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Summary Carbon is a unique and very versatile element which is capable of forming dif-
ferent architectures at the nanoscale. Over the last 20 years, new members of the carbon
nanostructure family arose, and more are coming. This review provides a brief overview on
carbon nanostructures ranging from C60 to graphene, passing through carbon nanotubes. It pro-
vides the reader with important definitions in carbon nanoscience and concentrates on novel
one- and two-dimensional layered carbon (sp2 hybridized), including graphene and nanoribbons.
Applications This account presents the latest advances in their synthesis and characterization, and discusses
new perspectives of tailoring their electronic, chemical, mechanical and magnetic properties
based on defect control engineering. It is foreseen that some of the structures discussed in the

review will have important appli
medicine and many others.
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ntroduction

he discovery of C60 Buckminsterfullerene, a beautiful
age-like carbon molecule of 7 Å in diameter (Fig. 1a)
1], stimulated the creativity and imagination of scien-
ists and paved the way to a whole new chemistry and
hysics of nanocarbons (Fig. 1) [2—4]. Soon after, carbon
anostructures related papers started to increase in num-
er almost exponentially. However, it is important to note
hat 5 years earlier (1980), Sumio Iijima first reported
lectron microscope images of nested carbon nanocages
also known as graphitic onions) when studying amor-
hous carbon films prepared by thermal vacuum deposition.
n 1988, Kroto and McKay proposed that such graphitic
nions observed by Iijima consisted of nested icosahedral
ullerenes (C60@C240@C540@C960.) containing only pentago-
al and hexagonal carbon rings (Fig. 1b) [5]. In 1992, Daniel
garte observed the reconstruction of polyhedral graphitic
articles (nested giant fullerenes) into almost spherical
arbon onions [6], due to high-energy electron irradiation
nside a high-resolution transmission electron microscope
HRTEM). Similarly, Chuvilin et al. have recently observed

he creation of defects on graphene and the eventual for-
ation of C60 upon electron irradiation in a HRTEM [7].
Regarding tubular graphene (rolled graphene sheets

nown as nanotubes), Endo, and coworkers appear to be the
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igure 1 Molecular models of different types of sp2-like hybridize
D, 1D, 2D and 3D: (a) C60: Buckminsterfullerene; (b) nested giant ful
r nanohorns; (e) nanotoroids; (f) graphene surface; (g) 3D graphite
raphene clusters; (k) helicoidal carbon nanotube; (l) short carbo
interconnected graphene surfaces with channels); (o) 3D nanotube
M. Terrones et al.

rst to report the existence of thin single and multi-walled
raphitic nanotubes (SWCNTs and MWCNTs) (Fig. 1c) using
RTEM. These nanotubes were produced using a modified
hemical vapor deposition (CVD) method used to produce
arbon fibers [8], but this 1976 paper did not have a broad
mpact at that time. The study of carbon nanotubes (CNTs)
tarted in earnest when Sumio Iijima confirmed in 1991 [9],
sing electron diffraction, that the structure of MWCNTs con-
isted of nested graphene tubules exhibiting fullerene-like
aps [10]. He termed these structures ‘‘graphite micro-
ubules’’. They were produced via an arc-discharge between
raphite electrodes in an inert atmosphere (no metal cata-
yst was used); the same method for producing fullerenes
9]. The synthesis of SWCNTs was reported a couple of
ears later, in 1993, by Iijima’s group [11] and Bethune’s
roup [12] using a carbon arc in conjunction with metal
atalysts. Soon after, other graphitic nanostructures were
uccessfully produced, including: nanocones (Fig. 1d) [13],
eapods [14], nanohorns (Fig. 1d) [15], carbon rings or
oroids (Fig. 1e) [16]. More recently, the two-dimensional
rystalline allotrope of carbon, called graphene (Fig. 1f),
as isolated using the so-called ‘‘scotch-tape method’’,

here an ingenious method for its observation under an
ptical microscope was described [17]. As in the case of
NTs, previous works reporting graphene from the reduc-
ion of graphene oxide [18] and torn from graphite with an

d carbon nanostructures exhibiting different dimensionalities,
lerenes or graphitic onions; (c) carbon nanotube; (d) nanocones

crystal; (h) Haeckelite surface; (i) graphene nanoribbons; (j)
n chains; (m) 3D Schwarzite crystals; (n) carbon nanofoams
networks, and (p) nanoribbons 2D networks.
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Figure 2 Low energy DFT 3D band structure and its projection on kx close to k point K (�/a*[2/3, 0.0 0.0]) for (a) graphene,
(b) bilayer graphene, (c) trilayer graphene and (d) graphite. (a) shows the characteristic Dirac point of graphene. The Dirac point
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(i.e., relativistic fermion characteristic) is lost in bilayer graphe
graphite structure which displays a semimetallic band structure
all cases.

STM tip [19] appeared ahead of its time and did not receive
much attention. The relatively easy production of graphene
using Novoselov’s method, and the peculiar properties of
this 2D atomic crystal have heavily stimulated an extensive
study of graphene for the first time. New carbon struc-
tures with sp2 hybridization, such as bilayer and few-layer
graphene, graphene and graphitic nanoribbons have subse-
quently emerged, each with novel and unusual properties
(Fig. 2).

The series of events described above clearly demonstrate
that carbon is a fascinating element and is able to form
various morphologies at the nanoscale, possessing differ-
ent physicochemical properties, some of them yet unknown.
There are several reviews and dedicated journal issues on
the synthesis and properties of graphene (see, for instance
[20,21]). However, the other sp2 hybridized carbon struc-
tures that have emerged from the study of graphene deserve
as much of attention as graphene. This review intends to
summarize the latest theoretical and experimental advances
related to novel one- and two-dimensional layered carbon
(sp2 hybridized).

The different types of graphene-like

nanostructures

By looking at the different morphologies of graphene-based
nanostructures discovered so far, and all other possibilities

A
s
b
h

), but appears again in trilayer graphene (c); (d) shows the 3D
h parabolic-like bands. The Fermi level has been set at zero in

till to be found, it is important to provide some important
efinitions related to different sp2-like hybridized nanocar-
ons. In this manuscript the following definitions regarding
raphene-like structures will be used:

raphite: A 3D system

e can define graphite as an infinite three-dimensional
rystal made of stacked layers consisting of sp2 hybridized
arbon atoms (Fig. 1g); each carbon atom is connected
o other three making an angle of 120◦ with a bond
ength of 1.42 Å. Depending on the layers stacking, these
rystals could be hexagonal (ABABAB. . .) or rhombohedral
ABCABC. . .). The hexagonal and rhombohedal structures
elong to the P63/mmc (194) and R-3m (166) space groups,
espectively. In both 3D crystals, the layers interact weakly
hrough van der Waals forces. Graphite crystals can be found
aturally, and can also be artificially synthesized by ther-
olytic processes; such as the production of highly oriented
yrolytic graphite (HOPG).

raphene: A 2D system
graphene crystal is an infinite two-dimensional layer con-
isting of sp2 hybridized carbon atoms (Fig. 1f), which
elongs to one of the five 2D Bravais lattices called the
exagonal (triangular) lattice. It is noteworthy that by pil-
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ng up graphene layers, in an ordered way, one can form 3D
raphite. Graphene was initially considered as a theoretical
uilding block used to describe the graphite crystal, and to
tudy the formation of carbon nanotubes (rolled graphene
heets), and predict their fascinating electronic properties.
his 2D atomic (one atom thick) crystal of carbon has as fin-
erprint a unique electronic structure with linear dispersion
lose to the Fermi level. Charge carriers in graphene are
etter described as massless Dirac fermions, which result in
ew phenomena.

There are other pseudo-2D sp2 hybridized carbon struc-
ures, such as bilayer- and few-layer-graphene, which
xhibit particular properties that are different from both
raphene and graphite (Fig. 2). Whenever these structures
xhibit AB stacking they will be referred as graphitic stacks.
his distinction is made because it has been demonstrated
hat the properties of graphene can be recovered in sys-
ems with several sp2 hybridized carbon layers when stacking
isorder is introduced. However, the physicochemical prop-
rties of graphene appear to be very different from bilayer
raphene and few-layer graphene. Therefore, it is also
mportant to include these two graphene categories in this
eview (see below and Fig. 2).

Theoretical work has been proposed regarding the possi-
ility of stable flat sp2 hybridized carbon sheets containing
entagons, heptagons and hexagons, termed Pentaheptite
2D sheets possessing heptagons and pentagons only) [22]
r Haeckelites (2D crystals containing pentagons, heptagons
nd/or hexagons: Fig. 1h) [23]. These flat structures are
ntrinsically metallic and could exist in damaged or irradi-
ted graphene. However, further experiments are needed in
rder to produce them and identify them successfully.

