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Abstract: Graphene, as an intermediate phase between fullerene and carbon nanotube, has aroused much
interests among the scientific community due to its outstanding electronic, mechanical, and thermal properties.
With excellent electrical conductivity of 6000 S/cm, which is independent on chirality, graphene is a promising
material for high-performance nanoelectronics, transparent conductor, as well as polymer composites. On ac-
count of its Young’s Modulus of 1 TPa and ultimate strength of 130 GPa, isolated graphene sheet is considered to
be among the strongest materials ever measured. Comparable with the single-walled carbon nanotube bundle,
graphene has a thermal conductivity of 5000 W/(m-K), which suggests a potential application of graphene in
polymer matrix for improving thermal properties of the graphene/polymer composite. Furthermore, graphene
exhibits a very high surface area, up to a value of 2630 m?/g. All of these outstanding properties suggest a wide
application for this nanometer-thick, two-dimensional carbon material. This review article presents an overview
of the significant advancement in graphene research: preparation, functionalization as well as the properties of
graphene will be discussed. In addition, the feasibility and potential applications of graphene in areas, such as
sensors, nanoelectronics and nanocomposites materials, will also be reviewed.
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thesis/production of graphene, but also in its imple-
mentation in sensors, field emitters, nanoelectronics,
nanocomposite materials, and so on. Therefore, it be-
comes timely to review and summarize the synthesis
and processing of graphene for functional nanostruc-
tures and devices [2-9].

Introduction

Graphene, a nanometer-thick two-dimensional ana-
log of fullerenes and carbon nanotubes, comprises a two
dimensional layer of sp-hybridized carbon atoms, ar-
ranged in a hexagonal lattice. Due to its exceptionally

outstanding electronic, mechanical, and thermal prop-
erties, graphene has aroused much interests among the
scientific as well as technology community [1]. More
and more publications have emerged focusing on this
nanomaterial since 2004 (Fig. 1), not only in the syn-

In this review, we will discuss the progress of the
research on the synthesis of the graphene from the ma-
terials chemistry and physics standpoint. An overview
of the preparation and properties of graphene will also
be discussed. In addition, the feasibility and poten-
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tial applications such as sensors, nanoelectronics, and
nanocomposite materials will be reviewed as well.

Preparation of graphene

Majority of the studies on graphene have been fo-
cused on the synthesis of single-layer or few-layer
graphene. Table 1 summarizes the main methods used
for production of graphene, covering the merits as well
as the shortcomings of each method.

From highly ordered pyrolytic graphite (HOPG) to

the final products, Geim and his colleagues rubbed
lithographically patterned pillars and used Scotch tape
to perform the thinning of the graphite stuck to
the SiO2/Si sheets [10]. This mechanical exfoliation
method is very easy, and the graphite materials can be
readily obtained. Furthermore, single graphene sheet
with high quality, applicable in the fabrication of elec-
tronic devices, can be easily prepared. However, the
device fabricated by this method is very complex, and
the reproducibility cannot be assured. Despite of this
drawback, many unexpected electronic properties of the
graphene sheet can be explored by this method.

Table 1 Main methods for the production of graphene

Method

Mechanical exfoliation

Epitaxial growth

graphite oxide-reduced

Merits

Disadvantages

Low cost, easy way without any
special equipment

Only for laboratory research Very
hard to control (hard to obtain uni-

Large area of even film can be ob-
tained, amiable for microelectronic
application

High-temperature operation re-
quired

Suitable for large scale production;
Easy control in the solvent for ap-
plication in various fields.

The lateral size is limited; The re-
duction is usually partial.
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Fig. 1 The increase in the number of publications related to

graphene since 2004 (based on the Web of Science database).

As micromechanical cleavage of HOPG was first em-
ployed to obtain single-layer graphene [10], various
methods of graphene synthesis have been reported, in-
cluding epitaxial growth on an insulator surface such as
SiC [11] and chemical vapor deposition (CVD) on sur-
faces of transition metals such as Ni and Cu [12,13].
Comparing with the mechanical exfoliation method,
this method is very suitable for the industrial produc-
tion of single-layer graphene with large areas, which
have great potential application as sensors and trans-
parent conductive films. Although great progress has
been achieved by this method, there are still many chal-
lenges for us to face, such as the choice of the substrate,
how to lower the operation temperature, and so forth.

