational changes.

10.6 Gases in nanotubes

10.6.1 Hydrogen

In early 1997, a group led by Michael Heben of the National Renewable Energy
Laboratory (NREL) in Golden, Colorado, claimed in a Letter to Nature (10.64) that
single-walled carbon nanotubes could store up to 8% by weight of H2 at room tempera-
ture and moderate pressure. These remarkable results attracted great publicity and
initiated the most controversial episode in nanotube science (10.65, 10.66).

The experimental method used by Heben’s team involved exposing the tube-containing
material to H2 at 300 torr, cooling to 90K and then using temperature programmed
desorption (TPD) spectroscopy to observe the desorption behaviour. The as-prepared
SWNT soot displayed desorption behaviour similar to that of an activated carbon sample.
However, soot that had been heated in vacuum at 970K showed an extra desorption peak
that was apparently consistent with adsorption of H2 within the cavities of the tubes. The
authors suggested that the tubes had been opened by the heat treatment in vacuum, and thus
made accessible to the H2.

The high uptakes observed suggested that single-walled tubes might make useful
candidates as H2-storage materials; hence the huge interest in the results. One of the
major obstacles preventing the use of H2 fuel cells to power automobiles is the lack of a
suitable method for storing H2. The US Department of Energy has set 6.5 wt% as the
target capacity for a practical H2-storage material for use in vehicles, a target comfortably
exceeded by the NREL group. Following the publication of the Heben Nature paper,
other groups reported high H2 uptakes on SWNT-based materials (10.67–10.69). For
example, a group led by Mildred Dresselhaus reported a storage capacity of 4.2wt% for
large-diameter SWNTs at room temperature under a modestly high pressure (10.67).
Jianyi Lin and colleagues from the National University of Singapore (10.69) reported
even more spectacular uptakes for MWNTs doped with alkali metals (up to 14wt% at
room temperature). Unfortunately, however, many more groups were unable to repro-
duce these results (10.70–10.75). Thus, Michael Hirscher, from the MPI in Stuttgart, and
his co-workers, found uptakes of less than 1wt% at room temperature and ambient
pressure (10.74). These researchers suggested that the uptake observed by Heben may be
due to a titanium contaminant in the nanotube samples. Workers from the University of
Utrecht measured the adsorption of a number of different carbon adsorbents for H2 at
77K and 1 bar, and found that the storage capacities depended simply on surface area,
with carbon nanotubes showing no special properties (10.75). It is now generally
believed that any uptake of H2 by carbon materials is primarily due to physisorption
and therefore only occurs to any appreciable extent at low temperatures. As far as the
work of Lin and co-workers is concerned, the observed mass increase has been attributed
to hydroxide formation (10.72).
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Even more controversial than the work of Heben and colleagues were the claims of
Nelly Rodriguez and co-workers at Northeastern University, who reported that ‘graphite
nanofibres’ (see Fig. 3.2) could store H2 at levels exceeding 50wt% at room temperature
(10.76). The results were widely seen as incredible and have not been reproduced by
other groups.

It is interesting to consider whether the story of hydrogen storage in carbon nano-
tubes is an example of ‘pathological science’. This term was coined by Irving Langmuir
(10.77) to describe the process whereby ‘people are tricked into false results … by
subjective effects, wishful thinking or threshold interactions’. Cold fusion, a phenom-
enon that also involves hydrogen, was seen by many to be an example of pathological
science. In the case of hydrogen storage in nanotubes, however, it would probably be
unfair to attach such a label. One characteristic of pathological science is that ‘The
effect is of a magnitude that remains close to the limit of detectability, or many
measurements are necessary because of the very low statistical significance of the
results.’ In the case of the experiments of Heben, Rodriguez, Lin and others it was the
very size of the effects that seemed incredible. Nevertheless, one aspect of pathological
science does seem to apply: ‘The ratio of supporters to critics rises and then falls
gradually to oblivion’.

10.6.2 Other gases

Compared with the massive interest in storing hydrogen in nanotubes, there has been
relatively little work on introducing other gases into the tubes. A few studies have been
reported however. In 1997, shortly after the Heben work on hydrogen, Australian
researchers described the trapping of argon inside graphitic tubes, in a paper entitled
‘The world’s smallest gas cylinders’ (10.78). These tubes were prepared by catalytic
reduction of CO2 and were much larger than typical carbon nanotubes, having diameters
in the range 20–150 nm. The argon was introduced by hot isostatically pressing (HIP)
the carbon material for 48 hours at 650 °C under a pressure of 170 megapascals, and
could be detected inside the tubes using energy dispersive X-ray spectroscopy. The argon
appeared to enter the tubes through defects in the relatively imperfect structures, and may
have become sealed inside as a result of amorphization during the HIPing process. The
pressure inside the tubes was estimated at 60 megapascals, and appeared to change little
over several months at room temperature, so it seems possible to store gases inside these
tubes for long periods.

In 2004, Nicole Grobert, Mauricio Terrones and colleagues described the encapsula-
tion of gaseous nitrogen inside bamboo-like MWNTs (10.79). The filled tubes were
prepared by heating aerosols of ferrocene/benzylamine solutions at 850 °C. The trapping
of SF6 and CO2 in opened SWNT bundles was reported by US workers in 2005 (10.80).
The gases were cryogenically adsorbed into opened SWNTs and then locked inside
by functionalizing the sample with a low-temperature ozone treatment. This had the
effect of closing the tube entrances with an impermeable barrier. The samples were stable
under vacuum for periods of at least 24 hours and the trapped gases could be released by
vacuum heating to 430 °C.
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As well as studies of gases encapsulated inside nanotubes, the flow of gases through
opened nanotubes has been investigated. It was mentioned above that rapid flows of
water through aligned nanotube membranes was observed by workers from Lawrence
Livermore Laboratory (10.33). In the same study the flow of gases through the mem-
branes was also found to be exceptionally high. This is in agreement with a number of
theoretical studies (e.g. 10.81, 10.82).

10.7 Heterogeneous nanotubes

Boron nitride exists in a graphite-like layered form, as shown in Fig. 10.14, and in the
1980s various groups showed that graphite hybrids containing C, B and N could be
prepared (e.g. 10.84). Following the discovery of carbon nanotubes, theoreticians
predicted that BN and BCN nanotubes should be stable (10.85, 10.86). This was
confirmed a short time later when both types of nanotube were successfully produced
using variations of the Krätschmer–Huffman technique (10.87, 10.88). At about the same
time a ‘catalytic’ synthesis of BN nanotubes was also demonstrated (10.89), and subse-
quently various other methods of producing BN nanostructures have been developed.
As already mentioned, we are only concerned with carbon-containing structures here,
so pure boron nitride nanotubes are not covered. In the following sections, the synthesis
of BCN, CN and CB nanotubes is summarized, and an outline of their properties given.

