
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/230634280

Overview on graphene: Properties, fabrication and applications

Article  in  Chimica Oggi · November 2010

CITATIONS

6
READS

3,208

3 authors, including:

Some of the authors of this publication are also working on these related projects:

ComBoNDT - Quality assurance concepts for adhesive bonding of aircraft composite structures by advanced NDT View project

MONICA View project

Tiziana Polichetti

ENEA

100 PUBLICATIONS   753 CITATIONS   

SEE PROFILE

Maria Lucia Miglietta

ENEA

109 PUBLICATIONS   1,040 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Maria Lucia Miglietta on 09 September 2016.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/230634280_Overview_on_graphene_Properties_fabrication_and_applications?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/230634280_Overview_on_graphene_Properties_fabrication_and_applications?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/ComBoNDT-Quality-assurance-concepts-for-adhesive-bonding-of-aircraft-composite-structures-by-advanced-NDT?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/MONICA-4?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Tiziana-Polichetti?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Tiziana-Polichetti?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/ENEA?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Tiziana-Polichetti?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maria-Lucia-Miglietta?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maria-Lucia-Miglietta?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/ENEA?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maria-Lucia-Miglietta?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maria-Lucia-Miglietta?enrichId=rgreq-ccc628939db6df087d625a969d10aacb-XXX&enrichSource=Y292ZXJQYWdlOzIzMDYzNDI4MDtBUzo0MDQzMTk2NTc1Nzg1MDZAMTQ3MzQwODcyNjg4NQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


6 chimica oggi/Chemistry Today -  vol 28 n 6 November/December 2010

Overview on graphene
Properties, fabrication and applications
TIZIANA POLICHETTI*, MARIA LUCIA MIGLIETTA, GIROLAMO DI FRANCIA

*Corresponding author
Italian National Agency for new technologies, Energy and sustainable economic development – ENEA-UTTP-MDB, p.le E. Fermi, 1, Portici (Na), I-80055, Italy

Tiziana Polichetti

SPECIALTY CHEMICALS

INTRODUCTION

A brief history of the carbon based materials
Graphene is a monolayer of carbon atoms tightly packed into 
a two-dimensional honeycomb lattice. It is a basic building 
block for graphitic materials of all other dimensionalities such as 
fullerenes, nanotubes or graphite. From a theoretical point of 
view the graphene has been studied for sixty years; the first 
studies on the properties of graphite were published between 
1947 and 1958 (1-3) and are still considered an essential 
reference point in describing the properties of various carbon 
based materials. These studies have revealed the unique 
electronic band structure of graphene which confers 
exceptional mechanical and electronic properties to this 
material. Although known as an integral part of materials in 3D, 
graphene was believed to be unstable with respect to the 
formation of curved structures such as fullerenes and 
nanotubes, and presumed not to exist in the free state. In 1935 
and 1937 two fundamental papers were published that, based 
on theoretical considerations, argued that strictly 2D crystals 
were thermodynamically unstable and could not exist (4, 5). In 
1968 Mermin (6), strongly substantiated by many experimental 
observations, extended the instability argument of the 2D crystal 
growth. Nevertheless there have been several attempts to 

extract graphene single sheets. Graphene was first observed at 
the end of 60s as a “disordered structure” on platinum surfaces 
heated in ultrahigh vacuum and lately recognized as the 
deposition of a single graphitic sheet (7). In 1999, Ruoff and 
co-workers have started the route of micromechanical 
exfoliation of graphite in order to achieve the single layer 
crystals (8). In 2004 the first graphene monolayer device was 
presented by the Manchester group opening the way to the 
experimental validation of the theoretical predictions on its 
properties (9). A very well documented excursus of the 
discovery of this 2D material is given in a recent publication by 
Ruoff and co-workers (10). 

The graphene properties
One of the reasons justifying the interest in graphene lies in its 
energy band spectrum. Graphene is a semi-metal, having zero 
bandgap only at the 6 K-points of its Brillouin zone, where the 
energy bands obey to linear dispersion relationship (Figure 1). 
A non-square-like dispersion law, results in zero effective 
masses for electrons and holes. As a direct consequence, the 
graphene charge carriers mimic relativistic particles and are 
more easily and naturally described starting from the Dirac 
equation (see the caption of Figure 1), rather than the usual 
Schrödinger equation, providing a bridge between quantum 
electrodynamics and condensed matter physics (11). 
Although the electrons moving around atoms of carbon do 
not really reach relativistic speed, their interaction with the 
lattice periodic potential gives rise to new quasiparticles that 

ABSTRACT: Graphene is a monolayer of sp² bonded carbon 
atoms in a chicken wire crystal structure which behaves 
electronically as a zero-gap semiconductor. It forms many 
allotropes, some being known from ancient times (diamond 
and graphite) and some discovered ten to twenty years 
ago (fullerenes, nanotubes). Quite interestingly, the two-
dimensional form has been obtained only recently, and 
immediately has sparkled a considerable scientific interest. 
Electrons in graphene, obeying to a linear dispersion 
relationship, behave like massless relativistic particles, which 
results in a number of very peculiar electronic properties. 
Graphene also provides a bridge between condensed 
matter physics and quantum electrodynamics and opens 
new perspectives for carbon-based electronics. Here we 
present an overview of the amazing properties of graphene 
and of the methods for producing it. We conclude with a brief 
description of the potential applications of this material.

