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Carbon has a unique chemistry reflected in its wide 
presence in the inorganic and organic world – 
benzene, diamond, graphite, fullerene, carbon nano-
tubes and now graphene – carbon seems to be at the 
centre of action in the playground of scientific  
research. In this review, synthesis and unique proper-
ties of graphene and graphene-based composites have 
been discussed with particular emphasis on the envi-
ronmentally benign (green) synthetic methods and 
their wide applications, especially in energy conver-
sion, energy storage, electronics, biomedical and bio-
sensing applications. 
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Introduction 

GRAPHENE, also called as ‘super carbon’1, is one-atom 
thick two-dimensional sheet of carbon atoms fashioned in 
a honeycomb lattice and is considered as the future revo-
lutionary material. An exponential growth after 2004 in 
graphene-related research is reflected in the number of 
publications (ISI Web of Knowledge)2. Graphene having 
unique electronic properties like the absence of charge 
localization, half-integer quantum Hall effect, ultrahigh 
mobility in combination with outstanding mechanical 
properties compared to other carbon materials, has  
attracted enormous interest. The electronic properties of 
graphene are derived mainly from the -electrons, which 
make it an ideal 2D system where the -states form the 
valence band and the  * states form the conduction band. 
In the band structure these two bands overlap at six 
points in k-space, which are called as Dirac points (zero 
band gap)3. The conduction electrons in graphene can 
travel near the speed of light and have zero effective mass 
and are also called Dirac fermions. Graphene is hence 
known as a Dirac solid. The other remarkable electrical 
and optical properties are its ballistic transport over 
~ 0.4 m length, high carrier mobility at room tempera-
ture4 (15,000 cm2 V–1 s–1), thermal conductivity1 of 
> 5000 W/(mK), wideband absorption (from visible to 

near-infrared (NIR) regions) as well as good visual trans-
parency5, quantum Hall effect at room temperature and 
single-molecule field-effect sensitivity. Graphene having 
very large surface area6 (theoretical surface area 
~ 2600 m2/g) is effective for sensors, where all the carbon 
atoms can take part in the sensing and interaction with 
foreign molecules/species. Graphene can be considered 
for potential applications in both emerging and conven-
tional fields like field-effect transistors7,8, electrochemical 
devices9, electromechanical resonators, polymer nano-
composites10, batteries, ultracapacitors11, biosensors12 and 
light-emitting devices. Graphene-based flexible conduct-
ing electrodes are important for flexible electronic de-
vices13. They have been applied for organic light-emitting 
diodes (OLED), capacitive sensors in touch-screen dis-
plays and for organic photovoltaic (OPV) devices. Gra-
phene and graphene-based hybrids can be considered as 
potential candidates for replacing Si-based technologies 
due to their extraordinary properties. Outstanding carrier 
mobility, good transconductance of graphene devices,  
ultimate thinness (atomic level) and stability of the  
material are the main attractions of graphene. Graphene 
can be a revolutionary material for living beings as it is 
less toxic14, which can be manipulated chemically and, 
more importantly, it is biodegradable15. The toxicity of 
different forms and hybrids of graphene has been well 
documented14. 
 Graphene has been synthesized by different methods, 
including wet chemical and solid-state methods, chemical 
vapour deposition (CVD), metal-organic chemical vapour 
deposition (MOCVD) and mechanical exfoliation. No-
voselov et al.4 reported a simple mechanical exfoliation 
technique using Scotch Tape to obtain supported single-
layer graphene from graphite. The most followed gram-
scale wet chemical synthesis of graphene from graphite 
powder via oxidation and reduction followed by exfolia-
tion is known as Hummers method16. There are reports of 
graphene synthesis by thermal decomposition of silicon 
carbide (SiC) (solid-state method) and the generation of 
graphene layers on transition metals (CVD method). Lat-
eral size, layer thickness homogeneity and purity are  
important for the high-end applications of graphene in 
electronics and devices17. In most electronic devices,  
indium tin oxide (ITO) has been used due to its low resis-
tance (10–30  sq–1) and high optical transmittance 
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(> 90% at 550 nm)18. Graphene can be a good choice and 
possible replacement of ITO19 as an electrode material as 
it is thermally and chemically stable, highly conductive, 
flexible and transparent. 
 In this article we discuss synthesis of graphene and its 
hybrid materials for their potential applications in differ-
ent fields. We focus on the design of graphene-based  
hybrid materials, which is an important application of 
nanotechnology. Here we emphasize the relatively 
greener methods for synthesizing graphene-based materi-
als. We also discuss recent developments in biological 
applications of graphene-based hybrids along with elec-
tronic, energy and environmental applications. 

