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1.1
Introduction

Recent years have witnessed tremendous development in the studies of carbon
nanomaterials, including fullerenes, carbon nanotubes (CNTs), and graphene.
These carbon nanomaterials solely comprise sp2 carbon atoms, which form
conjugated six-membered rings fused together with various numbers of five-
membered rings. These novel materials, which exhibit unique structures and
properties, are expected to be useful in many fields.

To achieve the proposed applications, it is of primary importance to synthesize
these nanomaterials with defined structures in reasonable production yield. At the
same time, it is always required to further modify their surface properties to opti-
mize the interface environment where they function. The fine structure and the
surface properties are critical for their biological effects. And, it is actually impor-
tant to identify the comprehensive structure parameters and surfacemodifications
for their toxicological evaluations and understanding the related mechanisms. In
this chapter, we present the basic concept and the latest achievements in the syn-
thesis of carbon nanomaterials and their functionalization, especially related to
biological purposes. The state-of-the-art characterization methods are also criti-
cally reviewed.

1.2
Fullerenes and Metallofullerenes

There have been a tremendous amount literature describing the synthesis, charac-
terization, structures, and properties of empty fullerenes. As a result, we will only
focus on the achievements in the recent studies of endohedral metallofullerenes
(EMFs), which are hybrid molecules formed by the encapsulation of metallic
species into the fullerene cages in the following contexts.
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Figure 1.1 (a) An arc discharge reactor used to synthesize EMFs and (b) its schematic
illustration.

1.2.1
Synthesis and Purification

1.2.1.1
Synthesis

The synthesis of empty fullerenes can be achieved rather easily via such methods
as initial laser ablation, then arc discharge, and finally combustion of aromatic
organic molecules even under ambient conditions. However, to produce EMFs,
harsher conditions are always required to evaporate the metals into the gas phase.
As such, only laser ablation and arc discharge approaches are effective.

Smalley and colleagues made the first attempt by using laser ablation equip-
ment. A composite graphite disk doped with lanthanum oxide was irradiated with
laser in a quartz tube under an inert atmosphere. The tube was heated to a temper-
ature higher than 800 ∘C in order to ensure the formation of fullerenes and EMFs
[1–3].

This is the most powerful and convenient method for EMF production
(Figure 1.1). By allowing N2 or NH3 into the chamber, or by adding some
nitrogen-containing compounds into the graphite rod, metal nitride cluster
EMFs are readily obtained [4, 5]. EMFs containing a metal oxide cluster (Sc4O3)
[6], a metal sulfide cluster (Sc2S) [7], or even a metal cyanide cluster (Sc3NC)
have been synthesized by introducing the corresponding heterogeneous additives
into the reactor.

1.2.1.2
Purification

Extraction Solvent extraction is the most common method and frequently used in
the first step of fullerenes separation from soot. Generally, 1,2,4-trichlorobenzene
(TCB) shows the highest affinity toward the fullerene species. Alternatively,
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1,2-dichlorobenzene (ODCB), chlorobenzene, toluene (xylene, benzene), and
CS2 are also commonly used to extract fullerenes and EMFs [8–10].

On the other hand, electrochemical methods were also used for the extrac-
tion of insoluble EMFs. The insoluble species can be made soluble by altering
the electronic properties of these insoluble species. Diener and Alford made the
first attempt, and obtained a mixture of insoluble, small-bandgap fullerenes such
as C74, Gd@C60, and Gd@C74 by electrochemical reduction of the sublimate of
Gd-containing soot [11]. In addition, some insoluble EMFs were extracted after
increasing the solubility via chemical derivatization. For example, upon extraction
with 1,2,4-trichlorobenzene of La-containing soot, some insoluble species such
as La@C2n (2n= 72–82) were functionalized by the trace dichlorophenyl radicals
generated during refluxing [12–16].

HPLC Separation Complete separation of EMFs has been accomplished only by
high-performance liquid chromatography (HPLC) [17–19], which has proven to
be the most powerful and frequently used technique for the separation of EMFs.
The HPLC technique utilizing different modified HPLC columns can even afford
the separation of structural cage isomers of various EMFs. Five complementary
HPLC columns are available commercially: PYE, PBB, NEP, Buckyprep, and
Buckyprep M.

Non-HPLC separation Electrochemical studies of EMFs have indicated that their
redox potentials are quite different from those of empty fullerenes, so electro-
chemical methods can be efficiently used for separating EMFs from the latter. In
2003, Bolskar and Alford designed a separation protocol based on the electro-
chemical as well as chemical oxidation of EMF extracts by AgPF6, AgSbCl6, and
tris(4-bromo-phenyl)aminium hexachloroantimonate [20].

Moreover, the “SAFA” (stir and filter approach) was proposed by Stevenson
et al. [21, 22]. Without using any chromatography equipment, the authors used
cyclopentadienyl and amino-functionalized silica to selectively bind contaminant
fullerenes (empty fullerenes and non-nitride clusterfullerenes) and claimed to
obtain the purified nitride clusterfullerenes under optimum conditions [21].
This method could also be used to separate Sc3N@C80-Ih and Sc3N@C80-D5h
isomers [22].