10.7.1 Boron–carbon–nitrogen tubes

Nanotubes containing boron, carbon and nitrogen have been prepared using all the major
techniques that have been used for pure carbon tubes, i.e. arc-evaporation, laser ablation
and catalytic CVD. The first arc-evaporation synthesis was reported by researchers from
the Université de Paris-Sud and the Université de Montpellier in France in 1994 (10.87).
Their method involved placing a mixture of boron and graphite powder into a

A
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Fig. 10.14 The structure of hexagonal boron nitride (10.83).
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hollowed-out graphite anode and carrying out the arc-evaporation in an atmosphere of
nitrogen. As is the case for pure carbon nanotubes, the BCN tubes were found inside the
deposit that formed on the cathode. They were accompanied by BN and BCN sheets,
disordered carbon and pure carbon nanotubes and nanoparticles; elemental analysis of
these structures was carried out using electron energy loss spectroscopy (EELS). Two
types of B- and N-containing nanotubes were present: relatively large-diameter fibres
(100–500 nm) with irregular thickening and narrower tubes up to 100 μm in length. In
both cases, the caps of the tubes were found to be poorly formed in comparison with the
caps of pure carbon nanotubes, presumably because five-membered rings are less easy to
form in BCN networks than in pure carbon networks. The difficulty in forming caps also
probably explains why in some cases the BCN tubes grew to much greater lengths than
usually observed for carbon nanotubes. A short time after the French work appeared,
Marvin Cohen’s group from the University of California at Berkeley also described the
synthesis of BCN nanotubes, this time using a graphite anode that had been drilled out to
contain a BN rod, and arc-evaporating in helium (10.90). In 1997, a French team led by
Christian Colliex (10.91) synthesized BCN nanotubes and nanoparticles by arc-evaporating
a hafnium diboride rod with graphite in a nitrogen atmosphere.

Laser ablation was first used to produce BCN nanotubes by Iijima and colleagues in
1997 (10.92). A composite target containing BN, C, Ni and Co was laser-ablated at 1000 °C
under N2, resulting in the formation of multiwalled nanotubes containing B, C and N, as
well as pure carbon tubes. A catalytic pyrolysis method was described by Mauricio
Terrones and co-workers in 1996 (10.93). This involved pyrolysis of CH3CN.BCl3 at
900–1000 °C over Co powder, and resulted in the formation of graphitic BCN nanofibres
and nanotubes possessing a range of morphologies. More recently, Renzhi Ma and Yoshio
Bando have produced BCN nanotubes by pyrolysing dimethylamine borane ((CH3)2NH
BH3) at 1050 °C in the presence of Fe or Ni nanoparticles under N2 (10.94). Chemical
vapour deposition techniques have also been used to produce boron–carbon–nitrogen
nanotubes. Xuedong Bai and colleagues employed this method to prepare highly oriented
BCN tubes on Ni substrates from a gas mixture of N2, H2, CH4 and B2H6 (10.95).

Most boron–carbon–nitrogen nanotubes have rather imperfect bamboo-type struc-
tures. There is some uncertainty about the distribution of boron and nitrogen within the
carbon lattice. Two possibilities have been considered: firstly that the three species are
randomly distributed in the tube walls and secondly that the tubes might have a
‘sandwich’ structure containing separate C and BN layers. The most useful technique
for determining the atomic composition of BCN nanotubes has proved to be EELS.
Colliex et al. used EELS to show that most of the tubes produced by their arc-evaporation
technique had a sandwich structure with carbon layers both in the centre and at the
periphery, separated by a few BN layers (10.91). In 1999 Terrones and colleagues
described an EELS study of their pyrolytically-produced tubes and found the stoichio-
metry to be BC2N, consistent with the sandwich structure (10.96). This was confirmed by
concentration profiles recorded across individual tubes. On the other hand, Ma and
Bando found that the B:C:N ratio could vary within a single tube (10.94).

As far as properties are concerned, theory predicts that BCN nanotubes should be
semiconducting. Marvin Cohen and co-workers calculated the electronic properties of
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crystalline BC2N in 1988 (10.97), and predicted a 2.0 eV band gap. Experimental
measurements on bundles of BCN tubes by Bando and colleagues led to a value
of ~1.0 eV (10.98). Xuedong Bai and co-workers have reported promising field emission
(10.95) and photoluminescence (10.99) behaviour with BCN tubes.

The above discussion refers exclusively to multiwalled BCN nanotubes. The synthesis
of BCN SWNTs was reported in 2006 by an international team including Xuedong
Bai, EngeWang and Dmitri Golberg (10.100). A CVDmethod was used, with an Fe–Mo/
MgO catalyst and CH4, B2H6, and ethylenediamine vapour as the reactant gases. The
tubes appeared to be of high quality and may be expected to have unique properties.

Several reviews of boron–carbon–nitrogen nanotubes have been given (10.101–
10.103).

10.7.2 Carbon–nitrogen tubes

It has been speculated that the carbon–nitrogen compounds CN and C3N4 might represent
a new class of superhard materials (10.104, 10.105), and this has prompted interest in
preparing nitrogen-doped carbon nanotubes. If we consider multiwalled tubes first, most
attempts to prepare these have involved pyrolytic or catalytic methods. In 1997, in probably
the first such study, Japanese researchers grew N-doped MWNTs on a quartz substrate, by
decomposition of Ni phthalocyanine (10.106). Terrones and co-workers produced similar
arrays of CN multiwalled tubes by pyrolysing mixtures of ferrocene and melamine
(10.107). The tubes produced in this way had relatively low nitrogen contents (∼2%).
MarianneGlerup and co-workers have incorporated higher concentrations ofN (up to 20%)
into multiwalled nanotubes by aerosol assisted CVD methods (10.108). However, even
a concentration of 20% falls far short of a stoichiometry of CN or C3N4, and it appears
that these levels of nitrogen doping have not yet been achieved. Structurally, multiwalled
CN nanotubes tend to have bamboo or stacked-cone morphologies. This has been
explained in terms of the way the nitrogen interacts with the catalyst particles (10.109).

As far as nitrogen doped single-walled tubes are concerned, these have been produced
by arc-evaporation. A group from Brazil (10.110) prepared CN SWNTs in 2002 by
evaporating a metal-containing graphite rod in a N2–He atmosphere. Glerup and collea-
gues used a slightly different approach, introducing a nitrogen-rich precursor into the
anode rods together with graphite and the catalysts (10.111). The N-doped SWNTs
exhibited morphologies similar to their undoped counterparts.

