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Preface

This book contains a collection of major research accomplishments in the past decade
or so in the area of nanotechnology and specifically carbon nanotubes. The book has
been brought together by the efforts of scientists from all over the world, through the
support of the multidisciplinary Open Access publisher of books and journals, InTech
(http://www.intechweb.org/) with the aim of providing easy access to high quality
research in the field.

“There's plenty of room at the bottom,” said Richard Feynman, when in part he was
referring to the arrangement of atoms in a “desirable arrangement”. While a desirable
choice will depend solely on the application of the material, in many ways one may
think of carbon nanotubes (CNTs) as a desirable one. CNTs are allotropes of carbon
arranged in cylindrical structures with diameters of as low as a fraction of nanometer
to several tens of nanometers, which are bound together with sp2 bonds. From a
mechanical point of view CNTs are among the strongest materials that have existed on
the Earth, possessing strength and stiffness of as high as 100 GPa and 1 TPa, owing to
the strong sp2 bonds between Carbon atoms. Moreover, the remarkable stability of the
sp2 bonds and their delocalized electrons provides CNTs with excellent thermal
stability and tunable electronic properties. In addition, the pristine structure of CNTs
can be modified to make their surfaces for applications which require more active
surfaces. Therefore, CNTs have been proposed as a primary material for many
applications ranging from multifunctional nanocomposites, electronics, energy storage
devices, to gas and other chemical detection tools, and for pharmaceutical
applications.

While current scientific literature has focused significantly on the properties of
individual CNTs and their laboratory made samples, one of the focuses of this book is
on applications of CNTs. Various topics discussed in this book are as follows:

The opening part of the book is titled “Growth of CNT Structures and Application
Specific Modification of Their Structures”, which discusses the fabrication of CNTs
and methods of their functionalization. Given the scalability of the method, chemical
vapor deposition is the major method of fabrication of CNTs presented in this part.
Moreover, in this part, the decoration of CNT surfaces with biological macromolecules
to generate smart nanocomposites is discussed.



X

Preface

As mentioned earlier, a great portion of the book is devoted to the application of CNTs
in parts 2, 3 and 5. In part 2, “CNTs in Biological and Medical Applications”, the
application of CNTs as biosensors in the detection of, for instance, DNA/proteins and
metalloproteins, in labeling and molecular delivery platforms, and the application of
CNTs in biological nanocomposites such as orthopedic bone cement are discussed.

Part 3, “CNTs as Chemical Sensors”, presents another class of the application of
CNTs which utilizes the interesting electrochemical properties of CNTs for the
detection of analytical concentration of some compounds of the analyte solution, for
instance in pharmaceutical applications.

The 4th part of the book, “Health Hazard Potentials of CNTs”, deals with the
potential health issues related to any application and handling of CNTs. These studies
at the moment are not conclusive. In some extreme cases, some researchers have
described the toxicity of CNTs to be similar to asbestos, which tangle destructively
with chromosomes, due to their minute dimensions. Therefore, in general, special care
should be taken in handing CNTs, while more studies are required to further establish
relations between CNTs and toxicity.

The last part of the book, part 5, “CNTs for Energy Related Applications”, is mostly
focused on the application of CNTs in energy conversion devices and proton exchange
membrane fuel cells and on development of highly efficient catalysts.

Finally, I would like to thank all the authors and the staff of the InTech for the support
to make this book into reality.

Mohammad Naraghi

Mechanical Engineering Department
Northwestern University

USA
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Carbon Nanotubes and Carbon
Nanotubes/Metal Oxide Heterostructures:
Synthesis, Characterization and
Electrochemical Property

Yong Hu and Changfa Guo

Zhejiang Key Laboratory for Reactive Chemistry on Solid Surfaces and Institute of
Physical Chemistry, Zhejiang Normal University, Jinhua,

China

1. Introduction

Carbon nanotubes (CNTs), a novel carbonaceous material, have been widely studied since
their discovery in 1991. CNTs have highly unique electronic, mechanical, catalytic,
adsorption, and transport properties, making them interesting for a variety of applications.
It is very important for the use of CNTs to prepare CNTs with various constructs in large
scale and ideal quality. Up to now, CNTs have been produced by various kinds of strategies,
mainly including Arc discharge, laser ablation, and chemical vapor deposition (CVD).
Compared with the other two methods, CVD is considered as the most promising method
for easily scaled-up to batch-scale production duo to simplicity and economy. At present, a
lot of modified CVD were studied and explored for preparing pure CNTs in large scale,
especially single-walled CNTs (SWCNTs), such as plasma-enhanced CVD (PECVD) and
thermal CVD. A vapor-liquid-solid (VLS) mechanism is generally accepted for CNTs
growth, and catalyst plays an important role in the CVD synthesis of CNTs, which is needed
to be removed in follow purity of CNTs for further use. To avoid the problem, some
modified CVD methods without metal particles as catalyst were also carried out for
producing relative pure CNTs.

CNTs possess large specific surface areas due to their high aspect ratio, while their
structural integrity and chemical inertness support relatively high oxidation stability in
comparison with graphite. For these reasons, CNTs are promising building blocks for
hybrid materials, which could endow CNTs more excellent performances for widely
potential fields. CNTs-based hybrid materials, including CNTs-inorganic species and CNTs-
organic species, were synthesized by numerous diverse strategies, which can be classed
roughly into two kinds: ex situ approach (attaching nanoparticles to CNTs) and in situ
synthesis (Directly on the CNTs surface). CNTs/metal oxide heterostructures are an
important kind of CNTs-inorganic composites. The synergistic effect of CNTs and metal
oxide makes CNTs/metal oxide heterostructures possess the properties of the both and
have more widely potential application. The electrochemical properties of the CNTs/metal
oxide heterostructures have attracted researchers’ interest duo to their excellent
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performances on electrochemical catalyst, electrochemical sensor, supercapacitors and
batteries. Over the past few years a great number of CNTs/metal oxide heterostructures,
such as TiO,/CNTs, Co030s/CNTs, Au/CNTs, Au/TiO,/CNTs, Co/CoO/Co30s/CNTs
(Fig. i) [1] etc, were synthesized and their electrochemical properties were investigated as
well.

Numerous synthetic methodologies have been developed for the preparation of CNTs and
their composites. In this chapter, besides the preparation of nanocomposites based on CNTs,
we also focus on investigating the electrochemical applications of CNT/metal-oxide or
hydroxide composites.

Fig. i. a) and b) a large view and a detailed view on the Au/TiO,/CNTs nanocomposites
prepared by the photo-assisted method, (c) a detailed view on the Au/TiO,/CNTs prepared
by the self-assembly method, and (d) a detailed view on the TiO,/Co30,/CNTs
nanocomposite prepared by the self-assembly method. (Courtesy of J. Li et al. [1])

2. Synthesis of CNTs

CNTs with tubular structures are made entirely of rolled-up layers of interconnected carbon
atoms [2,3], and with diameters ranging from about one nanometer to tens of nanometers
and lengths up to centimeters. CNTs can be open-ended or closed by a hemispherical
fullerene-type cap, depending on their synthesis method [4]. CNTs have highly unique
electronic, mechanical, catalytic, adsorption, and transport properties, making them
interesting for a variety of applications [5-13]. The scale-up preparation of CNTs with high
purity and homogeneity is essential for the use of CNTs in reality. In several past decades, a
lot of effort was made to investigate the synthesis strategies of CNTs and modify constantly
the promising methods. By far, various strategies, maily including Arc discharge, laser
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ablation, and various chemical vapor depositions (CVD), have been found to produce
SWCNTs and MWCNTs with different merit and demerit. In this section, a brief discussion
about the progress in preparation of CNTs is divided into two parts (synthesis of SWCNTs
and synthesis of MWCNTs) and made.

2.1 Synthesis of SWCNTs

SWCNT can be considered to be a unique molecule, with different physical properties,
depending on their chirality, which determines that SWCNTs are primarily metallic or
semiconducting. Although obtaining a single aliquot of one (1,m1) nanotube is not necessary
in some cases, it is still necessary to obtain nanotubes that are free of non-nanotube carbon
impurities and metal catalyst particles (employed to make SWCNTs).

SWCNTs were first synthesized by the coevaporation of a cobalt catalyst and graphite in an
electric arc [3,14]. In the early arc-generated nanotube material, the SWCNT fibers typically
consisted of 7-14 bundled SWCNTs, with the individual tubes being 1.0-1.5 nm in diameter.
The early arc-generated materials also contained relatively low weight percent densities of
SWCNTs. An improvement in the nanotube yield was observed by changing the metal
catalysts employed in the arc-technique [15]. Fig. la displays a transmission electron
microscope (TEM) image of a typical arc SWCNT material generated with an iron catalyst
[16]. Note that the nanotube bundles are relatively small (containing~3-5 nanotubes).
SWCNTs were later produced at much higher yield by the method of laser vaporization
[17]. Crystalline ropes micrometers in length containing 10-100 s of individual SWCNTSs
were easily obtained [18]. Fig. 1b shows a typical TEM image of crude laser-generated
material produced with an Alexandrite laser operating at ~45 W/cm?2, with Co and Ni at
0.6 % each and an external furnace temperature of 1200 °C [19]. Note the large, very long
bundles of SWCNTs present in Fig. 1b. Although there is a high density of SWCNTs
(30-40 wt %), non-nanotube carbon impurities, as well as metal catalyst particles, are still
clearly visible in the TEM image. Laser-generated SWCNTs typically have low defect
concentrations [20], making them easier to purify, since they are not as likely to be
destroyed by the acids generally employed to remove metal catalyst particles. For example,
Laser-genrated SWCNTs were purified with dilute HNO; to remove the metal catalyst
particles and then burned in air at 550 °C to remove the non-nanotube carbon [21].
However, the laser technique is often considered to be too expensive to be industrially
scalable.

Consequently, numerous research groups have turned to the development of CVD as a
potentially low-cost scalable technique for the production of SWCNTs. In 1996, SWCNT
growth employing CVD on a supported catalyst was demonstrated as a promising route to
carbon nanotube production [22]. Multiple reports quickly followed, further establishing
CVD as a viable large-scale production process [23-32]. Typically, CVD materials contain
more metal and often smaller and shorter SWCNT bundles than those produced in the laser
processes. Fig. 1c shows a TEM image of commercially available CVD material produced by
a high pressure carbon monoxide (HiPCO) process [29]. CVD production of isolated
nanotubes has been achieved on oxidized silicon substrates using an iron catalyst [33].
Additionally, isolated SWCNTSs have been generated in the gas phase by the technique of
hot wire chemical vapor deposition (HWCVD) [34]. Fig. 1d shows high-resolution TEM
images of isolated SWCNTs produced by this HWCVD process. For comparison, a high
resolution TEM image of a bundle of purified laser-generated SWCNTs is also provided in
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Fig. 1e [9]. A multistep process for the purification of HIPCO CVD-generated nanotubes was
reported in 2001 [35]. Recently, K. E. Hurst reported a simple “laser cleaning” method than
can be employed to purify a host of CNT materials [36]. The unavoidable metal species
remaining in the SWCNT products would result in obvious disadvantages for both intrinsic
property characterization and application exploration of SWCNTSs. Despite sustained efforts,
it has been until now an intractable problem to remove metal catalysts completely from
SWCNT samples without introducing defects and contaminations. Surprisingly, in 2009, Liu
et al. proposed a simple and effective method for growing SWCNTs via a metal-catalyst-free
CVD process on a sputtering deposited SiO, film. Metal-free, pure, and dense SWCNTs
were obtained [37]. The successful growth of SWCNTs using a nonmetal catalyst can
provide valuable implications for understanding the growth mechanism of SWCNTs in-
depth, which accordingly will facilitate the controllable synthesis and applications of carbon
nanotubes.

e)

Fig. 1. TEM images of bulk SWCNT materials showing (a) typical arc-material generated
with a Co/Ni catalyst mixture. (b) Alexandrite laser-generated crude material produced
with ~45W/cm? and a Co/Ni catalyst mixture at 1200 °C. (c) commercially available CVD
material produced by the HiPCO process. (d) Isolated SWCNTSs produced by a continuous
HWCVD process where ferrocene is employed to supply the metal catalyst. (e) Bundle of
purified laser-generated SWCNTs. (Courtesy of A. C. Dillon et al. [5])
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2.2 Synthesis of MWCNTs

MWCNTs were discovered by lijima in 1991 while vaporizing carbon in an electric arc [2]
and were then produced at higher yield by increasing the pressure of the helium gas
atmosphere [38]. MWCNTs typically have inner diameters of ~3-20 nm and are then
surrounded by concentric graphene sheets with an interstitial spacing between the sheets of
~3.4 A. The number of concentric graphene sheets can range from 2 to ~100. High resolution
TEM images of MWCNTs are provided in Fig. 2 [39]. In Fig. 2a the high-resolution TEM
image clearly shows that the distance between layers of the MWCNTSs measures ~3.4 A.
Fig. 2b depicts a MWCNT with ~20 concentric shells. MWCNTs have electronic properties
similar to those of graphite and are thus semimetals. They are promising for multiple
applications including strong composite materials, field emission displays, and adsorbents
for gas separation or storage [40-47].

. L AN N R 3 Fher  “- B N o
Fig. 2. TEM images of MWCNTs (a) showing that the distance between layers of the
MWCNTs measures ~0.34 nm and (b) depicting a MWCNT with ~15 concentric shells.

(Courtesy of A. C. Dillon et al. [39])

Similar to SWCNTs, a continuous low-cost production method producing MWCNTs that are
easily purified is required for MWCNTs to be incorporated in emerging technologies. In 1997
[48] and 1998 [49], ferrocene was utilized as a gas-phase catalyst in a CVD process for
continuous MWCNT formation from methane at 1150 °C. However, the 1997 study reported
materials containing more amorphous carbon than arc-generated MWCNTs, presumably due
to a lower synthesis temperature than that achieved in the arc process [48]. In the 1998 study,
the outer layers of the tubes were not graphitic [49], making them more difficult to purify.
Later, ferrocene and ethylene were employed in CVD of MWCNTSs between 650 and 950 °C
[50]. Again, carbon impurities were observed at high-density. The authors concluded that
further work was necessary to improve the nanotube microstructure and yield [50]. High-
purity aligned, graphitic MWCNTSs were synthesized via decomposition of a ferrocene-xylene
mixture at ~675 °C. However, although the catalyst was supplied in the gas-phase, nucleation
of tube growth occurred only for iron species deposited on a quartz substrate, resulting in a
surface growth mechanism and limiting yields to available surface area [51]. CVD techniques
employing benzene pyrolosis [52] and the decomposition of ethylene [53] and acetylene [54]
on supported metal catalysts have been demonstrated as viable large-scale production
methods. MWCNTs have also been grown on supported metal particles or films via CVD [55-
59], plasma-enhanced CVD [60-70], hot-wire chemical vapor deposition [71,72], and plasma-



8 Carbon Nanotubes - Growth and Applications

enhanced HWCVD methods [73,74]. One HWCVD report employed evaporation of the Fe-Cr
filament to supply a gas-phase catalyst, resulting in MWCNTSs with a high density of structural
defects and significant carbon impurities [75]. Although more research was deemed necessary,
this method had potential for large-scale production, since it was not substrate dependent. In
2003, the first continuous high-density MWCNT formation with minimal non-nanotube
carbon impurites was demonstrated with HWCVD employing methane as the carbon source
and ferrocene as a gas-phase catalyst [39]. The metal catalyst impurities were simply removed
via refluxing in dilute HNO; [39]. Surprisingly, Multi-walled carbon nanotubes has been
synthesized using acetylene as carbon sources with a metal-free mild chemical vapor
deposition process by Du et al. [76]. The authors not only gave a simple and facile way to
synthesize MWCNTs without metal but also provided valuable information for a deeper
understanding of CNT formation in CVD.

3. Synthesis of CNTs/metal oxide heterostructures

The transition metal oxides are an important family of inorganic nanomaterials with
abundant properties in optics, electronics, magnetics and catalysis. The property of metal
oxide nanomaterials can be further tuned by varying their composition, structure and
morphology [77].

Composite materials based on CNTs and metal oxide nanomaterials integrate the unique
characters and functions of the two types of components and may also exhibit some new
properties caused by the cooperative effects between the two kinds of materials [78-82].
Therefore, these composite materials have shown very attractive potential applications in
many fields. This section summarizes the handling of CNTs and the preparation of CNT-
based nanocomposites.

3.1 Purification and dispersion of CNTs

Generally, the carbon nanotubes as-prepared are grown as mixtures of carbon nanotubes
and impurities such as amorphous carbon, metal catalyst particles and carbon nanoparticles.
These impurities significantly influence the properties of CNTs and limit their applications.
Consequently, development of economical purification methods has become an important
issue to the development and practical applications of the CNTs. A commonly used
purification approach consists of two steps. The thermal or acid oxidation treatment on raw
CNTs can effectively remove the amorphous carbon, carbon nanoparticles and carbon layers
coated on the metal particles [83,84]. The following acid refluxing treatment removes the
residual naked metal-oxide particles [85]. This method is time consuming and has the
disadvantage of low yield and damaging the nanotubes. Some extraordinary methods such
as magnetic filtration, microwave irradiation, electrochemical oxidation, surfactant-assisted
purification and CoHyF; or SFs treatment have shown higher efficiency in removing the
contaminants in the CNT samples and are less damaging to the nanotube structure [86-89].
Due to the strong m-m stacking interactions between the neighboring CNTs, they tend to
aggregate into bundles, making it very difficult for them to be dispersed in water and
organic solvents. Their insolubility has become a great obstacle to the manipulation and
application of CNTs. Dispersing nanotubes at the individual nanotube level is critical for a
better performance of CNTs in most applications, especially the preparation of CNT-based
composites. Therefore, many strategies have been explored to improve the solubility of
CNTs in solvents. They can be classified mainly into two types, one is the sidewall covalent
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functionalization, and the other is the noncovalent modification using guest molecules as
solubilizers. By sonication in mixtures of sulfuric and nitric acids or sulfuric acid and
hydrogen peroxide, carbonyl and carboxylic groups can be introduced onto the nanotubes
[90]. This is one of the most prevalently used covalent modification methods. The modified
CNTs can be further functionalized by esterification or amidation reaction [91,92]. Other
methods such as carbene cycloaddition, diazonium reaction and grafting of polymers have
also been successfully used in the functionalization of CNTs [93,94]. The covalent methods
convert the carbon atom hybridization from sp? to sp3, leading to a disruption of electronic
structure of CNTs. The noncovalent modification methods, such as polymer and DNA
wrapping, n-n stacking interactions with aromatic molecules and surfactant-assisted
dispersion, are based on van der Waals or n-n stacking between CNTs and solubilizer
molecules [95-98]. The noncovalent strategy offers the advantage of remarkably improving
the CNTs’ solubility without disrupting the electronic structure of the tubes. Therefore it is
more attractive than the covalent method for the maintenance of pristine structure and
properties of CNTs. SWCNTs can be directly dispersed in the imidazolium-based ionic
liquids simply by mechanical milling. The concentration of SWCNTs can be as high as
Iwt%, which is remarkably higher than that of conventional covalent and noncovalent
approaches [99]. The prosperities of SWCNTSs are well preserved, since only weak van der
Waals force exists between SWCNTs and ionic liquids [100,101]. Therefore, imidazolium-
based ionic liquids are superior solvents for the handling of CNTs [100,101].

3.2 Filling CNTs

The earliest attempt toward CNT-inorganic hybrids (in 1993) was the filling of MWCNTs with
metal oxides (PbO [102] and BiOs [103]). Because of their larger inner diameter (5-50 nm)
compared with SWCNTs (1-1.5 nm), most efforts had been spent on filling MWCNTs, and it
was not until five years later that Sloan et al. reported the filling of SWCNTSs with RuCl; [104].
Recently, a few of researchers reported that magnetic nanoparticles or nanowires, such as
cobalt, iorn and corresponding oxides, filled carbon nanotubes by various technologies and
their properties were investigated as well [105-107]. However, carbon nanotube is difficult to
be filled fully without few impurities duo to capillarity of itself.

Initially, the motivation arose mainly from the prospect of forming encapsulated or (upon
oxidation) freestanding inorganic nanowires with new crystal structures or novel properties.
Although both MWCNTSs and SWCNTs have been filled with a vast number of compounds,
little is known about their properties and potential in applications. This has been frequently
blamed on high impurity levels in the synthesized hybrids, the lack of bulk quantities, and
the need for specifically designed measurement devices [108]. In general, the distinction
should be made between the intrinsic properties of the filler, the altered properties of the
encapsulated material due to the confined-space, and novel properties arising from
interactions between the filler and CNTs.

3.3 Ex situ approach: attaching metal oxide nanoparticles to CNTs

In this ex situ or building block approach, metal oxide nanoparticles are attached to the
CNTs via linking agents that utilize covalent, -1 Stacking, or electrostatic interactions. In
this approach, either the metal oxide nanoparticles or the CNTs (or the both) require
modification with functional groups. The type of functionalization and, thus, the strength of
interaction determine the distribution and concentration of the metal oxide nanoparticles on
the CNT surface.
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3.3.1 Covalent Interactions

Carboxyl groups on the surface of acid-treated CNTs are often used to attach amine-
terminated or mercapto-terminated metal oxide nanoparticles via amide bonds [109]. This
can be achieved either by directly linking amine-terminated or mercapto-terminated
nanoparticles with the carboxyl groups or by modifying these carboxyl groups into thiol
groups, which then anchor to colloidal nanoparticles. In a similar way, QDs have been
linked by first stabilizing them with a mixed monolayer of trioctylphosphine oxide (TOPO)
and 2-aminoethanethiol [110]. The resulting amino-functionalized QDs then reacted with
the carboxylic groups of the acid-treated CNTs to form amide bonds.

Metal oxides can be attached to the carboxyl groups without any linking agent due to their
hydrophilic nature, as recently demonstrated for MnO; [111], MgO [112], and TiO; [113].
However, the authors observed only weak interactions between the oxides and the acid-
terminated CNTs, resulting in rather nonuniform distributions of the nanoparticles. Better
adhesion was observed when capping agents were used. For instance, Sainsbury and
Fitzmaurice produced capped TiO, via a standard sol-gel process using titanium
tetraisopropoxide (TTIP) as precursors with cetyltrimethyl ammoniumbromide (CTAB) as
the capping agent [114]. MWCNTs were modified with 2-amino-ethylphosphoric acid and
then mixed with the oxide nanoparticles. The authors showed that the phosphonic acid
groups on the CNTs were well-distributed and provided an excellent driving force for the
attachment of TiO» nanoparticles (Fig. 3).

via silane and phosphonic acid bonds, respectively. (Courtesy of T. Sainsbury et al. [114])

3.3.2 -1 stacking

This approach uses the moderately strong interactions between delocalized m-electrons of
CNTs and those in aromatic organic compounds, such as derivatives of pyrene [115-117],
porphyrins [118-120], phthalocyanines [121], or combinations thereof [122], as well as benzyl
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alcohol or triphenylphosphine (Fig. 4) [123]. These molecules are often modified with long
alkyl chains that are terminated with thiol, amine, or acid groups, which can then connect to
metal oxide nanoparticles and enable their attachment to pristine CNTs via -1t stacking. For
example, Li et al. used pyrene derivatives with a carboxylic termination to anchor magnetic
nanoparticles such as Co or Fe3O4 [124].

One of the major advantages of this approach is that the pyrene compounds remain strongly
adsorbed on the CNT surface after workup steps (e.g., washing, filtration) and thus provide
enhanced solubility and allow continuous redispersing of the modified CNTs in various
aqueous and organic solvents. Furthermore, spectroscopic experiments on CNT/Pt [125]
and CNT/porphyrin hybrids[118,126] revealed an enhanced charge transfer from inorganic
nanoparticles to the CNTs, mediated by the aromatic compound. This was also observed for
attached Co and Fe3O, nanoparticles [124], whose magnetic and electronic properties were
altered due to a strong electron transfer. Moreover, this effect is tunable by the length of the
chain.
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Fig. 4. Examples of linking agents and ligands used to attach metal (oxide) nanoparticles to
pristine CNTs via 11-11 interactions: pyrene derivatives. (Courtesy of V. Georgakilas et al. [124])

3.3.3 Electrostatic interactions

The approach utilizes electrostatic interactions between modified CNTs and metal oxide
nanoparticles. Among the known examples, the deposition of ionic polyelectrolytes to
attract charged nanoparticles is the most common route [127-131]. These polyelectrolytes
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typically bond covalently to the functional groups on the CNT, in contrast to
polyethyleneimine (PEI), which interacts with CNTs via physisorption [132]. For instance,
Sun et al. deposited ALOs, ZrO,, and TiO; nanoparticles on charged CNTs in a slightly
modified way [133]. CNTs were pretreated in NH; at 600 °C to induce a positive surface
charge. The addition of PEI increased the positive charges even further and enabled a better
dispersion. Commercially available o-Al;O3; and 3Y-TZP were then dispersed in poly(acrylic
acid) (PAA), which provided a negative surface potential over a wide range of pH values.
Upon mixing, the AlO; and ZrO; nanoparticles formed strong electrostatic attractive
interactions and covered the CNT surface completely.

Sun et al. attached nanocrystals of TiO; to acid-treated SWCNTSs, also using PEI as a modifier
(Fig. 5) [134]. In the first step, TiCl; was mixed with PEI, whose charged amino groups were
protonated at a pH of 8. The positively charged amino groups of PEI accelerated the
hydrolysis of TiCly into TiO-nanoparticles and stabilized them electrosterically. These amine-
terminated TiO»-nanoparticles with positive charge then attached to acid-treated SWCNTs,
either via amide linkage or through electrostatic interaction. Another route has been suggested
by Jerome et al. [135], who grafted MWCNTSs with poly-2-vinylpyridine (P2VP) to form
carboxylate terminated alkyl chains, onto which positively charged magnetic Fe3O,
nanoparticles were anchored. The main advantage of the polymer route is that the polymers
provide a very dense, uniform distribution of either negative or positive charges over the
entire CNT surface, which enables very dense assemblies of metal oxide nanoparticles.
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Fig. 5. Two-step process for the attachment of TiO; nanoparticles to CNTS: (1) modification
of the nanoparticles with positively charged PEI, containing primary, secondary, and
tertiary amines, and (2) attachment via amide linkage or electrostatic interactions. (Courtesy
of J. Sun et al. [134])
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In summary, these few examples demonstrate the simplicity and feasibility of the ex situ
approach, which remains the method of choice for the deposition of metal oxide
nanoparticles. The main advantage is the possibility of using prepared nanoparticles with
controlled morphology, structure, shape, and size, and, therefore, a good structure property
relationship. The downside of this route, however, is the need to chemically modify either
the CNTs or the metal oxide. This process is often work-intensive, and functionalization
alters both the surface chemistry of the CNTs and also, particularly for SWCNTs, their
physical properties. Furthermore, the use of predefined building blocks restricts the
synthesis of novel hybrid materials and, thus, the development of new physical properties.

3.4 In situ synthesis directly on the CNT surface

The metal oxides or hydroxides can also be formed directly on the surface of pristine or
modified CNTs. The main advantage of this route is that the metal oxide or hydroxide can
be deposited as a continuous amorphous or single-crystalline film with controlled thickness,
or as discrete units in the form of nanoparticles, nanorods, or nanobeads. Furthermore, the
CNTs may act as a support to stabilize uncommon or even novel crystal phases or prevent
crystal growth during crystallization and phase-transformation processes. Finally, a variety
of chemical and physical synthesis techniques can be applied. The deposition can be carried
out either in solution via electrochemical reduction of metal salts, electro- or electroless
deposition, sol-gel processing, and hydrothermal treatment with supercritical solvents, or
from the gas phase using chemical deposition (CVD or ALD) or physical deposition (laser
ablation, electron beam deposition, thermal evaporation, or sputtering).

3.4.1 Electrochemical techniques

Electrochemistry is a powerful technique for the deposition of various metal oxide
nanoparticles, as it enables effective control over nucleation and growth [136,137]. Most
research has been conducted on the deposition of metal oxides, as they are the metal oxides
of choice for applications like heterogeneous electrocatalyst, sensors, supercapacitors and so
on. In general, metal oxide nanoparticles are obtained via reduction of metal complexes by
chemical agents (chemical reduction), or by electrons (electrodeposition). The size of the
metal oxide nanoparticles and their coverage on the sidewalls of CNTs can be controlled by
the concentration of the metal salt and various electrochemical deposition parameters,
including nucleation potential and deposition time [138].

3.4.1.1 Chemical reduction and oxidation

These techniques involve reactions, in which the reduction of the precursor is carried out
with liquid or gaseous reducing agents with the aid of heat, light, ultrasound, microwave,
or supercritical CO; [139,140]. As an example, Sivvakkumar et al. deposited MnO, via
chemical reduction of KMnOy [141]. The authors suspended the CNTs in Na-p-toluene
sulfonate and pyrrole, which polymerized with the aid of ultrasonication. KMnOs was
then slowly added and reduced with acetonitrile to form hydrous MnO,. A very elegant
variation of this process is shown in Fig. 6 and uses KMnOy as both the oxidizer and
reactant [142]. In detail, pristine MWCNTSs were first oxidized under reflux with KMnO,,
which introduced exclusively hydroxyl groups on the sidewalls of CNTs, in contrast to
other oxidation treatments, e.g., with oxidizing acids. These hydroxyl groups then acted
as anchors for Mn7+ ions, which subsequently were reduced to Mn#+ with citric acid to
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form a coating of e-MnO,. For comparison, a pretreatment of the CNTs in strong acids,
which induces the formation of carboxyl groups, resulted instead in y-MnO, [143].
Therefore, this work provides an interesting example of the effect of the CNT surface
chemistry on the crystal structure of the metal oxide coating. In contrast to MnO,, the
deposition of other metal oxides typically requires oxidizing rather than reducing
processes. For instance, Huang et al. added acid-treated CNTs to a solution containing
ammonium metavanadate [144]. The adsorbed VO?2* ions were then oxidized with oxalic
acid to V20s. A different approach combined the reduction of cationic precursors by
hydrogen with a water-in-oil microemulsion technique for the deposition of metal oxide
nanoparticles [145]. Sun et al. used a slightly modified process [146]. The CNTs was mixed
first with an aqueous solution of sodium dodecylbenzene sulfonate (NaD-DBS) and then
with a mixture of Triton-X and cyclohexane, which resulted in very small water droplets
on the CNT surface. Upon adding zinc acetate as the metal precursor, the Zn2* ions
concentrated in the aqueous phase and then reacted with NH3 or LiOH to form spherical,
hollow ZnOH nanoparticles. Subsequent calcinations oxidized them to create small and
dense ZnO nanoparticles. In all cases, the microemulsion technique produced fine
dispersions of small nanoparticles.
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Fig. 6. Example of the deposition of MnO; on CNTs via chemical reduction. The multistep
process involves (1) the oxidation of MWCNTs with KMnO; to form hydroxyl groups, (2)
the precipitation of permanganate ions, and (3) their reduction with citric acid to MnO,.
(Courtesy of X. Xie et al. [142])

3.4.1.2 Electrodeposition

Many of the above-mentioned reduction/oxidation techniques are very time-consuming
and as such allow impurities in the bath solution to be incorporated into the inorganic
phase. In contrast, electrodeposited nanoparticles, exhibit higher purities as well as a good
adhesion to the CNT surface [138].

In most cases, simple van der Waals interactions between the CNTs and the metal oxide
nanoparticles seem to be sufficient to provide strong enough adhesion. Although most
research currently concentrates on the electrodeposition of metal nanoparticles, there have
also been a few reports on electrodeposited metal oxides. As an example, TiCl3 was used
as a precursor and electrolyte and was kept at pH 2.5 with HCl/NayCOs. The deposition
was then carried out via galvanostatic oxidation with 1 mA/cm? and resulted in a rather
irregular and partial coating of a mixture of anatase and TiO,-B [147]. The galvanostatic
approach (3 mA/cm?) has also been applied to codeposit Ni and Co oxides from their
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nitrates, with Pt and saturated calomel as the counter electrodes and reference electrodes,
respectively [148]. This was also demonstrated by Kim et al., who produced a continuous
3 nm thick coating of RuO; via the potential cycling method while varying the potential
from 200 to 1000 mV with a scan rate of 50 mV/s [149]. They observed that the gas
atmosphere during the postannealing process had a significant effect on the morphology
of RuOx [150].

One advantage of this technique is that the electrodeposition occurs to the same extent on
both the sidewalls of the tubes and the tips [151]. Consequently, the presence of carboxyl or
hydroxyl groups as activators is not required. However, the major drawback of
electrodeposition is that it is difficult to produce bulk quantities.

3.4.2 Sol-gel process

The sol-gel process is a versatile, solution-based process for producing various ceramic and
glass materials in the form of nanoparticles, thin-film coatings, fibers, or aerogels and
involves the transition of a liquid, colloidal “sol” into a solid “gel” phase [152]. The sol-gel
process is a cheap and low-temperature technique that allows fine control of chemical
composition and the introduction of lowest concentrations of finely dispersed dopants. One
of the major drawbacks is that the product typically consists of an amorphous phase rather
than defined crystals and, thus, requires crystallization and postannealing steps.

In general, the sol-gel process has emerged as the most common technique to synthesize
CNT/metal oxide hybrids. Early attempts concentrated on the dispersion of CNTs within a
matrix of metal oxide nanoparticles. Vincent et al. synthesized TiO, nanoparticles using
metal organic precursors and acetic acid as a gelator [153]. They observed that the
dispersion of pristine CNTs was more stable when the TiO, nanoparticles had been
produced in the presence of the CNTs (in situ) compared with the simple mixing of the two
materials. Upon reducing the amount of TiO; with respect to CNTs, Jitianu et al. obtained a
thin but rather irregular and partial coating of TiO, on CNTs [154,155]. Typically, the
thickness of the coating can be controlled by various parameters, such as the reaction time
[156], the reaction composition, and the choice of metal precursor [157]. For instance, in the
case of TiO,, the use of titanium tetraisopropoxide (TTIP) produced irregular coatings
[154,158], while tetraethoxy orthotitanate (TEOT) [154] or tetrabutoxy orthotitanate (TBOT)
[157,159] enabled a more uniform deposition. The sol-gel process was sometimes carried out
under reflux [156], or with the aid of ultrasonication [160], microwave [161], or magnetic
agitation [162], in order to enable faster and simultaneous nucleation resulting in a more
homogeneous coating.

3.4.2.1 Covalent

These early works used pristine CNTs, whose hydrophobic nature provides little attractive
interaction with the metal oxide and thus limits the quality of the coating. Similar to the ex
situ approach, the most common approach to change the surface chemistry of CNTs is
to treat them in strong oxidizing acids (H>SO,/HNO3). This process introduces a variety
of organic groups, with limited control over their number, type, and location, and causes
surface etching and shortening of the tubes. Consequently, the metal oxide coatings on acid-
treated CNTs were often nonuniform, although they provided better interaction
in comparison with pristine CNTs. Despite these drawbacks, most researchers have used
such acid-treated CNTs for various metal oxide coatings, including SnO, [160,161,163-165],
TiO» [159,166-168], RuO» [169,170], CeO,[162], NiO [171], and mixed oxides [172].
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3.4.2.2 Noncovalent

In a similar way to the ex situ approach, noncovalent attractions and m-11 interactions can be
used to grow the metal oxide on the surface of CNTs. Cao et al. modified CNTs with
surfactants such as sodium dodecylsulfate (SDS) [173]. The hydrophobic aliphatic chain
interacted with the surface of the CNTs, while the hydrophilic end attracted the metal ions
of the RuCls precursor, which then reacted to form RuO;. Recently, this author has
developed a nondestructive, simple process to coat pristine CNTs with TiO, by using benzyl
alcohol as a surfactant [174]. Benzyl alcohol adsorbs onto the CNTs" surface via m-it
interactions with the alcohol’s benzene ring, while simultaneously providing hydrophilic
hydroxyl groups for the hydrolysis of the titanium precursor (TBOT) (Fig. 7). In contrast to
the sample without benzyl alcohol (Fig. 7A), the addition of small amounts of benzyl alcohol
resulted in a very uniform coating that covered the whole CNT surface. The work further
showed that benzyl alcohol strongly affected the phase transition from anatase to rutile,
providing very small and uniform rutile nanocrystals with very high specific surface areas
(60-100 m2/ g) without too great a hindrance of the anatase to rutile transformation.

Fig. 7. (Top) Scheme of the beneficial role of benzyl alcohol in the in situ coating of pristine
CNTs with TiO,. The benzene rings of the alcohol adsorb onto the CNT surface via -t
interactions and at the same time provide a high density of hydroxyl groups for the
hydrolysis of the titanium precursor directly on the CNT surface. (Bottom) SEM images of

pristine MWCNTs (A) without the use of benzyl alcohol and (B) with a titanium-to-benzyl
alcohol molar ratio of 5. (Courtesy of D. Eder et al. [174])
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3.4.2.3 Electrostatic

In contrast to the ex situ approach, the use of electrostatic interactions for the in situ sol-gel
route has been demonstrated for a few metal oxides. As an example, Hernadi et al. used
CNTs that had been pretreated with SDS, dried, and redispersed in 2-propanol [175]. Using
metal halides as precursors, the authors could successfully produce coatings of ALO3 and
TiOs. Vietmeyer et al. used acid-treated CNTs to attract Zn2* ions (using zinc acetate), which
then reacted with LiOH in an ice-water bath to form ZnO nanoparticles [176]. While some
metal oxide nanoparticles were attached to the CNT surface and tips, most of the
nanoparticles formed large clusters rather than a continuous coating. For comparison, Jiang
et al. enhanced the negative charge on the surface of acid-treated CNTs by simply
depositing a thin layer of SDS and carried out the same reaction with zinc acetate and LiOH
[177]. This surface modification significantly enhanced the attractive interactions with the
metal ions and led to a more uniform coating with ZnO crystals.

3.4.3 Hydrothermal and aerosol techniques

In recent years, many organic-inorganic hybrids have been produced by hydrothermal
techniques [178]. In contrast to standard sol-gel routes, the hydrothermal method typically
enables the formation of crystalline particles or films without the need for postannealing
and calcinations. Furthermore, the forced crystallization enables the formation of metal
oxide nanowires and nanorods [179].

3.4.3.1 Vapor-assisted, polyol-assisted process

In this simplest case of hydrothermal synthesis, pristine or acid-treated CNTs were added to
an aqueous solution of the precursor and treated in an autoclave at temperatures between
100 and 240 °C to produce crystalline films of ZnO [180], TiO> [181], or Fe;Os [182]. These
works consistently produced dense coatings of spherical or slightly elongated nanoparticles.
Zhang et al. used aligned CNTs, which they precoated with a thin, amorphous layer of ZnO
via magnetron sputtering [183]. Then they dissolved a fine ZnO powder in NaOH at a pH of
10-12, which provided a saturated solution of Zn(OH)42-. The modified CNT carpet was then
placed top-down in an autoclave, floating on the precursor solution. By keeping the reaction
at a temperature of 100 °C for several hours, the Zn precursor nucleated on the CNT-ZnO
film to grow ZnO nanowires perpendicular to the CNTs, with a thickness of 30-70 nm and
lengths of up to 0.5 pm (Fig. 8).

In general, specific molecules provide efficient control of the crystal size of the
nanoparticles, which hinder the crystal growth by steric configuration (capping agents). For
example, Yu et al. dissolved copper acetate in water and diethylene glycol and added acid-
treated CNTs [184,185]. Upon heating in an autoclave at 180 °C, the diethylene glycol-
capped copper species condensed to CuOx and nucleated to form small CuxO crystals. After
a reaction time of 2 h, the crystals were 5-10 nm in diameter and covered by an amorphous
layer. Similarly, small crystals of FesO; were produced by Jia et al., who used polyethylene
glycol (PEG) and FeCl; and a reaction temperature of 200 °C [186]. However, the 5 nm
crystals agglomerated to about 180 nm aggregates (nanobeads), which attached preferably
to the carboxyl groups on the surface of acid-treated CNTs. Consequently, the magnetite
nanobeads were concentrated at the tips of the CNTs and acted as a glue to form
heterojunctions between the CNTs (Fig. 9).
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Fig. 8. Example of the hydrothermal synthesis: growth of ZnO nanowires perpendicular to
MWCNTs. (Courtesy of W. D. Zhang et al. [183])
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Fig. 9. Example of a polyol-assisted hydrothermal deposition of Fe;O4 on acid-treated
MWCNTs. Polyethylene glycol (PEG) was used to reduce FeCl; and to control the size of the
magnetite nanoparticles, which formed large aggregates (nanobeads) near the carboxyl
groups on the CNT surface. (Courtesy of B. P. Jia et al. [186])
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3.2.4.2 Supercritical solvent

A very important hydrothermal method involves the use of supercritical CO; as an
antisolvent that reduces the solvent strength of ethanol, resulting in the precipitation of the
oxide due to high saturation. Using metal nitrates or halides, this method has been applied
to deposit EuyOs [187], CeO; [188], LaxOs [188], Al,Os [188], SnO» [189,190], and Fe;O3 [191]
onto pristine CNTs. Sun et al. used supercritical ethylenediamine as a solvent to produce
thin coatings of RuO; [192]. They also observed various morphologies and structures of
cerium oxide by simply changing the reaction temperature [188]. For instance, the authors
could alter the composition of cerium oxide from preferentially Ce;Os at 120 °C to CeO; at
150 °C. In contrast, a reaction temperature of 120 °C was needed to obtain a coating of SnO,,
while at 35 °C the oxide was only encapsulated [190].

3.4.4 Gas-phase deposition

Chemical and physical vapor deposition techniques are among the most common methods to
produce metal oxide nanomaterials, as they provide excellent control over the size, shape, and
uniformity of the oxide material. Furthermore, it is possible to deposit thin, continuous films
on carbon substrates, without altering the 3D integrity of vertically aligned CNTs. This section
provides examples of the synthesis of various CNT/metal oxide hybrids using physical
techniques, such as evaporation, sputtering, and pulsed laser deposition (PLD), and chemical
methods, including chemical vapor deposition (CVD) and atomic layer deposition (ALD).

3.4.4.1 Evaporation and sputtering

Physical vapor deposition involves the evaporation of material in a crucible under high
vacuum, using either resistive heating (thermal evaporation) or electron bombardment
(electron beam deposition). In contrast, sputtering (magnetron and radio frequency, RF) relies
on plasma (typically argon) to bombard the target material, which can be kept at a relatively
low temperature. Reactive sputtering involves a small amount of oxygen, which reacts with
the sputtered material to deposit oxides. The deposition of metal oxides via thermal
evaporation has been demonstrated by Kim et al., who mixed annealed CNTs with Zn powder
in a ratio of 1:12 [193]. Depending on the reaction temperature, the Zn particles reacted with
oxygen impurities in argon to form a coating on the CNTs consisting either of spherical
particles (450 °C), nanowires (800 °C), or short nanorods (900 °C). RF or magnetron sputtering
has been used to deposit RuOx, [194] and ZnO [195]. Furthermore, Jin et al. have cosputtered
Ba and Sr in an oxygen atmosphere to obtain a BaO/SrO coating [196]. In most of these works,
the coating around the CNTs was generally conformal, although in the case of vertically
aligned CNTs (“carpet”), the metal oxide material was deposited predominantly along the top
of the carpet. Interestingly, Fang et al. observed that the distribution of RuO, particles on
vertically aligned CNTs was significantly better on nitrogen-doped CNTs compared with pure
CNTs [197]. It is well-known that the incorporation of nitrogen into the sp2-type walls of CNTs
causes many structural defects (pyridine-like bonding) due to the different valence of nitrogen
ions. It seems that these defects are more reactive toward the adsorption of RuO; than the
graphitic walls of pure CNTs and allow a uniform dispersion along the sidewalls of nitrogen-
doped CNTs (Fig. 10).

In summary, sputtered films typically have a better adhesion to the substrate than
evaporated films and a composition closer to that of the source material. Sputtering also
enables the deposition of materials with very high melting points and can be performed
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“top-down”, while evaporation must be operated “bottom-up”. On the other hand,
evaporation techniques typically offer better structural and morphological control and more
flexible deposition rates.
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Fig. 10. Scheme of the deposition of RuO, nanoparticles on aligned CNTs (top) and nitrogen-
doped CNTs (N-CNTs, bottom) via magnetron sputtering. The pyridine-like defects in the
N-CNTs provide a stronger interaction with RuO; and a more uniform dispersion along the
sidewalls. (Courtesy of W. C. Fang et al. [197])

3.4.4.2 Pulsed laser deposition

Pulsed laser deposition (PLD) is related to the evaporation techniques but utilizes a high-
power pulsed laser beam. The directed laser pulse is absorbed by the target, vaporizes the
material, and creates a plasma plume containing various energetic species, such as atoms,
molecules, electrons, ions, clusters, particulates, and molten globules, which then expand into
the vacuum and deposit on a typically hot substrate to nucleate and grow as a thin film. This
process can occur in ultrahigh vacuum or in the presence of a background gas, such as oxygen,
which is commonly used when depositing oxides. Ikuno et al. used individual MWCNTs
(grown by arc discharge), which were attached to a molybdenum plate via electrophoresis. A
pulsed Nd:YAG (yttrium aluminum garnet) laser with a wavelength of 355 nm was focused
onto a target at a repetition rate of 10 Hz. A single-crystalline Si wafer and pellets of Zr, Hf, Al,
Zn0O, Au, and Ti were used as targets for the coating of SiOx, ZrOx, HfOx, AlOx, and ZnOx
[198,199]. The advantages of this technique over other thin-film deposition methods include
the relatively simple basic setup and the operation at room temperature. On the other hand,
PLD has a lower average deposition rate than other deposition techniques, such as CVD or
evaporation/sputtering techniques, but is faster than ALD.
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3.4.4.3 Chemical vapor deposition

Chemical vapor deposition (CVD) is a versatile technique often used in the semiconductor
industry that involves the growth of a solid material from the gas phase via chemical reaction
at the surface of a substrate. In contrast to high-pressure/high-temperature synthesis, the CVD
technique typically operates at medium temperatures (600-800 °C) and at slightly reduced
atmospheric pressures. Because CVD utilizes reagents of very high purity, the technique is
capable of synthesizing crystals with controlled purity and composition. Other advantages of
CVD include the high deposition rate, good degree of control (purity and composition), and
easy scalability. However, due to the fast deposition, it is difficult to achieve uniform and
defect-free coatings when scaling down to a few nanometers. Several groups have used CVD
to synthesize CNT-metal oxide hybrids with SnO; [200] and RuO; [201]. Kuang et al. deposited
acid-treated MWCNTs on a Si waver and heated them to 550 °C in a SnHg-containing Na
atmosphere [200]. At this temperature, the precursor decomposed, attached to the functional
groups of the CNTs, and reacted with the oxygen impurities to produce SnO». In a similar
way, CNTs/RuO; [150], CNTs/Co304 [202] and CNTs/ZnO [203-205] have been synthesized
by directly coating of prepared CNTs. On the other hand, An example of the in situ growth of
CNTs is the work of Liu et al., who used a water-assisted CVD process to produce CNTs with
a ZnO coating [206]. Most of the ZnO coating was observed at the tip of the CNTs. An
interesting alternative to ZnO was demonstrated by Ho et al. [207]. The authors used Ni
catalyst particles, supported on MgO, which were deposited on a Si wafer and placed inside a
tube furnace. ZnO powder was put inside a thin ceramic tube, whose ends were covered with
Al foil, and placed inside the reactor tube, close to the catalyst powder. Upon reaching a
certain temperature (300-350 °C), assisted via a plasma-enhanced CVD technique, CNTs began
to grow on the Ni particles and kept growing as the temperature was steadily increased to 700
°C over a period of about 6-7min. At this temperature, the Al foil melted and exposed the ZnO
powder, which was instantaneously transformed to Zn vapor via carbothermal reduction and
deposited on the still-growing CNTs as a thin coating of ZnO.

3.4.4.4 Atomic layer deposition

In contrast to CVD, the precursors for atomic layer deposition (ALD) are kept separate and
exposed sequentially. Ideally, each precursor forms a monolayer on the substrate, and the
excess vapor is removed before the next precursor is introduced. This process is then
repeated until the deposited film reaches the desired thickness. Hence, ALD film growth is
self-limiting and based on surface reactions, which enables deposition control on the atomic
scale. As an example, Gomathi et al. used metal chloride precursors to coat acid-treated
MWCNTs with TiO; and AL,Os [208]. Similarly, Javey et al. demonstrated coatings of ZrO»
as thin as 8 nm covering the top of horizontally attached SWCNTs for device applications
[209]. ALD has unique advantages over other thin-film deposition techniques, as it can be
operated at low temperatures and allows exact control over the thickness of the deposited
coating. However, because of the sequential exposure of the precursors, the technique has
the lowest deposition rate compared with CVD and PLD.

4. Properties and potential applications of CNTs/metal oxide hybrids

The improved performances of CNT/metal oxide hybrids are demonstrated in many
applications, such as photocatalysis, electrocatalysis, and environmental catalysis, gas
sensors and chemical sensors, supercapacitors and batteries, and field emission devices. In
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the section, some applications of electrocatalysis, electrochemical sensors, supercapacitors
and batteries are highlighted and summarized as follow.

4.1 Electrocatalysis

Electrocatalyst is a new catalyst depending on electric energy. Which accelerate the reactions
on the interface between electrode and electrolyte. It has significance in research work and
also has important application value on organic wastewater treatment and degradation,
electrolytic desulfurization, and electroreduction study. As an electrocatalyst, two basic
conditions are necessary: (a) electrical conductivity and transfer free electron well; (b)
efficient catalytic activity towards target substrate. Metal, especially noble metal, and some
metal oxide or hydroxide are widely used as electrocatalysts [210]. In contrast, some
common transition metal oxides or hydroxides, such as TiO,, SnO,, Ni(OH),, have many
advantages including low cost, facile preparation, and thus are more interesting for wide
study. CNTs endows CNT/metal oxide or hydroxide composites enhancement on
electrocatalysis duo to electric conductivity and fast electron transfer.

For example, Qiao et al. reported that the MWCNTSs/Ni(OH)>-Ni electrode showed better
catalytic effect on the oxidation of CH4 in 1.0 M NaOH than Ni(OH)>-Ni electrode [211].
ZnO-NWs/MWCNTs nanocomposite had been prepared via a hydrothermal process by Mo
et al., and showed remarkable electrocatalytic activity towards H»O, by comparing with
bare MWCNTs [212]. Subseguently, Ma et al. discovered that ZnO-MWCNTs/Nafion film
showed fast and excellent electrocatalytic activity to not only H>O,, also trichloroacetic acid
[213]. Other metal oxide or hydroxide, such as FeOOH [214] and cobalt-coordinated
polypyrrole [215], have been reported have obvious electrocatalysis towards oxygen
reduction reaction. Recently, we synthesized CNTs/nickel glycolate polymer core-shell
heterostructures and found that the composite have significant electrocatalysis towards
glucose in 0.5 M NaOH, and catalytic activity dependent obviously on the thickeness of the
nickel glycolate polymer on MWCNTs (Fig. 11).