Synthesis 

Properties and applications of any material are intimately 
related to its size, shape and morphology. Hence a materials 
chemist needs to have a basket of synthesis techniques to 
control size, shape and morphology of a material. Keep-
ing commercial applications in mind, researchers need to 
develop synthetic routes which can give high-yield of 
graphene with good control over morphology. Graphite 
oxide chemistry is quite old and was first studied by  
Brodie20,21 in 1859. After this, several others like 
Staudenmaier, Hofmann and Frenzels, Hamdi and Hum-
mers reported synthesis of graphite oxide from graphite 
under strong oxidizing agents in the presence of oxidants, 
with slight modifications in reaction conditions16. 
 Even though graphite and graphite oxide have a long 
history, monolayer graphene films were first discovered 
by Novoselov et al.22 in 2004 by the mechanical exfolia-
tion of highly oriented pyrolytic graphite (HOPG). There 
is a burgeoning interest in graphene chemistry, which is 
evident from a special issue devoted to graphene (Acc. 
Chem. Res., 2013, 46, 1–190) and several reviews on 
graphene, graphene oxide and their derivatives23–42. In the 
literature there are various methods reported on synthesis 
of graphene sheets and their derivatives, which include 
mechanical cleavage of graphite, unzipping carbon nano-
tubes43, chemical exfoliation of graphite, solvothermal 
synthesis, epitaxial growth on SiC surfaces and metal sur-
faces, CVD of hydrocarbons on metal surfaces, bottom-
up organic synthesis, electric arc discharge method, sono-
chemical approach, reduction of graphene oxide (GO) ob-
tained from graphite oxide by chemical reducing agents, 
and aqueous and environment-friendly greener reduction 
methods. We discuss some of the popular methods of 
synthesis below. 

Mechanical exfoliation or Scotch Tape method 

The first method for the synthesis of monolayer graphene 
films was by micromechanical cleavage (Scotch Tape 
method) of highly oriented pyrolytic graphene (HOPG)22. 

With slight modification, crystals of high structural  
and electronic quality of millimetre length graphene were  
obtained44. These large samples can be used to fabricate 
high-speed ambipolar field-effect transistors45 and also as 
sensors to detect individual gas molecules46. It is a labo-
rious, time-consuming, delicate approach and limited 
amount of graphene is produced; hence bulk production 
of graphene is difficult by mechanical exfoliation. 