1.2.2
Chemical Functionalization

1.2.2.1
Carbene Reaction
Carbene reaction is used frequently to functionalize many different kinds
of EMFs; this is mainly due to its highly selectivity. For example, through
photoirradiation or even heating, reactions of M@C2v-C82 (M = La, Y, Pr, Gd,
etc.) with 2-adamantane-2,3-[3H]-diazirine (AdN2) were conducted and two
monoadducts of M@C2v-C82 were obtained [23]. The single-crystal results
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Figure 1.2 Ortep drawings of (a) Y@C82 –Ad, (b) Yb@C84Ad, (c) La2@C80 –Ad,
(d) La2@C80 –NTrt, (e) Ce2@Ih –C80 –(Mes2Si)2CH2, (f ) Sc3C2@C80 –CH2C6H5,
(g) La@C82 –CBr(COOC2H5)2, (h) Sc3N@C80 –C6H4.

(Figure 1.2a) revealed that the addition always took place on those carbon atoms
near the metal atom. Similar reaction of dimetallofullerenes M2@C80 (M=La,
Ce) were carried out by Akasaka’s group. The single-crystal X-ray structure
(Figure 1.2c) analysis of monoadduct La2@C80Ad confirmed that two La atoms
were interestingly collinear with the spiro carbon of the Ad group and the
distance between La atoms is increased [24]. Recently, the carbene reaction has
been used to investigate the chemical properties of divalent EMFs. Reaction of
Yb@C80 with AdN2 reported by Lu in 2013 resulted in the first derivative of a
divalent metallofullerene. Only one isomer was obtained, indicating the high
regioselectivity of this reaction [25]. Yb@C84 (Figure 1.2b) was used to react
with AdN2 in the same year. Theoretical calculations suggest that the addition of
divalent EMFs is mainly driven by the release of the local strains of cage carbons
rather than by charge recombination, which is always prominent due to the
affinity of typical trivalent EMFs [26].

1.2.2.2
Bingel–Hirsch Reaction
The Bingel–Hirsch reaction is one of the famous nuclophilic reactions in fullerene
chemistry. The reactions of diethyl bromomalonate with metallofullerenes in the
presence of 1,8-diazabicyclo[5.4.0]-undec-7ene (DBU) are extremely aggressive,
so it is always used to synthesize various adducts. Surprisingly, Akasaka obtained
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a singly bonded monoadduct of La@C82(La@C82CBr(COOC2H5)2) (Figure 1.2g)
by means of the Bingel–Hirsch reaction [27].

1.2.2.3
Prato Reaction

Many investigations of Prato reaction of metallofullerenes indicate that changing
the substituted group of aldehydes is a very efficient approach to obtain met-
allofulleropyrrolidines with different branched chains. This method is widely
used to introduce functional groups for further photophysical studies. The first
Prato reaction of EMFs was carried out by adding azomethine ylide into La@C82
solution. Two major endohedral metallofulleropyrrolidines, a monoadduct and a
bisadduct of La@C82, were isolated with HPLC, which suggested that the reaction
is regioselective to some extent. A special Prato reaction of M2@C80 (M = La,
Ce) with 3-triphenylmethyl-5-oxazolidinone (NTrt) was reported by Akasaka’s
group; the [6,6]- and [5,6]-adducts resulted were and characterized. The X-ray
crystallographic analysis of the [6,6]-adduct (Figure 1.2d) confirmed that the
metal atoms are fixed, which is opposite of the random circulation in pristine
La2@C80 [28].

1.2.2.4
Bis-Silylation

Bis-silylation of La@C2v–C82 reported by Akasaka et al. in 1995 was the first
exohedral chemical functionalization of metallofullerenes [29]. Afterward, they
succeeded likewise in the bis-silylation of M@C2v–C82 (M = Gd, Y, Ce) and
M@Cs-C82 with disilirane through a photochemical or thermal pathway [30]. Sim-
ilar works of di-EMFs such as M2@C80 (M= La, Ce) (Figure 1.2e) were conducted
by Akasaka. In 2006, the reaction of trimetallic nitride-templated endohedral
metallofullerene (TNT EMF) Sc3N@C80 with 1,1,2,2-tetramesityl-1,2-disilirane
under photoirradiation was carried out. Both 1,2- and 1,4-cycloadducts were
successfully isolated and completely characterized by NMR measurement and
single-crystal X-ray structure analysis.

1.2.2.5
Diels–Alder Reaction and Benzyne Reaction

Cyclopentadiene (Cp) and 1,2,3,4,5-pentamethylcyclopentadiene (Cp*) were used
to participate in the [4 + 2] reaction of La@C82. Interestingly, Diels–Alder reac-
tions of La@C82 with Cp was reversible even at 298 K, which was proved through
HPLC. X-ray analysis of La@C82Cp* showed that 60% of the monoadduct formed
a dimer in the solid state [31]. Benzyne reaction of La@C82 was undertaken by Lu
in 2010, and the X-ray crystallographic structure analysis of the adduct showed
that two benzyne moieties were attached to the highly pyramidized section
and NO2 was unexpectedly linked to cage [32]. Later on, two similar benzyne
reactions of Sc3N@C80 (Figure 1.2h) were reported by Echegoyen and Wang in
2011. Besides the typical cycloadditions above, some uncommon cycloadditions
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of metallofullerenes such as radical malonate addition, azide addition, zwitterion
addition, carbosilylation, so on, were investigated as well to some extent [30].