The role of CNTs is often attributed to their ability to stabilize highly dispersed catalyst
nanoclusters, resulting in higher specific surface areas. So, There is also important
significant for fuel cell and biosensor to study further electrocatalysis of CNTs/metal oxide
or hydroxide composites.
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Fig. 11. A) CVs of MWCNTs (a,b) and MWCNT/nickel glycolate polymer core-shell
heterostructures in 0.5 M NaOH with absence of (a,c) and presence of (b,d) 1 mM glucose. B)
The electrocatalysis activity difference of the nanocomposites with different thickness of
glycolate polymer shell towards glucose.
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4.2 Electrochemical sensors

Metal oxide semiconductors (MOS) are prominent examples of sensing materials in gas
sensors, as their electrical properties are highly affected by the surrounding gas
environment. For instance, tungsten trioxide (WO3) shows sensitivity to pollutants such as
SO,, H3S, NO, and NHj; [216,217], while SnO: is sensitive to NOx, CO, ethanol, and C,Hy
[218]. However, their sensing properties often suffer degradation due to growth and
aggregation. In contrast with metal oxide sensors, CNTs exhibit excellent adsorption
properties due to their high specific surface area, which provides a large number of active
surface sites [219-221]. As the CNTs’ electric properties are effectively altered by very small
amounts of adsorbed gas molecules, the CNT gas sensor can be operated at temperatures
close to room temperature. However, as MWCNTs are not very sensitive to ambient gas, the
use of CNTs as gas sensors is mainly restricted to SWCNTs. Furthermore, due to their long
recovery times, CNT-based sensors typically need reactivation.

CNTs/MOS hybrid composite sensors have been fabricated and investigated widely. These
sensors don’t noly improve the efficiency of the metal oxide based sensors, such as
enhanced sensitivity and selectivity to target gases, reduced response and recovery times,
but also are operated at lowered temperature, even room temperature. Similar to core/shell
heterostructures like MOS/CdS, CNT/MOS hybrids have shown improved
photoluminescent quantum efficiencies and enhanced gas-sensing properties including
reduced response and recovery times [163,222]. So far, CNT/SnO, has been tested for
detection of CO [172], NO; [201,203], NHj3 [223], formaldehyde [224], and ethanol [225]. Wei
et al. used a sol-gel process to coat pristine SWCNTs with SnO; and investigated the gas-
sensing performance for NO, at room temperature [165]. They observed considerably
enhanced sensitivities (AR/AC, Fig. 12) compared with the pure SnO; sensor. Because the
morphology and surface area of the hybrid sensors were similar to those of the pure SnO,,
and the observed sensitivities increased with increasing CNT loading, the authors
concluded that the advanced sensing behavior originated from a common interface with
CNTs. In contrast to conventional SnO; sensors, which typically operate at temperatures
between 200 and 500 °C, the SWCNT/SnO, hybrid gas sensors could indeed be operated at
room temperature. When the NO; gas molecules adsorb on the surface of pure SnO,, they
extract electrons, leaving the oxide surface positively charged. This leads to the formation of
a depletion zone and to an increase in the sensor resistance. In the CNT/SnO; hybrid sensor,
the electric properties of the oxide are strongly enhanced by the highly conducting CNTs.
Consequently, the sensor resistance is dominated by the Schottky barrier at the interface
between the n-type SnO» grains and the p-type CNTs, causing the formation of additional
depletion layers, which then amplifies the increase in resistance upon NO, adsorption and
enables the operation of the gas sensor at room temperature.

As CNTs/metal oxide hybrid sensors emerges, some of which were investigated to applied
in liquid sensing, especially biosensors including glucose sensor, hydrogen peroxide,
hydrazine sensor and nitrite detection etc. The sensors have significant potential application
in biology and medicine because of unavoidable drawbacks of enzyme sensor, such as
temperature, PH, and unicity. More and more CNTs/metal oxide hybrids were reported to
be used as various sensors in liquid.

For instance, Jiang et al. reported a highly sensitive nonenzymatic glucose sensor based on
CuO nanoparticles-modified carbon nanotube electrode by sputtering deposition method
[226]. The CuO/MWCNTs electrode exhibits an enhanced electrocatalytic property, low-
working potential, high sensitivity, excellent selectivity, good stability, and fast amperometric
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sensing towards oxidation of glucose, thus is promising for the future development of
nonenzymatic glucose sensors. Glucose was also detected with CNT/Fe;sOs4 hybrids
electrochemically doped glucose oxidase reported by Liu et al. [227] The PA-Fe;O,~CNT-
based glucose sensor shows much higher sensitivity and linearity than the PA-Fe;O4-based
sensor, indicating that CNTs significantly enhance the performances of the biosensor. A novel
hydrazine electrochemical sensor based on a carbon nanotube-wired ZnO nanoflower-
modified electrode was reported via a simple process (ammonia-evaporation-induced
synthetic method) by Fang et al. [228]. The authors observed that an optimized limit of
detection of 0.18 uM at a signal-to-noise ratio of 3 and with a fast response time (within 3 s).
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Fig. 12. Example of CNT-SnO; hybrid in gas sensors. (a) Relative resistances versus NO,/air
gas concentrations of SnO; and hybrids with low (A) and high (B) concentrations of CNTs at
room temperature. The sensitivities (AR/AC) increase considerably with increasing CNT
concentration. (b) Scheme of the presence of depletion zones near the CNT oxide interface.
(Courtesy of B.Y. Wei et al. [165])

4.3 Supercapacitors and batteries

Reliable and affordable electricity storage is a prerequisite for optimizing the integration of
renewable energy systems. Energy storage, therefore, has a pivotal role to play in the effort
to combine a future, sustainable energy supply with the standards of technical services and
products. For both stationary and transport applications, energy storage is of growing
importance as it enables the smoothing of transient and/or intermittent loads and the
downsizing of base-load capacity with substantial potential for energy and cost savings. The
extended lifetime of batteries in handheld devices is credited not only to higher energy
densities but also to a simultaneous reduction of energy consumption of the portable
devices. In contrast, the electric vehicle has failed to become the accepted mode of
transportation mainly because of the battery. Short distances between recharging and a
limited service life of the battery are to blame, but also the incredible weight and volume of
the batteries. Electrochemical capacitors (ECs) are energy-storage devices that possess
higher energy and power density than conventional dielectric capacitors and batteries and
are used in applications including electric vehicles, noninterruptible power supplies, dc
power systems, lightweight electronic fuses, memory backups, and solar batteries [229]. The
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challenges for these applications concern limitations in volumetric/gravimetric power
densities and RC time, long life, safety, simplicity of design, cost, and the possibility of
recharging, and can only be accomplished by specially designed materials.

According to the mechanism of energy storage, ECs can be categorized into two classes
[229]: (a) electrochemical double layer capacitors (EDLC), based on double-layer capacitance
due to charge separation at the electrode/ electrolyte interface, which thereby need materials
with high specific surface area (e.g., activated carbon, CNTs), and (b) pseudocapacitors or
supercapacitors, based on the pseudocapacitance of faradaic processes in active electrode
materials such as transition metal oxides and conducting polymers.

Because of their exceptional electronic properties, which allow ballistic transport of electrons
over long nanotube lengths, CNTs have been considered a most promising candidate for
electrochemical capacitors [230,231]. However, pure CNTs possess a rather low specific
capacitance, typically about 10-40 F/g, which depends on the microtexture, purity, and
electrolyte [231]. A considerable enhancement can be expected from the combination of
CNTs with an electroactive material, which provides the additional pseudocapacitance
while each tube acts as a minute electrode. the electrochemical stability of transition metal
oxides makes them a better choice, provided they are highly conducting. A wide range of
oxides has been investigated for use in CNT hybrids, including NiO [171,232,233], MnO>
[234-237], V205 [238,239], and RuO, [169,192,194]. In all of these studies, the synergistic
effects of CNT oxide hybrids have shown a considerable improvement of the otherwise poor
electric properties and deficient charge transfer channels of the pure oxide.

Among these transition metal oxides, ruthenium oxides are regarded as the most promising
electrode material for supercapacitor applications due to their high specific capacitance,
highly reversible redox reactions, wide potential window, and very long cycle life [192].
Park et al. reported a specific capacitance for CNT/RuO> (13 wt %) of 450 F/g at a potential
scan rate of 20 mV s-1, which could be further enhanced, by using hydrous ruthenium oxide
and functionalized CNTs, to 800 F/g [170]. Reducing the thickness of the RuO; layer to 3 nm
led to an even higher capacitance (1170F/g at a potential scan rate of 10 mV s-1) [149]. All of
these studies also demonstrated longer lifetimes and greater stabilities and rate capabilities,
while the specific capacitances were in general considerably higher than those observed for
pure MWCNTs (<80 F/g) or pure RuO; (<400 F/g).

In view of the rather high costs and environmental issues concerning RuO, and despite the
lower specific capacitances, there has been a clear trend toward the use of hydrous
manganese oxides in the past few years. Xie et al. produced a CNT/MnO> hybrid by in situ
reduction of KMnO4; on MWCNTs with citric acid and observed that the specific capacitance
increased from 18 to 190 F/g [140]. Zhang et al. electrodeposited MnO» “nanoflowers” onto
the surface of vertical CNT arrays and obtained capacitances of about 200 F/g, as well as
excellent rate capabilities (50.8%, capacity retention at 77 A/g) and a long cycle life (3%
capacity loss after 20 000 charge/discharge cycles) [236]. The authors proposed a model for
the improved electrochemical storage characteristics based on high electronic conductivity
in CNTs. In this model, the geometry of the MnO; nanoflowers and their hierarchical
localization at CNT junctions limits the diffusion length of ions within the MnO, phase
during the charge/discharge process and enhances the ionic conductivity of the hybrid.

To maximize the electrochemical utilization of the supercapacitor, it is desirable to (a) use a
low loading of metal oxide and (b) increase the interfacial area between CNTs and metal
oxide. Consequently, the preparation of a thin, uniform, connected coating on CNTs is
expected to improve the specific capacitance significantly. This was confirmed by Nam et al.,
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who observed increasing capacitances with decreasing NiO content and thus coating
thickness [233].

A promising approach to enhance the capacitive performance has recently been reported by
Sivakkumar et al., who synthesized a ternary hybrid of CNT/polypyrrole/hydrous MnO,,
which showed a significantly higher specific capacitance (280 F/g) compared to the binary
CNT/MnO: (150F/g) [141]. The increase in capacitance is believed to be due to the better
dispersion of hydrous MnO: in the composite electrode. However, the presence of the polymer
also accounts for the poor cyclability behavior. Fang et al. chose a different approach by
depositing RuO, on N-doped CNT [240], for which they measured considerably higher
specific capacitances. The authors showed that the RuO, particles were considerably better
dispersed on N-doped CNTs than on pure CNTs, due to the presence of structural defects in
N-CNTs. Consequently, the hybrids with N-doped CNTs had an enhanced interface, which
resulted in their better performance as a supercapacitor (Fig. 13).
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Fig. 13. Capacitance voltage diagrams of hybrids with RuO, using undoped and nitrogen-
doped CNTs; (a) light (RF power 100 W), (b) moderate (RF power 140 W), and (c) heavy (RF
power 180 W) loading of RuO.. (d) Capacitance of hybrids as a function of RF sputtering
power. In contrast to the undoped CNTs, the N-doped CNTs are coated completely with
RuOy, resulting in a larger interfacial area and an improved capacitance. (Courtesy of A. L.
M. Reddy et al. [240])

A good cyclability is crucial to a successful application as an anode material for lithium-ion
batteries, as demonstrated by Chen et al. for CNT/SnOx hybrids [164]. Pure CNTs typically
show good cycle stability, but also a large and irreversible capacity loss in the first cycle. The
authors showed that well-dispersed SnOx on CNTs enhanced the electrochemical
performance significantly as the capacity fade of the hybrid electrode was strongly reduced



Carbon Nanotubes and Carbon Naotubes/Metal Oxide
Heterostructures: Synthesis, Characterization and Electrochemical Property 27

compared to unsupported SnOx or pure CNT. The authors attributed the improvement in
performance to the enhanced conductivity and ductility of the hybrid. This is in line with
Zheng et al., who observed a 5-fold increase in electronic conductivity and thus enhanced
cycling rate and stability in CNT/CuO hybrids compared to pure CuO.

In summary, electrochemical devices have been among the first applications for which
CNT/metal oxide hybrids were tested. In the long run, CNT hybrids are expected to
strongly enhance the batteries’ intrinsic capacities, stabilities, and lifetimes, as well as the
charging/discharging characteristics. Furthermore, the substitution of part of the heavy
oxide material (e.g., in car batteries) with the lightweight CNTs will significantly reduce the
weight of the batteries.

5. Conclusion and future directions

As reviewed in the former publications, numerous synthetic methodologies have been
developed for the preparation of CNTs and composites. In this chapter, besides the
preparation of nanocomposites based on CNTs, we also focus on investigating the
electrochemical applications CNT/metal oxide or hydroxide composites. There is a wealth
of opportunities for nanoscale electrochemical devices based on carbon materials.
Furthermore, when the electrode dimension approaches the double layer thickness,
interesting and unusual kinetic and electrostatic effects occur. It is likely that carbon
nanotubes electrodes will be key players in the investigation of such phenomena.
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1. Introduction

Carbon nanotubes (CNTs), ‘rediscovered” (Monthioux & Kuznetsov, 2006) by lijima as a
byproduct of fullerene synthesis (lijima, 1991), have attracted enormous scientific and
technological interest. Their myriad applications in various fields since their rediscovery are
no longer debatable. However, their commercial applications still depend on large scale
synthesis (several thousands of tons per year) and associated cost of production. Various
methods have been developed for the production of CNTs (Dresselhaus et al., 2001; Agboola
et al., 2007). However, the three very useful and widespread methodologies include arc
discharge, laser ablation and chemical vapour deposition (CVD) (Robertson, 2004; Agboola
et al.,, 2007). Two key requirements revealed in these methods are as follows, (i) a carbon
source, and (ii) a heat source to achieve the desired operating temperature (See & Harris,
2007). In the arc discharge, CNTs are produced from carbon vapour generated by an electric
arc discharge between two graphite electrodes (with or without catalysts), under an inert
gas atmosphere (Journet et al., 1997; Lee et al., 2002; Agboola et al., 2007). In the laser
ablation, a piece of graphite target is vapourised by laser irradiation under an inert
atmosphere (Journet & Bernier, 1998; Paradise & Goswami, 2007). As for the technique of
CVD, it involves the use of an energy source such as plasma, a resistive or inductive heater,
or furnace to transfer energy to a gas phase carbon source in order to produce fullerenes,
CNTs and other sp2-like nanostructures (Meyyappan, 2004). As would be expected, some of
these methods are more effective than others. The arc-discharge, though it produces CNTs
of high quality with fewer structural defects, uses high temperature of up to 1500°C, which
makes it difficult to be scaled up for commercial purposes. On the other hand, laser
vaporisation method is an expensive technique because it involves high purity graphite rods
and high power lasers. At the moment, the CVD methodology (or variations thereof) is the
only promising process for the production of CNTs on a reasonably large-scale compared to
arc-discharge and laser vaporization methods (Coleman, 2008). In addition, the process
tends to produce nanotubes with fewer impurities (catalyst particles, amorphous carbon and
non-tubular fullerenes) compared to other techniques (Esawi & Farag, 2007). The variants of
the CVD are as a result of the means by which chemical reactions are initiated, the type of
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reactor used and the process conditions (Deshmukh et al., 2010). The CVD is simple, flexible
and allows high specificity of single wall or multi wall nanotubes through appropriate
selection of process parameters, e.g., metal catalysts, reaction temperature and flow rate of
feed stock (Nolan et al., 1995; Agboola et al., 2007; Moisala et al., 2006). Recently, a swirled
floating catalystic chemical vapour deposition (SFCCVD) reactor was developed with the
aim of up-scaling the production capacity (Iyuke, 2007). The simplified schematic
presentation of a SFCCVD is shown in Figure 1. Typically it consists of a vertical quartz or
silica plug flow reactor inside a furnace. The upper end of the reactor is connected to a
condenser which leads to two delivery cyclones where the CNTs produced are collected.
Feed materials including carrier gases are uniformly blended with the aid of a swirled coiled
mixer to give optimum catalyst-carbon source interaction.
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Fig. 1. Simplified schematic presentation of a swirled floating catalyst (or fluid) CVD

In this Chapter we discuss the continuous and large scale production of carbon
nanomaterials in an SFCCVD reactor using various carbon sources. This reactor was found
to be more successful than the microwave or the fixed-bed catalytic CVD modes (Iyuke et
al., 2009). Furthermore, our large-scale synthesis method is simple and easily accessible to
others with interest in this novel material. The chapter is divided into four themes covering,
(1) the growth mechanisms and kinetics (section 2), (2) synthesis of both ordinary CNTs and
carbon nanostructures (sections 3 and 4, respectively), (3) optimisation of the production
(section 5), and (4) conclusions, challenges, and future prospects (section 6).

2. Growth mechanisms and kinetics

2.1 Growth mechanisms

Information on the mechanism of CNT growth, though important, is very scarce. As a result,
more studies are needed to find out the characteristic mechanisms of CNT synthesis which
may in turn guide the design and operation of continuous and large scale production of
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carbon nanomaterials. Presently, various growth models based on experimental and
quantitative studies have been proposed (Agboola et al., 2007).

One very important factor in the formation of CNTs through the CVD is the catalyst.
Usually the vapor-liquid-solid (VLS) model is used to explain the growth of CNTs using
catalysts (Saito, 1995). The catalyst acts as a seed for nucleation and growth by controlling
the overall reaction with the hydrocarbon source (Yoon and Baik, 2001). The catalytic
graphitisation (CG) of carbon sources to carbon nanomaterials is a sequential process that
involves hydrocarbon decomposition, carbon dissolution, diffusion, adsorption and
precipitation of carbon atoms to produce graphitised material (Yoon and Baik, 2001; Iyuke et
al., 2007). However, the most accepted growth model suggests that after the decomposition
of the carbon source, carbon diffuses into the metal particles until the solution becomes
saturated. Carbon saturation in the metal occurs either by reaching the carbon solubility
limit in the metal at a given temperature or by lowering the solubility limit via temperature
decrease (Moisala et al., 2003). Supersaturation of the saturated solution then results in
precipitation of solid carbon from the metal surface (Moisala et al., 2003; See and Harris,
2007). In summary, the mechanism of the catalytic growth of CNT or carbon nanofibre
(CNF) is generally accepted as consisting of three steps (de Jong and Geus, 2000): The first
step is the decomposition of carbon containing gases on the metal surface, with carbon
atoms deposited on the surface. In the second step the carbon atoms dissolve in and diffuse
through the bulk of the metal particles. It must be noted, however, that it is still unclear
whether carbon atoms diffuse on the particle bulk (Ducati et al., 2004), on the particle
surface (Hofmann et al., 2005), or whether surface and bulk diffusion compete. The final
step is the precipitation of the carbon in the form of CNTs or CNFs at the other side of the
catalyst particle.

The driving force for carbon diffusion and for the global process of carbon nanomaterial
formation is the difference in solubility of carbon at the gas/catalyst interface and
the catalyst/carbon nanomaterial interface, which is determined by the affinity for carbon
formation of the gas phase and the thermodynamic properties of the carbon nanomaterial,
respectively (Snoeck et al., 1997). The above mechanism shows that the steady state growth
of CNT is a delicate balance between carbon source dissociation, carbon diffusion through the
particle, and the rate of nucleation and formation of graphitic layers (Yu et al., 2005). This
is illustrated by a simplified model shown in Figure 2. Tubule formation such as CNTs
is favoured over other forms of carbon such as graphitic sheets with open edges. This
is because a tube contains no dangling bonds and, therefore, is in a low energy form (Dai,
2001).

As illustrated in Figure 3, for the deposition of CNTs on a substrate, two general growth
modes are known; the nanotubes can either follow a base-growth mode (A) or tip-growth
mode (B) (Dai, 2001). Base-growth occurs when the catalyst remains anchored to the
substrate, while tip-growth mechanism happens when the particle lifts off the substrate and
is observed at the top of the CNTs. These growth modes depend on the contact forces or
adhesion forces between the catalyst particle and the substrate (Leonhardt et al., 2006).
While a weak contact favours tip-growth mechanism, a strong interaction promotes base-
growth (Bower et al., 2000; Song et al., 2004).

However, Gohier et al. (2008) dispute the notion of adhesion forces between the catalyst
particle and the substrate as controlling growth mechanism. Instead, they propose the
catalyst particle size, and the ‘carbon diffusion paths” during CNT nucleation as the main
determinants for controlling the growth mechanism. Their results showed that for the same
substrate/catalyst couples, single or few-wall CNTs follow the base-growth mechanism
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while the tip-growth occurs only for the large multi-walled CNTs (MWCNTs). This
behaviour was observed for three different catalysts commonly used in CNT synthesis, i.e.,
nickel, iron and cobalt. Besides the conventional explanation for growth mode change on
catalyst/substrate interaction, Gohier and co-workers showed that growth mode can be
explained by interaction between small carbon patches (polyaromatic carbon or reticulated
carbon chains) and the catalyst. A strong interaction favours the formation of a graphene
cap on the catalyst and leads to the single wall CNTs (SWCNTs) or few walls CNTs
(FWCNT) growth via the base-growth mode. On the contrary, a weak interaction induces a
diffusion of the graphitic section to the catalyst/substrate interface which drives the tip-
growth mechanism.
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Fig. 2. Schematic representation of the CNT growth mechanism, where @ represents surface
decomposition rate, @4 means carbon diffusion rate. If d > d4, encapsulating carbon forms
on the catalyst surface; if @, = @y, the system is at balance and CNT grows at steady state
(Yu et al., 2005).
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Fig. 3. General growth model (Dai, 2001)
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Catalyst supports also play an important role. For example, in order to facilitate the large
scale production of CNTs, support material should have a threefold action: minimises the
formation of by- products (amorphous carbon, graphite nanospheres, etc), deters the
aggregation of catalytic centres, and allows its removal from the resulting CNTs using
simple chemical procedures (Tsoufis et al., 2007).

2.2 Kinetics

As already discussed mechanisms by which CVD occurs are very similar to those of
heterogeneous catalysis; the reactant(s) adsorbs on the surface and then reacts on the surface
to form a new surface (Fogler, 2006). Equation 1 represents the proposed mechanisms of
catalytic graphitisation of a hydrocarbon (e.g., CoHy) to CNTs using a SFCCVD technique,
whereby under heat the hydrocarbon and possibly the cracked fractions are dissociated into
carbon atoms (Iyuke et al., 2007; Iyuke, 2007). The carbon atoms are deposited and adsorbed
onto the catalyst (e.g., Fe) surface, which in turn react with each other to form C-C bonds
thus producing graphene layers of CNTs produced.

C,H, — 2C+H,
C,H,+3H, — 2CH, )

a

2CH, — 2C+4H C-Cbond
4 2 Catalyst k
nCe=C, -Fe ————n[CNT]+ Fe + mH, )
, gas
C,H, - 2C+H, K,

heat
heat

heat

Where the rate constants for the adsorption, desorption and reaction are k. kg and k,
respectively; m and n are stoichiometric coefficients.

The rate of CG (illustrated in Equation 1), can be written as a function of dissolution,
adsorption and chemical reaction (Levenspiel, 1999; Iyuke et al., 2007).

Ieg= -Ie,n, =fn (dissolution, adsorption, chemical reaction) )

At appropriate temperature, where carbon nanomaterials grow, the dissolution of the
hydrocarbon may be considered as complete, therefore, it becomes none rate limiting. As
shown in Equation 1, the decomposed carbon atoms adsorb onto the catalyst surface, where
adjacent carbon atoms react together to produce C-C bonds of graphene layers via a
complex mechanism, which in turn produce carbon nanomaterials. Such complex
mechanism can be expressed by rates of reactions catalysed by solid surfaces per unit mass
as follows (Levenspiel, 1997; Iyuke and Ahmadun, 2002; Fogler, 2006):

1 dnC
Te,H, =W7F=keg ©)

cat

Where W, is the weight of catalyst used, nC is the number of moles of carbon, superscript n
is the order of the reaction, Oc is the fraction of catalyst surface covered by carbon atoms
(i.e., surface concentrations of adsorbed carbon, C), k is the reaction rate constant, and C is
either carbon or other graphitised carbon nanoparticles. Therefore, Equation 3 is the rate of
reaction occurring on the catalyst surfaces which is proportional to the concentration of
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carbon (C) present on the surfaces or the fractions of surfaces covered by the carbon atoms
of carbon nanomaterials (Iyuke et al., 2007). The commonly applied model, Langmuir-
Hinshelwood, for reactions taking place between molecules or fragments of molecules
adsorbed on the surface (Winterbottom and King, 1999) as shown in Equation 4 is adopted
to obtain the reaction rate and equilibrium constant (Iyuke et al., 2007).

kC"
- = _ 4
Tc,H, 1+kC™ @)
Equation 4 can be rearranged to give Equation 5.
T ®)
e, kCUOk
Using Equation 1, the exact model for the rate of reaction was developed below.
nC+Fe &= C, -Fe - CNT (6)
Equation 6 was modeled as:
A+B = AB — Products )

Therefore, using the Langmuir-Hinshelwood mechanisms, the final model was obtained as,

_ kC} exp(1-6)

8
k+1 kt ®

Where C, is the concentration of reactant (e.g., CoHy), 0 is the surface coverage, k is the
reaction rate constant which is proportional to the diffusion coefficient of carbon (Kim et al.,
2005), n is the order of reaction, t is the time of reaction.

Using experimental data the value of n = 4 was obtained from a plot of 1/-rC;H> versus
1/Cn in Equation 5 (Iyuke et al., 2007). Consequently, the model in Equation 8 was used to
predict the rate of production of CNTs at various temperatures and acetylene
concentrations, and the results were compared to the experimental data (Table 1).
Experimental data and results from the predictive model show reasonable agreement, with
correlation coefficient ranging from 0.81 to 0.99 at various temperatures. The model
equation is, therefore, able to represent data for SFCCVD technique in the production of
CNTs. Both the experimental and predictive model results show that the concentration of
acetylene and reaction temperatures affect the rate of CNT production.

Acetylene Concentration _ CNT production rate (mg/s); experimental versus computed |

(ppm) 950°C 1000°C 1050°C 1100°C
1985 1.6(1.2) 2.7(1.9) 2.5(1.8) 21(1.9)
2728 2.8(3.0) 3.1(3.0) 43(3.0) 42(3.0)
3379 3.0(4.7) 40(4.7) 49(4.7) 3.8(4.7)
4058 45(5.8) 43(5.8) 42(5.8) 51(5.8)

Table 1. Experimental and computed production rate of CNTs at different temperatures
(Iyuke et al., 2007).
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3. Synthesis of ordinary carbon nanotubes

The production of CNTs in terms of the type and quality (for example) is controlled by
several factors including carbon source. The commonly used gaseous carbon sources
include carbon monoxide (CO) and hydrocarbon feed stocks such as methane, acetylene,
ethylene, and n-hexane (Agboola et al., 2007). More recently, carbon dioxide (CO) has also
been used in the synthesis of these carbon nanomaterials (Simate et al., 2010). There are
typically two forms of CNTs according to the number of rolled up graphene layers that form
the tube (as illustrated in Figure 4), i.e., SWCNTs and MWCNTs. A SWCNT is a graphene
sheet rolled-over into a cylinder with typical diameter of the order of 1.2-1.4nm in
magnitude (Journet and Bernier, 1998), while a MWCNT consists of concentric cylinders
with an interlayer spacing of about 0.34nm (3.4A) and a diameter typically of the order of
10-20 nm in magnitude (Dai, 2002).

I roll-up

Fig. 4. Models and representation of multi-walled CNT and single-walled CNT (Merkoci,
2006; Liu, 2008).

In addition, there are two models which can be used to describe the structures of MWCNT.
In the Russian doll model, a certain number of SWCNT with growing diameters are
arranged in concentric cylinders. In the parachute model, a single graphite sheet is rolled in
around itself. In MWCNTs, the nanotubes are typically bound together by strong van der
Waals interaction forces and form tight bundles (Dai, 2002).

It seems likely that two different mechanisms operate during the growth of MWCNTSs and
SWCNTs, because the presence of a catalyst is absolutely necessary for the growth of the
later (Ajayan, 2000). Furthermore, a key factor of CNT growth is the kinetics of carbon
supply. An over-supply of carbon causes the formation of MWCNT rather than SWCNT
because excess carbon activity allows the nucleation of extra nanotube walls (Wood et al.,
2007). The stability of the double shell MWCNT is higher than SWCNTs on their own as the
number of atoms increase (Sinnott et al., 1999). This is because the van der Waals
interactions between the shells in the MWCNT increase as the nanotube gets longer. It is
also observed that there is little difference in the stability of MWCNTs as a function of the
helical arrangements of the shells (Sinnott et al., 1999). Compared to MWCNTs, one of the
most significant features of SWCNT is the uniformity of size and the relative lack of any
defects in the later. This explains the fact that methods to produce SWCNTs in significant
large quantities developed rather quickly.
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3.1 Use of acetylene

Acetylene has been the most widely used hydrocarbon in the production of CNTs by many
researchers. Acetylene is more reactive than other hydrocarbons at the same reaction
temperature, leading to CNTs of good quality and probably hinders the formation of carbon
nanoshells which poison catalytic centres (Soneda et al., 2002). Furthermore, even molecular
beam experiments have shown that acetylene is the most active growth precursor (Eres et
al.,, 2005), and that it is the primary growth precursor in both hydrocarbon and alcohol feed
stocks (Xiang et al., 2009; Zhong et al., 2009). Here, we discuss the results of using acetylene
carbon source and organo-metallic ferrocene catalyst. Ferrocene was found to be a better
catalyst precursor in the studied conditions since iron pentacarbonyl decomposes at lower
temperatures resulting in the excessive growth of catalyst particles. Furthermore, its other
advantages as an iron precursor include its innocuity and low cost (Barreiro et al., 2006).

The CNTs (and other nanomaterials to be discussed in section 4.1) were synthesized in a
mixture of gases of acetylene, hydrogen and argon at the substrate temperature of 900-
1050°C. Figure 5 shows typical transmission electron microscopy (TEM) images of CNTs
grown in the temperature range of 1000 - 1050°C. The images reveal that each of the
structures is hollow with inner diameter and length of several nanometers which confirm
the presence of CNTs (Afolabi et al., 2007).

-

Fig. 5. TEM images of pure CNTs produced at (a) 1000°C and (b) 1050°C (Afolabi et al., 2007).

The diameter distribution of the CNTs based on the measurements from the sufficiently
enlarged TEM images (results not shown in this Chapter) indicated that the diameter of the
CNTs increased with increase in temperature (Afolabi et al., 2007). This was attributed to
high rate of acetylene decomposition which maximised carbon generation leading to more
CNT wall formation (Kumar and Ando, 2005; Afolabi et al., 2007).

The X-ray diffraction (XRD) pattern of the sample (Figure 6) reveals the characteristic
pattern of graphitised carbon. The graphitic line (002) of this sample was observed at
diffraction peak of 25.8° corresponding to inter-planner spacing of about 0.343 nm which is
usually attributed to CNTs. This pattern also indicates high degree of crystalinity which
suggest low content of amorphous carbon and impurities from catalysts (Afolabi et al.,
2007). This observation is a marked difference from the results of many other CVD processes
where impurities from catalyst employed in the pyrolysis process are always associated
with the CNTs such that they have to be removed through various purification processes.
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These multi-step purification processes can destroy the product. It is suggested that effective
utilisation of the ferrocene catalyst during the decomposition process could have been
responsible for the low content of iron impurities in the CNTs (Afolabi et al., 2007).
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Fig. 6. XRD pattern of raw CNTs sample (Afolabi et al., 2007)

Table 2 shows the compositions of carbon nanomaterials at various conditions. These results
indicate that accurate regulation of carbon source flow rate, hydrogen flow rate and
temperature, which is a simple and versatile method, enables selective synthesis of various
types of carbon nanomaterials. As can be seen from Table 2, CNTs were predominantly
produced at very high temperatures (1000-1050°C). However, at temperatures above 1100°C
there was decrease in production rate (Iyuke et al., 2007). The reduction in production at
high temperature might have been due to the deactivation of the catalyst by carburization
(Yamada et al., 2008) or sintering (Amama et al., 2009). Furthermore, low values of
amorphous carbon were observed as the temperature increased as a result of amorphous
carbon burning off at high temperatures (Iyuke et al., 2007).

Gas flow rate (mlmin-t) Carbon nanomaterials at various temperatures (°C)
Hydrogen Acetylene 900 950 1000 1050
118 181 CNBas+CNTs CNBas+CNTs CNTs CNTs
118 248 CNBas+CNTs CNTs CNTs CNTs
118 308 CNBas+CNTs CNTs CNTs CNTs
118 370 CNBas CNTs CNTs CNTs
181 370 CNBas CNTs CNTs CNTs
248 370 CNBas CNTs CNTs CNTs

Table 2. Compositions of carbon nanomaterials at various conditions (Afolabi et al., 2007)

Similar studies on the SFCCVD reactor in the absence of hydrogen gas showed the
production of CNTs and several other carbon nanomaterials at lower temperatures of 750°C
to 900°C (Iyuke et al., 2009). For example, (1) a mixture of carbon nanoballs (CNBas),
MWCNTs and CNFs at 750°C, (2) MWCNTs at 800°C, (3) a mixture of MWCNTs, SWCNTs
and helical carbon nanofibres (HCNF) at 850°C, and (4) large quantities of HCNFs and
strands of bamboo-like CNTs at 900°C. These results are different from the ones shown in
Table 1 where high temperatures were needed for the production of carbon nanomaterials.
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This can be attributed to the suppressing effect of hydrogen on the production of CNTs. The
suppressing phenomenon was observed by several researchers as reviewed by Simate et al.
(2010). The suppressing effect is due to the surface dehydrogenation of carbon to form
methane. In fact, it has been observed that the presence of hydrogen can either accelerate or
suppress the synthesis of CNTs (Yang and Yang, 1986; Endo, 1988; Ci et al., 2001) depending
on the thermodynamics (Ci et al., 2001).

3.2 Use of ferrocene

This was an attempt to explore the use of organometallic complexes in the synthesis of CNT and
other carbon nanomaterials. In particular, we explored the use of ferrocene both as a carbon
source and the ‘carrier’ of elements to catalyst sites in CNT synthesis in our reactor. At a
temperature above 500°C, ferrocene decomposes as given in Equation 9 (Leonhardt et al., 2006),
and its unimolecular gas-phase decomposition is given in Equation 10 (Lewis and Smith, 1984).

Fe(CsH;), — Fe+H, + CH, + C5H, + ... )

Fe(CsHj;), — Fe + CsH; (10)

This means that at a temperature higher than 500°C, solid or liquid-like iron particles and
different kinds of hydrocarbons exist in the reaction zone of the SFCCVD equipment. Upon
these particles, acting as catalyst nuclei, CNTs nucleate and grow with the carbon atoms
provided solely by the ferrocene. This means that thermal decomposition of ferrocene
provides both catalytic particles and carbon sources.

We investigated the production of CNTs from 800°C to 950°C by flowing a gas mixture
consisting of argon and sublimated gaseous ferrocene through the reactor. Results showed
that CNTs could be produced at all the temperatures with no significant difference in the
amount of CNTs produced (i.e., p > 0.05). However, at higher reaction temperatures, there
was less adherence of the product to the walls of the reactor. Therefore, for industrial
processes, higher temperatures would need to be used.
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Fig. 7. Raman Shifts for the Products formed at different temperatures.

In contrast to results obtained by Barreiro and co-workers (Barreiro et al., 2006), where they
predominantly produced SWCNT in a higher pressure horizontal CVD reactor using only
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ferrocene, the Raman spectroscopy of our samples showed that MWCNTs were produced as
shown in Figure 7. As can be seen from the figure, the Raman spectra of CNTs produced
show similar intensities for both the dispersive disorder-induced D-band (1353.1 cm-!) and
its second-order related harmonic G-band (1580.3 cm1). This strongly supports the fact that
MWCNTSs were produced.

3.3 Use of xylene/ferrocene mixture

This section reports the continuous and large scale production of MWCNTs from
xylene/ferrocene mixture in the presence or absence of hydrogen (Yah et al., 2011). Xylene
was used as the solvent for the catalyst and also acted as the main carbon source. In other
words, xylene was used as a solvent to dissolve the ferrocene for easy transportation into
the reactor and also functioned as a CNT growth promoter. It was selected as the
hydrocarbon source since it boils (boiling point ~ 140°C) below the decomposition
temperature of ferrocene (= 190°C).

Just like other work already described, it was found that an increase in temperature
increased the amount of CNTs produced (Table 3). While at 800°C there were no CNTs
produced, (other than amorphous carbon) a very small amount of CNT was produced at
850°C. The non-production of CNTs at low temperatures (i.e., < 850°C), was due to the low
diffusion rates of iron and carbon which prevented the CNTs from nucleating and growing
from the iron particles, but resulted in the formation of amorphous carbon (Kunadian et al.,
2008). This implies that below 850°C, the production of CNTs from xylene/ferrocene
mixture is unfavourable. However, above 1000°C there was a decrease in the amount of
CNTs produced as a result of short reaction time caused by the deactivation of catalyst sites
which occurs at such high temperature (Yu et al., 2005).

The present findings showed that between 900 and 1000°C, with an optimal production at
950°C (Table 3), MWCNTs were well aligned. This differs from earlier reports by Jacques et
al. (2000) where they also described the production of MWCNTs at 725-775°C, with an
optimal production at 725°C. Their product had more nanoball-like (100 nm long) structures
at 750°C. Our results were similar to those previously reported by Vivekchand et al. (2004)
where they produced MWCNTSs from the mixture of xylene and ferrocene by pyrolysis at
furnace temperature in the range of 800-1000°C.

950°C (double o 1. )
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Table 3. Effect of temperature on the amount of CNT formed (Yah et al., 2011).

With the introduction of hydrogen as one of the carrier gases, the amount of CNTs
produced increased in the reactor by more than twice the amount produced at double
reactor volume feed (see Table 3). Kunadian et al. (2008) also made similar observation
when they prepared MWCNTs from xylene using the fixed bed CVD mode. This is because
hydrogen has a strong influence in the gas-phase decomposition rate of ferrocene (Equation
11). This is an accelerating effect of hydrogen as stated in section 3.1.
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Fe(C,H;), —2— Fe +2C,H; (11)

In the absence of hydrogen, ferrocene dissociation does not occur until about 1100-1200 K,
while its reduction occurs at temperatures as a low as 673 K in the presence of hydrogen
(Kuwana and Saito, 2007).

3.4 Use of acetylene and xylene/ferrocene mixture

This experimental work employed acetylene as the carbon source, hydrogen as a carrier gas,
ferrocene dissolved in xylene as the catalyst precursor and the reactor operated from 900-
1100°C in order to produce CNTs on a continuous basis. The results showed that CNTs
produced at high ferrocene concentrations were riddled with high levels of iron impurities,
while those at low ferrocene had only small traces of iron impurities. This was attributed to the
limitation in the solubility of ferrocene in xylene at room temperature (Liu et al., 2002). In fact,
Liu et al. (2002) observed that at low ferrocene concentrations, the catalysis efficiency of
ferrocene is high. Though the quantity of CNTs produced at lower ferrocene concentrations
was small, the low amorphous carbon and iron particles in the samples resulted in the
formation of clean CNTs.

3.5 Use of carbon dioxide and methane

Though the pyrolysis of hydrocarbon precursors for synthesizing CNTs is very useful and is
used widely, there are some disadvantages associated with these methods. Most
hydrocarbons used in these methods are hazardous chemicals, and for most cases, the
pyrolysis temperatures are around 1000°C, which are impractical for large scale industrial
production (Qian et al., 2006). One approach to tackling this problem is by the use of CO»
which is a cheap, non-toxic, low-energy, and abundant molecule on the earth (Qian et al.,
2006). The CO; is easily formed by the oxidation of organic molecules during combustion or
respiration. Furthermore, CO can be acquired from natural reservoirs or recovered as a by-
product of industrial chemical processes, so, no new production of CO; is necessary and
there will be no addition to greenhouse gases (Young et al., 2000).

This work presents the successful production of CNTs and CNFs by catalytic decomposition
of methane (CH,) and CO; over an unsupported nickel alloy catalyst (LaNis) in a ‘modified’
SFCCVD reactor (Figure 8) at temperatures ranging from 650-850°C (Moothi, 2009;
Maphutha, 2009).
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Fig. 8. Modified SFCCVD by attaching quartz wool as support for unsupported catalyst.
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It was observed that CH, produced well defined CNTs at all the tested temperatures (650-
850°C) as shown in Figure 9. A mixture of CNFs and CNTs was produced at lower
temperatures (650-700°C) using CO,, whereas at higher temperatures (750-850°C) only
CNFs were produced as shown in Figure 10. The CNFs are cylindric nanostructures with
graphene layers arranged as stacked cones, cups or plates. Furthermore, CNFs with
graphene layers wrapped into perfect cylinders are called CNTs. In summary, this work has
shown that the LaNis catalyst is capable of decomposing CO, into CO and CNTs both of
which are useful compounds. The CNTs produced are not entangled like other catalysts
making it easier to separate them for further studies or used as nano-resistors.

100nm

Fig. 9. (a) CNT produced at 650°C, (b) CNT produced at 750°C,with inside diameter and
outside diameter of 6.6 nm and 16.6 nm, respectively (c) CNT produced at 750°C,with
inside diameter and outside diameter of 10 nm and 23.2 nm, respectively, and (d) CNT
produced at 850°C (Moothi, 2009; Maphutha, 2009)



48 Carbon Nanotubes - Growth and Applications

Fig. 10. (a) CNF/CNT produced at 650°C, growing from the large catalyst particles, (b)
CNF/CNT produced at 700°C, (c) CNF produced at 750°C, with catalyst particles attached
at ends, and (d) CNF produced at 850°C, with a circular structure and no catalyst embedded
(Moothi, 2009; Maphutha, 2009)

4. Synthesis of other carbon nanostructures

As alluded to earlier, the nature of carbon nanomaterials produced by CVD method
including SFCCVD depends on the working conditions such as temperature and pressure of
operation, the volume and concentration of carbon source, the size and pretreatment of
metallic catalysts, and the time of reaction (Paradise and Goswami, 2006). As a result, in the
ambit of CNT production several other carbon nanomaterials may be produced in the CVD
depending on the conditions. Some of these nanomaterials are CNBas (Zhong et al., 2000),
CNFs (Endo et al., 2001), carbon nanorods (Liu et al., 2000) and even diamond particles
(Zhang et al., 2006; Afolabi et al., 2009).

4.1 Carbon nanoballs

The CNBas are a group of shaped carbon materials with a spherical or near spherical shapes
under 100 nm diameter. They include balls, spheres, microbeads, carbon blacks, onions and
mesoporous micro-beads (Caldero-Moreno et al., 2005; Deshmukh et al., 2010). The spheres and
balls can be hollow or solid and in this Chapter, spheres and balls will mean the same thing.
This is a continuation of the experimental work discussed earlier in section 3.1. As can be seen
in Table 2, the higher acetylene flow rate and low temperature (900°C) tend to favour
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production of CNBas. Figures 11 shows a TEM image of CNBas obtained at hydrogen flow
rate of 118 ml/min and above, and constant acetylene flow rate of 370 ml/min at the
decomposition temperature of 900°C as shown in Table 2. The CNBas, instead of CNTs, were
formed because of low residence time and scattered catalyst particles resulting from high
gaseous flow rates. Scattered catalyst particles led to ‘growth-sites starvation’. These CNBas
were also found to contain negligible traces of amorphous carbon and catalyst.

Fig. 11. TEM images of pure CNBas produced at (a) 900°C, C;H» = 370 ml/min, H,=181
ml/min (b) 900°C, C;H; = 370 ml/min, H» = 248 ml/min (Afolabi et al., 2007).

In other related work, CNBas were only formed at temperatures of 1000°C and above in the
absence of catalysts (Iyuke et al., 2009). This shows that temperature was paramount in the
production of CNBas without the use of catalysts. The sufficiently enlarged TEM images
showed that the diameter of the CNBa depended on gas flow rate ratios (i.e., acetylene:
argon). Higher ratios tended to synthesise CNBas with smaller diameters while lower ratios
produced CNBas with larger diamters. In other words, as the flow rate of acetylene
increased, the size of CNBas decreased, and vice-versa. This observation relates the size of
the CNBas to the residence time of acetylene in the reactor. The residence time of acetylene
will be higher at the lower flow rate of acetylene and this will allow the products to grow
further before exiting with carrier gas into the cyclones. Results also showed that the CNBa
size increases as the pyrolysis temperature increases (Mhlanga et al., 2010).

The CNBas were also observed in experimental test-works performed in section 3.4. The
CNBas were obtained at very low concentrations of ferrocene (e.g., 2%) and a pyrolysis
temperature of 900°C. These CNBas were formed due to a low content of ferrocene at low
pyrolysis temperature, as reported by Liu et al. (2002). The xylene might have assisted in the
formation of these CNBas since low catalyst content at high temperature is known to result in
CNTs with a high content of amorphous impurities (Afolabi et al., 2009).

4.2 Diamond films

The production of diamond films followed the experimental procedure in section 3.4. At an
acetylene flow rate of 248 ml min-, hydrogen flow rate of 181 ml min! and pyrolysis
temperatures between 1000°C and 1100°C, diamond particles as well as glassy carbon were
produced alongside CNTs (Afolabi et al, 2009). The diamond films were, however,
thermodynamically unstable as they disappeared after a few minutes. The production of these
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diamond particles (Figure 12) could be attributed to the nucleation by already produced CNTs
in the reactor. This can be explained as follows (Hou et al., 2002); first it must be noted that
diamond and CNTs - both being allotropes of carbon - have some structural resemblances.
Under the conditions that were prevailing in the reactor, especially in the presence of
hydrogen, the CNTs were broken into pieces lengthwise forming carbon nano-onions. The sp3
bonds at the broken ends of the tubes turn to dangling bonds. Furthermore, due to the action
of hydrogen and high temperature, the sp2 bonds at the middle of the tubes between two ends
can open and turn into sp? dangling bonds, and finally turn into sp3 bonds again (Meilunas et
al., 1991; Gruen et al., 1994). This results in countless heterogeneous nucleation sites, and the
improvement of nucleation and growth for diamond.

Fig. 12. Photographic images (EuroTEK 10 Megapixels) of diamond films obtained at (a)
10% ferrocene, 1000°C and a hydrogen flow rate of 118 ml min-!, and (b) 10% ferrocene,
1100°C and a hydrogen flow rate of 181 ml min-! (Afolabi et al., 2009).

In the case of seeding with the low quality CNT mixture, the percentage of CNTs is very low
(Hou et al., 2002). The separation action of hydrogen on CNT is weak. There are only few
nano anion ends. So it is difficult for diamond to nucleate and grow while graphite film can
grow and develop easily.
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Fig. 13. X-ray diffraction analysis of a sample produced at 10% ferrocene, 1100°C, acetylene

flow rate of 248 ml min-1, and a hydrogen flow rate of 181 ml min-!, confirming traces of
diamond films (Afolabi et al., 2009).
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Figure 13 shows the XRD analysis of the samples obtained at a temperature of 1100°C, an
acetylene flow rate of 248 ml min-!, hydrogen flow rate of 181 ml min-!, and 10wt%
concentrations of ferrocene, respectively (Afolabi et al., 2009). The analysis confirms the
presence of diamond flakes and glassy carbon identified as graphite nitrate; the nitrogen in
the nitrate may have been from the traces contained in the argon and hydrogen gases from
the supplier, which were 4 and 2 volume per million (vpm), respectively. It was observed
that the rate of production of diamond films increased with increases in the concentration of
ferrocene, hydrogen flow rate and pyrolysis temperature.

5. Optimisation of the production of carbon nanomaterials

For practical commercial applications of CNTs, one would need quantities in the kilogram
range (Subramoney, 1999). As a result, there is still a need to develop and optimise
processing routes for the production of uniform and well defined carbon nanostructures in
large quantities (Yu et al., 2005). We have seen in this Chapter that the production of carbon
nanomaterials is variable, depending on interrelated controllable factors. Therefore, growth
and optimisation of carbon nanomaterials need a targeted approach whereby parameters
are tuned based on the type of nanomaterials required.

The huge number of parameters required in the growth process is a big challenge in the
optimisation of as-produced carbon nanomaterials. However, we have seen that
temperature and carbon source quantity are the important determinants in the production
of carbon nanomaterials.

Figure 14 shows the effect of decomposition temperature and acetylene flow rate on the
quantity of nanoparticles produced. The figure reveals that the quantity of nanoparticles
produced increased with temperature and the flow rate of acetylene at constant flow rate of
argon carrier gas of 181 ml/min. This indicates that at higher temperature, there is
enough heat to effect the pyrolysis of acetylene leading to the formation of CNTs. The
highest quantity of nanoparticles produced was obtained at temperature of 1050°C and
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Fig. 14. Decomposition temperature versus quantity of nanoparticles produced at different
flow rates of acetylene and constant hydrogen flow rate of 181 ml min-!(Afolabi et al., 2007).
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acetylene flow rate of 370 ml/min. Even in the case of CNBa, the rate of production
increased with increase in the feed stock flow rate at all pyrolysis temperatures (Mhlanga et
al.,, 2010). However, at very high temperatures (results not shown here) there was a decrease
in production rate. Furthermore, low values of amorphous carbon were observed as the
temperature increased as a result of amorphous carbon burning off at high temperatures
(Iyuke et al., 2007). In general, a higher temperature results in a modest increase in yield.
Raman spectroscopy results presented in Figure 15 at different temperatures also shows that
the crystallinity of CNTs produced depends on the pyrolysis temperature. The higher the
temperature, the better the crystal structure of the CNTs.
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Fig. 15. Raman spectrometra of the CNTs sample produced (Abdulkareem et al., 2007; Iyuke
et al., 2007).

Results obtained on the effect of temperatures on the rate of production of CNTs at different
flow ratios of acetylene and hydrogen is shown in Figure 16 (Iyuke et al., 2006;
Abdulkareem et al., 2007). It can be observed from the figure that the rate of production of
CNTs at different flow ratios of acetylene and hydrogen is influenced significantly by the
temperature. As the temperature increases, the rate of production of CNTs also increases as
well as the quantity produced.
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Fig. 16. Rate of production of CNTs at different temperatures and, flow ratios of acetylene to
hydrogen (Iyuke et al., 2006; Abdulkareem et al., 2007).
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Figure 16 also shows the effect of different flow ratios of acetylene to hydrogen at different
temperatures. The figure shows that the rate of production initially increases with increase
in C;Hy/H, ratio at all temperatures. Different CNTs production rate peaks were observed
for different CoHy/Ho flow ratios at different temperatures. However, the highest CNTs
production rate was observed at 1050°C and this corresponds to C;H,/H, flow ratio of
approximately 3 while the minimum CNTs production rate was obtained at flow ratio of 1.5
at 900°C. High quality and long CNTs were also obtained at C;H>/H), ratio of approximately
equal to 3 and CNT production rate of 0.31 g/min (Iyuke et al., 2006; Abdulkareem et al.,
2007). This shows the important role of the ratio of carbon source to hydrogen for good and
high quality production of CNTs.

The effect of hydrogen flow rate on the rate of production of CNTs was also evaluated. At low
flow rates (e.g., 118 - 181 ml/min), increases in flow rates increased the rate of CNT
production (Abdulkareem et al., 2007; Iyuke et al., 2007). Here, hydrogen is not only required
to create velocity profile in the reactor, but also takes part in the pyrolysis of acetylene.
According to Kuwana et al. (2005), the three stages of reaction during pyrolysis of acetylene to
give CNTs confirm the major role of hydrogen as shown in the equations below:

C,H, — 2C+H, 12)
C,H, +3H, — 2CH, (13)
2CH, — 2C+4H, (14)

It can be observed from Equation 14 that the methane produced in Equation 13 decomposed at
reactor temperature to produce CNTs and hydrogen. This reveals the positive influence of
hydrogen in the production of CNTs.

