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Abstract: Synthesis, structure, properties, main reactions, and applications of graphenes are reviewed. It is shown that 

these compounds possess unique properties, which can be successfully used for a series of applications, mainly as nan-

odevices and composite materials.  
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INTRODUCTION 

 Carbon is one of the most interesting elements in the Pe-
riodic Table. It forms a series of allotropes, some of them are 
known from thousands of years (3D diamond and 2D graph-
ite) and other discovered 10-20 years ago (0D fullerenes and 
1D carbon nanotubes). Its new allotropic form, 2D graphene 
{nanographenes are also known as polycyclic aromatic hy-
drocarbons (PAHs)}, discovered in 2004, is a rapidly rising 
star on the horizon of materials science and condensed-
matter physics. This strictly two-dimensional material exhib-
its exceptionally high crystal and electronic quality, and, 
despite its short history, has already revealed a cornucopia of 
new physics and potential applications, which are briefly 
discussed here. Graphene represents a conceptually new 
class of materials that are only one atom thick (it is just one 
layer of carbon atoms [1], a similar structure to graphite but 
is a single isolated sheet of carbon), and, on this basis, offers 
new inroads into low-dimensional physics that has never 
ceased to surprise and continues to provide a fertile ground 
for applications [2]. Strictly 2D crystals, such as planar 
graphene, have for long time been considered as a 
thermodinamically unstable form with respect to the 
formation of curved structures such as fullerenes or 
nanotubes. Geim & Novoselov described [2] that small size 
(<<1 mm) and strong interatomic bonds ensure that thermal 
fluctuations cannot lead to the generation of dislocations or 
other crystal defects even at elevated temperature. The 
extracted 2D crystals become intrinsically stable by gentle 
crumpling in the third dimension; such 3D warping 
(observed on a lateral scale of 10 nm) leads to a gain in 
elastic energy but suppresses thermal vibrations 
(anomalously large in 2D), which above a certain 
temperature can minimize the total free energy [2] and ref. 
therein.  

 Despite the fact that graphene was discovered recently, 
its structure, properties and applications have already been 
generalized in a series of monographs [3-6] and reviews [7-
10] (among which we note an excellent work of Mullen on 
graphenes as potential material for electronics [11]). Various 
patents are dedicated to obtaining graphenes [12-14]. Among 
experimental works, we note a number of investigations of  
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Novoselov [15-19] who precisely discovered this material. At 
present, graphene area is one of the hottest topics in physics 
and nanotechnology [20]. 

STRUCTURE AND PROPERTIES 

 Graphene is a layer of carbon atoms, connected in a hex-
agonal two-dimensional crystalline lattice, i.e. a plane, con-
sisting of hexagonal cells (Fig. 1). It can be considered as 
one graphite plane, separated from the voluminous crystal. 
Two atoms A and B are situated in an elementary cell of the 
crystal. Each one, at a displacement on the translation vec-
tors forms sub-lattice from the atoms, equivalent to it, i.e. 
crystal properties are non-dependent on observation points, 
situated in the equivalent places of the crystal. The distance 
between the closest carbon atoms in graphene a0 is 0,142 nm 
(Fig. 2). 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Structure of graphene. 

 An ideal graphene consists exclusively of hexagonal 
cells. Presence of penta- or heptagonal cells leads to various 
types of defects [21]. Appearance of pentagonal cells leads 
to a turning of the atomic plane to a cone. Examining 12 
such defects simultaneously, the fullerene structure is 
formed. Presence of heptagonal cells leads to the formation 
of saddle-type distortions of the atomic plane. Combinations 
of these defects and normal cells could lead to the formation 
of distinct surface forms. Additional data of graphene forms 
is given in [22-24]. A series of two-dimensional sheets of 
hexagonal carbon rings, with hydrogens around the edges, 
has been investigated computationally as models for gra-
phene [25]. 
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Fig. (2). Hexagonal cell of graphene. e1 and e2 are translation vec-

tors; the rhomb 1234 is the elemental cell. 