1.2.2.6
Singly Bonded Addition
The thermal reaction of La@C82 with 3-triphenylmethyl-5-oxazolidinone
(NTrt) reported by Akasaka in toluene afforded the benzyl monoadducts
La@C82(CH2C6H5), Surprisingly, the same monoadducts were also obtained by
the photoirradiation of La@C2v–C82 in toluene without NTrt [33]. In 2008, Dorn
obtained a dibenzyl adduct M3N@C80(CH2C6H5)2 (M = Sc, Lu) by photochem-
ical reactions of M3N@C80 (M = Sc, Lu) with benzyl bromide, and confirmed the
structure of 1,4-dibenzyl adduct of M3N@C80 (M = Sc, Lu) by X-ray crystallo-
graphic analysis [34]. Recently, photochemical reaction of Sc3C2@C80 with benzyl
bromide was undertaken by Lu, in 2014. X-ray structure analysis (Figure 1.2f )
demonstrated that the cluster configuration in EMFs was highly sensitive to the
electronic structure, which is tunable by exohedral modification [35]. Another
typical singly bonded addition of EMFs is perfluoroalkylation. Perfluoroalkyla-
tion of metallofullerens, which is a special solid–solid reaction, prefers to afford
various multiadducts. CH3I and Ag(CF3CO2) are widely used as reagents for
the perfluoroalkylations of EMFs. Reactions of Sc3N@C80 were the most inves-
tigated because of the less selectivity of perfluoroalkylation and relatively large
amount of Sc3N@C80. After persistent efforts, single crystals of the multiadduct
Sc3N@C80(CF3)n (n= 14, 16) were obtained by Yang and coworkers [30]

1.2.2.7
Supramolecular Complexes of EMFs
Supramolecular complexes based on metallofullerenes with macrocycles or
organic donors have been investigated because of its attractive electron transfer
behavior. In 2006, Akasaka and colleagues synthesized complexes of La@C82 with
1, 4, 7, 10, 13, 16-hexaazacycloctadecane. The complexes, which precipitate in
toluene, are soluble in polar solvents. According to this phenomenon, they suc-
cessfully separated metallofullerenes from soot extracts selectively [36]. Another
organic donor, N ,N ,N ′N ′-tetramethyl-p-phenylenediamine (TMPD), was also
used to form complexes with La@C82; the characterization with spectroscopy and
ESR confirmed the reversible intermolecular electron transfer system at complete
equilibrium in solution and the formation of stable diamagnetic/paramagnetic
anions of La@C82 and radical anions of the donor, respectively [37].

1.2.3
Characterization

1.2.3.1
Synchrotron Radiation Powder Diffraction (SRPD)/Rietveld/MEM
This method is the earliest to confirm EMFs [38]. In 1995, Takata et al. reported
the MEM maps of Y@C82 and C82 and confirmed that the metal atom is indeed
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encapsulated inside the fullerene cage [38]. Thereafter, the structures of numerous
EMFswere determined similarly, such as those of Sc@C82, La@C82, andY2C2@C82
[39–41]. This experiential strategy is not always reliable because several erroneous
structures have been assigned using this method [42, 43].

1.2.3.2
Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR spectroscopy was also used to characterize structures. The cage structures
of many trivalent EMFs have been established, especially those of M@C82, show-
ing that both C2v(9)-C82 and Cs(6)-C82 cages are favorable, with the former being
much more stable. Furthermore, using the two-dimensional incredible natural
abundance double quantum transfer experiment (INADEQUATE), bond connec-
tivities among nonequivalent cage carbons were also modeled in cases where the
NMR spectrum was sufficiently clear [44, 45]. Recently, the signals from the inter-
nal C2 unit of carbide cluster EMFs were detected with NMR spectrometry using
13C-enriched samples. For the Sc2C2 cluster, which is frequently encountered in
carbide cluster EMFs, peaks of the C2 unit are observed between 220 and 260 ppm,
but the corresponding signal of the C2 motif in the Sc3C2@Ih(7)-C80 anion was
shifted downfield to 328 ppm [46–49]. For divalent EMFs, di-EMFs, and cluster
EMFs, which are all diamagnetic species, direct NMR measurements are valid for
establishing their structures [50–52].

1.2.3.3
Theoretical Calculation
Calculations can predict the relative stabilities of EMF by considering the charge
transfer from the encapsulated metals to the carbon cage [48, 53]. A “maximum
pentagon separation rule” proposed by Poblet and coworkers stated that the pen-
tagonal carbon rings on the fullerene cage tend to accumulate negative charges
transferred from the internal metallic species. Consequently, they are separated
to the greatest degree over the cage, engendering the maximum separation of the
positively charged internal metal cations.

1.2.3.4
Single-Crystal X-ray Diffraction Crystallography
It is the most reliable solution to molecular structures. The EMF can
form neat co-crystals with metal porphyrins: MII(OEP) (M=Ni, Co etc.,
OEP= 2,3,7,8,12,13,17,18-octaethylporphyrin dianion) as the eight alkyl groups
of MII(OEP) wrap the spherical molecule. Balch and colleagues have also obtained
the structure of Kr@C60, indicating that the inert gas molecule is at the center
of the cage [54]. In contrast, the single metal in mono-EMFs always departs
from the center of the cage, either approaching closely to a hexagonal carbon
ring for rare-earth metals or over a carbon bond for alkali metals, for example,
M@C3v(134)-C94(M=Tm, Ca) [55]. In large cages, it is also possible for the
single metal to move even at low temperatures (e.g., Sm@C90 isomers) [56]. It is
noteworthy that the crystal of Li+@C60 was obtained by co-crystallization with
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its counter anion, [SbCl6]−, instead of metal porphyrin [57]. Furthermore, it was
found in a recent study that the solvated Sc3N@C80 are nicely ordered in the
crystal lattice, providing new insight into the structures of “pristine” EMFs [58].