However, it was seen that an increase in hydrogen flow rate above 181ml/min decreased
the production rate monotonically from 4.2mg/s to zero (Abdulkareem et al., 2007; Iyuke et
al., 2007). Reduction in rate of production of CNTs at higher hydrogen flow rate could
be attributed to low residence time of acetylene in the reactor as a result of high velocity profile
created by high hydrogen flow rate thereby suppressing the formation of CNTs. In other
words, at high flow rate of hydrogen, the residence time of acetylene in the reactor becomes
low because the hydrogen flow creates high velocity profile and push off the acetylene
at a faster rate from the reaction zone. Singh et al. (2003) also made similar observations about
the effect of hydrogen concentration on the production of CNTs using CVD technique. Apart
from creating a velocity profile in the reactor, hydrogen may have also reduced ferrocene to
atomic iron clusters or nanoparticles (Abdulkareem et al, 2007), thus making ferrocene
inactive.

6. Conclusions, challenges and future prospects

CNTs (and other carbon nanomaterials) have reached the forefront of many industrial research
projects since their rediscovery. However, there is still a great deal of work to be done for the
full potential of CNTs to be fully realised. We have seen in this Chapter that various carbon
nanomaterials can be prepared in an SFCCVD by careful controlling of parameters such as
temperature and flow rates of carbon source and carrier gas. More importantly, the studies in
this Chapter have clearly demonstrated that the SFCCVD method could be scaled up for
continuous or semi-continuous production of carbon nanomaterials.
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Though we have managed to produce CNTs and various other carbon nanomaterials in
larger quantities, there are several challenges which need to be overcome before they can be
widely used. They need to be synthesized in longer lengths, and improved techniques are
required to align and evenly distribute them. Commercially available nanotubes are usually
0.5-5 pm long. In the design of conventional composites, for example, it is well known that
the fiber length has a major influence on strengthening and stiffening of the matrix. For
effective load transfer, the fiber length has to exceed a certain critical length, 1., given by the
following equation (Esawi & Faragi, 2007):

l.=0.d/21, (15)

Where o; is the ultimate or tensile strength of the fiber, d is the fiber diameter and z, is the
fiber-matrix bond strength. If the fiber length is less than!., the matrix cannot effectively

grip the fibers and as a result they will slip.

The difficulty of dispersing the CNTs due to the fact that they tend to stick together and the
difficulty of aligning the tubes are also major challenges. Although such issues have not yet
been completely resolved, extensive efforts are underway to overcome them.

Researchers also agree that one of the major obstacles to using CNT is cost (Breuer &
Sundararaj, 2004). Generally, the synthesis techniques used for making nanotubes are
expensive. High quality/high purity CNTs could cost $800/g and even ones with defects
and impurities (metal catalyst and amorphous carbon) could cost $5-35/g (Esawi & Farag,
2007).

Due to the great importance of CNTs, it is clear that novel technologies will emerge in
future. It is also expected that more applications of CNTs will be found as some of their
unknown unique properties are discovered.
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1. Introduction

Some years ago a scientist, Sumio lijima, who was working in NEC laboratories in Japan as
an electron microscopist has discovered a new class of carbon allotropes which attracted a
lot of interests among material science investigators. Briefly, after some investigation on the
produced soot on walls of arc discharge reactor he examined the precipitated soot on
cathode and has found really interesting graphitic structures. The taken transmission
electron microscopy (TEM) images revealed a tubular graphitic structure that has fascinated
the scientist due its extraordinary physical and chemical properties (lijima, 1991).

Fig. 1. TEM micrographs of carbon nanotubes consisting (a) five, (b) two, (c) seven graphitic
sheets (Iijima, 1991)

After 1991, considerable attention of scientists to carbon nanotubes (CNTs) caused
remarkable increase of publication around carbon nanotube related subjects of interests (Fig.
2). Increasing the number of publications from 77 in 1995 to 5619 in 2010 and total number
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of 37112 publications until the end of 2010, all shows that there are some interesting points
in carbon nanotubes which led to this enormous attention of researchers. Basically, unique
electronic, optoelectronic, and mechanical properties of carbon nanotubes (Saito &
Dresselhaus, 1998) are among the most important reasons for this huge attention to them.
These properties make CNTs suitable for a lot of applications such as electronic devices
(Fuhrer et al., 2000), chemical sensors (Kong et al., 2000), hydrogen storage (Dillon et al.,
1997), mechanical devices (Frank et al., 1998), field emission tips (Fan et al, 1999),
nanotweezers (Kim & Lieber, 1999), and so on.
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Fig. 2. The annual number of published papers on carbon nanotubes since their discovery
until the end of 2010. Data were taken from www.scopus.com using carbon nanotubes* as
keyword for article title.

Accordingly, application of carbon nanotubes in aforementioned and other devices needs
production of CNTs. Up to know, several synthetic approaches such as arc discharge (lijima,
1991; lijima & Ichihashi, 1993; Tans et al., 1997), laser ablation (Guo et al., 1995; Thess et al.,
1996), chemical vapor deposition (CVD) (Jose-Yacaman et al., 1993), were introduced to
produce carbon nanotubes. Based on the related scientific literature, each of these methods
has its charasteristics, advantageous and disadvantageous which define the applicability of
mentioned methods. Among these methods, CVD has been shown to be of more industrial
interest due to its lower reaction temperature in comparison with arc discharge and laser
ablation (Morgan & Mokaya, 2008) and also possibility for industrial scale up (Geng et al.,
2002; Somanathan et al, 2006). Indeed, catalytic CVD synthesis of CNTs can be
accomplished via two general approaches, fluidized bed method (Garcia-Garcia et al., 2008;
Wei et al., 2008) or fixed solid supported metal catalysts (Zarabadi-Poor et al., 2010).
Therefore, these procedures need supporting of metals on solid supports to catalyze the
carbon nanotubes preparation. Alumina (Zarabadi-Poor et al., 2010), nanoporous silica
(Somanathan et al., 2006), MgO (Steplewska & Borowiak-Palen, 2010), and silicon (Mizuno
et al., 2005) are among the most studied substrates.
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In this chapter, the application of metal-modified nanoporous silicas for CNT growth in a
CVD reactor will be reviewed. Herein, different nanoporous silicas which were used for
production of carbon nanotubes considering different metals and catalyst preparation
methods are the main subjects of following discussions.

2. Nanoporous silicas

In 1992, researchers of Mobil introduced a family of ordered nanoporous materials named
M41S (Beck et al., 1992; Kresge et al,, 1992). Then attraction of other scientists to this
materials caused discovery of other types of nanoporous materials such as SBA-15 (Zhao et
al., 1998), LUS-1 (Bonneviot et al., 2003),FSM-16 (Inagaki et al., 1993), KIT-1 (Ryoo et al.,
1996), MSU (Bagshaw et al.,, 1995), and HSM (Tanev & Pinnavaia, 1995)which were
synthesized within highly acidic to strongly basic pH range using cationic, anionic, neutral
and nonionic structure directing agents. Among these materials, MCM-41, LUS-1 and SBA-
15 are most studied ones in our previous researches such as studies on metal modification
(Badiei & Bonneviot, 1998; Béland et al., 1998), pre-concentration of metals (Ganjali et al.,
2006, Javanbakht et al., 2009b; Javanbakht et al, 2010), modification with 8-
hydroxyquinoline (Badiei et al., 2011b; Badiei et al., 2011a), carbon paste electrodes (Ganjali
et al., 2010; Javanbakht et al., 2007a; Javanbakht et al., 2007b; Javanbakht et al., 2009a), solid
phase micro extraction (Hashemi et al.,, 2009) and hydroxylation catalysts (Arab et al.).
Therefore, these materials are the major subject in the coming discussions about catalytic
synthesis of CNTs.

One of most important application of solid supports such as nanoporous silicas is related to
the heterogenization of transition metals (Cornils & Herrmann, 1996). Briefly, several
methods have been used in this manner such as adsorption or encapsulation of homogenous
catalyst (Coronado et al., 2000; Goettmann et al., 2006; Kuil et al., 2006, Zhu et al., 2004),
covalent immobilization (Pagar et al., 2006), modification of supported metal catalysts
(Marchetti et al., 2004) and etc. To the best of our knowledge, iron, cobalt and nickel are the
most studied metals in catalytic production of carbon nanotubes and therefore they will be
reviewed in following sections.

3. Synthesis of CNTs using Fe-modified nanoporous silicas

Several reports have been published on the synthesis of CNTs using iron-modified
nanoporous silicas up to now. Duxiao et al. (Duxiao et al.,, 2001) investigated the CVD
synthesis of carbon nanotubes on hexagonal nanoporous silica (HMS). They used acetylene
as carbon precursor and showed that in the case of HMS the formation of CNTs started at
the internal surface of Fe-HSM. In 2005, Lu et al. (Lu et al., 2005) addressed a rare report on
the synthesis of carbon nanotubes. It was remarkable because it is related to the synthesis of
amorphous carbon nanotubes via CVD procedure and using SBA-15 as the solid support for
the iron based catalysts. They have employed impregnation method for introduction of iron
species using Fe(acac)s as iron precursor into the structure of SBA-15 nanoporous silica. The
main purpose of using SBA-15 as the solid support in the as mentioned published letter is
the porous structure of SBA-15. They believe that it can lead the formation of metal catalysts
with well-controlled particle size. They concluded from the formation of carbon nanotubes
on the outer side (Fig. 3) of channels that particle migration happened during the CVD
process and proposed “top growth mechanism” herein. Also, they mentioned that the outer
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diameter of CNTs (about 20nm) is much higher than pore diameter of SBA-15 (about 7nm)
which caused by the thickness of nanotubes.

50 nm

Fig. 3. TEM micrographs of a) Fe-SBA-15 and b) grown CNTs on the outer surface of catalyst
(Lu et al., 2005)

Wang and his co-workers presented the synthesis of CNTs using Fe-SBA-15 catalysts (Wang
et al., 2005a; Wang et al., 2005b). They, (Wang et al., 2005a), have synthesized Fe-SBA-15 via
direct synthesis approach. Iron species were introduced into the structure through addition
of iron nitrate nonahydrate during the synthesis of SBA-15 besides the increasing of pH to 7.
According to their research, synthesis of multi-walled carbon nanotubes (MWNTs) by CVD
decomposition of acetylene on the Fe-SBA-15 produced straight, uniform, open and highly
graphitized CNTs. Increasing the amount of iron in the catalysts caused obtaining CNTs
with larger diameters and as a conclusion the best CNTs can be obtained using catalysts
with 3.5% iron content. A typical high resolution transmission electron microscopy
(HRTEM) image of this sample is given in Fig. 4.

\

Fig. 4. HRTEM image of carbon nanotube prepared using catalyst with 3.5% iron
(Wang et al., 2005a)

The same research group (Wang et al., 2005b), have tried to obtain Fe-SBA-15 with higher
thermal stability. The synthesis procedure for the catalysts is similar to their previous works
(Wang et al.,2005a). Their efforts to obtain more thermal stable catalysts have been
accomplished by calcination of catalysts in the temperature ranging from 550 to 950 °C.
Synthesis of carbon nanotubes were again done via similar procedure to the first article.
They have concluded that the obtained CNTs are more uniformed with outer and inner
diameters about 35nm and 15nm, respectively. In the other research Barreca et al. (Barreca et
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al.,, 2007) used the advantages of direct synthesis approach for preparation of catalysts. They
have used P85 triblock copolymer to synthesize hexagonal nanoporous silica under acidic
condition. The iron phthalocyanine was used as iron precursor to incorporate the iron
nanoparticles into the nanoporous structure. The acid treatment was applied to eliminate
the Fe;O3 particles from the outer surface of nanoporous silicas. In the acid washed catalysts,
MWNTs with narrow diameter distribution (5 and 15 nm) were obtained. On the other
hand, unwashed catalysts produced CNTs on the outer surface with a broad diameter
distribution ranging from 20 to 90nm. Also, higher metal content in both catalysts caused
higher CNT density. The most recent report on the synthesis of carbon nanotubes using
iron-modified nanoporous silica has been published by Gokulakrishnan and co-workers
(Somanathan et al., 2011). KIT-6 type nanoporous silica was synthesized following typical
routes through using P123 structure directing agent under acidic condition. Iron species
were incorporated into the structure by impregnation of KIT-6 with iron nitrate solution.
They have mentioned that 1-3% iron was loaded into KIT-6 which caused decreasing the
specific area from 745 m2.g-1 (for KIT-6) to 653, 551, and 377 m2.g-'for 1%Fe, 2%Fe and 3%Fe,
respectively. The CNT synthesis was carried using acetylene as carbon source at 800 °C. The
best yield was obtained by 2% Fe loaded catalyst (91%). The 1% Fe catalysts did not show
significant activity through the synthesis of CNTs. It was expected to obtain higher
production yield when using catalyst with higher iron contents than 2% but it has not been
observed. The observed yield for 3% Fe catalyst was reported 79% which is attributed to the
agglomeration of iron particles. It has been concluded from TEM micrographs which 10 nm
graphene layers consists of 29 graphene sheets. As a main conclusion the Fe-modified KIT-6
has been introduced as a potential for large scale production of multi-walled carbon
nanotubes.

4. Synthesis of CNTs using Co-modified nanoporous silicas

To the best of our knowledge, MCM-41 is the major solid support in the most of the
researches on the synthesis of CNTs using Co metal as the active site.

Lim et al. (Lim et al., 2003) utilized direct synthesis method to incorporate Co species into
the structure of MCM-41. Quaternary ammonium surfactants, CnHzn+1(CHs)sNBr, with
n= 10, 12, 14, 16, and 18 were used as structure directing agents in this research.
Investigation of Co atoms status inside the Co-MCM-41 materials revealed that about 30-40
atoms uniformly exist in each pore as well as they present as a mixture of tetrahedral and
distorted tetrahedral structures like Co3O4. The crystallization time (20-160 hr) and
temperature (100 and 150 °C) were monitored in order to obtain optimums for both MCM-
41 and Co-MCM-41. It has been mentioned that for MCM-41 4 days and 100 °C are optimum
synthetic conditions, however, for Co-MCM-41 6 days and 100 °C produce better products.
In the next step, C16 Co-MCM-41 has been selected for further catalytic activity evaluation
on the synthesis of single-walled carbon nanotubes (SWNTs). It exhibited good results in
this manner with 90% selectivity over SWNT and 4 wt% over carbon deposition. TEM
micrograph and corresponding Raman spectra (Fig. 5) shows the successful synthesis of
CNTs. Gary L. Haller’s research group continued the aforementioned research by following
works. They have investigated the effect of catalyst pre-reduction, nanotube growth
temperatures (Chen, 2004b), CO pressure, and reaction time (Chen, 2004a) using Co-MCM-
41 catalysts. Chen et al. used C16 Co-MCM-41 with 1 wt% cobalt as catalyst (Lim et al.,
2003). As pointed out in (Chen, 2004b), single-walled carbon nanotubes were synthesized by
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CO disproportionation under following conditions: reaction time, 60 min; reaction
temperature, 650-900 °C; and CO pressure, 6 atm. Basically, the influence of catalyst pre-
reduction condition and growth temperature on the selectivity and uniformity of SWNT
were observed. In order to investigate the effect of pretreatment on the catalyst, two
techniques were applied: in-situ X-ray Absorption Near-Edge Structure (XANES) for
investigation of cobalt state during pretreatment, and ex-situ Extended X-ray Absorption
Fine Structure (EXAFS) to monitor the formation of cobalt clusters during SWNT growth.
The aim of this research, obtaining SWNTs with narrow diameter distribution have been
accomplished by applying optimized condition; pre-reducing of catalysts at 500-600 °C and
growing SWNTs at 750 -800 °C. Figure 6 indicates the correlation between quality and yield
of synthesized carbon nanotubes which shows the optimum synthesis condition. The Ip/Ig
ratio in Figure 6a indicates the ratio between two major peaks in Raman spectrum of CNTs.
D-band appears around 1340 cm? and is related to disordered graphite. High frequency G-
band appears around 1580 cm and is attributed to splitting of the Eyg stretching mode of
graphite.
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Fig. 5. Raman spectrum and TEM image of CNT synthesized using C16 Co-MCM-41
(Lim et al., 2003)

In the second article (Chen, 2004a), Chen et al. applied the optimized pretreatment and
reaction temperature (500 and 800 °C, respectively) to monitor the effect of CO pressure and
reaction time on disproportional decomposition of CO in SWNT synthesis. They have
chosen 2-6 atm. range for CO partial pressure and 5-120 min. for reaction time. It has been
concluded that following processes affects both selectivity and diameter uniformity of
SWNTs under applied synthetic conditions: 1) reduction of cobalt, 2) nucleation of the
reduced cobalt atoms into clusters and 3) initiation and growth of the SWNTs.



Synthesis of Carbon Nanotubes Using Metal-Modified Nanoporous Silicas 65

030 m (a)

0251

0201
_o
>0.15f

0.10F \
0.05} .\

0.001 —n u
° b
o 40 (®)
=
2 351 Y
o
(]
2 30}
=
(=]
2 *
8 25; /
=
220l o o

1 1 L 1 1 1

650 700 750 8OO 850 €00

Reaction temperature, °C

Fig. 6. Correlation diagram between synthesis temperatures (°C), quality index (Ip/Ig), and
total carbon loading (%) (Chen, 2004b)

TEM images of synthesized CNTs under different CO pressures are given in Fig. 7.
According to these images, it is obvious that higher CO pressures causes better uniformity
of synthesized CNTs. Therefore, synthesis of SWNTs under different CO partial pressures
revealed two remarkable results. Applying low CO pressures in the synthesis provides
SWNTs with broad diameter distribution. It has been explained that in such circumstances
reduction of cobalt species and growth of SWNTs are slow (Chen, 2004a). Therefore, cobalt
clusters, which are the sites of SWNT formation, are allowed to grow into larger sizes. On
the other hand, synthesis of SWNTs under high pressure of CO provides SWNTs with
uniform and narrow diameter distribution. Considering the aforementioned discussion
about low pressure of CO, it is reasonable.

Fig. 7. TEM micrographs synthesized CNTs under CO pressure of a) 2 and b) 6 atm
(Chen, 2004a)
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After above remarkable researches (Yang et al., 2004), Garry Haller and co-workers have
carried out a comprehensive statistical research to recognize how different variable parameters
affect the synthesis of Co-MCM-41 catalysts in order to obtain aligned SWNTs. The independent
variables which have been considered in this article are: alkyl chain length, initial cobalt
concentration, surfactant silica ratio, TMA silica ratio, water silica ratio, pore diameter, metal composition
and structural order. Considering these variables, several material synthesis have been designed,
ID: Co01-Co28, which has produced a scatter plot matrix for analyzing the effect of main
synthesis variables. It has been raised to a normalized model which is helpful in quantitative
measurement of interaction between different variables considering corresponding correlation
coefficients. The most important correlation coefficients are given in Table 1.

Correlation coefficient | Considered variables
Metal composition in Co-MCM-41 and initial Co concentration
0.9974 . . .
in the synthesis solution
0.9261 Pore size and alkyl chain length of surfactant
0.5756 Structural order and alkyl chain length of surfactant

Table 1. Correlation coefficients between different variables in Yang et al. paper
(Yang et al., 2004)

It has been concluded that the presented model can be used to produce samples with
varying pore size and constant cobalt content while having a high degree of structural
order.

As it has mentioned above regarding Chen et al.’s articles (Chen, 2004b; a), the size of cobalt
clusters has a strong effect on the properties of resulting carbon nanotubes. Ciuparu et al.’s
paper (Ciuparu et al.,, 2004) presents a deeper investigation on the mechanism of cobalt
cluster size control. The interesting result of this work is the effect of hydrogen pretreatment
of catalyst which facilitates the synthesis of SWNTs with small diameters.

Another statistical analysis following Haller research group works addresses investigation
of C10 Co-MCM-41 catalyst in order to obtain SWNTs with smaller diameters (Yang et al.,
2005). This work is similar to their previous published article (Yang et al., 2004). Herein,
Yang et al. defined experimental parameters as follows: surfactant to silica ratio, pH, TMASi to
Si ratio, Co concentration, water to Si ratio, slope of isotherm capillary condensation step and ratio of
peak intensity of (110) to (100) of X-ray diffraction pattern. Considering the first five variables
(independent variables) synthesis condition for 27 samples have been designed and carried
out. It has been concluded that the most significant effects on the structural order of C10 Co-
MCM-41 samples rise from the first three variables. The other independent variables may
negatively affect the structural order of mentioned catalyst. Raman spectra of synthesized
SWNTs using C10 Co-MCM-41 and C16 Co-MCM-41 are shown in Fig. 8. Appearing the
small peak at 301 cm? reveals the successful synthesis of SWNTs with C10 Co-MCM-41 (3
wt% cobalt) with 0.77 nm diameter.

The effect of cobalt content on the synthesis of SWNTs via CO disproportion on Co-MCM-41
catalysis was presented in L. D. Pfefferle co-workers paper (Chen et al., 2006). Chen et al.
synthesized Co-MCM-41 samples with Co concentration ranging from 0.5 to 4 %. The lowest
concentration of Co leads to obtain few Co clusters which are large enough to initiate the
growth of single-walled carbon nanotubes. While using Co concentration higher than 3 %
causes the formation of large cobalt clusters and consequently production of undesired
products.
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Fig. 8. Raman spectra of synthesized SWNTs using C10 Co-MCM-41 and C16 Co-MCM-41
(Yang et al., 2005)

The last article which has been reviewed here is a report on the application of Co-MCM-41
materials for the synthesis of SWNTs via CVD method. Somanathan et al. (Somanathan et
al., 2006) incorporated Co species into the structure of MCM-41 through direct synthesis
approach with different Si/Co ratios ranging from 25 to 100. SWNTs were synthesized at
750 °C using acetylene as carbon source with 40 ml.min flow rate for 10 min. They have
concluded that Co-MCM-41 is very stable under severe reaction condition as well as the
obtaining high selectivity toward SWNT using Co-MCM-41 with Si/Co =100 (Fig. 8). The
proposed growth mechanism is mentioned top-growth considering different evidences such
as TEM image (Fig. 10).

Fig. 9. TEM image of CNTs synthesized using Co-MCM-41 (100) (Somanathan et al., 2006)
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B

Fig. 10. TEM micrographs with cobalt particles at the tip of nanotubes
(Somanathan et al., 2006)

5. Synthesis of CNTs using Ni-modified nanoporous silicas

Herein, some other articles which address application of Ni-MCM-41 in the synthesis of
carbon nanotubes are presented.

Chen et al. besides their researches on the Co-MCM-41 catalysts also have carried out
research on the Ni-MCM-41 materials. In some of their works (Chen et al., 2005), Ni (1 wt%)
have been incorporated into the structure of MCM-41 based on their previous report (Lim et
al.,, 2003). The SWNT synthesis approach is also similar. It has been concluded that using Ni-
MCM-41 in comparison with Co-MCM-41 produces SWNTs with broader diameter
distribution and lower carbon deposition. This has been related to the tendency of Ni to CO
which causes faster reduction of nickel particles and migration of nickel clusters. Chen et al
also proposed, Ni-MCM-41 catalyst, while using other carbon sources can improve the
properties of SWNTs. Then, Chen et al. tried to investigate the effect of various carbon
sources on the synthesis of SWNTs using Ni-MCM-41 (Chen et al.,, 2007). Synthesis of
SWNTs using Ni-MCM-41 using CO, ethanol and methane under similar conditions
revealed that CO produced SWNTs with narrower diameter distribution than ethanol. On
the other hand, using methane as the carbon precursor was not a successful experiment
under same conditions to produce CNTs .

Somanathan et al. also followed their previous works on Co-MCM-41 catalysts by reporting
synthesis of SWNTs over Ni-MCM-41 nanoporous materials (Somanathan & Pandurangan,
2006). Herein, Ni-MCM-41 materials were synthesized through similar methods mentioned
in their work on Co-MCM-41 (Somanathan et al., 2006). Performing experiments using
catalysts with different Si/Ni ratios and reaction conditions provided optimum synthesis
circumstances. It has been mentioned that using Ni-MCM-41 with Si/Ni=100 at 750 °C for
10 min at N and acetylene flow rates of 140 and 60 ml.min"! gives the highest carbon yield
(71.01%). Presence of metal particles at the tip of grown carbon nanotubes brought authors
to the “tip-growth” mechanism occurring in these experiments.
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6. Concluding remarks and future directions

Basically, reviewing mentioned articles here has shown that using metal-modified
nanoporous silica as catalysts for the synthesis of CNTs was interesting for scientists to
improve the synthetic approaches in order to obtain CNTs with desired properties and
conditions. Although there are a lot of published works in this manner, taking a look at
these researches reveals that still there are a lot of points which need to being studied for
further development on the synthesis procedures of CNTs.

Briefly, industries need different class of carbon nanotubes such as single-walled,
multiwalled, with junction and so on. Therefore, future studies should be done in order to
improve the current methods. These researches should consider two major points, 1)
obtaining CNTs with desired properties, 2) decreasing the cost of production. In this
manner, studying the effect of different methods for introducing metal species into the
structure of nanoporous silicas, effect of calcination of the metal-modified nanoporous
silicas, influence of different carbon precursors, combination of two metals and etc. were
subject of some few previous reports and can be the interesting subject of research for
upcoming works.
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1. Introduction

The discovery of carbon nanotubes (CNTs) [1] followed by their large-scale production have
paved the way to wide CNT integration into modern nanotechnology by taking advantage
of their excellent mechanical properties and high electrical and thermal conductivities [2].
Carbon nanotubes have emerged as new class nanomaterials that are receiving considerable
interest because of their unique structure, high chemical stability and high surface-to-
volume ratio. Composite nanomaterials based on integration of CNTs and some other
materials to possess properties of the individual components with a synergistic effect have
gained growing interest [3].

The use of carbon nanotubes as “building blocks” in nano-/microelectronic devices could
revolutionize the electronic industry in the same way that the microchips have
revolutionized the computer industry. However, it has been a long-standing big challenge
to efficiently integrate the carbon nanotube “building blocks” into multicomponent/
multifunctional structures or devices. It has been shown that carbon nanotubes could
promote electron transfer with various redox active proteins, including glucose oxidase,
cytochrome ¢, and horseradish peroxidase. Li and co-workers have demonstrated that
carbon nanotubes can promote electron transfer with certain proteins and enzymes, and the
electrochemical behavior with cytochrome c [4].

The CNT is nearly inert and therefore its functionalization is needed to increase its reactivity
and to form with other components conjugates or hybrids. Chemical functionalization of
CNTs usually destroys the sp? structure of CNTs, therefore, damages the intrinsic properties
of them. Thus, non-covalent modification of CNTs is of great significance. Surfactants can
disperse CNTs in water, however, which needs relatively higher amount and cannot be used
for possible biological and chemical application [5].

Pioneering studies have reported on the use of single-walled carbon nanotubes (SWCNTs)
as atomic force microscopy (AFM) imaging tips of biomacromolecules, such as antibodies,
DNA, proteins, viruses... [6]

The integration of biomaterials (e.g.,, DNA, proteins/enzymes, or antigens/antibodies) with
CNTs provides new hybrid systems that combine the conductive or semiconductive
properties of CNTs with the recognition or catalytic properties of the biomaterials. This may
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yield new bioelectronic systems (biosensors, field-effect-transistors,...) or templated
nanocircuitry. Functionalized CNTs are able to cross cell membranes and accumulate in the
cytoplasm, and even reach the nucleus, without being cytotoxic (in concentrations up to 10
mM) [7]. CNTs could act as carriers that transport and deliver other bioactive components
into cells. In fact, the effective delivery of biomolecules into cells has been used for their
immunization and enhanced generation of antibodies [8].

New materials for the intracellular transport of biological cargos such as DNA, proteins, and
drug molecules have been actively sought to effectively breach the cell-membrane barriers
for delivery and enabling functionality of extracellular agents. Single-walled carbon
nanotubes (SWNT) have been recently shown to shuttle various molecular cargos inside
living cells including proteins, short peptides, and nucleic acids [9, 10]. The internalized
nanotubes were found to be biocompatible and nontoxic at the cellular level. The utilization
of the intrinsic physical properties of SWNTs allows the realization of a new class of
biotransporters and opens up new possibilities in drug delivery and near infrared (NIR)
radiation therapy.

Carbon nanotubes as well as other nanotube structures, such as self-assembled lipid
microtubes or peptide nanotubes, have been explored for possible applications in
nanobiotechnology [11]. Also, biomedical applications of biomaterial-functionalized CNTs
are envisaged. At the present time, several fundamental issues remain to be addressed for
the use of carbon nanotubes as potential biological transporters. One such issue is the entry
mechanism that regulates the cellular internalization of SWNTSs and their cargos.

The attractive properties of CNT make them promising candidates for DNA hybridization
detection [12]. Wang et al. [13] demonstrated the use of CNT loaded alkaline phosphatase
through cross linking for dramatically amplifying enzyme-based bioaffinity electrical
sensing of proteins and DNA. Khairoutdinov et al. [14] and Panhuis and co-workers [15]
reported the approach to covalent attachment of ruthenium complex to carboxylated single-
wall carbon-nanotubes (SWNT) and to amino functionalized multiwall carbon nanotubes,
respectively.

A brief summary of the most recent research development in the field of carbon
nanotube/biomolecules is reported. Even this brief account has revealed the versatility of
carbon nanotubes for making nanoconjugates with excellent physical and chemical
properties. Within the present chapter we focus on decoration of CNTs with DNA to
produce unique and smart nanocomposites. Continued research and development in this
field favours the possibility of producing biosensors and/or smart nanostructures based on
carbon nanotube/DNA conjugates.

2. Carbon nanotubes

Carbon nanotubes (CNTs) are anisotropic structures with sp2 bonding properties. A carbon
nanotube consists of either one cylindrical graphite sheet (single-walled carbon nanotube,
SWCNT) or several nested cylinders (multi-walled carbon nanotube, MWCNT). Carbon
nanotubes are macromolecules with radii of as small as a few nanometers, which can be
grown up to 20 cm in length. Multi-walled nanotubes can reach diameters of up to 100 nm.
Single-walled nanotubes possess the simplest geometry, and have been observed with
diameters ranging from 0.4 to 3 nm [16]. The rolling-up of the hexagonal lattice can be
performed in different ways. The sheet can be rolled-up along one of the symmetry axes,
producing, either a zigzag or an armchair tube.
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Single-walled carbon nanotubes (SWCNTs) exhibit excellent optical properties such as Raman,
fluorescence and absorption spectra. Due to their small size and sensitive optical
characteristics, SWCNTs have been shown to be ideal candidates for optical nano-biomarkers
and/or nano-biosensors [17]. SWCNTs individually dispersed in aqueous medium show
strong fluorescence in the near infrared region and sharp absorption peak distributions caused
by van Hove singularities [18]. Absorption spectrum gives a variety of information including
electronic structures such as metallic, semiconducting and chiralities [19].

It is well known that individually dispersed carbon nanotubes exhibit a series of sharp
absorption peaks in the visible and near infrared regions due to quasi one-dimensionality.
The absorption peaks become broad due to the disturbance and superposition of electronic
structures by the aggregation of nanotubes. Some materials such as surfactants (sodium
dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB),.. ), DNA, and proteins are
known to individually disperse SWCNTs without disturbing the electronic properties of
nanotubes [20]. There can also be a slight shift in the wavelength for the different dispersing
medium. This could be due to the hypsochromic shift which was also observed in Ref. [20].
The change in dielectric environments around nanotubes, caused by the different surface
coverage of wrapping agents, can lead to a shift in wavelength.

It has been stated that nonionic surfactants cause suspension of nanotubes by coating them
[20]. The presence of nonionic surfactant could lead to complex micelle formation with CNT
in both aqueous and nonaqueous systems. It was shown that the high-molecular weight
Pluronic surfactants enhance dispersal of SWCNTs. It is possible that such surfactant-
nanotube interactions alter the nanotubes’ surface properties, thus modulating their
interaction with other additives. The cylindrical micelles were formed in aqueous
dispersions of sodium dodecyl sulfate (SDS)-SWNT [21]. For all samples, the UV-vis spectra
exhibited the sharp van Hove transitions anticipated from individualized nanotubes. For the
dispersion of SWNTSs the SDS molecules were considered to form noninteracting core-shell
cylindrical micelles with a single nanotube acting as the core. It was reported that the
behavior of a surfactant in dispersing the carbon nanotubes is similar to that in the case of
solid particles [22]. Since surfactant effects depend strongly on the medium’s chemistry,
aqueous and organic polymeric systems of carbon nanotubes should, in principle, obey
different colloidal processes. However, a common factor is that surfactants having long tail
groups and more unsaturated carbon-carbon bonds greatly contribute to stabilizing the
carbon nanotube dispersions and reducing the size of CNT agglomerates. In a water-soluble
polymer, e.g. poly(ethylene glycol), cationic surfactants show some advantage, owing to
their preferential attraction to negatively charged CNT surfaces.

To covalently bond (bio)molecules to the CNTs, it first requires the formation of functional
groups on the CNTs. The carboxylic group is often the best choice because it can undergo a
variety of reactions and is easily formed on CNTs via oxidizing treatments. It is reported
that the presence of carboxylic group at the nanotube ends and at defects on the sidewalls
has advantages to perform acid base chemistry and to introduce on the nanotube amide,
ester linkage, and so on [23]. The control of reactants and/or reaction conditions may
control the locations and density of the functional groups on the CNTs, which can be used to
control the locations and density of the attached biomolecules. For example, concentrated
acids are known to introduce acidic groups to the sidewalls and ends of CNTs [24].

The SEM images of as-synthesized MWCNTs showed that MWCNTs are held together into
bundles via Van der Waals forces [25]. The - MWCNTs are discrete and shorter than that of
as-synthesized MWCNTs due to the acid treatments. The TEM image of as-synthesized



78 Carbon Nanotubes - Growth and Applications

MWCNTs illustrated that the nanotubes are entangled and randomly oriented. The outer
surface of MWCNTs is smooth. The diameter and length of MWCNTs are ~ 30-80 nm and
10-20 pum, respectively. After the acid treatment, the MWCNTs are dispersed and most of
the nanotubes are shortened (length of MWCNTSs ~ 1-5 pm). The TEM image of amino f-
MWCNTs indicated that the nanotubes surface is rough compared with the nanotubes
without functionalization treatment.

Carbon nanotubes can be functionalized with various biomolecules without their covalent
coupling [26]. Open-ended carbon nanotubes provide internal cavities (1-2 nm in diameter)
that are capable of accommodating organic molecules and biomolecules of respective sizes.
Functionalized carbon nanotubes are able to cross cell membranes and accumulate in the
cytoplasm, and even reach the nucleus, without being cytotoxic (in concentrations up to 10
mM) [27].

Thus, carbon nanotubes could act as carriers that transport and deliver other bioactive
components into cells. In fact, the effective delivery of biomolecules into cells has been used
for their immunization and enhanced generation of antibodies [28]. Pioneering studies have
reported on the use of single-walled carbon nanotubes as atomic force microscopy (AFM)
imaging tips of biomacromolecules, such as antibodies, DNA... [29].

Carbon nanotubes (CNTs) possess a hollow core and large specific surface area suitable for
storing guest molecules [30]. It was demonstrated that CNTs could promote electron
transfer reactions with enzymes [31] and enhance the electrochemical activities of many
biomolecules, which could allow them to be used as mediators in biosensor systems [32].
The attractive structural, electrical and mechanical properties of CNT make them promising
candidates for electrochemical biosensors [33]. Most CNT-sensing work has focused on the
ability of surface-confined CNT to accelerate the electron-transfer reactions in connection to
amperometric enzyme electrodes. CNT have been recently used as transducers for enhanced
electrical detection of DNA hybridization [34].

As the leading nanodevice candidate, SWNTs have shown great potential applications
ranging from molecular electronics to ultrasensitive biosensors [35]. Single-stranded DNA
(ssDNA) has recently been demonstrated to interact noncovalently with SWNTs, and forms
stable complexes with individual SWNTs by wrapping around them by means of n-n
stacking between nucleotide bases and SWNT sidewalls [36]. Double-stranded DNA
(dsDNA) has also been proposed to interact with SWNTs, but its affinity is significantly
weaker than that of ssDNA [37]. Also, scatter examples of noncovalent interactions of
SWNTs with organic dyes or dye-labeled biomolecules have now been reported [38] and
SWNTs can act collectively as fluorescence quenchers for dyes [39].

3. CNTs/DNA nanoconjugates

Deoxyribonucleic acid (DNA) is a naturally occurring polymer that plays a central role in
biology, and now it has gained increasing attention in various biotechnology fields such as
biosensor, bioimplant, and so forth [40]. It has been shown that single-stranded DNA (ssDNA)
exhibits sequence-dependent effects of non-covalent binding to the surface of SWCNTs
through n-stacking whereas double-stranded DNA (dsDNA) can hardly do [36]. Such novel
properties enable SWCNTSs to be widely applied in nanobiosystems. SWCNTs dispersed by
ssDNA were used as molecular tags for Southern blotting assay [17]. They were also utilized in
electrochemical analysis of dopamine [41] and cellular uptake observations [9].

Arrayed carbon nanotubes (CNTs) represent an ideal scaffold for the generation of ordered
nanostructures featuring biomolecular components. These structures, exhibiting high
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electrical conductivity [42], also constitute a useful base material for nanoscale biosensors
[43]. Most of the hybrid CNT-DNA structures reported to date used unordered CNTs that
were functionalized by nonspecific and random adsorption of biomolecular components
[44]. Taft et al. have described a rational strategy that permits discrete regions of arrayed
CNTs to be functionalized simultaneously and specifically with DNA oligonucleotides [45].
These authors have exploited the different chemical properties of two regions on single
CNTs and orthogonal chemical coupling strategies to derivatize CNTs within highly
ordered arrays with multiple DNA sequences.

The bifunctional chemical structure of CNTs was suggested to facilitate the selective
attachment of multiple DNA sequences using two distinct DNA-CNT linking strategies [45].
In one strategy, by accessing the free carboxyl groups of CNTs, single-stranded, amine-
terminated DNA oligonucleotides are attached to the CNT array using amide-coupling
chemistry in aqueous/organic solvent mixtures. A second and orthogonal modification
strategy involves the attachment of oligonucleotides to the sidewalls of the CNTs through
hydrophobic (pyrene unit) interactions. This dual functionalization then allowed to use
differential hybridization to deliver two gold nanoparticles with distinct dimensions to
discrete regions of an individual CNT. Single-stranded DNA attachment was performed in
series, while the hybridization of complementary nanoparticle-labeled strands was
performed in parallel.

The results clearly show that the specificity of DNA duplex formation permits each Au-
DNA conjugate to be selectively directed toward a target site on the CNT. These
experiments illustrate that individual CNTs can be functionalized with special selectivity
and can be used to differentiate between two DNA sequences. In addition, they represent an
augur for using DNA to controllably produce assemblies of hybrid nanostructures.
Delivering different payloads to specific areas of functionalized nanotubes may facilitate the
production of new nanomaterials.

The ability of DNA-CNTs conjugates to hybridize reversibly with high specificity to
complementary DNA sequences [46] suggests that such conjugates are very promising
genetherapy, conducting and semiconducting substrates medical apparatus and so on.
However, these devices have inherent limitations in terms of precision, specificity, and
interconnection, which obstruct their integration in large scale devices and complex circuits.
Among the solutions to solve the problem, self-assembly is the most promising alternative.
A variety of techniques have been developed for DNA hybridization detection, including
fluorescence imaging [47], electrochemical [48], micro-gravimetrical [49], bioluminescence
[50], chemiluminescence [51] and electrogenerated chemiluminescence (ECL) techniques
[52]. ECL technique has many distinct advantages over fluorescence technique because it
does not involve a light source and avoids the attendant problems of scattered light and
impurities luminescent.

Single-walled carbon nanotubes (SWNTs) self-assembly have been a rapidly evolving
research area targeted at integrating nanoscale building blocks into functioning devices. To
this end, various researchers have shown that DNA molecules can serve especially well to
create highly definable supramolecular networks that can be used to advantage for the
programmed self-assembly of objects with nanometer precision [53]. It has been
demonstrated that DNA hybridization can induce the self-assembly of gold nanoparticles
[54]. So far, DNA has been used to guide the assembly of gold nanoparticles into discrete
structures with defined numbers of particles [55] as well as one-dimensional (1D) [56] or
two-dimensional (2D) [53] arrays. To enrich the family of objects that can be used for DNA-
directed self-assembly, researchers have tried to covalently conjugate DNA to CNTs and
have attempted to use DNA hybridization to drive the self-assembly of CNTs [43].
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4. CNT/DNA-based nanosensors

Nanostructures, such as nanowires, nanotubes and nanoparticles, offer new and sometimes
unique opportunities that can be exploited for sensing [57, 58]. Specifically, the modification
of transducers with carbon nanotubes has recently attracted considerable attention in the
field of electro-analytical chemistry. The high surface area and the useful mechanical
properties of CNTs combined with their electronic conductivity and ability to promote
electron transfer reactions provide new exciting nanoelectrodes for the catalysis of
biomolecules and inorganic compounds [59]. For the design of a genosensor the crucial step
is the immobilization of single stranded DNA probes onto the electrode surface with
sufficient stability, activity and well controlled packing density [60].

Carbon nanotubes [61, 62] show great potential for use as highly sensitive electronic
biosensors. Single-walled carbon nanotubes arguably are the ultimate biosensor in this class
for a number of reasons: SWNTs have the smallest diameter (~ 1 nm), directly comparable to
the size of single biomolecules and to the electrostatic screening length in physiological
solutions [63]. Furthermore, the low charge carrier density of SWNTs [64] is directly
comparable to the surface charge density of proteins, which intuitively makes SWNTs well
suited for electronic detection that relies on electrostatic interactions with analyte
(bio)molecules. Finally, in SWNTs all the atoms are in direct contact with the environment,
allowing optimal interaction with nearby biomolecules. Although an appreciable amount of
biosensing studies has been conducted using carbon nanotube transistors, the physical
mechanism that underlies sensing is still under debate [61]. Some mechanisms of biosensing
are electrostatic gating [65], changes in gate coupling [66], carrier mobility changes [63] and
Schottky barrier effects [67].

Tama et al. have developed a DNA sensor based on multi-walled carbon nanotubes
(MWCNTs) [68]. The functionalized MWCNTs act as linkers to immobilize the probe DNA
strands on the sensor surface for direct and label-free detection of influenza virus. The DNA
- based sensor, a member of the biosensor family, is considered a promising tool in pre-
diagnostics, and in the prevention and control of infectious diseases in real-time and on site
analysis [69]. These sensors have numerous potential applications including the diagnosis of
genetic diseases, the detection of infectious agents, and identification in forensic and
environmental cases [70]. There are various types of DNA sensors which have developed
over the years. Methods used for DNA sequence detection in those sensors have been
reported to be based on radiochemical, enzymatic, fluorescent, electrochemical, optical, and
acoustic wave techniques [71]. Some disadvantages of the optical sensors, however, include
the requirement of a separate labeling process and an equipment to stimulate the
transducer; they are also highly complex, and thus, entail higher cost in order to conduct an
analysis [72].

The DNA sequence attachment on the surface of the sensor is a key to high sensitivity, long
life-span, and short response time. In the immobilization technique, it is necessary that the
binding chemistry is stable during subsequent assay steps; the sequence of the DNA probe
should not change the chemical structure, and the bio-recognition molecules have to be
attached with an appropriate orientation. Nowadays, various methods are used to
immobilize the DNA strands on the sensor surface, such as the covalent bonds to the
functionalized support [73], electrochemical [74], physical absorption [75] and monolayer
self-assembling [76]. Among these methods, the covalent bond induced immobilization
provides advantages over other methods in terms of simplicity, efficiency, ordered binding,
and low cost. In this method, various mediators can be used to attach the DNA sequences on
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the sensor surface such as carbon nanotubes (CNTs), aminopropyltriethoxy Silane (APTES),
alkanethiols and so on. The covalent immobilization of the carbon nanotubes (CNTs) is
usually performed by reacting amino-terminated DNA with the carboxylic acid groups of
the CNTs, or directly reacting with the amino group of the oxidized CNTs. Several groups
have reported using the covalent binding of the CNTs to immobilize the DNA sequences.
Krishna et al. reported the synthesis of functionally engineered single - walled carbon
nanotubes (SWNTs) - peptide nucleic acid (PNA) conjugates especially for nanoelectronic
applications [77]. Jung et al. demonstrated that the DNA strands can be covalently attached
to immobilized SWNT multilayer films [78]. They showed that the SWCNTs multilayer
films were constructed via consecutive condensation reactions creating stacks of
functionalized SWCNTs layers linked together by dianiline derivatives.

The developer, a multistep route to the formation of covalently linked adducts of single-wall
carbon nanotubes (SWNT) and deoxyribonucleic acid (DNA) sequence was reported by
Baker et al. [46]. In their report, the DNA molecules covalently linked to SWNTs are
accessible to hybridization and strongly favored hybridization with molecules having
complementary sequences compared with non-complementary sequences [78]. Recently,
Zhang et al. [79] synthesized a type of compound, MWCNTs— CONH—(CH,)>—SH, via
carboxylation, and investigated a thickness-tunable multilayer film DNA biosensor built
layer-by-layer (LBL) covalent attachment of gold nanoparticles (AuNPs) and multi-walled
carbon nanotubes on an Au electrode [46].

Nanoparticles-based materials offer excellent prospects for DNA detection because of its
unique physical and chemical properties. It is another efficient way to improve the
sensitivity of DNA-probe. Many new protocols are based on colloidal gold tags,
semiconductor quantum dot tracers and polymeric carrier. The power and scope of such
nanopatricles can be greatly enhanced by coupling them with biological recognition
reactions and electrical process [80]. Magnetite nanoparticles have both the properties of
nanoparticles and magnetism. It can collect DNA by magnetic field and trigger DNA
detection easily [81]. Palecek and Fojta [82] reported that non-specific adsorption, which is
the important error in DNA detection could be remarkably suppressed by hybridization and
transduction at the surface of magnetic beads.

5. Electrochemical nanosensors

Electrochemical methods of hybridization detection present a good alternative in comparison
with well-developed fluorescent detection. Over the past decade, a significant progress has
been made towards the development of the electrochemical DNA sensors. Considerable
advantages have been ascribed to these devices owing to their potential for obtaining specific
information in a faster, simpler, and less expensive way. These sensors rely on the
conventional hybridization signal of the DNA sequences into useful electrical signal.

The modification of electrochemical sensors with carbon nanotubes (CNTs) has attracted
considerable attention in the field of DNA sensing technology due to its attractive electronic,
chemical, and mechanical performances. Thus, many different schemes for electrochemical
DNA sensing based on CNTs have been reported [83]. In the Niu et al.’s work, carboxyl-
functionalized multi-walled carbon nanotubes (MWCNTs-COOH) and redox intercalators
were utilized in the fabrication of DNA electrochemical biosensor [84]. The presence of
carboxyl groups on carbon nanotubes is necessary for the covalently bonding of the
oligonucleotides. Oligonucleotide probes with an amino group at the 5" -phosphate end can
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form covalent bonds with the carboxyl groups in MWCNTs-COOH with the aid of 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC). A complex of rutin (R) CssHssMnOs;
(abbreviated by MnRy) was synthesized and used as the indicator for the detection of
hybridization between the probe DNA and the target sequence. Interaction between MnR»
and double-stranded salmon sperm DNA was studied using voltammetry and fluorescence
spectroscopy. Using MnR, as a novel electroactive indicator, ssDNA fragment could be
selectively detected on the new electrochemical DNA biosensor with a detection limit of
3.81x10-1"M and a linear range from 1.60 x10-9M to 4.80 x10-8 M [84].

In recent years, microfabricated interdigitated array microelectrodes have received great
attention in the areas of biosensing [85]. The use of interdigitated microelectrodes is perhaps
the most successful of all the recently introduced simple and rapid methods in biosensing
for detection of various biological species [86]. Special configurations of the interdigitated
microelectrodes have also been developed for improvement of their sensing performance
[87]. The development of electrochemical DNA sensors with high potential for
miniaturization and integration has become a subject of intense research, with the hope to
make sophisticated and challenging molecular diagnostics available for low-cost routine
clinical practice. Newly reported research on SWNT - Field-Effect Transistors (FET) based
protein [88], and DNA [89] sensors has indicated that the sensing mechanism differs
significantly when applied to different analyte molecules despite the commonality among
the devices themselves.

The development of sequence-selective DNA sensors for diagnosis of genetic or pathogenic
disease has attracted increasing interest. Most DNA detection methods rely on optical,
piezoelectric, or electrochemical transductions. However, these sensors may have significant
device-to-device variations and their fabrication requires high production costs. Recently,
field-effect transistors based on single-walled carbon nanotube networks have been
fabricated [90] and their electrical properties depend on the percolation paths of SWNTs in
conduction channels, where device variations are expected to be small.

Label-free electrical detection of DNA and biomolecules using SWNT network FETs
(SNFETs) has been successfully achieved [91], with typical detection limits on the order of
ca. 1 nM of DNA. Dong et al. have reported that the detection sensitivity of SNFETs for
DNA can be further improved to ca. 100 fM by using a “nanoparticle enhancement”
approach, in which the target DNAs are hybridized with probe DNAs on the device, and
reporter DNAs labeled with Au nanoparticles (AuNDPs) flank a segment of the target DNA
sequence [92]. It was noted that the enhancement of DNA detection by incorporating
nanoparticles (e.g., CdS and Au) has been reported by using electrochemical approaches
[93]. On the other hand, enhancing the sensitivity of SNFETs from 1 nM to 1 pM by adding a
bivalent salt (MgCly) during the hybridization process has also been reported [89]. In some
of these approaches, adsorption of target DNA on a SiO; surface via divalent coordination
(DNA-Mg2*-Si0») [94] rather than specific binding cannot be ruled out and may confound
the sensing results. Dong et al. blocked the SiO, surface by octyltrichlorosilane (OTS)
treatment to reduce possible non-specific binding (NSB) of DNA to SiO,. In addition,
blocking of vacant SWNT surfaces by using polyethylene glycol (PEG; molecular weight 400
kg mol) has also been performed to reduce the NSB of DNA to SWNTs.

Li et al. have demonstrated the electrochemical properties of DNA-SWNTs sensor and the
interaction between DNA and Riboflavin (VBy) (Figure 1) [95]. First, the self-assembled
monolayers of SWNTs on an amide platinum electrode were made by covalent linking of
CO-NH bonds. Then, DNA was attached to SWNTs film via carboxyl-amine coupling.
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Fig. 1. Schematic diagram of constructing DNA sensor via covalent self-assembly.

Electrochemical experiments demonstrated that DNA still retained the bioactivity and the
ability to interact with other biomolecules. Furthermore, the self-assembled biosensor could
easily detect VB, in a wide range of linearity and exhibited low detection limit for VB,. The
new biosensor design was based on the incorporation of the biomolecule into amino
modified Pt electrode, and exhibited improved analytical performance with respect to
previous methods. The well-known capabilities of Pt electrode could retain the biological
activities of DNA upon adsorption, and the electrocatalytic abilities of carbon nanotubes
allow the electrooxidation of biochemical molecules with interest. The coupling of Pt
electrode and carbon nanotubes led to robust biosensors with enhanced analytical
characteristics that are useful for many applications [95].

Tang et al. have developed fully electronic DNA sensors based on carbon nanotube field
effect devices, which are readily scalable to high density sensor arrays and amenable to
integration with “lab-on-a-chip” microanalysis systems [96]. The generality of the sensors
was demonstrated with synthetic oligonucleotides consisting of random generated
sequences and also two different oligo lengths (15mer and 30mer). The random sequenced
15mer thiolated ssDNA probe (p15), its completely complementary target ssDNA (CM15),
and its randomly generated mismatched target ssDNA (MM15) were used.

SWNT serves as the transducer which translates and amplifies DNA hybridization on Au
into a directly detectable electrical signal. Compared to optical and other electrochemical
methods, the essentially two-terminal SWNT DNA sensors involve much simpler chemistry
and easier setup. It is highly desirable to fully utilize the surface and electrical properties of
SWNT for biosensing in general, where chemical schemes for SWNT-biomolecule
conjugation are in critical need that (1) preserve pristine nanotube property, (2) maintain
biomolecule functionality, and (3) facilitate efficient SWNT-biomolecule charge transfer.

