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This critical review focuses on the property analysis of graphene and graphene nanocomposites (GNCs) and

their demonstrated superior performances in energy storage and conversion, electrochemical- and bio-

sensing, environmental remediation and flame retardant application and atomic thickness membrane

separation. The performances of graphene and GNCs are strongly dependent on their chemical

component, synthetic method, nanoscale morphology, and assembling structure of the hybrids. The

current progress in supercapacitor energy storage density, solar cell power conversion efficiency,

thermoelectric energy conversion efficiency, electrochemical sensing capability, biosensor sensitivity,

heavy metal adsorption capacity and efficiency, photocatalytic degradation rate of organic dye, flame

retardant polymer nanocomposites, graphene and porous graphene membranes is discussed with

detailed examples through extensive analysis of the literature.
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1. Introduction

The two dimensional (2D) single carbon atomic thick graphene
arranged as a honeycomb lattice has unique electron and
phonon transport behavior, high thermal conductivity
(5000 W m�1 K�1), electrical conductivity (6000 S cm�1) and
mechanical stiffness (130 GPa), optical transmittance of �98%
and large specic surface area (2675 m2 g�1).1–7 During the last
few decades, signicant efforts have been made toward the use
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the Hong Kong University of
Science and Technology (2012)
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Chemistry from Yangzhou
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and advanced bio-applications of multifunctional
nanocomposites.
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of carbon nanotubes as electronic devices, sensors, and rein-
forcements of polymer matrices, there are still remaining
challenges such as the nanotube agglomeration, limited avail-
ability of high-quality nanotubes, and high production cost.
Therefore, graphene provides an alternative option to produce
advanced materials due to their excellent physicochemical
properties and the natural abundance of their precursor,
graphite.

Different methods have been developed to obtain high
quality graphene, including physical methods such as
mechanical exfoliation,8 and chemical methods including
chemical reduction of graphite oxide,9,10 total organic
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synthesis11 and chemical vapor deposition (CVD).12 Among
these methods, chemical reduction from graphite oxide (GO) is
the most promising and economical method for scale-up
production of graphene. The intermediate, GO, obtains an
expanded d-spacing between individual sheets and can be easily
exfoliated into single sheets with sonication. In addition, the
large number of oxygen-containing groups at the edge and basal
planes of graphene provide sufficient functional sites, which
could serve as templates for the growth of different
nanostructures.

Most of the current research in this area is focused on the
synthesis, characterization, device manufacturing and
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applications of graphene, GO as well as their corresponding
nanocomposites. To achieve different functionalities, various
nanomaterials have been incorporated to graphene or GO
including nanostructural carbons, noble metals, metal oxides,
conductive polymers and etc. Besides, graphene has been used
as llers in polymer matrix to enhance the mechanical strength,
conductivity and gas barrier performance.13–16 Targeting to
different applications, either surface modication of graphene
by graing functional groups or composite design by decorating
functional nanostructures could be a feasible approach. For
examples, (a) graphene-based materials in environmental
remediation: Fe@Fe2O3/Si–O–S nanoparticles (NPs) coated on
graphene exhibited much faster and complete adsorption
removal of Cr(VI) within a wide range of pH conditions.17 The
Fe3O4/graphene nanocomposites were used to remove arsen-
ic(III) and arsenic(V) ions from waste water with an extremely
high removal efficiency of 99.9%, which can be easily separated
by an external magnetic eld aer adsorption.18,19 Highly
selective adsorption of Hg2+ (adsorption capacity: 980 mg g�1)
was observed by a polypyrrole-reduced graphene oxide
(PPy/RGO) composite.20 The TiO2 NPs have been grown on
graphene to enhance the photocatalytic activity in the degra-
dation of rhodamine B;21 (b) graphene-based materials in
supercapacitors: to improve the energy density of super-
capacitor electrodes, pseudoactive materials majorly including
metal oxides (RuO2, MnO2, Co3O4, NiO, V2O5, NiCo2O4, and
etc.)22–32 and conductive polymers (polyaniline (PANI), PPy,
poly(3,4-ethylenedioxythiophene) (PEDOT) and etc.)33–39 have
been incorporated in graphene and their electrochemical
properties have been widely investigated; (c) graphene-based
materials in sensors: giant magnetoresistive (GMR) sensors,
electrochemical sensors, and biosensors have been developed
using graphene, modied graphene and graphene
nanocomposites.

This critical review is focusing on the engineered graphene
and its nanocomposites with the applications including
supercapacitors, solar cells, thermoelectric power cells, elec-
trochemical sensors, biosensors, environmental remediation,
ame retardant polymer nanocomposites and graphene
membrane separation. The synthesis methods and character-
izations of graphene have been reviewed in several recent review
literatures40–42 and will not be detailed here. Instead, the phys-
icochemical properties of the graphene and its nanocomposites
are reviewed in detail. Then, from an engineering perspective,
the practical applications of graphene and its nanocomposites
Fig. 1 Chemical structure of graphite oxide.47 Reproduced from ref. 47 with perm

22792 | RSC Adv., 2013, 3, 22790–22824
in supercapacitor and solar cell electrodes, thermoelectric cells,
electrochemical- and bio-sensors, heavy metal adsorbents,
organic dye photocatalysts, polymer nanocomposite llers and
gas separation membranes are reviewed.

2. Physicochemical properties of graphene
and graphene nanocomposites (GNCs)

Among the various unique physicochemical properties of
graphene, the surface chemistry, electrochemistry, electron
transport, mechanical property and optical transmittance are
the major properties that most of the current applications are
built on.

2.1 Surface chemistry

The abundant reactive oxygen-containing groups (carboxylic
acid groups at the edges, epoxy and hydroxyl groups on the
basal planes) in GO render it a good candidate for use in a wide
range of applications. The chemical structure of GO is shown in
Fig. 1. In most cases, GO served as a precursor for graphene
fabrication, which was obtained from graphite oxidation and
subsequent reduction to graphene through different methods
including chemical reduction,7 thermally mediated reduc-
tion43,44 and electrochemical reduction.45,46 Meanwhile, the
hydrophilic functional groups on GO surface play a signicant
role in nanocomposites fabrication. On one hand, nano-
structure growth could be initiated via covalent bondings
between nanostructure precursor and GO surface groups and
then grow following a specic pattern. On the other hand, basal
and edge defects may leave behind aer reduction, where
precursors are preferred to nucleate and grow into
nanostructures.

Graphene and carbon nanotubes share a similar surface
feature and have many properties in common. It is difficult to
differentiate each other from conventional spectral techniques.
Raman spectroscopy is able to provide a powerful tool to
differentiate between two different sp2 carbon nanostructures,
carbon nanotubes and graphene.48 Fig. 2 shows the various
Raman features including the G-band at �1582 cm�1, which is
common to all sp2 carbon forms, the radial breathing mode
(RBM) that makes the diameter and optical transition energy
analysis of nanotubes possible, edge-induced disordered D
band49 related to the presence of sp3 defects, and G0 band
arising from the two phonons with opposite momentum in the
highest optical branch near the K point of the Brillouin zone.50,51
ission.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Raman spectra from different types of sp2 carbon nanostructures. The
graphene-related structures are labeled next to their respective spectra. The main
features (RBM and disorder-induced D, D0 and D + D0 bands; first-order Raman-
allowed G band; and second-order Raman overtones G0 (2iTO) and 2G) are
labeled in some spectra, but the assignment applies to all of them. The detailed
analysis of the frequency, line shape, and intensity for these features gives the
information about each respective sp2 carbon structure.48 Reproduced from ref.
48 with permission.

Fig. 3 Electronic dispersion of graphene.57 Reproduced from ref. 57 with
permission.
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The presence of a sharp and symmetric G0 band is used as a
ngerprint to identify single or bilayer graphene from multi-
layer graphene.52 Both D and G0 bands are signicant in
providing information about the electronic and geometrical
structure through the double resonance process.48
2.2 Electrochemical property

To reveal the advantages of graphene in potential applications
in supercapacitor electrodes, electrochemical and biological
sensors, the basic electrochemical behaviors should be rst
investigated to identify several important parameters such as
electrochemical potential window, electron transfer rate, redox
potential, etc.

Graphene exhibits a wide potential window of 2.5 V in 0.1 M
phosphate buffer neutral solution.53 This potential window is
comparable to graphite and glassy carbon electrode (GCE).
However, the charge-transfer resistance of graphene is signi-
cantly lower than that of graphite and GCE. Numerous studies
have demonstrated that graphene exhibits very fast electron
transfer rate, where a low peak-to-peak potential separation
value (very close to the ideal value of 59 mV) is obtained in a
single-electron electrochemical reaction.54,55 The apparent
electron transfer rate constant, K 0, is oen used to determine
the electron transfer rate quantitatively. Studies of graphene
and GCE using [Fe(CN)6]

3�/4� reveal their K 0 of 0.49 and
This journal is ª The Royal Society of Chemistry 2013
0.029 cm s�1, respectively.56 This signicantly higher electron
transfer rate of graphene indicates its favorable electron trans-
fer than GCE.
2.3 Electron transfer property

Massive studies on graphene have made a signicant progress
on the understanding of its electronic structure and properties.
Fig. 3 shows the well accepted electronic structure of gra-
phene.57 The conduction band and the valence band touch each
other at six discrete points. These points are called K (Dirac)
points and can be divided into two in-equivalent sets of three
points each. The points within each set are all equivalent
because they can reach each other by reciprocal lattice vectors.
The two in-equivalent points are called K and K0 and form the
valley isospin degree of freedom in graphene. The name valley
isospin stems from the similarity of the vicinity of these points
within a valley. The zoom shows that the dispersion relation
close to the K points looks like the energy spectrum of massless
Dirac particles. Both theoretical and experimental research
efforts have indicated that the electronic energy dispersion in
graphene is different from conventional 2D materials. Speci-
cally, the electron and hole bands are linear near K and K0 points
of the Brillouin zone in 2D graphene. However, the electron
energy depends quadratically on the electron momentum in a
conventional 2D system.58 Various unusual transport
phenomena are related to the fact that graphene behaves as a
2D electronic system, and the conduction and valence bands
meet at the Dirac point, where the Fermi energy position is
located.59 As a Dirac fermion (fermions can be modelled with
the well known Dirac equation) system with linear energy
dispersion, electron–hole symmetry and pseudo spin (electrons
have intrinsic degree of freedom), graphene promises
intriguing electronic properties such as a high integer quantum
Hall effect (a quantum-mechanical version of the Hall effect,
observed in the 2D electron systems subjected to low tempera-
tures and strong magnetic elds), the Klein paradox (unim-
peded penetration of the relativistic particles that move with a
near light speed through high and wide potential barriers),60 an
ambipolar electric eld effect, along with ballistic conduction
(transport of electrons in a medium with negligible electrical
resistivity due to scattering) of charge carriers, etc. Owing to its
approximately linear energy spectrum, carriers of low effective
mass, and a zero band gap, the unique band structure of
RSC Adv., 2013, 3, 22790–22824 | 22793
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Fig. 4 (A) Photograph of an unreduced (leftmost) and a series of RGO films of
increasing thickness. Black scale bar is 1 cm. (B) Optical transmittance spectra of
the films in (A) with the film thickness indicated.67 Reproduced from ref. 67 with
permission.

Fig. 5 (a) Fluorescence excitation-emission map of nanosized GO suspension
with lateral flake size of 10–300 nm.69 (b) Evolution of fluorescence excitation-
emission map of GO thin-film samples (average flake size of �100 mm2) during
hydrazine vapor exposure for 0 to 120 seconds.70 Reproduced from ref. 70 with
permission.
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graphene makes it one of the best candidates for studying
magntoresistance (MR). The MR is calculated using eqn (1):61

MRð%Þ ¼ RðHÞ � Rð0Þ
Rð0Þ � 100 (1)

where R(0) and R(H) are the resistance at zero eld and any
applied eld H, respectively.
2.4 Optical property

Graphene has great potential in electro-optical device applica-
tions due to the fascinating property, i.e., coexistence of high
mobility carrier and near-prefect optical transparency. In
conventional transistors, electronic devices are operated at the
so-called velocity saturation regime, at which carriers acquire
the limiting velocity when they have enough kinetic energy to
excite the optical phonons of the material. The optical phonon
of graphene has much higher frequency (�1600 cm�1) than
those of inorganic semiconductors such as GaAs (�300 cm�1) or
Si (�500 cm�1). Similarly, the intrinsic saturation velocity of
graphene is higher, �4 � 107 cm S�1, than those in GaAs (�2 �
107 cm S�1), Si (�1 � 107 cm S�1), or InP (�0.5 � 107 cm S�1).
The unique electronic structure of graphene promises its
distinct optical properties. Theoretical prediction reveals an
excitonic absorption peak in the UV-region.62 In the visible
range, absorption spectrum is frequency independent.63 Gra-
phene has been manufactured into conductive transparent
lms with >70% transmittance.64–67 Fig. 4(A) is a photograph of a
series of GO lms deposited on quartz slides, where the le-
most sample is an unreduced GO control and the rest are RGO
22794 | RSC Adv., 2013, 3, 22790–22824
lms with thickness increasing from le to right. There is a
marked transmission difference between the nonreduced and
the reduced material that is due to the partial restoration of the
p-electron system in the GO.67 Fig. 4(B) displays the trans-
mittance spectra, which show optical transmittance prole
across the visible and near-infrared region of the spectrum.