1.2.3.5
Others
In addition to the methods that can be viewed as direct solutions to the
molecular structure of EMFs, means such as infrared spectroscopy, Raman
spectroscopy, absorption spectroscopy, electrochemical spectroscopy, and even
high-resolution tunneling electronic microscopy (HRTEM) have all been used to
characterize EMFs.

1.2.4
Questions and Future Directions

The development and structural recognition of fullerenes and metallofullerenes
have a long way to go. The availability of EMFs is much less than sufficient for sci-
entific research or practical application. Except for Sc3N@C80, other EMF species
yielded less using the arc discharge method, and are more difficult to separate,
because of the numerous structural isomers and low stability. As a result, more
powerful synthetic methods and more efficient separation process are urgently
needed to increase the availability of EMFs.

Practical applications of these fascinating materials also demand detailed explo-
ration. Because of the presence of the metallic species, which are the mainstay of
many novel electronic, magnetic, and optic applications, every detail of the func-
tions of both the fullerene cage and the metallic core must be investigated.

1.3
Carbon Nanotubes

CNTs, including single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs), can be imagined as cylinders by rolling up hexag-
onal carbon sheets. The diameter and the chirality of a SWCNT can be defined
in terms of its chiral vector (m, n), which determines the direction of rolling
the carbon sheet, as illustrated in Figure 1.3. It is fantastic that SWCNTs with
different (m, n) values exhibit different electrical (metallic or semiconducting)
and optical properties in spite of the same chemical composition and bonding
behaviors [59].

CNTs were probably observed for the first time using transmission electron
microscopy (TEM) in the 1970s. But, only after Iijima et al.’s reports on their dis-
covery and structural characterizations on MWCNTs in 1991 and SWCNTs in
1993, researchers around the world started to intensively study this kind of new
materials, which have been proven to possess outstanding mechanical, thermal,
optical, and electrical properties [59–61]. Various potential applications of CNTs
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Figure 1.3 A carbon nanotube can be
regarded as a cylinder obtained by rolling
up a graphene sheet. The vector conven-
tion is used to define the points in the

graphene lattice. The illustrated SWCNT
(10, 0) is formed by superimposing the point
(10, 0) with (0, 0) in the graphene sheet,
which is a zigzag tube.

are expected for composites, flat panel displays, electronic nano-devices, sensors,
functional probes, drug delivery systems, and so forth [62–67].

1.3.1
Synthesis

The widely used methods to synthesize CNTs are arc discharge, laser ablation, and
chemical vapor deposition (CVD).

1.3.1.1
Arc Discharge Method

An arc discharge can be used to produce various carbon nanomaterials, including
fullerenes, CNTs, and carbon nanohorns. It is an effective way to synthesize high-
quality CNTs having different structural features. The SWCNTs and MWCNTs
observed by Iijima in his pathbreaking work were actually obtained by means
of arc discharge. The facility is very similar to that used to produce fullerenes
described previously (Figure 1.1). Under optimal conditions of arcing between two
high-purity graphite electrodes, MWCNTs can be synthesized. SWCNTs can be
generated by arc discharge only when suitable metal catalysts are used, includ-
ing Fe, Co, Ni, Pt, and Rh [61, 68, 69]. CNTs produced by arc discharge have
few structural defects, which helps in preserving the unique properties of CNTs.
Meanwhile, it also causes problems to handle these CNTs in wet processes. For
example, it is difficult to disperse such CNT powders well in the aqueous phase
when researchers aim to use CNTs for biological applications.
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1.3.1.2
Laser Ablation Method
Laser ablation is another method developed for CNT synthesis at the early stage
of studies on carbon nanomaterials. Carbon evaporated from high-purity graphite
source under high-power YAG laser irradiation can form MWCNTs at 1200 ∘C
in an Ar or a N2 atmosphere [70]. When metal catalysts (Co–Ni) were mixed
into the graphite target, SWCNT bundles were synthesized [71]. On the other
hand, spherical aggregates of single-walled carbon nanohorns were obtained in
the absence of any catalyst at room temperature [72, 73]. Currently, laser ablation
method is not widely adopted for CNT synthesis because of the necessity of high-
power lasers and high-purity graphite.

1.3.1.3
CVDMethod
Many research groups and commercial manufacturers are using CVD for the
synthesis of CNTs, which is a versatile and economic method to produce different
types of CNTs and graphene (discussed below). In the CVD process, carbon
sources in the gas phase flowing through a heating furnace decompose and
dissolve on the surface of active catalyst nanoparticles, initiating the growth
of CNTs. Since the successful CVD growth of SWCNTs in the late 1990s, a
huge amount of work has been reported on growing CNTs by this technique
[74–78]. It has been revealed that various CNTs with different morphologies and
crystallinity can be generated by adjusting the parameters including the carbon
feedstock, catalyst (composition, size, shape, density, and crystal structure),
carrier gas, temperature, and even the direction of gas flow and tube furnace.
Furthermore, aligned CNTs (vertical or horizontal) with designed patterns can
also be obtained based on the CVD technique [79–81].