The sensing mechanism suggested by Star et al. attributes the electrical conductance change
to the electron doping by DNA hybridization on the SWNT sidewall [89]. It is well accepted
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that SWNT-FETs operate as unconventional Schottky barrier (SB) transistors, in which
switching occurs primarily by modulation of the contact resistance rather than the channel
conductance [97]. Results suggest that the strong binding between the directly absorbed
ssDNA molecules and the sidewalls of SWNTs largely inhibits further hybridization.

It is proposed that the modulation of the Schottky barrier at the metal-tube contact by
efficient hybridization on Au electrodes is the dominate sensing mechanism [96].
Furthermore, the DNA hybridization kinetics observed real-time in these sensing
experiments, consistent with that on gold surface, also strongly suggests that the electrical
signal originates from hybridization events on the gold contact. Quartz crystal microbalance
and XPS data conclude that the ssDNA probes wrapped on SWNTs played little role in
hybridization; instead they blocked the NSB of analyte ssDNA oligos complementary or
mismatched alike. The slight response to mismatched target DNAs is believed to be a
combined result of the sequence-dependent DNA-SWNT affinity and the disruption of
probe packing due to photoresist residues on the sensor surface. Nonspecific interactions of
oligonucleotides with carbon nanotubes could enhance the polymerase chain reaction
(PCR), due to the local increase in the reaction components on the surface of CNTs [98].
DNA could also enter into the carbon nanotube cavities [99].

Tama et al. have developed a DNA sensor based on multi-walled carbon nanotubes
(MWCNTs) [68]. The functionalized MWCNTs act as linkers to immobilize the probe DNA
strands on the sensor surface for direct and label-free detection of influenza virus. These
developed sensors comprise a highly sensitive, low-cost, and rapid method and therefore,
they have potential application in controlling this disease. To detect influenza virus
DNA strands, the DNA sensor was soaked into a solution containing the target DNA
sequences. Upon hybridization, double-stranded DNA molecules were formed on the
sensor surface. In the case of a perfect match between the target DNA and the immobilized
DNA sequences, a concentration-dependent change in surface conductance was detected
(Fig. 2 [68]). The output signal of our sensor was linearly proportional to the target DNA
concentration in a range between 1 and 10 nM. The conductance remained unchanged when
non-matching DNA strands were used (Fig. 2 [68]).

Conductivity / a.u.
1

Target DNA concentration / nM

hybridization =~ e non-hybridization

Fig. 2. The curve of the DNA sequence hybridization.
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Here, the detection limit of the sensor was about 0.5 nM concentration of the influenza virus
sample. This is lower than that of the electrochemical transducer using square wave
voltammetry and fluorescence of Vincent Noel (25 nM) [100], or the one using the
electrochemical impedance spectroscopy of Hui Peng (0.98 nM) [101]. The sensitivity of the
DNA sensor was 0.06 mV/nM. The conductance modulation of these sensors can be
explained based on the mechanism which has been well studied in literature [65]. The
mechanism for electrical detection of the DNA hybridization in semiconducting carbon
nanotube network devices in this work was likely due to the modification of junction barrier
energy, whereas the conductance change forming the metal-nanotube's contact by efficient
hybridization on the Pt electrodes was the dominant sensing mechanism.
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As observed in the FTIR spectra (Fig.3) for MWCNTs, there were peaks at 1463 cm™1, which
correspond to the CH; of the MWCNTs [79]. During interaction with the DNA strands, a
shift in the CH> stretch could be seen centered around 1474 cm-, and also at 1248 cm™!
corresponding to the C—O vibration [102]. Fig. 3 also shows the existence of DNA/CNTs
interaction at around 750 cm™?, 892 cm™, corresponding to the asymmetric stretching mode
of the phosphate group and the DNA backbone of the DNA sequence, respectively [79]. The
change in the wave number of mode for CH2—O—P—O was indicated at 1251 cm™1 [102].

Fig. 4 shows the Raman spectra of the MWCNTs and the MWCNTs/DNA film. The main
features of these samples in the Raman spectra are the G band at 1580 cm™ and the D band
at 1350 cm~1. A downshift of the tangential G band and D band were observed in the Raman
spectra of the DNA-MWCNTs, which corresponded to peaks at 1576 cm™! and 1343 cm™,
respectively. This is attributed to the results of the charge transfer between the oxygen
groups on the CNT surface and the DNA matrix [103].

6. CNTs-DNA hybrids

The formation of ssDNA-SWCNT hybrids and their purification is schematically illustrated
in Fig. 5 [104].

individual SWCNT v ssDNA

Fig. 5. Schematic of preparing ssDNA-SWCNT hybrids: (a) SWCNT powder in DNA
solution; (b) after sonication; (c) after centrifugation, (d) after dialysis.

The ssDNA-SWCNT hybrids show well-resolved absorption spectra (Fig. 6 [104]). The
reaction was carried out with the complementary DNA (cDNA) and noncomplementary
DNA (ncDNA), respectively. The absorption spectra exhibit sharp peaks composed of the
first van Hove transition of metallic SWCNTs (M1 = 400-600 nm), the first (Si1 = 800-1400
nm) and second (S22 = 550-800 nm) van Hove transition of semiconducting SWCNTs. A red
shift was observed after hybridization with cDNA whereas there was no shift in the
absorption spectra after the reaction with ncDNA. Also, semiconducting species showed
clear red shift whereas the change in the spectra was negligible for metallic nanotubes. The
reaction with ncDNA did not result in any shift in the fluorescence spectra [105]. However, a
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blue shift was observed after hybridization with cDNA. Jeng et al. also observed a blue shift
in the fluorescence spectra after hybridization with cDNA [106]. As shown by AFM, the
average height was increased from 2.02 nm to 2.81 nm after the reaction, indicating that
DNA hybridization was achieved between ssDNA and cDNA.
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Fig. 6. Absorption spectrum of ssDNA-SWCNT hybrids.

7. CNTs-enzyme based nanoconjugates

CNTs are attractive materials for application to biosensors due to the low-potential
detection of hydrogen peroxide and B-Nicotinamide adenine dinucleotide and the minimal
surface passivation during the electrochemical oxidation of NADH [107]. The
electrocatalytic behavior of CNTs can be attributed to the ends of CNTs [108]. These
characteristics of CNTs are very useful for the development of novel enzyme-based sensors
where rapid electron transfer at the electrode is required. Many enzymes, over 100 oxidases
and 200 dehydrogenases, catalyze specifically the reactions of important analytes to
generate the electrochemicaly detectable products hydrogen peroxide and NADH. The
importance of electrochemical biosensors lies in the fact that they combine the specificity of
biological systems with the advantages of electrochemical transduction. CNTs have been
widely used for application in enzyme-based biosensors.

The electrocatalytic oxidation of NAD(P)H [NAD(P)H=14-dihydronicotinamide adenine
dinucleotide (phosphate)] cofactors and the reduction/oxidation of H»O, stimulated by
CNTs are particularly important, since these electrocatalytic reactions may be easily coupled
to enzymatic transformations [109]. For example, two kinds of amperometric biosensors
have been prepared for analyzing ethanol and glucose by the encapsulation of alcohol
dehydrogenase or glucose oxidase, respectively, in a carbon nanotube/Teflon composite
material [109]. These sensors operate in diffusion mode, yielding NADH or H,O; in the
presence of NAD* and ethanol or O and glucose (GOx), respectively. The biocatalytically
generated NADH or H,O, were then detected electrochemically by the catalytic electrodes.
Enzymes generating H>O, were covalently linked to carbon nanotubes or encapsulated into
polymer coatings associated with carbon nanotubes. For example, GOx was covalently
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coupled to carboxylic groups at the ends of short CNTs using carbodiimide coupling [110]
or cross-linked with a CNT/Pt-nanoparticle hybridlayer [111] yielding amperometric
glucose sensors based on H>O, detection [26]. Coaxial nanowires consisting of a concentric
layer of polypyrrole uniformly coated onto aligned carbon nanotubes have provided a
template for making glucose sensors with a large amount of electrochemically entrapped
GOx in the ultrathin polypyrrole film. Similarly, amperometric detection of
organophosphorus pesticides and nerve agents was performed using a screen-printed
biosensor based on co-immobilized acetylcholine esterase, choline oxidase, and CNTs [112].

8. CNTs/protein conjugates

Proteins can be non-specifically bound to the external sides of the carbon nanotube walls
[113].

Proteins adsorb individually, strongly, and noncovalently along the nanotubes. For
example, it has been shown that open single-walled carbon nanotubes can accommodate
small proteins such as cytochrome c inside their internal cavities, leading to the stable
immobilization of the proteins in bioactive conformations [114].

Ortiz-Acevedo et al. used a novel class of cyclic peptides containing alternating L- and D-
amino acids (AAs), called reversible cyclic peptides (RCPs), for the diameter-selective
solubilization of HiPco single-walled carbon nanotubes [115] .

In L-/D-peptides, all side chains reside on one face of the backbone, encouraging a ringlike
conformation with the side chains on the ring exterior. In addition, present cyclic peptides
have N- and C-termini that are derivatized to contain thiol groups, allowing reversible
peptide cyclization through a disulfide bond. These results suggest that peptides with
different N-to-C-terminal lengths wrap around SWNTs having sufficiently small diameters,
promoting selective enrichment of small-diameter CNTs dispersed in solution. By
controlling the length of the reversible cyclic peptides, the authors demonstrated limited
diameter-selective solubilization of single-walled carbon nanotubes, which may prove
useful in SWNT purification. In addition, RCPs covalently closed around SWNTs do not
dissociate from the SWNTs unless the disulfide bond is reduced. RCPs thus provide a
platform to which other functional groups could be attached without disturbing the
covalent structure of SWNTs.

The attachment of BSA protein and DNA to the amino f-MWCNTs was verified by
comparing the FTIR spectrum of as-prepared amino f-MWCNTs and amino f-MWCNTs-
BSA/DNA samples [25]. The biomolecules contain both amine and carboxylic groups. In the
present experiment, the carboxylic groups of biomoelcules (such as BSA protein and DNA)
react with the free amine groups of the amino f-MWCNTs. As a result, the carboxylic bonds
in biomolecules have been converted into amide bonds (-NH-C=0). The interaction between
amino f-MWCNTs and biomolecules (protein and DNA) is noticed by the shift of the amide
bond (C=0) peak (1 650 to 1 642 and 1 650 to 1 645 cm! for amino -MWCNTs-BSA and
amino f-MWCNTs-DNA samples, respectively) in the FTIR spectrum. Furthermore, TEM
studies confirmed the success of the attachment of BSA protein molecules and DNA to
amino f-MWCNTs. The BSA protein molecules densely decorate the side walls of the
MWCNTs. The location of the BSA protein is representative of where the amine groups
were present.

Kam et al. have presented the investigation of the cellular uptake mechanism and pathway
for carbon nanotubes [116]. The authors showed that intracellular transportation of proteins
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and DNA by SWNTs is general, thus further confirming the transporter ability of these
materials. They presented evidence that shows clathrin-dependent endocytosis as the
pathway for the uptake of various SWNT conjugates with proteins and DNA. They also
discussed the differences between the nanotube materials and the experimental procedures
used in our work and by Pantarotto et al. who suggested an energy-independent
nonendocytotic uptake of nanotubes.

9. Conclusion

One of the most exciting classes of nanomaterials is represented by the carbon nanotubes.
Carbon nanotubes have emerged as new class nanomaterials that are receiving considerable
interest because of their unique structure, high chemical stability and high surface-to-
volume ratio. Composite nanomaterials based on integration of CNTs and some other
materials to possess properties of the individual components with a synergistic effect have
gained growing interest. The use of carbon nanotubes as “building blocks” in nano-
/microelectronic devices could revolutionize the electronic industry in the same way that
the microchips have revolutionized the computer industry. Significant enhancement of
optical, mechanical, electrical, structural, and magnetic properties are commonly found
through the use of novel nanomaterials. Composite materials based on integration of carbon
nanotubes and some organic and bioorganic materials to possess properties of the
individual components with a synergistic effect have gained growing interest. The
integration of carbon nanotubes (CNTs) with these materials has led to the development of
new hybrid nanomaterials and sensors. The integration of carbon nanotubes with biological
systems to form functional hybrid assemblies is, however, a new and relatively unexplored
area. Carbon nanotubes have been explored for possible applications in nanobiotechnology.
At the present time, several fundamental issues remain to be addressed for the use of carbon
nanotubes as potential biological transporters.

Single-walled carbon nanotubes (SWCNTs) exhibit excellent optical properties such as
Raman, fluorescence and absorption spectra. Due to their small size and sensitive optical
characteristics, SWCNTs have been shown to be ideal candidates for optical nano-
biomarkers and/or nano-biosensors. SWCNTs individually dispersed in aqueous medium
show strong fluorescence in the near infrared region and sharp absorption peak
distributions caused by van Hove singularities. Absorption spectrum gives a variety of
information including electronic structures such as metallic, semiconducting and chiralities.
Ionic and nonionic surfactants and some biomolecules such as DNA and protein cause
suspension of nanotubes by coating them. These materials, individually disperse SWCNTs
without disturbing the electronic properties of nanotubes. The presence of nonionic
surfactant leads to complex micelle formation with CNT in both aqueous and nonaqueous
systems. It is possible that such surfactant-nanotube interactions alter the nanotubes” surface
properties, thus modulating their interaction with other additives. The cylindrical micelles
were formed in aqueous dispersions of sodium dodecyl sulfate (SDS)-SWNT. For all
dispersions, the UV-vis spectra exhibit the sharp van Hove transitions anticipated from
individualized nanotubes. For the dispersion of SWNTs the SDS molecules were considered
to form noninteracting core-shell cylindrical micelles with a single nanotube acting as the
core.

To covalently bond molecules to the CNTs, it first requires the formation of functional
groups on the CNTs. The control of reactants and/or reaction conditions may control the
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locations and density of the functional groups on the CNTs, which can be used to control the
locations and density of the attached biomolecules. The edges of carbon nanotubes are more
reactive than their sidewalls, thus allowing the attachment of functional groups to the
nanotube ends. Concentrated acids are known to introduce acidic groups to the sidewalls
and ends of CNTs. The FTIR spectra of as-synthesized MWCNTs and after functionalization
showed the presence of carboxylic and amino groups. Arrayed carbon nanotubes (CNTs)
represent an ideal scaffold for the generation of ordered nanostructures featuring
biomolecular components. These structures, exhibiting high electrical conductivity, also
constitute a useful base material for nanoscale biosensors. Most of the hybrid CNT-DNA
structures reported to date used unordered CNTs that were functionalized by nonspecific
and random adsorption of biomolecular components.

It has been shown that single-stranded DNA (ssDNA) exhibits sequence-dependent effects
of non-covalent binding to the surface of SWCNTs through m-stacking whereas double-
stranded DNA (dsDNA) can hardly do. Such novel properties enable SWCNTs to be widely
applied in nanobiosystems. SWCNTs dispersed by ssDNA were used as molecular tags for
Southern blotting assay. Single-stranded DNA (ssDNA) has recently been demonstrated to
interact noncovalently with SWNTs, and forms stable complexes with individual SWNTs by
wrapping around them by means of n-n stacking between nucleotide bases and SWNT
sidewalls. Double-stranded DNA (dsDNA) has also been proposed to interact with SWNTs,
but its affinity is significantly weaker than that of ssDNA. The ssDNA-SWCNT hybrids
show well-resolved absorption spectra The absorption spectra exhibit sharp peaks
composed of the first van Hove transition of metallic SWCNTs (My; = 400-600 nm), the first
(S11 = 800-1400 nm) and second (S ~ 550-800 nm) van Hove transition of semiconducting
SWCNTs. A red shift was observed after hybridization with cDNA whereas there was no
shift in the absorption spectra after the reaction with ncDNA.

Hybrid nanoscale materials are well established in various processes such as nucleic acid
detachment, protein separation, and immobilization of enzymes. Those nanostructures can
be used as the building blocks for electronics and nanodevices because uniform bioorganic
coatings with the small and monodisperse domain sizes are crucial to optimize conductivity
and absorption and to detect changes in conductivity and absorption induced by analyte
adsorption on the CNT surfaces. DNA, protein and enzymes are useful as an engineering
material for the construction of smart objects at the nanometer scale because of its ability to
selforganize into desired structures via the specific selfassembling or hybridization of
complementary sequences. Particularly, color changes induced by the association of
nanometer-sized metal nanoparticles with CNTs conjugates provide a basis of a simple yet
highly selective method for detecting specific biological reactions between anchored ligand
molecules and receptor molecules in the milieu. Arrayed carbon nanotubes/DNA represent
an ideal scaffold for the generation of ordered nanostructures. These structures, exhibiting
high electrical conductivity, also constitute a useful base material for nanoscale biosensors
The ability of DNA-CNTs conjugates to hybridize reversibly with high specificity to
complementary DNA sequences suggests that such conjugates are very promising
genetherapy, conducting and semiconducting substrates medical apparatus and so on. A
variety of techniques have been developed for DNA hybridization detection, including
fluorescence imaging, electrochemical, micro-gravimetrical, bioluminescence,
chemiluminescence and electrogenerated chemiluminescence (ECL) techniques. Among
these methods, the covalent attachment immobilization provides advantages in terms of
simplicity, efficiency, ordered binding, and low cost.
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The DNA molecules covalently linked to SWNTs are accessible to hybridization and
strongly favored hybridization with molecules having complementary sequences compared
with non-complementary sequences. Nanoparticles-based materials offer excellent prospects
for DNA detection because of its unique physical and chemical properties. It is another
efficient way to improve the sensitivity of DNA-probe. Many new protocols are based on
colloidal gold tags, semiconductor quantum dot tracers and polymeric carrier. The power
and scope of such nanopatricles can be greatly enhanced by coupling them with biological
recognition reactions and electrical process. Magnetite nanoparticles have both the
properties of nanoparticles and magnetism. It can collect DNA by magnetic field and trigger
DNA detection easily. It was reported that non-specific adsorption, which is the important
error in DNA detection could be remarkably suppressed by hybridization and transduction
at the surface of magnetic beads.

During the past decade, considerable progress has been made towards the development
of the electrochemical DNA sensors. Considerable advantages have been ascribed to these
devices owing to their potential for obtaining specific information in a faster, simpler, and
less expensive way. These sensors rely on the conventional hybridization signal of the
DNA sequences into useful electrical signal. The modification of electrochemical sensors
with carbon nanotubes (CNTs) has attracted considerable attention in the field of DNA
sensing technology due to its attractive electronic, chemical, and mechanical
performances. Thus, many different schemes for electrochemical DNA sensing based on
CNTs have been reported. Field-effect transistors based on single-walled carbon
nanotube networks have been fabricated and their electrical properties depend on the
percolation paths of SWNTs in conduction channels, where device variations are expected
to be small. Label-free electrical detection of DNA and biomolecules using SWNT network
FETs (SNFETs) has been successfully achieved, with typical detection limits on the order
of ca. 1 nM of DNA. This sensing mechanism attributes the electrical conductance change
to the electron doping by DNA hybridization on the SWNT sidewall. It is well accepted
that SWNT-FETs operate as unconventional Schottky barrier (SB) transistors, in which
switching occurs primarily by modulation of the contact resistance rather than the
channel conductance.

Proteins can be bound to the external sides of the carbon nanotube walls. Proteins adsorb
individually, strongly, and noncovalently along the nanotubes. For example, it has been
shown that open single-walled carbon nanotubes can accommodate small proteins inside
their internal cavities, leading to the stable immobilization of the proteins in bioactive
conformations.

The CNTs are very useful for the development of novel enzyme-based sensors where rapid
electron transfer at the electrode is required. Many enzymes, over 100 oxidases and 200
dehydrogenases, catalyze specifically the reactions of important analytes to generate the
electrochemicaly detectable products hydrogen peroxide and NADH. The importance of
electrochemical biosensors lies in the fact that they combine the specificity of biological
systems with the advantages of electrochemical transduction. CNTs have been widely used
for application in enzyme-based biosensors.
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R

RCPs
SB

SDS
SNFETs
ssDNA
SWCNT
SWNT
TEM

12. References

one-dimensional

two-dimensional

atomic force microscopy
aminopropyltriethoxy Silane

Au nanoparticles

gold nanoparticles

bovine serum albumin
complementary DNA

carbon nanotube
cetyltrimethylammonium bromide
deoxyribonucleic acid
double-stranded DNA
electrogenerated chemiluminescence
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
field effect transistor

layer-by-layer

multi-walled carbon nanotube
B-nicotinamide adenine dinucleotide
near IR

nonspecific binding
octyltrichlorosilane

polymerase chain reaction
polyethylene glycol

peptide nucleic acid

complex of rutin

reversible cyclic peptides

schottky barrier

sodium dodecyl sulfate
biomolecules using SWNT network FETs
single-stranded DNA

single-walled carbon nanotube
single-wall carbon nanotubes
transmission electron microscopy

[1] S. Iijima, Nature 354 (1991) 56.

[2] M. Fuijii, X. Zhang, H. Xie, H. Ago, K. Takahashi, T. Ikuta, H. Abe, T. Shimizu, Phys. Rev.
Lett. 95 (2005) 065502.

[3] S.H. Lim, J. Wei, J. Lin, Q. Li, ].K. You, Biosens. Bioelectron. 20 (2005) 2341.

[4] ] X. Wang, M.X. Li, Z.J. Shi, N.Q. Li, Z.N. Gu, Anal. Chem. 74 (2002) 1993.

[5] M.E. Islam, E. Rojas, D.M. Bergey, A.T. Johnson, A.G. Yodh, Nano Lett. 3 (2003) 269.

[6] M.C. Daniel, D. Astruc, Chem. Rev. 104 (2004) 293.

[7] X.R. Ye, Y.H. Lin, CM. Wang, M.H. Engelhard, Y. Wang, C.M. Wali, J. Mater. Chem. 14

(2004) 908.



Dispersions Based on Carbon Nanotubes — Biomolecules Conjugates 93

[8] B. Kim, W.M. Sigmund, Langmuir 20 (2004) 8239.

[9] N.W.S. Kam, M. O’Connell, J.A. Wisdom, H. Dai, Proc. Natl. Acad. Sci. USA 102 (2005)
11600.

[10] N.W.S. Kam, Z. Liu, H. Dai, J. Am. Chem. Soc. 127 (2005) 12492.

[11] Y. Lin, S. Taylor, H. Li, K.A.S. Fernando, L. Qu, W. Wang, L. Gu, B. Zhou, Y.P. Sun, ]J.
Mater. Chem. 14 (2004) 527.

[12] Q. Zhao, Z.H. Gan, Q.K. Zhuang, Electroanalysis 14 (2002) 1609.

[13]]. Wang, G. Liu, M.R. Jan, ]. Am. Chem. Soc. 126 (2004) 3010.

[14] R.E. Khairoutdinov, L.V. Doubova, R.C. Haddon, L. Saraf, J. Phys. Chem. B 108 (2004)
19976.

[15] F. Frehill, ].G. Vos, S. Benrezzak, A.A. Koos, Z. Konya, M.G. Ruther,W.]J. Blau, A.
Fonseca, ].B. Nagy, L.P. Biro, A.L. Minett, M. in het Panhuis, ]. Am. Chem. Soc. 124
(2002) 13694.

[16] J.M. Bonard, H. Kind, T. Stockli, L.O. Nilsson, Solid-State Electronics 45 (6) (2001) 893.

[17] E.S. Hwang, C. Cao, S. Hong, H]J. Jung, C.Y. Cha, J.B. Choi, YJ. Kim, S. Baik,
Nanotechnology 17 (2006) 3442.

[18] M.]. O’Connell, S.M. Bachilo, C.B. Huffman, V.C. Moore, M.S. Strano, E.H. Haroz, K.L.
Rialon, P.J. Boul, W.H. Noon, C. Kittrell, ]. Ma, R.H. Hauge, R.B.Weisman, R.E.
Smalley, Science 297 (2002) 593.

[19] S.M. Bachilo, M.S. Strano, C. Kittrell, R.H. Hauge, R.E. Smalley, R.B. Weisman, Science
298 (2002) 2361.

[20] V.C. Moore, M.S. Strano, E.H. Haroz, R.H. Hauge, R.E. Smalley, Nano Lett. 3 (2003)
1379.

[21] K. Yurekli, C.A. Mitchell, R. Krishnamoorti, ]. Am. Chem. Soc. 126 (2004) 9902.

[22] L. Vaisman, G. Marom, H.D. Wagner, Adv. Funct. Mater. 16 (2006) 357.

[23] K. Jiang, L.S. Schadler, R.W. Siegel, X. Zhang, H. Zhang, M. Terrones, ]J. Mater. Chem. 14
(2004) 37.

[24] L. Liu, Y. Qin, Z.X. Guo, D. Zhu, Carbon 41 (2003) 331.

[25] K. Awasthi, D.P. Singh, S.K. Singh, D. Dash, O.N. Srivastava, New Carbon Materials,
24(4) (2009) 301.

[26] E. Katz, I. Willner, Chem. Phys. Chem. 5 (2004) 1084.

[27] D. Pantarotto, J.P. Briand, M. Prato, A. Bianco, Chem. Commun. 1 (2004) 16.

[28] D. Pantarotto, C.D. Partidos, J. Hoebeke, F. Brown, E. Kramer, J.-P. Briand, S. Muller, M.
Prato, A. Biancol, Chem. Biol. 10 (2003) 961.

[29] ].H. Hafner, C.L. Cheung, A.T. Woolley, C.M. Lieber, Prog. Biophys. Mol. Biol. 77 (2001)
73.

[30] W. Joseph, Electroanalysis 17 (2005) 1341.

[31] Y. Zang, J. Li, Y. Shen, M. Wang, J. Li, J. Phys. Chem. B 108 (2004) 1543.

[32] J.P. Kim, B.Y. Lee, S. Hong, S.J. Sim, Anal. Biochem. 381 (2008) 193.

[33] . Wang, M. Musameh, Y. Lin, J. Am. Chem. Soc. 12 (2003) 2408.

[34] ]. Li, H. Ng, A. Cassell, W. Fan, H. Chen, Q. Ye, J. Koehne, J. Han, M. Meyyappan, Nano
Lett. 5 (2003) 597.

[35] M. Valcarcel, S. Cardenas, B.M. Simonet, Anal. Chem. 79 (2007) 4788.

[36] M. Zheng, A. Jagota, E.D. Semke, B.A. Diner, R.S. McLean, S.R. Lustig, R.E. Richardson,
N.G. Tassi, Nat. Mater. 2 (2003) 338.

[37] M. Franchini, D. Veneri, Ann. Hematol. 84 (2005) 347.



94 Carbon Nanotubes - Growth and Applications

[38] P.J. Boul, D.G. Cho, G.M. Rahman, M. Marquez, Z. Ou, K.M. Kadish, D.M. Guldi, J.L.
Sessler, ]. Am. Chem. Soc. 129 (2007) 5683.

[39] Q. Ly, K.O. Freedman, R. Rao, G. Huang, J. Lee, L.L. Larcom, A.M. Rao, P.C. Ke, . Appl.
Phys. 96 (2004) 6772.

[40] J.J.J.P. van den Beucken, M.R.J. Vos, P.C. Thune, T. Hayakawa, T. Fukushima, Y.
Okahata, X.F. Walboomers, N.A.J.M. Sommerdijk, RJ.M. Nolte, J.A. Jansen,
Biomaterials 27 (2006) 691.

[41] C. Hu, Y. Zhang, G. Bao, Y. Zhang, M. Liu, Z. Wang, J. Phys. Chem. B 109 (2005) 20072.

[42] M.S. Dresselhaus, G. Dresselhaus, P. Avouris, Carbon Nanotubes: Synthesis, Structure,
Properties, and Applications; Springer: Berlin (2001).

[43] K.A. Williams, P.T.M. Veenhuizen, B.G. de la Torre, R. Eritja, C. Dekker, Nature 420
(2002) 761.

[44] M. Hazani, R. Naaman, F. Hennrich, M.M. Kappes, Nano Lett. 3 (2003) 153.

[45] B.J. Taft, A.D. Lazareck, G.D. Withey, A. Yin, ].M. Xu, S.0. Kelley, J. Am. Chem. Soc. 126
(2004) 12750.

[46] S.E. Baker, C. Wei, T.L. Lasseter, K.P. Weidkamp, R.J. Hamers, Nano Lett. 2 (2002) 1413.

[47] Y. Dharmadi, R. Gonzales, Biotechnol. Prog. 20 (2004) 1309.

[48] E.L.S. Wong, F.J. Mearns, ].]. Gooding, Sens. Actuators B 111-112 (2005) 515.

[49] X. Su, R. Robelek, Y.J. Wu, G.Y. Wang, W. Knoll, Anal. Chem. 76 (2004) 489.

[50] L.J. Kricka, Clin. Chem. 45 (1999) 453.

[51] B.J. Cheek, A.B. Steel, M.P. Torres, Y.-Y. Yu, H. Yang, Anal. Chem. 73 (2001) 5777.

[52] W.]J. Miao, A.]. Bard, Anal. Chem. 75 (2003) 5825.

[53] J.D. Le, Y. Pinto, N.C. Seeman, K. Musier-Forsyth, T.A. Taton, R.A. Kiehl, Nano Lett.
2004, 4, 2343.

[54] T.A. Taton, C.A. Mirkin, R.L. Letsinger, Science 289 (2000) 1757.

[55] A.H. Fu, CM. Micheel, J. Cha, H. Chang, H. Yang, A.P. Alivisatos, ]. Am. Chem. Soc.
126 (2004) 10832.

[56] Z.X. Deng, Y. Tian, S.H. Lee, C.D. Mao, Angew. Chem. 117 (2005) 3648.

[57] A. Erdem, H. Karadeniz, A. Caliskan, Electroanalysis 21 (2009) 464.

[58] F. Patolsky, C.M. Lieber, Mater. Today 8 (2005) 20.

[59] S.N. Kim, J.F. Rusling, F. Papadimitrakopoulos, Adv. Mater. 19 (2007) 3214.

[60] MLL. Pividori, S. Alegret, Immob. DNA on Chips I 260 (2005) 1.

[61] B.L. Allen, P.D. Kichambare, A. Star, AdV. Mater. 19 (2007) 1439.

[62] E.D. Minot, A.M. Janssens, I. Heller, H.A. Heering, C. Dekker, S.G. Lemay, Appl. Phys.
Lett. 91 (2007) 093507.

[63] A. Maroto, K. Balasubramanian, M. Burghard, K. Kern, Chem. Phys. Chem. 8 (2007) 220.

[64] 1. Heller, J. Kong, K.A. Williams, C. Dekker, S.G. Lemay, J. Am. Chem. Soc. 128 (2006)
7353.

[65] E.L. Gui, L]. Li, K. Zhang, Y. Xu, X. Dong, X. Ho, P.S. Lee, ]J. Kasim, Z.X. Shen, J.A.
Rogers, S.G. Mhaisalkar, ]. Am. Chem. Soc. 129 (2007) 14427.

[66] K. Besteman, J.O. Lee, F.G.M. Wiertz, H.A. Heering, C. Dekker, Nano Lett. 3 (2003) 727.

[67] H.R. Byon, H.C. Choi, J. Am. Chem. Soc. 128 (2006) 2188.

[68] P.D. Tama, N.V. Hieu, N.D. Chien, A.T. Le, M.A. Tuan, J. Immunological Methods 350
(2009) 118.

[69] T.G. Drummond, M.G. Hil, J.K. Barton, Nature Biotech. 21 (2003) 1192.



Dispersions Based on Carbon Nanotubes — Biomolecules Conjugates 95

[70] B.D. Malhotra, R. Singhal, A. Chaubey, S.K. Sharma, A. Kumar, Current Appl. Phys. 5
(2005) 92.

[71] P. Kara, B. Meric, Anal. Chim. Acta 518 (2004) 69.

[72] E. Pearson, A. Gill, P. Vadgama, Ann. Clin. Biochem. 37 (2000) 119.

[73] R. Gabl, H.D. Feucht, H. Zeininger, G. Eckstein, M. Schreiter, R. Primig, D. Pitzer, W.
Wersing, Biosens. Bioelectron. 19 (2004) 615.

[74] N. Zammatteo, L. Jeanmart, S. Hamels, S. Courtois, P. Louette, L. Hevesi, J. Remacle,
Anal. Biochem. 280 (2000) 143.

[75] E. Komarova, M. Aldissi, A. Bogomolova, Bioelectron. 21 (2005) 182.

[76] D. Peelen, L.M. Smith, Langmuir 21 (2005) 266.

[77] K.V. Singh, R.R. Pandey, X. Wang, R. Lake, C.S. Ozkan, K. Wang, M. Ozkan, Carbon 44
(2006) 1730.

[78] D.H. Jung, B.H. Kim, Y.K. Ko, M.S. Jung, S. Jung, S.Y. Lee, H.T. Jung, Langmuir 20
(2004) 8886.

[79] Y. Zhang, H. Ma, K. Zhang, S. Zhang, ]. Wang, Electrochim. Acta 54 (2009) 2385.

[80] J. Wang, G.D. Liu, A. Merkoci, Anal. Chim. Acta 482 (2003) 149.

[81] J. Wang, W. Danke, K. Abdel-Nasser, P. Ronen, J. Am. Chem. Soc. 124 (2002) 4208.

[82] E. Palecek, M. Fojta, Bioelectrochemistry 59 (2002) 85.

[83] A. Erdem, P. Papakonstantinou, H. Murphy, Anal. Chem. 78 (2006) 6656.

[84] S. Niu, M. Zhao, L. Hu, S. Zhang, Sensors and Actuators B 135 (2008) 200.

[85] L. Yang, R. Bashir, Biotechnol. Adv. 26 (2008) 135.

[86] Y.S. Kim, J.H. Niazi, M.B. Gu, Anal. Chim. Acta 634 (2009) 250.

[87] D.D. Venuto, S. Carrara, B. Ricco, Microelectron. J. 40 (2009) 1358.

[88] R.J. Chen, H.C. Choi, S. Bangsaruntip, E. Yenilmez, X. Tang, Q. Wang, Y. Chang, H.].
Dai, J. Am. Chem. Soc. 126 (2004) 1563.

[89] A. Star, E. Tu, J. Niemann, J.P. Gabriel, C.S. Joiner, C. Valcke, Proc. Natl. Acad. Sci. USA
104 (2006) 921.

[90] W. Lee, K. Zhang, H. Tantang, A. Lohani, T. Nagahiro, K. Tamada, Y. Chen, S.G.
Mhaisalkar, L.J. Li, Appl. Phys. Lett. 91 (2007) 103515.

[91] E.L. Gui, L.J. Li, P.S. Lee, A. Lohani, S.G. Mhaisalkar, Q. Cao, J. Kang, J.A. Rogers, N.C.
Tansil, Z. Gao, Appl. Phys. Lett. 89 (2006) 232104.

[92] X. Dong, C.M. Lau, A. Lohani, S.G. Mhaisalkar, J. Kasim, Z. Shen, X. Ho, J.A. Rogers,
L.J. Li, Adv. Mater. 20 (2008) 2389.

[93] J. Zhang, S. Song, L. Zhang, L. Wang, H. Wu, D. Pan, C. Fan, J. Am. Chem. Soc. 128
(2006) 8575.

[94] S.I. Tanaka, M. Taniguchi, T. Kawai, Japan. J. Appl. Phys. 43 (2004) 7346.

[95] J. Li, Y. Zhang, T. Yang, H. Zhang, Y. Yang, P. Xiao, Materials Science and Engineering
C 29 (2009) 2360.

[96] X. Tang, S. Bansaruntip, N. Nakayama, E. Yenilmez, Y.L. Chang, Q. Wang, Nano Lett. 6
(2006) 1632.

[97] S. Heinze, J. Tersoff, R. Martel, V. Derycke, ]. Appenzeller, Ph. Avouris, Phys. Rev. Lett.
89 (2002) 106801.

[98] D. Cui, F. Tian, Y. Kong, 1. Titushikin, H. Gao, Nanotechnology 15 (2004) 154.

[99] T. Ito, L. Sun, R M. Crooks, Chem. Commun. (2003) 1482.

[100] Z. Li, Z. Wu, K. Li, Anal. Biochem. 387 (2009) 267.

[101] S. Reisberg, B. Piro, V. Noel, M.C. Pham. Bioelectrochemistry 69 (2006) 172.



96 Carbon Nanotubes - Growth and Applications

[102] S.R. Bhattarai, S. Aryal, K.C.R. Bahadur, N. Bhattarai, P.H. Hwang, H.K. Yi, H.Y. Kim,
Mater. Sci. Eng. C 28 (2008) 64.

[103] M. Gong, T. Han, C. Cai, T. Lu, J. Du, J. Electroanal. Chem. 623 (2008) 8.

[104] C. Cao, ].H. Kim, D. Yoon, E.S. Hwang, Y.J. Kim, S. Baik, Mater. Chem. Phys. 112
(2008) 738.

[105] R.A. Graff, ].P. Swanson, P.W. Barone, S. Baik, D.A. Heller, M.S. Strano, Adv. Mater. 17
(2005) 980.

[106] E.S. Jeng, A.E. Moll, A.C. Roy, ].B. Gastala, M.S. Strano, Nano Lett. 6 (2006) 371.

[107] Y.C. Tsai, S.C. Li, S.W. Liao, Biosens. Bioelectron. 22 (2006) 495.

[108] C.E. Banks, R.R. Moore, T.J. Davies, R.G. Compton, Chem. Commun. 16 (2004) 1804.

[109] J. Wang, M. Musameh, Anal. Chem. 75 (2003) 2075.

[110] Y. Lin, F. Ly, Y. Tu, Z. Ren, Nano Lett. 4 (2004) 191.

[111] K. Wu, X. Ji, J. Fei, S. Hu, Nanotechnology 15 (2004) 287.

[112] Y. Lin, F. Lu, J. Wang, Electroanalysis 16 (2004) 145.

[113] Z. Guo, P.J. Sadler, S.C. Tsang, Adv. Mater. 10 (1998) 701.

[114] ].J. Davis, M.L.H. Green, H.A.O. Hill, Y.C. Leung, J. Sloan, S.C. Tsang, Inorg. Chim.
Acta 272 (1998) 261.

[115] A. Ortiz-Acevedo, H. Xie, V. Zorbas, W.M. Sampson, A.B. Dalton, R.H. Baughman,
R.K. Draper, LH. Musselman, G.R. Dieckmann, J. Am. Chem. Soc. 127 (2005) 9512.

[116] N.-W.S. Kam, Z. Liu, H. Dai, Angew. Chem. Int. Ed. 45 (2006) 577.



5

Defected and Substitutionally Doped
Nanotubes: Applications in Biosystems,
Sensors, Nanoelectronics, and Catalysis

Charles See Yeung, Ya Kun Chen and Yan Alexander Wang
Department of Chemistry, University of British Columbia, Vancouver,
Canada

1. Introduction

Carbon nanotubes (CNTs) have been the subject of intensive research since their discovery
by Iijima in the early 1990s (Iijima 1991). Single-walled carbon nanotubes (SWCNTs, lijima &
Ichihashi 1993; Bethune et al. 1993) are of particular interest because the electronic
properties of these nanomaterials can vary from semiconducting to metallic depending on
its molecular structure. This contrasts multi-walled carbon nanotubes (MWCNTs), which
are metallic and exhibit a zero bandgap. Fundamental understanding of these
supramolecular carbon allotropes (Tasis et al. 2006; Ajayan 1999) is essential to the
development of new nanomaterials for applications in biosystems, sensors (Wang & Yeow
2009; Hu & Hu 2009; Li et al. 2008), optics (Avouris 2008), nanomechanics (Li et al. 2008;
Park 2004), nanoelectronics (Park 2004; Fuhrer 2003; Tsukagoshi 2002), and catalysis (Serp
2003, Tian et al. 2006, Yeung et al. 2011).

The molecular structure of SWCNTSs can be described as a cylindrical roll of an infinite
graphene sheet and is characterized by a chiral circumferential vector AB = ma + nb, a linear
combination of two unit lattice vectors a and b where m and n are integers (Figure 1-1,
Ajayan 1999; Moniruzzaman & Winey 2006). The pair of indices (m,n) for any given
nanotube determines its diameter, chirality, and electronic character. For all n = m, the
nanotube is termed armchair and is metallic, exhibiting a zero bandgap. For n # m and
neither n and m are zero, the nanotube exhibits chirality and supramolecular helicity, having
important implications in optical properties. For n = 0 or m = 0, the nanotube is termed
zigzag. For n — m = 3p, where p is a non-zero integer, the nanotube is semimetallic with a
band gap on the order of meV. For n — m # 3p, where p is a non-zero integer, the nanotube is
semiconducting with a band gap on the order of 1 eV; as a general rule of thumb, the
observed band gaps are roughly proportional to the reciprocal of the tube radius.

Each individual C atom in the sidewall of a CNT exhibits pyramidalization and partial
sp® hybridization as a result of sidewall curvature. This phenomenon leads to a weakening
of the overall s-conjugation of the SWCNT and slight misalignment of s-orbitals between
adjacent atoms. Curved n-conjugation can be quantified using Haddon’s n-orbital axis
vector (POAV) method (Figure 1-2, Haddon & Scott 1986). In this analysis,
the pyramidalization angle 8, = ,; — 90°, where 8, is the angle between the s-orbital and the
o-bond of the C atom of interest. In contrast to planar (i.e., 0, = 0°) and pyramidal (i.e.,
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8, = 19.5°) geometries, nanotubes exhibit varying degrees of pyramidalization depending on
the tube diameter. In general, SWCNTs are more inert than corresponding fullerenes with
similar diameters. Alternatively, Li introduced the concept of bond curvature K to better
describe the supramolecular curvature of CNTs and offer more accurate predictions for
chemical reactivity based on the local curvature of the independent C-C bonds (Li et al.
2007). K is characterized by directional curvature Kp (corresponding to the arc curvature of
C-C bonds) and its mean Ky (corresponding to arc curvature of the vertex carbon atoms).
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Fig. 1.1. A schematic drawing of graphene wrapping to form SWCNTs. The (5,5) SWCNT on
the left is drawn highlighting wrapping vector x and translation vector y (Tian et al. 2006).

Carbon nanotubes are characterized by a very high aspect ratio (i.e., length per width) and
display a very large surface area. Attractive interactions by van der Waals or weak long-
range covalent bonding on the order of 0.50 to 0.95 eV per nanometer of tube-to-tube contact
have been observed. Aggregation of CNTs often results in the generation of hexagonally
packed bundles or ropes. SWCNTSs exhibit extensive levels of electron delocalization and
strong confinement effects that result in a pronounced one-dimensionality and weak
interaction between electrons and phonons. These nanomaterials are ballistic conductors
and exhibit two units of quantum conductance (i.e., 4¢2/h) and mean free paths on the order
of pm (Javey 2003; White 1998).

Natural carbon nanotubes can exhibit defects formed either during their synthesis or as a
result of environmental stress that have significant effects on the geometric and electronic
properties of carbon nanomaterials (Collins 2010; Charlier 2002). The most typical type of
defects are point vacancies in which an atom is missing in the crystalline lattice of the
nanotube backbone and occur as a result of external radiation (e.g., high energy electron,
ion, or neutron radiation) in which a carbon atom is either dislodged or fully removed. A
single vacancy of this type generates three dangling bonds (DBs) and immediately
undergoes structural reorganization, for example, yielding the 5-1DB defect in which one
five-membered carbocycle is formed, leaving a single C atom with a reactive DB (Berber &
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Oshiyama 2006; Ajayan 1998). Different from point vacancies, other structural defects
arising from geometric rearrangements may also be present in nanotube sidewalls. The
simplest of these rearrangements is the pentagon-heptagon defect in which a single C-C
bond positioned between two adjacent hexagon rings undergoes a simple bond rotation,
resulting in the formation of two non-hexagonal rings. Pentagon-heptagon defects have
minimal effect on the local environment of the nanotube but induce a global buckling of the
macromolecule, leading to significant changes in conductivity and aggregation (Chico 2010;
Sonia & Niranjan 2010). Of note, two adjacent pentagon-heptagon defects can form a
pentagonal-heptagonal-heptagonal-pentagonal (5775) structure known also as the Stone-
Wales (SW) defect (Stone & Wales 1986).
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Fig. 1.2. m-orbital axis vector (POAYV) analysis of curved s-conjugation in (a) ethylene, (b)
methane, (c) buckminterfullerene, and (d) a (5,5) SWCNT segment (Yeung et al. 2011).

Chemical functionalization provides scientists an opportunity for fine-tuning the electrical
properties of carbon nanotubes for the desired application. CNTs are known to exhibit
interstitial defects, or extra atoms not present in a lattice site, as a result of atmospheric
oxidation (Collins 2010). Covalent modification by treatment of these carbon
macromolecules with chemical reagents has been accomplished (Karousis et al. 2010; Tasis
et al. 2006). The chemical reactivity of nanotube sidewalls bears some resemblance to that of
olefins (i.e., C=C double bonds). As such, strategies including ozonolysis, Diels-Alder
cycloaddition, osmylation, hydroboration, carbene addition, nitrene addition, dipolar
cycloaddition of azomethine ylides, and vinylcarbonylation via zwitterionic intermediates
are possible. Other methods include fluorination followed by nucleophilic substitution,
dissolving metal reduction (i.e., Billups reaction), electrophilic oxidations, and free radical
reactions including alkylation, perfluoroalkylation, and arylation.
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Direct substitutional replacement of a sidewall C atom with a heteroatom is another
alternative for electronic tuning (Ewels et al. 2010; Glerup et al. 2010). Substitutional doping
of a SWCNT produces a hetero-SWCNT (HSWCNT) that exhibits geometric and electronic
properties distinct from pristine carbon nanotubes depending on the doping concentration.
Replacement of a single C atom with N or B is of particular interest because of the
generation of quasibound states consisting of p-orbitals above and below the Fermi energy,
respectively, in analogy to p- and n-type semiconductors. This is because boron has one less
electron than carbon, while nitrogen has one more electron. Both N- and B-doped SWCNTs
have been synthesized by thermal treatment, chemical vapor deposition, laser ablation, and
arc methods, but generally with poor control of doping position and concentration.
Srivastava et al. predicted that a free gas-phase neutral N atom, if brought into close vicinity
of a backbone vacancy defect, could induce a selective substitution to occur (Srivastava et al.
2004). Alternatively, our group proposed that nitrogen monoxide (NO) could be used as a
nitrogen source by interaction with the 5-1DB defects (Liu et al. 2006). Substitutional doping,
such as N-doping, typically causes minimal geometric changes in comparison to their
undoped congeners.

Although physisorption of transition metals onto CNTs is a known process, substitutional
doping in which the transition metal atom is embedded into the sidewall remains an
unsolved challenge in nanoscience, although some researchers have proposed that this
transformation may be assisted by the presence of vacancy defects (Yang et al. 2006; Zhuang
et al. 2008). The corresponding transition metal substitutionally doped fullerenes, however,
have been prepared experimentally and characterized (Branz et al. 1998; Poblet et al. 1999;
Kong et al. 2003). For example, d-block transition metals Pt-, Ir-, Rh-, Sc-, and Y-, and f-block
La- and Sm-doped fullerenes have been synthesized by laser ablation or ionization and can
be detected by mass spectrometry. Although the mechanistic details concerning substitution
are sparse, it is believed that a fullerene-transition metal adsorbate complex is formed as a
result of strong interactions between the metal d-orbitals and extended n-framework of the
fullerene, followed by direct insertion into the carbon framework (Changgeng et al. 2001). In
some cases, the initial generation of vacancy defects may induce the observed structural
rearrangement. The synthesis of second- and third-row transition metal-doped fullerenes
has been predicted by the chemical reaction of transition metal chloride (MCl,) with
buckminsterfullerene (Csp) under an atmosphere of chlorine gas (Cly, Sparta et al. 2006).
Theoretical studies of transition metal-doped fullerenes suggest a decrease in the energy gap
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), leading to both higher conductivity and reactivity (Changgeng et
al. 2001). As such, transition metal-doped SWCNTs may display enhanced electronic
properties in comparison to their undoped analogs. The introduction of transition metals is
an attractive prospect because of the inherently rich chemistry of transition metal surfaces
and organometallic complexes. By adding d-orbitals to the extended n-framework of the C
atoms, it may be possible to enhance the ability of nanotubes to interact and bind small
adsorbates such as NO, a molecule critical to biological systems. Since coordination of
transition metals affect the electronic nature of the metal center, it is possible that a
HSWCNT containing a transition metal atom embedded in the sidewall of the nanotube
may exhibit changes in conductance in the presence of gases such as carbon monoxide (CO),
water (H2O), and ammonia (NHsz). By monitoring current, the development of new
nanosensors may be possible (Peng & Cho 2003; Sinha et al. 2006; Li et al. 2008; Rouxinol et
al. 2010; Yeung et al. 2010). This prospect also has important implications in efforts toward
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new nanoelectronic devices. Controlled storage, capture, activation, and release of other
relevant molecules, including hydrogen (Hb>), is another potential application of transition
metal-doped SWCNTs based on the known reactivity of transition metals. We have also
conducted preliminary investigations highlighting the similarity between transition metal-
doped SWCNTs and simple alkyl complexes, suggesting that nanocatalysis (e.g., Lewis acid
catalysis) may be optimal using sidewall substitution as the key strategy for immobilizing
these metals (Yeung et al. 2007; Yeung & Wang 2011). Indeed, transition metal-doped
SWCNTs could sit at the interface between heterogeneous and homogeneous catalysts and
provide complementary reactivity to traditional systems.

Our work in SWCNTs and their substitutionally doped analogs (i.e., HSWCNTs) is driven by a
fundamental interest in the unique chemical reactivity afforded by these macromolecules. We
have focused our investigations primarily on defected and substitutionally doped nanotubes
because of their potential applications in biological systems, sensory technology,
nanoelectronics, and catalysis. In this account, we highlight our theoretical studies on the
geometric and electronic structure of defected and doped SWCNTs, their chemical reactivity,
and proposed applications of these nanomaterials. We also describe the related defected and
doped boron-nitride nanotubes (BNNTSs) and their behavior.

2. Models and computational details

We chose the (5,5) armchair metallic SWCNT and (5,0) zigzag SWCNT as models for all
computations with suitable capping groups (i.e., either a fullerene hemisphere or H atoms).
All calculations were done with Gaussian 03 (Frisch et al. 2003). Natural bond orbital (NBO)
analysis was conducted with Gaussian NBO Version 3.1 (Reed et al. 1988) to obtain the
frontier molecular orbitals (FMOs, Fukui 1982): the HOMO and the LUMO. Density of states
(DOS) and local DOS (LDOS) studies were performed using PyMOlyze Version 1.1
(Tenderholt 2005). The Hessian was calculated to verify the nature of stationary points on
the potential energy surface (PES, either a local minimum or transition state). Optimizations
using spin-restricted and spin-unrestricted methods provided the same results.