10.7.3 Carbon–boron tubes

Boron interacts with carbon materials in interesting ways. For example, it is well
established that boron can act as a graphitization ‘catalyst’ (10.112), while boron doping
can improve the oxidation resistance of carbons (10.113). Doping carbon nanotubes with
boron has also produced some novel results. In an early study, a group from Stuttgart
prepared boron-doped carbon nanotubes using arc-discharge with an anode made of
BC4N (10.114). The effect of B doping was to increase the tube lengths to ~100 μm and
to improve graphitization. This is believed to be because the B acts as a surfactant,
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preventing tube closure. In 1999 a multinational group led by Xavier Blase produced
evidence that that B doping not only increased the length of MWNTs but also led to ‘near
zigzag’ chiralities (10.115). Again the tubes were prepared using arc-discharge with
anodes filled with B or BN powders. In an attempt to understand these results, they
compared the energetics of B-doped zigzag and armchair nanotubes. They found that B
atoms were more stabilized at zigzag edges than at armchair ones, suggesting that the
atoms would preferentially remain on zigzag edges, acting as surfactants during the
growth. If correct, this represents one of the very few examples in the literature of a
method that can preferentially produce tubes with a given structure.

As discussed in Chapter 2 (p. 25), Robert Chang and colleagues have shown that boron
can promote the growth of MWNTs by high-temperature heat treatment (10.116). They
found that MWNTs could be formed by the annealing of fullerene soot and other carbons
to 2200–2400 °C in a graphite resistance furnace, but that the yield was greatly enhanced
by the addition of boron. It is not clear whether the tubes produced in this way were pure
carbon or B-doped.

There are a few reports of the synthesis of B-doped multiwalled tubes by CVD
(e.g. 10.117, 10.118). It appears that boron–carbon single-walled tubes have not yet
been prepared.

10.8 Discussion

Research into the filling of carbon nanotubes has not yet led to any major commercial
applications. On the other hand, inserting material into nanotubes has enabled some
intriguing experiments to be conducted into the behaviour of confined matter on the
nanoscale. The work of Terrones, Ajayan, Banhart and colleagues on filled MWNTs
produced by pyrolysis provides one example (10.27). By irradiating the filled tubes with
an intense electron beam, these workers caused the tubes to contract, enabling them to
study the effect of high pressures on the contained material. Similarly, the experiments of
Gogotsi and co-workers on the behaviour of water inside MWNTs (10.32) may provide
new insights into the behaviour of fluids at the nanoscale. Single-walled nanotubes, with
their very small and well-defined diameters, have even more potential for studying
confined materials. Crystals inside SWNTs are forced to adopt a genuinely 1D morphol-
ogy, often adopting configurations not seen in the bulk, as demonstrated by the Oxford
group (10.39). Filled SWNTs have proved to be superb ‘nano-test-tubes’ for the imaging
of encapsulated molecules using HRTEM. Particularly notable here are the studies of
retinal attached to C60 by Suenaga, Iijima and their colleagues (10.63). Normally, such
molecules would be highly unstable under an electron beam, making imaging extremely
difficult, but placing them inside SWNTs enables incredible images such as those shown in
Fig. 10.13 to be recorded. For a more detailed discussion of the filling of carbon nanotubes
than has been possible in this chapter, a number of reviews have been given (10.40,
10.119–10.122), with those by Sloan et al. (10.120) and by Monthioux and colleagues
(10.121) being particularly recommended.Mattia andGogotsi have recently given a useful
overview of the static and dynamic behaviour of liquids inside carbon nanotubes (10.123)
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Heterogeneous nanotubes have been briefly discussed. In this area, most interest has
focused on boron nitride tubes, rather than tubes containing carbon, and a detailed
discussion of these structures would lie outside the scope of this book. For up-to-date
reviews of this subject, see references (10.124) and (10.125).
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11 Probes and sensors

The development of new methods for imaging, measurement and sensing is an important
theme in modern research, and the unique properties of carbon nanotubes give them great
potential in these areas. For example, nanotubes’ outstanding mechanical properties and
unique geometry suggest that they should be ideal tips for atomic force microscopy
(AFM). Currently, AFM tips typically consist of microfabricated pyramids of silicon or
silicon nitride mounted on cantilevers. These probes can be relatively ‘blunt’ on the scale
of the features that are being imaged, and are thus often unable to probe narrow crevices
on the specimen surface. Carbon nanotubes, with their elongated shape and tiny diameter
not only offer the possibility of much higher resolution imaging, but are also capable of
probing the narrowest of fissures. The potential advantages of carbon nanotube tips are
illustrated in Fig. 11.1, from the work of Arvind Raman of Purdue University and
colleagues (11.1), which shows a nanotube attached to a conventional microfabricated
probe. Preparing nanotube AFM tips is not straightforward, however. Two methods can
be used: attaching previously produced tubes to the probes, or growing the tubes in situ.
The first part of this chapter summarizes the methods available for preparing nanotube
AFM tips. The performance of nanotube AFM tips is then discussed.

Gas sensing is another area where the properties of carbon nanotubes can be exploited.
The discovery by Alex Zettl’s group that the electronic properties of carbon nanotubes are
highly sensitive to the presence of oxygen (11.2) wasmentioned in Chapter 6 (p. 167). This
extreme oxygen sensitivity appeared to be bad news for the application of nanotubes
in electronic devices but, on the positive side, it suggested that they might be very useful
in gas sensors. Zettl’s paper, and another published a short time earlier by Hongjie Dai
and colleagues (11.3) attracted much attention, and interest in the gas sensing properties of
nanotubes continues to grow. A brief review of this field is given, followed by a discussion
of the use of nanotubes in biosensors, another rapidly growing area. Finally, some of the
ways in which nanotubes can be used as physical sensors are considered.

11.1 Nanotube tips for atomic force microscopy

11.1.1 Preparing nanotube tips: mechanical assembly

The earliest attempts to use carbon nanotubes as AFM tips involved attaching ready-
made tubes to the tips of commercial Si or Si3N4 pyramids. In a 1996 paper, Smalley and



colleagues described a method for attaching multiwalled nanotubes to the tips of
commercial silicon pyramids (11.4). This was achieved as follows. Firstly the bottom
part of a pyramid was coated with an acrylic adhesive, by lowering it onto an adhesive-
coated carbon tape. This tip was then brought into contact with a bundle of
5–10MWNTs, while under direct view of an optical microscope, and then a single
tube was drawn out from the bundle to act as the imaging probe. The nanotubes tips
were then used to obtain AFM images of a patterned film.