Some synthesis routes to graphene started to be reported
n 2001, using heat treatments, at 1600 ◦C of diamond
anoparticles over HOPG [24]. However, extensive studies
n graphene started only after Novoselov et al. [17] were
ble to isolate graphene sheets using a simple micromechan-
cal exfoliation method placing scotch-tape over commercial
OPG. The latter technique allowed scientists all over
he world to isolate single- and double-layered graphene
akes (SLG and DLG). Subsequently, other methods to
btain graphene flakes were reported, including its epitaxial
rowth over SiC substrates [25], and CVD growth over thin
etal layers [26,27].

raphene nanoribbons and graphitic clusters: 1D
nd 0D systems

hen infinite graphene crystals become finite, surface and
oundaries appear, forming non-three coordinated atoms at
he edges, and if the size is in the order of nanometers, we
ave a graphitic nanostructure that exhibits different prop-
rties from those observed in bulk. Among these graphitic
anostructures are nanoribbons (Fig. 1i) and nanoclusters
Fig. 1j). In analogy with the 2D counterpart, one can have
raphene-, bilayer-, few-layer- and graphitic-nanoribbons

r nanoclusters. It is noteworthy that fullerenes (Fig. 1a
nd b), graphitic nanotubes (Fig. 1c) and related structures,
uch as toroids (Fig. 1e) and carbon helixes (Fig. 1k) can
e treated as separated systems since bending needs to be
onsidered and curvature effects play an important role.

d
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a
g
s
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n general, a graphitic (graphite or graphene) nanoribbon
ould be defined as a one-dimensional sp2 hybridized carbon
rystal with boundaries that expose non-three coordinated
arbon atoms, and possesses a large aspect ratio (Fig. 1i).
dge terminations could be armchair, zigzag or a combina-
ion of both. The graphitic cluster concept arises when the
imensionality is lost and no periodicity is present (Fig. 1j).
inally, long carbon chains with alternating (single—double)
onds, could be considered as 1D system, and such systems
ave been investigated experimentally and theoretically
28]. If these chains become small or finite, the system could
e considered as a 0D (Fig. 1l) [29]. In both cases, these
hains are fascinating and further experimental work needs
o be performed.

chwarzites and nanotube networks: Curved graphene in
D
chwarzites are hypothetical graphitic (sp2 hybridized)
hree-dimensional crystals obtained by embedding non-
exagonal carbon rings (Fig. 1m), thus spanning to different
pace groups, in which the most symmetrical cases belong
o cubic Bravais lattices [30]. These structures could be
isualized as microporous carbon (Fig. 1n), exhibiting nano-
hannels. It is important to note that similar structures
ave been synthesized. In this context, the use of meso-
orous silicates as templates to introduce a carbon source
e.g. sucrose), followed by a carbonization and an HF treat-
ent yield microporous carbon in which small regions can be

ompared and explained with the structure of Schwarzites
31,32]. From the theoretical standpoint, these mesoporous
arbon materials have been predicted to have outstanding
erformance in the storage of hydrogen due to their large
urface area [33], however further attempts to improve
heir storage capacity need to be carried out [34]. Another
ype of 3D array of nanocarbons, consists of nanotube
etworks (Fig. 1o), which have been predicted to exhibit
utstanding mechanical and electronic properties, besides
aving a large surface area (e.g. 3600 m2/g) [35,36]. Inter-
stingly, these type of random 3D nanotube networks have
een produced using CVD approaches [37,38] and further
heoretical and experimental studies are still needed in
rder to achieve crystalline 3D networks.

roperties

roperties of graphene and few-layered graphene

he crystal structure of graphene can be thought of as two
quivalent carbon triangular sub-lattices. Due to symme-
ry considerations, the hopping of electrons between the
ub-lattices leads to the formation of two energy bands,
hich intersect at the K point (Fig. 2a) [39]. Near these
rossing points, the electron energy is linearly depen-
ent on the wave vector. This linear dispersion results
n massless excitons, which are described by the Dirac
quation. Dirac fermions (electrons or holes) exhibit very

ifferent and unusual properties compared to ordinary elec-
rons, thus leading to new phenomena. For instance, the
nomalous integer quantum Hall effect can be observed in
raphene even at room temperature [40,41]. Other out-
tanding properties of graphene include insensitivity to
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external electrostatic potentials (Klein paradox), jittery
motion of the wave function under confining potentials, and
large mean free paths. For a comprehensive review of the
properties of graphene, see Ref. [21].

The electronic properties of graphene change with the
number of layers and by the relative position of atoms in
adjacent layers (stacking order). For bilayer graphene, the
stacking order can be either AA, with each atom on top of
another atom; or AB, where a set of atoms in the second
layer sits on top of the empty center of a hexagon in the first
layer. As the number of layers increase, the stacking order
can become more complicated. For graphite, there are three
common types of stacking: (i) AB or Bernal stacking, (ii) ABC
or rhombohedral stacking, and (iii) no discernible stacking
order or turbostratic stacking. The most stable stacking is
AB, thus it has been studied more than other graphene-based
stacks. However, the other stacking orders are certainly pos-
sible, especially in few-layer graphenes, and remain to be
studied in detail. In fact, it has been recently found that
bilayer graphene often exhibits AA stacking [42].

The limit of thickness at which graphene can still be con-
sidered as such, can be determined by the rapid change in
the electronic structure as the number of layers increase.
The first AB stacks of graphene show very different elec-
tronic spectra (Fig. 2). The bilayer (Fig. 2b) shows parabolic
bands (thus no Dirac electrons), which touch at the Fermi
level. Under the presence of an electric field, the gap on
bilayer graphene can be opened, which is of interest in
technological applications [43]. The trilayer shows an inter-
esting band structure, which looks like a combination of
the monolayer and the bilayer. In general, for few-layer
graphene with N layers (AB stacking), there will be a lin-
ear band (Dirac fermions) if N is odd [44]. As the number
of layers increases, the band structure becomes more com-
plicated: several charge carriers appear [17,45], and the
conduction and valence bands start notably overlapping
[17,46]. Therefore, three different types of pseudo-2D crys-
tals are distinguished: graphene, and double- and few-layer
graphene. Thicker structures can be considered as thin films
or slabs of graphite [20]. The stacking order or disorder has
been found to dramatically change the electronic proper-
ties of multilayer graphene, introducing Dirac fermions due
to symmetry breaking, even in graphite crystals to form
graphene stacks [47,48].

The thermal properties of graphene have been recently
measured by Balandin, et al. [49], who found that
a suspended graphene sheet obtained by mechani-
cal exfoliation could exhibit extremely high thermal
conductivity values ranging from (4.84 ± 0.44) × 103 to
(5.30 ± 0.48) × 103 W/m K; higher than experimental values
for carbon nanotubes and diamond. However, more recent
experimental results on CVD grown suspended graphene
indicate lower values (∼2500 W/m K) [50]. Nevertheless,
these outstanding thermal properties could be exploited in
the fabrication of heat dissipaters and polymer composites
with high thermal conduction. It is important to note that
a detailed study regarding the thermal properties of doped-

graphene and individual graphene nanoribbons still need to
be performed and compared with the data shown above.

Regarding the mechanical strength of an individual
graphene sheet, Hone and coworkers [51] have demon-
strated that graphene has a breaking strength of 200 times

g
d
N
t
f
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arger than that of steel, with a Young’s modulus of ca.
TeraPascal (TPa). These measurements appear to depend
pon the number and types of defects present within the
heet (see defect section below). In this context, McEuen
nd coworkers reported [52] using atomic force microcopy, a
oung’s modulus of 0.5 TPa for an individual graphene sheet.
t is noteworthy that the Young’s modulus of graphite along
he basal plane is ca. 1 TPa. To the best of our knowledge,
echanical property measurements of graphene nanorib-
ons have not been reported hitherto. However, these
easurements will be very dependent on the number and

ypes of defects (see below), and type of edge terminations.
n addition, one would expect that although doped-graphene
anoribbons may be more chemically active, their mechan-
cal modulus and strength would decrease as the number of
opants increases. However, these sets of experiments are
till needed and should be carried out.

The interplay between mechanical and electronic prop-
rties of graphene has been recently studied. Kim and
oworkers have measured the change of resistance of
raphene (grown by CVD on nickel and then transferred
o a flexible substrate) upon mechanical strain [27]. When
raphene is bent (ca. 1 mm of diameter), the resistance
initially ca. 300 �) in the bent direction increases almost
ne order of magnitude. Similarly, the resistance changes by
tretching, with one order of magnitude difference between
he resistance parallel and perpendicular to the stretch-
ng direction. Theoretical calculations indicate that uniaxial
tress do not change significantly the electronic properties
f graphene [53—55], but that anisotropic strain or out of
lane deformation due to substrate interactions can open a
ap between the valence and conduction bands.

Highly crystalline graphene surfaces appear to be chem-
cally inert, and these surfaces usually interact with other
olecules via physical adsorption (�—� interactions). How-

ver, several chemical groups such as carboxyl (COOH),
arbonyl (COH), hydrogenated (CH) and amines (NH2), could
e anchored at the edges of graphene nanoribbons, which
re more chemically reactive. In addition, the chemical
eactivity could change drastically at these edges, depend-
ng on their carbon termination, either armchair or zigzag. In
rder to make the graphene surface more chemically reac-
ive, either surface defects or high degrees of curvature
eed to be introduced (see below).