To study the substitutional doping of SWCNTs, we envisioned a chemical reaction between
a single vacancy defect on the backbone of the nanotube and a suitable atom transfer
reagent. To this end, we evaluated the use of NO and ozone (O3) for N- and O-substitutional
doping, respectively. For N-doped SWCNT synthesis with NO (Liu et al. 2006), a single C
atom was removed from the middle of a (5,5) segment capped with H atoms (Ci99H2o),
yielding a metastable conformation with three dangling bonds. Geometry optimization with
semiempirical MNDO-PM3 method (Stewart 1989) and hybrid Hartree-Fock/density
functional theory (DFT) method B3LYP (Becke 1988; Lee et al. 1988) using Pople’s 6-31G
basis set (Ditchfield et al. 1971) afforded the 5-1DB defect. To study the chemical reactivity,
we employed a two-layer ONIOM (our own N-layered integrated molecular orbital and
molecular mechanics) model (Dapprich et al. 1999), with the nine-membered ring
surrounding the defect modeled with CoHg as the higher layer at B3LYP/6-31G(d), while all
other atoms were the lower layer treated with universal force field (UFF, Rappe et al. 1992).
For O-doped SWCNT synthesis with Os (Liu et al. 2006b), an analogous system was used
(C119H20). Geometry optimization was achieved with semiempirical AM1 (Dewar et al. 1985)
and B3LYP/6-31G. Static quantum mechanical calculations were validated by the atom-
centered density matrix propagation (ADMP) based ab initio molecular dynamics (AIMD)
simulation (Schlegel et al. 2001)
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To study transition metal-doped SWCNTs, we initiated our studies using one-
dimensional periodic boundary conditions with 100 carbon atoms in the primitive cell
(Chen et al. 2011). Replacement of a single C atom in the middle of the cell with a
transition metal was performed, followed by geometry optimization with PBEPBE
(Perdew et al. 1996) using LANL2DZ (Dunning Jr. & Hay 1976), Hay and Wadt’s
relativistic 18-electron Los Alamos National Laboratory effective core pseudopotential
(ECP, Hay & Wadt 1985). We then focused our investigations on Pt due to its prevalence
in well-defined organometallic complexes and heterogeneous catalysis. Two (5,5) models
were chosen in which a C atom was substituted with Pt: 1) CsoH2oPt with H caps (Yeung
et al. 2007; Yeung et al. 2010), and 2) Ci7 with Ds, symmetry and hemispherical caps (Tian
et al. 2006). For CgHPt, DFT calculations were performed with PBEPBE using
LANL2MB, followed by LANLDZ. For Cis9Pt, we used BPW91 (Becke 1988; Perdew et al.
1996a). We also chose a (5,0) model containing of formula C4H;1oPt (Yeung & Wang 2011),
optimized with B3LYP/LANL2DZ. NMR chemical shifts (6) were calculated using the
gauge-independent atomic orbital (GIAO) method (Wolinski et al. 1990). We further
examined model Pt complexes. Alkylplatinum species PtMe;* and its CO-adsorbates (i.e.,
with a C-end coordinated CO) was evaluated with PBEPBE. PtMes*, PtPhs*, Pt-doped
phenaline, Pt-doped sumanene, Pt-doped corannulene, and Pt-doped Cp4 fullerene (with
Pt substitution at the junction between three pentagons being PPP and between a hexagon
and two pentagons being HPP) were also considered with B3LYP/LANL2MB and
LANL2DZ.

To study the importance of the carbon backbone, the isoelectronic transition metal-doped
single-walled boron nitride nanotube (BNNT) and its undoped analog were investigated
(Chen et al. 2010). Defected BNNT models containing SW defects (Stone & Wales 1986) had
formula BysNysHo, while Pt substitutional doping gave two isomers, ByNssHzPt and
BysNyHooPt. DFT calculations were performed using B3LYP/LANL2MB, followed by
LANL2DZ.

3. Defected SWCNTs

3.1 Defected SWCNT rods

We investigated vacancy defects of SWCNTs by removing a single atom from the middle of
model (5,5) SWCNT rod capped with H atoms (CzoHzo), yielding a defected SWCNT
(C199H20) that undergoes subsequent structural rearrangement to the 5-1DB defect (Figure 3-
1, Liu et al. 2006). In our model system, a single C atom protrudes to the exterior of the
sidewall and is the active carbon (C1). Other than the nine C atoms surrounding the
vacancy, the remainder C atoms in the hexagonal lattice remain relatively unaffected.
Because of coordinative unsaturation and less steric hindrance, a higher chemical reactivity
is expected. The electronic structure was affected by introduction of the defect, as
determined by a decrease in HOMO-LUMO gap from 1.38 to 0.84 eV. The HOMO of the
defected SWCNT contains a large contribution from the lone pair on the active carbon atom
and the s-bonds of the other atoms surrounding the vacancy. We also determined that a
smaller model system (CoHg) with fixed geometry can be used to represent most of the
chemical properties of the defect by qualitative comparison of the FMOs. Introduction of the
vacancy defect also resulted in several small changes in the DOS (Figure 3-2). We have also
studied the effect of multiple vacancies and have observed related structural
rearrangements (Liu et al. 2009).
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Fig. 3.1. Optimized geometry and FMOs of a 5-1DB defected SWCNT and higher-layer
model CoHs. Orbital energies are in parentheses (Liu et al. 2006). Legend: dark grey = C,
light grey = H.

3.3 Substitutional N-doping of SWCNTSs via reaction with NO

Based on FMO analysis, the active carbon (C1) of the 5-1DB defect, expected to be reactive
toward small molecules, contains an sp2-orbital with 1.51 electrons, a p-orbital with 0.51
electrons, and an overall charge of 0.149 (Liu et al. 2006). As the first example, we chose
nitrogen monoxide (NO) as the representative small-molecule reagent.

Nitrogen monoxide is of particular interest due to its biological relevance (Miller & Megson
2007). In fact, while NO has a reputation for destroying Os, causing cancer, and fostering
acid rain, it is a critical signaling molecule in biological systems, important for learning and
memory, blood pressure regulation, skin homeostasis, inflammation, and carcinoma
metastasis. As such, NO was named “Molecule of the Year” in 1992 (Culotta & Koshland Jr.
1992). Physiological NO is biosynthesized via a five-electron oxidation of the amino acid
arginine (Figure 3-3) and can impact biosystems based on its ability to interact with
molecular oxygen to yield reactive oxygen species (ROS) including hydroxyl radicals (HOs),
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nitrogen dioxide (N2O,), and peroxynitrite (ONOO-). Free NO exhibits polarization where
the O atom bears a charge of —0.181, thus making chemical reactivity likely.
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Fig. 3.2. Optimized geometries, DOS, and LDOS of (a) CaooH2o (eromo = —4.35 eV,
eLumo = —2.97 eV) and (b) Ci99H2o (eromo = —4.21 eV, eLumo = —3.37 eV). L1-L4 are the LDOS
for the specified layer of atoms (Liu et al. 2006).
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Fig. 3.3. Biosynthesis of NO from (L)-arginine (Griffith & Stuehr 1995).

The reaction of NO with the defected SWCNT proceeds in two distinct stages. First, an
electrostatic interaction between the defected SWCNT and NO takes place, involving an O-
end attack of NO onto the active C atom via an orbital interaction between the singly-
occupied molecular orbital (SOMO) of NO and the HOMO of the SWCNT (Figure 3-4),
producing heterocycle INT1 containing an N—-O bond. This rate-limiting step takes place
rapidly with a low activation barrier (8.6 kcal/mol). Next, the N atom undergoes insertion
into the nearby C2-C3 bond of the adjacent pentagon, expanding the pentagon via a three-
membered transition state to liberate INT2 containing a six-membered N-containing
heterocycle. C1-N bond formation then occurs with concomitant cleavage of the C1-O bond
to give INT3, formally an N-doped SWCNT that has undergone pyrimidalizing oxygenation
where the N atom has filled the single vacancy where the C atom was removed (i.e.,
substitutional doping). The N-O bond is relatively weak, with a bond length of 1.41 Aanda
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partial charge of —0.574 residing on the O atom. A second equivalent of NO initiates
cleavage of this N-O bond via a four-membered concerted and asynchronous transition

state, liberating one molecule of nitrogen dioxide (NO) and Product, the N-doped SWCNT
(Ci99H20N), a thermodynamically feasible process (AE = 78.3 kcal/mol).
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Fig. 3.4. Optimized geometries and energy profiles (with energies in kcal/mol) for the
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Fig. 3.5. Optimized geometry and FMOs of Ci99H2oN. Orbital energies are in parentheses
(Liu et al. 2006).

In accord with literature data (Nevidomskyy et al. 2003), the geometry of N-doped
HSWCNT model (CigoH2N) strongly resembles the undoped, defect-free SWCNT
(Ca00H2o, Figure 3-5). Substitutional doping leads to a decreased HOMO-LUMO gap
(0.74 eV) and slight polarization of the nanotube, with the N atom bearing a charge of
—-0.325.

3.4 Biological applications of defected SWCNTs and reactions with NO: Therapeutics
and biosensing

Maintaining homeostasis of physiological NO is critical to biological systems (Miller &
Megson 2007). As such, if future nanodevices are implanted into living organisms, it may
interact with the biocycles of NO and strongly impact the amount of NO present. Given
our studies (Liu et al. 2006), we envision the use of vacancy defective nanotubes in
reducing the local concentration of NO by the irreversible chemical reaction depicted in
Figure 3-4. For every single vacancy, two molecules of NO are consumed, producing a N-
doped SWCNT and one molecule of NO; as a byproduct. This process can be controlled in
both location and defect concentration by inducing the selective formation of single
vacancies by applying external stimuli to the area of interest. We can imagine, for
example, the employment of ultraviolet light as a form of medical treatment. This strategy
would provide a platform for physicians to carefully control the amount of NO present in
any given biological system. Manipulating the local concentration of NO would be
achieved by a hybrid approach involving chemically designed pharmaceutical agents
such as glyceryl trinitrate and sodium nitroprusside (Figure 3-6), as well as new
technologies involving materials such as zeolites (Wheatley et al. 2006) and Pt
nanoparticles (Caruso et al. 2007). Recent work on the antithrombotic activity of NO
drugs has confirmed that controlled release is essential to these types of treatments and
we expect CNTs to play a critical role in the development of new therapeutic techniques
in the future.
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We can also imagine a scenario in which nanotubes are used as a preventative measure to
control the amount of ROS present in the body; in other words, CNTs could act as an
artificial antioxidant. Because it is known that the introduction of N atoms into nanotube
sidewalls increases clearance rates (Singh et al. 2006), their removal from the biological
system may be possible following irreversible NO capture. This suggests that the
antioxidant properties of these carbon macromolecules may reverse the damage caused
by high-energy processes, including harmful UV-A and UV-B rays from the sun. If defect-
free, pristine SWCNTs can be implanted into the human body, environmental stresses
may trigger the formation of defects, leading to a decrease in the amount of free biological
NO.
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Fig. 3.6. Clinically used NO donor drugs (Miller & Megson 2007).

Defected SWCNTs, if embedded in physiological systems, can serve as a sensor for
biological NO. Unlike conventional methods, which involve breath analysis (Menzel et al.
2001), the use of these nanomaterials offers a direct evaluation of NO concentrations at any
given location based on the known ability of environmental stresses to induce vacancy
defect formation. Quantitative analysis may be achieved via isolation of excreted N-doped
SWCNTs in comparison to pristine SWCNTs assuming equal clearance rates. Additionally,
we expect that substitutional N-doping results in increased conductivity, since our studies
have revealed a decreased HOMO-LUMO gap from 1.38 to 0.74 eV (Liu et al. 2006). If we
can monitor electrical current passing through the nanotube, we would have an in vivo
technique of determining physiological NO. Although the specific details are yet to be
determined, it may be possible to orient a nanotube across a lipid bilayer (such as a cell
membrane) by capping the ends with hydrophilic ends and subsequently measure its
resistance. Alternatively, voltage-sensitive or potentiometric dyes (which change spectral
properties in response to voltage changes) may offer another method for non-intrusive
analysis (Grinvald & Hildesheim 2004).

As promising as they are, therapeutic applications of SWCNTSs necessitate an understanding of
nanotoxicology (Oberdorster et al. 2007; Buzea et al. 2007; Lam et al. 2006; Karakoti et al. 2006;
Nel et al. 2006). Because macromolecules resist metabolism by macrophages, nanotubes are
postulated to persist indefinitely in biological systems, a cause for concern due to
bioaccumulation. These effects are further complicated by subtle differences between methods
of preparation and the types of defects present that strongly affect intertube interactions and
bundle formation. Functionalization is also critical. The introduction of carbonyl (C=O),
carboxyl (COOH), and hydroxyl (OH) groups, for example, has resulted in increased
cytotoxicity either after contact with cell membranes or following internalization. On the other
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hand, functionalization with ammonium cations has demonstrated enhanced clearance rates of
these nanomaterials (Singh et al. 2006). Nanotoxicity is proposed to be a result of oxidative
stress caused by the generation of ROS in which light-induced formation of electron-hole pairs
and unpaired electrons triggers oxidation of molecular oxygen (O.) to superoxide (Oy),
promoted by the presence of reactive groups and defects (Karakoti et al. 2006; Nel et al. 2006).
Although nature counteracts the effect of ROS, such as by superoxide dismutase or
glutathione, accumulation of these reactive species remains problematic. CNTs exhibit a
known cytotoxicity in human skin fibroblasts, macrophages, and developing zebrafish
embryos, and the particulate nature of these nanomaterials can cause interstitial fibrosis and
pulmonary toxicity. Clinically relevant data, however, remains sparse, and recent research has
suggested that nanotubes can persist without causing toxicity (Schipper et al. 2008) or any
immunological or inflammation reactions (Chiaretti et al. 2008). It is clear that further work is
necessary before any clear conclusions can be made regarding nanotoxicology and its impact
on human health.

3.5 Substitutional O-doping of SWCNTSs via reaction with O;

In analogy to NO, 5-1DB defects react exothermically with Os (Liu et al. 2006a). In traditional
organic chemistry, O3 is a strong oxidizing agent that is capable of cleaving C=C double
bonds, generating two C=0 bonds via the Criegee mechanism (Kuczkowski 1992). Because
the sidewalls of CNTs exhibit n-frameworks of C atoms, it is reasonable to presume that
ozonization can take place. We considered a Ci20Hzo segment of the (5,5) armchair SWCNT
and its defected analog Ci19Hz0 by removal of a single C atom in the middle of the nanotube.
C1 was confirmed as the active C atom within the 5-1DB defect, analogous to our earlier
work (Liu et al. 2006).

Only the nine C atoms surrounding the vacancy defect were evaluated in this SWCNT
ozonization reaction. Although these C atoms exhibit partial C=C double bond character
within the backbone of the defect, the pathway that is most energetically favored involves
the direct interaction between ozone and C1 (Figure 3-7). The first step is physisorption of
O; onto the surface of the SWCNT, forming INT, resulting in a transfer of 0.19 electrons
from the carbon backbone to Os. A concerted oxygenation and loss of singlet dioxygen
liberates Product (C119H20O) via a four-membered transition state TS. This step is barrierless
(-0.3 kcal/mol) and produces a substitutionally O-doped SWCNT with the release of 88.7
kcal/mol. Subsequent relaxation of singlet to triplet O, results in further stabilization. We
also performed ADMP-AIMD dynamics simulations to confirm our static analysis of the 5-
1DB defect ozonization and found that at 300 K, a spontaneous reaction occurs between O3
and C1 in less than 50 fs. The structure of this O-doped SWCNT differs from our N-doped
SWCNT derived from NO (vide supra). This is because the bond between C1 and O1 is very
strong and exhibits significant double bond character. Hence, it may be more accurate to
describe this reaction as a net oxidation of C1 to a ketone. No significant interaction could be
observed between C5 and O1.

Because of the ease of oxygenation by ozonization of 5-1DB defects, it has been proposed
that such single vacancies are often short-lived species that may rapidly travel through the
backbone and annihilate each other (Collins 2010). It would be interesting to see whether
other weaker oxygen sources including O, and H O may be able to oxidize a 5-1DB defect.
By studying these processes, we would come to a better understanding of the fate of defect-
free and defected SWCNTSs within biological systems.
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Fig. 3.7. Optimized geometries and energy profiles (with energies in kcal/mol) for the
reaction of the defected SWCNT with O3 (Liu et al. 2006a). Legend: dark grey = C,
light grey = H, red = O.

4. Substitutionally doped SWCNTs

4.1 Transition metal-doped SWCNT rods with hydrogen caps

Substitutional doping of SWCNTs with transition metals is yet to be experimentally
realized. However, we became particularly interested in this material from theoretical
perspective, particularly because of its tremendous potential in nanosensory technology and
nanocatalysis based on the rich chemical reactivity of transition metals.

Our studies with N- and O-doped SWCNTSs suggest that heteroatoms typically prefer to
be situated to the exterior of the nanotube superstructure in which the dopant forms a
tripodal structure with the three adjacent C atoms (Liu et al. 2006; Liu et al. 2006a). To
confirm this assessment, we used a truncated (5,5) SWCNT capped with H atoms and
substituted a single C atom in the middle of the segment with a transition metal
considering both the possibility of external doping and internal doping (Chen et al. 2011).
Our calculations are consistent with the proposal that exo substitution is energetically
more favored than the corresponding endo HSWCNTs by approximately 2 eV due to an
unfavorable interaction between the dopant and the nanotube sidewall, in addition to a
slight geometric deformation (Figure 4-1). Overall, the introduction of these heteroatoms
does not significantly elongate the nanotube along the longitudinal direction. The net
charge distribution in a transition metal-doped SWCNT is mostly localized within the
adjacent layers of C atoms surrounding the substitutional dopant, but spin density in
open-shell systems can be significantly delocalized. From left to right across the transition
metal series, the HOMO (or SOMO for open-shell systems) energy decreases. Thus,
transition metal-doped SWCNTs become less reactive toward incoming electrophiles.
Within group 10 metals (i.e., Ni, Pd, Pt), the difference in energies between exo and endo
substitutions are larger, which is not unexpected since larger atomic radii will induce
more structural strain.
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Fig. 4.1. Endo and exo-substituted transition metal-doped SWCNTs.
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Fig. 4.2. Optimized geometry of CsHzPt and relevant FMOs. Orbital energies are in
parentheses (Yeung et al. 2007). Legend: dark grey = C, light grey = H, blue = Pt.

4.2 Pt-doped SWCNT rods with hydrogen caps

A smaller segment of the (5,5) SWCNT with H caps revealed results consistent with the
structure and electronic properties of the larger model described above (Figure 4-2, Yeung
et al. 2007). A brief comparison of the FMOs of both models confirms that the shorter
CgoHaoPt segment suitably describes sidewall doping with the transition metal without the
need to use periodic boundary conditions. The dopant Pt atom prefers to adopt a
structural arrangement in which it protrudes to the exterior of the sidewall of the
SWCNT, due to the larger atomic radius of the Pt atom and subtle interactions between
metal d-orbitals and the C delocalized m-orbitals. The HOMO-LUMO gap, however,
increased to 0.74 eV. In this model, a positive charge of 0.83 resides on the Pt atom in the
optimized structure.
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Fig. 4.3. Optimized geometries, DOS, and LDOS of (a) Ci7 with Ds, symmetry

(eromo = —4.61 eV, erumo = —4.26 eV), (b) CigoPt(ce) with C;symmetry (enomo = —4.51 eV,
cLumo = —4.21 eV), (C) C169Pt(C) with C; symmetry (SHOMO =-448 eV, eLumo = —4.25 eV), and
(d) CieoPt(w) with Cssymmetry (enomo = —4.46 eV, eLumo = —4.26 eV). L1-L9 are the LDOS
for each specified layer of atoms as marked on the diagram (Tian et al. 2006).

4.3 Pt-doped SWCNT rods with fullerene caps

Next, we constructed a (5,5) SWCNT rod capped with fullerene hemispheres (Ci7o, Figure 4-
3a) and substituted a single C atom with a Pt atom at the cap-end (CisoPt(ce), Figure 4-3b), at
the cap (CigoPt(c), Figure 4-3c), and along the sidewall (CisoPt(w), Figure 4-3d, Tian et al.
2006). These nanorods exhibit slightly decreased HOMO-LUMO gaps in comparison to the
pristine all-carbon compound.

Pt substitution at the cap-end is the most stable type of doping, with cap-doping and wall-
doping sitting 0.8 and 17.9 kcal/mol higher in energy. In our analysis, the triplet spin state
was higher in energy than the singlet state. By calculating the FMOs of these model systems
(Figure 4-4), we observed a strong interaction between the Pt 54 atomic orbitals and the



112 Carbon Nanotubes - Growth and Applications

extended s-framework of the SWCNT backbone, with the greatest effect observed in
CioPt(w). This is because of the better overlap of orbitals where the Pt substitution occurs
with roughly mirror-plane symmetry, a feature that is not true for either the cap-end or cap
Pt-doped macromolecule.

(a) CyeoPt(ce)

HOMO LUMO+1 HOMO LUMO+1 HOMO LUMO
(-4.51 eV) (~4.00 eV) (~4.48 eV) (~4.06 eV) (-4.79 eV) (~4.26 eV)

Fig. 4.4. Relevant FMOs for CisoPt(ce), Cis9Pt(c), and CieoPt(w). Orbital energies are in
parentheses (Tian et al. 2006).

4.4 Pt-doped BNNT rods with hydrogen caps

Boron nitride nanotubes are isoelectronic with carbon nanotubes that exhibit different
structural, electronic, and chemical features (Wang et al. 2010, Golberg et al. 2010). Indeed,
the B-N couple is isoelectronic with the C—C bond but locally exhibits charge separation
due to the difference in electronegativity. While B has an empty p-orbital and is a
coordinatively unsaturated trigonal plane, N has a full octet with an non-bonding pair of
electrons in a filled p-orbital. Molecular borazine (BsN3Hs), for example, is an aromatic
compound that is isoelectronic and isostructural to benzene (CsHg) but is more susceptible
to nucleophilic and electrophilic reactions than the all-carbon analog. Hexagonal boron
nitride (hBN) is analogous to graphite but displays mechanical hardness and chemical
inertness, while graphite is used as a lubricant. In nanotubes, zigzag BNNTs exhibit a non-
zero dipole moment because of alternating layers of B and N atoms with band gaps and
electronic structures relatively invariant to changes in nanotube diameter and chirality.
Importantly, because BNNTs are incombustible at high temperatures and chemically inert,
these macromolecules are promising in nanoelectronics.

Natural defects in boron nanotubes can be induced from mechanical fractures, with SW
defects consisting of a 5775 structure being more stable than corresponding quadrilateral-
octagonal-octagonal-quadrilateral (4884) structure (Karousis 2010). Using a truncated (5,5)
BNNT model capped with H atoms (BssNssHozo, Figure 4-5, Chen et al. 2010), we considered
two SW defective structures resulting from a slant B-N bond rotation (SW1) or a vertical
B—-N bond rotation (SW2). In our defect-free BNNT model, the HOMO-LUMO gap is 6.02
eV, rendering this molecule a good insulator. By introducing SW defects, a decrease in the
HOMO-LUMO gap was observed (4.98 and 5.19 eV for SW1 and SW2, respectively).
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Fig. 4.5. Optimized geometries of (a) a pristine BNNT, (b) a SW1-defective BNNT, (c) a
SW2-defective, (d) a Pt-doped BNNT resulting from N-substitution (BssNsH2oPt), and (e) a
Pt-doped BNNT resulting from B-substitution (Bs4NysH2Pt) and their relevant FMOs
(Chen et al. 2010). Orbital energies are in parentheses. Legend: pink = B, navy blue =N
dark pink = Pt.

Vacancy defects in CNTs have been shown to undergo incorporation of transition metal
atoms into their backbone (Yang et al. 2006; Zhuang et al. 2008). Substitutional doping of
BNNTs is a logical extension, although replacement of either a single N or B atom yields two
different materials (Figure 4-5). Although the mechanism of Pt doping is unclear, our
studies confirm the existence of doublet ground states and a decreased band gap in these
nanomaterials (Chen et al. 2010). Pt-doped BNNTs, unlike pristine and SW-defective
BNNTs, are semiconducting.
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4.5 Adsorption of gases onto Pt-doped SWCNTs

Discrete organometallic Pt complexes and metal surfaces alike can undergo coordination or
adsorption to gas molecules. Hence, we expect similar reactivity with Pt atoms embedded
within the sidewall of a carbon nanotube (Yeung et al. 2010).

Carbon monoxide is an important ligand for organometallic complexes and has
demonstrated the ability to undergo physisorption onto metal surfaces (Orita et al. 2004).
Although the C=O0 triple bond of CO is polarized with a reactive lone-pair of electrons on
the C, we imagined that adsorption would be possible via either C-end adsorption (a CO-
adsorbed HSWCNT) or O-end adsorption (an OC-adsorbed HSWCNT, Figure 4-6). Both
processes were found to be exothermic, with C-end adsorption liberating 41.2 kcal/mol
while O-end adsorption only produced 7.0 kcal/mol (Table 4-1). This coordination is a
coordinate dative bond, in which the C atom donates its pair of electrons into a metal d-
orbital, causing a backdonation of electrons to the s*-orbital of the adsorbate. The result is a
lengthening the C=O triple bond. Indeed, we observe a slight elongation in the adsorbed CO
molecule for CO-adsorption, from 1.18 A in the free gas to 1.19 A, and a net charge of -0.12
on the adsorbate. The bond length between the Pt atom and the CO molecule was 1.97 A. In
contrast, OC-adsorption did not display the same type of bond stretching and was a weaker
interaction overall.

Since Pt complexes commonly hosts six ligands in its coordination sphere, we explored the
possibility of multiple adsorption. We successfully identified a structure in which two CO
molecules underwent coordination to the Pt center through C-end adsorption (Figure 4-6).
The (CO)>-adsorbed HSWCNT was formed with a further release of energy (36.8 kcal/mol
per CO molecule) and displayed almost identical orientation of both adsorbates. The second
adsorption triggered an increase in distance between the Pt atom and the adsorbate to 2.00
A, while the net charges on each CO molecule decreased to —0.05. Attempts to probe the
possibility of triple adsorption did not afford structures in which the CO molecules were
bound strongly to the Pt atom via C-end adsorption; instead, a third additional molecule of
CO displayed a weak interaction with the nanotube sidewall. This process is uphill in
energy from the doubly-adsorbed intermediate. Clearly, the steric bulk of the nanotube
precludes the possibility of triple adsorption.

Nitrogen monoxide is not commonly encountered in coordination chemistry, unlike its
related charged cousins NO* and NO-, but are known to interact with Pt surfaces (Backus et
al. 2004). In analogy to CO-adsorption, coordination between the Pt atom and the adsorbate
can take place via N-end adsorption or O-end adsorption. Our calculations revealed that
NO-adsorption is energetically preferential to ON-adsorption (Figure 4-6). In all geometries
examined, the quartet spin state exhibited higher energy than doublet states (which can
arise from either singlet or triplet Pt-doped SWCNT starting materials). The adsorption of
NO onto the Pt atom embedded in the nanotube results in a complex bearing a charge of
0.99 on the Pt center and an increased HOMO-LUMO gap to 0.84 eV. Multiple adsorption
was observed to occur in an unsymmetrical fashion in which one of the O atoms of the
adsorbate molecules points away from the surface of the nanotube sidewall. This process is
less exothermic than single adsorption, and consequently, simultaneous coordination of
three molecules of NO was not considered.

Ammonia is a common N-containing ligand for Pt complexes, including the famous
chemotherapy drug cisplatin, PtClo(NHs)2 (Boulikas & Vougiouka 2003). Heterogeneous Pt
surfaces are critical to NH; chemistry, such as in the industrial oxidation of NH3 to NO in
nitric acid production. Unlike CO and NO, however, NH3 does not exhibit a low-lying 7*-
orbital to allow backbonding to occur. In our studies, the adsorption energy between NHj
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and the Pt-doped SWCNT was -31.8 kcal/mol and the resulting NH3-adsorbed HSWCNT
exhibited a HOMO-LUMO gap of 0.73 eV and a Pt-N bond distance of 2.25 A (Figure 4-6,
Yeung et al. 2008). Biadsorption of NH3 occurred with 57.1 kcal/mol release of energy (28.5
kcal/mol per NH; molecule).
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Fig. 4.6. Optimized geometries for gas-adsorbed HSWCNTs (Yeung et al. 2010). Legend:
dark grey = C, light grey = H, navy blue = N, red = O, blue = Pt.
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Adsorbate Spin state AE“ d(PtX)? d(XY)* q(Pt)4 q(XY)° q(Cy
None Singlet 0 N/A N/A 0.82 N/A -041
Triplet 0 N/A N/A 0.84 N/A -0.49

COs Singlet -41.2 1.97 1.19 0.85 -0.12 -043
- Triplet -33.1 1.96 1.20 0.83 -0.15 —-0.46
oCs Singlet -7.0 242 118 0.87 -0.02 -0.41
- Triplet -6.8 2.35 1.19 0.88 -0.06 -0.45
(CON Singlet =73.7 2.00, 2.00 119,119 0.83 —-0.05, —0.05 -0.49
- Triplet -59.0 2.00, 2.00 119,119 0.78 -0.02, =0.02 -0.49

(COpse Singlet =714 1.98,2.00,3.13 1.19,1.19,1.19 0.77  0.01, -0.01, —0.06 -0.37
= Triplet =737 2.03,2.03,241 118,118,119 0.76 0.05,0.05, -0.13 -0.46

NOE Doublet  -47.0 (-56.5)" 191 1.24 0.99 -0.39 -0.39
= Quartet -46.2 2.00 1.25 0.95 -0.38 -0.34
ONg Doublet — -23.2 (-32.7) 2.14 1.27 0.98 -0.37 -0.34
= Quartet -30.0 212 1.29 1.00 -044 -0.33
(NO)s Singlet -69.9 2.10,2.12 1.24,1.24 0.99 -0.24, -0.28 -0.36
- Triplet -77.8 212,212 1.24,1.24 0.99 -0.25, -0.25 -0.35

NH Singlet -31.8 2.25 N/A 0.88 0.18 -0.44
- Triplet -31.3 223 N/A 0.87 0.18 -0.50
(NH:)s Singlet -57.1 227,227 N/A 0.92 0.18,0.18 -0.48
— Triplet -55.3 2.26,2.26 N/A 0.86 0.19,0.19 -0.49

No Singlet -24.7 2.08 1.16 091 -0.14 -0.41
Triplet -259 2.05 1.16 091 -0.18 -0.44

(N2 Singlet -439 2.16,2.16 1.16,1.16 0.93 -0.09, -0.09 -042
Triplet -41.7 216,216 1.16,1.16 0.89 -0.09, —0.09 -0.41

Hy Singlet -11.3 1.66, 1.68¢ 216 0.77 -0.34 -0.33
Triplet -6.0 1.66, 1.66¢ 219 0.74 -0.34 -0.43

CoHy Singlet -26.4 2.31,2.20x 143 0.95 -0.25 -0.35
Triplet —24.7 2.31, 2.30¢ 142 0.92 -0.16 -0.37

CoHy Singlet -314 2.13,2.10x 1.32 0.98 -0.38 -0.34
Triplet -25.3 2.17,2.15k 1.30 0.92 -0.27 -0.31

“Total stabilization energy (in kcal /mol).

'Distance (in A) between Pt and X of XY.

Distance (in A) between X and Y of XY.

dPartial charge on Pt.

Net partial charge on XY.

/Net partial charge on the C atoms of the SWCNT adjacent to Pt.
3(XY), refers to an n X-end adsorbed HSWCNT fragment.

"Total stabilization energy (in kcal/mol) from triplet ground state bare Pt-doped SWCNT in
parentheses.

{End-on adsorption.

/X =Y. These adsorbates are bound in a side-on fashion.
#Distance (in A) between Pt and both X in Xa.

Table 4.1. Binding energy and geometrical data for nanotube-adsorbate complexes
CeoHooPt(XY) (Yeung et al. 2007; Yeung et al. 2010).

Nitrogen gas is distinct from the aforementioned adsorbates because of its lack of inherent
polarity. If our Pt-doped nanotubes will be applied as nanosensors, the ability to detect
simple and unpolarized small molecules is critical. The interaction between N, and Pt
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surfaces is important to the industrial fixation of nitrogen via the Haber-Bosch process. In
transition metal complexes, N> can coordinate with either an end-on orientation (with the N
atom acting as a o-donor) or a side-on orientation (with the N=N triple bond acting as a 7-
donor). We found that Pt-doped SWCNTs prefer to bind N, with end-on geometry, as both
end-on and side-on binding converged to give the same structure (Figure 4-6). The energy
released was significantly less than CO adsorption (24.7 kcal/mol), because the electrostatic
interactions between an unpolarized adsorbate such as Nz and the HSWCNT is weak. The
observed N=N bond distance was lengthened slightly from 1.15 A in the free gas to 1.16 A in
this complex and the net charge on the adsorbate was —0.14, signifying a net donation of
electrons from the Pt atom to the ligand. The calculated HOMO-LUMO gap was 0.81 eV.
We also identified a doubly adsorbed complex in which two molecules of N> bound to the
Pt atom via end-on coordination. The energy released per molecule was 22.0 kcal/mol, close
to that of single adsorption, possibly because the weaker interaction between the Pt and the
adsorbate minimizes steric repulsion between the two coordinated N> molecules.

Hydrogen gas is the lightest diatomic molecule. Activation of H, with Pt has found
tremendous application in organic synthesis in the catalytic hydrogenation of alkenes and
alkynes. Since our Pt-doped SWCNT has the capability of binding linear diatomic
molecules, we reasoned that either H, physisorption or chemisorption is possible. With our
(5,5) CeoHzoPt nanotube model, we obtained a geometry in which H-H bond cleavage
occurred. In fact, a distance of 2.16 A was observed between the two H atoms. The energetic
preference for this reaction was -11.32 kcal/mol. In the optimized structure, the
HOMO-LUMO gap was 0.70 eV, and a charge of 0.77 was present on the Pt atom, while 0.34
had transferred to the chemisorbed Ho». (For other studies of H, adsorption, see section 4.7.)
Carbon-carbon multiple bonds are excellent substrates for coordination to transition metals.
In particular, the adsorption of C=C and C=C bonds to Pt surfaces is an important process to
catalytic hydrogenation reactions. To this end, we considered the adsorption of the simplest
two-carbon alkene ethylene (CoH,) onto the (5,5) Pt-doped SWCNT model and found that
264 kcal/mol were released upon physisorption. The HOMO-LUMO gap increased to
0.88 eV in this case and the observed C=C bond distance was 1.43 A. A net negative charge
of -0.25 on the adsorbate was determined. When we optimized structures involving the
simplest two-carbon alkyne acetylene (CoHa), we observed a strong interaction between the
adsorbate and the HSWCNT. Alkynes are known to interact with transition metals through
weak donation of s-electrons of the adsorbate to the metal and in some circumstances can
result in oxidative addition, generating a metallocyclopropene complex. In our studies, C;H>
coordination liberated 31. 4 kcal/mol and resulted in a significant lengthening of the C=C
bond distance from 1.23 A in the free gas to 1.32 A. Additionally, the terminal C-H bonds
are no longer co-linear with the C=C bond but instead are bent. The HOMO-LUMO gap
roughly paralleled that of CoHy adsorption (0.88 eV), and a net charge of —0.38 was detected
on the alkyne. The Pt center was found to bear a charge of 0.98 and the separation between
the Pt atom and either C atom of C;H, was approximately 2.15 A. Hence, the interaction
between C;H, and CNTs substitutionally doped with Pt is indeed chemisorptive in nature
and yields a metallocyclopropene. In other words, CyH adsorption induces a
rehybridization of the C atoms from sp to sp2.

4.6 Applications of Pt-doped SWCNTs: Chemical sensors and nanoelectronics

Because of the ability for Pt-doped SWCNTs to adsorb different gases, it is reasonable to
consider using these nanomaterials as chemical sensors. Developing a nanodevice capable of
sensing the presence of various analytes depends primarily upon the ability to monitor
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minor changes in electronic structure, such as by measuring conductance across a nanowire.
Designing new nanosensory technology for molecules including CO, NO, NH;, and H»
would be worthwhile (Rouxinol et al. 2010; Wang & Yeow 2009).

The first CNT gas sensor was reported by Kong, in which a semiconducting SWCNT acted
as a channel to conduct the source-drain current in a field-effect transistor (FET, Kong et al.
2000). In a typical FET, the SWCNT connects the source and drain, and current is passed by
applying an external voltage. The surface of the SWCNT is exposed to the atmosphere,
hence allowing detection to take place (Rouxinol et al. 2010; Wang & Yeow 2009). Current is
measured as a function of bias voltage (V) and gate voltage (V).

A variant of this design involves interdigitated electrodes (IDE). In a system developed by
Li (Li et al. 2003), a solution casting process was used to prepare a device containing a
network or mesh of SWCNTs on a Ti and Au IDE on a layer of silicon dioxide (SiO). Drop-
deposition of the nanotubes was the method of choice for delivery. This nanosensor
combines the advantages of single nanotube transistors and film-based sensors since there is
a large density of nanotubes present on the IDE and the array configuration provides
excellent electrical contact between the SWCNTSs and the electrodes while maintaining good
accessibility for gas adsorption.

A complementary strategy known as the resonant-circuit sensor (RCS) method was
described by Chopra (Figure 4-7, Chopra et al. 2002). In this scenario, carbon nanotubes are
adsorbed onto a Cu resonator and irradiated by a microwave signal from a radio frequency
transmitter. As a result of interaction with the sensor resonator, a strong signal is generated
at its resonant frequency. Detection of analytes hence depends on measuring the shift of the
frequency between the received signal and the transmitted signal.
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(a) Single nanotube FET (b) Multiple nanotube IDE (c) Multiple nanotube RCS

Fig. 4.7. Schematic diagrams for nanotube sensors. (a) A single nanotube field-effect
transistor (Rouxinol et al. 2010; Wang & Yeow 2009). Vg = bias voltage, V¢ = gate voltage, I =
current. (b) A multiple nanotube interdigitated electrode device (Li et al. 2003). (c) A
multiple nanotube resonant-circuit sensor (Chopra et al. 2002).

In devices in which measurements of conductivity form the basis of quantitative analysis,
minor fluctuations in electronic structure can be evaluated by considering the amount of
charge transfer that takes place between the SWCNT and the small molecule adsorbate.
Analysis of the HOMO-LUMO gap may also provide some insight. Peng and co-workers
have described that charge transfer resulting from adsorption can change conductance along
the axis as follows:
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AQ=C,-AV, = 00— (13)
o

where AQ is the charge transfer, C, is the capacitance, and AV, is the observed voltage
change (Peng et al. 2003). The nanotube length and diameter are [ and d, respectively, and o
and 0 are the molecular cross-section area and coverage, respectively. For the majority of
analytes considered (Table 4-2), adsorption results in a net charge transfer from the Pt-
doped SWCNT to the gas and an increased HOMO-LUMO gap. This suggests a net
decrease in conductivity and a net increase in resistivity.

In our investigations (Yeung et al. 2010), the magnitude of charge transfer between
adsorbate and the Pt atom is relatively small. However, it has been demonstrated a change
of 0.28 is sufficient for being experimentally measurable. We predict that extending our
model Pt-doped SWCNTs in either direction ad infinitum should enhance sensitivity enough
such that a practically useful device can be prepared using these macromolecules.
Cooperativity and synergy between nearby transition metals embedded in the nanotube
sidewall is another possible feature that warrants further investigation. Other strategies,
such as using polymer matrices to encapsulate our HSWCNTs, may help. In fact, the
inclusion of CNTs in insulating polymer matrices can produce a hybrid material that is
conductive above a certain filler concentration known as the percolation threshold
(Moniruzzaman & Winey 2006). Yodh and co-workers have confirmed that the percolation
threshold can be as low as 0.005 vol% in SWCNT/epoxy composites (Bryning et al. 2005).
Should an amplification of signal be observed in the CNT/polymer hybrid, selective
chemical sensing of individual gas molecules may become possible. The ideal nanosensor
would be a small handheld device with short response times, high sensitivities, and the
ability to differentiate between analytes. Using Pt-doped SWCNTs is potentially
advantageous to undoped CNTs and may revolutionize biomedical, automotive, food,
agriculture, and manufacturing industries. Detection techniques of relevance to
environmental pollutants and national security will also benefit from these materials.

Analyte Charge transfer? Gt (eV) AGui/ (eV)
None N/A 0.74 0.00
COv 0.05 0.78 0.04
NOr 0.28 0.74 0.00
NH34 —-0.18 0.75 0.01
Noe 0.09 0.81 0.07
H, 0.34 0.70 -0.04
CoHy 0.25 0.88 0.14
CH, 0.38 0.88 0.14

“Represents charge donated from the Pt-doped SWCNT to the adsorbate.
!Represents (CO)»-adsorbed HSWCNT.

‘Represents (NO).-adsorbed HSWCNT.

dRepresents (NHs)2-adsorbed HSWCNT.

cRepresents (N2)2-adsorbed HSWCNT.

/Represents the change in the HOMO-LUMO gap upon adsorption.

Table 4.2. Average charge transfer and HOMO-LUMO gap (Gur) data for nanotube-
adsorbate complexes with side-on binding motif (Yeung et al. 2010).
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Other than chemical sensors, Pt-doped SWCNTs may be applied to nanoelectronics. There
have already been significant studies involving the utilization of CNTs as FETs,
optoelectronic devices, and nanoelectromechanical systems (NEMS, Park 2004; Srivastava et
al. 2003; Fuhrer 2003; Tsukagoshi et al. 2002). Technology using CNTs in FETs has already
been commercialized (e.g., Infineon Technologies). In this specific FET, which features a
back-gate, the CNT is situated at the top of the electrodes, separated from each other by a
dielectric spacer to the back-gate. The conductive nanochannel hence provides an electrical
connection between the source and drain electrodes and acts as a molecular wire. Applying
these devices to more complex components such as nonvolatile molecular memory elements
is a rapidly advancing field.

Because Pt-doped SWCNTs undergo conductivity changes when exposed to different types
of gases, we envision the design of a new element of control in nanoelectronics in which
varying the gas atmosphere will allow control of electrical current. For instance, if the
conductance of a CNT nanowire is too high, introducing an atmosphere of CO should
provide an immediate increase in resistivity and a decreased current. This effect would be
compounded if the nanotube backbone is substitutionally doped at multiple sites. The key
advantage to this type of electronic manipulation is the ability to control conductivity and
resistivity in a reversible fashion. By simply purging the atmosphere with an inert gas, such as
argon, any adsorbed molecules that were previously used to modulate electrical current can
be removed. Because of the high diffusion rates of gases, extremely fast circuit breaks are
possible. In the future, more complicated devices may contain substitutionally doped
SWCNTs of different elements. Each CNT nanowire would be affected to a different extent
depending on the adsorbate. Such careful control of nanocircuits would provide engineers
with new tools for the development of new nanodevices.

4.7 Adsorption of H. onto Pt-doped SWCNTs and BNNTs

The incorporation of Pt into the sidewall of CNTs provides a unique chemical reactivity,
particularly with small molecules, that is otherwise not possible. In our studies of H»
adsorption (Yeung et al. 2010), our (5,5) CeoH2oPt model revealed a strong interaction
between hydrogen and the Pt atom, resulting in a chemisorptive process in which the two
H atoms became split. We also pursued investigations of Pt-doped nanorods capped with
fullerenes and their ability to perform H-H bond cleavage (Tian et al. 2008). To our
surprise, with the larger CisoPt nanorods, both cap-doped HSWCNTs underwent
physisorption with Hj, releasing only 2.0 kcal/mol of energy. We were pleased to find,
however, that wall-doped nanorods performed a similar chemisorption as predicted by
our H-capped model.

The isoelectronic Pt-doped BNNTSs was also considered in H; adsorption (Li et al. 2009). In
their work, up to three equivalents of H> can undergo physisorption to the Pt center. This is
in stark contrast to our Pt-doped SWCNTs which can perform chemisorption. Clearly, the
electronic nature of the carbon backbone plays a role in determining the chemical reactivity
of the Pt atom.

4.8 Applications of H, adsorption onto Pt-doped SWCNTs and BNNTs: Hydrogen
storage and nanocatalytic hydrogenations

The use of CNTs in hydrogen storage remains an active area of research (Yao 2010). For
instance, defective CNTs and their ability to undergo adsorption of H» has also been
investigated (Gayathri et al. 2007). If Pt-doped SWCNTs and Pt-doped BNNTs are to be
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used as hydrogen storage materials, then their ability to adsorb H» reversibly becomes
important. As we have described above, Pt-doped SWCNTs (especially wall-doped) tend to
undergo chemisorption with H, and release of hydrogen may require external input of
energy (Yeung et al. 2010; Tian et al. 2008). On the other hand, a reversible interaction
between Pt-doped BNNTs and hydrogen appears to be much more favorable. Careful
tuning of the electronic properties of the Pt atom will be necessary to achieve the right
balance to provide facile and reversible adsorption and desorption. In an infinitely long
SWCNT with numerous Pt dopants, we expect that efficiency will be improved.

Perhaps more interesting than H storage is the ability for Pt to activate H,. While many
transition metals are known to cleave hydrogen homolytically, forming a formal metal
dihydride, the substitutional doping strategy that we have described is of particular
interest because of potential use of these nanomaterials as catalysts for catalytic
hydrogenation. We have already discovered that C=C double bonds (in CoHj) bind
reversibly to the Pt atom of Pt-doped SWCNTs, while H> undergoes complete
dissociation. At an appropriate doping concentration and geometry, we envision two Pt
atoms working together to perform hydrogenation of alkenes such as ethylene. On the
first Pt atom, H> would undergo H-H bond breaking via oxidative addition.
Simultaneously, on the second Pt atom, one molecule of alkene can bind transiently.
Because of the weak interaction, it is reasonable to presume that the alkene can insert into
the Pt-H bond and form a new Pt-C bond. Finally, reductive elimination will furnish the
reduced alkane product. Should this transformation be possible, it would be a modern
variant of Pt metal catalyzed hydrogenation. The only reason that catalytic hydrogenation
would become possible using nanotubes is because of the innate chemical reactivity of Pt.
Hence, substitutional doping may open the door for examining other types of
nanocatalysis, one of which is described below.

4.9 Applications of Pt-doped SWCNTSs: Lewis acidity and nanocatalysis

Pt-doped SWCNTs can undergo adsorption with CO (Yeung et al. 2007). Based on this
reactivity, we investigated model alkylplatinum complexes through DFT, considering all
possible trimethylplatinum species with formulae PtMe3(CO),"+ (where x =0 to 3 and n = -3
to 1, Figure 4-8). Based on the observed geometry and partial charge analysis, we chose
PtMe3(CO),* for comparison purposes. By examining the FMOs of PtMe3(CO),* and
comparing it with the model (5,5) Pt-doped SWCNT, we found remarkable similarities,
hence suggesting that the reactivity of the Pt atom as a substitutional dopant should roughly
parallel that of PtMes*. Interestingly, we observed facile triple adsorption in the case of the
monomeric PtMes* complex, while this process was not possible in the HSWCNT. This
dichotomy in reactivity can be attributed to the steric bulk of the nanotube sidewall and a
decreased electron density in the reactive d-orbital of the Pt dopant atom.

PtMes* is a known Lewis acid catalyst (Hsieh et al. 2007; Procelewska et al. 2005). Hence, we
considered the use of Pt-doped SWCNTs as nanocatalysts (Yeung et al. 2011). To evaluate
Lewis acidity, we first performed vibrational analyses on CO-adsorbed Pt complexes, since
the C=0 stretch is an indicator for the level of backdonation from the metal center to the
ligand. Next, the nuclear magnetic resonance (NMR) chemical shift (0) of the olefinic H in
the p position of an a,f-unsaturated carbonyl compound, specifically maleic anhydride
(MA), was evaluated upon coordination to the Pt atom, a technique first described by Child
and co-workers (Childs et al. 1982; Laszlo & Teston 1990). Compared to the uncomplexed
MA, Lewis acid coordination should generate a positive downfield shift of the proton



122 Carbon Nanotubes - Growth and Applications

resonance at the f position due to a deshielding effect and consequently, chemical shift
difference (A0) is a direct measure of Lewis acidity. Finally, to truly test our hypothesis of Pt-
doped SWCNTs as Lewis acids in nanocatalysis, we envisioned the use of these
macromolecules as catalysts for the Diels-Alder reaction between MA and cyclopentadiene
(CPD), a [4+2] cycloaddition. This reaction generates two possible products, the exo and endo
adducts. If substitutional doping of Pt into a nanotube sidewall bears some resemblance to
PtMes*, then catalysis is likely. We were particularly interested to evaluate both rate
enhancement and effects on stereoselectivities in this transformation.

2% o

HOMO LUMO HOMO LUMO

(~4.08 eV) (-3.35 eV) (-12.01eV) (-8.40 eV)
(a) Pt-doped SWCNT (b) PtMe,*

i
HOMO LUMO HOMO LUMO
(—4.33 eV) (-3.75 eV) (-12.23 eV) (-8.90 eV)
(c) CO-adsorbed Pt-doped SWCNT (d) PtMe,(CO)*

O‘ )‘,. .\ g.

HOMO LUMO
(—4.43 eV) (-3.66 eV) (<1217 eV) (-9.00 eV)
(e) (CO),-adsorbed Pt-doped SWCNT (f) PtMe,(CO),*

Fig. 4.8. Optimized geometries and FMOs for (5,5) Pt-doped SWCNT and model complex
PtMes* (Yeung et al. 2007). Orbital energies are in parentheses.

Other than PtMes*, we examined other Pt-based model systems (Figure 4-9) for Pt-doped
SWCNTs, including PtPhs*, Pt-doped phenaline, Pt-doped sumanene, Pt-doped
corannulene, and Pt-doped Cy4 fullerene (which exists as one of two isomers, involving
either Pt substitution at a pentagon-pentagon-pentagon junction or PPP, or a hexagon-
pentagon-pentagon junction or HPP). We were intrigued to additionally evaluate the role of
the delocalized n-electrons, particularly as it pertained to curvature (Lu & Chen 2005).
Because of computational limitations, we chose a (5,0) Pt-doped SWCNT segment capped
with ten H atoms of molecular formula CyHioPt and calculated a geometry in which the Pt
atom protrudes to the exterior of the nanotube sidewall. Of the model complexes
considered, only PtMes* and PtPhs* displayed less pyramidalization at the Pt atom than the
HSWCNT (3. = 297.5° and 315.4°, respectively, versus ) = 282.1°). Pt-doped sumanene,
corannulene, and Cy are all more highly pyramidalized ()’ < 270°).
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Fig. 4.9. Optimized geometries of model alkyl- and arylplatinum complexes (Yeung et al.
2011).

By means of C=O vibrational frequency analysis (Table 4-3), we found that Pt-doped (5,5)
SWCNTs demonstrated net backdonation to CO (Yeung et al. 2010), while the
corresponding (5,0) SWCNT system underwent adsorption with net donation of electron
density from the adsorbate (Yeung et al. 2011). In contrast, all other model complexes
evaluated have a tendency to deplete electron density from CO. Based on similar stretching
frequencies of CO-adsorbed Pt-doped Cy4 and corannulene, higher levels of m-conjugation
appear to have a positive impact on the ability to backbond to incoming ligands, leading to a
tighter Pt-CO interaction (~2.00 A) The most acidic complexes, however, are PtPhs* and
PtMes*, which display weaker Pt-CO interactions (~2.11 A). Based on this investigation, the
predicted trend of Lewis acidity is as follows:

(5,0) Pt-doped SWCNT ~ Pt-doped corannulene < Pt-doped Cp4 PPP isomer
< Pt-doped Cy4 HPP isomer < Pt-doped sumanene < Pt-doped phenaline
< PtPhs* < PtMes*.

By means of NMR analysis (Table 4-4), we were surprised to observe decreased chemical
shifts of the p-H of coordinated MA in both (5,0) Pt-doped SWCNT and Pt-doped
corannulene, implying that the charge-separated resonance structure is less important than
in uncoordinated MA. This effect can be attributed to larger steric hindrance toward the
productive coordination of the C=0 group of MA and the Pt atom. All other complexes are
in fact strong Lewis acids (A6 ~ 0.5 ppm). Lewis acid/Lewis base pair formation decreases
the C1-C2 bond length and increases C1=O and C2=C3 bond lengths and suggests that
reactivity at C2 and C3 towards electrophiles and nucleophiles, respectively, should be
enhanced. Complexation of the model organoplatinum complexes resulted in larger
geometric deviations than from the simpler PtMes* and PtPhs* systems and suggests that
higher levels of m-curvature and increased ability to favor delocalization of the electron
density may facilitate this productive interaction. The trend of Lewis acidity suggested by
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chemical shift analysis is nonetheless identical to the conclusion derived from the above
C=0 vibrational frequency analysis.