Following this pioneering work, Lieber and colleagues also prepared carbon nanotube
AFM probes using mechanical assembly (11.5–11.8). They attached open-ended
MWNTs to silicon pyramids using an acrylic glue under an optical microscope. The
tips were used for imaging biological systems, as discussed below. In addition to multi-
walled tubes, single-walled nanotube AFM tips were also prepared by Lieber’s group.
The SWNTs were grown on oxidized silicon substrates by CCVD using an iron catalyst.
The nanotube-covered wafers were then imaged in tapping mode with silicon tips.
Isolated, vertically aligned SWNTs were located and were then ‘picked up’ on silicon
pyramids. For probes to be used for imaging under fluids, the pyramids were coated with
a thin layer of a UV-cure adhesive prior to picking up the nanotubes. A method was
also described for shortening the tube tips in a controlled way by applying voltage pulses.
It was found that SWNT probes need to be very short (c. 10 nm) to be used for imaging.
As well as examining the nanotube tips using SEM or TEM, Lieber and colleagues have
also used gold nanoparticles to characterize the tips. These nanoparticles represent
appropriate imaging standards for AFM since they are essentially incompressible and
can be prepared with very uniform diameters. The effective tip radius is calculated from
the particle image using the two-sphere model. Manually assembled MWNT tips were
found to have diameters as small as 12 nm, which is typical for arc-produced MWNT
tubes. For the mechanically assembled SWNT tips the measured radii were larger than
would be expected if the tips were individual tubes, suggesting the tubes were bundled
together.

Fig. 11.1 Carbon nanotube attached to a conventional AFM tip (11.1).
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Neil Wilson and Julie Macpherson of the University of Warwick, and their colleagues
have also prepared SWNT tips using the ‘pick-up’ technique, and used them for imaging
in non-contact (tapping) mode (11.9–11.11). Both individual SWNTs and bundles of
SWNTs were attached to metal-coated (gold and platinum) silicon tips in this way. The
SWNT bundles were found to adhere much better to the tips than to single SWNTs,
meaning that they could be used in solution and for extensive periods of time (several
months). Also, the bundles could be used without shortening: tips of greater than 1 μm in
length could be used for imaging. This group is particularly interested in producing
electrically connecting nanotube-based probes for electrochemical, conducting AFM and
electrostatic force microscopy applications. In this connection they have described a
method for sputter coating SWNT-AFM probes with AuPd or Au, to produce metal
probes as small as 30 nm in diameter (11.10, 11.11).

Mechanical assembly of nanotube AFM probes can also be performed in a rather more
controlled way inside a scanning electron microscope. Japanese workers described a
method that involved firstly aligning nanotubes on the edge of a razor using an AC
electrophoresis technique and then transferring one of the tubes to a conventional Si tip
inside an SEM equipped with two independent translation stages (11.12). The nanotube
tips were then used to image DNA strands in tapping mode, and showed superior
resolution to conventional tips. A group fromKorea used piezoelectric nanomanipulators
inside an SEM to attach nanotubes to AFM tips (11.13). The tubes were ‘welded’ to the
tips using the electron beam (a similar method was used by Ruoff and colleagues in their
work on mechanical properties – see p. 186). More recently, researchers from the
University of Nottingham have used mechanically assembled nanotube tips to image
biomolecules at very high resolution (11.14, 11.15).

11.1.2 Preparing nanotube tips: chemical vapour deposition

An alternative method for attaching carbon nanotubes to AFM pyramids is to grow the
tubes directly on a cantilever using catalytic chemical vapour deposition (CVD). This can
be achieved in several different ways. One approach, pioneered by Lieber’s group in
1999 (11.16), involves producing a porous surface, depositing catalytic metal particles in
the pores and then exposing the particles to a carbon-containing gas at high temperature
(e.g. ethylene at 800 °C). In this way, the growth of aligned nanotubes out of the pores can
be achieved. Lieber and colleagues created a porous Si surface by firstly producing a
flattened area of 1–5 μm on Si AFM tips (this was done by ‘hard scanning’ the tips on a
diamond surface) and then anodizing the Si in hydrofluoric acid to create 100 nm
diameter pores in the surface. Observation by TEM revealed thin individual multiwalled
nanotubes protruding from the ends of the silicon tips, with typical diameters ranging
from 6 to 10 nm. Subsequently, the same group has demonstrated the growth of thin
SWNT bundles of 1–3 nm in diameter from pores made at the silicon tip ends (11.17).
The pore-growth method clearly has potential for producing nanotube AFM probes.
However, there are drawbacks: the preparation of a porous layer can be time consuming,
and the pores may not be in the correct orientation to promote growth of nanotubes in the
optimal direction.
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Instead of growing the nanotubes in porous Si, Lieber and colleagues have also shown
that they can be grown on the surface of Si pyramids (11.18). This approach involves
simply depositing catalytic metal particles on the surface of the pyramids and then
exposing them to ethylene under conditions that promote nanotube growth. As the
tubes grow, it is found that surface energy tends to guide the tubes towards the apex of
the tip.

The direct growth of nanotubes has become quite a popular method for the
preparation of AFM tips (e.g. 11.19–11.21). In principle, this approach lends itself to
the large-scale production of nanotube AFM tips. The first demonstration of this was
given by the Stanford group in 2002 (11.21). They started with a commercially available
wafer that contained 375 prefabricated Si cantilevers with pyramidal AFM tips.
Polymethylmethacrylate was then spin-coated and baked onto the wafer in such a way
that the tips of the pyramids were left exposed. Catalyst particles were deposited onto the
wafer from a solution, and the PMMA coating was removed. This left the catalyst
particles deposited only on the pyramids, and these were then used to grow nanotubes.
Finally the tubes were shortened by applying voltage pulses. It is not clear whether these
tips were successfully used for imaging.

11.1.3 Imaging using nanotube AFM tips

Smalley and colleagues used their mechanically assembled SWNT probes to obtain
tapping-mode AFM images of a patterned film on a silicon wafer (11.4). It was found
that the tips could reach to the bottom of deep trenches in the film, and thus produce much
more realistic images than those obtained using pyramidal tips, as can be seen in Fig. 11.2

As well as the experiments with gold nanoparticles mentioned above, the Lieber group
has also carried out studies of isolated proteins using nanotube probes. Pore-grown
MWNT CCVD tips were used to image isolated immunoglobulin-G (IgG) and
immunoglobulin-M (IgM) antibody proteins. Immunoglobulin-G has a molecular weight
of ~180 000, with a characteristic Y-shaped structure approximately 15 nm across. In
previous AFM studies using conventional tips, the Y-shape was only seen at cryogenic
temperatures. Using MWNT CCVD tips, Lieber et al. were readily able to resolve the
Y-shaped structure at room temperature (11.17). The pentameric structure of IgM was
also resolved using this type of probe. In order to test the performance of the smaller
diameter CCVD SWNT tips, Lieber and colleagues have used a smaller protein, GroES,
as a test specimen, and obtained higher resolution images than had been achieved with
conventional tips, as shown in Fig. 11.3.