Chemical reduced graphene (CGR) has aroused much
interests due to its relatively easy large-scale production
[14]. Through reduction of graphite oxide (GO) sus-
pended in water [15] or organic solvents [16,17], CGR
can be easily obtained. Usually, there are three main

routes to form GO: Brodie’s method [18], Stauden-
maier’s method [19] and Hummers’ method [20]. Hum-
mers’ method is commonly exploited today, and many
modified Hummers’ methods have been reported, opti-
mizing the GO production process. The recent review
by Dreyer is an excellent, succinct source of further in-
formation on preparation, structure, and reactivity of
GO [21]. Many kinds of reducing agents, such as hy-
drazine [22], NaBHy [23], ethylenediamine [24], Al pow-
der [25], ascorbic acid [26], and p-phenylene diamine
[27] have been used to reduce GO and disperse the re-
sultant CGR in the solvent, which is beneficial for fur-
ther nanocomposite preparation and device fabrication.
UV irradiation method [28] has also been reported to
reduce GO in aqueous dispersion. TiOs nanoparticles
play an important role in the reduction process. Guo
et al. [29] has reported that electrochemical reduction
could work very well for the reduction of GO, which is
a green approach to obtain CGR in aqueous dispersion.
Recently, Li et al. [30] reported a dry microwave syn-
thesis method to obtain CGR, which can be considered
to be the most efficient route to date in preparing CGR
in the large scale.

Functionalization of graphene

Pristine graphene exhibits poor solubility in both wa-
ter and organic solvents. Therefore, it is necessary to
modify this nanomaterial with functional groups, in or-
der to enhance its dispersity in various solvents.

Covalent functionalization

Since solution-based chemical reductio n of graphite
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oxide to graphene is a very easy method for large
scale production of graphene, it is a great challenge
for this method to be adopted for individual graphene
sheets having high dispersity in different solvents in a
bulk quantity. Since GO possesses several function-
alities such as hydroxyl, carboxyl, and carbonyl, it
is rather straight forward to be transformed to other
functional groups through acylation or esterification
[21,31]. Through chemical reduction of GO by reducing
reagents or thermal treatment, the covalently function-
alized graphene can be formed, resulting in a much bet-
ter dispersity in water or organic solvents. In order to
enhance the hydrophilicity or lipophilicity of graphene,
some small molecules and polymers, can be introduced
to the plane of graphene, through radical addition re-
action [32], cycloaddition reaction [33], or diazonium
salts reaction [34] during the in situ reduction of GO
into graphene. As a result, this would lead to a much
better dispersity of graphene in water or organic sol-
vents. Molecules, with special functional applications,
can also be attached onto the surface of graphene, re-
sulting in new properties for the functionalized mate-
rials. For example, porphyrin (5-4 (aminophenyl)-10,
15, 20-triphenyl porphyrin) is bonded onto graphene
oxide by an amino bond. This new functionalized
graphene has better optical limiting properties than
Cégo, which could be used in the field of optical switching
and other areas [35]. Graphene nanoribbons are suc-
cessfully functionalized by aryl diazonium salts, with
concentration of the functionalized graphene in N-
methyl-2-pyrrolidone and N,N-dimethylformamide up
to 1 mg/mL. Thickness of graphene nanoribbons are
increased due to the covalent attachment between the
functional groups and graphene. Therefore, graphene
films, nanotubes and other nanomaterials may be func-
tionalized by this method in the future [36]. Graphene,
functionalized by model glucose oxidase and immobi-
lized on the polypyrrole-modified electrode surface, ex-
hibits a high sensitivity (3uM), as well as a stable and
steady response. It is utilized for glucose detection and
could be applied in the field of electroanalytical chem-
istry. It is also used in the measurement of the plasma
glucose level for diabetes diagnosis [37].

Noncovalent functionalization

The noncovalent functionalization of graphene is
achieved by van der Waals forces or -7 stacking. Non-
covalent functionalization generally has little effect on
the original properties of the graphene. Natural poly-
mers (lignin and cellulose derivatives) are adsorbed on
the graphene surface by hydrophobic interaction and -
7 stacking. Indeed, functionalized graphene can be kept
in stable condition at high concentration (0.6-2 mg/mL)
in water [38]. Sulfonated polyaniline (Fig. 2(a)) has
good stability, electrochemical properties and water sol-
ubility, and is therefore used for the non-covalent func-