Pt complex X q(Pt)? Eeaet AG? d(Pt-C)e d(C=0)* vc=of ¢(Pt/CO)s g(CO)*
PtMes* 297.5° 0.77 -240 -825 2116 1.156  2089.3 0.54 0.25
PtPhs* 3154° 077 -168 -046 2113 1.160  2055.1 0.54 0.22

Pt-doped phenaline 279.6° 0.74 -28.6 -13.07 2.057 1161  2050.3 0.40 0.23
Pt-doped sumanene 260.5° 0.77 =352 -19.67 2025 1163  2043.4 0.39 0.21
Pt-doped corannulene  257.8° 0.59 -343 -1822 1.983 1179 19494 0.26 0.08
Pt-doped Ca4 PPP 250.6° 0.69 -31.6 -16.74 2027 1167  2017.3 0.32 0.17
Pt-doped Cos HPP 268.3° 0.66 -32.7 -17.59 1.995 1166  2026.4 0.30 0.22
(5,0) Pt-doped SWCNT 292.2° 0.53 -36.0 -20.31 1.971 1179 1949.8 0.12 0.12

sSum of angles around Pt center (without adsorbate).

bPartial charge on Pt atom (without adsorbate).

cElectronic energy of stabilization (in kcal/mol) upon CO adsorption.

Free energy of stabilization (in kcal/mol) upon CO adsorption at 298 K.

¢Bond length (in A).

Vibration frequency (in cm™) of bound C=O molecule (cf. 2028.8 cm™ for unbound free CO).
sPartial charge of Pt atom in CO-adsorbed Pt complex.

"Partial charge on bound CO molecule.

Table 4.3. Electronic structural data for alkyl- and arylplatinum complexes and their
CO-adsorbates (Yeung et al. 2011).

LA/MA complex d(C1=0)* d(C1-C2)* d(C2=C3)= q(O)> q(C3)c o6(H)? AS6(H)*
Uncoordinated MA 1.223 1.499 1.351 -0496 -0.250 6.25 0.00
PtMes*/MA 1.248 1.488 1.354 -0.583 -0.215 7.02 0.77
PtPhst/MA 1.243 1.488 1.354 -0557 -0.221 6.94 0.69
Pt-doped phenaline/ MA 1.249 1.486 1.356 -0.584 -0.229 6.80 0.55
Pt-doped sumanene/MA 1.249 1.484 1.356 -0577 -0.221 6.71 0.46
Pt-doped corannulene/ MA 1.278 1.440 1.384 -0.643 -0.311 553 -0.72
Pt-doped C24 PPP/MA 1.254 1.472 1.363 -0.595 -0.266  6.30 0.05
Pt-doped Co« HPP/MA 1.245 1.479 1.359 -0.552 -0.250 6.39 0.14
(5,0) Pt-doped SWCNT/MA 1.276 1.441 1.385 -0.636 -0.317 5.62 -0.63

“Bond length (in A)

bPartial charge on O atom.

Partial charge on C3 atom.

dChemical shift (in ppm) on H atom (referenced to tetramethylsilane).

¢Difference in chemical shift (in ppm) on H atom relative to uncoordinated maleic anhydride
(referenced to tetramethylsilane).

Table 4.4. Electronic structural data for Lewis acid/ maleic anhydride complexes (Yeung et
al. 2011)
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By means of enhancing the reactivity of chemical reactions such as the Diels-Alder
cycloaddition, we observed a surprising decrease in reaction efficiency (Table 4-5) when
employing the (5,0) Pt-doped SWCNT as a catalyst (Figure 4-10). While our vibrational
frequency and NMR analyses both suggested rate enhancements, this was not the case for
our nanotube-based catalyst. This suggests that although the LUMO energy of the
dienophile (MA) was decreased by binding, the steric demand for the productive [4+2]
cycloaddition made catalysis less likely. In agreement with the literature (Hsieh et al. 2007),
we determined that PtMes* is a viable catalyst for the Diels-Alder reaction in addition to the
other model Pt complexes. The Lewis acid catalyzed cycloaddition of MA and CPD varied
inversely in efficiency with catalyst bulk. Of note, while Pt-doped fullerene gave an
approximate threefold increase in rate, other systems yielded greater enhancements of up to
107-fold! Pyramidalization of the carbon framework has relatively little impact on the
effectiveness of the proposed catalysis.

The cyclohexene product formed in the Diels-Alder cycloaddition can exist as one of two
diastereomeric compounds (Rulisek et al. 2005; Dewar & Pierini 1984). The so-called endo
product is kinetically favored and involves secondary orbital interactions between the two
unreactive C atoms on the diene (CPD) and the 7-orbitals of the neighboring C=O groups on
the alkene (MA). The exo product is accessible through thermodynamic control. In our
studies, if we assume kinetic control of the Diels-Alder reaction, Pt complexes with higher
levels of delocalization of electron density in the catalyst tend to give a lower preference for
the endo product. To our delight, while Pt-doped SWCNTs were not excellent catalysts for
this transformation, the exo product became favored over the endo product (Yeung et al.
2011). This result suggests that nanocatalysts have the potential to effect complementary
selectivities to other traditional catalysts. By controlling externally applied voltages, the
Lewis acidity of transition metal dopants can be manipulated, hence providing an
opportunity for tuning the efficiency and selectivity of nanocatalyzed reactions. The
advantage of using nanomaterials in catalysis is that they sit uniquely at the boundary
between homogeneous and heterogeneous catalysis. This provides organic chemists an
opportunity to establish the connection between reaction mechanisms of these two catalytic
systems. In addition, substitutional doping of CNTs with Pt atoms may be a useful and
effective strategy for developing heterogeneous-like Lewis acid catalysts. Immobilization of
reactive Lewis acids is expected to ease catalyst recovery and reuse of precious metals, as
well as afford an enhanced stability of these reactive species. Moreover, we can possess
greater controllability of the reaction process, e.g., to pause the reaction by simply
separating the catalyst from the solution. Other transformations may be catalyzed by our
HSWCNTs, such as Mukaiyama aldol reactions, and should be explored both theoretically
and experimentally.

More complex, novel nanosystems may even become possible. Because nanotubes are
channels, we may one day be able to achieve nanoscale microfluidics. We can imagine a
transition metal-doped SWCNT embedded within a much larger SWCNT. If this is possible,
the nanochannels sitting between the two carbon backbones may provide enhanced
chemical reactivity due to higher local concentrations of the reactive partners. In the ideal
world, it may be possible that reactants be introduced at one end of a nanochannel and
products come out of the other end. Cooperative catalysis between different transition
metals may allow for unique types of catalysis that are not possible in bulk solutions, on flat
surfaces, or at pointy small clusters. Needless to say, nanocatalysis remains an emerging
field that will continue to develop in the years to come.
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Catalyst AGexot®  AGexo? AGendo¥ AGendo? AAGH  kendofkexo’  kecaykuncas
none 27.3 -3.8 26.7 -3.0 0.6 2.78 1.00

PtMes* 15.9 8.1 14.4 -9.5 1.4 11.43 1.27x10%
PtPhs* 174 -8.2 16.8 -8.5 0.6 2.79 1.58x10%
Pt-doped phenaline 17.7 -8.2 16.7 7.7 1.0 5.60 1.47x10°
Pt-doped sumanene 16.8 -8.6 16.2 -84 0.6 2.63 3.01x10°
Pt-doped corannulene 16.0 -133 153  -133 0.7 3.43 8.22x10¢
Pt-doped Co4 PPP 23.5 -4.0 22.6 -3.5 0.9 4.26 1.42

Pt-doped Cos HPP 23.5 -4.5 225 4.2 1.0 5.44 2.99

(5,0) Pt-doped SWCNT 31.0 6.4 31.9 6.5 -0.9 0.21 1.6x10-3

“Free energy required to reach transition state leading to exo product at 298 K.

Free energy change to exo product at 298 K.

Free energy required to reach transition state leading to endo product at 298 K.

9Free energy change to endo product at 298 K.

¢Difference in free energy changes required to reach transition states leading to endo and exo products at
298 K.

/Relative rate leading to endo product versus exo product.

sRelative rate of catalyzed Diels-Alder reaction versus uncatalyzed Diels-Alder reaction.

Table 4.5. Free energies (in kcal/mol) and rates of the Diels-Alder reaction of maleic anhydride
and cyclopentadiene as catalyzed by alkyl- and arylplatinum complexes (Yeung et al. 2011)
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Fig. 4.10. Transition states of the Diels-Alder reaction of maleic anhydride and cyclopentadiene
(Yeung et al. 2011). Legend: dark grey = C, light grey = H, red = O, blue = Pt.
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5. Concluding remarks

Within DFT, the rich chemistry of substitutionally doped SWCNTSs has been investigated.

We summarize our findings below:

1. A mono vacancy formed by removing a single C atom from the sidewall of a SWCNT
rearranges to form a five-membered carbocycle and a single C atom with a dangling
bond (i.e., the 5-1DB defect). 5-1DB defects are reactive with NO, liberating NO; and N-
doped SWCNTs, and with O3, generating O, and O-doped SWCNTs.

2. Substitutional doping of SWCNTs with transition metals results in buckling of the
nanotube sidewall with the larger atom protruding to the exterior.

3. Adsorption of gases onto Pt-doped SWCNTs is analogous to the coordination
chemistry of monomeric Pt complexes. Because the nanotube sidewall provides much
larger steric bulk, multiple adsorption is thermodynamically unfavorable. The ability
for Pt atoms to perform physisorption and chemisorption depends strongly on the
doping location. Adsorption results in a change in the electronic structure of Pt-
doped SWCNTs.

4. Pt-doped SWCNTs exhibit Lewis acidity similar to that of simple alkyl- and
arylplatinum complexes. Evaluation of Lewis acid strength can be done by measuring
the stretching frequency of a bound molecule of CO or by 1H NMR studies of the -H of
Lewis acid/Lewis base complexes formed with a,f-unsaturated carbonyl compounds.
However, because the nanotube provides larger steric bulk than simple alkyl- and
arylplatinum complexes, the ability to activate a substrate for conventional catalysis
may be impeded, but alternative catalytic activities might be released instead.

Transition metal-doped SWCNTs have yet to be prepared experimentally. In this Chapter,

we have provided a comprehensive overview of the potential of these nanomaterials and

their applications in nanosensing, nanoelectronics, and nanocatalysis. Our initial
investigations here should provide inspiration and guidance to experimentalists in their
own endeavors.
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1. Introduction

Since carbon nanotubes (CNTs) were discovered by lijima in 1991(lijima, 1991), they have
become the subject of many studies because of their unique electrical, optical, thermal, and
mechanical properties(Ouyang, Huang, & Lieber, 2002; Thostenson, Ren, & Chou, 2001;
Troiani, Miki-Yoshida, Camacho-Bragado, Marques, Rubio, Ascencio, et al., 2003; Wan,
Dong, & Xing, 1998). Carbon nanotubes (CNTs) can be visualized as a sheet of carbon atoms
rolled up into a tube with a diameter of around tens of nanometers. There are two main
types of CNTs, Single-walled (SWCNTs) and multi-walled carbonnanotubes (MWCNTs),
the latter being formed by several concentric layers of rolled graphite (Figure 1). In
particular, SWCNTs are characterized by a high aspect ratio. Moreover, Their versatile
physicochemical features enable the covalent and noncovalent introduction of several
biomedicine and biosensing application relevant entities. Thus exploitation of their unique
electrical, optical, thermal, and spectroscopic properties in a biological context is hoped to
yield great advances in the therapy of disease and detection biomolecules such as DNA,
antigen-antibody, cells, and other biomolecules.

Fig. 1. Schematic of a SWNT and MWNT (left). (Lacerda, Raffa, Prato, Bianco, & Kostarelos,
2007) and TEM of CNTs. a, Tube consisting of five graphitic sheets, diameter 6.7 nm. b, two-
sheet , diameter 5.5 nm. ¢, seven-sheet , diameter 6.5 nm, which has the smallest hollow
diameter (2.2 nm) (right). (lijima, 1991).
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Part A. Carbon nanotubes in biomedicine

CNTs have been used as efficient electrochemical and optical sensors, substrates for directed
cell growth, supporting materials for the adhesion of liposaccharides to mimic the cell
membrane(Bianco & Prato, 2003; Lin, Taylor, Li, Fernando, Qu, Wang, et al., 2004),
transfection(Kam, Jessop, Wender, & Dai, 2004; Pantarotto, Briand, Prato, & Bianco, 2004;
Pantarotto, Singh, McCarthy, Erhardt, Briand, Prato, et al, 2004), and controlled drug
release(Kam, Kim, & Dai, 2004; Kam, Liu, & Dai, 2005; Kam, O'Connell, Wisdom, & Dali,
2005; Lacerda, Raffa, Prato, Bianco, & Kostarelos, 2007). Some researches have shown the
ability of single-walled carbon nanotubes (SWNTSs) to cross cell membranes and to enhance
deliver peptides, proteins, and nucleic acids into cells because of their unique structural
properties(Kam & Dai, 2005; Pantarotto, Briand, Prato, & Bianco, 2004; Prato, Kostarelos, &
Bianco, 2008). For this reason, carbon nanotubes could serve as an excellent vehicle to
administer therapeutic agent providing effective utilization of drug and less elimination by
the macrophage.

One key advantage of carbon nanotubes is their ability to translocate through plasma
membranes, allowing their use for the delivery of therapeutically active molecules in a
manner that resembles cell-penetrating peptides. Moreover, utilization of their unique
electrical, optical, thermal, and spectroscopic properties in a biological context is hoped to
yield great advances in the detection, monitoring, and therapy of disease.

Advantage Disadvantage
. . . . e Nonbiodegradable
* Uplque r.n.echamcal properties offer in e Large available surface area for protein
vivo stability opsonization

e Extremely large aspect ratio, offers .
template for development of multimodal
devices

e Capacity to readily cross biological
barriers; novel delivery systems

e Unique electrical and semiconducting |
properties; constitute advanced
components for in vivo devices .

e Hollow, fibrous, light structure with
different flow dynamics properties;
advantageous in vivo transport kinetics

e Mass production - low cost; attractive
for drug development

As-produced material insoluble in most
solvents; need to surface treat
preferably by covalent functionalization
chemistries to confer aqueous solubility
(i.e. biocompatibility)

Bundling; large structures with less than
optimum biological behavior

Healthy tissue tolerance and
accumulation; unknown parameters that
require toxicological profiling of material
Great variety of CNT types; makes
standardization =~ and  toxicological
evaluation cumbersome

Table 1. Advantage and Disadvantage of using CNTs for biomedical applications. (Lacerda,
Raffa, Prato, Bianco, & Kostarelos, 2007).

1. Functionalization of CNTs

For biological applications, the improvement of solubility of CNTs in aqueous or organic
solvents is a major task. Great efforts have devoted to search cost-effective approaches to
functionalize CNTs for attachment of biomolecules as recognition elements. Generally, this
procedure can be performed by noncovalent and covalent functionalization strategy.
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2. Noncovalent interaction

The noncovalent approach via electrostatic interaction, Van der Waals force, or -1 stacking
is a feasible immobilization method for biomolecules. Particularly, it is promising for
improving the dispersion proteins of CNTs without destructing of the nanotube structure.
Generally, this route can be performed by physical adsorption or entrapment.(Arnold,
Guler, Hersam, & Stupp, 2005; Richard, Balavoine, Schultz, Ebbesen, & Mioskowski, 2003)

2.1 Physical adsorption

A variety of proteins can strongly bind to the CNTs exterior surface via physical adsorption.
When the ends of the CNTs are open as a result of oxidation treatment, smaller proteins can
be inserted into the tubular channel (~5-10 nm in diameter).

The combined treatment of strong acids and cationic polyelectrolytes is known to reduce the
CNTs length and enhance the solubility under physiological. After this treatment, cationic
polyelectrolytes molecules adsorb on the surface of the nanotubes by van der Waals force to
produce the distribution of positive charges, which prevents the aggregation of CNTs.

2.2 Entrapment

Another method for immobilizing biomolecules on CNTs is to entrap them in biocompatible
polymer hydrogen and sol-gel. Single strand DNA (ssDNA) can wrap around SWCNTs
through aromatic interaction to form a soluble DNA-SWCNT complex, which has been
used for construction of effective delivery for gene therapy.

Sol-gel chemistry has paved a versatile path for the immobilization of biomolecules with
acceptable stability and good activity retention capacity.

3. Covalent interaction

Since the as-produced CNT contain variable amounts of impurities, such as amorphous
carbon and metallic nanoparticles, the initial efforts in their purification focused on the
selective oxidation of the impurities with respect to the less reactive CNT. The combined
treatment of strong acids and sonication is known to purify the CNTs and generate anionic
groups (mainly carboxylate) along the sidewalls and ends of the nanotubes (see figure 2).
Also, dangling bonds can react similarly, generating other functions at the sidewalls.(Bahr,
Yang, Kosynkin, Bronikowski, Smalley, & Tour, 2001; Williams, Veenhuizen, de la Torre,
Eritja, & Dekker, 2002)

4. CNTs for biomedical applications

4.1 CNTs for protein delivery

Various low molecular weight proteins can adsorb spontaneously on the sidewalls of acid-
oxidized single-walled carbon nanotubes(Kam & Dai, 2005). The proteins are found to be
readily transported inside mammalian cells with nanotubes acting as the transporter via the
endocytosis pathway. This research was reported by Dai group. The results shown
streptavidin (SA) and cytochrome c (Cyt-c) could easily transport into the cytoplasm of cells
by the CNTs and take effect of their physiological action in the cell. Carbon nanotubes could
become new class of protein transporters for various in vitro and in vivo delivery
applications.
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Oxidation of Carbon Nanotubes
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Fig. 2. Oxidation and Functionalization of CarbonNanotubes (Prato, Kostarelos, & Bianco,
2008).

4.2 CNTs for gene delivery

One of the most promising concepts to correct genetic defects or exogenously alter the
cellular genetic makeup is gene therapy. Some challenges have existed in gene therapy.
Primary concerns are the stability of molecules, the amount of intracellular uptake, their
susceptibility to enzyme degradation, and the high impermeability of cell membranes to
foreign substances. To overcome this problem, the CNTs are used as vector able to associate
with DNA, RNA, or another type of nucleic acid by self-assembly and assist its intracellular
translocation. These systems offer several advantages, including easy upscaling, flexibility
in terms of the size of nucleic acid to be delivered, and reduced immunogenicity compared
with viruses.

The Kostas group reported CNT-mediated gene delivery and expression leading to the
production of marker proteins encoded in double-stranded pDNA(Y. Liu, Wu, Zhang, Jiang,
He, Chung, et al., 2005; Pantarotto, et al., 2004). The delivery of pDNA and expression of -
galactosidase (marker gene) in Chinese hamster ovary (CHO) cells is five to ten times higher
than naked pDNA alone.

The concept of gene delivery systems based on CNTs has also been reported by Liu
group(Y. Liu, et al., 2005). They report a noncovalent association of pDNA with PEI-CNTs
by electrostatic interaction. They have tested CNT-PEl:pDNA complexes at different charge
ratios in different cell lines. The levels of expression of luciferase (marker gene) are much
higher for the complexes incorporating CNTs than pDNA alone and about three times
higher than PEI alone.
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4.3 CNTs for chemical delivery

Recently, Dai group reported that using supramolecular -1 stacking to load a cancer
chemotherapy agent doxorubicin (DOX) onto branched polyethylene glycol (PEG)
functionalized SWNTs for in vivo drug delivery applications(Z. Liu, Fan, Rakhra, Sherlock,
Goodwin, Chen, et al., 2009). It has been found that the surface of PEGylated SWNTs could
be efficiently loaded with DOX by supramolecularm-m1 stacking. These methods offer several
advantages for cancer therapy, including enhanced therapeutic efficacy and a marked
reduction in toxicity compared with free DOX.

4.4 CNTs for cancer therapy

More interestingly, CNTs can be used as platforms for multiple derivatization by loading
their surface with therapeutic agents (treatment), fluorescent, magnetic, or radionuclide
probes (tracking), and active recognition moieties (targeting).

We present a strategy for using SWNTs as intracellular vectors for delivery of ASODNs
modified with gold nanoparticles (figure 3). This strategy allows intracellular delivery and
localization to enhance the therapeutic efficiency of the ASODNs by the conjugations of
SWNTs and GNPs compared with the naked ASODN:Ss in this experiment.
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Recently, Jia et al, have explored a novel double functionalization of a carbon nanotube
delivery system containing antisense oligodeoxynucleotides (ASODNSs) as a therapeutic
gene and CdTe quantum dots as fluorescent labeling probes via electrostatically layer-by-
layer assembling(N. Jia, Lian, Shen, Wang, Li, & Yang, 2007). With this novel
functionalization, it has demonstrated efficient intracellular transporting, strong cell nucleus
localization and high delivery efficiency of ASODNs by the PEI -MWNTs carriers.
Furthermore, the ASODNs bound to PEI-MWNTs show their effective anticancer activity.
Another strategy to achieve this is used CNTs covalently bound to Pt (IV) to deliver a lethal
dose of an anticancer drug and to a noncovalently bound (via a lipid coating of the CNTs)
fluorescein to track the system(figure 4)(Feazell, Nakayama-Ratchford, Dai, & Lippard,
2007). Here the toxic effect of the anticancer drug is dependent upon its release and
reduction inside the cell, only possible at lower pH environments such as endocytic vesicles,
which was exemplified using a testicular carcinoma cell line NTera-2.
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4.5 CNTs for HIV/AIDS therapy

Recently, Liu et al.(Z. Liu, Winters, Holodniy, & Dai, 2007) have shown the delivery of
siRNA molecules conjugated to CNT to human T cells and primary cells. The results Show
that nanotubes are capable of siRNA delivery to afford efficient RNAi of CXCR4 and CD4
receptors on human T cells and peripheral blood mononuclear cells (PBMCs).The siRNA
sequences used in these studies are able to silence the expression of the cell-surface
receptors CD4 and coreceptors CXCR4 necessary for HIV entry and infection of T cells. This
work demonstrates that siRNA linked through cleavable disulfide bonds to lipid molecules
coating CNTs can be efficiently delivered, leading to knockdown (about 60%) of the CD4
and CXCR4 expression. Furthermore, the siRNA-S-S-lipid coated CNT conjugates greatly
improve the silencing in T cells compared with Lipofectamine 2000 and other liposome-
based transfection agents. Even though preliminary at this stage, these results indicate the
potential use of CNTs for the treatment of HIV.

Part B. Nanotubes in biosensing

Carbon nanotubes (CNTs) have recently emerged as novel electronic and optical biosensing
materials for the detection of biomolecules such as DNA, antigen-antibody, cells, and other
biomolecules.(W. Cheng, L. Ding, S. J. Ding, Y. B. Yin, & H. X. Ju, 2009; Drouvalakis,
Bangsaruntip, Hueber, Kozar, Utz, & Dai, 2008; Hu, Huang, Li, Ling, Liu, Fei, et al., 2008)
Among widespread nanoscale building blocks, such as organic or inorganic nanowires and
nanodots, CNTs are considered as one of the most versatile because of their superior
mechanical and electrical properties and geometrical perfection. DNA analysis plays an
ever-increasing role in a number of areas related to human health including diagnosis of
infectious diseases, genetic mutations, drug discovery, food security, and warning against
biowarfare agents. etc. And thus make electrical DNA hybridization biosensors has attracted
considerable research efforts due to their high sensitivity, inherent simplicity and
miniaturization, and low cost and power requirements.

1. Optical DNA sensors

Alternatively, an effective sensing platform has been presented via the noncovalent
assembly of SWCNTs and dye-labeled ssDNA.(Yang, Tang, Yan, Kang, Kim, Zhu, et al.,
2008) Figure 1(a) shows the signaling scheme. When the SWCNTs are added to the dye-
labeled ssDNA solution, the ssDNA/SWCNT hybrid structure can be formed, in which the
dye molecule is in close proximity to the nanotube, thus quenching the fluorescence of dye
molecule.(Nakayama-Ratchford, Bangsaruntip, Sun, Welsher, & Dai, 2007)

The dye-labeled ssDNA can restore the fluorescence signal to an initial state in the presence of
the target. Figure 1(b) illustrates no significant variation in the fluorescence intensity of
fluorescein derivative (FAM)-labeled oligonucleotides (P1) in the absence of CNTs. In the
presence of SWCNT, a dramatic increase of the fluorescence intensity at 528 nm can be
observed in the DNA concentration range of 5.0-600 nM, suggesting that the SWCNT/DNA
assembly approach is effective in biosensing target DNA (Yang, et al., 2008) Yang, et al., 2008).
Furthermore, a visual sensor has been designed to detect DNA hybridization by measuring
the light scattering signal with DNA modified MWCNT as recognition element as shown in
figure 2. (Hu, et al., 2008) This sensor can be reused for at least 17 times and is stable for
more than 6 months.
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Fig. 1. (a) Scheme for signaling biomolecular interaction by the assembly of single-walled
carbon nanotubes (SWCNT) and dye-labeled single strand DNA. (b) Fluorescence emission
spectra of 50 nM FAM-labeled oligonucleotides (P1) in (a) phosphate buffer (PBS), (b)300
nM perfect cDNA (T1), (c) SWCNT, and (d_) SWCNT + 300 nM T1. Inset: fluorescence
intensity ratio of P1 and P1-SWCNT with F/FO plotted against the logarithm of the
concentration of T1. Excitation was at 480 nm, and emission was monitored at 528 nm.
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Fig. 2. The DNA Detection with Magnetic Particles-Carbon Nanotubes Coupled Sandwich
Probe.

2. Antigen—antibody immunoreactions

There are two different types of detection patterns for CNT-based immunosensors: label-
free immunosensors and immunosensors that employ labels and mediators. The label-free
immunosensor shows a convenient fabricating and detection procedure. Several label-free
peptide-coated CNTs based immunosensors has been proposed for the direct assay of
human serum sample using square wave stripping voltammetry (Ly & Cho, 2009), quartz
crystal microbalance measurements, and differential pulse voltammetry (DPV) (Okuno,
Maehashi, Kerman, Takamura, Matsumoto, & Tamiya, 2007). Based on CNT-FET, a label-
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free protein biosensor was also prepared for monitoring of a prostate cancer marker (Kim,
Lee, Lee, Hong, & Sim, 2009). As one of the most popular tracer labels, enzymes, including
ALP (Aziz, Park, Jon, & Yang, 2007), HRP (Wang, Liu, & Jan, 2004), and GOD(Lai, Yan, & Ju,
2009) have been immobilized on CNTs for enhancing the enzymatic signal. Typically, a
novel immunosensor array was constructed by coating layer-by-layer colloidal Prussian
blue (PB), gold nanoparticles (AuNPs), and capturing antibodies on screen-printed carbon
electrodes (Figure 3) and coupling with a new tracer nanoparticle probe labeled antibody
(Ab2) that was prepared by one-pot assembly of GOD and the antibodies on AuNPs
attached CNTs (Lai, Yan, & Ju, 2009).
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Fig. 3. Schematic representation of (al) preparation procedure of glucose oxidase (GOD)-Au
Nps/carbon nanotubes (CNTs)-Ab2 tracer and (a2) preparation of immunosensors and
sandwich-type electrochemical immunoassay (Lai, Yan, & Ju, 2009). c. Schematic outlines of
Immunosensor for Cholera Toxin.

The immobilized PB could not only eliminate the electrochemical cross talk but also avoid
the interference of dissolved oxygen. Using carcinoembryonic antigen and a-fetoprotein as
model analytes, the simultaneous multiplexed immunoassay method showed the linear
ranges of three orders of magnitude with the detection limits down to 1.4 and 2.2 pg mL-1,
respectively (Lai, Yan, & Ju, 2009). This assay approach showed a great potential in clinical
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applications and detection of low-abundant proteins. In addition, a sensitive method for the
detection of cholera toxin (CT) using an electrochemical immunosensor with liposomic
magnification has been proposed as shown in Figure 3c (Viswanathan, Wu, Huang, & Ho,
2006). The sensing interface consists of monoclonal antibody against the B subunit of CT that
is linked to poly (3, 4-ethylenedioxythiophene) coated on Nafion-supported MWCNT caste
film on a glassy carbon electrode. The sandwich assay provides the amplification route for
the detection of CT ranging from 1014 to 107 g mL-1 with a detection limit of 10-15 g mL-1. In
the same group, a disposable electrochemical immunosensor for carcinoembryonic antigen
using ferrocene liposome and MWCNT modified screen-printed carbon electrode was also
developed (Viswanathan, Rani, Vijay Anand, & Ho, 2009).

3. Sensing of cells

To achieve biocompatible interactions between CNTs and living cells, a strategy to
functionalize CNTs with biomolecules such as peptide as shown in Figure 4 (W. Cheng, L.
Ding, S. Ding, Y. Yin, & H. Ju, 2009) (Cheng, Ding, Lei, Ding, & Ju, 2008)and
monosaccharides was presented (Sudibya, Ma, Dong, Ng, Li, Liu, et al., 2009). A novel
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Fig. 4. a. Illustration of GlcNAc-pyrene functionalization of SWNTs. b. Phase-contrast
images of PC12 cells cultured on a bare SWNT-net (left) and GIcNAc-SWNTs (right).
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electrochemical cytosensing strategy was designed based on the specific recognition of
integrin receptors on cell surface to arginine-glycine-aspartic acid-serine (RGDS)-
functionalized SWCNT (Figure 4) (Cheng, Ding, Lei, Ding, & Ju, 2008). The conjugated
RGDS showed a predominant ability to capture cells on the electrode surface by the specific
combination of RGD domains with integrin receptors. On the basis of the dual signal
amplification of SWCNT and enzymatic catalysis, the cytosensor could respond down to 620
cells mL-1 of BGC cells with a linear calibration range from 1.0x10% to 1.0x107 cells mL-™.
Furthermore, the mannosyl group on a single living intact BGC cell was evaluated to be
5.3x107 molecules of mannose. The same group further prepared a cytosensor array for
multiplex evaluation of both the glycan expression profile on an intact cell surface and the
dynamic changes in the glycome during drug treatment.(W. Cheng, L. Ding, S. Ding, Y. Yin,
& H. Ju, 2009) The further functionalization of the metal-cluster-decoration CNTs with
Tween 20 could suppress non-specific binding and enabled label-free and selective detection
of A. anophagefferens (Ishikawa, Stauffer, Caron, & Zhou, 2009).

4. Detection of other biomolecules

4.1 NADH

The electrochemical oxidation of NADH at the electrode surface has received considerable
interest due to the need to develop amperometric biosensors for substrates of NAD+*
dependent dehydrogenases. Dihydronicotinamide adenine dinucleotide (NADH) and its
oxidized form, nicotinamide adenine dinucleotide (NAD*), are the key central charge
carriers in living cells. However, the oxidation of NADH at a conventional solid electrode
surface is highly irreversible with considerable overpotentials, which limits the selectivity of
the determination in a real sample. CNTs have been devoted to decreasing the high
overpotential for NADH oxidation on carbon paste electrodes (Blackburn,RS. &
Burkinshaw,S.M 2007) and microelectrodes (Wang, Deo, Poulin, & Mangey, 2003). By
integrating the hydrophilic ion-conducting matrix of CHITn with electron mediator
toluidine blue O and CNTs, the produced NADH sensor shows very low oxidation
overpotential and good analytical performance (Zhang & Gorski, 2005).

4.2 Glucose

The detection of glucose in blood is one of the most frequent performances for human
healthy, since some diseases are related to the blood glucose concentration. However, the
direct electron transfer for oxidation of FADH, or reduction of FAD(Shan, Yang, Song, Han,
Ivaska, & Niu, 2009) is hard to realize at conventional electrodes, because the FAD is deeply
seated in a cavity and not easily accessible for conduction of electrons from the electrode
surface. Thus, many CNTsbased nanohybrids, such as MWCNT/AuNPs/ionic liquid (F. Jia,
Shan, Li, & Niu, 2008), SWCNT/GOD/Nafion (Lyons & Keeley, 2008), polyaniline (PANI)-
coated Fe3O4 nanoparticle/MWCNT (Zhun Liu, Wang, Xie, & Chen, 2008), and
palladium/SWCNT (Meng, Jin, Yang, Lu, Zhang, & Cai, 2009), have been explored to
immobilize GOD for glucose biosensing. More interestingly, Willner’s group demonstrated
that aligned reconstituted GOD on the edge of SWCNT as conductive nanoneedles can be
linked to an electrode surface for fast glucose response (G. Liu & Lin, 2006).

4.3 Organophosphate pesticides
The rapid detection of these toxic agents in the environment and public places has become
increasingly important for homeland security and health protection. The flow injection
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amperometric biosensor for OPs has been developed by assembling AChE on CNTs-
modified GCE. Under optimal conditions, the biosensor has been used to measure paraoxon
as low as 0.4 pM with a 6-min inhibition time (G. Liu & Lin, 2006).

4.4 H,0;

H,0O; is a product of the enzymatic reactions between most oxidases and their substrates.
This detection is very interesting for the development of biosensors for oxidase substrates.
The earlier work on the electrocatalytic action of CNTs toward H,O, was reported at an
apparently decreased overvoltage using the CNTs/Nafion-coated electrode. With the
introduction of MWCNT, the polyaniline-PB/MWCNT hybrid system showed the synergy
between the PANI-PB and MWCNT, which amplified the sensitivity greatly (Zou, Sun, &
Xu, 2007).

5. Near-IR fluorescent based CNTs biosensor

Generally, the change modes of SWCNT NIR can be modulated to uniquely fingerprint
agents by either the emission band intensity or wavelength. CNTs have been found to be
useful optical materials with high photostability and efficiency for sensing applications
because of their NIR fluorescence properties from 900 to 1600 nm. Other than optical
detection, SWCNTs as sensing elements have a particular advantage due to the fact that all
atoms are surface atoms causing the nanotube to be especially sensitive to surface
adsorption events (Strano & Jin, 2008) (Barone, Parker, & Strano, 2005).

5.1 Sensing with change of emission intensity

Quenching of SWCNT fluorescence by means of oxidative charge transfer reactions with
small redox-active organic dye molecules has been demonstrated by suspending in SDS
solution and biotin-avidin test system. The NIR optical properties of SWCNT have attracted
particular attention for nanobiosensors based on the redox chemistry. At the most sensitive
band of 1270 nm, the detection limit for H>O» is found to be 8.8, 0.86, and 0.28 ppm by three
different methods based on the concentrationdependent rate constant, pectral intensity
change, and signal-to-noise ratio (Tu, Pehrsson, & Zhao, 2007). Another NIR optical protein
assay based on aptamers wrapped on the sidewall of SWCNT was designed. After the target
protein (thrombin) was added into the SWCNT-aptamer solution, the NIR absorption at
1142 nm decreased linearly upon the increasing concentration from 0.2 to 6.3 nM. This signal
provides a label-free and separation-free optical method for aptamer-based protein assays
(H. Chen, Yu, Jiang, Zhang, Liu, & Kong, 2009).

5.2 Sensing with shift of emission wavelength

The shift of emission wavelength has also been a usefulway to make sensing in addition to
emission intensity-based sensing, When cations adsorb onto the negatively charged
backbone of DNA, DNA oligonucleotides transform from the native, righthanded B form to
the left-handed Z form, which modulates the dielectric environment of SWCNT and
decreases their NIR emission energy up to 15 meV. The change of the emission wavelength
results in an effective ion sensor, especially formercuric ions. These NIR ion sensors can
operate in strongly scattering or absorbing mediator to detect mercuric ions in whole blood,
black ink, and living mammalian cells and tissues (D. A. Heller, Jeng, Yeung, Martinez,
Moll, Gastala, et al., 2006).
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5.3 Single-molecule detection

Nanoscale sensing elements offer promise for single molecule detection through NIR
fluorescence in physically or biologically constrained environments. A single-molecule
detection of H>O; has been demonstrated by stepwise NIR photoluminescence quenching of
surface-tethered DNA-SWCNT complexes (Figure 5(a)).
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Fig. 5. Single-molecule H>O, detection: (a) Schematic of biotinylated DN A-single-walled
carbon nanotubes (SWCNT) binding to a glass surface with bovine serum albumin-biotin
and Neutravidin. (b) Fitted traces from a movie showing single-step SWCNT emission
quenching upon perfusion of HO,. ((D. A. Heller, Jin, Martinez, Patel, Miller, Yeung, et al.,
2009)).

The time trace of SWCNT quenching was obtained by measuring the intensity of four-pixel
spots in movies recorded at one frame per second (Figure 5(b)), resulting in multiple traces
that exhibited single-step attenuation upon perfusion of H»O,. These measurements
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demonstrated singlemolecule detection of H2O, and provided promise for new classes of
biosensors with the single-molecular level of sensitivity.

6. SWCNT-based field-effect biosensor

Currently, four possible mechanisms have been proposed to account for the observed
changes in the SWCNT conductance: electrostatic gating (I. Heller, Manhnik, Lemay, &
Dekker, 2008) (Gui, Li, Zhang, Xu, Dong, Ho, et al., 2007), Schottky barrier effect (R. J. Chen,
Choi, Bangsaruntip, Yenilmez, Tang, Wang, et al., 2004), change in gate coupling (Besteman,
Lee, Wiertz, Heering, & Dekker, 2003), and carrier mobility change (Hecht, Ramirez,
Briman, Artukovic, Chichak, Stoddart, et al., 2006), among which the electrostatic gating and
Schottky barrier effect are dominant in the SWCNTbased FET biosensing device (I. Heller,
Janssens, Mannik, Minot, Lemay, & Dekker, 2007). The label-free CNTs-based filed-effect
sensor offers a new approach for a new generation of DNA biosensing. For example, a
synthetic polymer is well adsorbed to the walls of CNTs and carries activated succinimidyl
ester groups to fix the NH>-ssDNA probes for constructing a large array of CNTs-FETs.
Furthermore, a simple and generic protocol for label-free detection of DNA hybridization is
demonstrated by random sequencing of 15 and 30 mer oligonucleotides. DNA hybridization
on gold lectrodes, instead of on SWCNT sidewalls, is mainly responsible for the acute
electrical conductance change due to the modulation of energy level alignment between
SWCNT and gold contact. Aptamer is artificial oligonucleotides (DNA or RNA) that can
bind to a wide variety of entities with high selectivity, specificity, and affinity, equal to or
often superior to those of antibodies. The first SWCNT-FET-based biosensor comprising
aptamer was proposed by Lee’s group (So, Won, Kim, Kim, Ryu, Na, et al., 2005). Briefly,
aptamer immobilization was performed by modifying the side wall of the CNTs with
carbodiimidazole-activated Tween 20 through hydrophobic interaction, and covalently
attaching the 3-amine group of the thrombin aptamer (Figure 6(a)). The conductance
dropped sharply upon addition of 1.5,mol thrombin. The sensitivity became saturated
around protein concentration of 300 nM, where the linear response regime of the sensor was
expected to occur within the 0-100 nM range (Figure 6(b)). The addition of elastase did not
affect the conductance of the thrombin aptamer functionalized SWCNT-FET. Again, adding
thrombin to the thrombin aptamer functionalized SWCNT-FET surface caused a sharp
decrease in conductance (Figure 6(c)), thereby demonstrating the selectivity of the
immobilized thrombin aptamers.

The aptamer modified SWCNT-FETs are another promising sensor for the development of
label-free protein detection. SWCNT-FET are also promising devices for the specific
recognition of proteins. The first biosensor based on an individual SWCNT was reported by
Dekker’s group (Besteman, Lee, Wiertz, Heering, & Dekker, 2003). GOD was attached to the
sidewalls of a semiconductive CNT by a bifunctional reagent with a pyrene group. GOD-
coated semiconducting SWCNTs acted as sensitive pH sensors due to the strong pH-
dependent conductance of GOD immobilized SWCNT. Moreover, change of conductance of
GOD coated semiconducting SWCNT upon addition of glucose indicated that an enzyme-
activity sensor could be constructed at the single-molecule level of an individual SWCNT. In
the presence of redox mediators such as K3Fe(CN)6/K4Fe(CN)6 and K2IrCl6/K3IrCl6, the
SWCNT-FETs were shown to linearly detect the enzyme activity of the blue copper oxidase,
laccase, varied over two orders of magnitude of enzyme concentration in the picomolar
range (Boussaad, Diner, & Fan, 2008).
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Fig. 6. (a) Binding of thrombin on an single-walled carbon nanotubes-field-effect transistor
(SWCNT-FET)-based aptamer sensor. (b) The sensitivity of SWCNT-FET aptamer sensor as
a function of thrombin concentration. (c) The sensitivity of SWCNT-FET aptamer sensor as a
function of thrombin concentration (So, et al., 2005).

7. Electrochemical sensors

Electrochemical DNA sensors can convert the hybridization event into an electrochemical
signal. DNA sensing approaches include the intrinsic electroactivity of DNA, electrochemistry
of DN A-specific redox indicators, electrochemistry of enzymes, and conducting polymers. The
direct electrochemical oxidation of guanine or adenine residues of ssDNA leads to an
indicator-free DNA biosensor. For example, Wang’s group used CNTs for dramatically
amplifying alkaline phosphatase (ALP) enzyme-based bioaffinity electrical sensing of DNA
with a remarkably low detection limit of around 1 fg mL-! (54 aM).(Wang, Liu, & Jan, 2004)

Professor Kotov and collaborator (Professor Xu) had demonstrated that CNT/cotton threads
can be used to detect albumin, the key protein of blood, with high sensitivity and
selectivity(Shim, Chen, Doty, Xu, & Kotov, 2008). In this method, cotton yarn has been
coated with CNTs and polyelectrolytes. This method provides a fast, simple, robust, low-
cost, and readily scalable process for making e-textiles, reminiscent of layer-by-layer
assembly processes used before. The resulting CNT/cotton yarns showed high electrical
conductivities as well as some functionality due to biological modification of inter-nanotube
tunneling junctions. When the CNT/cotton yarn incorporated anti-albumin, it became an e-
textile biosensor that quantitatively and selectively detected albumin, the essential protein in
blood. The same sensing approach can easily be extended to many other proteins and



150 Carbon Nanotubes - Growth and Applications

biomolecules. Single-walled and multi-walled carbon nanotubes (SWNTs, MWNTs) were
dispersed in dilute Nafion™-ethanol or poly(sodium 4-styrene sulfonate) (PSS)-water
solutions. A general commodity cotton thread (1.5 mm in diameter) was dipped in the
prepared CNT dispersions and dried (Figure 7ab). After several repetitive dips, reminiscent
of the layer-by-layer assembly process, the cotton thread became conductive with a
resistivity as low as 20 Q/cm. As a demonstration of the conductivity, we easily powered
an LED device connected to a battery by the prepared threads (Figure 7c).

CNT-Cotton e-textile

Original Cotton

N—
0.1 0.2 03 04 05
Strain
@ 1.SWNT-Anti-albumin hybrid structure 2. Detectable albumin input 3. Reacted anti-albumin released
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Fig. 7. Photographs of SWNT-cotton yarn. (a) Comparison of the original and surface
modified yarn. (b) 1 u m-long piece as made. (c) Demonstration of LED emission with the
current passing through the yarn. (d) Stress-strain curves for the CNT-cotton yarn and the
original cotton thread. (e) Suggested detection mechanism of antibody-antigen reaction.
SEM images before (f,g) and after (h,i) the antibody/antigen reaction.
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The incorporation of CNTs into the cotton yarn was much more efficient than their
adsorption into carbon fibers, which was tried elsewhere. This could be a result of the
efficient interaction of polyelectrolytes with cotton and other natural polysaccharide- and
cellulose-based materials, such as paper, which is well known in industry. Additionally, the
flexibility of the CNTs allowed them to conform to the surface of the cotton fibers. Both
SWNTs and MWNTs stabilized in Nafion™ seamlessly cover. In comparison with other
electronic textiles, fabrics, and threads, the resistivity of the yarn in Figure 7ab is two orders
of magnitude lower than the resistivity of comparable CNT-dyed textiles (7.8 kQ/cm).
Furthermore, the reported resistivity of 1 cm-long yarn drawn from CNT forests is at best, if
converted to the scale used here, in the range of a few kQ/cm.

The strength of the CNT/cotton yarn is more than 2 times higher than that of the original
cotton thread due to a reduction of the overall diameter, densification and stronger adhesion
of the fibers to each other by the polymer material. Even though the cotton yarn became
slightly harder after being coated with SWNTs, it is still very flexible and soft, both of which
are important for the wearability of electronic fabric. Single exposure of the produced yarn
to different solvents imitating washing did not appreciably affect the electrical properties.
The low electrical resistance of CNT/cotton yarn allows for convenient sensing applications
which may not require any additional electronics or converters. It also reduces the power
necessary for sensing. PSS is more hydrophilic than Nafion™, and, thus, CNT-Nafion™ is
more advantageous for dry-state sensing while CNT-PSS will be more advantageous in
humid conditions. For intelligent fabric demonstrations, the CNT-Nafion™ yarn was tested
as a humidity sensor in a dry state while CNT-PSS yarn served as a wet-state bio-sensor
platform. As the humidity was raised, the resistance increased. This is most likely a result of
reversible hygroscopic swelling of both Nafion™ and cotton, which readily disrupts the
electron transport between CNTs. The change in the resistance was almost instantaneous,
and the signal was strong even in the very dry conditions of 20% humidity. Sensitivity to
humidity changes also gives a good indication of the so-called “breathability” of the
material, which is also an important parameter for smart fabrics.

Another example of an integrated, functional biosensor was demonstrated using SWNT-PSS
yarn. the choose of the antigen/antibody reaction between human serum albumin (HSA)
and its respective immunoglobulin (IgG) anti-HSA for the model system that can be
generalized to many other relevant antigen/antibody systems of interest. PSS is known as
an excellent stabilizer of proteins and can be used to form a layer-by-layer film with IgG
antibodies. After the adding of anti-HSA directly to the SWNT-PSS solution and coated the
cotton yarn as before, the CNT-IgG/ cotton yarn was frozen and then dried under vacuum
in order to minimize antibody denaturation. This cycle was repeated three times before use.
For sensing experiments, two different albumin proteins were used; human serum albumin
(HSA, 67 kDa) and bovine serum albumin (BSA, 66 kDa). Each experiment involved the
measurements of conductivity of yarns being in contact with a 500 ¢1 aqueous volume of
water. 50 1 aliquots of bovine and human albumins at different concentration were added
to this starting volume. Detection of the antigen with CNT-IgG/cotton yarn was very
sensitive and selective. The presence of analyte around the CNT-IgG/cotton yarn was
indicated by an increase in conductivity (Figure 8ab). The detectable concentration of HSA
was as low as 119 nM (Figure 8a, x100), producing a signal drop of 2980 Q, which is a 2.5%
change from the baseline. As a reference, the HSA concentration in our blood ranges from
446 uM to 746 pM. The presence of analyte around the CNT-IgG/cotton yarn was indicated
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by an increase in conductivity. The detectable concentration of HSA was as low as 119 nM.
As a reference, the HSA concentration in our blood ranges from 446 nM to 746nM. The high
sensitivity obtained in these experiments is comparable or exceeds that of sensing devices
based on surface modified cantilevers similar to those used in AFM. At the same time, the
selectivity of the SWNT-cotton yarn sensor was also high.
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Fig. 8. Demonstration of the biosensing functionality of SWNT-modified yarn using a
generic antibody-antigen reaction. (a) Effect of the concentration of HSA (11.9uM at x1
dilution) and (b) BSA (30 UM at x1 dilution) on conductivity of a CNT-PSS-anti-HSA coated
yarn. (¢, d) Cyclic voltammetry measurements of HSA (11.9 UM at x1 dilution) on (c) a CNT-
PSS-anti-HSA coated yarn and (d) a CNT-PSS yarn.

The signal transduction mechanism is believed to involve the release or significant
rearrangement of IgGs from the CNT/cotton yarn. Negatively-charged HSA reacts with
anti-albumin, which is followed by the process of expulsion from the SWNT-cotton matrix
by the negatively charged polyelectrolyte, such as PSS. As a result, more extensive SWNT
contacts are formed producing a more conductive network, resulting in the drop of the
resistance. Because the contact resistance between SWNTs is affected by changes in the
tunneling junction as small as a few angstroms, the removal or rearrangement of large
protein macromolecules with diameters of a few nanometer results in a very substantial
change in resistivity as one can see above from exceptional sensitivity obtained. SEM
observations and cyclic voltammetry (CV) measurements corroborate the suggested signal
transduction mechanism. SEM images show substantial restructuring upon exposure to the
target protein. Before the biosensing reaction, the SWNT-PSS-anti-HSA coating displays a
wavy morphology (Figure 7fg), which likely originates from the drying of frozen SWNT-
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PSS-anti-HSA yarn under vacuum. After HSA detection, the wavy structures have
disappeared; flat coatings with clearly visible SWNT networks can be seen. It is evident that
after reaction with HSA, the SWNTs formed a more compact phase and, thus, more efficient
percolation routes. These observations were further validated by CV measurements in
which the anti-HSA coated smart yarn was set as a working electrode. CV data indicate a
clear increase of conductivity of the smart fabric upon the less diluted antigen proteins
(Figure 8c) in solution confirming the partial removal of the insulating spacing between the
SWNTs. This effect is clearly absent when no antibody was incorporated between the
nanotubes (Figure 8d). This finding also correlates well with the general sensing scheme
outlined above. The suggested signal transduction mechanism implies one-time sensing
upon complete removal of the antibodies, or cumulative sensing of the protein until it has
been completely removed. From a fundamental standpoint, it would be interesting to
engineer a coating with reversible sensing functionality. From a practical standpoint,
however, which must consider (1) the limited life-time of antibodies and (2) the actual
circumstances that can result in the appearance of blood, the multiple use of this sensor is
unlikely. So, the reversible sensor to HAS might be interesting from academic point of view
but its practicality is questionable.

Based on previously reported the SWNT coated cotton yarns to detect proteins in solutions,
it would be fundamentally interesting as well as practically important to establish whether
the similar method of analysis can be applied to the environmental needs and food safety.
With this idea in mind, we have prepared and characterized the SWNT coated paper as the
sensor for MC-LR toxin in the water. We attribute it to greater flexibility of SWNTs and their
stronger adherence to paper originating in strong non-covalent cooperative interactions
between the polyelectrolytes and cellulose. It is also probably relevant to mention that, even
under high electrical current, no detachment of CNTs from the SWNT-modified paper
electrode was observed.

Regular filter paper strips were dip-coated with the SWNT and the dip-dry cycles were
repeated until the desirable electrical parameters of the sensor were obtained. The number
of the cycles is treated as the number of SWNT layers deposited. The deposition of SWNTs
can be observed by the change in color from white to black (Figure 9b). SEM images of the
SWNT-coated paper indeed indicate the typical paper morphology, presence of the finely
integrated nanotubes, and excellent physical integrity of the material. (Figure 9cd) As
expected the conductivity of the produced material increases with increasing the SWNT
contents and the number of layers of SWNT/PSS dispersion deposited (Figure 9b). The
gradual increase of conductivity is quite important because in perspective the conductivity
of the paper electrode needs to be within a specific range of values depending on the
parameters of electrical circuit being used in order to get the best noise-to-signal ratio and
the detection linearity for sensing in aqueous environments.