The Lieber group has also pioneered the use of functionalized carbon nanotube tips to
sense specific interactions with functional groups on substrates (11.5, 11.6). The tubes
were initially oxidized, which removed the caps and resulted in the formation of carboxyl
surface groups. The carboxyl-terminated tubes were then used to carry out chemically
sensitive imaging of surfaces patterned with different molecules. Tubes terminated with
amine groups were used in a similar way. In addition to chemical imaging, Lieber and
co-workers used nanotube tips to investigate interactions between biological molecules,
specifically the ligand-receptor interaction of biotin with streptavidin. Biotin ligand was
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covalently linked to nanotube tips by the formation of amide bonds, and the modified tips
were then used to probe immobilized streptavidinmolecules adsorbed onmica. In this way
it proved possible to measure the binding forces between the biotin–streptavidin pairs.

Most of the studies using nanotube AFM tips have involved biological samples. There
have been fewer studies of the potential of nanotube tips for high-resolution imaging
of non-biological materials. The early work of Smalley and colleagues on imaging a
patterned silicon film has already been mentioned. The Lieber group have used mechani-
cally assembled SWNT tips to resolve substructure within SWNTs deposited on surfaces
(11.7). Also, Japanese workers have used carbon nanotubes as probes for friction force
microscopy (11.22). Periodic hexagonal images corresponding to the atomic structure of
the mica surface were obtained.

A useful review of the use of carbon nanotubes as AFM tips has been given by Cattien
Nguyen and colleagues of NASA (11.23).

(a)

(b)

Fig. 11.2 AFM images of patterned film obtained using (a) conventional tip and (b) nanotube tip (11.4).
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11.2 Gas sensors

In their Science paper published in 2000 (11.2), Zettl and colleagues described measure-
ments of the DC electrical resistance and the thermoelectric power of bundles and thin
films of SWNTs. The samples were mounted in a vacuum test chamber with provisions
for heating and cooling and injecting different gases. Resistance measurements were
made at room temperature using a four-probe contact configuration. It was found that the
presence of air resulted in a 10–15% drop in resistance, which could be reversed by
evacuating the chamber once again. A similar effect was observed when pure oxygen was
used. Measurements were also made of the thermoelectric power, S, of the SWNT

(a)

(b) (c)

Fig. 11.3 GroES protein imaged by a CVD nanotube tip, from the work of the Lieber group (11.17).
(a) Large area scan (b) higher resolution image showing heptameric symmetry (c) crystal
structure of protein.
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samples i.e. the voltage generated when two ends of the samples were held at different
temperatures. A positive S was observed in the presence of oxygen, indicating p-type
behaviour, while a smaller, negative S, occurred in vacuum, consistent with n-type
behaviour.

Although theoretical work by Marvin Cohen’s group (11.24) provided support for the
Zettl results, subsequent studies, both experimental and theoretical, have cast doubt on its
validity. In 2002, Tobias Hertel and colleagues showed that the binding energies for
oxygen on SWNTs could be attributed to van der Waals interactions, i.e. physisorption,
rather than the chemisorption assumed by the Zettl group (11.25). A paper by Goldoni
and co-workers in 2003 suggested that the observed oxygen sensitivity might have been
due to contamination (11.26). This group studied purified ‘buckypaper’, and used
photoemission spectroscopy to study the adsorption of oxygen on the carbon. They
found evidence that oxygen was chemisorbed on the nanotubes, which would be con-
sistent with the view that oxygen can strongly affect the tubes’ electronic properties.
However, the photoemission spectra also showed the presence of several contaminants in
the nominally purified buckypaper. In particular, there was a significant amount of Na,
probably a residue of the purification process, together with Ni from the catalyst particles
and other minor contaminants. It appears, therefore, that there is some doubt about the
results originally reported by Zettl et al.

The work by Dai and colleagues, published slightly before the Zettl paper (11.3) seems
to be less controversial. This study showed that the conductivity of individual SWNTs
was extremely sensitive to nitrogen dioxide and ammonia. An arrangement was used in
which each end of a single semiconducting SWNTwas connected to titanium and/or gold
pads. Using the pads as electrodes, they found that the conductivity of the SWNT
changed rapidly over several orders of magnitude upon exposure to nitrogen dioxide
and ammonia. Thus, an increase in the conductivity by up to three orders of magnitude
was observed within 10 s after exposing the tube to 200 ppm NO2. With 1% NH3, the
conductance decreased by two orders of magnitude within two minutes. An important
aspect of the work was that the sensors worked at room temperature. Conventional
sensors for NO2 and NH3 based on semiconducting metal oxides need to operate at
temperatures of up to 600 °C for high sensitivity, while those that are based on conduct-
ing polymers have limited sensitivity. The SWNT sensors therefore appear to have
considerable promise. One drawback, however, is that they take several hours to release
the analyte at room temperature, although this can be speeded up by heating.

Several other groups have explored the use of SWNTs to sense NH3, often using
functionalized tubes (e.g. 11.27–11.29) Robert Haddon and colleagues found that func-
tionalized SWNTs experienced a much greater change of resistance upon exposure to
NH3 than did pristine tubes, giving them greater sensitivity as sensors (11.28). This was
attributed to electron transfer between the attached molecules and the valence band of
semiconducting SWNTs (11.29). Functionalized tubes have also been used in NO2

sensors (11.30). In 2007, Alexander Star and colleagues from the University of
Pittsburgh described a sensor for nitric oxide that employed SWNTs functionalized
with poly(ethylene imine) (11.31). The NO was firstly oxidized to NO2, which was
then passed over a network of SWNTs in a field-effect transistor device, inducing
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changes in the conductance of the tubes. The authors suggested that the device could be
useful in diagnosing asthma, by monitoring NO in exhaled breath.

Nanotubes decorated with metal particles have also been used in sensing. The first
demonstration of this was given by Dai and co-workers, who showed in 2001 that
SWNTs coated with Pd nanoparticles can selectively sense hydrogen in a flow of air
(11.32). In this work, both individual SWNTs and nanotube bundles were sputter-coated
with Pd nanoparticles. Decreases in conductivity up to 50% and 33% were observed for
the Pd-coated individual SWNT and nanotube bundles, respectively, upon exposure to a
flow of air mixed with 400 ppm of hydrogen. This was followed by a rapid recovery of
the conductivity after the hydrogen flow was turned off. The sensing mechanism is
believed to involve the dissolution of atomic hydrogen into Pd, leading to a decrease in
the work function for Pd. This in turn, causes electron transfer from Pd to the SWNTs to
reduce the hole-carriers in the p-type nanotube, and hence a decreased conductivity.
Workers from NASA have used Pd-decorated SWNTs as sensors for methane (11.33),
while the Pittsburgh group have fabricated arrays of SWNTs decorated with Pd, Pt, Rh
and Au, and used them to detect H2, CO, CH4 and H2S (11.34).