 

 There are a series of graphene derivatives reported; the 
basic ones are presented in [26]: C62H20 (a 'flake' of graphite 
with hydrogen used to terminate the dangling bonds), gra-
phene with adatom C63H20 (a two-fold coordinated additional 
carbon atom on a graphene sheet; represents one of the stable 
structures of a carbon interstitial on graphite), graphene with 
adatom pair C64H20 (two additional carbon atoms on a gra-
phene sheet (represents an interstitial pair on the surface of 
graphite), and graphene with CO3 molecule. One important 
example is D6h symmetric hexa-peri-hexabenzocoronene 
(HBC, “super-benzene”, Fig. 3a), containing 42 carbon at-
oms, its symmetric and asymmetric derivatives with a vari-
ety of functional groups (Fig. 3b,c), and oligomers (Fig. 4). 

 A series of distinct larger graphenes, containing 90, 96, 
132, 150, and 222 carbon atoms in their cores and different 
substituents, is reviewed in [11]; some of them are as follows 
(Fig. 5):  

 Number of graphene layers (sheets) is an important mag-
nitude, which can be exactly counted by various methods. 
One of them is based on the quantitative

 
analysis of electron 

diffraction intensity and allows detection of a single gra-
phene sheet in a carbon nanofilm [27]. In another report [28], 
the single-, bilayer-, and multiple-layer graphene (<10 lay-
ers) are clearly discriminated on Si substrate with a 285 nm 
SiO2 capping layer by using contrast spectra, which were 
generated from the reflection light of a white light source. 
Two easy-to-use methods to determine the number of gra-
phene layers based on contrast spectra are provided: a 
graphic method and an analytical method. The authors men-
tion that the refractive index of graphene is different from 
that of graphite. Graphene and graphene layers were investi-
gated on different substrates by monochromatic and white-
light confocal Rayleigh scattering microscopy [29]. It was 
established that for a few layers (<6), the monochromatic 
contrast increases linearly with thickness. Rayleigh imaging 
is a general, simple, and quick tool to identify graphene lay-
ers, which is readily combined with Raman scattering, that 
provides structural identification. The intershell and 
interlayer interaction (complexation) energies of graphene 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). a Hexa-peri-hexabenzocoronene, b and c – its symmetric and asymmetric derivatives, respectively. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). HBC oligomers. 
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sheets are investigated by all-electron density functional the-
ory (DFT) using generalized gradient approximation (GGA) 
functionals and an empirical correction for dispersion (van 
der Waals) effects (DFT-D method) [30]. The theoretical 
approach is first applied to graphene sheet model dimers of 
increasing size {up to (C216H36)2}. The interaction energies 
are extrapolated to infinite lateral size of the sheets. The 
value of -66 meV/atom obtained for the interaction energy of 
two sheets supports the most recent experimental estimate 
for the exfoliation energy of graphite (-52±5 meV/atom). 
The interlayer equilibrium distance (334 ± 3 pm) is also ob-
tained accurately. 

 One of the most frequently reported graphene materials is 
a graphene sheet supported by an insulating silicon dioxide 

substrate; its properties are intensively studied. Thus, scan-
ning probe microscopy was employed to reveal atomic struc-
tures and nanoscale morphology of graphene-based elec-
tronic devices [31]. Atomic resolution scanning tunneling 
microscopy images reveal the presence of a strong spatially 
dependent perturbation, which breaks the hexagonal lattice 
symmetry of the graphitic lattice. A novel cleaning process 
to produce atomically clean graphene sheets was offered.  

 Electronic properties of graphenes are described in a 
series of publications [32-35]. Electrons in graphene, obey-
ing a linear dispersion relation, behave like massless relativ-
istic particles or quantum billiard balls. This results in the 
observation of a number of very peculiar electronic proper-
ties – from an anomalous quantum Hall effect to the absence 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Larger graphenes. 
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of localization – in this, the first two-dimensional material. It 
also provides a bridge between condensed matter physics 
and quantum electrodynamics, and opens new perspectives 
for carbon-based electronics [36]. Electrons in bilayer gra-
phene possess an unusual property: they are chiral quasipar-
ticles characterized by Berry phase 2 . Researchers at The 
University of Manchester have just found that electrons 
move more easily in graphene than all other materials, in-
cluding gold, silicon, gallium arsenide and carbon nanotubes 
[37] and have singled graphene out as the "best possible" 
material for electronic applications. With a high electronic 
quality - measured at around 200,000 cm

2
/Vs and more than 

100 times higher than for silicon – these researchers believe 
graphene has the potential to improve upon the capabilities 
of current semiconductors and open up exciting new possi-
bilities. 