For sensing, we employed the standard three-electrode electrochemical station to measure
changes in electrical properties of the SWNT-paper strips, which were used as work
electrodes. Pt wire and the saturated HgoCl, were used as a counter and referenced
electrodes, respectively. The standard electrochemical set-up gives more accurate results
than a simple clamping of the SWNT-paper material between two electrodes due to
interfacial potential drops at electrode-SWNT interfaces of different nature including the
Schottky barrier. Different concentrations of the MC-LR were obtained by dilution of a stock
solution of 0.156 nmol/L, 0.313 nmol/L, 0.625 nmol/L, 1.25 nmol/L, 2.5 nmol/L, 5 nmol/L,
10 nmol/L, 20 nmol/L, 40 nmol/L, 100 nmol/L. Aliquots of this solution were added into
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filter paper with a different number of the deposition cycles. The SEM images of (c) the
surface morphology and (d) the edge of the paper electrode. (e) The sense mechanism of the
developed method. The calibration curve of the determination for MC-LR (f) and (g).
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the reaction cell one by one at specific time points to obtain the trend from low to high
concentrations. After each addition at least 300 s was allowed to pass to make sure that
immunoreaction has enough time to proceed before the corresponding i-t curve was
recorded. The reaction time 300 s adopted here was based on the optimization result with
the best signal intensity. The current values after the start of detection where the i-t is
transient plateaus (i.e. in the “flat” portion of the curve in the Supporting Information)
were used as the analytical signal to be correlated to the concentration of MC-LR. (Figure
9e) As indicated in Figure 9e, the presence of the target analyte, i.e. MC-LR in this case
reduces the current through the electrode. This corresponds to the reduction of the
conductivity of SWNT-paper composite, which is quite different than the observations
made for SWNT and anti-albumin Ab on cotton, where the resistivity decreased when
antigen was present in solution. It was explained by the removal of Ab from the SWNT
layers, resulting in shrinking of nanotubes-nanotube gaps and improvement of charge
transport. In the case of electrodes described here, a different mechanism is apparently at
play. Antigen penetrates through the SWNT polymer layer on the surface of paper fibers
and forms the immunocomplex with Ab. This spreads apart the nanotubes, increases the
nanotubes-nanotube contact resistance and hence, reduces the current passing through
the material.

The SWNT-paper electrode can sense even the minor change of the MC-LR in the solution
with limit of detection (LOD) of 0.6 nmol/L, which is correspond to 0.6 ng/mL and the
sensitivity to the detection of MC-LR is 0.6 ng/mL (Figure 9g). It is also highly specific. The
control sample of ochratoxin, which belongs to the family of micotoxints and is also a
carcinogen, produced only slight variations in the current probably due to manipulations
with the solution but no systematic correlation with the concentration of the control sample
was observed. The calibration curve for MC-LR on SWNT-paper electrodes in the range of
0.125 to 40 nmol/L has a prevalent L-shape (Figure 9f). In the most important range of 1.25
to 10 pmol/L the calibration curve displayed excellent linearity with R2 of 0.99426. Such
behavior is indicative of the saturation phenomena when most of the antibodies in the
SWNT-paper electrode formed complexes with MC-LR. According the requirements of the
WHO, the content of the MC-LR in the daily water should be less than Ing/mL, which
corresponds to 1 nmol/L. The SWNT-paper based sensor could be used to monitor the
quality of the drinking water for safety control. Comparing with the traditional ELISA
method, the newly developed method has the similar detection range, LOD, and sensitivity
with the ELISA, but in much shorter detection time. It is also much easier to operate. The
time necessary for the analysis by ELISA usually exceeds 2 hours. In cases of our method,
the entire analysis takes no longer than 30 min. This is much more suitable for the task of
everyday monitoring of water supply. The water from Tai lake was spiked with MC-LR, the
technique affords excellent recoveries of the spiked samples and acceptable relative
standard deviation (n=3). Overall, excellent correlation between the MC-LR concentration
values obtained by ELISA and SWNT-paper method was observed.

8. Conclusion

Different types of CNT delivery has been explored in various biomedical applications. The
mechanisms of the cellular uptake of CNTs are primarily dependent on the cell type and the
chemical nature and characteristics of the molecules used to functionalize the nanotube
surface. Consideration of all possible mechanisms leading to CNT uptake by cells is
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essential to transform one of the most promising types of novel nonmaterial into a useful
and clinically relevant biotechnological and biomedical tool.

The introduction of a probe biomolecule on the surface of the CNTs as recognition element
results in highly specific recognition and detection of the biomolecules from the biological
samples. Meanwhile, CNT is in direct contact with the environment, which permits them to
act as chemical and biological sensors in single-molecular detection of biomolecules.

To meet the urgent demand of monitoring different analytes, the carbon nanotubes based
sensor may provide a very simple, rapid, sensitive, and inexpensive electrical sensor. The
detection limit, sensitivity, specificity and the repeatability of the developed sesnor can be
compared to that of other analytic methods while the sensor is much easier to use. It is
believed that the carbon nantube based sensor could be a potential and powerful method for
the monitoring of targets. Importantly, future researches on CNTs-based biosensing have
attractive interest in vivo detection with less cytotoxicity, high sensitivity, and long-term
stability for reliable point-of-care diagnostics under physiological conditions.
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1. Introduction

The detection of bacteria, virus and toxins in food, clinical and environmental samples is an
important area of research. Normally, the identification of pathogens is based on
immunological and DNA based methods. In case of immunological methods, the interaction
between an antigen and antibody was exploited. Techniques such as agglutination, ELISA
are based on this principle. Another method is based on attraction between complementary
sequences of DNA. PCR method is a very popular method used to detect DNA. All these
techniques either have poor sensitivity or need qualified man power. During the past two
decades, efforts were made to develop biosensors which are faster and more sensitive than
traditional techniques. The development of biosensors need materials which should be
biocompatible and has good electrochemical properties. Nanomaterials such as metal
oxides, carbon nanotubes and quantum dots were found to be promising materials. Carbon
nanotubes have several important properties such as biocompatibility, good electrochemical
and electrical properties. They are amenable for immobilization of biomolecules. This
chapter highlights on the recent developments and improvements in the field of affinity
based biosensors by using CNTs.

2. Biosensor: An introduction

Biosensor is an analytical device consisting of a sensing element which is in close contact
with a transducer and an electronic circuit for display of results. The sensing element may
be a biological material (enzyme, antibody), biologically derived material (recombinant
antibodies, proteins, and aptamers) or biomimic (synthetic catalysts, imprinted polymer,
conducting polymer). The transducer will convert any physicochemical changes taking
place in its proximity into electrical signals. Various types of transducers have been used in
realizing biosensor. These are based on electrochemical, optical, mass-sensitive, thermal and
electronics principles. Based on the biological recognition elements, biosensor can be
catalytic or an affinity based device. The catalytic biosensors are made by using enzymes
which utilize their catalytic efficiency towards an analyte. While affinity based biosensors
utilize the complexing forming ability of antigen and antibody. And also they utilize the
attraction between complimentary sequences in DNA. The carbon nanotubes are mainly
used in electrochemical biosensors and Field effect transistor (FET) based biosensors.
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2.1 Electrochemical biosensor

The electrochemical biosensors can be further subdivided into amperometric, potentiometric,
impedometric and conductometric sensors. The electrochemical biosensors are cheap and
require simple instrumentation. An amperometric biosensor contains a three electrode system
consisting of sensing electrodes, reference electrode and auxiliary electrode. All these
electrodes are to be immersed in a suitable electrolyte. And a constant potential on the sensing
electrode is applied and the resulting current is related to the concentration of analyte. Some
electrochemical sensors utilize voltammetric techniques such as cyclic voltammetry,
differential pulse voltammetry or square wave voltammetry. In potentiometric experiments
the potential developed between two electrodes is measured by a high impedance voltmeter.
The biological element is attached to the sensing electrode and the other electrode serves as
reference electrode. In the impedometric sensors, a three electrode system is used and the
impedance plots were made in presence of a redox compound such as ferrocyanide. In a
conductometric sensor the conductivity of the sensor is measured. CNTs are mainly used in
amperometric and impedometric sensor and voltammetry based biosensors.

2.2 FET based biosensor

Typically a field effect transistor device (FET) will have a source and a drain. A current
passes from source to drain. The FET also contains a gate, whose properties will be able to
control the current passing between the source and drain. The gate material will generate an
electrical field and controls the current flow. Ion sensitive field effect transistors (ISFET) are
found to be suitable for pH sensing. Another form of FET utilizes a nano wire between two
conducting materials. The nanowire has its atoms concentrated on its surface. Thus, any
small changes in the charges present on the nanowire will cause a change in the flow of
current. The electrical properties of one dimensional material such as Silicon nanowire,
conducting polymer based nanowires, metal oxide nanowires and carbon nanotubes are
sensitive to the recognizing element attached to them. This is because the high surface to
volume ratio associated the one dimensional materials. The single walled carbon nanotubes
(SWCNT) have a band gap varying from 0 eV to 2 eVs. Hence, SWCNT can behave as
metallic or as semiconductor. Hence, they are suitable for FET devices.

3. Nanotechnology

Nanotechnology refers to materials and structures having dimensions less than 100 nm. These
nanomaterials and nanostructures offer newer methods of sensing. The nanomaterials possess
special properties due to quantum confinement effect, high surface area and high aspect ratio.
In addition, the electrochemical devices have high sensitivity with transducers using nano
materials because of edge diffusion phenomena. Nanomaterials such as precious metal
nanoparticles, metal oxides, nano-structured conducting polymers and carbon nanotubes have
recently attracted much interest owing to their application in nano-scaled devices, sensors and
detectors. Nanotechnology also offer new devices such as interdigitated electrodes, nano gap
electrodes, cantilevers and FETs. These devices have high sensitivity.

3.1 Properties of CNTs

The development of biosensors need novel material with suitable properties. Depending on
the type of transducer, the material property requirements varies. For example,
electrochemical immunosensors require materials having good electrochemical and good
electrical conducting properties. While the electrical sensors such as FETs require nano
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wires having semiconductor properties. Besides these properties, the materials should have
good biocompatibility and amenable for immobilization of biomolecules.

The carbon nanotubes have several desirable properties such as good electronic, mechanical
and optical properties. Their remarkable mechanical strength stems from covalent sp2 bonds
between individual carbon atoms [Bockrath et al, 1997]. Thus they have good thermal
stability. Depending on their structure, carbon nanotubes can be metallic or semiconducting in
nature and hence some nanotubes have conductivities higher than that of copper, while others
behave more like silicon. And this characteristic opens the way for carbon nanotubes
applications in electronic devices including field effect transistor, single-electron transistors
and rectifying diodes [Popov et al., 2004]. Carbon nanotubes have large surface area due to
their nanometer diameter range. In case of semiconducting nanotubes, transport measurement
depicts that a nanotube is connected to two metal electrodes and hence characteristic of field
effect transistor. By applying potential to a gate electrode, nanotubes can be switched from a
conducting to an insulating state. This type of system was shown to be operative even at room
temperatures thus meeting the requirement for potential practical application [Robertson et al.,
1992]. The FET operation was explained by semiclassical band-bending model. Carbon
nanotubes (CNTs) have been widely discussed as materials with enormous potential for
various applications. Due to superior electronic and mechanical properties along with
nanoscale dimensions, a lot of attention has been drawn toward CNTs for bio-applications
ranging from drug delivery to highly sensitive biosensors. CNT-based immunosensors and
applications are still in the nascent stage, and there are many challenges to be overcome for the
successful commercialization of the concepts. This chapter highlights on the recent
developments and the improvement in the sensitivity of immunosensors by using CNTs.

CNTs SiNWs CPNWs
Metal alloy/oxide,
conduct. polymers

Materials Carbon Silicon

Laser assisted

Deposition Arch dls.charged Super critical Electrochemical
. Laser assisted : .
technique VD fluid solution methods
VLS method
Manufacturability |Difficult Difficult Easy
SurfE}C'e . Limited Well known Well known
modification
Functionality Single process Single process Multiple process
TREFT B

Table. 1. State-of-the Art Nanosensor Materials

4. Methods of immobilization of biomolecules on CNTs

For realizing a biosensor, it is essential to fix biomolecules on to the transducer. Carbon
nanotubes can be a part of transducer. In general, several classes of immobilization methods
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have been used, such as physical adsorption, microencapsulation, entrapment, covalent
attachment and cross-linking. The CNTs offer newer opportunities and special abilities than
the existing materials. Physical adsorption is the simplest method of immobilization in
which biomolecules are mechanically attached on to the surface with the help of van der
Waals forces. And in this method no conformational change occurs. This method also has a
disadvantage that biomolecules may leak from the surface during experiments due to weak
binding force between biomolecules and the surface. It is very easy to adopt physical
adsorption methods because it involves dropping of a buffer solution containing the
biological molecule on to the electrode. Carbon nanotubes are in the range of nanometer
size, so it has large surface area. Also they are hydrophobic in nature. Hence, the
biomolecules can get adsorbed easily. The CNTs were used in various forms for
development of immunosensors. They are used in making or modifying screen printed
electrodes. They are also used in modifying the glassy carbon electrode. Normally, a binder
such as nafion or chitosan has been used for this purpose [Tsai et al., 2005, 2007; Liaw et al.,
2006]. The CNT paste electrodes were prepared by mixing CNTs with mineral oil. It was
found that CNT paste has lot of crevices and voids, which help in holding the antibodies.
Below is the SEM Image of CNTs which shows the crevices and voids on the surface of a
MWCNT paste electrode [Fig. 1]. By spectroscopic experiments it was proved that the
MWCNT paste can adsorb more quantity of antibody than graphite paste electrode [Suresh
et al., 2010]. Similar property was also reported for nano porous zinc oxide.

6/2/2009 | HFW | WD | Mag | HV
4:23:58 PM|6.76 yim|7.9 mm)|40000x 20.0 kV/

Copyright @ 2010 Elsevier B.V.
Fig. 1. SEM image of MWCNT. Reprinted with permission from Talanta, 81, 703 (2010).

In microencapsulation, biomolecules are trapped between membranes. In the entrapment
method, biomolecule is trapped in a matrix of a gel, paste or polymer and it is the very
popular method. In covalent attachment, there is a formation of covalent chemical bonds
between biomolecules and transducer. The CNTs are a part of transducer. The best stability,
accessibility and selectivity can be achieved through covalent bonding. Covalent bonding
has the capability to control the location of the biomolecules; therefore, it improves the
stability, accessibility and selectivity. For the covalent bonding of molecules to the
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nanotubes, it is essential to form functional groups on the carbon nanotubes [Scheme 1]. The
carboxylic acid group is often the best choice because it can undergo a variety of reactions
and is easily formed on carbon nanotubes via oxidizing treatments, e.g. sonication in
sulphuric and nitric acid, refluxing in nitric acid and air oxidization. The control of reactants
and/or reaction conditions may control the locations and density of the carboxylic groups
on the nanotubes which can be used for controlled attachment of biomolecules. One of the
universal methods for connecting biomolecules to other materials is diimide-activated
amidation, by direct coupling of carboxylic acid to proteins using N-ethyl-N’'-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDAC) or N,N’ dicyclohexyl
carbodiimide (DCC) as a coupling agent. However, this process leads to undesirable side
reactions of intermolecular conjugation of proteins, because most proteins are rich in both
amine groups and carboxylic acid groups on their surface. This intermolecular connection
can be avoided by using a two-step process: carboxylic acid groups are first converted to
active esters via diimide-activation, and then the active esters are reacted with the amine
groups on proteins without the presence of diimide. Thus, the process can guarantee
homogenous attachment of proteins onto carbon nanotubes.
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Scheme 1. Covalent functionalization with biomolecules

Kuiyang et al. reported the covalent immobilization of the protein molecules on carbon
nanotubes via a two-step process of diimide-activated amidation. Here, ferritin and bovine
serum albumin (BSA) proteins are chemically bonded to nitrogen-doped multi-walled
carbon nanotubes (CNx MWNTs) through a two-step process of diimide-activated
amidation. This two-step process avoids the intermolecular conjugation of proteins, and
guarantees the uniform attachment of proteins on carbon nanotubes. This approach
provides an efficient method to attach biomolecules to carbon nanotubes at ambient
conditions (Kuiyang et al., 2004).
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Biofunctionalization and manipulating of carbon nanotubes (CNTs) is important for
biomedical research and application. Cy5 labeled goat anti-rabbit IgG (anti-IgG-Cy5) is
chemically bonded to CNTs via a two-step process of diimide-activated amidation. This
process can avoid the intermolecular connection of proteins (Xu et al., 2008).

The phage display to identify peptides with selective affinity for CNTs has been explored
(Wang et al., 2003). Binding specificity has been confirmed by demonstrating direct
attachment of nanotubes to phage and free peptides immobilized on microspheres.
Consensus binding sequences show a motif rich in histidine and tryptophan at specific
locations. The analysis of peptide conformations shows that the binding sequence is flexible
and folds into a structure matching the geometry of carbon nanotubes. The hydrophobic
structure of the peptide chains suggests that they act as symmetric detergents. An IgG
monoclonal antibody against the fullerene Co (Braden et al., 2000) was also studied to show
binding to CNTs with some selectivity (Erlanger et al., 2001). The combination of
multiwalled carbon nanotubes (MWCNT) as a transducer with polysulfone (PS) polymer
enables easy incorporation of biological moieties (hormones or antibodies). It provides three
dimensional composites with high electrochemical response to corresponding analytes. For
biomedical purposes, human chorionic gonadotropin (hCG) hormone was tested by
competitive immunoassay. The detection limit was determined to be 14.6 mIU/mL with a
linear range up to 600 mIU/mL (Sanchez et al. 2008).

The nanotechnology applied in biosensing must have relevant methods to immobilize
biomolecules, whose activity may be preserved for long periods of time. The most used
methods for this purpose are the electrostatic layer-by-layer (LbL) (Decher et al., 1992) and
the Langmuir-Blodgett techniques (LB technique)(Blodgett, 1934), which are
complementary to each other in terms of the types of material that can be employed. The
LbL method utilizes alternating layers of positive and negatively charged materials soluble
in water, which is suitable for proteins. The LbL films are obtained via transfer of insoluble
films from the air/water interface onto solid supports. Traditional materials forming stable
monolayers are fatty acids, phospholipids, sterols, and substances with a long alkyl chain
and a hydrophilic moiety. Soluble substances with affinity to the air-water interface
(proteins and nucleic acids) can also be incorporated into the monolayers by adsorption
from the aqueous subphase. Therefore, a variety of materials may be immobilized on solid
matrices through the LB method, opening the way to fabricate hybrid systems. In particular,
LbL technique is promising for silicon-based sensors as this method allows a control of film
architecture and thickness, in addition to the synergy between properties of distinct
materials, including carbon nanotubes [Lee et al., 2009], proteins [Lvov et al.,1995], antigen-
antibody pairs [Zucolotto et al., 2007], DNA [Elbakry et al.,, 2009] and nanoparticles
[Crespilho et al., 2006].

The most widely used advanced technique is patterning of biological macromolecules onto
solid surfaces in the form of microarrays and/or chips. The target-capture process is
performed on the substrates (e.g., silicon wafer, glass slide) via biological recognition. A
signal probe (fluorescent dye molecules are used usually) is utilized to signal such biological
interactions. Sensitivity is a central factor for bioanalytical technique. To achieve a high
sensitivity, a large amount of research has focused on signal amplification by utilizing
various nanomaterials (e.g., quantum dots, metal nanoparticles) as strong and photostable
signal probes [Cao et al,, 2002; Maxwel et al., 2002; Li et al, 2002]. Although these
approaches have made condsiderable progress in biomolecular detection, they still have
several drawbacks: (1) these techniques involve a complex procedure for immobilization of
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the biomolecules on the flat substrate; (2) since the target-catching procedure is carried out
on the flat surface of microarray or titer plate, such heterogeneous procedure increases assay
time and decreases the sensitivity due to the slow target-binding kinetics; (3) some
nanomaterials (e.g., nanoparticles of Ag, CdS, CdSe) used for signal amplification are
sensitive to air, which causes reduced reproducibility. In cross-linking method, a
bifunctional agent is used to bond chemically the transducer to the biomolecules. There are a
number of advantage of immobilizing biomolecules to the surface- (i) single batch of
biomolecules can be used multiple times (ii) reaction can be stop rapidly by removing the
biomolecule from the reaction solution (iii) there is less chance of contamination of product
with biomolecules (iv) immobilization provide long life to the biomolecules.

5. CNTs and metal nanoparticles composites

There are many reports on the application of CNTs with metal nanoparticle such as gold,
platinum, copper, silver etc. [Lin et al., 2009; Wen et al., 2009; Valentini et al., 2007; Lin et al.,
2009] . Below are the SEM images of MWCNTs/SPE, nano-gold/SPE and MWCNTSs/nano
gold/SPE (screen printed electrode).

(@) (b) ©
Reprinted with permission from Journal of Clinical Chemistry, 46, 3759 (2008).
Copyright @ 2008, American Society for Microbiology

Fig. 2. (a) MWCNTSs/SPE, (b) nano-Au/SPE, (c) MWCNTs/nano-Au/SPE

In these figures, figure 2(a) shows the nanotube like structure on the electrode surface,
figure 2(b) shows the nanoparticle like structure of gold which are electro-generated on the
surface of bare screen printed electrode and figure 2(c) shows the nanohybride structure of
MWCNTs and gold [Sharma et al., 2008]. The electrocatalytic efficiency of SPE modified
electrode towards oxidation of naphthol was found to be very high. The 1-naphthol is
produced by hydrolysis of 1-naphthyl phosphate by the enzyme alkaline phosphatase.
Hence, these electrodes were suited in the detection of malaria by sandwich ELISA system,
in which alkaline phosphatase is used as an enzyme tagged to revealing antibody.

Preparation of nanocomposite materials from carbon nanotubes (CNTs) and metal or metal
oxide nanoparticles has important implications to the development of advanced catalytic
and sensory materials. Molecularly mediated assembly of monolayer-capped nanoparticles
on multiwalled CNTs via a combination of hydrophobic and hydrogen-bonding interactions
between the capping/mediating shell and the CNT surface have advantage that it does not
require tedious surface modification of CNTs. It shows simplicity and effectiveness for
assembling alkanethiolate-capped gold nanoparticles of 2-5 nm core sizes onto CNTs with
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controllable coverage and spatially isolated character. The loading and distribution of the
nanoparticles on CNTs depend on the relative concentrations of gold nanoparticles, CNTs,
and mediating or linking agents. The composite nanomaterials can be dispersed in organic
solvent, and the capping/linking shells can be removed by thermal treatment to produce
controllable nanocrystals on the CNT surfaces.

6. CNTs and affinity biosensors

There are two types of affinity based biosensors. These are called immunosensors and DNA
sensors. The immunosensors exploit the property of complex formation between an
antigen and its antibody. And the other utilizes attraction between the complimentary
sequences of the DNA strands. Mainly CNTs were utilized in developing electrochemical,
optical and electronic sensors.

6.1 Inmunosensors

The immunosensors utilizes the affinity between the antigen and its antibody to form a
complex. The ELISA methods were well established techniques and have variety of formats.
Since, the formation of the complex can not be determined directly by earlier methods, an
enzyme tagged antibody is used to reveal the formation of the complex between the antigen
and antibody [Suresh et al., 2010; Sharma et al., 2008]. The enzyme tagged antibody will
provide an optical or electrochemical signal based on the substrate used. Carbon nanotubes
are used both in label less methods and labeled methods. The enzymes used for conjugation
with antibodies are HRP or alkaline phosphatase. The CNTs are mainly used because of
their good electrochemical properties and binding properties towards biomolecules. In the
case of electrochemical immunosensors CNTs were used in various forms. They are mixed
with a binder to modify glassy carbon electrodes or screen printed electrodes (SPE). The
electrochemical properties of these are enhanced due to modifications. The main reason for
using SPEs is disposability and cost effectiveness. The binder materials normally used are
nafion, chitosan or sodium alginate. These three are known to be biocompatible. In some
publications the MWCNTs modified electrodes were further modified by electrodeposition
of gold nano particles [Sharma et al., 2008]. In some reports the CNTs were initially
modified with gold nano particles and then used to modify the GC electrodes using a
binder. Various electrochemical techniques such as amperometry, square wave voltammetry
and impedance were used in these immunosensors. Even pure carbon nanotubes were used.
Highly aligned multiwalled carbon nanotubes were grown on a Fe/AI203/SiO2/Si
substrate by chemical evaporation. An elaborate procedure is used to expose the ends on
the CNTs . These are oxidized at their tips electrochemically to functionalize. The resulting
carboxylic acid is attached to the antibodies. This is a label less sensor working on the
principle of impedance.

Carcinoembryonic (CEA) antigen is present in serum samples and other biofluids in
patients suffering from cancer. Viswanathan et al. developed a disposable electrochemical
immunosensor by attaching monoclonal anti carcinoembryonic antibodies (a-CEA)
covalently on polyethyleneimine wrapped multi walled carbon nanotubes modified SPE by
sandwich immunoassay. A sandwich immunoassay with CEA & a-CEA was tagged to
ferrocene carboxylic acid encapsulated liposomes. Square wave voltammentric technique
(SWV) was used to detect the antigen in the range of 5X1012 to 5X107gmL and the
detection limit of 1x10-12 gmL- [Viswanathan et al., 2009].
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Alpha Fetoprotein (AFP) is known as an important tumor marker and has an average
concentration of about 25 ng/mL in healthy human serum [Zhu et al., 2000]. An elevated
level of AFP concentration in serum can be determined and the disease cancer can be
diaginised earlier. Jiang et al. also reported on a-fetoprotein sensor based on MWCNTs /
Prussian blue / nanogold modified GC electrode and found the linear range 0.01-
300ng/mL with detection limit of 3pg/mL [Jiang et al.,2010]. In this study Jiang et al.
deposited Prussian blue (PB) and gold nanoparticles electrochemically on MWCNT
modified GC electrode. The leakage of PB was prevented due to sequential deposition of
PB and Gold on the modified electrode. This GNP film also helps to prevent shedding of
MWCNT/PB composite film to electrode surface. The electron transfer between the PB
and electrode gets affected due to antigen-antibody interaction. It results in decrement in
cyclic voltammetric response. This decrement is related to antigen concentration. This is a
lablel less immunosensor. Lin et al. also reported amperometric immunosensor for
detection of alpha fetoprotein by using GNP/CNT/Chitosan modified GC electrode,
formed by one step synthesis through direct redox reaction. For this immuno detection
they used sample AFP, immobilized AFP and alkaline phosphatase tagged antibodies.
The linear range of AFP was found from 1-55ng/mL with a detection limit of 0.6ng/mL
[Lin et al, 2009].

Tang et al. reported enzyme free electrochemical immunoassay for AFP detection by
using carbon nanotube enriched Au nanoparticles as a nanocatalyst on anti-
AFP/glutaraldehyde/thionine-modified GCEs with a wide linear range of 8.0x10-7-
2.0x102 ng/mL and detection limit (LOD) of 0.8 fg/mL of AFP which was lower 6 orders
than that of commercially available ELISA. This high sensitivity was possible due to redox
cycling of p-aminophenol and p-quinone imine and that was resulted in continuously
increasing of signaling. In this process, initially the p-nitrophenol molecules were reduced
to p-aminophenol by the catalysis of the AuNP labels on the CNT-AuNPs with the help of
NaBHy, then the generated p-aminophenol molecules were oxidized to p-quinone imine
by an electron mediator of thionine, and then the oxidized QI molecules were reduced
back to APs by NaBH4 [Tang et al., 2011].

Zhao et al. reported on the disposable Shigella flexneri immunosensor based on
MWCNT/sodium alignate (SA) composite SPE [Zhao et al., 2011]. They used HRP labeled
antibodies to S. flexneri and immoblised these antibodies on MWCNT/sodium alignate
composite screen printed electrode by physical adsorption. Shigella is major causes of
human infectious diseases and is responsible for millions of cases of diarrhea [Li et al., 2006].
Alginate is a copolymer of p-D-mannuronic acid and a-L-guluronic acid linked together by
1-4 linkages [Rehm et al., 1997]. It is a natural and biocompatible polymer that can provide
microenvironments to improve the biomolecules stability and maintain their bioactivity [Liu
et al., 2009]. Here sodium alignate biocomposite acts as a matrix to adsorb and immobilize
antibodies. Linear range was found to be 104cfu/mL to 101! cfu/mL and detection limit was
3.1x10% cfu/mL. There is noncovalent association of MWCNTSs with SA chains and has
proved to be preferable for electrochemical immunosensing due to the unique structural and
electronic properties of MWCNTSs [Zhao et al., 2009]. In this system, MWCNTs provide a
signal transduction, whereas SA works as a biocompatible and chemically modifiable
scaffold for biomolecule immobilization. SA can effectively improve the solubility of
MWCNTs, providing a useful way for preparing MWCNT-binder composite modified
electrode for a wide range of sensing applications [Zhao et al., 2009].
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Zhu et al. studied the amperometric immunosensor for the detection of neomycin by
using GNP decorated electrode. Neomycin performs activity against both gram negative
bacteria as well as gram positive bacteria and this behaviour of neomycin is similar to
other aminoglycosides. In this study Zhu et al., used poly-[2,5-di-(2-thienyl)-1H-pyrrole-1-
(p-benzoic acid)] (pDPB). It is a conducting polymer and behaves as a sensor probe to
detect neomycin in sandwitch manner in which secondary antibody was attached to GNP
decorated MWCNTs labeled with hydrazine (Hyd-MWCNT(AuNP)-Ab2). Hydrazine
works as catalyst for the reduction of H>O,. The linear range was found to be 10ng/mL-
250ng/mL with a detection limit of 6.76+0.17ng/mL [Zhu et al., 2010]. In this study Zhu et
al., immobilized neomycin antibody on conducting polymer covalently and this type of
immobilization of biomolecules on conduction polymer has attracted wide attention due
to great compatibility of polymer with biomolecule in neutral solution [Lee and Shim,
2001; Abdelwahab et al., 2010; Garcia-Aljaro et al.,2010].

Sanchez et al, reported immunosensor for rabbit IgG (RIgG) by using
MWCNTs/ polysulfone/RIgG modified SPE and based on competitive immunoassay between
free and labelled anti-RIgG. Labeling of antibody was done by horseradish peroxidase (HRP)
and hydroquinone was used as mediator. This resulting immunosensor have high sensitivity
as well as double roughness in comparison to graphite/polysulfone/RIgG immunosensor.
Incorporation of RIgG in MWCNTs/polysulfone was resulted from phase inversion.
MWCNTs/polysulfone works both as reservoir of immunological material and transducer
while offering high surface area, high toughness and mechanical flexibility. Linear range of
anti RIgG was found to be 2-5ug/mL with Detection limit of 1.66pg/mL and Cs value at
3.56pug/mL. The polysulfone have high resistance in extreme pH conditions, good adhesion
and susceptibility to incorporate biological molecules and good thermal stability, while
MWCNT has good conductivity. Hence the composite made by using polysulfone and
MWCNT will be ideal for use in immunosensors. [Sanchez et al., 2007]. In order to immobilize
antibodies in polysulfone matrix by phase inversion technique Mulder et al. modify the
chemical nature of the polysulfone matrix [Mulder et al., 2000]. There has been little research
also done on the basis of adsorption of antibody for example Yu et al. and O’Connor et al.
reported immunosensor by immobilizing antibody on SWCNTs, oriented perpendicularly [Yu
et al.,2004; O’Connor et al.,2005].

Recently, He et al. reported on label free electrochemical immunosensor for rapid
determination of clenbuterol by using CNTs. In this study, Clenbuterol and to MWCNTSs
was linked covalently in a two-step process using 1-(3-(dimethylamino)-propyl)-3-
ethylcarbodiimide and N-hydroxysulfo-succinimide as crosslinkers after that casted on GC
electrode and found the detection limit of 0.32ng/mL [He et al., 2009]. There are two
strategies which were applied to immobilize immunological molecules in literatures (1)
antibody immobilised on the electrode was directly applied to determine the antigen in
solution by observing the response change of ferrocyanide redox marker on the electrode
[Lei et al., 2003; Zhang et al., 2006; Zhou et al., 2005]. (2) Antigen immobilised on the
electrode was used to compete with free antigen in solution for a specific antibody [Chen et
al., 2005]. But the above method suited for protein, virus, and cell factor detection mostly
and also this type of direct cross-linking of immunological molecules might lose their
activities, and then regeneration of the sensor required complete removal of all immobilized
materials from the electrode surface.

Recently, Cao et al. studied electrochemical immunosensor for casein based on GNP/Poly
(L-arginine) / MWCNTs modified GC electrode and observed linear range was 1x10-7 - 1x10->
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gmL-1 with detection limit of 5x10-8 [Cao et al., 2011]. Cui et al. reported on human IgG
detection based GNPs/CNTs hybrid modified GC electrode. Linear range was observed
between 0.125 and 80 ng/mL with a detection limit of 40pg/mL. This high sensitivity was
possible due to using of bioconjugates featuring HRP labels and secondary antibodies linked
to GNPs at high HRP/Ab2 molar ratio [Cui et al., 2008]. Bourigua et al. studied label free
impedemetric biosensor for the detection of deep venous thrombosis biomarker by using
SWCNT-COOH modified gold microelectrodes and found the linear range in between of
0.1pg/mL-2pg/mL with detection limit of 0.1pg/mL and response time of 10min [Bourigua
et al., 2010]. Deep venous thrombosis is named due to formation of blood clot in deep vein
[Firkin and Nandurkar, 2009]. Panini et al 2008 reported that Integrated microfluidic
systems with an immunosensor for detection of prostate specific antigen (PSA) in human
serum samples by using MWCNTs modified GC electrodes with observed detection limit of
0.08 ngL-1 which was very high than the observed detection limit by ELISA. Hetero-geneous
enzyme immunoassays, coupled with flow injection system and electrochemical detection,
represent a powerful analytical tool for the determination of low levels of many analytes
such as antibodies, hormones, drugs, tumour markers, and viruses [Gubitz and Shellum,
1993; Wu et al., 2006]. Okuno et al., 2007, studied Label-free immunosensor for prostate-
specific antigen based on single-walled carbon nanotube array-modified microelectrodes
and found the detection of 0.25ng/mL. Li et al., 2010 reported reagentless amperometric
immunosensor for the detection of cancer antigen 15-3 based on enzyme-mediated direct
electrochemistry and found the linear range in between of 0.1-160U/mL with detection limit
of 0.04U/mL. Recently, Piao et al., 2011 reported sensitive and high-fidelity electrochemical
immunoassay for the detection of human IgG by using CNT coated with enzymes and
magnetic nanoparticles. In this report, Piao et al. used tyrosinase as enzyme. In this
immunosensor firstly enzyme and magnetic nanoparticle were immobilized covalently on
the surface of CNT then cross-linked via glutaraldehyde to form multilayered cross-linked
tyrosinase-magnetic nanoparticles composite that was further conjugated with primary
antibody against human IgG. Secondary antibody was conjugated with alkaline
phosphatase and used in sandwich immunoassay pattern. Detection limit was found to be
0.19ng/mL. Zhao et al., 2011, reported on determination of lutiolin in peanut hulls by using
MWCNT modified GC. Linear range was found to be 2x10-10 - 3x10-9 with detection limit of
6x1011. Luteolin is member of flavonoid and it is actually 3’,4’, 5, 7-tetrahydroxyflavone and
has a wide range of biochemical and pharmacological effects and also have anti-oxidation,
anti-bacteria, anti-virus, anti-inflammatory, anti-carcinogenic and other beneficial properties
[Jian & Xiao, 1986; Merken & Beecher, 2000; Robards & Antolovich, 1997]. Highly precise
and sensitive electrochemical immunosensor for the detection of carcinoembryonic antigen
(CEA) in saliva and serum was reported [Vishwanathan et al., 2009]. Monoclonal anti-CEA
antibodies (anti-CEA) were covalently immobilized on polyethyleneimine wrapped
multiwalled carbon nanotubes screen-printed electrode. A sandwich immunoassay was
performed with CEA and anti-CEA tagged ferrocene carboxylic acid encapsulated
liposomes (anti-CEA-FCL). The squarewave voltammetry (SWV) was employed to analyze
faradic redox responses of the released ferrocene carboxylic acid from the
immunoconjugated liposomes on the electrode surface. The -calibration curve for
CEA concentration was in the range of 5x10-12 to 5x10-7 gmL-1 with a detection limit of
1x10-12 gmL-1 (S/N = 3). Sharma et al. have reported sensitive immunosensor for the
detection of Plasmodium falciparum histidine- rich protein 2 (PfHRP-2) in the sera of humans
with P. falciparum malaria based on modified SPEs. For this purpose, disposable SPEs were
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modified with multiwall carbon nanotubes (MWCNTs) and Au nanoparticles. The
immunosensing experiments were performed on bare SPEs, MWCNT-modified SPEs, and
Au nanoparticle and MWCNT-modified SPEs (Nano-Au/MWCNT/SPEs) for the
amperometric detection of PfHRP-2. Nano-Au/MWCNT/SPEs yielded the highest-level
immunosensing performance among the electrodes, with a detection limit of 8ng/ml. The
analytical results of immunosensing experiments with human serum samples were
compared with the results of a commercial Paracheck Pf test, as well as the results
of microscopy. The Paracheck Pf kit exhibited a sensitivity of 79% and a specificity of 81%,
whereas the amperometric immunosensor showed a sensitivity of 96% and a specificity
of 94%.

Carboxylated multiwalled carbon nanotubes (MWCNT-COOH) were used to modify the
working electrode surface of different SPEs. The effect of this modification on the electrodic
characteristics (double layer capacitance, electroactive area and heterogeneous rate
constants for the electron transfer) was evaluated and optimized for the cyclic voltammetric
determination of p-aminophenol. The enzymatic hydrolysis of p-aminophenylphosphate
was employed for the quantification of alkaline phosphatase, one of the most important
label enzymes in immunoassays. Finally, ELISA assays were carried out to quantify
pneumolysin using this enzymatic system. Results obtained indicated that low superficial
densities of MWCNT-COOH (0.03-0.06 pg mm~2) yielded the same electrodic improvements
but with better analytical properties [Lamas et al., 2008].

Vishwanathan et al described a sensitive method for the detection of cholera toxin using an
electrochemical immunosensor with liposomic magnification followed by adsorptive
square-wave stripping voltammetry is described [Vishwanathan et al, 2006]. In this
immunodetection potassium ferrocyanide-encapsulated and ganglioside (GM1)-
functionalized liposomes act as highly specific recognition labels for the amplified detection
of cholera toxin. The sensing interface consists of monoclonal antibody against the B subunit
of CT that is linked to poly (3,4-ethylenedioxythiophene) coated on nafion-supported
MWCNTs caste film on a GC electrode. The CT is detected by a “sandwich-type” assay on
the electronic transducers, where the toxin is first bound to the anti-CT antibody and then to
the GM1-functionalized liposome. The potassium ferrocyanide molecules are released from
the bounded liposomes on the electrode by lyses with methanolic solution of Triton X-100.
The released electroactive marker is measured by adsorptive square-wave stripping
voltammetry. The sandwich assay provides the amplification route for the detection of the
CT present in ultratrace levels. The calibration curve for CT had a linear range of 10-14-107g
mL-1. The detection limit of this immunosensor was 10-16 g of cholera toxin (equivalent to
100 pL of 10-15 g mL-1).

Typically, a field-effect transistor (FET) device will have a nanowire in contact with a source
and drain along with a gate. Typically a nanowire such as silicon, metal oxide or carbon
nanotubes was used. In case of single walled carbon nanotube, all the carbons will be on its
surface. The conductivity of this can be greatly influenced by any molecules attached to it.
Since, various methods are available for immobilization of biomolecules on CNTs. The
CNTs possesses good electrical properties and are ideal for FET based Biosensors also.
Dekker’s group reported the first carbon nanotube-FET (CNTFET) [Tans et al., 1997].
CNTFETs have been proved suitable system for biosensing applications due to its properties
to combining the principles of molecular recognition through the recognition layer with the
transduction capabilities of the carbon nanotubes. CNTFETs have been used to detect DNA
[Gui et al., 2007; Star et al., 2006; So et al, 2006,], proteins like thrombin and IgE and IgG by
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means of antibodies and aptamers as molecular receptors [Cid et al., 2008; Maehashi et al.,
2007; So et al., 2005], viruses by means of peptide nucleic acids [Dastagir et al., 2007] and
bacteria [Villamizar et al., 2008; So et al., 2008].

Recently, Villamizar et al., 2009 reported CNTFET based detection of candida albicans.
CNTFET have a network of SWCNTs which works as the conductor channel. This CNTFET
based biosensor was able to detect atleast 50 cfu/mL within 1Th and remained stable for
more than 10 days. This CNTFET was also tested with potential competing yeasts like
Cryptococcus albidus and Saccharomyces cerevisiae for C. albicans to evaluate the
selectivity of FET devices. Kim et al., 2008, reported a method for ultrasensitive CNT-FET
based biosensors by using antibody binding fragment. In this study, CNTFETs were
functionalized with antibody binding fragment as a receptor, and the binding event of target
IgG onto the fragments was detected by observing gating effect caused by charges of target
IgG. And it was observed that CNTFET biosensors based on small antibody fragments (Fab
fragments) have very high sensitivity (detection limit 1pg/mL) in comparison to those
CNTEFET biosensors based on whole antibody segment (detection limit 1000 ng/mL).

6.2 DNA sensors

DNA sensor is an affinity based biosensor and considered a promising tool in pre-
diagnostics as well as in the prevention and control of infectious diseases in real-time and on
site analysis [Drummond et al., 2003]. DNA sensors have several potential applications
including the diagnosis of genetic diseases, detection of infectious agents and environmental
cases [Malhotra et al., 2005, Wang et al., 2002]. Methods used for DNA sequence detection
reported are based on radiochemical, enzymatic, fluorescent, electrochemical, optical, and
acoustic wave techniques [Kara and Meric, 2004]. Optical DNA sensors gave promising
results but some disadvantages are also there including the requirement of a separate
labeling process and an equipment to stimulate the transducer of high cost [Pearson et al.,
2000]. Electrochemical methods for hybridization detection present a good alternative in
comparison fluorescent detection due to having considerable advantages ascribed to their
potential for obtaining specific information in a faster, simpler, and less expensive way and
huge progress has been made towards the development of the electrochemical DNA
sensors. These sensors rely on the conventional hybridization signal of the DNA sequences
into useful electrical signal.

DNA is potentially a building block for the assembly of nanoscale electronic devices and has
all the basic properties necessary for it with their application in decentralized clinical
testing, food safety and environmental monitoring. The DNA nanoscale device construction
will be a predominant technique of new molectron with attention paying benefits like high
efficiency, low power requirement, miniaturization and low heat generation [Guo et al.,
2004].

DNA immobilization considered as a fundamental methodology for construction of DNA
biosensor, requires intimate connection between nucleic acid and electronic transducer.
High sensitivity, long life-span as well as short response time depends mainly on
attachment of DNA sequence on the surface of the sensor. So it is necessary that the binding
chemistry should be stable during subsequent assay steps.There are various methods like
chemical adsorption, covalent binding, electrostatic attraction, co-polymerization and
avidin-biotin affinity system for DNA immobilization [Cai et al., 2003]. Besides DNA
biosensor, some other approaches have been studied like DNA mineralization, the use of
DNA to nanopaticles/nanotubes assembly, and larger colloidal particles. There are various



176 Carbon Nanotubes - Growth and Applications

methods to the DNA strands immobilization on the sensor surface and several groups have
reported using the covalent binding of the CNTs to immobilize the DNA sequences. Such as
the covalent attachment on the functionalized support [Gabl et al., 2004], physical
adsorption [Komarova et al., 2005] and monolayer self-assembling [Saoudi et al., 1997;
Huang et al., 2001; Peelen & Smith, 2005]. The most ideal approach for DNA immobilization
in CNTs is covalent binding on a solid surface via a single point attachment. Among these
methods, immobilization by means of covalent attachment has advantages such as
simplicity, efficiency, ordered binding, and low cost. In covalent attachment, various
mediators can be used to attach the DNA sequences on the sensor surface such as carbon
nanotubes (CNTs), Aminopropyltriethoxy silane (APTES), Alkanethiols etc.. Covalent
immobilization of the CNTs is usually performed by amino-terminated DNA reaction with
the carboxylic acid groups of the CNTs, or directly reacting with the amino group of the
oxidized CNTs. Jung et al., 2004 demonstrated that the DNA strands can be covalently
attached to immobilized SWNT multilayer films. These multilayer films were constructed
via consecutive condensation reactions and resulted into stacks of functionalized SWCNTs
layers linked together by 4,4-oxydianiline. Singh et al.,, 2006 reported that aminated- or
carboxylated- DNA strands were covalently immobilized to the carboxylated or aminated
SWNT multilayer films respectively through formation of amide bond by help of using 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride. Baker et al., 2002 reported a
multistep route for the formation of covalently linked adducts of SWNT and DNA sequence.
Most of the applications of immobilized oligonucleotide are based on the hybridization
between immobilized oligonucleotide and its complementary DNA sequence in the sample
[Lee et al., 2003]. Singh et al. studied the synthesis of functionally engineered SWCNTs-
peptide nucleic acid conjugates for nanoelectronic applications [Singh et al., 2006]. Wang et
al., 2004 reported that the strong accumulation of phenolic products of alkaline phosphatase
onto CNT-modified electrodes allow the detection of extremely low levels of the target
DNA. Enhanced voltammetric response of phenolic compounds at CNT modified GC
electrode was measured in connection with enzyme-based electrochemical detection of
DNA hybridization. The detailed mechanism behind the dissolution of nanotubes in DNA is
not clear at present. Nakashima et al., 2003 suggested that the -1 interactions between the
nanotube sidewalls and the nucleic acid bases may be responsible. There may also be some
weak interaction between the major and minor grooves of the DNA and the nanotubes. Cai
et al.,2003 reported the application of CNTs to the fabrication of an electrochemical DNA
biosensor for the specific DNA sequence detection. Moghaddam et al., 2004 firstly reported
the azide photolysis for the functionalization of CNTs. They used the azide-photochemistry
to functionalize the sidewalls and tips of CNTs in a solid-state reaction and the subsequent
synthesis of a DNA oligonucleotide from the reactive group on each photo-adduct. Lu et al.,
2005 investigated a system consisting of B-DNA and an array of carbon nanotubes
periodically arranged to fit into major grooves of the DNA. They discussed in detail about
the system used as an electronic switch or as a sensor device for ultra fast DNA sequencing.
A novel sensitive electrochemical biosensor based on magnetite nanoparticle for monitoring
DNA hybridization by using MWCNT - COOH/ppy - modified GC electrode was
described by Cheng et al, 2005. CNTs can amplify DNA, protein recognition and
transduction events. This property was used for the ultrasensitive method for the electrical
biosensing of DNA or proteins. An effective DNA sensing system to detect specific nucleic
acid sequences is playing an important role in many areas such as clinical diagnosis,
medicine, epidermic prevention, environmental protection and bioengineering.
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The delivery of gold nanoparticles to CNTs using the self assembly properties of DNA
represents an advance towards building higher order nanostructures with rational control.
The controlled self-assembly of CNTs was recently achieved by interphasing the CNTs with
biomolecules. This approach has considerable potentials for driving self-assembly of CNT-
based devices in the light of the immense richness of biological recognition. The approach
involves two steps. In the first step, a self-assembled nanolayer of single stranded DNA is
adsorbed onto Au contacts by reaction with thiol terminated oligonucleotides and in the
next step, the oxidized CNTs modified with oligonucleotides of the complementary
sequence are allowed to hybridize with the DNA located on the Au contacts. Hazani et al.,
2004 used a long DNA molecule featuring Rec A proteins as a scaffold, onto which
streptavidin-functionalized SWCNTs were assembled utilizing anti-ReeA primary
antibodies and biotinylated secondary antibodies. Wang et al., 2004 reported a novel DNA
immobilization strategy, in which the DNA probes are adsorbed on self-assembled
multiwalled nanotubes. Their results showed that this immobilization strategy based on self
assembled MWCNTs yields higher hybridization efficiency than that adsorbed on random
MWCNTs. Li et al., 2005 demonstrated that a wide range of multicomponent structures of
CNTs can be constructed by DNA directed self-assembling of CNTs and gold nanoparticles.
Wang et al., 2004 developed DNA biosensors based on the self-assembly of CNTs. They
assayed the hybridization by the changes in the voltammetric peak of the indicator
methylene blue and the results showed that the DNA biosensors based on the self-
assembled MWCNTs have higher hybridization efficiency than that based on random
MWCNTs.

Recently, Tam et al., 2009, reported label free DNA sensor for detection of Influenza virus
(type A) by using CNTs and found the detection limit of 0.5M with a response time of 4 min.
DNA was attached to sensor surface By means of covalent bonding between amine and
phosphate group of DNA sequence.

Recently, Weber et al.,, 2011 reported on electrochemical impedance based DNA sensor
for detection of Salmonella enterica serovar Typhimurium by using SWCNTs modified
electrode. In this study, Weber et al., reported on the use of SWCNTs with a diameter range
of 20-30 nm for DNA attachment, and its subsequent hybridization. SWCNTSs covalently
bonded via N-Ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC) to
oligonucleotide probes having amino groups on the 3' end. After achieving hybridization,
the capacitance change and charge transfer resistance of the electrode to the redox-active
compound Fe(CN)6 3/~4 were measured by electrochemical impedance spectroscopy
(EIS). In this study, Weber et al. used Salmonella specific probes. This method of
genosensing is a quick, facile approach to detecting DNA without the use of additional
labels. By this impedance method, detection was found to be at 1x10-9 molL-! . Wang et al.,
2011 reported on label free DNA biosensor for detection of short DNA species by
using MWCNTs/ Chitosan nanocomposite modified GC electrode with glutaraldehyde as an
arm linker and found the linear range between 1x10-13 - 5x10-10 M with detection limit of
8.5x10-14,

Carboxylic group-functionalized SWNTs were assembled vertically on the electrode using
ethylenediamine as linking agent to fabricate an aligned electrode (SWNTE). Single-
stranded DNA (ssDNA) wrapped around the SWNTs to form ssDNA-wrapped SWNTE
structures based on the interaction between ssDNA and SWNT. A sensitive differential
pulse voltammetric (DPV) response was obtained at the ssDNA-wrapped SWNTE owing to
the electro-oxidation of guanine bases. Double-stranded DNA (dsDNA) was formed when
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ssDNA on the ssDNA-wrapped SWNTE was hybridized with complementary ssDNA
(cDNA). The dsDNA was removed from the SWNTs by undergoing a process of
preconditioning at —0.6 V. Consequentially, the DPV response of guanine bases decreased.
The used SWNTE could be renewed easily via ultrasonically rinsing. On the basis of this
mechanism, a label-free and readily reusable electrochemical DNA hybridization biosensor
was designed by directly monitoring the current change of guanine bases. Under optimum
conditions, the plot of the measurement signal of guanine bases versus the cDNA
concentrations was a good straight line in the range of 40-110 nM with a detection limit of
20 nM (3s). The biosensor can be switched to detect different target DNAs easily.

CNTs modified electrodes have been used for biochemical detection [Wang et al., 2004] and
recently have been used as transducers for more sensitive DNA hybridization detection
electrically [Wang et al., 2003]. CNTs can play an important role in selective and sensitive
recognition of DNA in electrical DNA biosensing due to its ability to amplify DNA
recognition and transduction events. For this selective and sensitive recognition, single
strands DNA can be grafted chemically on to aligned CNT-electrodes. Successful integration
of CNTs in sensors needed controlled deposition at well defined location. Interphasing of
CNTs with biological molecule provide controlled self assembly of CNTs and this approach
has considerable potential for self assembly of CNTs based devices with intense recognition
of biological molecule. Due to charge transfer characteristics of CNTs while approaching the
size of biomolecules, CNTs utilities will be beneficial in electrochemical biosensing. CNTs
are helpful in amplifying enzyme based bioaffinity and hence can be used in electrical
sensing of DNA [Wang et al., 2004].