In an interesting study published in Science in 2005, workers from the USA and
Sweden showed that electronic transport in metallic SWNTs was sensitive to collisions
with inert gas atoms or small molecules, including He, Ar, Ne, Kr, Xe and N2 (11.35).
These gases are difficult to detect with current measurement technologies.

11.3 Biosensors

Carbon nanotubes have been used as biosensors in a variety of ways. There has been
much interest in using ‘bulk’ quantities of nanotubes in macroscopic electrodes to
replace, or complement, existing electrode materials such as glassy carbon or precious
metals. At the other extreme, it has been demonstrated that individual single-walled tubes
can be used as sensors. We begin by considering macroscale electrochemical biosensors
employing nanotube electrodes.

Electrochemical biosensors usually contain three electrodes, a reference electrode, an
active electrode and a sink electrode. The analyte reacts with the active electrode surface,
and the ions produced create a potential that is subtracted from that of the reference
electrode to give a signal. Carbon nanotubes have a number of qualities that suggest they
might make attractive electrode materials, including their high surface areas and con-
ductivities. The use of functionalized nanotubes in electrodes is also of interest, as
previously discussed in Chapter 8. Many studies have now been carried out using
nanotube-containing electrodes (e.g. 11.36–11.46), and in many cases they have dis-
played characteristics that are equal or superior to that of conventional electrodes (11.47).
Various methods have been used to make the electrodes, including simply mixing the
nanotubes with a binder (11.36, 11.40, 11.45), or drop coating onto a glassy carbon
electrode (11.38, 11.41). Aligned nanotubes have also been used in electrodes. These
have sometimes been prepared using self-asembly, as described in Chapter 4 (p. 93)
(11.37, 11.43), and sometimes by direct growth (e.g. 11.39). Among the biomolecules
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that have been analysed using nanotube-containing electrodes are DNA (11.39, 11.42,
11.44), enzymes (11.40, 11.46), proteins (11.43) and glucose (11.45).

Turning now to nanoscale biosensing using nanotubes. This has generally involved
using SWNTs in a field effect transistor (FET) configuration, similar to that used in many
of the chemical sensors described above. The work of Hongjie Dai’s group on the
development of protein sensors was mentioned in Section 8.4.1 (11.48). This involved
coating SWNTs with a surfactant, and then attaching specific receptors to the coated
tubes. The tubes in these devices were grown in situ on quartz substrates. Metal
evaporation through a shadow mask then formed the source and drain electrodes, as
shown in Fig. 11.4(a). Sensing in solution was carried out by monitoring electrical
current through the device during protein additions (Fig. 11.4b). The glucose sensors
developed by Dekker’s group (11.49) worked in a similar way, but this time using
individual tubes, as in Fig. 11.4(c). Again, the tubes were grown in situ on SiO2, and
metal electrodes were deposited on top of the SWNTs using electron-beam lithography.
Glucose oxidase (GOx) was then immobilized on the tubes via a pyrenyl group linking
molecule. The conductivity of the GOx-coated tubes was found to change with pH and
with addition of glucose, demonstrating that single nanotubes can act as sensors.

For further information on the enormous amount of work done on nanotube biosen-
sors, several excellent reviews are available (11.47, 11.50–11.52).

11.4 Physical sensors

The application of carbon nanotubes in atomic force microscopy was discussed above.
Here we are concerned with the use of nanotubes to measure physical phenomena such as
pressure and flow rate, and as ‘nanobalances’.

(a) (b)

source source

quartz

analyte
solution

drain drain

SWNTs

(c) Glucose oxidase

Electrode

Semiconducting SWNT

Fig. 11.4 (a), (b) Using nanotubes as electronic devices for sensing in aqueous solutions, from the work
of Dai et al. (11.48). (c) Two electrodes connecting a semiconducting SWNTwith GOx enzymes
immobilized on its surface, from work by the Dekker group (11.49).
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The use of nanotubes as pressure sensors has been explored by Daniel Wagner of
the Weizmann Institute, Israel, and colleagues (11.53–11.55). These workers showed
that the disorder-induced D* band in the Raman spectrum of SWNTs is strongly
dependent on the stress or strain applied to the nanotubes (see p. 192 for a discussion
of Raman spectroscopy). This phenomenon can be exploited to determine the strain in
nanotube-containing composite materials. However, if the nanotubes are oriented ran-
domly in the matrix, interpretation may not be straightforward. This is because when a
uniaxial stress is applied to the material, the nanotubes perpendicular to the load may
experience compression. To avoid this, Wagner and colleagues use polarized Raman
spectroscopy to select the nanotubes lying along the polarization direction. Using Raman
microscopy it is also possible to map the strain distribution in these materials. There are
other potential problems with this technique. The shifts in the Raman frequencies caused
by strain are rather small, and will be reduced further when the optical signal passes
through the surrounding medium. This might make the method difficult to apply in some
situations.

The idea that it might be possible to generate electricity by passing a liquid over carbon
nanotubes, and that the tubes could therefore be used as flow sensors was first put
forward by Petr Král and Moshe Shapiro, also of the Weizmann Institute, in 2001
(11.56). Their calculations suggested that passing a polar liquid such as water past a
conducting nanotube should induce an electron flow along the walls of the tubes in the
same direction as the liquid flow. In early 2003, Ajay Sood of the Indian Institute of
Science in Bangalore and colleagues claimed to have demonstrated this effect experi-
mentally (11.57). They described a device consisting of a bundle of randomly oriented
SWNTs packed between two metal electrodes and suspended in a metre-long glass
tube. Water was pumped through the tube and the voltage across the nanotubes
measured. It was found that even very small flow velocities produced relatively large
voltages across the nanotube bundle. Thus, a flow velocity of 5m s− 1 induced a voltage
of 0.65mV. Liquids with greater ionic strength than water were found to induce higher
voltages, while non-polar liquids such as methanol had a much smaller effect. The
one-dimensional nature of the SWNTs appeared to be crucial for the generation of an
electrical signal: experiments with graphite did not produce any measurable signal. Multi
walled nanotubes did generate a voltage, but this was about ten times smaller than that
produced by SWNTs. It is not clear whether the results of Sood and colleagues have been
repeated by other groups.