 The tight-binding model of bilayer graphene which de-
termines the band structure and low-energy quasiparticle 
properties of this material is reviewed in [38]. A comprehen-
sive theoretical study of the electronic properties and relative 
stabilities of edge-oxidized zigzag graphene nanoribbons is 
presented in [39]. The oxidation schemes considered include 
hydroxyl, lactone, ketone, and ether groups. Using screened 
exchange density functional theory, it was shown that these 
oxidized ribbons are more stable than hydrogen-terminated 
nanoribbons except for the case of the etheric groups. Elec-
tronic transport properties of individual chemically reduced 
graphene oxide sheets is reported in [40].  

 Magnetic properties of arbitrarily shaped finite graphene 
fragments {referred by authors as graphene nanoflakes 
(GNFs)} were investigated using benzenoid graph theory 
and first-principles calculations [41]. It was demonstrated 
that the spin of a GNF depends on its shape due to topologi-
cal frustration of the -bonds. In general, the principle of 
topological frustration can be used to introduce large net spin 
and interesting spin distributions in graphene. In another 
report [42], it was found that an antiferromagnetic (AFM) 

phase appears as the PAH reaches a certain size. This AFM 
phase in PAHs has the same origin as the one in infinitely 
long zigzag-edged graphene nanoribbons, namely, from the 
localized electronic state at the zigzag edge. The smallest 
PAH still having an AFM ground state is identified. Magnet-
ism in graphene nanoislands is examined in [43]. 

 Solution properties of graphite are reported in [44]. It 
was suggested that solutions of functionalized oxidized 
graphite in common organic solvents consist of single and 
few layer graphene sheets. Soluble graphene layers were also 
formed by reacting graphite fluoride with alkyl lithium rea-
gents [45]. Covalent attachment of alkyl chains to the gra-
phene layers was confirmed. It was revealed that the chemi-
cal process partially restores the sp

2
 carbon network. A one-

step chemical treatment of graphite fluoride allows the ma-
nipulation of a soluble form of graphene. 

 Optical properties of armchair-edged graphene nanorib-
bons (AGNRs) with many-electron effects included are re-
ported in [46]. The characteristics of the excitons of the three 
distinct families of AGNRs are compared and discussed. The 
enhanced excitonic effects found here are expected to be of 
importance in optoelectronic applications of graphene-based 
nanostructures. A simple optical method is presented for 
identifying and measuring the effective optical properties of 
nanometer-thick, graphene-based materials, based on the use 
of substrates consisting of a thin dielectric layer on silicon 
[47]. The effective refractive index and optical absorption 
coefficient of graphene oxide, thermally reduced graphene 
oxide, and graphene are obtained by comparing the predicted 
and measured contrasts. 

 Raman spectroscopy measurements of graphenes are 
reported in a number of reports [48-50]. The

 
authors of [51] 

investigated the influence of substrates {GaAs, sapphire, 
glass and standard Si/SiO2 (300 nm, served as

 
a reference) 

substrates} on Raman scattering spectrum
 
from graphene. It 

was found that while G peak of
 
graphene on Si/SiO2 and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). Surface oxygen groups on graphite. 
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GaAs is positioned at 1580 cm
1
, it

 
is downshifted by ~5 

cm
1
 for graphene on sapphire and, in

 
some cases, splits into 

doublets for graphene on glass with
 
the central frequency 

around 1580 cm
1
.  

 Capacitance-voltage (C-V) characteristics are important 
for understanding fundamental electronic structures and de-
vice applications of nanomaterials. The C-V characteristics 
of graphene nanoribbons (GNRs) are examined using self-
consistent atomistic simulations. The results indicate strong 
dependence of the GNR C-V characteristics on the edge 
shape [52]. Graphene nanoribbons are also examined in [53-
58]. It is noted that all graphene nanoribbons are semicon-
ductors and they have possible applications to future quan-
tum device. The zigzag edge of a graphene nanoribbon pos-
sesses a unique electronic state that is near the Fermi level 
and localized at the edge carbon atoms [59]. The chemical 
reactivity of these zigzag edge sites was elucidated by exam-
ining their reaction energetics with common radicals from 
first principles. Among other studies of this form of carbon, 
plasma waves in graphenes are reported in [60, 61]. 