KEYWORDS: Dirac massless fermions properties, graphene 
preparation methods

Figure 1. (a) Graphene honeycomb structure may be regarded as the 
superposition of two equivalent carbon sublattices, each of them 
generated by the two primitive vectors a1 and a2; the two sublattices are 
indicated in the image by the open and the filled circles respectively. 
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can be regarded as electrons that have lost their rest mass m0, 
or neutrinos which acquired the electron charge, called the 
Dirac massless fermions. 
A direct consequence of this particular band structure, is a series 
of electrical and optical properties, briefly outlined below:
Ambipolar Ballistic Transport: the ambipolar effect of graphene, 
consisting in the inversion of carriers type with the sign of applied 
voltage (Figure 2 b), was measured for the 
first time by the Manchester group (9) on 
a multiterminal Hall bar device, realized 
from graphene flakes placed on top of an 
oxidized Si wafer. The measured carrier 
mobility values ranged between 3000 and 
10000 cm2/Vs, improvable up to 105 cm2/
Vs after an accurate control of impurities. 
These mobility values do not decrease 
even at high carrier concentration (>1012 
cm–2), leading to a ballistic transport on 
the submicrometre scale (currently up to 
≈0.3 μm at 300 K). 
Zero Field Conductivity at zero gate 
voltage, when the Fermi level is pinned at 
the Dirac point no zero conductance is 
observed (12). This event was theoretically 
predicted and it is called minumum 
metallic conductivity. The conductance 
does not vanish even at temperatures as 
low as 4K (12) and is always equal to 4e2/h, 
that is π times greater than the values 
suggested by many theories. 
Quantum Hall Effect: it is the occurrence of an electric potential 
difference on the opposite edges of a conducting material, 
crossed by an electric current, when a magnetic field is applied 
perpendicularly to the current direction. The quantum Hall effect 
(QHE) is observed in two-dimensional electronic systems with high 
mobility and low disorder. As a result, the material resistance 
displays integer quantized values as a function of the applied 
magnetic field. Graphene is the only known material that exhibits 
such effect at room temperature. Moreover, the observed 
quantization condition (13), in this case, is described by half integer 
rather than integer values (Figure 2 b).
Visual Transparency And Optical Saturation Of Graphene: the optical 
transmittance of a graphene single layer is equal to around 98 
percent of the incident light, and it is almost flat in all the visible range 
(14); despite being only one atom thick, graphene absorbs a 
significant fraction of incident white light equal to πa = 2.3 percent (14), 
becoming visible even to a simple optical microscope observation 
(Figure 3). The fine structure constant a = e2/h- c ≈ 1/137 (where c is the 
speed of light) is the parameter that describes coupling between light 

and relativistic electrons and that 
is traditionally associated with 
quantum electrodynamics. The 
optical absorption of graphene 
saturates when the input optical 
intensity is above a threshold value 
(15). This behaviour, called non-
linear optical saturable absorption, 
is due to the zero band gap 
(Figure 4). Graphene tunable 
Gap :  when graphene is 
patterned into a narrow ribbon, 
and the carriers are confined to a quasi-one-dimensional system, an 
opening of an energy gap occurs. The energy gap dimension can be 
tuned during fabrication with the appropriate choice of ribbon width. 
Indeed, the experimental results indicate that the energy gap scales 
inversely with the ribbon width W (16).

OVERVIEW ON THE GRAPHENE FABRICATION TECHNIQUES

Mechanical cleavage
The layered structure and the relatively low interlayer energy of 
graphite gave, at first, the chance to achieve graphene flakes by 
peeling graphite. First attempts to manipulate graphitic sheets date 
back to 1998 (17) where scanning tunnelling microscope (STM) and 

atomic force microscope (AFM) tips were 
employed to tear, fold and unfold graphene 
layers on highly oriented pyrolytic graphite 
(HOPG) surfaces. In this, as in other following 
works (8), the energy required to overcome 
the weak interlayer van der Waals 
interaction and to peel off a graphite sheet 
is provided by the tip interaction with HOPG 
surfaces and the results show that single 
atomic layers of graphite can actually be 
folded and unfolded in an intentional 
manner. Afterwards, Novoselov et al. (9) 
developed the very simple approach known 
as the “scotch tape” method that uses 
adhesive tapes to exfoliate patterned 
HOPG. This technique consists in putting the 
tape on graphite surface and peeling the 
top layer. The tape is then folded in half 10 or 
20 times. Each time, the flakes split into 
thinner and thinner flakes. At the end, very 
thin flakes are attached to the film that can 
be easily transferred to a suitable isolating 

substrate (Figure 5). Up to now, the mechanical exfoliation is the 
simplest way to prepare micron-size graphene flakes for 
fundamental research purposes. Moreover, so-prepared samples 
have the best electrical and mechanical properties (18). 
Notwithstanding these methods cannot be scaled up for mass 
production of graphene.