Besides, unique uorescent properties over a broad range of
wavelengths have been discovered in GO and graphene owing to
its heterogeneous electronic structure.68 The uorescence exci-
tation-emission map of GO and GO aer reduction by hydrazine
vapor is displayed in Fig. 5. These unique properties make
graphene an excellent candidate in applications such as trans-
parent conductors, exible displays, solar cell materials, and so
on.
3. Design principles in diverse applications
3.1 Supercapacitor

Ragone plot, describing the relationship between energy density
(E, W h kg�1) and power density (P, W h kg�1), has been widely
used to evaluate the performance of different energy storage
units. E and P can be calculated from eqn (2) and (3),
respectively.71

E ¼ 1

2
CsðDVÞ2 (2)

P ¼ E

t
(3)

where Cs is the specic capacitance calculated from charge–
discharge curve in F g�1, DV is the potential drop during
discharge in V, and t is the discharge time in h. To achieve high
energy density, electrode materials are expected to have a large
This journal is ª The Royal Society of Chemistry 2013
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Cs within a wide potential range. The Cs can be calculated from
two electrochemical measurements, one is from cyclic voltam-
metry (CV) that can be calculated using eqn (4):

Cs ¼

ð
idV

2�m� DV � S
(4)

where
Ð
idV is the integrated area of the CV curve, m is the mass

of electrode material in g, DV is the scanned potential window
in V, and S is the scan rate in V s�1. The larger circled CV area at
a specic scan rate, the better energy storage performance will
be. The other is from galvanostatic charge–discharge that can
be calculated by eqn (5)72 from the discharge curves,

Cs ¼ i � Dt

m� DV1

(5)

where i is the discharge current in A, Dt is the discharge time in
s, and DV1 is potential drop during discharge in V. The longer
duration of discharge time at a specic current density, the
better energy storage performance. All the current efforts are to
enlarge the CV curve area and discharge time duration by
advanced electrode material design.
3.2 Solar cell

Solar cell efficiency is the ratio of the electrical output of a solar
cell to the incident energy in the form of sunlight. The energy
conversion efficiency of a solar cell is the percentage of the solar
energy towhich the cell is exposed that is converted into electrical
energy. Several factors affect a cell's conversion efficiency value,
including its reectance efficiency, thermodynamic efficiency,
charge carrier separation efficiency and conduction efficiency
values. The efficiency of any optoelectronic converter is given by
eqn (6). The equation is more useful if it is expressed73,74 as the
product of a number of dimensionless groups, each of which
refers to an energy dissipation process in the cell, i.e. eqn (7).

hs ¼
�
JV=

ðEmax

0

ENðEÞdE
�
� 100% (6)

hs ¼ ð1� RÞ
Eg

ðEmax

Eg

NðEÞdE
ðEmax

0

ENðEÞdE
eVoc

Eg

Jsc=e

ð1� RÞ
ðEmax

Eg

NðEÞdE
JV

JscVoc

(7)

Each term indicates the reection losses, light absorption
efficiency, voltage factor, average quantum yield, and ll factor,
respectively. And R is the ratio of the reected to the incident
energies, Eg is the threshold energy of absorption andN(E) is the
ux density of incident photons per unit energy interval. Voc is
the open circuit voltage, Jsc is short circuit current density, J is
current density and V is the voltage.
3.3 Thermoelectric devices

Thermoelectric effect is the direct conversion of temperature
differences to electric voltage and vice versa. Thermoelectric
materials have wide potential applications in electricity
This journal is ª The Royal Society of Chemistry 2013
generation, temperature measurement and temperature change
of objects. The efficiency of a solid state thermoelectric device is
determined by themagnitude of the gure of merit, ZT, which is
given by eqn (8):75

ZT ¼ S2sT/k (8)

S is the Seebeck coefficient or named thermopower, which
measures the voltage induced in response to a temperature
difference (V K�1 or mV K�1), s is the electrical conductivity in
ohm�1 cm�1, T is the absolute temperature of a given thermo-
electric material, and k is the thermal conductivity in
W cm�1 K�1. These parameters are strongly dependent on each
other. To achieve a high ZT, a low thermal conductance k

together with a high Seebeck coefficient S and high charge
conductance s are required.
3.4 Sensors

Many electrochemical techniques have been developed and
applied in sensors. Among them, two electrochemical tech-
niques, amperometry titration and differential pulse voltam-
metry (DPV), are mostly used to determine the analyst
concentration. The amperometry titration that monitors the
current response with successive addition of reactants in a
electrochemical system. In this case, the signal/noise ratio of at
least 3 is required to dene the lowest detecting limit. The other
DPV method monitors the current that is measured immedi-
ately before each potential change and the current difference is
plotted as a function of potential. By sampling the current just
before the potential is changed, the effect of the charging
current can be decreased and thus the sensitivity can be
improved.

The idealized structure of graphene is completely two-
dimensional, comprising a single layer of carbon atoms joined
by sp2 covalent bonds to form a at hexagonal lattice. This
extremely large specic surface area and excellent conductivity
provide a great platform to construct advanced electrochemical
and biological sensing devices. Especially, integrating func-
tional nanostructures on graphene to make a hybrid structure
has been a promising direction in the future. The design prin-
ciples for future sensing devices are to reach high sensitivity
(low detection limit), high reproducibility, large signal/noise
ratio and fast response time.
3.5 Photocatalytic organic pollutants degradation

Graphene has low catalytic activity towards organic pollutants
degradation, while it can be served as a platform to decorate
catalytic structures that behaves better performance as a hybrid
than any individual components. To realize an improved
performance, several criteria in hybrid material design need to
be considered especially the interfacial interaction between two
materials. Taking graphene/TiO2 for example, the hybrid
structures have several advantages:76 (i) increase catalyst
adsorptivity. Organic dye molecules could transfer from the
solution to the catalysts' surface and be adsorbed with offset
face-to-face orientation via conjugation between dye and
RSC Adv., 2013, 3, 22790–22824 | 22795
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aromatic regions of the graphene. (ii) Extend light absorption.
The chemical bonds of Ti–O–C and good transparency of gra-
phene render a red shi in the photoresponding range and
facilitate a more efficient utilization of light for the catalyst. (iii)
Suppress charge recombination. Graphene could act as an
acceptor of the photogenerated electrons by TiO2 and ensure
fast charge transportation in view of its high conductivity, and
therefore, an effective charge separation can be achieved.
Fig. 6 The schematic diagram of Microscale Combustion Calorimetry.108

Reproduced from ref. 108 with permission.
3.6 Flame retardant composites

Since conventional polymeric materials are inammable in
most cases, they can not be directly used for structural materials
and automobile parts unless being ame retardant (FR) treated
properly. Usually, halogenated compounds,77 metal hydrox-
ides,78,79 phosphorus-containing compounds,80 silicon-contain-
ing compounds,81 nitrogen-containing compounds,82,83 carbon-
nanollers,84–88 organoclay,89–91 double-layer hydroxides,92–94

and intumescent ame retardants95,96 are commonly used to
effectively reduce the ammability of polymeric materials. Due
to the healthy issue and environmental protection require-
ments, the halogen-containing FR materials are prohibited and
no longer favorable.97 Meanwhile, the synergistic effect between
at least two effective FR components such as nitrogen–phos-
phorus,95,98,99 phosphorus–silicon,81,100 became more effective in
preparing FR polymer nanocomposites, and have been exten-
sive studied and reported. Recently, graphene has shown great
potential for re safety applications, especially in terms of
polymer nanocomposites.101,102 Usually, a small additive
amount of graphene, for example, <2 wt%, could signicantly
improve the thermal stability and reduce the heat release rate
and toxic gases formation during the combustion of the poly-
mer nanocomposites. The strong interfacial interaction
between polymer and graphene forms a physical barrier which
is the main reason for the reduced gas diffusion rate and
polymer degradation.

Determining and assessing the ame retardant performance
are of great signicance for developing FR products. Usually,
two major standard methods have been used: One is ASTM
D2863-Limiting Oxygen Index (LOI)103 for determining the
minimum oxygen concentration to support candle-like
combustion of plastics materials; and the other is ASTM D3801-
UL-94 vertical burning test104 for determining the comparative
burning characteristics of plastic materials in a vertical posi-
tion. It is necessary to satisfy certain requirements by using
these two standard methods before one FR material, such as FR
polymer nanocomposites, can be claimed as safe to be used for
specic re resistant purposes.

In addition to these two qualitative evaluations of FR prop-
erty, another powerful quantitative assessment methods-oxygen
combustion calorimetry is also commonly used to determine
the detailed heat release related parameters such as rate of heat
release (RHR), the single most important parameter in evalu-
ating the re hazard of material.105,106 Specically, Cone Calo-
rimetry (ASTM E1354),107 and Microscale Combustion
Calorimetry (ASTM D7309)108 are the most commonly used two
techniques based on the oxygen consumption principle.
22796 | RSC Adv., 2013, 3, 22790–22824
The Microscale Combustion Calorimetry is specically
designed for bench-scale small samples when only small
amount sample is available or the large scale sample is costly.
Eqn (9) shows the calculation of the specic RHR of one
material:

RHR
�
w g�1

� ¼ ErF

m0

D½O2� (9)

where E (approximately equals to 13.1 kJ per g O2) is the average
heat released by complete combustion of organic compounds
per unit mass of oxygen consumed, r is density of oxygen at
ambient conditions (g cm�3), F is the volumetric ow rate of the
combustion stream at ambient temperature and pressure
measured at the terminal ow meter (cm3 s�1), m0 is the initial
specimen mass (g), D[O2] is the change in the concentration
(volume fraction) of O2 in the gas stream due to combustion
measured at the oxygen sensor at time t (cm3 cm�3). The D[O2]
is directly measured by the Microscale Calorimetry, and the
RHR can be thus calculated based on the oxygen
consumption.

The Cone Calorimetry is designed for testing macro-samples
when large sample quantity is available. The advantage of Cone
is that the smoke related parameters including smoke density,
smoke release rate can be monitored simultaneously with
measuring the RHR, for which the Microscale Calorimetry is
unable to provide. On the other hand, the Microscale Calo-
rimetry is very powerful and can be used for fast screening of the
ammability for polymeric materials since only milligram level
sample is required to run the test and only �10 minutes to
performe one test (concise structure is shown in Fig. 6).
Meanwhile, the Microscale Calorimetry can also be applied to
measure the RHR for exible samples such as thin lms and
textiles or bers, of which the Cone is unsuitable to test due to
the high radiation ux used.
This journal is ª The Royal Society of Chemistry 2013
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4. Applications

The unique chemical, electrochemical, electrical, and optical
properties of graphene endow its wide applications in rapidly
increasing academic communities and industry. The major
focus of this review is to summarize the recent progress on
graphene and its nanocomposites in ve major application
areas: (1) energy: supercapacitor and solar cell electrodes and
thermoelectric power devices; (2) sensors: electrochemical
sensors and biosensors; (3) environmental remediation: heavy
metal adsorbents and photocatalysts for organic dye degrada-
tion, (4) ame retardant polymer nanocomposites, and (5)
atomic thick graphene membrane separation.
4.1 Supercapacitors

Supercapacitor electrode is one of the major applications of
graphene due to its extremely high electrical conductivity and
large specic surface area. Graphene of different morphology
and surface functionalities has been widely studied as high
energy density electrodes for electrostatic double layer capaci-
tors (EDLC). To further enhance the energy density, pseu-
doactive metal oxide and conductive polymer nanostructures
are oen introduced on graphene surface to form a composite
electrode. In this session, pure graphene and hybrids (CNTs/
graphene, metal oxides/graphene and conductive polymers/
graphene) serving as supercapacitor and solar cell electrodes
are discussed.

4.1.1 Graphene based supercapacitors. Graphene is oen
obtained from the reduction of GO by various reduction
approaches109 and has been demonstrated as a promising
candidate for supercapacitors.110–112 Recently, the capacitance of
graphene was found to be 21 mF cm�2,113 which sets the upper
limit of EDLC for all carbon-based materials. Graphene is an
ideal carbon electrode material for EDLC because it is capable
of storing an EDLC capacitance value of upto 550 F g�1,
provided that the entire 2675 m2 g�1 surface area is fully
utilized.

The electrochemical performance of the graphene electrodes
depends on several factors, such as electrolyte, operating
potential window, surface functionalization, charging rate and
Fig. 7 (a) Graphene fiber drawn out of ethanol. The inset shows the wrinkled
photographs.119 Reproduced from ref. 118 and ref. 119 with permission.

This journal is ª The Royal Society of Chemistry 2013
etc. Generally, organic electrolyte allows energy storage unit to
be operated in a wider potential window (>2.0 V), which is
favorable for high energy density. Relatively smaller potential
window is used in water based electrolyte (�1.0 V) and thus
produced a lower energy density. Recently, Liu et al. reported an
ultrahigh energy density and outstanding power performance of
supercapacitors based on pristine graphene electrodes using
ionic liquid as electrolyte.114 The specic energy density reaches
85.6 W h kg�1 at room temperature and 136 W h kg�1 at 80 �C,
measured at a current density of 1 A g�1. The excellent perfor-
mance of this material was attributed to the ability to make full
utilization of the highest intrinsic surface capacitance and
specic surface area of single-layer graphene by preparing
curved graphene sheets that will not restack face-to-face. The
curved morphology enables the formation of mesopores
accessible to and wettable by ionic liquids electrolyte, which is
capable of operating at a voltage >4.0 V that is much larger than
1.0 V in an aqueous electrolyte. In another work using 30% KOH
electrolyte, lower energy density of 28.5 W h kg�1 was obtained
within a smaller potential window of 1.0 V.115

The electrochemical behavior of graphene also largely
depends on the surface properties. Brownson et al. studied the
effect of surfactants and moieties on graphene and found that
surfactant may contribute to a signicantly enhanced capaci-
tance of graphene electrode, while oxygen containing groups
may be either detrimental or benecial.116 Even doubled
capacitance in all-solid-state supercapacitors could be obtained
from Naon functionalized RGO (f-RGO) (118.5 F g�1 at 1 A g�1)
as compared to RGO electrode (62.3 F g�1 at 1 A g�1). The
enhanced performance was attributed to the facilitated ionic
transport at the EDLC bymeans of the interfacial engineering of
RGO by Naon.117

During electrode preparation, binder is oen used to process
the individual graphene sheet into a compact electrode.
However, binder is not desired due to its insulating feature.
Monolithic graphene ber has been fabricated from a directly
drawing of CVD-grown graphene lms via self-assembling,
Fig. 7(a).118 The graphene ber exhibited high conductivity and
uniform pore distribution, which showed a specic capacitance
of 1.4 mF cm�2 in 1 M Na2SO4 electrolyte (10 mV s�1).118 Zhang
et al. reported a hydrothermal method to reduce GO to
and porous structure,118 (b) SEM image of porous graphene hydrogel and its

RSC Adv., 2013, 3, 22790–22824 | 22797

http://dx.doi.org/10.1039/c3ra44621b


Fig. 8 Illustration of the formation of hybrid materials with CNTs grown in
between graphene nanosheets, showing stacked layers of GO (a), catalyst parti-
cles adhered onto layer surface after deposition (b), CNTs in between graphene
layers after growth (c) and SEM images of CNT/graphene sandwich structure (d)
(Co catalyst: 16 wt%; carbon source: CO).123 Reproduced from ref. 123 with
permission.