SYNTHESIS 

 The principal method for graphene production [62] is 
based on the mechanical exfoliation of graphite layers by 
micromechanical cleavage, allowing obtaining high-quality 
samples. Thin graphite layers are put between sticky tapes 
and remove thin graphite layers to get a sufficiently thin 
layer. Then the sample is collocated on the support of SiO2. 
AFM studies are used for determining real thickness of the 
graphene film (0.35 to 0.8 nm).  

 Graphenes are also produced by a series of other meth-
ods, in particular by CVD/pyrolisis techniques as simple, 
economical and reproducible method. Thus, planer few layer 
graphenes films were synthesized from camphor pyrolysis 
on nickel substrates by simple, cost effective thermal CVD 
method [63]. Thermal decomposition of the (0 0 0 1) face of 
a 6H–SiC wafer, demonstrated the successful growth of sin-
gle crystalline films down to approximately one graphene 
layer [64]. Three-step process for producing nano-scaled 

graphene plate material is reported in [65]. It includes 
carbonizing a polymer or heat-treating petroleum or coal tar 
pitch, producing micron- and/or nanometer-scaled graphite 
crystallites, exfoliating the graphite crystallites in the 
polymeric carbon and subjecting the polymeric carbon 
containing exfoliated graphite crystallites to a mechanical 
attrition treatment.  

 Graphene films can be obtained on various supports. 
Thus, the synthesis of bilayer graphene thin films deposited 
on insulating silicon carbide is reported in [66-68]. Formed 
bilayer graphene can potentially possess switching functions 
in atomic-scale electronic devices. It is shown [69] that gra-
phenes grown from the SiC(0001)

 
(C-terminated) surface are 

of higher quality than those previously grown
 
on SiC(0001). 

Graphene grown on the C face can have
 
structural domain 

sizes more than three times larger than those
 
grown on the Si 

face while at the same time
 
reducing SiC substrate disorder 

from sublimation by an order of
 
magnitude. As it was noted 

[70], despite the thickness of graphite layer is more than one 
monolayer, only the closest layer to the supporting surface 
takes part in conductivity, since a non-compensated charge is 
formed in the border SiC-C due to the differences of works 
of an output of two materials. 

 Graphite platelets of 1–5 μm in diameter consisting of a 
few graphenes were generated from commercially available 
exfoliated graphite by ultrasonic treatment in benzene (1 mg 
material in 20 ml solvent) for 3 h. Successive oxidation of 
the sample was carried out at 450–550 °C in air. AFM meas-
urements showed that the thermal oxidation removed 2–3 
graphenes from the platelets and it left behind single gra-
phene layers [71]. 

 Chemical techniques are also used for obtaining 
nanometric graphene layers. Thus [44], graphite microcrys-
tals are treated with a mixture of HCl and H2SO4, forming 
carboxyl groups in the sample edges (Fig. 6). Then they are 
transformed into chlorides using SOCl2 and graphene layers 
by action of octadecylamine in organic solvents. Novel tube-
in-tube nanostructures are similarly obtained in [72]. Small 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). a,b) Ruthenium- and c) palladium-graphene complexes. 
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graphene sheets were produced by disintegration of the 
graphitic nanoparticles via an intercalation-exfoliation proc-
ess with nitric acid, during which the graphene sheets were 
simultaneously modified with carboxyl and hydroxyl groups 
at their edges. Reduction of a colloidal suspension of exfoli-
ated graphene oxide sheets in water with hydrazine hydrate 
results in their aggregation and subsequent formation of a 
high-surface-area carbon material which consists of thin gra-
phene-based sheets [73]. A comprehensive generalization of 
techniques for obtaining various, in particular larger graphe-
nes is given in [11]. 