It is important to emphasize that one way to make the
raphene surface less inert is by reacting it with halogen
toms such as fluorine. Fluorinated graphite has been syn-
hesized for decades. However, graphene has been recently
een fluorinated using different techniques including plasma
reatments, F2 high temperature treatments among others
56,57]. Fluorinated graphene can be dispersed homoge-
ously in solvents and could therefore be used to produce
olymer composites. It is also important to mention that
he electronic properties of graphene could be tuned via
uorination, which controls the band gap of the material
58].

Regarding the reactivity of graphene, a fully hydro-

enated graphene sheet, termed ‘‘graphane’’, was pre-
icted by Sofo et al. [59], and reported experimentally by
ovoselov and coworkers [60]. However, the synthesis of
his doped graphane layer still needs to be improved and
urther analysis related to the C—H bonding nature using X-
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ay photoelectron spectroscopy (XPS) should be carried out.
or graphene nanoribbons, fluorination and hydrogenation
eactions remain to be carried out together with XPS and
ther studies. Such studies are important for devices as it
as been shown that electronic properties of graphene can
e changed by passivating its surface followed by desorption
f hydrogen in specific patterns [61].

Finally, it is also possible to produce graphene oxide
aterials by attaching oxygenated groups on the sp2

ybridized surface (e.g. carbonyl and carboxyl groups), mak-
ng them hydrophilic and more reactive [62]. This layered
xide is commonly produced via wet chemical methods and
ould also be dispersed easily in different solvents for fab-
icating robust polymer composites [63]. Due to the large
umber of defects contained in this layered material, details
nd other applications of this type of oxidized graphenes
ill not be reviewed here, and relevant information could
e found elsewhere [63].

roperties of graphitic nanoribbons

s explained above, graphitic nanoribbons will inevitably
ave borders which can exhibit edge states and different
lectronic, chemical and magnetic properties depending
n the size and type of border. The most studied chiral
dge configurations, 0◦ (armchair) and 30◦ (zigzag), lead to
rmchair and zigzag nanoribbons (A-GNRs, Z-GNRs), respec-
ively. Experimental results indicate that these are the most
ommon type of edges in nanoribbons (Fig. 3) [64], although
dge reconstruction with pentagonal and heptagonal carbon

ings has also been observed (see [65] and Section 5).

lectronic properties
-GNRs exhibit edge states not present in the armchair case
66,67]. These edge states are present as a flat band around

h
t
m
a
a

igure 3 (a) Model of a graphene nanoribbon edge showing an ar
ia); (b) HRTEM image of graphene edges exhibiting overlapping ar
orphology) together with zigzag edges; the image was obtained af

he model shown in (a), and (c) HRTEM image of 3 overlapping zi
raphitic nanoribbon inside a HRTEM; hexagonal models are depicte
M. Terrones et al.

he Fermi level, but extended along the ribbon’s edge, lead-
ng to a metallic nanoribbon if the width is large enough
e.g. >10 nm) [68,69]. Such flat band results in a high den-
ity of states located at the edges, indicating that they are
ery reactive sites. Furthermore, Z-GNRs exhibit magnetic
roperties that are relevant for spintronics (see below).

The properties of A-GNRs have a characteristic depen-
ence on the width. Density functional theory (DFT)
alculations indicate that A-GNRs can be grouped in three
amilies of decreasing band gaps (Eg) as the ribbon width
ncreases. Barone et al. [70] predicted that in order to pro-
uce materials with band gaps Eg ∼0.7 eV (similar to Ge or
nN), the width of the ribbons must range between 2 and
nm. The ribbon widths must be reduced to 1—2 nm if larger
and gaps (1.1—1.4 eV, such as Si, InP, or GaAs) are needed
70], and as the width increases the band gap tends to
he zero value of 2D graphene. A nice comparison between
xperimental and calculated band gaps can be found in Ref.
71]. The effect of thickness (i.e., number of stacking lay-
rs) has also been studied. According to theoretical studies,
-GNRs have increased numbers of edge states, and A-GNRs
ave decreased band gaps, when multilayered [72]. The Eg of
bilayer A-GNR (b-A-GNR), in general, is smaller than that of
n A-GNR, b-A-GNR also exhibits two distinct groups, metal
nd semiconductor, whereas an individual A-GNR displays
urely semiconducting behavior. Moreover, Eg of b-A-GNR is
ighly sensitive to the interplanar distance [73]. Other stud-
es have shown that A-GNRs exhibit three classes of bilayer
aps, which decrease with increasing ribbon width [74].

Edges in graphene and few-layer graphene nanoribbons

ave highly reactive sites. Thus, the modulation of the elec-
rical, chemical and magnetic properties of graphene, and
ultilayer graphene nanoribbons, by anchoring different

toms or molecules on its edges, has been proposed for
pplications such as sensors, memory devices and processing

mchair and a zigzag junction (courtesy of M. Hofmann and X.
mchair edges (like terraces of graphene layers with armchair
ter applying Joule heating to a graphitic ribbon and resembles
gzag-armchair edges obtained by applying Joule heating to a
d for clarity [64].
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devices [75—77]. In addition, it has been found that the elec-
tronic properties, and in particular the band gap of few-layer
graphene is strongly modulated by the interlayer distance.
This effect could be used for nano-electromechanical sys-
tems (NEMS) [78]. Similarly, strain can induce changes in
the electronic properties of graphene nanoribbons. Theo-
retical calculations indicate that uniaxial strain [79] and out
of plane deformations can change the band gap of A-GNRs
[80,81].

Quantum transport in graphene nanoribbons
In contrast to carbon nanotubes, quantum transport prop-
erties of GNRs are expected to strongly depend on whether
their edges exhibit the armchair or the zigzag configurations.
As discussed above, the electronic properties of GNRs reveal
a strong dependence on the edge topology [66].

All A-GNRs are semiconductors with energy gaps which
decrease as a function of increasing ribbon widths. Accord-
ing to the convention, A-GNRs Z-GNRs can be classified by
the number N of zigzag or C—C dimer lines across the rib-
bon width, as illustrated in Figs. 4 and 10 [82]. The gap of
specific N-aGNRs depend on the N value, separating the rib-
bons in three different categories (all exhibiting direct band
gaps at the � point). The calculated quantum conductances
of two A-GNRs exhibiting respectively large and small band
gaps, are illustrated in Fig. 4. The 16-A-GNR is a ∼0.8 eV gap
semiconductor, thus inducing a quite large energy interval
where no transmission is allowed (Fig. 4a), while the gap
of the 17-aGNR is reduced to less than 0.2 eV (Fig. 4b). The
region of zero conductance is also reduced accordingly, and a
very small external electric field could induce an electronic
transmission through one channel (1G0: quantum value of
conductance).
Similarly, Z-GNRs also exhibit direct band gaps which
decrease when increasing their width. However, in Z-GNRs,
quantum transport is dominated by edge states which are
expected to be spin-polarized owing to their high degen-
eracy. Indeed, due to topological reasons, zigzag-shaped
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Figure 4 Quantum transport in graphene nanoribbons. Atomic stru
17-armchair GNR, 8-zigzag GNR with (c) anti-parallel ↑↓ or (d) paral
spin-dependent transport is evaluated for both magnetic configurat
↑↑ spin orientations (ferromagnetic one). In such case, one spin or
labeled minority-spin (in red). Adapted from Ref. [82].
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dges give rise to specific extended electronic states which
ecay exponentially inside the graphene sheet [66]. The
round state of Z-GNRs with hydrogen passivated zigzag
dges exhibit finite magnetic moments on each edge with
egligible change in atomic structure [83], thus demonstrat-
ng that Z-GNRs possess half-metallic (i.e., exhibit a band
ap for only one kind of spin) properties and suggesting them
o be attractive for spintronic applications [84]. Indeed,
pon inclusion of the spin degrees of freedom within ab ini-
io calculations (LSDA), Z-GNRs are predicted to exhibit a
agnetic insulating ground state with ferromagnetic order-

ng at each zigzag edge, and anti-parallel spin orientation
etween the two edges [83]. The total energy difference
etween ferromagnetic (↑↑) and antiferromagnetic (↑↓)
ouplings between the edges is of the order of ∼20 meV
er edge atom for an 8-Z-GNR. However, such energy dif-
erence decreases as the width of the ribbon increases and
ventually becomes negligible if this width is significantly
arger than the decay length of the spin-polarized edge
tates [85]. Because the interaction between spins on oppo-
ite edges increases when decreasing their width, the total
nergy of an N-Z-GNR with antiferromagnetic arrangement
cross opposite edges is always lower than that of a fer-
omagnetic arrangement for low value of N (N < 30). The
pin-dependent calculations of quantum conductances of an
-Z-GNR are illustrated in Fig. 4c and d for the two magnetic
onfigurations (↑↓ and ↑↑) of the ribbon edges. The ↑↓ spin
onfiguration of the 8-Z-GNR preserves the semiconducting
ehavior of the GNR family, and its electronic transmission
unction displays a gap of 0.5 eV around the Fermi energy
Fig. 4c). On the contrary, in the ↑↑ spin configuration, the
-Z-GNR becomes metallic, inducing a non-zero electronic
ransmission function at the Fermi energy (Fig. 4d). In addi-

ion, the spin-dependent conductance calculation reveals
hat the transmission of � electrons with one type of spin
rientation (majority-spin) is favored for an energy region
round −0.5 eV, below the charge neutrality point. On the
ontrary, �* electrons with the other orientation (minority-

ctures and electronic transmission of (a) 16-armchair GNR; (b)
lel ↑↑ spin orientations between the two magnetic edges. The
ions of the 8-zGNR (c and d) but is only visible for the parallel
ientation is labeled majority-spin (in black) while the other is
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pin) are more easily transmitted around +0.3 eV above the
ermi energy.