Another interesting idea that does not seem to have been widely taken up is the use of
nanotubes to weigh nanoscale particles. This was demonstrated in 1999 by de Heer and
colleagues (11.58). These workers applied alternating voltages to nanotubes inside an
electron microscope, causing them to vibrate. By adjusting the frequency of the applied
potential they were able to excite the nanotubes resonantly at their fundamental fre-
quency and at higher harmonics. In this way they could determine not only the tubes’
moduli, but could also measure the masses of carbon nanoparticles that were attached to
the tubes. They suggest that this ‘nanobalance’ approach could be applied to other
particles of similar dimensions such as viruses.
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11.5 Discussion

The potential of carbon nanotubes as AFM tips was recognized quite early on by
Smalley and his colleagues (11.4). Important early work in this area was also carried
out by the Lieber group (11.5–11.8). Following these pioneering studies, notable
progress has been made in the production of nanotube AFM tips, and many impressive
images have been obtained using these probes. Nanotube tips can now be purchased
from a number of AFM companies. Currently, the price of these tips is relatively high
(typically around $400 each compared with about $50 for conventional tips). It remains
to be seen whether nanotube tips will eventually become as widely used as Si and Si3N4

probes.
Interest in gas sensing using nanotubes has also grown steadily since the publication of

the Science papers by the Zettl and Dai groups in 2000 (11.2, 11.3). Nanotubes have the
advantage over alternative materials of extremely large surface areas (single-walled
nanotubes are essentially ‘all surface’), leading to high sensitivity. In addition, nanotubes
can be tailored to sense certain gases by functionalization and doping with catalysts.
A further advantage over conventional solid-state sensors, which typically operate at
temperatures over 400 °C, is that nanotube-based sensors can operate at room tempera-
ture. It appears, however, that there are still issues with the ‘recovery time’ after exposure
to the gas.

The use of nanotubes in biosensors has attracted just as much interest as their
application in gas sensing. A huge amount of work has been done on macroscale
electrochemical biosensors employing nanotube electrodes, and it seems that these
offer significant advantages over conventional electrodes. Some impressive demonstra-
tions of the use of individual tubes as biosensors have also been given.
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12 Conclusions

Fewmaterials can have been as intensively studied as carbon nanotubes. As a result of the
enormous amount of work carried out on these structures since 1991, we now have a
wealth of information on their electronic, mechanical, thermal, optical and other physical
properties. We know how to attach things to the outside of tubes and to put things inside.
We can manipulate nanotubes into defined arrangements and incorporate them into
polymer, ceramic or metal matrices. At present, however, there are still relatively few
nanotube-containing products on the market. The few commercial products that have
emerged are in highly specialized areas such as AFM tips. Perhaps the most commer-
cially significant application of nanotubes to date has been as components of lithium ion
batteries, although these employ relatively poor quality catalytically-produced MWNTs.
It would be fair to say, then, that carbon nanotubes have not yet fulfilled their potential.
The main reason for this is quite simple: they are still far too expensive. The price of
single-walled nanotubes is currently around $100 per gram, compared with about $30 per
gram for gold. Clearly there is still much work to be done in improving the quality and
yield of nanotube production.

In this final chapter, a brief and subjective summary is given of some of the highlights
of carbon nanotube research. Some comments are then made on the areas where progress
still needs to be made.

12.1 Highlights of carbon nanotube research

Any list of classic papers on carbon nanotubes would probably have to begin with Sumio
Iijima’s 1991 letter to Nature (12.1). It should be recognized however that important
work on catalytically-produced carbon fibres was carried out in the 1970s and 1980s,
most notably by Terry Baker (e.g. 12.2) and Morinobu Endo (12.3) and their
co-workers. The fact that this work was not widely recognized until after the appearance
of Iijima’s paper does not lessen its significance. Following Iijima’s 1991 paper, the next
major event was the discovery of single-walled nanotubes in 1993 (12.4, 12.5). These
were initially produced using arc-evaporation, a technique that is difficult to scale up. The
demonstration in 1996 that single-walled tubes could be produced catalytically (12.6)
was therefore of great importance. Catalytic processes are readily scaleable, and a
number of methods for the bulk synthesis of SWNTs have been developed, notably
those known by the acronyms HiPco (12.7) and CoMoCAT (12.8). The production of



single-walled tubes in this way has greatly increased their availability (although, as noted
above, the commercial price remains stubbornly high). It is important to note that the
quality of single-walled nanotubes produced using catalytic processes is similar to those
made using arc- or laser-vaporization.

Producing carbon nanotubes catalytically enables them to be grown in defined
arrangements. A huge amount of research has been done on the growth of vertical arrays
of multiwalled tubes on substrates, following the pioneering work of Zhifeng Ren and
colleagues in 1998 (12.9). A primary aim of this work has been to manufacture field
emission display devices, although it is not clear whether this has led to any commercial
products. There has also been great interest in the directed growth of SWNTs across
substrates, to produce nanoscale circuits. Hongjie Dai’s group showed in 2001 that this
can be achieved using electric fields (12.10). The same group also used catalytic growth
to integrate nanotube transistors into a silicon circuit in 2004 (12.11). On a much larger
scale, catalytic methods have been successfully used in the continuous production of
aligned MWNT aerogels (12.12), which can be processed to produce fibres with excep-
tional strength and stiffness (12.13).

The alternative to growing nanotubes in defined arrangements is to process ready-
made tubes. Some fascinating work has been done by the Ralph Krupke group on the
assembly of single-walled nanotubes into defined patterns using dielectrophoresis (12.14).
They claim that millions of nanotube devices can be constructed in this way. Equally
remarkable is the work of Ray Baughman and colleagues on spinningMWNTyarns from
arrays grown catalytically on substrates (12.15). A discussion of nanotube processing
should also mention the development of ‘buckypaper’, i.e. thin sheets of purified single-
walled tubes. This was first described by Andrew Rinzler and co-workers in 1998
(12.16). By refining his original process, Rinzler has been able to prepare ultra-thin
buckypaper films which are transparent to visible light and electrically conductive. It
seems certain that this extraordinary material will find important applications.