 The inclusion of heteroatoms into the graphene mole-
cules offers the possibility of making novel PAH-based 
metal complexes. In case of nitrogen as a heteroatom, oxida-
tive cyclodehydrogenation is an important process in the 
formation of the new graphene of the "half-cyclized" nitro-
gen-heterosuperbenzene N-

1
/2HSB [74]. This heteropol-

yaromatic results from the FeCl3-catalyzed oxidative cy-
clodehydrogenation of 1,2-dipyrimidyl-3,4,5,6-tetra-(4-tert-
butylphenyl)benzene. Three new C-C bonds are formed that 
lock the two pyrimidines in a molecular platform comprising 
eight fused aromatic rings flanked by two remaining "uncy-
clized" phenyl rings. Heteroleptic Ru(II) complexes, 
[Ru(bpy)2(N-

1
/2HSB)](PF6)2 and [Ru(bpy)2(N-HSB)](PF6)2, 

which differ in the size and planarity of their aromatic 
ligands, were also obtained (Fig. 7a,b). Palladium(II) com-
plex [Pd(

3
-C3H5)(tetra-peri-(tert-butyl-benzo)-di-peri-

(pyrimidino)-coronene)]PF6] is also known (Fig. 7c) [75]. 

 Oxidation of graphite produces graphite oxide (GO, Fig. 
8-9), which is dispersible in water as individual platelets. 
After deposition onto Si/SiO2 substrates, its chemical reduc-
tion produces graphene sheets. Electrical conductivity meas-
urements indicate a 10000-fold increase in conductivity after 
chemical reduction to graphene [76]. The thermal expansion 
mechanism of graphite oxide to produce functionalized gra-
phene sheets is provided [77]. After dispersion by ultrasoni-
cation in appropriate solvents, statistical analysis by atomic 
force microscopy shows that 80% of the observed flakes are 

single sheets. Thermal exfoliation of graphite oxide can pro-
duce single sheets of functionalized graphene [78]. Although 
graphite oxide is an insulator, functionalized graphene pro-
duced by this method is electrically conducting. A number of 
functionalized graphite oxides were prepared by treatment of 
graphite oxide with organic isocyanates [79]. These isocy-
anate-treated GOs (iGOs) can then be exfoliated into func-
tionalized graphene oxide nanoplatelets that can form a sta-
ble dispersion in polar aprotic solvents. Another route to 
graphenes through intercalated graphite is reported in [80] 
(Fig. 10). It includes subsequent treatment of graphite with 
potassium, EtOH and further exfoliation and sonication, 
leading to carbon nanoscrolls through graphene sheets [81]. 

 A straightforward technique using electrostatic attraction 
is demonstrated to transfer graphene sheets, one to a few 
atomic layers thick, to a selected substrate. Graphite crystal 
was collocated between electrodes; graphite pieces, includ-
ing thin films, can move to SiO2 support due to the electric 
field. Sheets from one to 22 layers thick have been trans-
ferred by this method [84]. Applied voltage was 1-13 kV. 

 Mechanisms of graphene formation and growth are ex-
amined in [85]. A reaction pathway for growth is explored in 
which two cyclopenta-carbon groups combine on the zigzag 
edge of a graphene layer [86]. The process is initiated by H 
addition to a five-membered ring, followed by opening of 
that ring and the formation of a six-membered ring adjacent 
to another five-membered ring. Hydrogen abstraction reac-
tions by methyl radicals on the zigzag and armchair edges of 
perylene are studied by density functional theory to explore 
various growth pathways that seem to be in line with ex-
perimental observations [87]. Notably, in the case of 3,4-
dimethyl-3,4-dihydroperylene, the first two reaction steps 
have no or only a very low reaction barrier. The final conclu-
sion of this study is that a cascade of reactions is possible 
that leads to the growth of a graphene sheet on a graphite 
surface. Role of surface migration in the growth and struc-
ture of graphene layers is examined in [88]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. (8). Structural model for graphite oxide, borrowed from [82]. 
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 Nano-graphene growth and texturing by Nd was investi-
gated using pulsed laser ablation from a rotating graphite 
target operating both in vacuum (~10

-5
 Pa) and in He sustain-

ing gas (~10 Pa) [89]. As a result, thin carbon films grew on 
Si <100> substrates kept at temperatures from RT to 900 °C 
(Fig. 10). The preferential vertically oriented growth of gra-
phene layers in vacuum and high temperature can be ex-
plained as a combined effect of different processes under a 
fast kinetic mode: thermal surface diffusion, in-plane growth 
of graphene sheets and line source direction of activated car-
bon species of the laser plume. The deposited samples are 
characterized by a different nucleation and growth process 
and a more complex structure. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (10). Nano-graphene growth using laser ablation method. 