Figure 2. (a) ambipolar effect: the Hall coefficient RH, at zero gate 
voltage, exhibited a sharp reversal of its sign indicating a transition 
between electrons and holes; (b) quantized values of the trasversal 
conductivity sxy and longitudinal resistivity rxx of graphene as a function 
of their concentration at B =14 T and T = 4K. Inset: sxy in ‘two-layer 
graphene’ where the quantization sequence is normal and occurs at 
integer n. The latter shows that the half-integer QHE is exclusive to ‘ideal’ 
graphene (Reproduced with permission from ref. 8).

Figure 3. Graphene as it appears to 
an optical microscope observation.

Figure 4. Schematic excitation process responsible 
for absorption of light in graphene a) at low 
excitation intensity a photon absorption produces 
an interband transition with carriers photogeneration. 
b) The photogenerated carriers thermalize to form 
a hot Fermi–Dirac distribution, intraband phonon 
scattering and electron-hole recombination 
restore an equilibrium distribution. c) At high 
excitation intensity, the states near the edge of the 
conduction and valence bands are filled, 
blocking further absorption.

Figure 5. The scotch-tape method: a) deposition of tape-exfoliated 
graphene flakes over Si/SiO2 substrate; b) an example of a so-prepared 
monolayer graphene sample (the area of the monolayer region, in this 
sample, is around 20 mm2).
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Chemical methods
The chemical ways for production of graphene can be 
schematized in three different methods. From an historical point of 
view, the first of these methods has been the epitaxial growth on 
nickel surfaces by chemical vapour deposition (CVD) of an 
hydrocarbon precursor (such as methane and ethylene). This 
method is based on dissolution of carbon into the hot nickel 
substrate and then cooling the metal forcing carbon to 
precipitate out of it (19). A second approach is the growth of 
graphene on insulating silicon carbide (SiC) surfaces by high 
temperature annealing in vacuum. This process relies on the 
graphitization of SiC by thermal decomposition. Recent research 
efforts on this technique have resulted in more efficient 
atmospheric pressure processes (20). These two bottom-up 
preparation methods are suitable for mass production of 
graphene and have the further advantage to produce that large-
area graphene required for some of its most promising potential 
applications. However, in the first method, graphene samples 
have to be transferred from the metal growth substrate to an 
insulating substrate in order to make useful devices; in the second 
one, graphene crystals are composed of a multitude of small 
domains. The third approach is the chemical exfoliation that is the 
production of graphene from colloidal suspensions made from 
graphite, graphite oxide (GO), and graphite intercalation 
compounds (Figure 6) through simple chemical reactions or 
electrochemical methods (21, 22). The chemical exfoliation has 
risen a lot of interest from researchers since it is scalable and 
versatile. So far, research efforts have been mainly focused on 
exfoliation of GO since the strongly hydrophilic nature of its layers 
allow an easy intercalation of water molecules and, consequently, 
a complete, simple exfoliation to single-layer GO sheets by 
sonication. Unfortunately, GO is an insulating material that has to 
be reduced in order to get graphene. This reduction step often 
leaves defects in the graphene crystal structures which disrupt the 
electronic properties (23). It was recently demonstrated that 
thermal reduction of GO by annealing at 450°C or above is 
equivalent to its chemical reduction. In this respect, 
thermochemical nanolithography (TCNL) methods with heated 
AFM probe tips have been exploited to reduce selected regions 
of single layers of isolated GO and large-area GO films (24). 
Colloidal dispersions of graphene sheets have been also obtained 
by a solution-phase exfoliation of graphite in proper organic 
solvents (25, 26). 
The exfoliation, promoted by sonication, occurs because of the 
interaction between solvent and graphene sheets. Such 
interaction is particularly efficient when the 
surface energy of the solvent matches the 
one of graphite and this is the case for 
solvents like: N-methylpyrrolidone (NMP),  
N,N-dimethylacetamide (DMA), N,N-
dimethylformamide (DMF), g-butyrolactone 
(GBL). These methods results in monolayer 
yields up to 50 wt%. However, these solvents 
are expensive and requires special care 
when handling. Thereby, methods that 
employ the use of user-friendly solvents like 
water are currently most investigated (27, 28). 
One of the major drawback of solution-
phase processes is the limited control over 
the numbers of layers in the dispersed 
graphene sheets resulting in a high 
polydispersity of the dispersions that can be 
overcome only by adoption of advanced 
separation techniques. Similar wet methods 
have been also implied in the production of 
nanoribbons of graphene (GNRs). Starting 
from expandable graphite, GNRs with width 
below 10 nm have been obtained by 