tionalization of graphene sheets. This new function-
alized graphene is soluble in water at high concentra-
tions (> 1 mg/L) and exhibits good conductivity, with
potential application in the field of electrochemistry
[39]. Graphene oxide has been functionalized with end-
functional polymers which includes polystyrene (-NHy),
polystyrene (-COOH) and poly (methyl methacrylate)
(-OH). The successive reduction makes sure that the
electrical structure of the C atom on the graphene plane
does not change, and the new functionalized graphene
is soluble in solvents such as N-methyl-2-pyrrolidone,
N, N-dimethylformamide, ethanol, and methanol for
duration of up to one month [40]. Graphene can
be functionalized by a small molecule of methylene
green (Fig. 2(b)), with good dispersity in the wa-
ter. The functionalized graphene is well dispersed on
the electrode surface and be readily accessible by re-
dox probes and ions. In addition, this functional-
ized graphene has high electrochemical and electro-
catalytic activity towards nicotinamide adenine dinu-
cleotide [41]. Graphene functionalized with tetrapotas-
sium salt of coronene tetracarboxylic acid (Fig. 2(c))
is a blue fluorescent material as well as an electron-
acceptor. From AFM and TEM studies, it has been
reported that coronene molecules assist to exfoliate
few-layer graphene as well as disperse single-layer and
double-layer graphene [42]. The resulting graphenes
could be used to build electronic devices.

(a) SO3H

|-
s

Fig. 2 The schematic structures of (a) sulfonated polyani-
line; (b) methylene green and (c) tetrapotassium salt of
coronene tetracarboxylic acid.

Applications of graphene

Graphene based sensors

Early research shows that graphene possesses excel-
lent electronic and other interesting properties, sug-
gesting that graphene is a promising material for sen-
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sors. The operational principle for graphene sensors
is based on the change of electrical conductivity in
graphene. When gas molecules are adsorbed onto the
surface of graphene, charge transfer takes place between
gas molecules and graphene [43]. It means that the ad-
sorbed gas molecules are acting as charge donors or
acceptors. This charge transfer results in the change in
graphene’s carrier concentration. Therefore, the electri-
cal conductivity of graphene would be changed. Mean-
while, some interesting properties of graphene combine
synergistically to increase its sensitivity up to single
atom or molecular level detection. Firstly, graphene is
a practical two-dimensional material with all atoms ex-
posed to the environment [44]. Secondly, graphene is
highly conductive (graphene’s electrical conductivity is
far better than that of copper), which means a little
change in electrical properties would cause a notable
signal. Thirdly, graphene has very few crystal defects,
which could come up with noise by thermal minimum
[45,46]. Finally, large-area ohmic contacts observed in
graphene contribute to the reduction of resistance, re-
sulting in making the measurements more convenient
[44,47].

Schedin et al. [44] first investigated graphene-based
sensors in 2007. Since then, there have been a lot
of reports on the sensing by graphene. According to
Schedin’s report [44], graphene demonstrates good sens-
ing properties towards NOg, NH3, H,O and CO. Go-
ing through vacuum annealing at 150°C or UV illumi-
nation for seconds, sensors based on graphene can be
fully recovered. Utilizing enzymes and multi-layered
graphene, Lu et al. [48] fabricated a sensitive glu-
cose biosensor immobilized in Nafion. Attributing to
the high sensitivity and selectivity, the authors sug-
gested that the glucose biosensor based on multi-layered
graphene could be an inexpensive alternative to carbon
nanotubes for the fabrication of affordable high perfor-
mance biosensors. By utilizing the four-point electrode
system, Fowler et al. [47] suggest that electrode electri-
cal contacts play a minimum role in the sensing mecha-
nism of graphene. The sensing mechanism is primarily
due to charge transfer between molecules and graphene.
Sundaram et al. [49] chemically modified graphene sur-
face by electrodeposition of Pd nanoparticles. This pro-
cedure may be advantageous, as the attached catalyst
particles are expected to enhance sensitivity toward cer-
tain analytes, which cannot be directly detected by the
unmodified material, due to insignificant response. The
electro-deposition of Pd on graphene leads to the en-
hancement of the response of graphene sensors to Hs
detection, as Pd has good affinity towards Hs detec-
tion.

With these key observations and results reported,
graphene-based sensors have aroused great interests.
However, there are several limitations for these devices.
For example, it is absolutely mandatory to improve
on the issue of selectivity. A sensor would be use-

less if it responds in a similar way when exposed to
any analyte. Fortunately, the selectivity issue can be
overcome by the use of judicious chemistry to modify
the graphene surface, which results in selective adsorp-
tion and provides specific binding sites. Such an ap-
proach would not only provide selective sensitivity to
a large variety of chemical species; but also enable the
detection of biological agents as well. Great improve-
ments have been made in the selectivity issue for car-
bon nanotube based gas sensors. The experience from
the carbon nanotube-based sensors could most likely
accelerate the development of graphene-based gas sen-
SOTS.