 

REACTIVITY 

 A certain attention is given to the interaction of graphene 
and such simple inorganic molecules as hydrogen [90], oxy-
gen, etc. Thus, quantum dynamics study of the Langmuir–
Hinshelwood H + H recombination mechanism and H2 for-
mation on a graphene model surface is described in [91]. 
Two-dimensional semiconducting nanostructures based on 
single graphene sheets with lines of adsorbed hydrogen at-
oms were examined in [92]. It is shown that lines of ad-

sorbed hydrogen pair atoms divide the graphene sheet into 
strips and form hydrogen-based superlattice structures (2HG-
SL). The formation of 2HG-SL changes the electronic prop-
erties of graphene from semimetal to semiconductor. In an-
other research [93], the physisorption of a hydrogen mole-
cule on planar and curved graphene clusters is examined. 
The repulsive nature of a H2-H2 interaction and the small 
dependence of physisorption energies on physisorption sites 
favor a close-packed structure for molecular hydrogen phy-
sisorption on a planar graphene. It is shown that Li doping 
enhances hydrogen physisorption on graphene [94]. Hydro-
gen molecules are physisorbed on pure graphene with bind-
ing energies about 80–90 meV/molecule. However, the bind-
ing energies increase to 160–180 meV/molecule for many 
adsorption configurations of the molecule near a Li atom in 
the doped systems. A charge-density analysis shows that the 
origin of the increase in binding energy is the electronic 
charge transfer from the Li atom to graphene and the nano-
tube. The mechanism and energy characteristics (activation 
energy and enthalpy) of interaction of linear and graphene 
carbon nanoparticles with an oxygen molecule are investi-
gated by semiempirical PM3 method [95]. The oxidation 
activation energy depends on the structure of clusters and the 
interposition of the O2 molecule and a carbon cluster. Linear 
clusters are oxidized mainly to CO2; graphene clusters are 
oxidized to CO. Results of the reaction of ozone with milled 
graphite and different carbon black grades were based on the 
role played by fullerene-like carbon nanostructures, present 
in graphene sheets to explain the observed gasification rates 
and surface functionalization [96]. Theoretical study of sorp-
tion of carbon dioxide on the 4-ring graphene (“unmodified” 
or N-, O-, and OH-substituted) structures possessing one 
completely unsaturated edge zigzag site is reported using the 
DFT (B3LYP/6-31G(d,p)) method [97]. 

 Reactivity of graphene in relation with complex mole-
cules is also studied. Thus, water can dissociate over defec-
tive sites in graphene following many possible reaction 
pathways, some of which have activation barriers lower than 
half the value for the dissociation of bulk water [98]. This 
reduction is caused by spin selection rules that allow the sys-
tem to remain on the same spin surface throughout the reac-
tion. The interaction of sulfuric acid with graphene is studied 
in [99] by density functional theory. The results show that 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). Formation and exfoliation of graphite oxide, borrowed from [83]. 
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there is protonation of the graphene sheet by the acid, in ac-
cordance with experimental results for H2SO4 adsorbed onto 
highly oriented pyrolytic graphite and for single-wall carbon 
nanotubes in concentrated sulfuric acid. Nevertheless the 
electronic structure of graphene is not heavily affected and 
its zero-band-gap semiconducting behavior is preserved.  

 Using first principles density functional theory methods, 
the authors of the investigation [100] shed light on the ques-
tion how aryl groups attach to a graphene sheet. Thus, for 
the basal plane, isolated phenyl groups are predicted to be 
weakly bonded to the graphene sheet, even though a new 
single C-C bond is formed between the phenyl group and the 
basal plane by converting a sp

2
-carbon in the graphene sheet 

to sp
3
. However, the interaction can be strengthened signifi-

cantly with two phenyl groups attached to the para positions 
of the same six-membered ring to form a pair on the basal 
plane. The strongest bonding is found at the graphene edges.  