1.3.1.4
Synthesis of CNTs with a Defined Structure
Nowadays, it has been realized that the crucial point for practical applications
of CNTs is to obtain sufficient amount of a single type of CNTs with defined
diameter and chirality. Many research groups have contributed to this effort
by optimizing the characteristics of the catalysts used in the CVD process. For
example, Harutyunyan et al. increased the fraction of metallic SWCNTs up to
91% by optimizing the thermal annealing conditions of the Fe nanocatalyst [82].
Wang et al. reported their work on the growth a single type of SWCNTs (9, 8) with
51.7% abundance by using a sulfate-promoted CoSO4/SiO2 catalyst [83]. Most
recently, Li and colleagues successfully obtained specific SWCNTs (12, 6) with an
abundance over 92% in their CVD growth studies [84]. W6Co7 alloy nanoclusters
with specific structural features were used as the catalyst and believed to be the
key factor to initialize the SWCNT’s specific growth. These works demonstrated
the possibility to directly grow structure-controlled CNTs, which is of great
importance to achieve CNT applications for nanoelectronics and biological
purposes.
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1.3.2
Functionalization

Before applying CNTs to a certain applications, it is usually required to modify
the surface of CNTs for functionalization, better dispersion, and feasible manip-
ulation. There have been a large number of reports on the surface modifications
of CNTs, which can be generally classified as covalent chemistry and noncovalent
modifications.

1.3.2.1
Covalent Chemical Reactions
There are usually some impurities (amorphous carbon, catalyst particles, etc.) in
the raw soot of CNTs. During the purification processes using acid oxidation,
oxygenated functional groups are induced onto CNTs, mainly carbonyl and car-
boxylic groups. The most widely used covalent chemical reactions of CNTs are
through amidation based on the carboxylic groups on the surface or the open
ends of the nanotubes. Many other chemical reactions, such as Prato reaction,
halogenation, cycloaddition, necleophilic addition, and radical addition, among
others, have also been reported. The related reaction route, mechanism, and char-
acterizations have been reported in several reviews [85, 86].

1.3.2.2
Noncovalent Modifications
Wrapping the CNTs with surfactants, biomolecules, and various types of poly-
mers is another effective way to disperse and functionalize CNTs. This approach
takes advantage of the nonspecific interactions (mainly hydrophobic affinity and
π–π stacking) between the graphite surface of CNTs and hydrophobic moieties
or aromatic rings of the reactants. A wide variety of surfactants (ionic and non-
ionic) have been used to wrap and disperse CNTs, such as sodium dodecyl sulfate,
sodium cholate, sodium pyrenebutyrate, Tween, Triton, and so on. It has been
found that bile salts are exceptionally effective for dispersing CNTs due to their
unique structure comprising a steroid ring and facial amphiphiles [87, 88]. These
types of surfactants were utilized to obtain stable, monodispersed SWCNTs suit-
able for diameter sorting using density gradient ultracentrifugation.

Modification Using Biomolecules Different types of biomolecules are used for the
dispersion and functionalization of CNTs. Among them, DNA molecules have
proven to be highly effective through helical wrapping onto the CNT surface [89].
On the basis of their outstanding dispersion efficiency, DNA sequences were able
to further recognize and separate structure-specific CNTs [90]. Moreover, phos-
phate lipid-functionalized short CNTs can self-insert into lipid bilayers and live
cell membranes to form biomimetic ion channels able to transport water, pro-
tons, small ions, and DNA [91]. Some proteins, such as bovine serum albumin and
streptavidin, were also widely used for surface modification and possible further
functionalization of CNTs, especially for biological applications.
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Modification Using PEG-based Polymers The integration between CNTs and
polymers has been extensively investigated. To fabricate high-performance
CNT–polymer composites, CNTs were dispersed and bonded with various
species of polymers, such as poly(acrylate), hydrocarbon polymers, and conju-
gated polymers, to name a few [85]. Meanwhile, for biological purposes, block
copolymers comprising hydrophobic chains and hydrophilic poly(ethylene glycol)
(PEG) are the most widely used reagents to modify and disperse CNTs in highly
salted aqueous solutions and biofluids [92]. It is well known that the PEG moieties
over the CNT surface can prevent nonspecific protein adsorption and increase
the biocompatibility of CNTs. PEG chains with different lengths and branch
structures have been attached to CNTs. Among them, phosphate–lipid conju-
gated PEG polymers were the most commonly used to form stable suspension of
CNTs in solutions with high ionic strength [93]. A comb-shaped PEG branch was
proven to have higher dispersion efficiency as a result of the higher density of PEG
chains above the hydrophobic graphite surface [94]. It was also possible to further
enhance the dispersion ability of PEG polymers by adjusting the linker structure
between the hydrophobic and the PEG chains. For example, it was found that
ceramide-conjugated PEG, which has a neutral linker group, possesses a higher
dispersion potential than the corresponding charged phospholipid-conjugated
PEG polymers [95].

1.3.3
Characterization

Different from real molecules, a CNT sample is actually a mixture containing
CNTs with different diameters, lengths, and chirality. They cannot form real
solutions or identical crystals. Therefore, many analysis methods commonly used
in molecular chemistry, such as X-ray diffraction crystallography, NMR, and so
on, are not effective for identifying the exact chemical composition and binding
information of CNTs and the attached functional groups. Alternative methods are
adopted to obtain the structural features of CNTs and functionalized derivatives
to some extent, which include transmission electron microscopy (TEM), atomic
force microscopy (AFM), Raman spectroscopy, ultraviolet–visible (UV–vis)
absorbance spectroscopy, and near-infrared (NIR) fluorescence.