Transparent conductive films

Graphene exhibits exceptional electrical conductiv-
ity, high carrier mobility, and excellent optical trans-
mittance, comparable with carbon nanotubes. Hence
graphene holds potential for transparent conductive
films (TCFs) application [50]. Graphene, the fasci-
nating component of TCFs, can be fabricated by sev-
eral methods: (1) GO-reduced graphene [51-57]; (2)
graphene prepared by sonication of graphite in organic
solvents, such as N-methyl-2-pyrrolidone and ortho-
dichlorobenzene [58,59]; and (3) graphene grown on
metal substrate by CVD [60-63]. The large scale pro-
ductivity and low cost of GO-reduced graphene make
it a superior candidate for the fabrication of TCFs.
Due to the convenient processing of GO in water, usu-
ally GO was used as a precursor to be deposited onto
the substrate, followed by chemically (or electrochemi-
cal) reduction or thermal annealing, and consequently
formed graphene-based TCFs. Several processing of
GO precursor, such as spin-coating [51,52], dip-coating
[53], vacuum filtration [54], and LB assembly [55,57],
have been carried out in order to form TCFs. The
process of GO fabrication (oxidation) results in smaller
sizes of graphite nanosheets, which affects the final re-
sistance of the films. The resistance can be varied from
10% to 107 Q/0, due to the quality and connectiv-
ity of graphene. The TCFs prepared by sonication of
graphite in N-methyl-2-pyrrolidone show a more stable
resistance in the order of 10° Q/00, because the qual-
ity of graphene has not been destroyed by sonication
treatments. Transferring graphene grown on metal sub-
strate by CVD can lead to much lower resistance of the
resultant TCFs, due to the perfect quality and large
sizes of graphene nanosheets. The resistance can be
reached to the order of 10? Q/0, and the values can
be slightly varied, depending on the metal substrates
used for the growth of graphene. However, the de-
velopment of this method has been restricted by the
preparation process. Since each method has its own
advantages and drawbacks, we can judiciously exploit
any method in accordance to the requirement. Actu-
ally, there is still a large amount of work that needs to
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be investigated for TCF applications, in order to reach
the intrinsic resistance of graphene (about 30 €/00)
[60].

Graphene/polymer nanocomposites

Graphene plays a more and more important role in
the polymer nanocomposite area, due to its compara-
ble mechanical, thermal, and electrical properties with
carbon nanotubes and also having much lower cost,
making graphene suitable for industrial production and
graphene offers a high potential for a variety of possible
applications [3].

As for the preparation of graphene/polymer compos-
ites, dispersion of graphene polymer matrix is the most
viable, since the properties of the composite materials
are generally enhanced in a synergistic way. In order to
prepare graphene/polymer nanocomposites, three main
routes can be adopted: (1) solution blending method;
(2) melt processing method; and (3) in situ polymer-
ization method. Solution blending method is a very
simple method for the preparation of polymer compos-
ites. The nanosheets, both of GO (with or without
functionalization) and graphene, can be dispersed into
the common solvents (polymer soluble), and mix with
the polymer directly. Poly (vinyl acetate), as a com-
mon matrix, has been studied widely due to its water
solubility [64-66]. Since GO can be dispersed in wa-
ter easily, it can be incorporated into aqueous poly-
mer dispersion at different concentrations. Further re-
duction (chemically or electrochemically) can then be
carried out to obtain the graphene/polymer compos-
ites [67]. As for the general application of graphene
in the nanocomposite fields, it’s necessary to disperse
the graphene sheets in most polymers, which are insol-
uble in water. Therefore, it is necessary to first dis-
perse the graphene or GO nanosheets in an organic
solvent, followed by polymer blending in the organic