Fig. 10 CV characterizations of CNTCs/G-MCs using 1.0 M Na2SO4 as the elec-
trolyte. (a) CVs of microsupercapacitors with and without CNTCs obtained at a
scan rate of 100 mV s�1; (b–d) CVs obtained at various scan rates of 1, 10, and
100 V s�1.124 Reproduced from ref. 124 with permission.
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graphene hydrogels, Fig. 7(b).119 The graphene hydrogels were
further reduced with hydrazine (Hz) or hydroiodic acid (HI) to
improve their conductivities. The supercapacitor based on the
Hz-reduced graphene hydrogel exhibited a high specic
capacitance of 220 F g�1 at 1 A g�1, and this capacitance can be
maintained for 74% as the discharging current density was
increased up to 100 A g�1.119

4.1.2 CNTs/Graphene based supercapacitors. Graphene
can be easily agglomerated aer drying due to the in-plane p–p
interaction between graphene sheets, which is detrimental to
the maintenance of high electrochemical activity. To fully
utilize the surface area of graphene, CNTs are oen introduced
as a spacer between graphene nanosheets to avoid agglomera-
tion. For example, Yu et al. prepared CNTs/graphene hybrid
lms by a self-assembling process using water soluble
poly(ethyleneimine)-modied graphene sheets and acid-
oxidized multiwalled carbon nanotubes (MWCNTs).120 These
hybrid lms were demonstrated to possess an interconnected
network of carbon structures with well-dened nanopores to be
promising for supercapacitor electrodes, exhibiting a nearly
rectangular cyclic voltammogram even at an exceedingly high
scan rate of 1.0 V s�1 with an average specic capacitance of
120 F g�1.120 Lu et al. fabricated a similar exible MWCNTs/
Fig. 9 (a) SEM image of a fabricated CNTCs/G microsupercapacitor, (b) cross-
sectioned SEM images of CNTCs grown for 5 min.124 Reproduced from ref. 124
with permission.

22798 | RSC Adv., 2013, 3, 22790–22824
graphene hybrid lm by ow directed assembly from a complex
dispersion of GO and pristine MWCNTs followed by the use of
gas-based hydrazine to reduce the GO into graphene sheets.121

Electrochemical measurements demonstrated that the
MWCNTs/graphene lm possessed a specic capacitance of
265 F g�1 at 0.1 A g�1 and a good rate capability (49% capacity
retention at 50 A g�1), and displayed an excellent specic
capacitance retention of 97% aer 2000 continuous charge–
discharge cycles.121 Even higher capacitance of 326.5 F g�1 at 20
mV s�1 was reported in a hierarchical CNTs/graphene
architecture.122

Besides the physical mixing of graphene and CNTs, in situ
growth of CNTs on graphene to be a 3-D hybrid structure has
been demonstrated a signicantly enhanced capacitance. Fan
et al. prepared a 3D CNT/graphene sandwich structure with CNT
pillars grown in between the graphene layers by CVD, Fig. 8.123

The unique structure endows the high-rate transportation of
electrolyte ions and electrons throughout the electrode matrix
and comprehensive utilization of pseudo and double-layer
capacitance, resulting in an excellent specic capacitance of 385
F g�1 at 10 mV s�1 in 6 M KOH solution. Aer 2000 cycles, a
capacitance increase of 20% of the initial capacitance was
observed due to the increased effective interfacial area between
electrode material and electrolyte with the increase of reaction
time, indicating an excellent electrochemical stability of the
electrode.123

Another interesting work on CNT carpets/graphene (CNTCs/G)
based microsupercapaciotors has been reported recently by Lin
et al., the microstructure of device is shown in Fig. 9.124 In this
research, the CNTCs/G delivered a high volumetric energy density
of 2.42 mW h cm�3 in ionic liquid, more than 2 orders of
magnitude higher than that of aluminum electrolytic capaci-
tors. The ultrahigh rate capability of 400 V s�1 enabled the
microdevices to demonstrate a maximum power density of
115 W cm�3 in aqueous electrolyte. The CV curves maintained
near-ideal rectangular shapes with symmetric charge and
This journal is ª The Royal Society of Chemistry 2013
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Fig. 11 Experimental and calculated specific capacitance of RuO2/graphene
(Cexpsp and Ccalsp ), the calculated Ccalsp of RuO2/graphene is the sum of the calculated
capacitances from graphene and RuO2 components in composites. The inter-
crossed, slashed-line squares indicate the enhanced capacitances (Cexpsp � Ccalsp ) due
to the synergistic effects.22 Reproduced from ref. 22 with permission.
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discharge current densities at a scan rate of up to 100 V s�1,
Fig. 10(a–d), suggesting a near perfect formation of EDLC.124

These elevated electrical features were likely enabled by the
seamless nanotube/graphene junctions at the interface of
different carbon allotropic forms with a maximized electrical
conductivity.

4.1.3 Metal oxides/graphene based supercapacitors. To
enhance the capacitance, many approaches have been devel-
oped especially coating metal oxides and electroactive organic
nanostructures on the graphene sheets with the aim to enhance
the effective surface area and introduce additional pseudoca-
pacitance. MnO2 (600–700 F g�1)125 and RuO2 (720–900 F g�1)126

are intensively investigated because of their higher theoretical
capacitance values among the metal oxides. With the emphasis
on metal oxide/graphene composites, different metal oxides
RuO2, MnO2, Co3O4, NiO, V2O5, Fe2O3, Fe3O4, and etc.22–32,127,128

have been incorporated in graphene and their electrochemical
properties have been studied intensively.

Wu et al. incorporated hydrous RuO2 NPs on graphene
sheets to prepare a nanocomposite electrode.22 The ne RuO2

particles (5–20 nm) were anchored between graphene sheets to
Fig. 12 (a) SEM of MnO2 nanowire/graphene nanocomposite, and (b) TEM of
MnO2 nano-needle/graphene nanocomposite.129 Reproduced from ref. 129 with
permission.

This journal is ª The Royal Society of Chemistry 2013
increase specic surface area. Beneting from the combined
advantages of graphene and RuO2 in such a unique structure,
RuO2/graphene exhibited high specic capacitance
(�570 F g�1), enhanced rate capability, and excellent electro-
chemical stability (97.9% retention aer 1000 cycles). The total
specic capacitance of the composites was higher than the sum
of specic capacitances of pure graphene and pure RuO2 in
their relative ratios (Fig. 11), which is indicative of a positive
synergistic effect of graphene and RuO2 on the improvement of
electrochemical performance.22

MnO2 nanostructure with different morphologies (nano-
particle, nano-needle, nanowire and nanosheet) has been inte-
grated into graphene to study their morphology dependent
performances. For examples, Huang et al. reported a specic
capacitance of 308.5 F g�1 (at 5 mV s�1) on the MnO2 NPs/gra-
phene composite electrode.24 Using a layer-by-layer self-assem-
bling technique, multilayer lms of graphene and MnO2 sheets
have been successfully fabricated and exhibited a capacitance of
263 F g�1 at a discharge current density of 0.283 A g�1.130 The
MnO2 nanowire/graphene composite has been synthesized by
Wu et al., Fig. 12(a).129 This composite was assembled into an
asymmetric electrochemical capacitor with graphene, which
can be cycled reversibly in the high-voltage region of 0–2.0 V and
exhibit a superior energy density of 30.4 W h kg�1. The
symmetric capacitors based on graphene/graphene and
composite/composite show much lower energy density of
(2.8 W h kg�1) and (5.2 W h kg�1), respectively.129 Fig. 12(b)
shows the nano-needle like MnO2 crystals in situ grown on the
GO surface through a simple so chemical route in a water-
isopropyl alcohol system, this unique structure exhibits a
capacitance of 216 F g�1 at 0.15 A g�1 discharge current
density.131 The relatively lower capacitance compared to previ-
ously mentioned MnO2/graphene was due to the larger intrinsic
resistance of GO. 3D conductive wrapping of MnO2/graphene
nanostructures with CNTs or conducting polymers on textile as
exible electrodes have been studied recently by Yu et al.132 The
specic capacitance of �380 F g�1 was exhibited and excellent
cycling stability was achieved with 95% retention over
3000 cycles.132
Fig. 13 TEM microstructures of the MGNCs. (a) The NPs are uniformly distrib-
uted on the graphene sheet (inset column figure shows the particle size distri-
bution with an average size of 19.1 nm), (b) enlarged magnification of image (a)
shows the favorable growth of NPs along the graphene edge indicated by the red
dash line rather than the central area of graphene indicated by the blue dash
circle.133 Reproduced from ref. 133 with permission.

RSC Adv., 2013, 3, 22790–22824 | 22799
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Fig. 14 Comparison of CV loops of graphene tested at a voltage sweeping rate of (a) 2, (b) 10 mV s�1; and MGNCs tested at (c) 2 and (d) 10 mV s�1 in 1.0 M Na2SO4

electrolyte. “W/O MF”means the electrodes were tested without magnetic field, “With MF” indicates the measurement was tested in a magnetic field.133 Reproduced
from ref. 133 with permission.
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The Co(OH)2/graphene nanocomposite has been synthesized
by a facile so chemical approach. The electrochemical specic
capacitance of the nanocomposite reached a value as high as
972.5 F g�1, leading to a signicant improvement in relation to
each individual counterpart (137.6 and 726.1 F g�1 for graphene
and Co(OH)2, respectively).134 Co3O4/graphene has been rapidly
synthesized by microwave-assisted method. A maximum
specic capacitance of 243.2 F g�1 has been obtained at a scan
rate of 10 mV s�1.135 Monolayer NiO nanosheet/graphene
composite synthesized via a self-assembling process exhibited a
high specic capacitance of 525 F g�1 at a current density of
0.2 A g�1.136 Recently, Fe3O4 has been introduced into graphene
with the aim to enhance the electrode capacitance and a much
higher capacitance of Fe3O4/graphene nanocomposites
(326 F g�1 (ref. 127) and 480 F g�1 (ref. 137)) is observed than
that of either graphene or pure Fe3O4 NPs. Besides, V2O5
Fig. 15 (a) SEM images PPy/graphene after a 120 s electrodeposition, the white
trodeposition time, as determined by CV with different scan rates.142 Reproduced fr

22800 | RSC Adv., 2013, 3, 22790–22824
nanowires,138 SnO2 NPs,25,139,140 TiO2 NPs72 have been used to as
effective llers in graphene to enhance the energy density and
power density.

Most recently, Zhu et al. developed a one step thermal
decomposition method to synthesize Fe2O3/graphene nano-
composites with a uniform particle distribution, Fig. 13. A
creative study has been done on graphene and magnetic Fe2O3/
graphene nanocomposites (MGNCs) with the aim to enhance
the capacitance.133 A small external magnetic eld (0.072 T) has
been introduced around the electrochemical cell and the elec-
trochemical results demonstrated that the capacitance of gra-
phene could be enhanced by 67.1 and 26.8% at a sweeping rate
of 2 and 10 mV s�1. Even larger enhancement of 154.6 and
98.2% was observed in MGNCs at the same sweeping rate of 2
and 10 mV s�1. The CV curves of both materials in regular
condition and magnetic eld are displayed in Fig. 14. The
particles are PPy, (b) specific capacitance of all PPy/graphene electrodes by elec-
om ref. 142 with permission.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 16 (A) Schematic illustration of nucleation and growth mechanism of PANI-
NW: (a) heterogeneous nucleation on GO nanosheets; (b) homogeneous nucle-
ation in bulk solution. (B & C) SEM images of PANI/GO samples obtained at 24 h
reaction interval.33 Reproduced from ref. 33 with permission.

Fig. 18 (a & b) Cross-section SEM images of PANI/graphene nanocomposites.146

Reproduced from ref. 146 with permission.
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signicant capacitance enhancement is attributed to the
improved energy state of the electrons in a magnetic eld.
Besides, the magnetic eld increased the electron trans-
portation efficiency at the electrolyte/electrode interfacial area
(double layer area) during electrochemical process and thus
improved the capacitance performance.

4.1.4 Conductive polymer/graphene based super-
capacitors. Conductive polymers possess many advantages that
make them suitable for supercapacitors such as cost effective,
environmental benign and high conductivity in a doped state
and adjustable redox activity through chemical modications.
Conductive polymers offer capacitive behaviors though the
redox process. When oxidation happens, electrolyte ions are
transferred to the polymer backbone. The ions are released
from the backbone into the electrolyte during reduction.141 In
this section, the most studied conductive polymers (PPy, PANI
and PEDOT) in the applications of GNC electrodes will be
discussed.

A unique nanoarchitecture has been established involving
PPy and graphene nanosheets by an in situ polymerization. The
specic capacitance value of the nanocomposites has been
determined to be 267 F g�1 at a scan rate of 100 mV s�1, which is
much higher than that of pure PPy (137 F g�1).143 Using a pulsed
electropolymerization technique, exible and uniform PPy/
Fig. 17 (a) TEM microstructures of PANI-NF/GO nanocomposites, (b) interfacial i
nanocomposites.35 Reproduced from ref. 35 with permission.

This journal is ª The Royal Society of Chemistry 2013
graphene composite lms were successfully fabricated,
Fig. 15(a). Deposition time studies indicated an optimized
deposition time of 120 s, where the highest specic capaci-
tances of 237 F g�1 could be obtained, Fig. 15(b). This exible
nanocomposite lm exhibited much higher energy density of
32.9 W h kg�1 than that of pure graphene (8.75 W h kg�1) at a
scan rate of 0.01 V s�1.142

More work has been done on the PANI/graphene nano-
composite as supercapacitor electrodes. For example, exible
PANI lm/graphene composite paper was fabricated via an in
situ anodic electropolymerization process,144 which was similar
to the fabrication of PPy/graphene exible composite lm.142

This composite electrode showed a favorable tensile strength of
12.6 MPa and a stable larger electrochemical capacitance of
233 F g�1 than that of pure graphene paper electrode (147 F
g�1).144 Feng et al. introduced an electrodeposition method to
synthesize PANI/graphene composite lms by using GO and
aniline monomer as the starting materials.145 This composite
lm showed a high specic capacitance of 640 F g�1 with a
retention life of 90% aer 1000 charge–discharge cycles.

To ensure a good interfacial interaction between PANI
nanowires and graphene/GO sheets, in situ polymerization of
PANI nanostructures on GO surface is a feasible approach. PANI
nanowire (PANI-NW) arrays were grown vertically on GO
substrate via a so chemical polymerization method.33 The
nucleation and growth mechanism of PANI-NW were schemat-
ically illustrated in Fig. 16(A). Aer 24 h reaction, aligned PANI-
NW arrays are observed on the GO sheet, Fig. 16(B & C). The
hierarchical nanocomposites possessed high electrochemical
capacitance of 555 F g�1 and better stability than each indi-
vidual component, showing a synergistic effect of PANI and GO.
Similar so chemical approach was used to prepare PANI
nanobers (PANI-NFs)/graphene nanocomposites and a specic
capacitance of 480 F g�1 was obtained.34 In a recent study,
nteraction between PANI-NFs and GO sheet, and (c) SEM image of PANI-NP/GO

RSC Adv., 2013, 3, 22790–22824 | 22801
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Fig. 19 Ragone plots of symmetric and asymmetric supercapacitors based on
RGO, RGO/RuO2 and RGO/PANI.23 Reproduced from ref. 23 with permission.
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PANI-NFs/GO nanocomposites with excellent interfacial inter-
actions and elongated ber structure were synthesized via a
facile interfacial polymerization method, Fig. 17(a & b).35 This
polymerization method efficiently exfoliated the expanded layer
structure of GO into individual sheets and thus signicantly
enhanced the specic surface area. The reduced diameter of
PANI-NFs in PANI-NF/GO than that of pure PANI-NFs could
shorten the diffusion distance and enhance the electro-active
sites. The PANI-NFs/GO hybrid materials showed orders of
magnitude enhancement in capacitance and energy density
than that of individual GO and PANI-NF components. PANI
NPs/GO was synthesized using a surface initiated polymeriza-
tion method, Fig. 17(c). At the same weight loading of PANI in
the composites, PANI NFs have shown higher energy density
and long term stability than that of PANI NPs at higher power
density.35 So chemical polymerization was used to fabricate
PEDOT/graphene nanocomposites as well and the specic
capacitance of about 374 F g�1 was obtained.39

From a direct mixing and ltration of PANI-NFs and gra-
phene, composite lms were prepared from ltration.146 The
composite lm has a layered structure, and PANI-NFs are
sandwiched between graphene layers, Fig. 18(a & b). This
Fig. 20 (a) Schematic representation of the energy level alignment (top) and constr
electrode: CVD graphene/PEDOT/CuPc/C60/BCP/Al. (b) Current density vs. voltage ch
AM1.5G spectral illumination for different bending angles. Insets show the expe
permission.