dispersion in 1,2-dichloroethane in the presence of a polymer 
(29). Very recently an amazing, simple method for the production 
of atomically precise GNRs has been developed (30). In this 
case, the graphene structures have been synthesized by a 
surface-assisted coupling of molecular precursors into linear 
polyphenylenes that are then cyclodehydrogenated by a 
thermal activation process leading to GNRs. It is also shown that 
the resulting topology can be determined by the functionality 
pattern of the precursor monomers, allowing the fabrication of 
ribbons with complex shapes. 

SOME APPLICATIONS OF THE GRAPHENE

Graphene, the wonder material, aroused the enthusiasm of the 
researchers that are now exploring its application in diverse fields 
(31). In the following a brief overview of the more recent results in 
the main application fields is reported. The most immediate 
application for graphene is in polymer nanocomposite materials 
which show an extraordinary improvement of several important 
properties, such as electrical conductivity, thermal stability, elastic 
modulus and tensile strength, upon integration of graphene or 
graphene oxide platelets. The manufacturing of such composites 
requires not only that graphene sheets be produced on a sufficient 
scale but that they also be incorporated, and homogeneously 
distributed, into various matrices. A nanocomposite formed by 
molecular-level graphene dispersion of individual, chemically 
modified graphene sheets within polystyrene host has been proved 
to exhibit a percolation threshold of 0.1 volume percent and a 
conductivity of 0.1 S/m, sufficient for many electrical applications 
(32). Graphene’s potential for electronics is usually justified because 
of its high carrier mobility, as well as low noise and are currently well 
exploited in the fabrication of high performance field-effect 
transistors devices (FETs). P. Avouris and co-workers announced in 
February 2010 the achievement of a FETs fabricated on a 2-inch 
graphene wafer with a cut-off frequency in the radio frequency 
range as high as 100 GHz; they also achieved a dual-gate bilayer 
graphene FETs with an on/off current ratio of around 100 and 2000 
at room temperature and 20 K, respectively (33, 34). For logic 
applications, the fact that graphene is a semi-metal with zero 
bandgap, makes missing a key attribute to digital electronics. A 
way to solve this problem is to shape graphene into nanoribbons 
(GNRs) (35). Narrow GNRs should have large bandgaps, and show 
tunable properties that depend on the direction of the ribbon 
relative to the graphene lattice. However, it has been difficult to 

Figure 6. Schematic representation of the various chemical exfoliation routes to graphene.
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more information about physical and chemical properties of this 
amazing material, also to find new applications. 
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achieve the atomic-scale control necessary to fabricate GNRs of 
precise width and direction. That has changed with a recent report 
by Cai and colleagues (30) who demonstrated the assembly of 
atomically precise GNRs from molecular precursors on metallic 
substrates. Furthermore, graphene appears extremely interesting 
for applications where operation of the device can be achieved 
by mechanisms alternative to classical charge transport (36). 
Graphene’s high electrical conductivity and high optical 
transparency, make it a promising candidate for transparent 
conducting electrodes with outstanding echo in the photovoltaic 
and optoelectronic fields (37). Employing also its mechanical 
properties, the macroscopic use of graphene has been 
demonstrated in the fabrication of flexible, stretchable and 
foldable electronics (38). The saturable absorption property has 
relevance for mode locking of fibre lasers, and in ultrafast 
photonics (15). The fabrication of clean energy devices could also 
profit from graphene-based materials and in fact, they are already 
exploited as electrodes for rechargeable lithium ion batteries and 
ultracapacitors (39, 40). Several studies have been also reported in 
which graphene materials are involved in hydrogen storage and 
fuel cells (41, 42). Lastly, having a surface-volume ratio very 
favourable, graphene is found to be extremely sensitive to the 
surrounding environment (43) making it an excellent candidate for 
applications in chemical detection and, more generally, in sensing.

CONCLUSIONS

Presently, carbon-based nanomaterials such as fullerenes and 
nanotubes are not utilized in micro-or nano-electronics devices 
production, unless if some few niche applications are considered. 
To ensure that the graphene does not remain a purely academic 
material, with little or no application in the real world, efforts must 
be directed towards research of synthesis techniques that could 
circumvent the limitations of micromechanical exfoliation. 
Furthermore, additional research should be conducted to obtain 
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