In conclusion, the unusual electronic and transport prop-
rties of GNRs indicate that these carbon nanomaterials
ould be excellent new building blocks in future carbon-
ased nanoelectronics, thus opening alternatives to the
urrent silicon-based electronics, through the use of new
ariable states (e.g. quantum states, spin, etc.).

ynthesis of graphitic and graphene
anoribbons

here is a wide spectrum of methods available to produce
arbon nanoribbons, from CVD, through chemical treat-
ents of graphite to the unzipping of carbon nanotubes.

hemical vapor deposition of graphitic nanoribbons
NRs were first reported in 1990 by Murayama and Maeda
86], from hydrocarbon decomposition or disproportionation
f carbon monoxide at 400—700 ◦C, catalyzed by metal par-
icles generated from Fe(CO)5, in flowing CO/H2 gas. The

T
g
o
p
[

igure 5 CVD and other production methods of graphitic nanorib
lamentous graphite, showing Fe particles at the ends of the struc
roduced by pyrolysis of ethanol—ferrocene—thiophene solutions [8
HF and ferrocene solutions [89], (f) low magnification TEM image o
g) AFM image of the nanoribbons obtained through high temperatur
f an 8-nm-wide graphene nanoribbon patterned by STM lithograph
raphite (scale bars = 100 nm) [71], (j and k) TEM images of an amor
roduced by hydrothermal processes [97,98], (l) scheme illustrating
M. Terrones et al.

ypical ribbon-like filaments were 10 �m long, 0.1—0.7 �m
ide and 10—200 nm thick, with a catalyst particle at one
nd (Fig. 5a and b), and graphitic layers with a uniform
rientation perpendicular to the filament axis. Annealing
reatments at 2800 ◦C resulted in loop formation at the open
dges of graphitic layers. Recent works have confirmed that
oop formation between adjacent sheets is a more stable
onfiguration after annealing treatments on graphitic nanos-
ructures at temperatures >1500 ◦C [87,42].

Another CVD production method of graphitic nanoribbons
as reported by Campos-Delgado et al. in 2008 (Fig. 5c and
) [88]. In this work a spray (atomized droplets) of ferrocene
n ethanol, with thiophene, carried by Ar to a furnace at
50 ◦C, produced rippled nanoribbons, several micrometers
ong, 20—300 nm wide and <15 nm thick. The highly crys-
alline material had the (0 0 2) planes parallel to the main
ibbon axis. Catalytic particles were not found but ribbons
id not form if ferrocene or thiophene were not used.

herefore, further studies aiming at understanding their
rowth should be carried out. High temperature treatments
f such nanoribbons improve the degree of crystallinity and
romote loop formation at the edges of the graphitic layers
87]. Interestingly, electron beam irradiation combined with

bons. (a and b) Scanning electron micrographs of Murayama’s
tures [86]; (c and d) SEM images of the graphitic nanoribbons
8]; (e) SEM image of the nanoribbons produced by pyrolysis of
f the nanoribbons produced by the ZnS template method [94],
e treatments of diamond nanoparticles [24], (h) 3D STM image
y [95], (i) AFM image of chemically derived nanoribbons from
phous carbon nanoribbon and graphitic nanobelt, respectively,
the structure of a collapsed nanotube [99—103].
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Graphene and graphite nanoribbons

Joule heating experiments inside a HRTEM, resulted in the
generation of sharp zigzag and armchair edges (Fig. 3) [64].
This demonstrates that the most stable edges in graphene
ribbons are indeed either zigzag or armchair (Fig. 3).

In 2008, Subramanyam, and coworkers reported that
pyrolsis of ferrocene and tetrahydrofuran (THF) at 950 ◦C
produced a mixture of crystalline carbon nanoribbons and
iron filled MWCNTs (Fig. 5e) [89]. The authors neither specify
the relative yield nor the typical dimensions of the produced
nanoribbons. By observation of the published images, we
estimated them to be ∼200 nm in width and tens of microns
in length. The crystalline nature of the nanoribbons was
confirmed through X-ray powder diffraction, and TEM, with
the orientation of the (0 0 2) lattice planes of carbon being
perpendicular to the axis of growth.

Chemical vapor deposition of graphene

The precipitation of graphene on metals has been reported
by different research groups for over 30 years [90]. More
recently, this method has been applied to obtain and
study the properties of graphene and few-layer graphene
[24—26].

In 2008 Sutter et al. [91] reported the epitaxial precipi-
tation of graphene on Ru(1 1 1) in 2008. In 2009, Rouff et al.
[92] reported the large area synthesis of graphene sheets on
Cu foil. This article included the development of a transfer
technique that could be used to place the grown graphene
on another substrate. The transfer process involved the
dissolution of the metal foil assisted by an iron nitrate
solution.

Reina et al. [26] reported the growth of few-layer
graphene on Ni films, by CVD at atmospheric pressure. After
some months the same group induced graphene precipi-
tation on annealed polycrystalline Ni surfaces [93]. Large
area, single and bilayer graphene sheets were obtained by
this method, in which CH4 was pyrolyzed at 1000 ◦C. Subse-
quently, poly(methyl methacrylate) (PMMA) was spin coated
on the synthesized graphene surfaces and a wet-etching
treatment with HCl dissolved the metal [93]. PMMA served
as a support for the free standing graphene sheets that could
be placed on different substrates, such as microscopy slides
or TEM grids [93].

Yu et al. reported the CVD synthesis of few-layer
graphene ribbons using ZnS substrates as templates (Fig. 5f)
[94]. Decomposition of CH4 at 750 ◦C on ZnS templates and
further acid treatments to dissolve the ZnS ribbons produced
few-layer graphene nanoribbons (FLGNRs) of ∼3.4 nm in
thickness, 0.5—5 �m in width and several microns in length.
The authors claim to be able to control the morphologies of
the produced FLGNRs but no details are provided about the
edge structure of the nanoribbons.

Chemical synthesis of graphitic nanoribbons

As discussed above, Affoune, et al. were able to obtain

graphene by an electrophoretic deposition of diamond
nanoparticles on a HOPG substrate followed by heat treat-
ment [24]. Here the diamond nanoparticles were graphitized
into layers forming sheets. Three years later, Cançado, et
al. were able to use the same method to produce graphene
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dges and nanoribbons (Fig. 5g). These edges were charac-
erized by Raman spectroscopy [95].

Alternative chemical routes consisting on the exfolia-
ion of commercial expandable graphite, have been more
ecently used to produce graphene nanoribbons (Fig. 5i)
71]. In particular, the process consisted on exfoliation of 3D
raphite by annealing at 1000 ◦C followed by 30 min sonica-
ion in a solution of dichloroethane and a polymer. After cen-
rifugation of the suspension, GNRs remained in the super-
atant. The shape and electrical properties of these GNR
ere thoroughly examined, and FET devices were created.

Small GNRs could also be synthesized by organic chem-
stry approaches linking tetra- and hexa-phenylbenzenes
hrough the Suzuki—Miyaura reaction [96]. The polypheny-
ene formed is then subjected to a cyclodehydrogenation
eaction with FeCl3 as the oxidant, resulting in ribbons with
—12 polycyclic aromatic repeating units. These GNR are
ighly soluble in common organic solvents due to the intro-
uction of branched alkyl side chains. The lengths of these
D-GNR were found to be 8—12 nm, and they can form
ligned monolayers, as well as crystallize from solution by
—� stacking. This report is a true bottom-up approach to
hin and short graphene nanoribbons with armchair edges.
t remains to be seen whether these or similar chemical
eactions can create wider and/or longer GNR or even be
arnessed to create branched GNR.

Amorphous carbon ribbons and crystalline graphitic
ibbons have also been produced via a hydrothermal pro-
ess involving Teflon-lined autoclaves. In order to produce
morphous carbon nanoribbons, benzene, sodium and fer-
ocene were kept in the reactor at 210 ◦C for 24 h (Fig. 5j)
97]. The crystalline ribbon structures were synthesized
sing active carbon and polyoxometalates at 160—180 ◦C
or 72 h (Fig. 5k) [98]. Finally, it could also be possible to
roduce graphene or graphitic nanoribbons by collapsing
arge diameter carbon nanotubes (Fig. 5l) [99—103]. This
ay, transport could occur along the coalesced edges,
nd further experimental studies are required in order to
nderstand the role of the large curvature imposed by the
erging of adjacent edges, the reactivity of such highly
eformed sp2 hybridization states, as well as the effects of
he chirality on the sealed edges.

raphitic nanoribbons from nanotubes

arbon nanotubes are often described as rolled up graphene
heets; therefore, it would seem natural to unroll them to
btain graphene (Fig. 6). Yet it was not until 2009 that the
rst method to obtain graphitic nanoribbons from nanotubes
ppeared published [104]. Two more works related to the
nzipping of nanotubes appeared 2 weeks later [105,106]. A
ourth method, first suggested by Terrones [107] involved
he use of metal catalytic particles as nanoscissors, was
uccessfully proved [108], and early this year, it was also
emonstrated that nanotubes could be easily unzipped by
assing high electrical current inside the microscope [109].

hese different methods to unroll or unzip nanotubes are
epicted in Fig. 6.