Chemical reduction of exfoliated graphite oxide 

The most common method employed for the large-scale 
synthesis of graphene is by chemical exfoliation of graphite 
oxide. Graphite oxide can be produced by several meth-
ods like treating graphite with strong oxidizers such as 
sulphuric acid, nitric acid, potassium chlorate and potas-
sium permanganate47–50. Oxidation results in the introduc-
tion of oxygen-rich functional groups like carboxyl, 
epoxide and hydroxyl groups onto the graphene basal 
plane and edges. The graphite oxide produced still pos-
sesses the layered structure, but is lighter in colour than 
graphite due to loss of conjugation during oxidation as 
the change in hybridization of carbon atoms occurs from 
planar sp2 to tetrahedral sp3. This also results in decrease 
in inter-layer interactions, which in turn increase the d-
spacing as well as make it an electrical insulator48,51–53. 
The oxygen functionalities alter the van der Waals inter-
actions among the layers of graphite oxide and make it 
hydrophilic, thus facilitating their hydration and exfolia-
tion in aqueous media. Due to this, graphite oxide forms 
stable colloidal dispersion in aqueous media as thin 
graphite oxide sheets54–57. Liu and Gong58 reported the 
reduction of polyaniline-intercalated graphite oxide in 
aqueous hydrazine hydrate (50% w/v). Ruoff and  
co-workers51 while preparing stable aqueous dispersions of 
graphitic nanoplatelets in the presence of poly(sodium  
4-styrenesulfonate), also used hydrazine hydrate for the 
reduction of graphite oxide nanoplatelets prepared by  
exfoliation of the graphite oxide (Figure 1 a). As the re-
duction proceeds, change in colour from brown to black 
was observed51. There are several other reports on reduc-
tion of graphite oxide by hydrazine hydrate48,59–65. Stank-
ovich et al.6 reported the utility of dimethylhydrazine as 
reducing agent for the reduction of graphene–polymer 
composite, viz. exfoliated phenylisocyanate-treated graph-
ite oxide sheets with polystyrene6. 
 Sodium borohydride (NaBH4) is one of the well-
explored strong reducing agents. Cassagneau and Fendler 
et al.66 reported the utility of NaBH4 for the reduction of 
silver ions in aqueous dispersions of exfoliated graphite 
oxide nanosheets. Ajayan and co-workers67 developed a 
novel strategy to explain the reduction mechanism of 
graphite oxide using NaBH4 and treatment with sulphuric 
acid followed by thermal annealing (Figure 1 b). This 
method is particularly effective in the restoration of the
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Figure 1. a, Hydrazine as reducing agent for the reduction of sodium dodecylbenzene sulphonate-wrapped graphene ox-
ide, reduction and functionalization of intermediate with diazonium salts at room temperature (figure adapted from 
Lomeda et al.59 with the permission of ACS Publications, 2008). b, Schematic representation of graphene oxide (GO) re-
duction by NaBH4 followed by acid treatment and annealing in Ar/H2 (figure adapted from Gao et al.67 with the permis-
sion of Nature Publishing Group, 2009). 

 
 

-conjugated structure, and leads to highly soluble and 
conducting graphene materials67. Shin et al.68 reported  
efficient reduction of graphite oxide by NaBH4 and  
hydrazine (N2H4) and a comparison of their properties. 
They observed that the sheet resistance of graphite oxide 
film reduced using NaBH4 is much lower than that of 
films reduced using N2H4. Kamat and co-workers69 stud-
ied the utility of NaBH4 for preparing graphene–gold 
nanohybrids, while He and Cui et al.70 reported the syn-
thesis of dendritic platinum nanoparticles/lucigenin/ 
reduced graphene oxide hybrid with chemiluminescence 
activity. They used NaBH4 for the simultaneous reduction 
of H2PtCl4 and the lucigenin-functionalized GO (lucigenin/ 
GO) composite70. Chua and Pumera71 have explored the 
effect of three different borohydrides [sodium borohydride 
(NaBH4), sodium cyanoborohydride (NaBH3(CN)) and 
sodium triacetoxyborohydride (NaBH(OAc)3)] in fine-
tuning the oxygen composition of graphene oxides. This 
could be achieved due to the different substituents, which 
leads to variation in reducing strength. Along with hydra-
zine and sodium borohydride, hydroquinone has also 
been used as a reducing agent for the simple reduction of 
graphite oxide72 and also for the reduction of Ag+ in  
silver–graphene oxide composite73. 
 The major drawback of chemical exfoliation during 
oxidation of graphite to graphite oxide is the generation 

of significant numbers of defects, which degrades the 
electronic properties of graphene. During the conversion 
of GO to graphene, strong chemical reducing agents like 
N2H4 and NaBH4 are used. Such strong reducing agents 
are either toxic or explosive as well as difficult to handle 
for bulk synthesis. Thus researchers have been develop-
ing other aqueous and environment-friendly reduction 
methodologies for the synthesis of graphene. 