22802 | RSC Adv., 2013, 3, 22790–22824
conductive exible composite lm showed electrochemical
capacitance of 210 F g�1 at a discharge rate of 0.3 A g�1, which is
signicantly lower than the chemically grown PANI-NFs/GO
composites due to the absence of effective interfacial interac-
tions between both components.

Different from the conventional symmetric two electrode
supercapacitor, an asymmetric supercapacitor was fabricated
using RGO sheets modied with ruthenium oxide (RGO/RuO2)
or polyaniline (RGO/PANI) as the anode and cathode, respec-
tively.23 The capacitor exhibited a signicantly improved
capacitive performance in comparison with that of the
symmetric supercapacitors fabricated with RGO/RuO2 or RGO/
PANI as the electrodes, Fig. 19. The improvement was attributed
to the broadened potential window in an aqueous electrolyte,
leading to an energy density of 26.3 W h kg�1, about two-times
higher than that of the symmetrical supercapacitors based on
RGO/RuO2 (12.4 W h kg�1) and RGO/PANI (13.9 W h kg�1)
electrodes. In addition, a power density of 49.8 kW kg�1 was
obtained at an energy density of 6.8 W h kg�1.23
4.2 Solar cells

Solar cells have been developed for years and the primary
material for today's solar cells is usually made out of high purity
silicon. The high manufacturing cost of high purity silicon
restricts its wide applications in market. Because of the high
cost, researchers have been looking for affordable alternatives.
Then, indium tin oxide (ITO) became more prevalent in elec-
tronic devices such as touch screen of smart phones. However,
indium is still quite expensive. Recently, studies on graphene
based solar cells are attracting ever increasing interest due to its
unique features such as exibility, weight lightness, higher
mechanical strength and optical transparency.

Wang et al. demonstrated the concept of using transparent,
conductive and ultrathin graphene lms as window electrodes
in dye-sensitized solar cells (DSSC) even in a nonoptimized
state.66 These graphene lms are fabricated from exfoliated GO,
followed by thermal reduction. The obtained lms exhibited a
high conductivity of 550 S cm�1 and a transparency of more
than 70% over 1000–3000 nm. Furthermore, they showed high
uction of the heterojunction organic solar cell fabricated with graphene as anodic
aracteristics of CVD graphene (b) or ITO (c) photovoltaic cells under 100mW cm�2

rimental setup employed in the experiments.12 Reproduced from ref. 12 with

This journal is ª The Royal Society of Chemistry 2013
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Fig. 21 (a) Photographs of an ethanol dispersion with RGO of sample 2 (left, 0.03 mg mL�1) and TiO2/graphene (GS) colloid suspension (right), (b) SEM images of the
composite films deposited from the suspension with 0.03 mg mL�1 GS concentration, (c) current density–voltage (J–V) characteristics of DSSCs based on TiO2/GS and
TiO2 nanoparticle films under 1 sun illumination. (d) Schematic energy-level diagram for the TiO2/graphene DSSC.153 Reproduced from ref. 153 with permission.
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chemical and thermal stabilities. However, the relatively low
overall power conversion efficiency of 0.26% needs to be
improved for practical applications. Kalita et al. reported a
controlled pyrolysis method to prepare graphene from botan-
ical derivative camphor.147 The graphene showed very good
transparency in a wide range of wavelengths (0.3–2.0 mm). An
organic solar cell was fabricated on a transparent graphene
electrode with a transparency of 81% at 550 nm and a
conductivity of 357 S cm�1 and higher conversion efficiency of
0.68% was obtained.147

A CVD method has been developed to fabricate continuous,
highly exible, and transparent graphene lms that can be used
in organic photovoltaic cells.12 Graphene lms as transparent
electrodes were evaluated in organic solar cell heterojunctions
(TCE/PEDOT:poly styrenesulfonate (PSS)/copper phthalocya-
nine/fullerene/bathocuproine/aluminum). Fig. 20(a) shows the
typical construction of heterojunctions. Solar cells with CVD
graphene and ITO electrodes were fabricated on exible poly-
ethylene terephthalate (PET) substrates and were conrmed to
offer comparable performance, with power conversion effi-
ciencies of 1.18 and 1.27%, respectively. Besides, CVD graphene
solar cells demonstrated outstanding capability to operate
under bending conditions up to 138�, whereas the ITO-based
devices displayed cracks and irreversible failure under bending
of 60�, Fig. 20(b & c). The excellent performance of the CVD
graphene is attributed to its continuous nature, minimal
surface roughness (�0.9 nm) and low sheet resistance down to
230 U sq�1 (at 72% transparency).12 When functionalized gra-
phene was applied as a catalytic counter electrode in dye-
sensitized solar cell (DSSC), the cell efficiency was only 10%
lower than platinum-based cells.148 The material's catalytic
activity increased with increasing number of the oxygen-con-
taining functional groups. Therefore, a functionalized graphene
sheet can also serve as a catalytic, exible, electrically conduc-
tive counter electrode material in DSSC. Due to the non-
conductive nature of GO, it can serve as efficient hole transport
layer in polymer solar cells.149 The incorporation of GO between
the photoactive poly(3-hexylthiophene) (P3HT):phenyl-C61-
butyric acid methyl ester (PCBM) layer and the transparent and
conducting ITO led to a decrease in the recombination of
electrons and holes and the leakage currents. This dramatic
increase in the organic photovoltaics (OPV) efficiencies reached
This journal is ª The Royal Society of Chemistry 2013
values that were comparable to the devices fabricated with the
widely used PEDOT:PSS as the hole transport layer.149

Besides the pure graphene and functionalized graphene,
graphene based hybrid materials have been widely studied to
enhance the power conversion efficiency in solar cells. Recently,
a CNTs/graphene hybrid has been fabricated as transparent
conductors in polymer solar cell applications.150 The hybrid
delivered a resistivity of 240 U cm�1 at 86% transmittance. The
composite was compatible with exible substrates and did not
require a sophisticated transfer process. And a power conver-
sion efficiency of 0.85% was demonstrated in a polymer solar
cell. The ZnO nanorods/RGO nanocomposites have been fabri-
cated using electrochemical deposition method for hybrid solar
cells with a layered structure of quartz/RGO/ZnO nanorods/
P3HT/PEDOT:PSS/Au.151 However, much lower conversion effi-
ciency of �0.31% was observed. As mentioned before, the CVD
graphene transparent lm exhibited comparable power
conversion efficiency with ITO electrodes in organic photovol-
taic (OPV) devices. While the challenges of CVD graphene came
from the surface wetting between the hole-transporting layer
and the graphene electrodes. Doping graphene with AuCl3 can
alter the graphene surface wetting properties such that a
uniform coating of the hole-transporting layer can be ach-
ieved.152 Furthermore, the doping both improves the conduc-
tivity and shis the work function of the graphene electrode,
resulting in an improved overall power conversion efficiency
performance of 1.63% in the OPV devices.

Graphene sheets were incorporated in TiO2 nanoparticle
lms via a molecular graing method, Fig. 21(a & b), and
deposited on conductive glass through electrophoretic deposi-
tion for DSSCs.153 The graphene signicantly improved the
conductivity of the TiO2 nanoparticle lm by more than 2 orders
of magnitude. And the power conversion efficiency for DSSC
based on TiO2/graphene composite lms (1.68%) was more
than 5 times higher than that based on TiO2 alone (0.32%),
Fig. 21(c). The schematic energy-level diagram for the TiO2/
graphene DSSC was shown in Fig. 21(d). It can be seen that the
offset (�0.2 eV) between the conduction bandminimum of TiO2

and the work function of graphene is sufficient for charge
separation. Meanwhile, the graphene will not block the injected
electrons owing down to the transparent electrode because its
work function is higher than that of the ITO electrode.
RSC Adv., 2013, 3, 22790–22824 | 22803
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Fig. 22 Differences between (a and c) 1D and (b and d) 2D nanomaterial composite electrodes, (e) photocurrent–voltage characteristics of different electrodes. The
sensitizer was N3 (ruthenium dye). The cell active area was 0.20 cm2, and the light intensity was 100 mW cm�2, (f) back-current of different electrodes (the inset of the
figure is the enlarge plot of back-current). Electrode 1: P25 (anatase TiO2), electrode 2–4: P25/graphene nanocomposites with increasing graphene content.154

Reproduced from ref. 154 with permission.
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Therefore, the implanted graphene sheets serve as the electron
acceptor and transporter for effective charge separation and
rapid transport of the photogenerated electrons.153

A similar work has been reported via introducing graphene
as 2D bridges into the nanocrystalline TiO2 electrodes of DSSCs,
which brought a faster electron transport and a lower recom-
bination, together with a higher light scattering, Fig. 22(a–d).154

On the basis of these advantages, the total conversion efficiency
reached 6.97%, which was increased by 39%, comparing with
the nanocrystalline TiO2 photoanodes. Moreover, it was also
much better than the TiO2/CNT composite electrode. In gra-
phene composite electrodes, the TiO2 particles can anchor in
Fig. 23 (a) MGNR alternating armchair and zigzag elementary cells with the sam
potential m.157 Reproduced from ref. 157 with permission.

22804 | RSC Adv., 2013, 3, 22790–22824
the graphene better, and the photoinduced electrons can be
captured and transferred by the graphene; however, with the
CNT composites, there were less intermolecular forces and
connections between TiO2 and the CNT; therefore, the transfer
barrier was larger and the recombination was much easier to
happen, Fig. 22(e & f).154

4.3 Thermoelectric power devices

The high ZT, low cost, and rapid advances in the synthesis of
nanoscale graphene derivatives make carbon-based materials a
viable choice for thermoelectric applications. Right now, most
of the current studies are focusing on the theoretical
e width (a and b) and with different widths (g), (b) ZT as a function of chemical

This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3ra44621b


Fig. 24 Temperature dependence of ZT values for disordered AGANRs:m ¼ 5, g
¼ 0.45 (triangles), and m ¼ 10, g ¼ 0.30 (squares).159 Reproduced from ref. 159
with permission.
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investigations. For example, Ouyang et al.155 found that the
thermal conductivity of graphene nanoribbon can be reduced
signicantly (�30% of pure C12 graphene nanoribbon) by
isotopic superlattice modulation, which depended on the
superlattice period length and the isotopic mass. Sevinçli
et al.156 investigated electron and phonon transport through
edge-disordered zigzag graphene nanoribbons (ZGNRs) using
nonequilibrium Green functions. The edge disorder of gra-
phene dramatically reduced phonon thermal transport while
being only weakly detrimental to electronic conduction. The
calculated thermoelectric ZT values of 0.39 (10 zigzag chains)
and 4 (20 zigzag chains) at room temperature qualify ZGNRs as
a very promisingmaterial for thermoelectric applications. Using
the same simulation techniques, resonance tunneling of elec-
trons was detected in graphene nanoribbons consisting of
alternate zigzag and armchair sections, which resulted in a
higher thermoelectric ZT at room temperature, Fig. 23.157 Zheng
et al.158 used nonequilibrium Green function method and
molecular dynamics simulations to study the thermoelectric
properties of a series of armchair and zigzag graphene nano-
ribbons with narrow width. It is found that these nanoribbons
are rather stable when the edge atoms are passivated by
hydrogen and those with armchair edges exhibit much better
thermoelectric performance than their zigzag counterparts.
Fig. 25 (a) SEM image of IL-3D graphene composite, inset shows a photograph o
detection.166 Reproduced from ref. 166 with permission.

This journal is ª The Royal Society of Chemistry 2013
Moreover, the corresponding ZT value increases with
decreasing ribbon width. By optimizing the doping level, a
room temperature ZT of 6.0 can be achieved for the narrowest
armchair nanoribbon.

Ni et al.159 studied the thermoelectric property of graphene
strips by using density functional theory calculations combined
with nonequilibrium Green's function method. It is found that
ZT can be remarkably enhanced ve times by randomly intro-
ducing hydrogen vacancies to the graphene nanoribbon deriv-
atives-armchair graphene nanoribbons (AGANRs). For 5 nm
wide ribbons under certain conditions, ZT can be as high as 5.8
and depends on temperature linearly, Fig. 24. Even higher ZT
value of 26 has been predicted from disordered examples of the
narrowest AGANRs. Graphene doping effect on the poly-
crystalline Bi2Te3 has shown a lower thermal conductivity and
higher ZT value than Bi2Te3 single crystals.160
4.4 Sensors

The atomic thickness of the graphene sheet is extremely
sensitive towards the change of local environment, making it an
ideal channel material in eld-effect transistors used as elec-
tronic sensors. Here, electrochemical sensor and biosensor
applications will be discussed separately.

4.4.1 Electrochemical sensors. As have mentioned in
Section 2.1, the unique electrochemical properties of graphene
make it a popular material for the development of novel elec-
trochemical sensors. The wide potential window of 2.5 V in
0.1 M phosphate buffer solution53 allows detection of molecules
that have high oxidation and reduction potentials. The abun-
dant edges and defects of graphene endow its faster electron
transfer rate than conventional materials, such as GCE.56

Therefore, superior electrochemical detection with graphene
based electrodes is expected. Besides, the extremely large
theoretical specic surface area of graphene (2675 m2 g�1)
provides a large effective reaction area. In most of the current
studies, researchers prefer to use RGO as the sensor platform
due to the following reasons: (1) RGO is electrical conductive as
compared to the non-conductive GO, (2) the large number of
edges and defects facilitate electron transfer, and (3) the
f IL-3D graphene gel, (b) calibration plots of IL–graphene electrodes towards TNT

RSC Adv., 2013, 3, 22790–22824 | 22805
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Fig. 26 Photographs of the sensor substrates used. (A) Micro hot plate (MHP)
sensor showing interdigitated electrodes layered over heater leads. The electrode
array is a 400 mm square with individual electrodes 10 mmwide with 10 mm gaps.
The sensor is suspended on a thin silicon nitride membrane. (B) 4-point inter-
digitated electrode sensor. Two serpentine electrodes between the interdigitated
electrodes are used for 4-point resistance measurements. The electrode array is
2.4 mm � 1.9 mm with 20 mm serpentine electrode widths, 40 mm interdigitated
electrode widths, and 20 mm electrode gaps.169 Reproduced from ref. 169 with
permission.
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conductivity and surface functional groups could be tuned for
detection of specic chemical species.