Recently, DNA attracted several attentions in connection with CNTs and through sequence-
specific pairing interaction DNA chains have been used to create various functional
structures and devices. Also the principle based on DNA based biomolecular recognition
has been applied to construct CNT-DNA electrochemical sensors [Daniel et al., 2007]. Guo et
al.,, 2004 described the electrochemical characteristics of DNA functionalization of CNTs
holds interesting prospects in various fields including solubilization in aqueous media,
nucleic acid sensing, gene-therapy and controlled deposition on conducting or
semiconducting substrates. DNA molecules can increase the CNT solubility and also be
used to distinguish metallic CNT from semiconducting CNTs. The DNA attachment occurs
predominantly at or near the nanotube ends. The rare attachment of DNA to other regions
of CNTs indicates that it is the result of sequence specific polynucleic acid-DNA base
pairing rather than nonspecific interactions [William et al., 2002]. The individual CNTs can
be functionalized with special selectivity and can be used to differentiate between the two
DNA sequences. The concept of using DNA to direct the assembly of nanotubes into
nanoscale devices is attracting attention because of its potential to assemble a
multicomponent system in one step by using different base sequence for each component.
The reactive sites on the CNTs were created by the acid treatment to introduce the carboxyl
groups on their tips. DNA molecules with functional linkers are then coupled to the
carboxyl groups on the CNTs. Chen et al., 2005 developed a multistep method to covalently
functionalize multiwall carbon nanotubes with DNA and oligonucleotides. Thus, the
bioconjugates of carbon nanomaterials and DNA will have potential uses in many areas due
to the combination of unusual structure of carbon nanomaterials and bioactivity of DNA
[Yan et al., 2005]. Hazani et al., 2003 reported the confocal fluorescence imaging of SWCNT-
DNA adducts obtained by carbodiimide assisted coupling of amine functionalized
oligonucleotides to oxidized SWCNTs. CNTs have been recently used as transducers for
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enhanced electrical detection of DNA hybridization . The DNA sensing application requires
high sensitivity through amplified transduction of the oligonucleotide interaction. The
wrapping of CNTs in DNA results in some interesting effects. The DNA nanotube species
are highly soluble in water removing the requirement for surfactants. Also the negative
charges on the phosphate group of DNA results in the charging of DNA nanotube species.
The bifunctional chemical structure of CNTs would facilitate the selective attachment of
multiple DNA sequences using two distinct DNA-CNT linking strategies. In one strategy,
by accessing the free carboxyl groups of CNTs, single stranded, amine terminated DNA
oligonucleotides are attached to the CNT array using amide coupling chemistry in
aqueous/organic solvent mixtures. The second strategy involves the attachment of
oligonucleotides to the sidewalls of the CNTs through hydrophobic interactions. Taft et al.,
2004 reported the immobilization of DNA through the interaction of the hydrophobic
pyrene group with the graphite-based sidewalls of the CNTs, which was highly specific and
DNA-dependent process.

The unique property of the specific molecular recognition of DNA coupling with SWCNTSs
and hybridizing these macromolecular wires will provide a versatile means of incorporating
SWCNTs into larger electronic devices by recognition-based assembly and using SWCNTs
as probes in biological systems by sequence-specific attachment [William et al., 2002].
Buzaneva et al., 2002 developed the DNA nanotechnology for the formation of the
multifunctional CNT cells using theoretical predictions of chemical activity changing of
SWCNT under its localization into the biopolymer surrounding and electronic/optical
properties of these cells that are determined by SWCNT-biopolymer heterostructure
properties.

7. Conclusions

Applications of nanomaterials in the field of affinity biosensors have become advanced
greatly. For example, nanomaterials-based biosensors, which represent the integration of
material science, molecular engineering, chemistry and biotechnology, can markedly
improve the sensitivity and specificity of biomolecule detection, hold the capability of
detecting or manipulating atoms and molecules, and have great potential in applications
such as biomolecular recognition, pathogenic diagnosis and environment monitoring,.

CNTs have unique properties. Unique properties lead to fabrication of different devices.
Improvements of current synthesis of CNTs needed to make available commercial products.
The totally new nanoelectronic architecture may be constructed on CNTs. There is a little
knowledge about growth mechanism, structural defects and their influence on practical
properties of CNTs. There are many attractive phenomena hidden within the tiny,
mysterious world that exists inside the CNTs.

CNTs have several interesting properties suitable for developing affinity based biosensors.
They have good electrical properties, electrochemical properties and amenable for
immobilisation of biomolecules by various methods. They are stable and biocompatible.
They are already exploited for detection of several pathogens and biomarkers for various
diseases. Their properties can be enhanced by incorporation of nano gold and platinum.
Since they are having one dimensional structure and semiconducting properties they are
being studied as potential materials for FET based biosensor. Since they are nano materials,
it is possible to make array of sensors on a single platform so that it is possible to develop
multianalyte systems. The results of affinity based sensors using CNTs indicate high



180 Carbon Nanotubes - Growth and Applications

sensitivity. The practical use of sensors will depend on the shelf life and ease of use.
Research work in this direction will be beneficial.

CNT based nanobiosensors may also be used to detect DNA sequences in the body. These
instruments detect a very specific piece of DNA that may be related to a particular disease.
Therefore, these sensors can possibly diagnose patients as having specific sequences related
to a cancer gene. The use of CNT-based sensors will avoid problems associated with the
current much-larger implantable sensors, which can cause inflammation, and eliminate the
need to draw and test blood samples.

In time, nanodiagnostics may become very cost-effective, as is currently the case with
nanotubes arrays. This should allow better clinical diagnostic services. These
nanodiagnostics can also be applied to point-of-care testing and lab-on-a-chip technologies.
Whether nanodiagnostics will replace current diagnostic methods remains to be seen. Many
aspects of these nanodiagnostics techniques need to be evaluated further, especially the
safety issues. However, the advantages that these new technologies offer are too good to

ignore.
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1. Introduction

The concepts of 'nano-technology' was introduced by the physicist Richard Feynman in his
talk "There's Plenty of Room at the Bottom" at an American Physical Society meeting at
Caltech on December 29, 1959. Feynman described a process by which individual atoms and
molecules might be manipulate, using a set of precise tools to build and operate another
smaller scale set of tools, scaling down to the nano-scale. In the course of this, he noted,
scaling issues would arise from the changing magnitude of various physical phenomena:
gravity would become less important, surface tension and Van Der Waals attraction would
become increasingly more significant, etc. The term "nanotechnology" was defined by
Professor Norio Taniguchi of Tokyo Science University in a 1974 paper in which he states
""Nano-technology' mainly consists of the processing of, separation, consolidation, and
deformation of materials by one atom or by one molecule." Almost four decades later,
nanotechnology has had an impact on all sectors of human life including electronics,
computers and mobile phones; food and agriculture industries; composite materials, textiles,
paints and cosmetics; and, of course, healthcare. In today’s market there are thousands of
products based on nanotechnology, produced by hundreds of companies worldwide.
Essentially, nanotechnology entails the manufacturing and manipulation of matter at a scale
ranging from a single atom to micron-sized objects. In biology, nanomaterials are a
comparable size to many biological functional molecules such as proteins and are often
small enough to fit inside a cell. Being at the same microscopic scale as biological functions
allow nanoparticles to interact with many biological processes, this potentially can have an
impact in many aspects of the healthcare. The new field of ‘Nanomedicine” (Allhoff, 2009)
will not meets its immense potential until the safety of nanomaterials is fully demonstrated.
It is prudent to investigate any potential adverse effects on health or the environment of
nanomaterials. However with suitable safe guards and internationally agreed standards
emanating from these nano-safety and toxicity studies, there seems little reason to doubt the
overriding benefit that nanomedicines will provide in the 21st Century (Jain et al., 2008).
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Nanomedicine has been defined as the application of nanotechnology in healthcare. Their
size and shape confers them with unique electrical, thermal, optical and magnetic properties
(Emerich et al., 2007). They have large surface area to volume ratio and if chemically
modified increases their application. In principle, it is possible to fabricate nanoparticles that
can be used in the early detection and prevention of diseases, to improve diagnosis,
treatment and follow-up. It has already enabled miniaturization of many current devices
resulting in faster operation or enhanced integration of several operations. There are many
biomedical nanoparticles on the market, with different physical and chemical properties. In
the following discussion we will be investigating the potential use of carbon nanotubes in
biomedical applications. This will include safety issue, and an overview of the current and
the future perspectives of the exploitation of their magnetic properties for imaging and
therapies.

2. Carbon nanotubes

Carbon nanotubes are either single-wall (SWCNTSs) consisting of a single graphite lattice
rolled into a perfect cylinder or multi-wall (MWCNTs) made up of several concentric
cylindrical graphite shells (Russian doll configuration). CNTs are usually produced by
catalytic chemical vapour deposition and contain metals, mainly Fe at their closed ends
(Kim et al., 2005). For this reason they are paramagnetic - a valuable property for certain
biomedical applications. CNTs vary in diameter (from a few nm to 100 nm) and widely in
length (up to several mm). Their molecular structure accounts for their unique properties:
high tensile strength, high electrical conductivity, heat resistance and efficient thermal
conduction and relative chemical inactivity (constituent atoms not easily displaced). The
exact structure of CNT especially their n - m chirality determines their electric properties.
When n-m is a multiple of 3 (armchair type), the CNTs have static dielectric properties, i.e.
exhibit a metallic longitudinal and an insulator transverse response. In practice all
multiwalled CNTs behave in this way. By virtue of their nano-scale, electron transport in
CNTs occurs through quantum effects and thus only propagates uni-dimensionally along
the axis of the tube. One of the problems which have impeded the use of CNTs for
biomedical applications which has since been resolved is their insolubility in aqueous
solution. This is an essential requirement for biological interactions and biocompatibility.
Coating their surface with covalent and non-covalent polymer improves their solubility,
enabling in-vitro cell viability assays and in-vivo studies on biocompatibility (Kagan et al.,
2010; Dutta et al., 2007). Carbon nanotubes will interact with cells and their ‘needle-like’
shape helps them cross cell membranes. By virtue of this characteristic, they can be used as
carriers for drug and DNA delivery. Several groups have demonstrated that both SWCNTs
and MWCNTs can be internalized by a variety of cell types with no external agent required
facilitating the delivery of therapeutic and diagnostic small molecules (Kostarelos et al.,
2007; Shi Kam et al., 2005).

2.1 Open issue: CNTs toxicity

In recent years, conflicting data have been reported concerning safety and biocompatibility
of these nanotubes. In a study on the cytotoxicity of unrefined SWCNT to immortalized
human epidermal keratinocytes (HaCaT), Shvedova et al showed accelerated oxidative
stress, loss in cell viability and morphological alterations of cellular structures. They
concluded that those effects were the result of high concentration of residual iron catalyst
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(30%) present in the unrefined SWCNTs (Shvedova et al, 2003). Other groups confirmed
these toxic effects, e.g., induction of intracellular reactive oxygen species (ROS) (Pulskamp et
al., 2007), DNA damage (Zhu et al., 2007) and cell apoptosis (Bottini et al., 2007). Recently,
Poland et al demonstrated that exposure of the mesothelial lining of the peritoneal cavity of
mice to long (10-15mm) multi-walled carbon nanotubes results in asbestos-like, length-
dependent, pathological inflammation and the formation of giant cell granulomas (Poland et
al., 2008). In sharp contrast, other reports have demonstrated that CNTs do not induce toxic
effects on cells. Huczko et al showed that CNTs exhibited negligible risk of skin irritation
and allergy (Huczko et al., 2001). Cherukuri et al observed that macrophages phagocytosed
SWCNTs at the rate of approximately one SWCNT per second without any apparent
cytotoxicity (Cherukuri et al, 2004). Kam et al reported no cytotoxicity for the pristine
SWCNTs and Pantarotto et al concluded that CNTs coated DNA provided a useful vector
for safe gene delivery (Shi Kam et al., 2004; Pantarotto et al., 2004).

The exact fate of carbon nanotubes inside the cells and in animals remains controversial. In
vitro studies showed that SWCNTs can be degraded by living cells which cause their
complete biodegradation (Kagan et al., 2010); however the degradation of MWCNTSs has
not been demonstrated. Only a few studies have been published on the bio-distribution of
carbon nanotubes in vivo. Singh et al. studied CNT bio-distribution following
intraperitoneal administration in mice and they observed rapid blood clearance from
systemic blood circulation through renal excretion. Moreover, urinary excretion studies
using both f-SWNT and functionalized MWCNT followed by electron microscopy analysis
of urine samples revealed that nanotubes were excreted as intact nanotubes after three
hours (Singh et al., 2006). More work is needed to understand the clearance of nanotubes
and more fully characterise what influences their biodistribution, degradation and
excretation. A major source of toxicity is the presence of impurities, so it is important that
CNT should be fully characterised reporting their length, purity, metal content and carbon
soot. However, the research in this field is not conclusive for two reasons: 1) the absence of
detailed data about the characterization of the nanomaterials confuses the interpretation of
toxicity data; 2) the reaction that CNTs have with certain reagents in the in vitro cell viability
studies invalidates the results of these assays.. Worle-Knirsch et al. ~demonstrates
interferences of carbon nanotubes with the MTT proliferation assay (Worle-Knirsch et al.,
2006). For this reason, the use of different and independent assays to study toxicological
effects of nanoparticles has been proposed and generally accepted. In order to define valid
guidelines for toxicological studies on nanomaterials, the EU has recently established the
Nano-safety Cluster - a network of researchers and toxicologists. They will consider the
somewhat conflicting results and develop appropriate guidelines. In addition, there is an
urgent need for the definition of ‘medical grade” CNT in terms of length, purity and metal
content.

2.2 CNTs properties and their biomedical applications: The future of nanomedicine

In the last ten years, several groups have shown that SWCNTs and MWCNTs can be used as
excellent intracellular transporters to deliver therapeutic and diagnostic small molecules
and macromolecules to cells. Different uptake mechanisms (phagocytosis, diffusion and
endocytosis) have been reported in the literature. Some physico-chemical characteristics of
the carbon nanotubes (e.g., the nanotube dispersion, the formation of supramolecular
complexes, and the nanotube length) drive the uptake pathway (Raffa et al., 2010). Both
SWCNTs and MWCNTs can be internalized by a variety of cell types and thus used to
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deliver therapeutic and diagnostic molecules. Conjugation of CNTs with different molecules
can be used for new vaccine production, novel therapies against retrovirus infection and
tumor cell proliferation. Pantarotto et al reported that VP-1 protein of the foot-and-mouth
disease virus (FMDV) covalently linked to SWCNT induced a specific anti-body response in
vivo without any cross reactivity (Pantarotto et al., 2003). Liu et al transfected human T cells
and peripheral blood mononuclear cells with siRNA molecules conjugated to CNTs to
abrogate the expression of cell-surface receptors CD4 and co-receptors CXCR4 necessary for
HIV entry and T cells infection (Liu et al., 2007). Additionally McDevitt et al constructed a
specific CNT conjugated antibody to target the CD20 epitope on Human Burkitt lymphoma
cells and simultaneously deliver a radionuclide (McDevitt et al 2007). The physical and
chemical properties of MWCNTs (e.g., high strength, electrical conductivity, flexibility,
functionalization with biomolecules) make them attractive as nano-vectors for enhanced cell
and tissue growth on scaffolds in vitro (Balani et al., 2007) and for the development of
complex neural prosthetic implants (Khabashesku et al 2005).

CNTs also possess intriguing magnetic properties which derive from the metal catalyst
impurities entrapped at the CNT extremities during their manufacture, these magnetic
fields will interact with external magnetic fields. This property has been utilised by Cai et al.
to develop a physical technique for in-vitro and ex-vivo gene transfer known as ‘nanotube
spearing’, capable of effective cell transfection with plasmid DNA (Cai et al., 2005).
Similarly, we have recently demonstrated that MWCNTs are able to interact with cells and,
when exposed to a magnetic field, induce their migration towards the magnetic source
(Vittorio et al 2010). This control of cell movement has important medical applications both
in cell therapy for regeneration, cell transplantation and in cancer therapy (anti-metastasis).
Moreover, we recently have demonstrated that MWCNTs with low metal impurities (2.57 %
iron) can be used as MRI (magnetic resonance imaging) contrast agents even at
concentrations of tens of pg/ml, as the MWCNTs have a significant effect on the observed
1H transverse (1/T>) relaxation rate of water. Consequently, cells labelled with MWCNTs
exhibit a reduced image intensity in To-weighted MR images compared to cells without
internalized MWCNTs. The 3D MRI cellular study suggests that it should be possible to
track stem cells injected in vivo by labeling cells with these low Fe MWCNTs. It is possible
that MRI could be used in the studies of biodistribution and the fate of carbon nanotubes in
vivo (Vittorio et al 2011). Another important property of CNTs is their strong absorbance of
near infra red (NIR) light and subsequent release of this heat that can be utilised in the
destruction of cells - nanohyperthermic ablation of tumours. Shi Kam and colleagues
achieved selective cancer cell destruction in vitro by using folate functionalized nanotubes
heating and continuous NIR radiation (Shi Kam et al 2005 a). Additionally CNTs acquire
and release heat on application of radio-frequency waves (58). Gannon et al. induced
efficient heating of aqueous suspensions of SWNTs by applying RF waves. In particular they
produced a selective and SWNT concentration dependent thermal destruction in vitro of
human cancer cells that contained internalized SWNTs. Moreover they observed that
intratumoral in vivo injection of SWNTs in the liver followed by immediate exposure to RF
waves induced necrosis in the tumor mass with no apparent adverse effects on the healthy
tissues (Gannon et al., 2007). A recent discovery (and patented by the NINIVE consortium)
is the ability of CNTs to act as a dipole antenna and acquire a charge on exposure to
electromagnetic radiation in the microwave range. This is the basis of an exciting new
technology for remote wireless low voltage electro-chemotherapy and gene transfection and
novel forms of electro-stimulation therapies for neurodegenerative disease (advanced
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Parkinson’s disease unresponsive to medication), electrostimulation for skeletal and visceral
muscle palsies and for cardiac arrhythmias.

Several groups have investigated the potential of using nanoparticles in neurological
applications. As carbon nanotubes/fibers have excellent electrical conductivity, strong
mechanical properties and similar nano-scale dimensions to neurites, researcher have been
explored their ability to guide axonal regeneration and to improve neural activity by acting
as biomimetic scaffolds at sites of nerve injury. Mattson et al were the first group to
demonstrate neurons grow on MWCNTSs (Mattson et al., 2000). Moreover they reported an
increase of over 200% in total neurite length and approximately 300% increase in the
number of branches and neurites on MWCNTs coated with 4-hydroxynonenal compared to
uncoated MWCNTs. Hu et al reported that positively charged MWCNTs significantly
increased the number of growth cones and neurite branches compared to negatively
charged MWCNTs (Hu et al., 2004). Gheith et al investigated the biocompatibility of a free-
standing positively charged single wall carbon nanotubes (SWCNT)/polymer thin-film
membrane prepared by layer-by-layer assembly (Gheith et al., 2005). They observed a 94-
98% viability of neurons on the SWCNT/polymer films after 10 days of incubation and this
induced neuronal cell differentiation, guided neuron extension and directed more elaborate
branches than controls. Moreover, Lovat et al demonstrated that purified MWCNTSs have
the potential to boost electrical signal transfer of neuronal networks (Lovat et al., 2005).
Recently Cellot et al investigated the nature of CNT-neuron interactions and proposes a
mechanism in which carbon nanotubes (CNTs) can boost neuronal activity by providing a
shortcut for electrical coupling between somatic and dendritic neuronal compartments
(Cellot et al., 2009).
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Fig. 1. CNT properties and their application in the biomedical field (Ciofani, G., Raffa, V.,
2009).
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2.3 Bio-medical imaging of CNTs

One of the goals of nano-medicinal research is to produce bespoke multifunctional “nano-
devices” that can act as diagnostic devices, tissue-specific drug delivery systems or vehicles
for gene therapy, ideally combining this with multimodal imaging capabilities (Hong et al.,
2009; Kostarelos et al,. 2009; Lui et al., 2009; Lu et al., 2009; Liu et al.,, 2010). Carbon
nanotubes have many properties that make them particularly useful as biomedical devices
(Hong et al., 2009; Kostarelos et al,. 2009; Lui et al., 2009; Lu et al., 2009; Liu et al., 2010).
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Their microscopic morphology confers them with unique electrical, thermal, optical and
magnetic properties. Coating the surface of CNT improves their solubility and their ‘needle-
like” shape allows internalized by cells. By functionalizing the surface with biological active
compounds, it is possible to use CNTs as ‘nano-vehicles” delivering compounds into cells
such as small molecule drugs, proteins, vaccines or in the case of gene therapy delivering
siRNA. Thus CNTs have proved to be very effective carriers for gene delivery, with the
advantage of avoiding the viral vectors used by other methods (Kostarelos et al., 2009). In
addition, there are a number of CNTs strategies being developed to target CNTs to a region
of interest, either by exploiting their magnetic properties or attaching targeting-ligands, such
as antibodies or peptides, to their surface. With the exciting research published in this area,
one should not forget that this technology is still in a developmental stage. Much work is
still required in for example testing: (i) the effectiveness of CNT atfor targeting disease
tissues; (ii) the stability efficacy of using CNTs to carry drugs to a region of interest and the
profile of drug release; (iii) the precise mechanism of cell internalization as well as , and
observing the sub-cellular compartments in which the CNTs accumulate; and also (iv)
efficiency of using CNT as a heating methods for hyperthermia treatments. Undoubtedly
there is still a lot to be done assessing the efficacy of the different CNT therapies as well as
understanding the safety issues associated with CNTs.

Bio-medical imaging has a vital role to play in testing both the efficacy of these new
therapies and investigating their biodistribution. To date, the majority of imaging of CNTs
has involved optical methods, such as fluorescence and bioluminescence microscopy (Hang
et al.,, 2009). Optical microscopy has high spatial resolution, however it requires optically
transparent samples. This is less of an issue in near-infrared photoluminescence imaging,
Raman imaging, or photo acoustic tomography. THowever, there is a reduction in spatial
resolution and sensitivity with these methods, and they still have tissue depth limitations.
Attaching radionuclide labels onto CNTs allows three dimensional (3D) whole body, in
vivo molecular imaging such aseg position emission tomography (PET) and single photon
emission computed tomography (SPECT). These techniques have high sensitivity, moderate
resolution and have the advantage of being well established medical techniques, but they do
involve ionising radiation.

Magnetic resonance imaging (MRI) is an extremely versatile imaging modality, and
particularly suitable for testing novel medical therapies as it is available as pre-clinical and
clinical platforms, allowing a seamless transition from the laboratory into the clinic. MRI
produces high resolution 3D images, non-invasively, from within optically opaque samples.
The MRI signal originates from protons in water and lipid, and as a result the images
contain impressive anatomical and pathological information. Furthermore, magnetic
resonance (MR) can be used to interrogate tissue morphology, physiology, function,
vascularity and metabolism. The versatility of MRI originates from the fact that signal
intensity is dependent upon a number of physical parameters including the density of
protons in the liquid state, 1H longitudinal (T1) and transverse (T2) relaxation times, and
mass transport processes such as diffusion or flow (Modo et al 2007). In a simple 900-1800-
acquire spin echo imaging sequence, the intensity of the MR magnetisation (Mt) observed in
the spin echo can be expressed as:

Mt = Mo . exp (-TE/T2) . [1-exp(-TR/T1)] o)

if diffusion and flow are negligible, and when Mo is magnetisation at time zero, TE is echo
time between excitation and detection of magnetisation, and TR is repetition time between
successive imaging pulse sequences.
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A limitation of MRI is that it is an inherently insensitive technique; this is due to its quantum
physics and the Boltzmann’s distribution in particular. Its low sensitivity and low signal-to-
noise ratios are the reason most MR images map the location of water and lipids, as these
molecules are found in high concentrations. It is also the reason that the intrinsic MRI spatial
resolution is rarely below the order of 10’s of microns. Consequently, that it is not possible
to detect a MRI signal directly from solid CNTs with low proton concentrations. Second,
even if CNTs did produce a MRI detectable signal, they are so small that it would not be
possible to see the shape of an an individual nanoparticle in an MRI image due to
insufficient spatial resolution. However it is possible to use MRI to observe the location of
CNTs indirectly, because magnetic CNTs can act asare MRI contrast agents and this can
modify the appearance of an image. There are two classes of MRI contrast agents (CAs): T1
CAs reduces the 1H T1 relaxation times of the water molecules in their vicinity, whilst T2
CAs reduces 1H T2 relaxation times. T1 MRI CAs produces hyper-intensity in T1-weighted
images thus appears white. They typically contain lanthanide ions; gadolinium is the most
potent in this class with seven unpaired f-electrons. There are several Gd-chelated contrast
agents with FDA approval including Omniscan, Multihance and Magnevist. T2 MRI
contrast agents produce hypo-intensity in T2-weighted images thus appears black; this can
be difficult to interpret if there are other black features in the image. Super-paramagnetic
iron oxide nanoparticles are particularly potent T2 MRI CAs and formulations such as
Feridex and Resovist have FDA approval for clinical use. The main purpose of contrast
agents in the clinic is to improve disease detection and increase diagnostic confidence.

The effectiveness of MRI contrast agents are evaluated by determining their longitudinal or
transverse relaxivity, rl or r2 respectively. Relaxivity is defined as the change in the
relaxation rate of water protons per molar concentration of the contrast agent with units of
s-ImM-1 and is expressed as:

ri [CA] =1/Ti-1/Tio @)

where ri is relaxivity; i=1 or 2; [CA] is the concentration of contrast agent; 1/Ti is the
longitudinal or transverse relaxation rate in the presence of contrast agent [CA]; and 1/Tio
is the relaxation rate of the medium in the absence of contrast agent. To assist comparison of
MRI data from different laboratories, it would be useful if new CNTs were tested against a
set of ‘standard’standardized conditions such as using 1% agarose gels as a phantom and
also using similar cell types.

Choi et al attached superparamagnetic iron oxide nanoparticles onto SWCNTs to
demonstrate the potential of CNTs as T2 MRI contrast agent. They imaged murine
machrophage cells that had been incubated with these CNTs. The image contrast is
generated by localised magnetic inhomogeneities induced by the magnetic CNTs, which
reduces the T2 relaxation time of nearby water protons. Mesenchymal stem cells containing
MWCNTs produced regions of hypo-intensity compared to untreated cells in T2-weighted
RARE images (Vittorio et al. 2011) (Figure). Ananta et al measured the r2 relaxivity of three
different types of SWCNTs. Interestingly, the r2 of pristine, low Fe content CNTs was twice
as large as the relaxivity of raw, unpurified SWCNT; even though pristine SWCNT had
three times less iron. Similarly, the relaxivity 12 of MWCNT with low iron content (2.57%)
measured by Vittorio et al was 564 + 41 s-ImM-1, (Vittorio et al. 2011), which was over three
times higher than the relaxivity of commercial contrast agent Feridex measured under
similar conditions (Chen et al. 2010). They attributed the relaxivity 12 to the presence of iron
oxide impurities in the CNTs, which originate from the fabrication process, and to the
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carbon MWCNT structure itself. Although the equation shown in Eq 2 is conventionally
used to determine relaxivity, in this situation to measure relaxivity relative to iron
concentration alone is slightly misrepresentative. A study using magnetic iron oxide
nanoworms neatly demonstrated that the r2 relaxivity was dependent on the intrinsic shape
of the nanoparticles as well as to the presence of iron oxide impurities (Park et al., 2008).
These results suggest that these nanoparticles are members of a new class of T2 relaxation
agents where shape of the particle also contributes to relaxivity r2, this warrants further
investigations.

CNT T1 contrast agents have been produced by loading Gd3+ ions onto carbon nanotubes;.
Sitharaman et al used ultra-short SWCNTs (Sitharaman et al., 2005), whilst Richard et al
used MWCNTs (Richard et al., 2008). Superparamagnetic ultra-short single walled carbon
nanotubes called ‘gadonanotubes’ have been produced (Sitharaman et al., 2010) with 11 and
r2 relaxivity of 170 s-ImM-1 and 578 s-1mM-1 respectively. They are substantially more
potent than the paramagnetic Gd chelates currently in clinical use. These contrast agents
have the advantage that they can be used as either T1 positive CAs or T2 negative CAs. An
in vivo study with rats using gadonanotubes generated negative hypo-intensity (Sitharaman
et al., 2010). There are investigations into using these gadonanotubes as pH-probes since the
T1 relaxation is sensitive to pH (Hartman et al., 2008).

In vivo MRI has been utilised in detecting the bio-distribution and potential impact of CNTs
and potential impact. CNTs are extremely stable and not easily bio-degraded and v. Very
little is known of about how their long term they behaviour in vivo or their pharmacological
profile. Faraj et al have used MRI to evaluated the bio-distribution of SWCNT in animals. A
Their longitudinal, time course, in vivo MRI study observed the accumulation of carbon
nanotubes in the spleen and liver of rats (Al Faraj et al., 2011) after intravenous injection,
although no acute toxicological effect on the liver's metabolic profile was observed. They
also assessed the effects on the lungs of rats after inhaling SWCNTs using hyperpolarized
3-He MRI (Al Faraj et al., 2009). The results from a 3 month follow-up study showed that
granulomatous and inflammatory reactions were produced over time in a dose dependent
manner (Al Faraj et al., 2010).

In summary, the objective of the majority of MRI studies involving CNTs, to-date, have been
evaluating the potential of CNTs as MRI contrast agents. The development of these bio-
nanomaterials is still in its early stage,P and consequently the fabrication, functionalisation
and characterisation of novel CNTs is an important and fruitful area of research. Producing
CNTs that are potent and stable MRI contrast agents is particularly essential when using this
technique to track their movement in vivo the behaviour of CNTs in vivo. Obvious
applications of this would be the tracking of stem cells and guiding their delivery. MRI also
has a crucial role to play in assessing the behaviour of CNTs in vivo. Multinuclear MRI
studies have been published following CNTs bio-distribution in animal models after
intravenous injection and inhalation. The non-invasive nature of MRI makes it particularly
suitable for such longitudinal time course, follow-up studies. However, it is our belief that
the most important role of MRI in carbon nanotubes research will be evaluating the
effectiveness of the various bio-medical applications and therapies associated with CNTs
both in animal models and in the clinic. In hospitals, MRI is a work-horse imaging modality
for the diagnosis of a broad range of diseases. It contributes to almost every aspect of
disease management from diagnosis and staging a disease, to selecting and assessing
therapies, and in follow-up and to detecting recurrence. It is theits ability of MRI to produce
high resolution images with excellent anatomical and pathological contrast in animal
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models of diseases as well as in the clinic, which will be needed when evaluating these new
nanomaterials in targeted chemotherapy, focussed electrotherapy and gene therapy etc.
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Fig. 2. MWCNTs MRI study of mesenchymal stem cells (MSCs). Three vials were embedded
in container of 1 % agarose: vial 1 (test) contains 97% MWCNTs in MSCs treated with
surfactants held in agarose gels (cnt); vial 2 (control i) contains MSCs treated with
surfactants held in agarose gels (pf), and vial 3 (control ii) contains MSCs cells held in
agarose gels (c). (A) Photo of the dorsal view of the sample; (B) T2-weighted RARE-4 axial
image of sample from the 128 by 128 by 128 RARE-4 (TR/TE=250/40 ms) data set; (C) 3D
surface reconstruction of the sample from the same MRI data set as (B). MRI measurements
were completed at 7.1 T, at 19°C, with field of view is 30 mm, and voxel spatial resolution of
0.234 mm/ pixel. (Vittorio et al., 2011 b)

2.4 Magnetic properties of MWCNTSs: Application for cell displacement in vitro

The magnetic properties of MWCNTSs can be exploited for many biomedical applications.
An interesting application is represented by the possibility of labelling the cells with the
magnetic nanoparticels and guide their localization by an external magnetic field. It is
easy to image the exploitation of this methodology to move and collect metastatic cells, or
to guide the cell transpalatation towards the target organ. We recently used the same
approach to guide and improve the nerve regeneration after the axon treatment with
magnetic nanoparticles (www.marvene-project.org). The magnetic interactions of
MWCNTs can be attributed to the metal particles encapsulated in the graphene sheet
(Zhang et al., 2001; Glenis et al., 2004). After dispersion treatment, the tubes become water
dispersible and as a result are shorter in length. These effects are propitious for the
interaction between cells and CNTs: the reduced length and the reduced degree of
agglomeration should limit toxicity response and at the same time could favour passive
endocytosis (Wick et al.,, 2007). We have experience in the study of interactions between
nanomaterials and different cell lines. We spent much efforts in finding the best
conditions to label cells with MWCNTs and to move them by magnetic field without
compromising their physiological conditions.

Under the effect of a permanent dipole magnet, cells have been seeded for three days with
the CNT-modified medium: a progressive displacement of cells toward the more intensive
magnetic fields was visible in the dishes where the CNTs have been added in culture, while
in the control dishes (without CNTs) there was negligible translations of cells during the
same period (Pensabene et al.,2008). Our results suggest that cell displacement occurs
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during cell duplications. However, the displacement mechanism is still not clear, but the
present result is a starting point to further investigation of the interaction between CNTs
and cells and the controlled displacement of cells for selective cancer therapy. Concerning
these issues, there are currently contrasting opinions and the mechanisms of interaction are
still not clear. Two mechanisms can be supposed: the uptaking of the tubes (by endocytosis
or pinocytosis) or their attachment to the cell membrane (Monch et al., 2005). The evidence
of Figure 3 leads us to affirm that the binding of MWCNTs to cells is strong and the CNTs
are able to drag along the cells, following the traction force generated by the permanent
magnet. This effect could be used also to study how a mechanical stimulation of cells by
CNTs can influence the cell activity (Cartmell et al., 2002).

Fig. 3. Neuroblastoma cells displacement after three days in culture with MWNTs-modified
medium. Control sample not showed (with Nikon TE2000U inverted optical microscope,
magnifications 20X). (Pensabene et al., 2008)

We also studied the interaction of magnetic carbon nanotubes with PC12 cells which
represent a valid in vitro model to study the effect of nanoparticles in neuronal cells and the
effect on differentiation in neurons (Vittorio et al 2011c). We demonstrate that when PC12
cells were cultured in a MWCNT-containing medium, the nanotubes interact with the cells
without compromising the cell’s viability and their ability to differentiate into neurons
following exposure to NGF. As a result of this interaction, CNTs in the presence of a
magnetic field are able to translocate cells, in response to a permanent magnetic field. In
contrast, no displacement was observed in control samples when cells were cultured with a
CNT-free cell culture medium. These results confirm the ability of MWCNTs to shepherd
PC-12 cells in response to the force generated by a permanent magnet. We believe that
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recent advances in nanoscience and nanotechnology may provide new therapeutic options
as alternative/supplemental therapies to established surgical repair techniques for the
treatment of peripheral nerve injuries. We studied the interaction between neuronal cell line
and magnetic carbon nanotubes, because this is an essential step to investigate the
exploitation of magnetic nanoparticles to enhance/accelerate nerve regeneration and to
provide guidance for the regenerating axons.

2.5 Magnetic properties of MWCNTSs: Application for stem cell displacement in vitro
and to drive the homing of mesenchymal stem cells after their transplantation in vivo
Next, we decided to try to move stem cells after their incubation with MWCNTs. With the
aim of finding the best protocol to guide the cell homing towards the target organs and
improve stem cell transplantation strategy. Many experts in stem cells transplatation report
the lack of efficient technology to inject stem cells in vivo in target sites and avoiding their
dispersion.

The experimental data obtained in our study confirm that magnetic fields can be used to
control the movement and location of MSCs cultured with carbon nanotubes (Vittorio et al.,
2011 a). The cell distribution in control cultures MSCs in the Petri dish was homogeneous (350-
400 cells/mm?), whereas the cell density was more heterogeneous in the test culture.
Specifically, in the test culture the MSCs density ranged from 200 cells/ mm?2 to 800 cells/ mm?2,
correlating respectively with distances from the magnetic pole of 9-14 mm and 5 mm (Figure
4) . This cell streaming behaviour was closely related to the intensity of the flux density within
the Petri dish which ranged from a very low value (<0.1 T) when the distance from the
magnetic pole was >9 mm to about 0.5 T at a distance of 5 mm. Mathematically, an MSC
interacting with CNTs is subjected to a translational force in the presence of a gradient field of:
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where 1 is the magnetic permeability of free space, Xi, and V are respectively the magnetic
susceptibility and the total volume of magnetic nanotubes attached to the cell. Eq. 3 is a usefull
mathematical tool to design the manipulation of MSCs cultured with carbon nanotubes by a
magnetic flux gradient. The migration dynamics of a single cell shows that the cell moves
towards the magnetic source with a speed of approximating 30 um/h. Cell proliferation assays
were performed to identify if there was any adverse effect of the nanotubes and/or the
magnetic field on the viability, proliferation and functionality of MSCs. The results showed
that the PF127 surfactant marginally decreased the cell viability but the cell viability reduction
was negligible with PF127-CNTs. This can be explained by the action of the surfactant which
wraps the nanotubes surface and reduces the amount of free PF127 in the medium (Vittorio et
al 2009). Additionally, the data on the cell growth assays showed that the MSCs doubling time
was not significantly influenced by the presence of either the nanotubes or the magnetic field
and no apoptotic cells were observed in any of the samples studied.

The in vitro studies also confirmed that cells treated with CNTs for up to 5 days maintain their
ability to differentiate under specific conditions just as well as the untreated cells. The lack of
adverse effects on cell viability and proliferation by MWCNTs observed in the present study
needs to be compared with the reported findings by Mooney et al. In this study, hMSCs were
treated for 24 h with both COOH-functionalised SWCNTs and OH-functionalised MWCNTs,
at various concentrations. The authors demonstrated that COOH-functionalised SWCNT, at
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concentration up to 32 pg/ml, did not affect cell viability, proliferation, differentiation and
metabolic activity; but at higher concentrations, SWCNTSs exerted detrimental effects on the
cells. In contrast, OH-functionalised MWCNTSs were found toxic at all concentrations (Mooney
et al., 2008). In the present study, the MWCNTSs were not functionalised but simply dispersed
in an anionic surfactant and used at concentration of 10 pg/ml. Finally, the staining of the actin
filaments suggested clearly that the treatment with the nanotubes and the exposure to the
magnetic field did not alter cell morphology.

The results of the in vivo experiments provide a proof of concept that MSCs cultured with
CNTs can be shepherded by means of an external magnetic source towards a specific organ;
specifically, we demonstrated that the application of an external magnetic field alters the
biodistribution of CNT-labelled MSCs after intravenous injection into rats, increasing the
accumulation of cells into the target organ. This observation assumes importance in view of
the widespread interest in MSC-based cell therapy for tissue engineering, regeneration/ repair
of damaged organs and allogeneic transplantation. As MSCs also exhibit immuno-modulatory
and anti-inflammatory effects they may play a role in the in vivo induction of tolerance. It was
observed that MSCs reduce the incidence and severity of Graft-Versus-Host-Disease (GVHD)
(Le Blanc et al., 2007), as well as prolong skin graft survival.

The clinical applications of MSCs require the administration of cells by the intravenous
route, but their subsequent dispersion in many tissue and organs (Allers et al., 2004) reduces
the number of cells which colonize the intended target organ. There is therefore a need to
increase targeted stem cell localization and homing to the diseased site. The approach
proposed in this paper has the potential to achieve the objective of site-specific localization
of the CNT-labelled MSCs, by reducing their colonisation of other sites with consequent
adverse effects resulting from their proliferation and differentiation in ectopic sites. In the
animal model studied we were able to achieve a 3-fold increment of MSC localization in the
target organ (liver), and a corresponding decrease of MSC localization in the lung and
kidney, which represent a natural filter for stem cells (Figure 5). In a recent work, Gao
demonstrated that intravenous infusion of sodium nitroprusside, a vasodilator,
administered prior to the cells infusion, reduced by 15% the number of cells present in the
lungs and increased by 10% the cells in the liver (Gao et al., 2001). Based on this result we
are currently investigating the combined action of a vasodilator and the magnetic guidance
to enhance the targeted homing of cells. Additionally, we are optimising the protocol of
CNT-labelled MSC transplantation and we are designing a magnetic applicator device
which would allow a more accurate and controlled configuration of the magnetic field
gradient applied to the target site. Further improvements could be the design of the
magnetic field by finite element modelling (FEM), the development of a wearable device
and the use of electromagnets for switching the magnetic field.

In summary, we have demonstrated that when mesenchymal stem cells are cultured in a
CNT- containing medium, the nanotubes interact with the cells without compromising the
cell’s viability, proliferation rate, cell phenotype and cytoskeletal conformation. Moreover
we confirmed that magnetically labelled cells maintained the ability to differentiate in
adipocytes and osteocytes. As result of the cells interaction with CNTs, the application of a
magnetic field, enables shepherding of MSCs to the desired location in vitro. Moreover, in
the experimental model used we were able to increase significantly the localization of
mesenchymal stem cells within the liver, with a reduction of their migration to other organs.
This paves the way for the development of a new methodology for shepherding cells in a
target tissue/organ. The application of such technology would significantly improve both
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the range and efficacy of therapies based on transplanted cells, included totipotent,
pluripotent multipotent stem cells, reprogrammable adult cells, induced pluripotent stem
cells (iPSC) and embryonic stem cells. Compared to the existing methodologies, CNT-
labelled MSCs maintain their magnetization for a period over 24 hours and up to 3 weeks.
The long-time magnetization should allow for an efficient cell manipulation via magnetic
fields and a reliable cell tracking via magnetic resonance imaging. The application of such
technology could significantly improve the range and efficacy of the current and future cell
therapies. Our findings pave the way for the exploitation of the magnetic properties of
biocompatible carbon nanotubes to localize the stem cells in a target organ, after their
transplantation. A controlled and localized stem cell transplantation represent the future of
regenerative medicine.
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Fig. 4. Imaging of MSCs shepherding: (A). MSC-CNT-cultures (a) MSC-control (b).
Cultures 72 h after magnet placement. Images taken at different distances from the magnet
pole (1, 2 and 3 correspond respectively to 5, 9 mm and 14 mm from the magnetic pole).
Cell is stained with Syto 82 fluorescent dye. (B). MSC density for test and control cultures
after 72 h from the magnet placement at different distances from the magnet pole. Assays
performed in quadruple and results are the mean+S.E.M. (vertical bars)

(Vittorio et al 2011 a)
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Fig. 5. Histochemical analysis: (A) Mean and S.E.M. values of positive cells for Perls staining
in each type of organ;(B) Liver’s section of control sample; (C) Liver’s section with Perls
labelled mesenchymal stem cells with magnetic nanotubes (Vittorio et al., 2011 a)

2.6 Exploitation of magnetic CNTs in gene therapy

The magnetic properties of CNTs derive from metal catalyst impurities entrapped at their
extremities during their manufacture or from filling the nanotubes with tailored materials in
which the active content is encapsulated by a protecting carbon shell (Weissker et al., 2010).
One medical application of ferromagnetic material is the so-called “magnetic fluid
hyperthermia” (MFH). MFH is based on a controled transfer of power to magnetic
nanoparticles by an alternating magnetic field which results in local generation of heat.
Depending on the equilibrium temperature of the tumour tissue, this heat may either
destroy the tumor cells directly (thermoablation) or result in a synergic reinforcement of
radiation efficacy (hyperthermia) (Latorre et al., 2009). Much of the current research
focuses on iron oxide nanoparticles which have proven their feasibility in animal
experiments (Johannsen et al., 2005; Matsuoka et al., 2004)] and are now under clinical
trials (Johannsen et al., 2007). The protective carbon shell of the magnetic CNT may avoid
the toxicity problem associated of iron oxidation. Degradation of the filling materials is
avoided and potential toxicity and adverse effects suppressed, so that CNT become
effective carrier system on the nanometer scale. Magnetic studies on the feasibility of iron-
containing carbon nanotubes for magnetic hyperthermia have been shown (Krupskaya et
al., 2009). The authors presented a detailed magnetic study of iron containing carbon
nanotubes (Fe-CNT), and highlighted their potential for contactless magnetic heating in
hyperthermia cancer treatment. DC magnetization studies showed a different magnetic
response of Fe-CNT powder compared to Fe-CNT dispersed in aqueous solution. The
ferromagnetic Fe-CNT in powder did not show any hysteresis when dispersed in a liquid.
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Such magnetic behaviour implies the rotation of the magnetic moments following the
magnetic field. The fact that in the frozen dispersion they observed a ferromagnetic-like
hysteresis, clearly indicates that the rotation of the magnetic moments in liquid is
associated with the motion of the whole nanotube, but not of the moments within each
particle. AC susceptibility measurements showed an increase of the susceptibility of
Fe-CNT in a liquid dispersion compared to the powder. Again, this can be explained by
the motion of Fe-CNT in the AC magnetic field. AC inductive heating experiments
showed a substantial temperature increase of Fe-CNT dispersions in AC magnetic fields,
which was dependent on the magnetic field. In summary, these results showed the
feasibility of Fe-containing CNT in magnetic hyperthermia. Another intriguing
application of magnetic CNTs is the so-called magnetofection.

Magnetic nanoparticle-based transfection methods are based on the principles developed in
the late 1970s by Widder and others for magnetically targeted drug delivery. Transfection
using of magnetic microparticles was first demonstrated in 2000 by Cathryn Mah, Barry
Byrne and others at the University of Florida, both in vitro with C12S cells and in vivo in
mice using an adenoassociated virus (AAV) linked to magnetic microspheres via heparin
(Ma et al,, 2002). Since these initial studies, the efficiency of this technique has been
demonstrated in a variety of cells (Dobson, 2006). The technique is based on the coupling of
genetic material to magnetic nanoparticles. In the case of in vitro magnetic nanoparticle
based transfection, the particle/DNA complex (normally in suspension) is introduced into
the cell culture where the field gradient produced by rare earth magnets (or electromagnets)
placed below the cell culture. They increase sedimentation of the complex and increase the
speed of transfection. In vivo applications apply magnetic fields focused over the target site
have the potential to not only enhance transfection but also target the therapeutic gene to a
specific organ or site within the body. Generally, particles carrying the therapeutic gene are
injected intravenously and strong, magnets gradients are applied to capture the particles as
they flow through the blood-stream. Once captured by the field, the particles are held at the
target, where they are taken up by the tissue. The therapeutic genes can be released either
via enzymatic cleavage of the cross-linking molecules, charge interactions, or degradation of
the polymer matrix. Alternatively, if the DNA is embedded within the matrix, such as with
hydrogels, alternating fields may be applied to heat the particles and release the genes from
the magnetic carrier. An application of magnetically-driven drug-carrying CNTs in cells was
suggested (Cai et al., 2005).

Cai et al have designed an alternative physical method of in vitro and ex vivo gene transfer,
called nanotube “spearing’”: CNTs grown from plasma-enhanced chemical vapour
deposition contain nickel particle catalysts entrapped into their tips, allowing them to
respond to a magnetic field. The tubes were covalently functionalized with a DNA strain
containing the sequence coding for the enhanced green fluorescent protein (pEGFP-cl).
Dividing and non dividing cells like Ball7, B-lymphoma, ex vivo splenic B cells and primary
neurons were grown on a substrate and incubated with magnetic pDNA/CNT. First a
rotating magnetic field drives the nanotubes to mechanically spear the cells. In a subsequent
step, a static magnetic field pulled the tubes into the cells. The spearing set-up and
procedure are illustrated in Figure 6. The cells were efficiently transfected as confirmed by
fluorescent microscopy measurements. They demonstrated that both spearing steps are
necessary for efficient transduction. The efficiency was equal to viral approaches even for
non-dividing cells, such as primary B cells and neurons which are generally more difficult to
transfect.



204 Carbon Nanotubes - Growth and Applications

b Nanotube
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Fig. 6. Two step procedure for nanotube spearing: a) a rotating magnetic field drives
nanotubes to spear the cells on a substratum (surface) and b) a static field pulls nanotubes
into the cells. (Cai et al.,2005).

The same researchers investigated the compatibility of the nanospearing with primary
ex vivo cultures of B lymphocytes (Cai et al., 2007). They reported that, by applying the
original 2-step procedure of the nanospearing, they noted by phase contrast microscopy
B-cell blasts and cellular aggregation, suggesting mnon-specific B-cell activation
(i.e., increased cell size, activation of signal transduction pathways, increased protein and
RNA content, normally associated with stimulation by extrinsic growth factors). They
conducted a comprehensive characterization of the potential effects of exposing ex vivo
primary B cells to CNTs with respect to cellular activation, survival, and signal transduction.
The original multistep nanospearing protocol was modifield to a single step process (cells
were speared by positioning the cover slips directly over a permanent magnet) and by using
non-covalent DNA immobilization strategy. The results indicate that CNT-mediated
nanospearing of primary B cells does not result in non-specific activation of naive B
lymphocytes but facilitate efficient delivery of nucleic acids into B cells (Figure 7).

Contral A Control B Control C ' 0.1 fmol 0.4 fmol

Fig. 7. CNT were covalently functionalised with poly(L-lysine) (PLL-CNT) and incubated
with FITC-oligos in order to achieve FITC-oligo-PLL-CNTs. The pictures show the delivery
of FITC-oligo-PLL-CNTs into B lymphocytes following nanospearing. Ball7 cells were
speared with 0.4 fmol non-FITC-oligo-PLL-CNT complexes (Control A) or with 0.02, 0.1, or
0.4 fmol FITC-oligo PLL-CNTs. More control results are shown as ‘Control B” (FITC-oligo
alone) and ‘Control C’ (FITC-oligo-PLL) with the corresponding reagent treatments to cell
following the spearing procedures (Cai et al., 2007).
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Recently, Cai and colleagues showed that CNT-cell complexes form in the presence of a
magnetic field (Cai et al., 2008). The complexes were analyzed by flow cytometry as a
quantitative method for monitoring the physical interactions between CNTs and cells. They
observed an increase in side scattering signals, where the amplitude was proportional to the
amount of CNTs that are associated with cells. Even after the formation of CNT-cell
complexes, cell viability was not significantly decreased. The association between CNTs and
cells was strong enough to be used for manipulating the complexes and thereby conducting
cell separation with magnetic force.

2.7 Summary and concluding

The emergence of CNTs in the biomedical field have raising great hopes. CNTs have been
proposed as components for DNA and protein biosensors, ion channel blockers and as
bioseparators and biocatalysts. Their use is becoming relevant in many fields such as
neuroscience research and tissue engineering. CNTs have been developed as scaffolds for
neuronal and ligamentous tissue growth for regenerative interventions of the central
nervous system (e.g. brain, spinal cord) and orthopaedic sites They have also been used as
new platforms to detect antibodies associated with human autoimmune diseases with high
specificity. This findings pave the way to the development of CNT-based diagnostic devices
for the discrimination and identification of different proteins from serum samples and in the
fabrication of microarray devices for proteomic analyses. Plus CNTs covalently modified
with DNA and PNA (peptide nucleic acid) have led to innovative systems for hybridization
of complementary DNA strands allowing ultrasensitive DNA detection. Furthermore, CNTs
have also emerged as a new efficient, alternative tool for transporting and translocating
therapeutic molecules. The development of new and efficient drug delivery systems is of
fundamental importance in improving the pharmacological profiles of many classes of
therapeutic molecules. CNTs can be functionalised with bioactive peptides, proteins, nucleic
acids and drugs, and used to deliver their cargos to cells and organs.

With the prospect of gene therapy, cancer treatments, and innovative therapies, the science
of nanomedicine has become an fast-growing field that has an incredible ability to bypass
barriers previously thought unavoidable. The properties and characteristics of CNTs are still
being explored and scientists have barely begun to mine the potential of these structures.
CNTs have already proven to serve as safer and more effective alternatives to previous drug
delivery methods. They can serve as nano-vehicles, carrying therapeutic drugs, vaccines,
and nucleic acids deep into the cell to targets previously unreachable in response to static
and dynamic energetic fields.

Carbon nanotubes have the potential of revolutionizing bio-medical research. They
frequently show superior performance over other nanoparti-cles. The advantage lies in their
unique combination of electrical, magnetic, optical and chemical properties which 