1.3.3.1
Microscopic Characterizations
Among these analysis tools, TEM is a widely used method to characterize CNTs
with respect to their morphology and composition information. It is also a pow-
erful tool to study in situ dynamic processes in the nanoscale. For example, Sue-
naga et al. [96] were able to directly image Stone–Wales defects in SWCNTs and
their propagation under heating by means of high-resolution TEM with atomic
resolution. The development of this technique in recent years has made it pos-
sible to achieve elemental analysis using electron energy loss spectroscopy to an
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unprecedented sensitivity, even at the atomic level [97]. Compared to TEM, AFM
is more versatile and nondestructive. The morphology and conformation of the
attached soft materials on the surface of CNTs, such as DNA and proteins, were
able to be analyzed by AFM observations [98]. Moreover, tip-enhanced Raman
spectroscopy integrated with AFM is regarded as a fantastic tool for chemical
analysis at the nano-scale [99]. It holds promise to detect single molecules on sur-
faces, although the current sensitivity is still limited by the use of conventional
AFM tips. The newly developed multiple-probe AFM is a specialized method that
allows researchers to manipulate up to four AFM probes at the same time [100]. It
affords flexible and precise control of the tip location and tip–sample force when
the tips are used as electrodes for probing the electrical properties of individ-
ual CNTs.

1.3.3.2
Spectroscopic Characterizations
Spectroscopic methods are also very useful in obtaining structural information
of CNTs, which is especially important to identify the functionalized chemical
species on CNTs. Raman spectroscopy is a versatile and sensitive tool that has
been utilized from the very beginning of CNT studies [101, 102]. It is possible to
identify a single CNT based on its resonance Raman spectrum, giving structural
characteristics including the diameter, defect density, surface functionality, and
much beyond. It has been a standard tool in the studies of nanocarbon materials.
UV–vis absorbance and NIR fluorescence are commonly used to analyze CNT
samples dispersed in solution [103]. Both methods are very sensitive to the disper-
sion state of functionalized CNTs in solution (individuals or bundles). Especially,
UV–vis measurements are very easy to perform, and can give valuable informa-
tion of CNTs on the dispersion state, preliminary chemical functional compo-
nents, diameter, chirality, and even the length.

1.3.4
Questions and Future Directions

Based on their outstanding structural features and properties, CNTs are expected
to be used in various applications, including electronic devices, sensors, and
biological uses. However, to effect these practical applications, it is necessary
to obtain the CNT samples having a defined structure. The diameter, chirality,
and even the length of a CNT affect its electrical and biological properties. As
mentioned above, researchers have been able to synthesize CNT samples with
identical chirality. It is also possible to separate CNTs having a certain structural
feature by density-gradient ultracentrifugation. But, until now, the amount of the
pure CNTs produced is too small to be applied to practical applications. It is of
critical importance to produce pure CNTs of a defined structure in a reproducible
and economical way to achieve practical applications of this amazing material
after over two decades of its discovery.
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1.4
Graphene

Graphene, a single sp2-bonding carbon layer of the graphite structure, is a
basic building block for graphitic materials of all other dimensionalities. It
can be wrapped up into 0D fullerenes, rolled into 1D nanotubes, and stacked
into 3D graphite (Figure 1.4a) [104]. It has potential to exhibit a wide range of
remarkable structural and transport properties, for example, specific surface
area, high carrier mobility (>200 000 cm2 V−1 s−1) [108, 109], high Young’s mod-
ulus (∼1100 GPa) [110], excellent optical transparency [111], and high thermal
conductivity (∼5000 W m−1 K−1) [112]. These peculiar properties arise from its
unique electronic band structure, in which the conduction band overlaps with the
valence band at two points (K and K′) in the Brillouin zone, and in the vicinity of
these points the electron energy exhibits a linear relationship with the wave vector
(Figure 1.4b) [105]. The experimental observations of the extraordinary transport
properties have fueled extensive research on its chemical and physical properties
[113, 114]. Although the experimentally observed values are substantially lower
than theoretical predictions, research into graphene to date has highlighted the
potential for applications in nanodevices, energy-storage materials, polymer
composites, liquid crystal devices, and biomedicine [115, 116]. In this section, we
aim to summarize the progress made on graphene, ranging from the synthesis and
characterization to functionalization. Clearly, the development of various meth-
ods for producing graphene with controllable quality, quantity, and morphology
might enable us to expand the graphene family with fascinating properties.

1.4.1
Synthesis and Characterization

In extensive studies to date, four different routes have been reported to produce
graphene. The first was the micromechanical exfoliation of graphite, named as
the “Scotch tape” or peel-off method [113]. This approach was inspired by earlier
work on the micromechanical exfoliation from patterned graphite [117]. The sec-
ond was CVD, such as the decomposition of a carbon source on metal substrates,
for example, copper and nickel [118, 119]. The third was the epitaxial growth on
electrically insulating surfaces, for example, SiC [120]. The fourth was the liquid-
phase exfoliation of graphite into graphene nano-platelets [121].