Detection of explosive nitroaromatic compounds such as 2,4-
dinitrotoluene (DNT) and trinitrotoluene (TNT) has received
considerable attention during the last decade due to security
reason and environmental concerns.161,162 Electrochemical
method for detecting nitroaromatic compounds showed great
advantages due to its high sensitivity, fast response, low cost
and feasibility for constructing portable devices.163,164 Goh
et al.165 compared the response of single-, few-, and multilayer
graphene nanoribbons and graphite microparticle-based elec-
trodes toward the electrochemical reduction of TNT and found
that few-layer graphene exhibited about 20% enhanced signal
for TNT when compared to multilayer graphene nanoribbons.
However, no signicant difference was observed in the perfor-
mance of graphene nanoribbons and graphite microparticles.
The detecting limit of TNT in untreated seawater was estab-
lished as 1 mg mL�1 (�1 ppm).165 Ionic liquid (IL) modied
graphene with large surface area and pronounced mesoporosity
has been prepared for electrochemical TNT detection,
Fig. 25(a).166 The IL–graphene paste electrode provides higher
electroactive surface area and lower charger transfer resistance
compared with IL–CNT and IL–graphite paste electrodes. In
Fig. 27 The possible reduction mechanism of 4-nitrophenol at GO/GCE.171

(mechanism II: H–N–H). Reproduced from ref. 171 with permission.

22806 | RSC Adv., 2013, 3, 22790–22824
TNT detection, the IL–graphene paste electrode showed low
background current, high sensitivity of 1.65 mA cm�2 per ppb,
low detection limit of 0.5 ppb and good reproducibility, which
was much superior to the IL–CNT and IL–graphite past elec-
trodes, Fig. 25(b).166

GNCs decorated with highly dispersive silver NPs showed a
good electrocatalytic activity to nitrobenzene (NB), resulting in a
sensitive detection of nitroaromatic compounds with an even
lower detection limit of NB, DNT, TNT of 0.60, 0.21, 0.45 ppm,
respectively.167 Pt/graphene hybrid nanosheet was prepared
through an one-step microwave-assisted heating procedure.168

TNT was used as representative analyte to demonstrate the
sensing performance of Pt/graphene nanocomposites. As a
result, the Pt/graphene showed a wide linear range and low
detection limit for TNT at ppb level.168 The lowest limit of
electrochemical TNT detection has been reported as 0.2 ppb
using a graphene based lm prepared by the electrophoretic
deposition technique.162 The excellent sensitivity performance
was attributed to the effective adsorption ability and
outstanding electrocatalytic activity toward the nitroaromatic
explosive on the RGO lm. Microscale electronic sensor devices
based on chemically derived graphene has been constructed
using spin coating to create single-layer graphene lms on
interdigitated electrode arrays, Fig. 26.169 The device fabrication
process was simple and easy to scale-up. And the results show a
linear current vs. voltage curve for the detection of NO2, NH3,
and DNT indicating the excellent sensitivity in all cases.

Sensors fabricated from RGO platelet lm show faster
response and lower noise levels than that of single walled CNT
lm. Robinson et al.170 deposited an ultrathin continuous GO
network, which was tunably reduced toward graphene by
varying the exposure time to a hydrazine hydrate vapor. The
sensors were capable of detecting 10 s exposures to simulants of
the three main classes of chemical-warfare agents (hydrogen
cyanide, chloroethylethyl sulde and dimethylmethylphospho-
nate) and DNT at ppb concentrations. They demonstrated the
important role of noise reduction by comparing the responses
of single walled CNTs and RGO devices to 0.5 ppb DNT, a
simulant for the explosive TNT. The lower noise levels in the
RGO device lead to a notable increase in S/N ratio.170 4-nitro-
phenol with a detection limit of 0.02 mM at the S/N ¼ 3 was also
reported by using a GO lm coated GCE.171 GO lm exhibited
obvious electrocatalytic activity toward the reduction of
4-nitrophenol since it not only increased the reduction peak
current but also lowered the reduction overpotential. Two
possible reaction mechanisms were proposed in Fig. 27. The
intermediate products of the reduction of 4-nitrophenol con-
tained the free radical of OH_, rather than OH� group. If the
OH� existed, it can directly produce H2O as reduction
production in the acid conditions leading to an unbalanced
chemical reaction. Therefore, OH_ and O_ radical generations
were proposed in the electro-reduction process.171 Other
chemicals such as caffeine172 and hydrazine173 at low concen-
tration level can be detected via graphene based electro-
chemical sensors. Besides, various gases (H2, CO, NH3, NO2,
acetone, and etc.)174 and vapors (H2O, nonanal, octanoic acid,
trimethylamine, and etc.)175 can be monitored using a graphene
This journal is ª The Royal Society of Chemistry 2013
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Fig. 28 (a) SEM image of Au/HRP/GS/CS modified electrode. The insert shows a cluster of Au NPs. (b) Current response to successive addition of 0.2 mMH2O2 of HRP/
CS/GCE, Au/HRP/CS/GCE, GS/HRP/CS/GCE and Au/GS/HRP/CS/GCE in 0.1 mol L�1 PBS (pH ¼ 6.5). Operating potential: �0.3 V. GS: graphene sheet.188 Reproduced
from ref. 188 with permission.

Fig. 29 Selective adsorption of DA, EP, and AA by GSCR-MIPs sensor.193 Repro-
duced from ref. 193 with permission.
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based device. More recently, a sensitive response of graphene to
surface charge or ion density has been discovered in solution
gated epitaxial graphene. This phenomenon points to its
possible applications in ultrafast and ultralow noise biosensors
or chemical sensors.176

4.4.2 Biosensors. Small graphene akes can serve as
advanced biosensors due to the enhanced electron transfer
between the electrode and the active centers of the redox
enzymes.177 Moreover, RGO has intrinsic catalytic activity
towards some small enzymatic products such as H2O2 and
nicotinamide adenine dinucleotide (NADH), making it attrac-
tive for enzyme-based sensors. Besides, the high specic surface
area of graphene provides a large effective reaction area and
high capacity for enzyme loading. Moreover, decorating func-
tional nanostructures on graphene sheets provides a superior
platform to broaden the potential range of graphene for sensing
species and improves the sensing activity as well.178–181 Recently,
a few review articles focusing on the potential application of
graphene based materials in electrochemical and biological
sensing have been published.182–184 However, the ever increasing
emphasis in GNCs and their signicant roles in biosensing
applications have not been realized yet. In this session, bio-
sensing of both graphene and GNCs will be discussed.

Hydrogen peroxide (H2O2). The fast and reliable determina-
tion of H2O2 is important in many areas such as medicine, food
control, environmental protection and biosensors. The study of
H2O2 of electrochemical H2O2 sensors has attracted extensive
attention. Brownson et al.185 comparatively studied the H2O2

sensing performance of electrode modied by graphite, gra-
phene, Naon–graphite and Naon–graphene, respectively.
Interestingly, graphite exhibited a superior electrochemical
response due to its enhanced percentage of edge plane sites
when compared to graphene. However, when Naon was
introduced onto graphene and graphite modied electrodes, re-
orientation occurred in both cases, which was benecial in
graphene and detrimental in graphite.185 Li et al. reported a
nonenzymatic H2O2 sensor based on MnO2/GO nano-
composite.186 The MnO2/GO based electrodes showed high
electrochemical activity for the detection of H2O2 in alkaline
medium. It displayed good performance along with low working
potential, high sensitivity (38.2 mA mM�1 cm�2), low detection
limit (0.8 mM), and long-term stability (retain 90% of its original
This journal is ª The Royal Society of Chemistry 2013
signal aer 4 weeks storage), which could be attributed to the
high surface area of GO that is suitable for MnO2 nanoparticle
deposition.186 An even lower detection limit of 50 nM H2O2 was
reported by Huang et al. on Au nanoparticles/amine-function-
alized graphene composite lm.187 The enhanced performance
was attributed to the synergistic effect of graphene–NH2 and Au
nanoparticles that facilitated the direct electron transfer
between catalase and the underlying electrode. The biosensor
exhibited more advantages, such as short response time (2 s),
high sensitivity (13.4 mA mM�1) and good reproducibility
(relative standard deviation of 5.8%).187 Zhou et al.188 prepared a
biocomposite H2O2 biosensor via a relatively complicated
process. Specically, graphene and horseradish peroxidase
(HRP) were co-immobilized into biocompatible polymer chito-
san (CS), then a GCE was modied by the biocomposite, fol-
lowed by electrodeposition of Au nanoparticles on the surface to
fabricate Au/graphene/HRP/CS/GCE, Fig. 28(a). The biosensor
showed high sensitivity and fast response of H2O2, under the
conditions of pH ¼ 6.5, potential �0.3 V, Fig. 28(b). The time to
reach the stable-state current was less than 3 s, and the linear
range to H2O2 was from 5 � 10�6 to 5.13 � 10�3 M with a
detection limit of 1.7 � 10�6 M (S/N ¼ 3).188

Reduced nicotinamide adenine dinucleotide (NADH). NADH is
an important coenzyme that involves in more than 300 dehy-
drogenase enzymatic reactions.189 The electrocatalytic oxidation
RSC Adv., 2013, 3, 22790–22824 | 22807
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Fig. 30 (A) Schematic illustration of GOD functionalized graphene FET. (B)
Current responses to the addition of glucose to various concentrations. The upper
inset shows that GOD free graphene FET is not responsive to 10 mM glucose. The
lower inset shows the response curve of the graphene FET to glucose fitted by an
exponential function.205 Reproduced from ref. 205 with permission.
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of NADH has been extensively investigated with the aim to
dehydrogenase based biodevices. However, the high over-
potential at bare GC electrode restricts its electrochemical
detection due to the slow electron transfer and electrode
fouling.190 Shan et al.191 reported a low potential NADH detec-
tion by designing an ionic liquid functionalized graphene
(IL–graphene) biosensor. The NADH amperometric response at
such a modied electrode was more stable (95.4% and 90% of
the initial activity remaining aer 10 and 30min at 1 mMNADH
solution) than that at bare electrode (68% and 46%). Moreover,
the IL–graphene modied electrode exhibited good linearity
from 0.25 to 2 mM and a high sensitivity of 37.43 mAM�1 cm�2.
This biosensor also showed rapid and highly sensitive amper-
ometric response to ethanol with a low detection limit (5 mM).191

Lin et al.189 prepared a NADH sensor through noncovalent
functionalization of graphene with water soluble electroactive
methylene green. The oxidation peak of NADH at a bare GC
electrode occurred at +0.55 V. However, it decreased to
+0.40 and +0.14 V, respectively for electrodes of chemically
modied graphene (CRG) and CRG functionalized with meth-
ylene green.

Ascorbic acid (AA), dopamine (DA) and uric acid (UA). Keeley
et al.192 prepared an AA sensor using graphene based electrodes
by immobilizing graphene nano-sheets on pyrolysed photore-
sist lm. This sensor was effective in the detecting range of
0.4 to 6.0 mM, with a 0.12 mM detection limit. The selectivity of
the sensor was demonstrated using a commercially available
vitamin C supplement.

Dopamine (DA), a simple organic chemical in the cate-
cholamine family, is a monoamine neurotransmitter, which
plays a signicant role in the function of human metabolism.
Since graphene is electroactive to both AA and DA, it is still a
challenge to detect DA in the presence of AA. However, it is
important to develop sensitive sensors for the determination
of DA without the interference by AA. Recently, Kim et al.194

developed a biosensor based on graphene modied GCE. The
modied electrode exhibited capability in selective detection
of DA in a sufficient amount of AA (1 mM). The observed linear
range for the determination of DA concentration was from 4
to 100 mM. The detection limit was estimated to be 2.64 mM.
Tan et al.195 reported a nanomolar detection of DA in the
presence of AA by using a b-cyclodextrin/graphene nano-
composite modied carbon electrode. This novel electrode
showed low detection limit (5.0 nM), broad linear range (9.0 �
10�3–12.7 mM), along with good ability to suppress the back-
ground current from large excess AA. Mao et al.193 synthesized
a novel composite electrode of graphene sheet/Congo red-
molecular imprinted polymers (GSCR-MIPs) via free radical
polymerization and applied as a molecular recognition
element to construct DA electrochemical sensors. The selec-
tive detection of DA in a linear concentration range of 1.0 �
10�7–8.3 � 10�4 M was obtained, which revealed a lower
detection limit and wider linear response compared to some
previously reported DA electrochemical MIPs sensors.196–198

The selective detection of DA over AA and epinephrine (EP)
was presented in Fig. 29.193 Besides, the new DA electro-
chemical sensor exhibited excellent repeatability, which
22808 | RSC Adv., 2013, 3, 22790–22824
expressed a relative standard deviation of 2.50% for
30 repeated analyses of 20 mM DA.

TiO2/graphene was also prepared via hydrothermal method
and used to modify the GCE for selective DA detection.179 The
electrode exhibited remarkable electron transfer kinetics and
electrocatalytic activity toward the oxidation of DA. The
common interfering agent such as AA was signicantly sup-
pressed at this modied electrode, which resulted in good
selectivity and sensitivity for electrochemical sensing of DA.
Besides, Cu2O/graphene nanocomposites were also synthesized
via reduction of copper(II) in ethylene glycol.199 The nano-
composite modied GCE displayed high electrocatalytic activity
in giving an oxidation peak current that is proportional to the
concentration of DA in the range from 0.1 to 10 mM, with a
detection limit of 10 nM (S/N ¼ 3).

Simultaneous determination of AA and DA has been repor-
ted by using Pt/ionic liquid/graphene nanocomposite modied
electrode.200 The difference between the two peak potentials of
AA and DA oxidation was over 200 mV, which led to the dis-
tinguishing of AA from DA. The Pt/ionic liquid/graphene sensor
in real sample analysis was also examined in human urine
samples. Three independent oxidation peaks appear in urine
sample containing AA and DA. A similar Pt/graphene modied
GCE was created to simultaneously characterize AA, DA, and UA
levels.201 In the simultaneous detection of the three aforemen-
tioned analytes using CV, the electrochemical potential
This journal is ª The Royal Society of Chemistry 2013
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differences among the three detected peaks were 185 (AA to DA),
144 (DA to UA), and 329 mV (AA and UA), respectively. In
comparison to the CV results of bare GC and graphene-modied
GC electrodes, the large electrochemical potential difference
that is achieved via the use of the Pt/graphene nanocomposites
was essential to the distinguishing of these three analytes.