One of the methods, shown in Fig. 6a, relies on the inter-
alation of lithium in liquid ammonia, followed by acid and
hermal exfoliation treatments (Fig. 7). The resulting mate-
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Figure 6 Sketch showing the different ways nanotubes could be unzipped to yield graphene nanoribbons (GNRs): (a)
intercalation—exfoliation of MWCNTs, involving treatments in liquid NH3 and Li, and subsequent exfoliation using HCl and heat
treatments [104]; (b) chemical route, involving acid reactions that start to break carbon-carbon bonds (e.g. H2SO4 and KMnO4 as
oxidizing agents) [105]; (c) catalytic approach, in which metal nanoparticles ‘‘cut’’ the nanotube longitudinally like a pair of scis-
sors [107,108], (d) the electrical method, by passing an electric current through a nanotube [109], and (e) physicochemical method
by embedding the tubes in a polymer matrix followed by Ar plasma treatment [106]. The resulting structures are either GNRs or
graphene sheets (f).

Figure 7 Schematics and representative images of the lithium-ammonia intercalation and exfoliation procedure to obtain nanorib-
bons from nanotubes. The process starts with cut MWCNT, open ends (and wall defects) allow intercalation of Li ions and NH3 (a) in
the negatively charged nanotubes. The intercalants push the walls to twice the interlayer distance of MWCNT initiating the fracture
of nanotube walls (b). After acid and thermal treatments the exfoliation is complete and GNRs (‘‘ex-MWCNT’’) result (c). A HRTEM
image (d) shows a partly opened GNR, a close up on the cleaved part (e) shows that after the process the graphitic layers can
rearrange and recrystallize. The GNRs can comprise several layers of different thicknesses (f, g) The rearrangement to a graphitic
order is confirmed by the hexagonal pattern of the Fast Fourier Transform (inset in g).
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Graphene and graphite nanoribbons

rial (‘‘ex-MWCNTs’’) contains up to 60% nanoribbons, with
the rest partly opened (unzipped in parts) and damaged
(sides and tips exfoliated but not unzipped) MWCNT, and
graphene flakes peeled off the tube walls [104]. This mix-
ture of products is partly due to the need to cut MWCNT
to facilitate unzipping, as MWCNT longer than 2 �m rarely
unzip fully lengthwise. Further improvements are needed to
obtain full unzipping, and could lead to nanoribbons of rela-
tively controlled dimensions dependent on the tubes that
are unwrapped. The current mixture of by-products lim-
its the applications of such materials (e.g. for electronic
devices) unless separation and sorting methods could be
devised. However, we should note that partially unzipped
ex-MWCNTs could be of interest for composites (with the
unwrapped edges interfacing to a matrix) and could also
have interesting properties for nanoelectronics [110].

The group of James Tour [105] reported an oxidation
method where MWCNTs are first opened due to perman-
ganate oxidation, leading to unzipping nanotubes along their
axis (Fig. 6b). The amount of oxidant used determines the
degree of MWCNTs opening, but high efficiency and high
yields (both nearing 100%) are reported. The nanoribbons
obtained have oxidized edges, making them highly soluble
in polar solvents. These ribbons can be reduced by hydrazine
in order to remove the oxygen functional groups, thus restor-
ing their good electrical conductivity. This method can also
be applied to SWCNTs producing highly entangled and ran-
domly stacked graphene sheets and ribbons. Although, it
was believed that this route resulted in highly defective
nanoribbons with relatively low electrical transport prop-
erties, Tour’s group has now demonstrated that it is indeed
possible to obtain highly crystalline graphene nanoribbons
exhibiting extremely high electrical conductivities, which
could be used in the fabrication of field effect transistors and
other devices. The method involves an efficient chemical
oxidation at 60 ◦C, in the presence of a second acid (C2HF3O2

or H3PO4) besides the H2SO4—KMnO4 mixture [111]. More
recently and along this direction, Dai and coworkers have
reported an alternative chemical method for unzipping car-
bon nanotubes by treating MWCNTs in air at 500 ◦C followed
by the sonication of the resulting material in a DCE-PmPV
solution [112]. These authors report that: (1) the ribbon
material results in a high yield of unzipped tubes (e.g. 60%);
(2) the edges of the unzipped tubes (or ribbons) appear to be
smooth (although additional studies are needed in this direc-
tion); (3) the produced GNRs exhibit high conductance, low
resistance and phase coherent transport and (4) the GNRs
usually exhibit thicknesses of 2 or 3 layers.

The catalytic cutting method is attractive due to its sim-
plicity (Fig. 6c), when compared to other chemical methods.
Nevertheless, the actual amount of nanoribbons produced
by this method (Fig. 8) is still very low (approximately 5% of
the original CNT sample). Previous reports [113—115] have
shown that the catalytic metal particle (Co or Ni) can cut
graphene layers only along armchair or zigzag atomic lines
(Fig. 8a). Metal nanoparticles are deposited on the surface
of MWCNTs (via magnetron sputtering or chemically), and

these coated tubes are subsequently placed on Si wafers
and treated at 850 ◦C, under a low flow of H2—Ar (Fig. 8a).
The unzipping mechanism is based on the metal catalyst
dissociating carbon bonds, and such carbon atoms reacting
with H2 to form methane (CH4) [116] (see Fig. 8a). The sam-
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les revealed that the tubes were either cut, partially open,
r open along the axis (Fig. 8b-e). Larger metal nanopar-
icles (ca. 40 nm) traveled along the axis of some carbon
anotubes, performing deeper cuts that opened longitudi-
ally MWCNTs and N-doped MWCNTs (Fig. 8c and d) [108].
similar route to unzip the tubes occurs by thermal treat-
ent of nanotubes, encapsulating Fe nanoparticles, for 26 h

t 1100 ◦C under an Ar atmosphere (Fig. 8e). It appears
hat at 1100 ◦C, the encapsulated Fe nanoparticles start to
eact with the surrounding carbon atoms, causing their dis-
ociation and the breakage of the tube compartments. The
anoribbons produced in this way are typically 15—40 nm
ide and 100—500 nm long. It is noteworthy that partially
pen MWCNTs have been predicted to exhibit a large mag-
etoresistance effect at low magnetic fields [110].

An alternative method consists in applying an electric
urrent through a nanotube inside a microscope (Fig. 6d)
109]. Unfortunately, this method is only able to yield very
ow amount of unzipped nanotubes. However, experiments
nvolving the passage of high currents through bulk nanotube
amples should be tested and evaluated.

Another physicochemical method was also developed by
ai’s group in 2009 [106]. MWCNTs are embedded in a
oly(methyl metaacrylate) film, then turned over to expose
he MWCNT walls which are etched away by an Ar plasma
Fig. 6e). The etching time determines whether single-
r few-layered graphene nanoribbons are obtained. The
ethod is much more laborious and yield is relatively low,

a. 20% with some MWCNT remaining, but these nanoribbons
re more uniform in shape than those from other unzip-
ing methods. It should be noted that partial opening of
WCNT by plasma etching had been reported as early as
004 [117]. Here, the opened portions were compared to
‘wings’’, however the open ribbon-like segments were not
onger than a few tens of a nanometer, and the process was
either controlled nor further developed.

The physical transformation of MWCNTs into nanorib-
ons is also possible, with the use of high pressure, though
n many studies the target was to obtain diamond crys-
als. M. Zhang et al., reported that CVD grown MWCNTs
nnealed at high temperatures (950—1200 ◦C) under 5.5 GPa
or 25 min, produce ribbon-like and onion-like graphitic
tructures [118], and higher temperatures favor ribbons
possibly collapsed nanotubes) over onions. Later on, the
ransformation of SWCNT bundles into nanoribbons has been
eported [101] at high temperatures in vacuum. SWCNTs first
oalesce into larger diameter SWCNTs or MWCNTs (from 1400
o 1600 ◦C). Such large diameter nanotubes collapse when
he temperature is further increased at (ca. 1800 ◦C) in two
ypes of GNRs, which can be differentiated by the shape of
heir closed ends.