 Metal-graphene interactions are also being examined. 
Thus, density-functional calculations were done to examine 
the interface between graphene and a Pt13 or Au13 cluster 
[101]. Introducing a carbon vacancy into a graphene sheet 
enhanced the interaction between graphene and the metal 
clusters. Five- or seven-member rings introduced into the 
graphene also increased the stability of the interface. 
Lead(II) adsorption from an aqueous solution onto a gra-
phene layer (C  electrons) was investigated using activated 
carbon and charcoal [102]. The experimental results indicate 
that an acidic oxygen free graphene layer exhibits a basic 
character caused by C  electrons. For a Pd-metal graphite, 
having a layered structure, where each Pd sheet is sand-
wiched between adjacent graphene sheets, superconductivity 
and magnetic short-range order were studied [103]. 

APPLICATIONS 

 A series of investigations is dedicated to obtaining car-

bon nanotubes from graphenes. Depending on the concrete 

scheme of turning of graphite plane, formed nanotubes can 
possess metallic or semiconductor properties. The single-

walled nanotubes (SWNTs) are formed by folding graphene 

nanoribbons patterned on graphite films through adsorption 
of atoms of varying coverage, which introduces an external 

stress to drive the folding process (Fig. 11) [104]. The inter-

action of bare graphene nanoribbons (GNRs) was investi-
gated by ab initio density functional theory calculations with 

both the local density approximation (LDA) and the general-

ized gradient approximation (GGA) [105]. Remarkably, two 
bare 8-GNRs with zigzag-shaped edges are predicted to form 

an (8, 8) armchair single-wall SWCNT without any obvious 

activation barrier. A possible route to control the growth of 
specific types SWCNT via the interaction of GNRs is sug-

gested. The use of graphene layer encapsulated catalytic 

metal particles for the growth of narrower multi-walled car-
bon nanotubes (MWCNTs) has been studied using plasma-

enhanced chemical vapor deposition and conventional ther-

mal CVD [106]. Ni–C or Fe–C composite nanoclusters were 
fabricated using the dc arc discharge technique with metal–

graphite composite. The results show that the diameters of 

the MWCNTs were reduced from 50–100 nm for a conven-
tional Ni thin film-evaporated Si substrate to a minimum of 

roughly 2–4 nm in the present study. C-BN patterned single-

walled nanotubes synthesized by laser vaporization tech-
nique and a growth model is proposed [107]. The synthesis 

process consists of vaporizing, by a continuous CO2 laser, a 

target made of carbon and boron mixed with a Co/Ni catalyst 
under N2 atmosphere. Boron and nitrogen co-segregate with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (11). A simple route from a graphene sheet to a carbon nanotube. 

Graphene                                                                     Single-walled carbon nanotube
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respect to carbon and form nanodomains within the hexago-

nal lattice of the graphene layer in a sequential manner. 

 Composite materials have been created on graphene basis 
[108]. Thus, transparent and electrically conductive compos-
ite silica films were fabricated on glass and hydrophilic 
SiOx/silicon substrates by incorporation of individual gra-
phene oxide sheets into silica sols followed by spin-coating, 
chemical reduction, and thermal curing [109]. Ultrathin epi-
taxial graphite films which show remarkable 2D electron gas 
(2DEG) behavior were produced. These films, composed of 
typically three graphene sheets, were grown by thermal de-
composition on the (0001) surface of 6H-SiC [110]. 
Interaction with silicon carbide substrate leads to the opening 
of a semiconductor gap in epitaxial graphene [111]. This is 
an important first step towards bandgap engineering in this 
two-dimensional crystal, and its incorporation in electronic 
devices. Preparation and characterization of graphene oxide 
paper, a free-standing carbon-based membrane material 
made by flow-directed assembly of individual graphene ox-
ide sheets, is reported in [112]. This new material outper-
forms many other paper-like materials in stiffness and 
strength. Its combination of macroscopic flexibility and 
stiffness is a result of a unique interlocking-tile arrangement 
of the nanoscale graphene oxide sheets. 