The electrochemical detection of UA has been studied using
poly-(diallyldimethylammonium chloride) (PDDA)-protected Au
nanoparticles/graphene nanosheets (PDDA–Au/graphene)
nanocomposites modied GCE.202 PDDA–Au/graphene gave
better performance for UA than Au/graphene obtained by
adsorption, and the anodic peak current of UA obtained by
cyclic voltammetry increased 102.1-fold in comparison to bare
GCE under optimizing conditions. Differential pulse voltam-
metry was used to quantitatively determine UA. The linear range
of UA was from 0.5 to 20 mM and the detection limit was 0.1 mM
(S/N ¼ 3) with a high sensitivity of 103.08 mA mM�1 cm�2. Hong
et al. prepared a similar Au/graphene nanocomposite by using
1-pyrene butyric acid functionalized graphene (PFG).203 The
linear range of UA was measured to be 2.0 � 10�6 to 6.2 �
10�5 M with a detection limit of about 2 � 10�7 M at a S/N ¼ 3.

Glucose and glucose oxidase (GOD). Glucose is an important
carbohydrate in biology, cells use it as the primary source of
energy and a metabolic intermediate. Keeping the blood sugar
(glucose) as close to normal as possible is very important to
people who is suffering from diabetes since it helps to reduce
the risk of long-term complications of diabetes. Therefore,
portable devices based on advanced sensing techniques are in
great demand for better monitoring and controlling of blood
sugar level.

Enzymatic: Shan et al.204 constructed a novel poly-
vinylpyrrolidone-protected graphene/polyethylenimine-func-
tionalized ionic liquid (PFIL)/GOD electrochemical biosensors,
which achieved a direct electron transfer of GOD, maintained
its bioactivity and showed potential applications for fabricating
novel glucose biosensors with linear glucose response from 2 to
14 mM. Normally, the blood glucose level is maintained
between about 4 and 6 mM. Therefore, the linear glucose
response from 2 to 14 mM based on this novel graphene–PFIL
modied electrode was enough and suitable for its practical
applications in determining blood sugar concentration.204

Huang et al.205 demonstrated the use of large-sized CVD grown
graphene lms congured as eld-effect transistors (FET) for
Fig. 31 (a) SEM image of PtNi/graphene nanocomposite, (b) magnified SEM image
successive addition of 0.5, 1.0, and 2.0 mM glucose and the calibration curve (inser

This journal is ª The Royal Society of Chemistry 2013
real-time biomolecular sensing. Glucose molecules were
detected by the conductance change of the graphene transistor
as the molecules were oxidized by the glucose oxidase enzyme
functionalized onto the graphene lm. GOD was immobilized
onto graphene lm via a linker molecule (1-pyrenebutanoic acid
succinimidyl ester), which on one end rmly attached to the
graphene surface through p–p interaction with a pyrene group
and on the other end covalently reacted with the amino group
on the enzyme by an amide bond, Fig. 30(A). In a typical
experiment shown in Fig. 30(B), an obvious increase of current
was observed when glucose was added to the recording
chamber.205 Wang et al.206 reported a facile strategy to prepare
N-doped graphene by using nitrogen plasma treatment of gra-
phene synthesized via a chemical method and used this mate-
rial as biosensors for glucose detecting. This nitrogen doping
played a critical role in regulating the electronic properties of
graphene and showed fast direct electron transfer kinetics for
GOD and the detecting limit of glucose was as low as 0.01mM in
the presence of UA and AA interferences. GOD/graphene/chi-
tosan nanocomposite modied GCE207 exhibited a wider line-
arity range from 0.08 to 12 mM glucose with a detection limit of
0.02 mM and much higher sensitivity (37.93 mA mM�1 cm�2) as
compared with other nanostructured supports. The excellent
performance of the biosensor was attributed to large surface-to-
volume ratio and high conductivity of graphene, and good
biocompatibility of chitosan, which enhanced the enzyme
absorption and promoted direct electron transfer between
redox enzymes and the surface of electrodes. Wu et al.180

prepared a bionanocomposite lm consisting of GOD/Pt/gra-
phene/chitosan for glucose sensing. With the electrocatalytic
synergy of graphene and Pt nanoparticles to hydrogen peroxide,
a sensitive biosensor with a detection limit of 0.6 mM glucose
was achieved. The biosensor also had good reproducibility,
long-term stability and negligible interfering signals from AA
and UA. GOD/Au/graphene208 was also synthesized for obtaining
glucose biosensors, which exhibited a linear sensing response
upto 30 mM with an excellent detection limit of 1 mM.

Nonenzymatic: besides the enzymatic glucose biosensors
mentioned above, nonenzymatic biosensors were also devel-
oped. For example, Gao et al.181 synthesized PtNi alloy/graphene
nanocomposites via a facile one-step ultrasonication assisted
electrochemical method and explored their applications for
highly selective nonenzymatic glucose detection, Fig. 31(a–c).
s of (a) and (c) typical amperometric response of PtNi/graphene modified GCE to
t).181 Reproduced from ref. 181 with permission.
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Fig. 32 (A) DPVs at the GC electrode for G (blue), A (orange), T (violet), and C
(magenta), respectively. (B) DPVs at the graphite/GC electrode for G (blue), A
(orange), T (violet), and C (magenta), respectively. (C) DPVs at the RGO/GC elec-
trode for G (blue), A (orange), T (violet), and C (magenta), respectively. (D) DPVs
for a mixture of G, A, T, and C at RGO/GC (green), graphite/GC (red), and GC
electrodes (black). (E) DPVs for ssDNA at RGO/GC (green), graphite/GC (red), and
GC electrodes (black). (F) DPVs for dsDNA at RGO/GC (green), graphite/GC (red),
and GC electrodes (black). Concentrations for different species (A–F): G, A, T, C,
ssDNA or dsDNA: 10 mg mL�1. Electrolyte: 0.1 M pH 7.0 PBS.53 Reproduced from
ref. 53 with permission.
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The current response of the sensor was linear to
glucose concentration up to 35 mM with a sensitivity of
20.42 mA cm�2 mM�1 at a substantially negative potential (i.e.,
Fig. 33 Schematic of the protocol and Nyquist plots, �Zi vs. Zr, of the graphene sur
and negative control with a noncomplementary sequence (black) (concentration of
measurements were performed in 0.1 M PBS buffer solution containing 10 mM K3[

22810 | RSC Adv., 2013, 3, 22790–22824
�0.35 V). Operation under this potential eliminated the impact
from the oxidation of common interfering species. This sensor
with excellent sensitivity and selectivity also allowed for the
reproducible detection of glucose in human urine samples.
Palladium (Pd)/graphene nanocomposite also showed a very
high electrochemical activity for electrocatalytic oxidation of
glucose in alkaline medium.209 The constructed biosensors were
applied to the quantication of glucose with a wide linear range
covering from 10 to 5 mM (R ¼ 0.998) with a low detection limit
of 1 mM. The experiment results also showed that the sensors
exhibited good reproducibility and long term stability, as well as
high selectivity with no interference from other potential
competing species.

DNA, protein and cell. Sensitive, selective, rapid, and cost
effective analysis of biomolecules is important in clinical diag-
nosis and treatment. There is enormous need for sensitive and
selective detection of single nucleotide polymorphism of a DNA
strand as this issue is related to many major diseases and
disorders, such as Parkinson's and Alzheimer's disease. Zhou
et al.53 prepared a RGO modied GCE (RGO/GCE) electrode for
labeling free electrochemical detection of four DNA bases
(guanine (G), adenine (A), thymine (T), and cytosine (C)) in both
the single-stranded DNA (ssDNA) and double-stranded DNA
(dsDNA) at physiological pH without a prehydrolysis step.
Differential pulse voltammetry (DPV) of G, A, T, and C was
studied at GC, graphite/GC, and CRGO/GC electrodes at pH 7.0,
Fig. 32(A–F).

Oxygenated defects on graphene play a signicant role on
biosensing.210 Anodized epitaxial graphene, consisting of
oxygen-related defects, is a superior biosensing platform for the
detection of nucleic acids, UA, DA, and AA. Mixtures of nucleic
acids (A, T, C, G) or biomolecules (AA, UA, DA) can be resolved as
individual peaks using DPV. In fact, an anodized EG voltam-
metric sensor can realize the simultaneous detection of all four
DNA bases in dsDNA.210 Graphene modied electrode with an
additional electrodepositing prussian blue (PB) layer can
enhance the current response of the electrode in DNA
face (gray), hpDNA (blue), complementary target (red), 1-mismatch target (green),
the DNA probes, 1 � 10�5 M; concentration of the DNA target, 3 � 10�8 M). All
Fe(CN)6]/K4[Fe(CN)6].215 Reproduced from ref. 215 with permission.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 34 Fabrication steps of the immunosensor. GC: glassy carbon.218 Repro-
duced from ref. 218 with permission.
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detecion.211 Choi et al.212 synthesized water soluble sulfonated
RGO (SRGO) sheets and combined with DNA to form hybrids
(SRGO–DNA) for the fabrication of electrical DNA sensors. The
high sensing performance of SRGO–DNA sensors was demon-
strated with the detection of DNA hybridization using comple-
mentary DNAs, single base mismatched DNAs, and
Fig. 35 Fluorescence images of (A) the perylene tetracarboxylic acid/graphene/a
treatment with 5 mM cDNA; (C) after regeneration of the surface, then treated w
reusable aptamer/graphene-based aptasensor. The sensor is constructed based on
AS1411 and its complementary DNA are used as a nanoscale anchorage substrate

This journal is ª The Royal Society of Chemistry 2013
noncomplementary DNAs, with results showing higher sensi-
tivity and lower detection limit than those of RGO-based DNA
sensors. These materials provided an effective way for electrical
detection of DNA hybridization using miniature sensors
without the labor-intensive labeling of the sensors and complex
measurement equipments. Huang et al.213 studied the sensing
behavior of carboxylic acid functionalized graphene (graphene–
COOH) towards adenine and guanine in DNA. On graphene–
COOH modied electrodes, both adenine and guanine showed
and increased oxidation peak currents with a negative shi of
the oxidation peak potentials in contrast to that on the bare
GCE. The modied electrode exhibited simultaneous detection
of adenine and guanine with the peak separation as 0.334 V.
The detection limit for individual determination of guanine and
adenine was 5.0 � 10�8 and 2.5 � 10�8 M (S/N ¼ 3), respec-
tively. Recently, graphene-based single-bacterium resolution
biodevices and DNA transistors have been developed and the
sensitivity and specicity can be tuned through surface modi-
cation, polarity and morphology control.214 Besides the CV and
DPV techniques that have been widely used as general tools for
the electrochemical biosensing, impedimetric sensing tech-
nique has been developed recently for rapid detection of single
nucleotide polymorphism, which is correlated to the develop-
ment of Alzheimer's disease.215 Fig. 33 shows the Nyquist plots
obtained in a whole impedimetric experiment and a general
scheme of the graphene-based sensing platform.
ptamer surface treated with HeLa cells; (B) on-demand release of the cells after
ith HeLa cells; (D) on-demand release again. (E) Schematic representation of the
graphene-modified electrode and the first clinical trials II used aptamer, AS1411.
to capture/release cells.220 Reproduced from ref. 220 with permission.

RSC Adv., 2013, 3, 22790–22824 | 22811
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Fig. 36 (a) TEM image of Fe@Fe2O3/graphene nanocomposites showing the
core@shell structure with a shell thickness about 5 nm,19 (b) TEM image of Fe3O4/
graphene nanocomposites.18 Reproduced from ref. 18 with permission.
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Nanocomposites also get involved in biosensing with
enhanced performance. Bo et al.216 prepared PANI-NW/gra-
phene composite modied GCE for DNA detection. The result-
ing PANI-NW/graphene exhibited good DPV current response
for the complementary DNA sequences. The biosensor exhibi-
ted a fast amperometric response, high sensitivity and good
storage stability for monitoring DNA. The current response of
the sensor increased linearly with the concentration of target
from 2.12 � 10�6 to 2.12 � 10�12 M with an extremely low
detection limit of 3.25 � 10�13 M.216 Au nanoparticles were
electrodeposited on the graphene/GCE with the aim to amplify
the electrochemical signals.217 The electrochemical responses of
guanine (G), adenine (A), thymine (T) and cytosine (C) were
investigated at Au/graphene/GCE, which showed more favor-
able electron transfer kinetics than at graphene/GCE, demon-
strating the signicantly synergistic electrocatalytic effect of
graphene and Au nanoparticles. Synthetic sequence-specic
DNA oligonucleotides were successfully detected and the
established immobilization-free biosensors had the ability to
discriminate single- or double-base mismatched DNA.

Wei et al.218 constructed an immunosensor by immobilizing
anti-alpha fetoprotein (anti-AFP) on graphene sheet and thionine
modied GCE. The sensor fabrications were schematically illus-
trated in Fig. 34. Tests relating to the detection of AFP demon-
strated that the sensors exhibited high sensitivity, wide linear
range (0.05–2.00 ngmL�1), low detection limit (5.77 pgmL�1) and
good long-term stability. TiO2/graphene219 nanocomposite
modied GCE has been applied for electrochemical sensing of
adenine and guanine. Signicantly improved electrocatalytic
activity and voltammetric response of TiO2/graphene was
observed comparing with that at the graphene. The TiO2/gra-
phene based electrochemical sensors exhibited wide linear range
of 0.5–200 mM with detection limit of 0.10 and 0.15 mM for
adenine and guanine detection, respectively. The excellent
performance of this electrochemical sensor was attributed to the
high adsorptivity and conductivity of the TiO2/graphene nano-
composite, which provided an efficient microenvironment for the
electrochemical reaction of these purine bases.

For cell detection, a label-free cancer cell electrochemical
detection based on the rst clinical trial II used aptamer AS1411
and functionalized graphene has been developed.220 The sche-
matic illustration of the reusable aptamer/graphene-based
aptasensor is shown in Fig. 35. By taking advantages of AS1411
high binding affinity and specicity to the overexpressed
nucleolin on the cancer cell surface, the developed electro-
chemical aptasensor can distinguish cancer cells and normal
ones and detect as low as one thousand cells. With DNA
hybridization technique, this DNA sensor can be regenerated
and reusable for cancer cell detection.220
4.5 Environmental remediation

Water pollution has been a critical issue for over a decade due to
the over exploring of natural resources and uncontrolled release
of toxic pollutants (heavy metal ions, organic dyes, herbicides,
pesticides and etc.). The unique surface chemistry and large
specic surface area of graphenemake it an attractivematerial for
22812 | RSC Adv., 2013, 3, 22790–22824
water purication, especially with a surface coating of functional
nanostructures. Here, graphene and GNCs based adsorbents for
heavy metal removal and photocatalysts for organic dye degra-
dation are discussed separately.