Most of the methods mentioned above could produce very
ell defined and relatively crystalline nanoribbons, provided

hat the starting material is crystalline, uniform in length,
iameter and number of layers. For some applications where
dge uniformity is not necessary (e.g. composites), the pro-
uction of kilogram amounts could be more relevant; two

f the methods above appear easy to scale up. The cat-
lytic cutting method is scalable, in principle, if large scale
ontrolled deposition of nanoparticles over MWCNT can be
chieved. The etching method does not seem amenable to
cale up so easily as the others, but since it uses techniques
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Figure 8 (a) Sketch depicting the carbon dissociation process occurring on the surface of metal nanoparticles (Co or Ni) at
high temperature, and the subsequent formation of CH4; (b) SEM micrograph of a graphitic nanoribbon as a result of the cutting
experiments of MWCNTs with Co nanoparticles; (c) and (d) SEM images of N-doped MWCNTs, after hydrogenation of carbon performed
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ith Ni sputtered catalyst nanoparticles [108], and (e) SEM im
ncapsulating Fe nanoparticles for 26 h at 1100 ◦C under an Ar a

nown in the semiconductor chip industry, it shows potential
or integration in electronic devices. The chemical meth-
ds offer the possibility to control the lengths and widths
f the resulting nanoribbons. However, challenges remain in

ontrolling the nanotube opening processes, whether this
ccurs by exfoliation, etching, reduction or oxidation. In
ddition to challenges in controlling the opening of MWC-
Ts, a scalable process would have to provide conditions
hat prevent the agglomeration, wrinkling, and entangle-
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of an unzipped tube by the thermal treatment of nanotubes
sphere.

ent of the produced nanoribbons which are caused by van
er Waals forces.
ther methods to produce graphene nanoribbons

nother widely used method to produce nanoribbons with
ery well defined crystallographic edges is by scanning tun-
eling lithography (STL). This technique consists on etching
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Graphene and graphite nanoribbons

carbon atoms using a scanning tunneling microscope (STM)
tip relatively far from the sample. This approach takes
advantage of a reaction involving the local decomposition
of water molecules due to the electron flux between the tip
and the sample under a negative bias. Upon the dissocia-
tion of water molecules, the carbon atoms at the surface
react with oxygen to form carbon monoxide, and are etched
away atom by atom [119]. Of course, such an atomic preci-
sion comes with a cost: unpractical production and a limited
amount of ribbons using this method.

Micromechanical cleavage of graphene flakes has also
been used to produce GNRs [120]. This technique uses a
poly(dimethylsiloxane) (PDMS) stamp to remove graphite
flakes off HOPG, and deposit them over an insulating sur-
face. A second stamp then removes most of the graphite
flakes and cleaves further the ones that remain on the sur-
face. This produces a haphazard assortment of GNRs with
widths ranging from 1 nm to a few �m and assorted lengths;
most of them extending from a ‘‘mother’’ flake, and many of
them with heights corresponding to a graphene monolayer.
Although this does not seem a method for controlled and
large scale production of GNRs, it provides a simple route
to measure the electrical properties of assorted lengths and
widths of GNRs. In this case the authors used conductance
AFM for I-V measurements showing that the GNR behaved as
semiconductors.

Electron irradiation at accelerating voltages >90 keV, is
known to induce rearrangement of carbon atoms [121,122],
which can lead to novel ordered structures. Such approach
was used to locally transform electrospun poly(methyl
methacrylate) (PMMA) nanofibers into graphene nanoribbons
inside a HRTEM [123]. The graphene sheets align parallel to
the e-beam, and once a nanoribbon is formed, further irradi-
ation could reduce its thickness; suggesting the possibility of
controlling the number of layers. The method however, does
not produce crystalline arrangements at the junctions when
crossed nanofibers are irradiated. These authors suggest
that the same transformation might be possible with e-beam
lithography, this however has not been proved and fine con-
trol over shape, size and edge structure of the graphene
sheets appears to be difficult. [119,124,125].

Since most of these graphene nanoribbons could be
homogenously dispersed in suspensions, different chemical
reactions could be carried out and their use as drug deliv-
erers, sensors and even composite fabrications could be
tested and improved. All these potential applications are
noteworthy besides the use of nanoribbons in nanoelectronic
devices, as demonstrated above. In addition, these ribbon
materials should now be tested in different toxicity assays.

Defects in graphene and graphitic nanoribbons

Defects play a crucial role in the properties of crystals and
nanostructures, including graphitic systems. Graphene-like
systems are so versatile that they can accommodate differ-
ent kinds of defects that change completely their structure

and also their physicochemical properties. In particular,
defects which change the structure could also change the
topology or the curvature. However, it is difficult to identify
accurately and quantitatively the type of defects contained
in graphene-like materials, and researchers have not been
363

ble to distinguish them systematically. Depending on the
ature of the defective surface, the chemical activity of
raphene may be quite different. For instance, the inclu-
ion of twelve pentagons in a graphitic cluster can form

Fullerene and thus, the planar cluster becomes round
ith no boundaries. Such a spherical structure exhibits
n electronegative surface which results in a very rich
hemistry [4]. Similarly, the presence of heptagons and
ctagons could produce Schwarzite-like materials or nan-
tube networks with micropores where reactions can take
lace [33]. The inclusion of vacancies also alters the physic-
chemical properties of the graphitic systems producing
‘antidot’’ systems [126]. For graphitic nanoribbons, the
ost common defects are: vacancies, heptagon-pentagon
airs (Stone—Thrower—Wales type transformations, see
elow), loops and interstitials. While heptagon—pentagon
airs and loops preserve the connectivity of the nanoribbon,
he interstitials and vacancies do not. Certainly, a challenge
or the future will be the use of defects to design new
raphitic nanoribbons with specificity for sensing different
inds of molecules or to anchor specific polymer chains in
rder to produce stable and well dispersed composites.

In general, defects within graphene-like structures could
e categorized in five different groups (Fig. 9):

1) Structural defects, related to imperfections that signif-
icantly distort the curvature of the hexagonal carbon
lattice. These defects are usually caused by the pres-
ence of non-hexagonal rings (e.g. pentagons, heptagons,
or octagons) surrounded by hexagonal rings. For exam-
ple if a single or a few pentagons are embedded into the
graphene lattice, nanocones with different apex angles
are obtained (Fig. 9a). A 30◦ angle in a SWCNT, could also
be explained by the presence of pentagon on one side of
the tube and a heptagon on the opposite side. The reac-
tivity of pentagons, heptagons or octagons with specific
acceptor or donor molecules has still to be determined
from the theoretical and experimental stand points.

2) Bond rotations or grain boundaries, occurring on
graphene surfaces, which do not result in large cur-
vature distortions of the sheet (Fig. 9b). In particular,
these defects could be 5-7-7-5 pairs embedded in
the hexagonal network or Stone—Thrower—Wales (STW-
type) defects [127,128] that could be created by
rotating a carbon—carbon bond 90◦ within four neigh-
bouring hexagons, thus resulting in the transformation
of two pentagons and two heptagons [129,130]. 2D
planar graphene-like systems containing pentagons,
hexagons and heptagons, called Haeckelites, have been
proposed and found to be metallic in theoretical studies
[23]. Nanoribbons constructed from Haeckelites could
be considered as new hypothetical nano-architectures
with fascinating properties that could be applied in elec-
tronics. Isolated pentagon-heptagon pairs could also be
introduced to form a grain boundary in graphene [128]
or in a graphitic nanoribbon, thus changing their edge
termination and electronic properties, forming a hybrid

graphitic nanoribbon (Fig. 10). These particular hybrid
nanoribbons exhibit half metallicity in the absence of
an electric field (Fig. 10b), and could be used to trans-
port electrons with one type of spin; which could be a
step forward in new spintronic devices [131]. It is note-
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Figure 9 Schematic models representing different types of defects in graphene-like materials. (a) Structural defects induce
significant structural changes caused by the presence of pentagons or heptagons within the hexagonal sp2 hybridized carbon lattice
(Image of cones courtesy of M. Endo and T.W. Ebbesen); (b) Topological defects, also termed Stone-Thrower-Wales defects, do
not result in big structural changes. Shown here is the formation of 5-7-7-5 pairs created by rotating an individual carbon-carbon
bond 90◦; (c) Doping consists of replacing a carbon atom with another element within the hexagonal lattice (here, N and P) or
a CNT randomly doped with B and N; (d) Non-sp2 hybridized carbon defects, including vacancies, edges, adatoms, interstitials,
carbon chains, etc.; (e) Folding-induced defects, which result from significant deformation of the graphene sheet, thus altering
the � orbitals. The direction of the � orbital is then called the � orbital axis vector (POAV). The angle ��� between the POAV and
a izatio
o orbit
w f the

(

(

� direction (i.e., a bond) indicates the degree of ‘‘pyramidal
rbitals are in a sp2 hybridization and the � orbital is a pure pz

hich decreases as the inverse of the radius of the curvature o

worthy that the electronic and chemical properties of
these 5-7 or 5-7-7-5 pairs (Fig. 10c) are different from
the structural defects (see above) and their reactiv-
ity and detection needs to be investigated theoretically
and experimentally. Recently, Zettl and coworkers were
able to observe directly 5-7 and STW defects on isolated
graphene surfaces using aberration corrected transmis-
sion electron microscopy (Fig. 10d, also see movies from
supplementary material of [65]).