Turning now to the electronic properties of carbon nanotubes, this is an area where
theory led experiment. As noted in the opening chapter, Carter White’s group, from the
Naval Research Laboratory (12.17), and Mildred Dresselhaus and co-workers fromMIT
(12.18) both submitted papers on the electronic properties of fullerene tubes prior to the
appearance of Iijima’s paper. A short time later, the MIT group, and Noriaki Hamada and
colleagues from Tsukuba, carried out band structure calculations which demonstrated
that electronic properties were a function of both tube structure and diameter (12.19,
12.20). In other words, nanotubes could be either semiconducting or metallic depending
on their size and structure. Experimental confirmation of these predictions required
extraordinary skill, involving the precise positioning of nanotubes on substrates, and
amazingly sensitive conductivity measurements. Key achievements here were the
demonstration by Ebbesen and colleagues in 1996 that different MWNTs within a single
sample can display different electronic properties (12.21); the direct correlation of
electronic properties with SWNT structure, by Dekker and co-workers in 1998 (12.22);
and the demonstration in 1997 of quantum transport in SWNTs (12.23) and in MWNTs
one year later (12.24). Other significant achievements include the construction in 2001 of
a SWNT-based single-electron transistor which operated at room temperature (12.25),
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and of a logic gate based on a single nanotube bundle (12.26). Of course, translating these
laboratory demonstrations into practical electronic devices will not only require progress
to be made in preparing nanotubes with a defined structure, but also the development of
techniques for reliably growing or arranging them in a defined manner. Some workers
have recently argued that graphene offers a better prospect than nanotubes for the
construction of nanoscale devices. Graphene is certainly a fascinating and important
material, but its use in nanoelectronics is still at a very early stage, and nanotubes possess
important advantages in terms of chemical and physical stability. It would be premature,
therefore, to abandon research on the electronics of nanotubes in favour of graphene.

The first indication that nanotubes possessed outstanding mechanical properties came
in the 1996 study by Michael Treacy and colleagues (12.27), who carried out in situ
measurements of the intrinsic thermal vibrations of multiwalled carbon nanotubes in a
TEM. The lack of precision in this approach led to a wide spread in values for the Young’s
modulus, with an average of 1.8 TPa. Subsequent, more accurate, measurements (e.g.
12.28–12.30) have quite consistently produced values close to 1 TPa for the modulus.
This makes carbon nanotubes the stiffest materials known: significantly stiffer than the
best carbon fibres and about 5 times stiffer than steel. But what makes nanotubes truly
exceptional is that they combine a high modulus with other outstanding mechanical
properties. Their tensile strength, as measured by Rodney Ruoff’s group, for example
(12.31), can be as high as 63 GPa, around 50 times higher than steel. In addition,
nanotubes have the remarkable ability to recover from deformations apparently unda-
maged. It is important to appreciate, however, that not all nanotubes exhibit these
exceptional properties. When produced catalytically, most multiwalled tubes have
much lower stiffnesses and strengths, as shown by the Forró group (12.29).

The extraordinary mechanical properties of carbon nanotubes have prompted a major
research effort into the production of nanotube-containing composite materials, usually
with a polymer matrix. However, successfully incorporating the tubes into a matrix in a
way which fully exploits their properties has not been easy, and some of the early results
in this area were disappointing. More recently, significant progress has been made in
dispersing nanotubes homogeneously in a variety of matrices, and achieving good
bonding between the tubes and the matrix. As a result, several groups have produced
nanotube/polymer composites with impressive mechanical properties. Two examples are
the SWNTs/nylon composites prepared by Karen Winey and colleagues (12.32) and the
SWNT/PVA fibres produced by the Baughman group (12.33). Nanotubes can also be
used to improve the conductivity of polymers, and have been used commercially in this
way for a number of years.

The production of better nanotube-containing composites has been enhanced by
progress in nanotube functionalization, and the chemistry of nanotubes has developed
into a flourishing field. As well as facilitating the preparation of composite materials,
work on nanotube functionalization has helped in the development of techniques for
solubilizing, purifying and processing nanotubes. Notable work in this area has been
done by the groups of Robert Haddon (12.34), Maurizio Prato (12.35) and Andreas
Hirsch (12.36). The functionalization of nanotubes with biomolecules is still a relatively
new area, but one that is creating great excitement, partly because of the potential
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therapeutic applications. In this connection, a very important development has been the
demonstration by Bianco, Kostarelos, Prato and colleagues (12.37) that functionalized
tubes can pass through cell membranes.

If the science of attaching things to the outside of nanotubes is attracting increasing
interest, research on inserting things inside has also advanced greatly since the early
studies by Iijima and colleagues (12.38, 12.39) and the Oxford group (12.40, 12.41).
Remarkable work on the structure of inorganic crystals inside single-walled nanotubes
has been carried out by Jeremy Sloan and co-workers (12.42), and there is great interest
in SWNTs filled with fullerenes, or ‘nano-peapods’, first prepared by Smith, Monthioux
and Luzzi (12.43). Some amazing images of individual molecules inside SWNTs have
also been recorded by Sloan et al. (12.44) and by the Suenaga group (12.45). Studies of
small organic molecules in this way represent something quite new for transmission
electron microscopy.

The application of nanotubes as AFM tips and sensors is an important growth area.
Pioneering work by the Smalley (12.46) and Lieber (12.47) groups demonstrated that
nanotubes had significant advantages over conventional silicon or silicon nitride AFM
probes. The idea of using nanotubes in this way has been quite widely taken up, and
nanotube tips are now commercially available. An area with greater commercial potential
is the use of nanotubes as sensors. Two studies published in 2000 (12.48, 12.49) revealed
the potential of nanotubes as gas sensors, and prompted intense interest in this area. The
use of nanotubes in biosensors is also attracting a major research effort. Both bulk
amounts of nanotubes (12.50) and individual tubes (12.51) can be used in this way,
and the prospects for commercial exploitation appear to be good.

12.2 Final thoughts

At a conference in 1993 (12.52) Richard Smalley summarized his opinion about the most
important issue in nanotube research by paraphrasing Bill Clinton: ‘It’s the mechanism,
stupid’. At this early stage in the development of the subject, Smalley realized that a fully
mature nanotube science could only be built on the firm foundation of an understanding
of the growth mechanism. Without such an understanding there would be little hope of
developing techniques for preparing nanotubes with defined structures, or for the bulk
synthesis of high-quality nanotubes.

Sixteen years later, the central problem in nanotube science is still the mechanism.
Although progress has been made, the growth mechanisms of both single- and multi-
walled nanotubes remain controversial. In particular, the detailed mechanism of multi-
walled tube formation in the arc remains obscure. This is despite the fact that some of the
most spectacular nanotube properties have been demonstrated using arc-grownMWNTs.
In some ways, then, nanotube science has got ahead of itself (12.53). We know how to
make single-electron transistors from individual carbon nanotubes, but we do not know
how to prepare nanotubes with a defined structure. Perhaps it is time for a shift in the
emphasis of nanotube research away from some of these more spectacular areas towards
the fundamental issue of understanding how these amazing structures actually grow.
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