4.5.1 Heavy metal removal. Rapid industrialization has led
to an increased discharged wastewater containing heavy metals
(Cr, Cd, Hg, Pb, As, Co and Cu), which have detrimental effects
on the environment and human health. Graphene and GO, with
a large dimension in XY plane reaching several micrometers
and extremely thin thickness (nanometer) in Z-axis, have large
specic surface area and show promising applications as effi-
cient adsorbents for heavy metal removal from polluted water.

Few-layered GO nanosheets were synthesized and used as
sorbents for the removal of Cd(II) and Co(II) ions from aqueous
solutions.221 The abundant oxygen-containing functional groups
on the surfaces of GO nanosheets played an important role on
Cd(II) and Co(II) sorption. The maximum sorption capacities of
Cd(II) and Co(II) on graphene oxide nanosheets at pH ¼ 6.0 � 0.1
and T ¼ 303 K reached up to 106.3 and 68.2 mg g�1, respectively.
Yang et al. reported a huge Cu(II) absorption capacity of GO via an
aggregation process.222 The Cu(II) caused GO sheets to be folded
and also to form large aggregates, which were most likely trig-
gered by the coordination between GO and Cu(II). GO has a huge
adsorption capacity for Cu(II), which was around 10 times of
active carbon. For Hg(II) adsorption, GO was covalently modi-
ed with thiol groups by diazonium chemistry, and the modi-
ed GO adsorbs 6-fold higher concentration of aqueous Hg(II)
than the unmodied GO.223

Arsenic is known for its toxicity and carcinogenicity to human
beings. Arsenic can exit in both inorganic and organic forms. In
general, inorganic arsenic compounds are more toxic than
organic arsenic compounds, and arsenite [As(III)] is considerably
more mobile and toxic than arsenate [As(V)].224 Arsenate (i.e.,
HAsO42�) is the primary anion in the aerobic surface water and
arsenite (i.e., H3AsO3 or H2AsO

3�) is the primary species in the
ground water. Functionalized graphene sheets (hydrogen
induced exfoliation of GO followed by functionalization) were
used as adsorbents for simultaneous removal of inorganic species
of arsenic (both trivalent and pentavalent) with high concentra-
tions.225 The maximum adsorption capacities, using Langmuir
isotherm, for arsenate and arsenite were found to be nearly 142
and 139mg g�1, respectively. GNCs decorated withmetal oxide or
metal hydroxides were also synthesized for fast arsenic adsorp-
tion. Recently, Fe@Fe2O3/graphene nanocomposite has been
synthesized from a facile thermal decomposition method,
This journal is ª The Royal Society of Chemistry 2013
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Fig. 37 (a) Low magnification, and (b) high magnification TEM images of TiO2

nanocrystals grown on GO sheets.237 Reproduced from ref. 237 with permission. Fig. 39 Degradation of RhB (a) over Au/RGO in the dark, and (b) without
catalyst, over (c) RGO, (d) P25, (e) Au/P25 and (f) Au/RGO under visible light
irradiation.239 Reproduced from ref. 239 with permission.
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Fig. 36(a).19 The nanocomposite showed a signicantly higher
adsorption capacity (11.34 mg g�1) than the other adsorption
values reported on the conventional iron oxide based adsorbents
(�1 mg g�1). Besides, the nanocomposites exhibited a strong
magnetization and can be magnetically separated from the liquid
mixture by a permanent magnet aer adsorption. Fe3O4/gra-
phene nanocomposites, Fig. 36(b), exhibited a high binding
capacity for both As(III) and As(V) and showed near complete (over
99.9%) arsenic removal within 1 ppb.18 Fe(OH)3/GO composites
were synthesized and evaluated as adsorbents for arsenate
removal.226 95% arsenate can be adsorbed by the composite from
water (concentration of arsenate is 51.14 ppm) with an adsorption
capacity of 23.78 mg g�1. This material demonstrated its effective
arsenate removal in a wide range of pH from 4 to 9. For Cr(VI)
adsorption, a core@double–shell (crystalline Fe as the core, Fe2O3

as the inner shell and amorphous Si–S–O compound as the outer
shell) structure has been decorated on graphene sheet for fast
Cr(VI) adsorption.17 The nanocomposite has shown an extremely
fast Cr(VI) removal from polluted water (within 5 min) with a high
removal efficiency (1.03 mg g�1).

4.5.2 Organic dye adsorption/degradation
Adsorption. Fe3O4/graphene nanocomposites were used as

efficient adsorbents for organic dye removal, which were
synthesized from solvothermal227 and in situ coprecipitation228

processes. The solvothermal synthesized Fe3O4/graphene
exhibited excellent removal efficiency for Rhodamine B (RhB,
>91%) and malachite green (>94%) and could be rapidly sepa-
rated from aqueous solution by an external magnetic eld. The
Fig. 38 (A) A scheme showing the preparation of samples SnO2/RGO and TiO2/RG
(e) SnO2/RGO, (f) TiO2/RGO-400, and (g) SnO2/RGO-400.238 Reproduced from ref. 2

This journal is ª The Royal Society of Chemistry 2013
real industrial waste water and lake water tests revealed its
efficiency for removing dye pollutants.227 The adsorption
performance of coprecipitated Fe3O4/graphene was tested using
an organic dye fuchsine as the adsorbate. And a very high
maximum adsorption capacity of 89.4 mg g�1 was achieved.228

Photodegradation. Photodegradation process of organic
pollutants has attracted increasing attention during the past
decades. Among various strategies, TiO2-based materials have
been the most promising candidates for photocatalytic decon-
tamination.229 Particularly, the composites of TiO2 and carbon
were currently being considered as potential photocatalysts in
the purication of air and water.230–233

TiO2 (P25)/graphene composite can be prepared from phys-
ical mixing234 or hydrothermal reaction.76,234,235 In the visible
light photocatalytic degradation of methylene blue (MB), about
70%MB was degraded by using P25/graphene composite aer 5
h irradiation. In contrast, only 10% MB was degraded for pure
P25.234 TiO2 sheets/graphene composites with large fraction of
exposed anatase TiO2 (001) facets were fabricated via molecular
graing method.236 In comparison with commercial P25 and
TiO2 nanosheets, the composite exhibited signicant improve-
ment in photocatalytic degradation of the azo dye Rhodamine B
(RhB) under visible light irradiation. The enhancement of
photocatalytic activity and stability was attributed to the effec-
tive charge anti-recombination of graphene and the high cata-
lytic activity of (001) facets. Graphene composites decorated
O. (B) Degradation of RhB (a) without catalyst, with (b) RGO, (c) TiO2/RGO, (d) P25,
38 with permission.

RSC Adv., 2013, 3, 22790–22824 | 22813
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Fig. 40 (a) Snapshots showing flame treatments on RGO film with intervals of 3 to 4 s. The film was first exposed to a natural gas flame for a few seconds. The burned
part turned red hot but didn't propagate, and was quenched after the flame was removed. No combustion occurred even after multiple flame treatments, clearly
showing the high thermal stability of RGO. (b) Snapshots showing flame treatment on a RGO contaminated with KOH salts (1 wt%). The flame immediately triggered
the self-propagating combustion in the film, which suggests that potassium salts can significantly reduce the thermal stability of RGO. Time intervals between the
frames are 0.32 s, 1.82 s, 2.5 s, 2.5 s and 2.5 s, from left to right.250,253 (c) Photographs of the MMT–RGO hybrid films (with initial thickness of 0.05 mm) exposed to open
flame. (d) Digital image showing the MMT–RGO hybrid film after flame treatment.251 Reproduced from ref. 251 with permission.

RSC Advances Review

Pu
bl

is
he

d 
on

 1
1 

Se
pt

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 1

0/
06

/2
01

6 
21

:1
7:

21
. 

View Article Online
with highly crystalline anatase TiO2 (Fig. 37) also demonstrated
superior photocatalytic activity in degradation of RhB over other
TiO2 materials, showing an impressive 3-fold photocatalytic
enhancement over P25.237

RGO was modied with SnO2 and TiO2 via a direct redox
reaction between the GO and the reactive cations Sn2+ and Ti3+,
respectively, forming SnO2/RGO and TiO2/RGO composites,
Fig. 38(A).238 The photocatalytic activity of both composite
samples was evaluated using the degradation of RhB under
visible light irradiation. RhB was observed to be very stable
under visible light irradiation without the presence of a pho-
tocatalyst, Fig. 38(B). It was slightly degraded in the presence of
RGO. However, in the presence of catalysts SnO2/RGO and TiO2/
RGO, the degradation was remarkably enhanced with rate
constants of about 6.2 � 10�3 min�1 for SnO2/RGO and 3.6 �
10�3 min�1 for TiO2/RGO, signicantly higher than that of RGO
(3.9 � 10�4 min�1). In addition, photocatalyst SnO2/RGO per-
formed better than and TiO2/RGO and commercial product
P25.238

Besides the widely studied TiO2 nanostructures, other metals
and metal oxides were also integrated on graphene surface to
form high performance nanocomposites for organic dye
degradation. Au/graphene nanocomposites have been
prepared239,240 and have shown even greater RhB degradation
performance as compared to TiO2, Fig. 39, due to the following
features: (1) high adsorption ability toward organic dyes, (2)
22814 | RSC Adv., 2013, 3, 22790–22824
strong p–p interaction with dye chromophores, (3) efficient
photosensitized electron injection, and (4) slow electron
recombination.239 Recently, ZnO/graphene (ZGC) was synthe-
sized via a chemical deposition route and the corresponding
RhB degradation performance under UV and visible light was
investigated.241 Enhanced photocatalytic activity was obtained
for the ZGC due to the interaction between the graphene sheets
and the ZnO nanoparticles. When compared with ZnO, ZGC
exhibited efficient photosensitized electron injection and slow
electron recombination. The application of ZGC has been
extended to remove RhB dye molecules from water by using
ZGC as ltration membranes, where the ZGC exhibited a higher
efficiency than graphene and ZnO.241
4.6 Flame retardant polymer nanocomposites

Polymers are inherently ammable due to its organic nature.
Reducing the ammability of polymers is essentially important
in the elds of electronics, construction materials, vehicles and
etc. Nanoclays seem to be a good option because heat release
rate (HRR) and mass loss rate (MLR) can be tremendously
reduced compared to neat polymers.242–245 However, the main
disadvantage of clay/polymer nanocomposites is that they do
not extinguish and burn slowly until most of the fuel has been
burnt. As a result, these materials by themselves are unable to
meet the requirements of the ignition resistance tests
This journal is ª The Royal Society of Chemistry 2013
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Fig. 41 Flammability properties of B0 and B1 to B4 evaluated with a cone calorimeter at an incident heat flux of 50 kWm�2: (a) HRR and (b) MLR. B0: neat polyamide
6, B1: polyamide 6/POSS (85/15), B2: polyamide 6/organoclay (85/15), B3: polyamide 6/POSS/organoclay (70/15/15), and B4: polyamide 6/GO (85/15) nano-
composite.257 Reproduced from ref. 257 with permission.
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(e.g. vertical burning UL94 test). Besides, carbon based mate-
rials, such as carbon nanotubes246–248 and fullerene,249 were
investigated to reduce the ammability of polymeric materials
by inhibiting this vigorous bubbling process in the course of
degradation during combustion. In recent years, GO and gra-
phene as effective ame retardant llers in polymers have been
studied and the current progress in this area has been
summarized and discussed.

Although high purity graphene is quite stable against
combustion even in a natural gas ame, its thermal stability is
signicantly reduced when contaminated with potassium salt
by-products le from GO synthesis, Fig. 40(a & b). In particular,
the contaminated GO became highly ammable. A gentle touch
with a hot soldering iron can trigger violent, catastrophic, total
combustion of such GO lms, which posed a serious re
hazard.250 Recently, Zhang et al. reported a simple and efficient
method to fabricate exible multifunctional free-standing
montmorillonite–RGO (MMT–RGO) hybrid lms via vacuum
ltration.251 Aqueous colloidal dispersion of RGO, stabilized by
MMT nanoplatelets with variable contents of RGO, has been
obtained by direct reduction of GO in the presence of exfoliated
MMT nanoplatelets. The MMT–RGO hybrid lms show excel-
lent exibility, electrical conductivity and re-retardant prop-
erties, Fig. 40(c & d).251 Besides, surface modication on GO
sheets with organics such as 2-amino-4,6-didodecylamino-1,3,5-
triazine (ADDT) has been demonstrated as an effective
approach to enhance the ame retardancy of GO.252 The
reduced MLR along with enhanced residue formation indicated
a signicant improvement in thermal stability for GO/ADDT
compared to GO. Moreover, good solubility of GO/ADDT in
organic solvents suggested the potential of GO/ADDT as a ame
retardant nano-additive for polymeric systems.

GO with different oxidation states were examined as re
retardants of epoxy resin. It has been revealed that excessive
oxidation was detrimental to the re retardant effect of GO
because it generated a weak GO with reduced intumescent
ability.254 Guo et al. prepared graphene, GO, and organic
phosphate functionalized GO (FGO) from expandable graphite
and incorporated into epoxy resin via in situ polymerization to
prepare epoxy based composites.102 The thermal behavior
indicated the graphene/epoxy composites show the highest
This journal is ª The Royal Society of Chemistry 2013
onset temperature and maximum weight loss temperature
compared with those added with GO and FGO. The ame
retardant properties investigated by micro combustion calo-
rimeter illustrate that both graphene/epoxy and FGO/epoxy
composites perform better than GO/epoxy composites in ame
retardant properties with a maximum reduction of 23.7% in
peak HRR when containing 5 wt% FGO and a maximum
reduction of 43.9% at 5 wt% loading of graphene.102 Liao et al.
graed 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) onto GO sheets (DOPO–RGO) and integrated as ller in
epoxy matrix.255 The ame retardancy and thermal stability of
DOPO–RGO/epoxy nanocomposites containing various weight
fractions of DOPO–RGO were investigated by the limiting
oxygen index (LOI) test and thermogravimetric analysis (TGA) in
nitrogen. Signicant increases in the char yield and LOI were
achieved with the addition of 10 wt% DOPO–RGO in epoxy,
giving improvements of 81 and 30%, respectively. DOPO–RGO/
epoxy nanocomposites with phosphorus and graphene layer
structures were found to contribute to excellent ame retard-
ancy compared to that of neat epoxy. Therefore, the synergistic
effect of DOPO–RGO is quite useful, and this material can be
utilized as a potential ame retardant. Most recently, Wang
et al. introduced Ni–Fe layered double hydroxide/graphene
hybrids into epoxy to reduce re hazard in epoxy composites.256

With the incorporation of 2.0 wt% of Ni–Fe LDH/graphene, the
onset thermal degradation temperature of the epoxy composites
was signicantly increased by 25 �C compared to that of pure
epoxy. Also, the addition of Ni–Fe LDH/graphene hybrids
imparted excellent ame retardant properties, evidenced by the
dramatically reduced peak HRR and total heat release values
obtained from micro combustion calorimeter and cone
calorimeter.