The resulting graphene obtained by the above methods exhibit diversities
in sample size and quality, implying their applicability for niche applications.
Micromechanical exfoliation has, for example, yielded the highest quality but
with small sample sizes ranging from few micrometers to ∼1 mm, which are
applicable only for fundamental studies on their transport properties. Large-area,
uniform, and continuous graphene films are now achievable by CVD on Cu foil,
but they exhibit moderate charge carrier mobility. A complete process requires
the transfer from the Cu foil to a target substrate, and the production of square
meters of graphene has already been achieved. The polymers used as a supporting
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layer in the transferring procedure, however, are rather difficult to be completely
removed from the graphene surface. The residual polymers are found to greatly
influence the graphene’s properties and thus make the materials properties less
controllable in devices. CVD-grown graphene films are ready for use in transpar-
ent conductive coating applications, sensors, and nanoelectronics, although there
are defects, grain boundaries, and thicker graphene that would result in variable
device performance from one device to another. The quality of graphene grown
on SiC can be very high, with crystallites approaching hundreds of micrometers
in size. Thus, SiC-grown graphene may find application in high-frequency
transistors. In the liquid exfoliation of graphite, intercalation of solvents into the
gallery of graphite favors the interlayer expansion. With further aids of sonication
and thermal or plasma processes, such graphite intercalated compounds can sub-
sequently be delaminated into graphene nano-platelets, with a wide dispersion of
thickness and lateral size, strongly depending on the treatment conditions [121].
The tone-scale synthesis of graphene via this method is currently being evaluated
in numerous applications in printed electronics, electromagnetic shielding,
barrier coatings, heat dissipation, supercapacitors, and so on [122].

The peculiar chemical and physical properties of graphene have demonstrated
experimentally a strong dependence on the number of graphene layers, the
quality of the material, the type of defects, and the substrates. In this context, it is
of critical importance to perform various characterizations on graphene in order
to explore the issues mentioned above. Optical microscopy is a quick and precise
method to rapidly locate graphene and to determine the thickness of graphene
nano-platelets in terms of their contrast spectrum. One can observe a contrast
between the graphene layers and SiO2(285 nm)/Si substrate in a reflection
spectrum using a normal white-light illumination on samples supported on a
substrate (Figure 1.4c) [106]. The graphene sample shows four different contrast
regions, which are related to four different thicknesses. By fitting the experimental
data to Fresnel’s law, the experimental refractive index of a single-layer graphene
n= 2.0− 1.1i differs from that of bulk graphite n= 2.6− 1.3i in the visible range.
Such a large deviation was ascribed to the decrease of interlayer interaction in
the ultrathin range. In similar cases, the thickness of few-layer graphene with
less than 10 layers has clearly been discriminated. As to a continuous graphene
film on a Cu foil by CVD, scanning electron microscopy (SEM) is an efficient
method for the direct evaluation. Figure 1.4d depicts a higher resolution image of
graphene on Cu with the presence of Cu surface steps, graphene “wrinkles,” and
the presence of nonuniform dark flakes. The wrinkles are caused by the thermal
expansion coefficient difference between Cu and graphene. The CVD-grown
graphene also exhibits a clear contrast between the graphene layers when it is
transferred onto the SiO2(285 nm)/Si substrate (Figure 1.4e).

Raman spectroscopy is another nondestructive and quick inspection method
for evaluating the thickness and quality of graphene. In the Raman spectra of
graphene, a G peak located at ∼1580 cm−1 and a 2D peak at ∼2700 cm−1 are
observed, as shown in Figure 1.4f, corresponding to the in-plane optical vibration
(degenerate zone-center E2g mode) and second-order of zone-boundary phonons,
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respectively [107]. The D peak, located at ∼1350 cm−1 due to first-order zone
boundary phonons, is absent from defect-free graphene. It will be activated by
defects, vacancy, and structural disorder in graphene. The number of layers in
graphene can be determined by the shape, width, and position of the 2D peak.
Figure 1.4g and h shows that the 2D peak shifts to higher wavenumber values
and becomes broader with an increase in the number of layers. For more than
five layers, however, the Raman spectrum becomes hardly distinguishable from
that of bulk graphite. Raman spectroscopy has also been useful in identifying
the quality and types of edge, the effects of perturbations, such as electric and
magnetic fields, strain, doping, disorder, and functional groups [123].

1.4.2
Functionalization of Graphene and Graphene Oxide

The chemical modification of graphene generally includes covalent attachment of
organic molecules, hydrogen, and halogens to pristine graphene and/or its deriva-
tives, noncovalent functionalization, and deposition of various nanoparticles on
it [124].

Graphene and graphene oxide with large surface area, delocalized π electrons,
and easy functionalization by various molecules provide opportunities for
applications in nanodevices, energy-storage materials, and polymer composites
[115]. In terms of the solid-state 13C NMR spectroscopy analysis done to date
(Figure 1.2a–c) [125, 126], the possible structural model of graphene oxide has
been proposed in Figure 1.4d [126]. The carbon network is bonded to hydroxyl
groups or epoxide groups as well as five- and six-membered lactols. Most of
covalent functionalization methods rely on these groups that are active sites.

Covalent chemistry has proven to be an effective path to convert the sp2-
hybridized carbon atoms into sp3-hybridized ones by forming a single bond with
external groups. For example, the aryl radicals dissociated from diazonium salts
upon heating broke the –C==C– double bonds and introduced aryl groups onto
the graphene plane [127]. By use of photoinduced free radicals, one can also
introduce aryl groups onto graphene scaffold from benzoyl peroxide. However,
the free-radical reactions usually give rise to disordered crystal structures [128].