3) Doping-induced defects, arising from substitutional
non-carbon atoms embedded in the graphitic lattice
(Fig. 9c). In this case, it has been demonstrated that
nitrogen and boron atoms can be introduced into the
hexagonal sp2 hybridized carbon lattice. With both
dopants, the chemical reactivity of the graphene sur-
face increases, in one case due to the fact that N
has one electron more than C, in the other because
B has one electron less than C. Therefore, these type
of defects could be used to tune the type of conduc-

tion in graphene-like materials, ranging from n-type
transport (substitutional nitrogen doping) to p-type con-
duction (substitutional boron atoms in the lattice) [132].
Recent studies have demonstrated that other elements
such as P, S, Si and paired dopants such as P-N could

(

n’’ and the hybridization. For ��� = 90◦ (planar system), the �

al. For a folded graphene sheet, ��� has an intermediate value
folding, and reaches 90◦ at the limit R → ∞.

also be introduced in the hexagonal lattice of carbon
tubules [133—135,38,136]. Therefore, the insertion of
non-carbon atoms in graphene-like materials could tai-
lor the chemical reactivity and electronic transport of
the layers and further work along this research line
needs to be carried out [136].

4) Non-sp2 carbon defects caused by the presence of highly
reactive carbons such as dangling bonds, carbon chains,
interstitials (free atoms trapped between SWCNTs or
between graphene sheets), edges (open nanotubes),
adatoms and vacancies (Fig. 9d). These defects are usu-
ally observed in a HRTEM, when the adsorbed atoms
on these reactive sites are removed by the electron
beam energy. It has been demonstrated that the cre-
ation of such defects could promote the formation of
covalent nanotube junctions [137] and trigger the coa-
lescence of nanotubes [138]. However, for nanoribbons,
the dynamics of these defects has not been investigated
and further research is required in this direction.
5) High-strain folding of graphene sheets (loop forma-
tion), which can be induced by annealing two adjacent
graphene layers (Fig. 9e). These types of ‘‘loops’’ have
often been observed in thermal annealing occurring
at above 1500 ◦C [42,86,87,139], but their chemical
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Figure 10 (a) Molecular model of a hybrid structure with zigzag leads connected by 5-7 chains to an armchair segment with NA = 5
(Z-5-Z hybrid structure); (b) Molecular model of ordered arrays of pentagon-heptagon defects on a hybrid-graphene nanoribbon
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[131]; (c) Molecular model showing the transformation of 4 adja
and (d) HRTEM images showing two 5-7-7-5 defects located on t
from movies from supplementary material of Ref. [65]).

reactivity and electronic properties have not been
investigated in detail. In fullerene (or carbon cage)
chemistry, the main type of defect is structural, which
deals with the presence of pentagonal rings that induce
a highly curved and reactive molecule caused by the
mixture of � and � orbitals. In nanotube chemistry,
these structural defects mainly occur on the caps (where
pentagons are located). Narrow or highly curved nan-
otubes (usually <1 nm diameter) would also be more
reactive. In highly crystalline SWCNT samples, the caps
are a small portion of the structure and other highly
curved areas are not present since the nanotubes usually
have diameters larger than 1 nm. Therefore, graphene
and nanotube chemistry require a better understanding
of the defects mentioned above, in order to induce and
control strong (or weaker) covalent (or �—�) interac-
tions with other molecules, atoms, or clusters.

It should be noted that buckling and folding can be
induced deliberately in graphene. Bao et al. have reported
controlled rippling of suspended graphene sheets [140]. Li et
al. [141] have also reported deliberate formation of ripples
in graphene flakes deposited over polymethylmetacrylate
(PMMA), by heating above the glass transition tempera-
ture of PMMA, upon rapid cooling the polymer shrinks
more than the graphene, and the stresses lead to peri-

odic sinusoidal (lambda = 550 nm) buckles in the edges of
graphene sheets. Raman spectroscopy shows a blue shift
consistent with a compressive stress on the graphene sheet.
The authors also report that this process can lead to fold-
ing of graphene flakes into few-layer graphene but this

a
i

b
e

hexagons into a 5-7-7-5 defect or Stone-Thrower-Wales defect,
ges (red circles) of a hole in a graphene surface (images taken

oes not seem to be a controlled process. Other processing
pproaches are likely to appear in the literature extend-
ng the possibility of controlling folding and buckling of
NRs.

oped graphitic nanoribbons

oping of graphene and graphene nanoribbons is relevant
ecause, depending on the location of the dopants and their
oncentration, their physicochemical properties could be
uned and controlled. In this context, Cervantes-Sodi, et
l. [142] reported theoretical studies related to the dop-
ng of graphene nanoribbons with N, B and O atoms. They
oted that when doping nanoribbons, edge-type and sub-
titutional doping induce different electronic properties to
he systems and, in some cases, half-metallic behavior. The
and gap could be tuned by doping and when zigzag ribbons
ossessed substitutional nitrogen at 1.7 at%, the ribbons
ere metallic. Similar studies have reported the effects of
doping in zigzag nanoribbons [143]. Roche and cowork-

rs predicted the electronic transport of nanoribbons with
ifferent concentration of dopants, and observed that dif-
erent materials exhibiting different band gaps could be
btained [144]. Therefore, the doped-graphene nanoribbons
ppear to be excellent candidates in the design of novel
lectronic devices and transistors and further theoretical

nd experimental work are needed; the study of their chem-
cal activity also needs to be carried out.

Experimentally, a N-doped-graphene-like structure has
een realized using a CVD process which generated both
dge-type and substitutional N doping [145]. These authors
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Raman spectroscopy could be very useful in determining the
type of doping in nanoribbons but extensive work needs to
be done in this direction.

Figure 11 The G′-band Raman band of different sp2

hybridized carbon materials (nanotubes) measured at room
temperature with Elaser = 2.41 eV (514 nm). The arrows point to
66

ound that the doped-graphene-like material exhibited an n-
ype semiconducting behavior, and contained between 2 and
layers with a variable N concentration (i.e., 1.2—8.9 at%),
epending on the NH3 flow rate used in the CVD process.
ubsequently, Dai’s group successfully produced graphene
anoribbons doped with nitrogen via joule heating in the
resence of NH3 [146]. The process produced edge-type and
ubstitutional nitrogen doping, and —NH2 groups attached
o the ribbon edges. They also found theoretically that the
resence of C O bonds on edges resulted on p-doped GNRs.
inally, N-doped graphic nanoribbons have been produced by
nzipping CNxMWNTs via their catalytic hydrogenation [108].

Although the literature regarding doped-graphene
anoribbons is very scarce, it is clear that doping appears
o be a reliable way to control the electronic and chemical
roperties of the ribbons, and further work should focus on
his direction. In this context, doping experiments with B, P
nd Si could also lead to novel graphene-like materials and
ovel unzipping methods of already available doped-carbon
anotubes (e.g. CxBy-MWNTs, CxSiy-MWNTs, CxPyNz-MWNTs,
tc.) should be explored.

haracterization of graphene materials by
aman spectroscopy and other techniques

n the early days of the study of graphene, with the use of
he optical microscope, the identification of graphene flakes
as a simple but tedious task. Quantifying the number of

ayers implied the use of time consuming techniques (AFM,
EM) and required prior sample preparation. However, in
006, Ferrari et al. reported the Raman spectra of single-,
ouble- and few-layer graphene produced with Novoselov’s
‘scotch-tape’’ technique [147]. Clear signals specific for
ach single-, double and few (<5) layer graphene were iden-
ified. Therefore, Raman spectroscopy has become a very
seful technique for the characterization of graphene and
NRs.

Raman spectroscopy stands as a powerful characteri-
ation technique of all types of carbon nanostructures.
he most prominent features in the Raman spectra of sp2

ybridized carbon materials are the G-band appearing at
a.1580 cm−1 and the G′-band at ca. 2700 cm−1 for a laser
xcitation energy of 2.41 eV. When carbon materials have a
ertain amount of disorder or edges within the structure,
disorder-induced band appears, the so-called D-band, at

a.1350 cm−1. The G-band is associated with the doubly
egenerate (iTO and LO) phonon mode (E2g symmetry) at
he Brillouin zone center. On the other hand, the G′- and
he D-bands originate from second-order processes, involv-
ng two iTO phonons near the K point for the G′-band or one
TO phonon and one defect for the D-band [148].

In Ferrari’s report, the G′-band was shown to have a
ifferent peak shape for single-, double- and few-layer
raphene; it is worth mentioning that the studied graphene
akes were exfoliated from highly oriented pyrolytic
raphite (HOPG), having thus a well achieved AB Bernal

tacking [147]. The G′-band of single-layer graphene, mea-
ured with a laser energy of 2.41 eV, exhibits a single
xcitation at 2700 cm−1 with a FWHM of 24 cm−1. In addi-
ion, the relative intensity of the G′-band is larger than
hat of the G-band. The G′-band of double-layer graphene
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p
a
T
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xhibits four excitations, whereas the spectra of five lay-
rs and more are hardly distinguishable from that of bulk
raphite. Subsequent works allowed the identification of the
umber of layers (1, 2, 3 and 4) by Raman spectroscopy
sing the G′-band. For turbostratic or misoriented double
r few-layer graphene, where the stacking of the graphene
heets is rotationally random with respect to one another
long the c axis, the Raman G′ band appears as a single
orentzian, very similar to that of single-layer graphene but
ith a larger line width [26,148,149]. Thus, when a graphene

ample is produced with other methods than the microme-
hanical exfoliation of HOPG and the interlayer interaction
s absent or not very strong, the G′ Raman band cannot be
sed as a direct identification tool to quantify the number
f layers.