Dasari et al. comparatively studied the roles of GO, clay and
polyhedral oligomeric silsesquioxane (POSS) during the
combustion of polyamide 6.257 The HRR andMLR of composites
with different composition were shown in Fig. 41. No
improvements were observed with additional incorporation of
POSS in the organoclay/polyamide 6 nanocomposite. The vol-
uminous expansion of GO during combustion of GO/polyamide
6 composite combined with the physical barrier mechanism
contributed to the signicant reductions of HRR (�60%
RSC Adv., 2013, 3, 22790–22824 | 22815
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Fig. 42 (a) Digital photographs of char, and Cone calorimeter test results of (b) HRR curves, (c) THR curves, (d) CO2 yield; and (e) CO yield.264 Reproduced from ref. 264
with permission.

Fig. 43 Photos of char residues of samples after combustion: (a) PBS, (b) PBS-1
(PBS/IFR/GNS¼ 80/20/0), (c) PBS-2 (PBS/IFR/GNS¼ 80/19.5/0.5), (d) PBS-3 (PBS/
IFR/GNS ¼ 80/19/1), and (e) PBS-4 (PBS/IFR/GNS ¼ 80/18/2).265 Reproduced
from ref. 265 with permission.
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compared to neat polyamide 6) and MLR, and delayed the
burning even slightly better than the organoclay
nanocomposites.

Graphene has been demonstrated as effective ame retar-
dant ller in PVA as well. Graphene/PVA nanocomposites
prepared from solution blending method showed excellent
ame retardant behavior with a signicant reduction in peak
HRR (49% reduction with 3 wt% graphene) and a much longer
time to ignition.258 The coexistence of melamine polyphosphate
(MPP) and graphene in PVA lead to an even more signicantly
reduced ammability for the nanocomposites. PVA composites
22816 | RSC Adv., 2013, 3, 22790–22824
lled with 10 wt% MPP and 1 wt% graphene (PVA/G1/MPP10)
achieved the LOI value of 29.6 and UL-94 V0 grade. Compared to
pure PVA, the peak HRR of PVA/G1/MPP10 was reduced by
about 60%.259

Cao et al. graed polypropylene on GO sheets (PP-g-GO) to
improve the compatibility of immiscible PP/polyphenylene
oxide (PP/PPO, 90/10) blends.260 With 0.5 wt% of PP-g-GO into
immiscible PP/PPO blends, the dispersion of the minor phase
(PPO) was remarkably improved without visible agglomerates.
Moreover, PP-g-GO acted as effective llers for enhancing the
ame retardancy of PP/PPO blends. GO and graphene has been
also demonstrated effective ame retardant llers in
poly(piperazine spirocyclic pentaerythritol bisphosphonate)
(PPSPB),261 polycarbonate (PC), acrylonitrile butadiene styrene
(ABS), high-impact PS,262 and polyurethane acrylate (PUA).263

A novel strategy based on functionalized GO was developed
to overcome the challenge of graphene in its burn out limits.264

GO was functionalized with char-catalyzing agents and reactive
compounds and incorporated into PS. When FGO/PS compos-
ites were degraded or burned, FGO catalyzed the char formation
from polystyrene (Char A). Char A protected FGO from burning
out and then FGO acted as a graphitic char (Char B). Because of
the combination of Char A, Char B, the physical barrier effects
of FGO, and the strong interfacial interactions of FGO and
polymers, the re safety properties of the FGO–polystyrene
composites were improved, including increased char formation
This journal is ª The Royal Society of Chemistry 2013
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Fig. 44 Pressurizing graphene membranes (a) two optical images showing graphene flakes with regions of 2–5 suspended layers (top) and 1 and 3 suspended layers
(bottom). The arrays of microcavities in the SiO2 substrate can also be seen. (b) Schematic illustration of a graphene-sealed microcavity before it is placed in the pressure
chamber. The pressure inside themicrocavity pint is equal to the external pressure pext, so themembrane is flat. After 4–6 days inside the pressure chamber, pint increases
to p0. (c) When the microcavity is removed from the pressure chamber, the pressure difference across the membrane causes it to bulge upward and eventually
delaminate from the substrate, causing the radius a to increase. (d) Three dimensional rendering of an AFM image showing the deformed shape of a monolayer
graphenemembranewithDp¼ pint� pext¼ 1.25MPa. (e) Deflection versus position asDp is increased from 0.145MPa (black) to 1.25MPa (cyan). The dashed black line
is the shape obtained fromHencky's solution for Dp¼ 0.41 MPa. The deflection is measured by an AFM along a line that passes through the centre of the membrane.269

Reproduced from ref. 269 with permission.
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(7 times), Fig. 42(a), decreased peak CO release rate (66%
decrease), decreased peak CO2 release rate (54% decrease),
decreased peak HRR (53% decrease), decreased thermal
degradation rate (30% decrease), and decreased total heat
release (THR) (38% decrease), Fig. 42(b–e).264

Flame retardant poly(butylene succinate) (IFRPBS) compos-
ites with enhanced re resistance were prepared using gra-
phene as synergist.265,266 The LOI values increased from 23.0 for
pure PBS to 31.0 for IFRPBS with 20 wt% IFR loading.265 The
addition of graphene further improved the LOI values of the
composites and exhibited excellent antidripping properties,
Fig. 43. The UL-94 V0 materials were obtained with a formula-
tion of 18 wt% IFR and 2 wt% graphene. Melt ow index (MFI)
measurement indicated that the presence of graphene signi-
cantly enhanced the melt viscosity and restrained the melt
dripping.265
Fig. 45 DNA translocation through a graphene monolayer. (a) Translocation of
48 kbp double-stranded l-DNA across a 22 nm nanopore within a graphene
monolayer, showing the baseline conductance (left) and blockade events upon
addition of DNA (right). (b) Examples of translocation events of nonfolded (black),
partially folded (red) and fully folded (blue) DNA molecules recorded at 200 mV.
(c) Conductance histogram of 1222 translocation events, including 1 ms of open-
pore conductance before and after the event. Note that counts in this histogram
correspond to a single current measurement, not to a single event.277 Reproduced
from ref. 277 with permission.
4.7 Graphene membrane

Membranes are widely existed as an essential component in a
variety of physical, chemical, and biological systems, used in
everything from cellular compartmentalization to mechanical
pressure sensing. Graphene, a single layer of graphite, is the
thinnest membrane (one atom in thickness) that still acquires
highly electrical conductivity and excellent chemical inertness.
Recently, researchers started theoretical and experimental
investigation in graphene membrane, including adhesion of
graphene membrane to a substrate, gas and liquid separation
This journal is ª The Royal Society of Chemistry 2013
behaviors in porous graphene membranes, and DNA trans-
location through graphene pores.

Van der walls force plays a signicant role in mechanical
properties when the mechanical structures enters nanoscale
RSC Adv., 2013, 3, 22790–22824 | 22817
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region.267,268 This force clamps graphene samples to substrates,
and also holds together the individual graphene sheets in
multilayer samples. Koenig et al.269 used a pressurized blister
test to directly measure the adhesion energy of graphene sheets
with a silicon oxide substrate (Fig. 44) and found that an
adhesion energy of 0.45 � 0.02 J m�2 for monolayer graphene
and 0.31 � 0.03 J m�2 for samples containing 2–5 graphene
sheets. These values are larger than the adhesion energies
measured in typical micromechanical structures and are
comparable to solid/liquid adhesion energies. Lu et al.270

developed an atomic simulation model to describe single layers
of graphene adhered to a substrate, which showed excellent
agreement with theory and identied the inuence of van der
Walls adhesion energy on membrane decohesion from and/or
sliding along a substrate.

Single layer graphene has been demonstrated to be imper-
meable to standard gases including helium.267 With this
advantage, single layer graphene has been developed into a
trans-electrode membrane utilizing the atomic scale opposing
liquid–solid interfaces together with graphene's well known in-
plane conductivity.271 Although the membranes were only one
to two atomic layers thick, it is found that they were remark-
able ionic insulators with a very small stable conductance that
depended on the ion species in solution. Electrical measure-
ments on graphene membranes in which a single nanopore
has been drilled showed that the membrane's effective insu-
lating thickness was less than one nanometer. This small
effective thickness made graphene an ideal substrate for very
high-resolution, high throughput nanopore-based single
molecule detectors.271 Even though graphene is not permeable,
porous graphene with intentionally introduced pore structure
could be a good candidate for separation applications. Until
now, most of the literature reports were based on theoretical
simulation while experimental work was rarely reported. For
example, Blankenburg et al.272 developed a graphene porous
network through self-assembling of hexaiodo-substituted
macrocycle cyclohexa-m-phenylene using rst principle calcu-
lations. The resulting porous network exhibited an extremely
high selectivity in favor of H2 and He among other atmo-
spheric gases, such as Ne, O2, N2, CO, CO2, NH3, and Ar. He
separation from He/Ne/CH4 was also performed using porous
graphene membrane.273 Jiang et al.274 investigated the perme-
ability and selectivity of graphene sheets with designed sub-
nanometer pores using rst principles density functional
theory calculations. High selectivity on the order of 108 for H2/
CH4 with a high H2 permeance for a nitrogen-functionalized
pore and has been revealed. Meanwhile, they found extremely
high selectivity on the order of 1023 for H2/CH4 for an all-
hydrogen passivated pore whose small width (at 2.5 Å) presents
a formidable barrier (1.6 eV) for CH4 but easily surmountable
for H2 (0.22 eV). Nanopore size and shape of porous graphene
membrane have been studied in H2/N2 separation.275 Small
pore only allowed hydrogen molecules to permeate due to the
size restriction. When the pore size was big enough to allow
nitrogen molecules to permeate without any restriction, more
permeation of nitrogen than that of hydrogen molecules was
observed. When the pore size further increased, the ow of
22818 | RSC Adv., 2013, 3, 22790–22824
hydrogen molecules exhibited linear dependence on the pore
area, while no obvious correlation between nitrogen molecules
and the pore area. Liquid separation (benzene, water and
acetonitrile) by a graphene membrane was also realized via
extensive molecular dynamics simulations.276

Recently, an experimental approach demonstrated that it is
possible to realize and use ultrathin nanopores fabricated in
graphene monolayers for single-molecule DNA translocation.277

The pores were obtained by placing a graphene ake over a
microsize hole in a silicon nitride membrane and drilling a
nanosize hole in the graphene using an electron beam. As
individual DNA molecules translocated through the pore,
characteristic temporary conductance changes were observed in
the ionic current through the nanopore, setting the stage for
future genomic screening, Fig. 45.
5. Conclusions and perspectives

This review summarizes not only the recent progress of gra-
phene applications in research areas including electrochemical
energy storage, thermal energy and solar energy conversion,
electrochemical and biological sensing, polluted water treat-
ment, but also the newly developed research areas such as
ame retardant graphene composites, graphene single layer
membrane for chemical and biomolecule separation. Obvi-
ously, the superior material performance in versatile applica-
tions are taking advantage of the outstanding physiochemical
properties of graphene that include excellent electrical
conductivity, large specic surface area, high mechanical
strength, low manufacturing cost and etc. In current research,
both graphene and graphene composites are designed to
overcome the limitations and achieve revolutionary perfor-
mances with regard to specic applications. To realize multi-
functionalities in a single material as required by certain
applications, graphene nanocomposites decorated with func-
tional groups or nanostructures are well accepted as the major
strategy. However, the major challenge of the hybrid composite
synthesis comes from the different functional groups that exist
at the edge area and basal planes of graphene. When the
graphene surface is exposed for nanostructure growth, a
selective reaction between specic surface groups and nano-
material precursors would occur and result in a non-uniform
distribution. A convenient technique to engineer the graphene
surface for chemically homogeneous functions is in
great demand. The other challenge is the interfacial interac-
tion that bridges the functionalities of individual components
together. Until now, successful combination of graphene and
other nanomaterials with tremendously improved physi-
ochemical properties have been reported from the signicant
amount of recent literatures. However, only few work has
mentioned how the nanostructures are bonded to the gra-
phene surface and effective characterization techniques are
still in demand. The relationship between the interfacial
bonding mode and nal nanocomposite performance needs to
be elucidated.

To further explore the potential of graphene in improving
solar cell energy conversion efficiency, large scale, continuous,
This journal is ª The Royal Society of Chemistry 2013
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highly transparent, conductive and atomic level thickness gra-
phene lm fabrication is the key technique where signicant
research efforts need get involved to develop cost-effective and
highly efficient graphite layer exfoliation technique in the
future. Development in organic synthesis of graphene together
with the well developed chemical vapor deposition technique
provides a possible approach to manufacture the above
mentioned graphene lm, while their strict operation condi-
tions and high manufacturing cost make them difficult to
realize scale-up production. The demonstrated sensitivity of
graphene and GNCs electrodes in detecting explosive chemicals
at ppb level as well as the bio-molecules at a similar sensing
level provides a platform for other sensing applications in the
future including bacterial culturing, virus monitoring, disease
control and etc. However, sensitivity and selectivity are equally
important for reliable sensing devices. In real sample, inter-
ference between co-existing molecules oen occurs to disturb
the real sensing signal. Tremendous fundamental research
need gets involved in this area to design novel graphene
nanocomposites at molecular level and achieve specied
sensing capability to targeting molecules. Cost effective and
environmental benign synthetic methods will be the two major
considerations in developing efficient adsorbents and photo-
catalysts for water purication. There is also a trend that multi-
functionalities will be integrated into one material, which is
able to adsorb heavy metal ions, degrade organic dyes and even
kill the bacterial at the same time from a single step process.
Even though the mechanical reinforcement of graphene in
polymer nanocomposites has not been detailed in this review,
the incorporation of graphene into polymer is an efficient
approach to broaden the function and enhance the perfor-
mance of polymer. However, efficient methods for single layer
dispersion of graphene in these hybrids are very limited
because graphene is very easily aggregated due to their p–p

interaction. Effective interfacial engineering techniques
(chemical modication, plasmon treatment and etc.) and pro-
cessing techniques are still desired for manufacturing high
performance polymer nanocomposites. Gas, liquid and even
biomolecule separation based on single-layer/multi-layers gra-
phene membrane is an ideal model right now and the related
researches are mostly at the simulation stage. Experimentalists
need involve their efforts to design a separation device that is
equipped with atomic thickness graphene membrane and verify
the interesting phenomena that have been proposed by the
theoretical scientists. This article reviews the applications of
graphene and GNCs in a multidisciplinary environment.
However, there are still many unexplored aspects yet to be
investigated in the future.
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