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Fig. 8. (a) An SWNT of ca. 2.0nm (running from bottom left diagonally toward top
right) crossing with an individual SWNT of ca. 0.9nm; (b) after 60s, electron irradia-
tion promotes a molecular connection forming an “X” junction (schematics and molecular
models are shown for visualization); and (c) subsequent electron irradiation of the struc-
ture promotes breakage of the thin extremity, thus resulting in a “Y” junction (Terrones
et al., 2002).

concluded that the creation of SWNT junctions should involve: (a) defect
formation (e.g., vacancies, interstitials, dangling bonds); (b) surface and
atom reconstruction initiated by high electron irradiation; and (c) thermal
annealing. The production of these novel carbon—carbon nanocomposites
using SWNTs would certainly revolutionize specific areas in electron-
ics (e.g., formation of memory devices, circuits using 2D SWNT matri-
ces, and extra-light and super-robust fabrics using 2D and 3D SWNT
networks).
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3.7. Gas and hydrogen storage

H, and Ar can be stored in SWNTs%%46 and MWNTs,*7 respectively. It is
important to emphasize that Hs storage in carbon nanotubes may be advan-
tageous in the fabrication of fuel cells mainly for powering electric vehicles.
Unfortunately, there has been controversy over the high Hy storage capac-
ity of carbon nanotubes (from 0.1 to 66 wt%).*® More recent studies have
indicated that the hydrogen uptake is lower than 2%, being the highest for
HipCo produced SWNTs.*? Hirscher et al.* also showed that the influ-
ence of impurities such as Ti (coming from the sonication probe) might be
responsible for the results reported previously with uptakes up to 7%. At
present, it seems that nanotubes may not be the best material for storing
hydrogen, but additional experiments and further calculations should be
carried out to clarify these results. Nevertheless, porous nanocarbons have
shown to have a grater hydrogen intake up to 2.7 wt%.%°

3.8. Nanotube electronic devices

It has been possible to fabricate a three-terminal switchable device based
on a semiconducting single nanotube (see Ref. 9). It was also found that
metal-metal, metal-semiconductor, or semiconductor—semiconductor nano-
tube junctions (created by inserting five to seven defects) can indeed be
measured.’! In 2001, two groups demonstrated (see Ref. 36) for the first
time the fabrication of field effect transistors, exhibiting a high gain (> 10),
a large on-off ratio, and room-temperature operation. Regarding the con-
struction of p—n—p devices, it has been shown that N-doped carbon nano-
tubes behave as n-type nanowires,’? whereas B-doped tubes act as p-type
conductors.?® IBM experts envision that in a decade carbon nanotubes
could be used in high-performance electronic devices.

3.9. Biological devices

There has not been much work on biologic applications of carbon nano-
tubes. However, it should be possible to inhibit viruses, by attaching
them to the surface of nanotubes, similarly to the way in which Au clus-
ters attach to the surface of CN, nanotubes.?® In addition, enzymes could
be added to the surface of MWNTSs so that their activity increases. At
present little progress has been carried out along this line, but it is clear
that bionanodevices will appear in the near future.
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3.10. Nanotube polymer composites

The combination of high aspect ratio, small size, strength, stiffness, low
density and high conductivity make carbon nanotubes perfect candidates as
fillers in polymer composites. It has been demonstrated that the presence of
0.1 wt% of MWNTs in epoxy resins increases the elastic modulus by 20%.55

3.11. Nanotube ceramic composites

MWNTs coated with SiO, have revealed a higher oxidation resistance
(< 1200°C),°® oxidation being a common drawback of all-carbon mate-
rials. Other nanotube composites have been fabricated using alumina and
SiC. However, little has been done in this direction.

3.12. Layered coated nanotubes

It is also possible to alter the mechanical and transport properties of carbon
nanotubes by coating the external tube surface or by inserting metals in
the hollow core of the cylinders. These modified tubes can then be used as
fillers in specific composites. Ajayan and co-workers were the first to coat
MWNTs with V505.57 Hsu et al. also demonstrated that it is possible to
coat carbon nanotubes and nanoparticles with MoS; and WS,.%® Whitby
et al.’? managed to coat individual MWNTs with single layers of WS,.%°

4. Conclusions and Future Work

Due to their abundance and great potential, carbon nanomaterials will be
taking an important role in the development of emerging technologies in the
near future. Carbon nanotubes will be the first of this class to find indus-
trial applications within 1-5 years. However, larger quantities of nanotubes
are needed if composite materials are to be launched in various markets
(ton/day). This is only the tip of the iceberg since some nanocarbons are
ready to be applied in the fabrication of novel devices, and other new car-
bon structures still need to be synthesized. In the next ten years, conductive
paints and plastics, as well as flexible and lightweight magnets containing
Fe-filled carbon nanotubes and other nanocarbons will become a reality.
The inhibition of some viruses and bacteria using nanoscale carbons will
certainly be achieved within the next two years. Some of the predicted
structures that are extremely stable (e.g., haeckelites, schwartzites), should
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also be synthesized very shortly. At present, we are still witnessing novel
properties of carbon nanomaterials, such as the ignition of SWNTs when
exposed to a standard photographic flash.%0 The nanocarbon field is vast,
and various types of nanoscale carbon will undoubtedly become an impor-
tant part in the development of smart materials in the new millennium. We
have to add that the results obtained with carbon have opened new possibil-
ities in other layered materials such as boron nitride, tungsten disulphide,

Fig. 9. (a) Molybdenum sulphide zigzag-type nanotube. (b) Molybdenum sulphide octa-
hedral cage.
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molybdenum disulphide, etc., which can acquire curvature to form nano-
tubes, fullerene-like structures, and other morphologies (see Fig. 9).
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