solvent. Therefore, the functionalization of graphene
or GO sheets has been carried out in order to change
the surface properties of nanosheets, making them more
lipophilic and consequently dispersible in organic sol-
vents [24,68-75]. Ruoff et al. [69,70] reported that
GO can be chemically functionalized with isocyanate,
and dispersed in organic solvents, followed by blend-
ing with polystyrene and a chemical reduction step.
The results showed that graphene can be dispersed in
polystyrene efficiently, and the obtained composite ex-
hibited a high conductivity (Fig.3). Wu et al. [68]
reported that the graphene nanosheets can be grafted
with long alkyl chains via simple amidation reaction.
Compared with unmodified counterparts, the alkyl at-
tached graphene shows a largely enhanced lipophilic-
ity, and remarkably improvement of dispersion in the
nonpolar solvents and polypropylene matrix can be
achieved. Other kinds of polymer matrix composites
with graphene-based additives, including poly (methyl
methacrylate) [71,72], epoxy [73-76], polyester [77], sil-
icone foam [78], polyurethane [79,80], poly (vinyldiene
fluoride) [81], and polycarbonate [82] have also been re-
ported. Melting processing method is another route for
polymer processing, which is widely applied in industry
area and very suitable for nanocomposite preparation
through the addition of graphene-based additives into
polymer matrix. Du et al. [83] reported the successful
reduction of GO with polysulfide ions, leading to the
formation of sulfur nanoparticles decorated graphene.
Further melt blending of graphene with poly (arylene
sulfide) resulted in highly exfoliated platelets in the
polymer matrix. In situ polymerization is considered
to be a very efficient method dispersing nanomaterials
into the polymer matrix [84,85]. Through in situ poly-
merization, GO or graphene nanosheets have been suc-
cessfully incorporated into many kinds of polymer ma-
trix, such as poly (methyl methacrylate) [86,87], epoxy
[88], and thermoplastic polyurethanes [80].

Fig. 3 The modification of GO (a) and the electrical conductivity of the polystyrene-graphene composites (b). The data

are from Refs. 69 and 70.
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The mechanical, thermal, and electrical properties of
polymer matrix can be significantly improved through
the judicious addition of graphene-based additives.
Moreover, compared with the conventional fillers, only
a small amount of graphene is needed in order to achieve
percolation [72,89], due to the large interfacial area and
high aspect ratio of graphene nanosheets. As a re-
sult, the properties of polymer matrix can be readily
enhanced. Incorporating GO into poly (vinyl acetate)
matrix, followed by a reduction process, result in a con-
ductive composite with a percolation threshold below
1 wt% [66]. Poly (vinyl acetate) nanocomposites with
loading as low as 0.7% showed 76% and 62% increase in
tensile strength and Young’s Modulus respectively [90].
The graphene/polymer nanocomposites with excellent
thermal properties offer potential applications in elec-
tronic packaging and advanced composites. Addition
of 25 vol% of graphene into epoxy can lead to the en-
hancement of the thermal conductivity by more than
3000% [76]. Therefore, graphene/epoxy nanocompos-
ite can be considered as a useful candidate for thermal
interface material application.
radio frequency

Graphene resonators and

switches

The unique properties of graphene have motivated
intense work among physicists and engineers, discover-
ing new opportunities to apply graphene in order to
improve digital and radio frequency electronics [91],
advanced sensors, transparent electronics, low-power
switches, solar cells, as well as battery energy storage.
In this article we review some of the recent progress
made in the use of graphene devices for communication
application.

Numerous communication systems rely on electrome-
chanical devices, such as filters, resonators, and radio
frequency switches. The miniaturization of these de-
vices will strongly affect the development of future com-
munication systems. The ultimate limit to this minia-
turization is represented by graphene electromechanical
devices, which are only one atom thick. In fact, its enor-
mous stiffness and low density make graphene the ideal
material for this kind of devices. The first electrome-
chanical device ever demonstrated in graphene turns
out to be nanomechanical resonators. In 2009 Chen et
al. [92] fabricated monolayer graphene nanomechani-
cal resonators with operating frequencies in the 50-80
MHz frequency range. These devices show quality fac-
tors in the order of ~1x10* at low temperatures (5
K). It has been predicted that the ability of graphene
to withstand ultrahigh strains, up to ~25 percent in
nanoindentation experiments, will allow the increase
in the resonance frequency of these devices to above
the gigahertz range, while maintaining a robust sig-
nal level. Graphene electromechanical switches have
also been demonstrated recently. Milaninia et al. [93]

developed a switch comprising of two polycrystalline
graphene films grown by CVD. The top film is pulled
into contact with the bottom one by applying a voltage
of 5 V between the layers, and the contact is broken
after removing the voltage due to restoring mechani-
cal forces. In the ON state, more than 7 kA /cm? of
current can flow through the switch. Although the de-
vice performance suffers from a relatively large contact
resistance, it is expected that the graphene-graphene
contact will be more robust than the traditional metal-
metal contact, leading to a significant increase in the
reliability of future direct current and radio frequency
switches.

Conclusions

In this review, we have discussed the methods related
to the preparation, functionalization, and applications
of graphene. In the course of the next ten years, it
can be expected that there will be an explosion of re-
ports on the new synthesis, functionalization, as well as
applications of graphene. Along with the patents and
publications, we will witness a revolution in nanoscience
in which an entirely new industry and technology will
emerge, based on graphene and the chemistry of func-
tionalized graphene.
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