 Also, graphene is considered as one of the most promis-
ing materials for post silicon (carbon-based nanoelectronics) 
electronics, as it combines high electron mobility with 
atomic thickness [113, 114]. For example, applications of 
graphenes for transistor production is reported in [115-117]. 
The transistors show a hole and electron mobility of 3735 
and 795 cm

2
/V-s, respectively, and a maximum drive-current 

of 1.7 mA/μm (at VDS = 1 V), which are among the highest 
reported for room temperature. Intrinsic current-voltage 
characteristics of graphene nanoribbon transistors are exam-
ined in [118].  

 Nanodevices [119, 120] are the most perspective present 
and future application area for graphenes. Thus, graphenes 
can be potentially used in digital memory devices [121] or as 
building blocks for novel optoelectronic devices [122]. Mi-
crofabrication

 
of graphene devices currently relies

 
on the fact 

that graphene crystallites can be visualized using
 
optical mi-

croscopy if prepared on top of Si wafers with
 
a certain thick-

ness of SiO2 [123].
 
Graphene's visibility

 
depends strongly on 

both thickness of
 
SiO2 and light wavelength. It was found 

that by using
 
monochromatic illumination, graphene can be 

isolated for any SiO2 thickness,
 
albeit 300 nm (the current 

standard) and, especially, 100 nm are most
 
suitable for its 

visual detection. 

 Transparent, conductive, and ultrathin graphene films are 
demonstrated as an alternative to the ubiquitously employed 
metal oxides window electrodes for solid-state dye-
sensitized solar cells [124]. These graphene films are fabri-
cated from exfoliated graphite oxide, followed by thermal 
reduction. The obtained films exhibit a high conductivity of 
550 S/cm and a transparency of more than 70% over 1000-
3000 nm.  

 Carbon-based 3-D solid structures, called covalently 
bonded graphenes (CBGs), were investigated to elucidate 
hydrogen storage characteristics [125]. Using the density 

functional method and the MØller-Plesset perturbation 
method, it is shown that H2 molecular binding in the CBGs is 
stronger than that on an isolated graphene with an increase of 
20 to ~150% in binding energy, which is very promising for 
storage at ambient conditions. Graphene nanostructures 
serve as tunable storage media for molecular hydrogen, be-
cause they are light-weight, cheap, chemically inert, and 
environmentally benign [126]. 

 The possibility of chemical doping and related excellent 
chemical sensor properties of graphene have been experi-
mentally demonstrated [127]. Thus, graphene sheets can be 
effective adsorbents and sensors for dioxin in the presence of 
calcium atoms [128]. This is due to a cooperative formation 
of sandwich complexes of graphene sheet or (5,5) CNT 
through the interaction -Ca-  with the total binding energy 
of more than 3 eV. The first joint experimental and theoreti-
cal investigation of adsorbate-induced doping of graphene is 
presented in [129] with the NO2 system. It is shown that the 
single, open shell NO2 molecule is found to be a strong ac-
ceptor, whereas its closed shell dimer N2O4 causes only 
weak doping. This effect is pronounced by graphene's pecu-
liar density of states (DOS), which provides an ideal situa-
tion for model studies of doping effects in semiconductors.  

CONCLUSIONS 

 Graphene, the youngest [130] allotropic form of carbon, 
can be considered as a promising leader in future publica-
tions among other carbon forms. Efforts on carbon allotropes 
in 1990

th
 - 2008 years have been devoted to fullerenes, 

SWCNTs and MWCNTs, enormous number of publications 
is dedicated to their obtaining and applications. In case of 
graphene, at present we observe all attributes of an approach-
ing boom due to its unique properties and possible applica-
tions [131-134]. At the same time, meanwhile an interest of 
physicians and technologists to this material is obvious, an 
interest of chemists [11] is below of the expected, probably 
due to absence of a well-established industrial method for 
graphene production. We suppose that, in near future, the 
most important contribution of chemists could be the elabo-
ration of a cheap and easy wet-chemical synthetic method for 
obtaining graphene, as well as chemical modification by 
insertion of various organic functional groups into its struc-
ture in order to manipulate properties of this valuable mate-
rial.  

FUTURE OUTLOOK 

 As it was noted by Geim and Novoselov [2], “at this time, 
no review can possibly be complete”. A dramatic increase of 
experimental publications and patents is expected next years, 
dedicated to the optimization of synthetic methods for gra-
phene and its applications in various technological areas 
(composite materials, batteries, gas sensors, field emitters, 
etc.).  
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