It would be ideal to control the crystal structure and chemical composition
of graphene derivatives. Theoretical calculations predicted the existence of fully
hydrogenated and fluorinated graphene from both sides, named as graphane and
fluorographene, respectively [129–131]. Graphane and fluorographene are both
thermodynamically stable with a C/H or C/F ratio of 1:1. Graphane has two stable
configurations: a chair conformer and a boat conformer, the former being slightly
more stable than the latter. The direct bandgap values at the K point are 3.5 and
3.7 eV for the former and latter, respectively. By exposing free-standing graphene
to a hydrogen plasma, one can achieve the double-sided hydrogenation of
graphene [132]. The electron diffraction (ED) pattern revealed that the graphane
has a hexagonal symmetry with a lattice constant d = 2.46± 0.02 Å, which is ∼1%
smaller than that of pristine graphene. This lattice shrinkage after exposure to H
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radicals arises from the change of carbon configuration from sp2 to sp3, which
generally results in longer C–C bonds. The unit cell of fluorographene is, in
contrast, ∼1% larger than that of graphene as a consequence of the corrugation
[133], whereas the measured unit cell of C2F chair, partially fluorinated graphene
on one side, revealed a 2.4% expansion with respect to graphene, which is
larger than corrugated fluorographene. The C2F chair, one-sided fluorination of
graphene, demonstrated a much higher degree of pristine long-range structural
and morphological order than fluorographene [134]. The tetragonal “boat” form
exhibits a short-range order.

Noncovalent functionalization involves the reactions with biocompatible
polymers or biomolecules via hydrophobic interactions, π–π stacking, or electro-
static interactions. Such modification greatly improves their stability in aqueous
solutions. Since graphene oxide nanosheets are negatively charged, a positively
charged polyelectrolyte (PEI) can effectively bind with them via electrostatic
interactions. The resulting nano-graphene oxide (nGO)/PEI hybrids, for example,
show much improved physiological stability compared to graphene oxide, reduced
toxicity compared to bare PEI, and high gene transfection efficiency [135].

Deposition of nanoparticles, including those of metals (e.g., Au, Ag, Pd, Pt, Ni,
and Cu) and metal oxides (TiO2, ZnO, MnO2, Co3O4, and Fe3O4), on graphene
and nGO demonstrates the potential for their applications in biomedicine [136].
For example, graphene oxide/iron oxide nanoparticle composites have been
investigated for magnetic targeted drug delivery and in vivo multimodal-imaging-
guided photothermal therapy because of their interesting magnetic and optical
properties.

Biofunctionalization of graphene and graphene oxide with biomolecules
and cells have expanded their applications to a variety of biological platforms,
biosensors, and biodevices. Until now, a number of biomolecules, for example,
nucleic acids (NAs), peptides, proteins and cells, have been successfully employed
in biological modification of graphene and graphene oxide (Figure 1.5a) [137].
One can also achieve its surface modification through reaction with various
hydrophilic macromolecules, such as PEG (Figure 1.5b–f) [138], amine-modified
dextran (DEX) [139], and poly(acrylic acid) (PAA) [140]. The modified graphene
oxides have exhibited improved biocompatibility, reduced nonspecific binding to
biological molecules and cells, and improved in vivo pharmacokinetics for better
tumor targeting [138].

1.4.3
Prospects and Challenges

In more than 10 years of worldwide research, graphene and its derivatives with
fascinating properties have shown potential for applications. Toward these
applications, mass production techniques are required to produce uniform
graphene nano-platelets. Low-temperature growth of large-area, uniform,
high-quality bilayer and multilayer graphene films on arbitrary substrates need
to be developed. The efficient, intact, and clean transfer from metal substrates
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without etching the metals remains challenging. The combination of graphene
and biotechnology is still in its infancy. There are many issues to be resolved
before putting graphene to bioapplications. The potential long-term toxicity
has been central to these issues. Whether and how graphene and its derivatives
gradually degrade in biological system is essentially unclear. Its influence on the
immune and reproductive systems of animals requires more research activities.

1.5
Summary and Outlook

In the past three decades, researchers all over the world have carried out extensive
studies on carbon nanomaterials, especially fullerenes, CNTs, and graphene. Var-
ious methods to synthesize these nanomaterials with different morphology and
structures have been reported. Diverse and attractive mechanical, chemical, and
physical properties have also been investigated by means of state-of-the-art char-
acterization tools. Based on these comprehensive studies, carbon nanomaterials
are believed to have the potential for use in many exciting applications in many
fields.

However, most of the proposed applications have not been realized. Till now, it
is widely accepted that the biggest challenge to achieve these practical applications
is obtaining enough amount of carbon nanomaterials having a designated struc-
ture. Researchers are now reconsidering ways to synthesize carbon nanomaterials.

The first thing is to set up effective methods to produce carbon nanomaterials
with a precisely controlled structure and identical properties. The chirality,
diameter, layer number, and even the assembly status of CNTs may change
their optical, electrical, and biological behaviors dramatically. Similarly, the layer
number, width, edge structure, and defect number of graphene determine its
properties and feasible applications. Therefore, a uniform sample having the same
structure is required for many real applications, especially in the electrical and
biological fields.

The second consideration is the production yield. Now it is possible to syn-
thesize or separate identical fullerene isomers and CNTs of a single chirality.
Graphene ribbons in a narrow range of widths were also successfully engineered
in the laboratory. The problem is that the obtained amount is far below that is
needed for practical usage. It remains a big challenge to improve the yield of these
materials with structural purity. On the other hand, researchers are currently
able to produce CNTs and graphene on an industrial scale despite the precise
control on their fine structures, which greatly promote the progress toward some
applications such as films, composites, and surface coating. In this aspect, it will
be very helpful to further decrease the production cost and keep a comparatively
high structural quality at the same time.

In conclusion, to achieve practical applications, the primary goal and task is to
scale up the production of carbon nanomaterials in a reproducible way, preferably
with a precise control on their fine structures.
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