It is noteworthy that imperfections in the graphene
attice such as dopants could introduce new features in
he G′-band. In this context, the presence of a defect-
nduced feature (G′

Def band) in the immediate-vicinity of the
econd-order G′

Pris band (located at ∼2600—2700 cm−1 for
laser = 2.41 eV or � = 514 nm) has provided valuable informa-
ion about charged defects present in single-walled carbon
anotubes (Fig. 11) [136]. In addition, it has been demon-
trated that for doped nanotubes, the relative intensity of
he G′

Def is proportional to the amount of dopants in the
ube material. Similarly, the effect of doping graphitic sys-
ems either electrochemically or by an electric field can
e observed by Raman spectroscopy. Due to renormaliza-
ion of the phonon energies and the resultant change on the
ffective force constants of atomic vibrations, there is an
ncrease of the frequency and a decrease of the line width
f the G-band in monolayer graphene [150]. For the case of
ilayer graphene, a split of the G-band occurs at negative
ate voltages [151]. All these observations demonstrate that
efect-induced peaks in the G′ for doped SWCNTs (G′
Def). The

/n doping signal arises from substitutional boron or nitrogen
toms, the nearest neighbours of carbon in the periodic table.
he spectra of graphene and SWCNTs (G′

Pris) is shown for com-
arison (data provided by I.O. Maciel) [136].
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Figure 12 (a) Simulated high-resolution electron microscopy image of a graphene-like nanostructure with a grain boundary formed
ge fr
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by pentagons and heptagons where the edges of the sheet chan
pattern showing twelve spots characteristic of armchair and zig
same system illustrating a lack of one to one correspondence b

Under the right conditions, electron diffraction could be
used to obtain information from graphene-like structures.
In addition, it is possible to simulate images and electron
diffraction patterns using the coordinates of the nanostruc-
ture (for example with SimulaTem [152]), and then compare
them with the experimental diffraction patterns and high-
resolution images. In Fig. 12a a simulated HRTEM image and
its corresponding diffraction pattern of a graphene piece
with a grain boundary formed by 5—7 defects is shown. It is
therefore clear that defects on graphene surfaces could be
identified by electron diffraction.

Scanning tunneling microscopy (STM) and spectroscopy
(STS) could be powerful tools to identify and obtain elec-
tronic information about defects in graphene surfaces and
nanoribbons. These characterization techniques can give
very valuable information on both the structure of the
graphene or GNR surface, and on its electronic structure
close to the Fermi level. However, the interpretation of
such images can be difficult, and thus simulation of such
images is often very helpful (Fig. 12b). Very recently, Batzill
and coworkers identified the presence of a 5-8-5 defect
line within a graphene sheet using STM [153]. In particu-
lar, these authors noted that this defect line was able to
behave as a quantum wire. Additionally, as discussed in Sec-
tion 5, it is conceivable to construct defective graphene-like
sheets with other types of defects similar to Haeckelites.
Therefore, additional theoretical and experimental stud-
ies regarding defects in graphene are urgently needed to
develop further graphene-based electronics.

Applications

Graphene is a unique material because its displays an out-

standing electron transport at room temperature, in which
electrons behave as massless particles without experiencing
scattering. Therefore, the imminent applications of this lay-
ered material are in electronics such as in the fabrication
of ultrafast transistors [154] able to operate in the tera-

[
l
a
g
i

om armchair to zigzag. The inset shows a simulated diffraction
eatures in the same structure. (b) Simulated STM image of the
en the image and the structure.

ertz frequency range. Its low capacitance is also important
n the fabrication of biosensors or chemical sensors due to
he resulting low values of the signal to noise ratios. How-
ver, due to the large number of reactive edges in graphene
anoribbons, it is expected that the sensing abilities of rib-
ons are superior to those shown in graphene. In addition,
y doping or by applying different edge spin orientations,
he bandgap of nanoribbons may be controllable, thus hav-
ng important implications in the fabrication of novel and
ltrafast electronic nanodevices with outstanding sensing
bilities. Research in this direction needs to be addressed
rom the experimental and theoretical standpoints but there
re already some promising results. Lin et al. [155] have
hown that wafer scale production of graphene (grown epi-
axially over SiC) FETs is possible and such circuits have
00 GHz switching frequencies.

In addition to transistors, GNRs could find applications in
ano-electromechanical systems (NEMS). An example of this
as reported by Wei et al. [94] who produced a few-layer
raphene ribbon NEM switch with good reversibility, which
as used in an OR gate.

From the materials science point of view, graphene and
raphene nanoribbons could be used as fillers in the fab-
ication of robust polymer composites, highly conducting
ransparent films, high thermal conducting polymers, and
ther composites with different metals and ceramics. Due to
he presence of defects and dopants, it may also be possible
o use these locations as catalytic spots for anchoring spe-
ific bio-molecules, drugs, heavy metals, and other species.

Another application for graphene is as the thinnest possi-
le support film for HRTEM, this has been shown to allow, for
xample, observation of individual adatoms over graphene
156] and atomic resolution imaging of soft hard interfaces

157]. These graphene film grids can easily be made in the
aboratory by transferring graphene flakes over TEM grids,
nd are starting to be commercially available. Few-layer
raphene films have also been shown to offer advantages
n TEM.
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There are numerous challenges still to be achieved. In
his respect, the bulk production (e.g. tons per year) of
raphene and graphitic nanoribbons may be achieved by
nzipping carbon nanotubes but further experiments need
o be performed. It is clear that graphene nanoribbons could
ow be dispersed in suspensions due to the reactivity of the
arge number of edges sites. Therefore, edge chemistry and
hysics of the ribbons, a field which is just arising, should
ow lead to: (a) novel catalytic reactions, (b) sensor fab-
ication, (c) the production of field effect transistors, (d)
he generation of electrodes for Li-ion batteries, (e) the
ssembly of heavy metal filters, (f) the fabrication of highly
onducting, transparent polymer composites and other com-
osites with metals and ceramics, g) drug deliverers, etc.
owever, controlled defect engineering is needed in order
o fine tune the chemical, electronic, mechanical, magnetic
nd thermal properties of graphitic nanoribbons.

Porous graphene or chemically activated graphene
ith ‘‘holes’’, also referred in the literature as antidots

126,158,159] should be studied in detail from the exper-
mental and theoretical standpoints. It is possible that this
‘holey’’ material could be applied in catalysis, heavy metal
dsorption, sensors and other uses. Porous graphene with
ontrolled passivation of the dangling bonds in the pores
as been predicted to be a very selective membrane for
as separation [160]. In this context, theoretical research
hould also target the use of GNRs as constructing building
locks to generate more complicated 2D and 3D networks
Fig. 1p), which will certainly result in novel porous mate-
ials with unprecedented mechanical, chemical, magnetic
nd electronic properties.

onclusions

he production of GNRs is a rapidly advancing field, and
ovel synthetic methods and advances towards their appli-
ations will be developed. A challenge however will remain
or facile integration of graphene into electronic devices:
ontrol over the deposition of GNRs, control on the atomic
dge arrangements and creating efficient electrical con-
acts. This is only the tip of the iceberg since other layered
aterials such as BN, MoS2, WS2, ZnO, TiO2, etc., could

lso generate nanoribbons. In this context, it has been
emonstrated that BN nanoribbons exhibiting zigzag edges
ould behave as metal and even emit electrons and low
urn on voltages [161]. Very recently the group of Ajayan
eported the synthesis of a monolayer hybrid BNC material
hat exhibits hexagonal structure. The electrical properties
f such hybrid BNC films range from insulating to conduct-
ng, and could be controlled by varying the C concentration
ithin the sample [162]. Other ribbons such as ZnO [163,164]
r MoS2 [165] could be metallic and even exhibit ferromag-
etic properties. Therefore, the possibilities to construct
ther types of devices using different types of nanorib-
ons, and the conception of hybrid ribbons may be the way
o develop layered electronics and materials science. It is

lear that theorists and experimentalists should join efforts
n order to tackle these complicated problems, especially
hose related to applications.

We believe that the general principles and concepts laid
ut in this account should be useful to readers starting work-
M. Terrones et al.

ng on graphene and graphene nanoribbons. Regarding their
haracterization, microscopy (SPM and electronic) together
ith micro-Raman spectroscopy will be key tools to iden-

ify and understand the basics of defects in graphene-like
ystems. The controlled use of defects for tailoring the
hysicochemical of graphene and GNRs properties should be
xploited further, similar to doping for the silicon industry.
n addition, the extreme sensitivity of GNRs to small varia-
ions in, for instance edge chemistry or stacking order, can
e advantageous for some applications (e.g. sensing, switch-
ng, data storage, drug delivery, etc.), and could also be used
o control the performance of different devices. As in many
ther discoveries in nanoscience, theoretical and experi-
ental approaches should occur synergistically in order to

dvance the field even more rapidly.
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Sumpter, H. Terrones, J.C. Charlier, V. Meunier, M. Terrones,
ACS Nano 3 (2009) 19131.

[135] M. Terrones, A. Jorio, I.O. Maciel, J. Campos-Delgado, E.
Cruz-Silva, M.A. Pimenta, B.G. Sumpter, V. Meunier, F. López-
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