Green synthetic approaches 

To overcome the above said problems of strong reducing 
agents during chemical reduction to obtain graphene, 
many green strategies were developed in the past 2–3 
years by researchers and will be discussed here. Contri-
bution of Gurunathan et al.74–76 with respect to green syn-
thesis and bioactivity-related studies of graphene, 
graphene oxide and their composites is noteworthy. They 
described the synthesis of soluble graphene utilizing bio-
mass (Bacillus marisflavi) as reducing agent and studied the 
cytotoxic effects of graphene oxide, bacterially reduced 
graphene oxide (RGO) in human breast cancer cells. In 
their report, triethylamine (TEA) was used as reducing 
agent as well as stabilizer for the synthesis of biocom-
patible graphene. Compared to normal graphene oxide, 
TEA-RGO shows significantly more biocompatibility 
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with primary mouse embryonic fibroblast cells (PMEFs). 
Zhang and co-workers77 reported simple, efficient and 
green method for the deoxygenation of exfoliated  
graphite oxide by strong alkali (NaOH or KOH, 8 M) at 
moderate temperatures (50–90C; Figure 2 a and b).  
The obtained graphene has good dispersibility in water. 
High-quality graphene nanosheets in a large scale without 
contamination of reduced material were obtained by elec-
trochemical reduction of the exfoliated graphite oxide at a 
graphite electrode78. Fabrication of nanocomposite films 
of platinum nanoparticle-expandable graphene sheets 
(Pt/EGS) on conductive indium tin oxide by electro-
chemical green route was done by Liu et al.79. Glucose is 
known for its biological importance and is a mild reduc-
ing agent. Zhu et al.80 developed an efficient one-pot 
method for the synthesis of chemically reduced graphene 
nanosheets from exfoliated graphite oxide in the presence 
of ammonia. They also compared the reactivity of  
glucose with other saccharides like fructose and  
sucrose, where similar results were obtained. An efficient, 
scalable, green and controllable synthetic method has 
been applied for the simultaneous reduction of graphene 
oxide and formation of Fe3O4 nanoparticles in a single 
step81. Spontaneous redox reaction of aqueous solution 
containing FeCl3, K3[Fe(CN)6] and graphene oxide sheets 
results in the formation of graphene oxide sheets–
Prussian blue (PB) nanocomposites. This composite 
shows significant sensitivity towards the electrocatalytic 
reduction of H2O2, which is higher than that of reported 
multiwall carbon nanotube/PB nanocomposites. This can 
be attributed to the novel structure of graphene oxides 
and the synergistic effect in the nanocomposites82. Iron is 
one of the most common elements on Earth and commer-
cially a cheap metal. Elemental iron as reducing agent in-
stead of harmful chemical reducing agents (Figure 2 c) is 
being explored for the facile and green synthesis of gra-
phene nanosheets (GNS) without any unwanted func-
tional groups and exhibits higher absorption property for  
methylene blue (MB)83. Similarly, Dey et al.84 described 
the utility of elemental Zn as a reducing agent for the  
reduction of graphene oxide to reduced graphene oxide in 
acidic medium at room temperature without using any 
toxic reducing agent. Green tea is rich in polyphenolic 
compounds which are biocompatible and biodegradable. 
Tea polyphenols (TPs) act as reducing agents for the  
reduction of graphene oxide as well as a stabilizer in 
green tea solution for the synthesis of soluble graphene. 
These polyphenol–graphene can be obtained as nanofill-
ers for the fabrication of biocomposite with chitosan85. 
Zhang et al.86 reported the reduction of graphene oxide 
sheets to water-soluble graphene in aqueous solution  
using ascorbic acid (AA) as reducing agent (an environ-
ment-friendly approach). AA also acts as a capping agent 
to stabilize RGO sheets86. Mhamane et al.87 demonstrated 
a single-step and green methodology for the deoxygena-
tion of GO into water-dispersible functionalized graphene 

sheets. They used the aqueous extracts of four widely  
distributed wild plant species and hence called the pro-
cess as ‘plant extract converted graphene nanosheets 
(PCGN)’. The plants used for this purpose are macro-
phytes, namely Potamogeton pectinatus L. (Po), Cerato-
phyllum demersum L. (Cer) also known as Coontail or 
hornwort, Lemna gibba, (Le) and Cyperus difformis 
(Cy)87. Thakur and Karak88 described the reduction of 
graphene oxide by phytochemicals using aqueous leaf  
extracts of Colocasia esculenta and Mesua ferrea. Utility 
of super critical alcohols as reducing agent was first re-
ported by Budi Nursanto et al.89. This facile and green 
method involves the reduction of dispersed GO in metha-
nol with supercritical methanol at 400C and 300 bar for 
periods of 15 min to 2 h. Liu et al.90 reported facile, one-
pot method for the synthesis of gelatin functionalized 
graphene nanosheets (gelatin–GNS). Gelatin, a linear 
polypeptide that consists of different amounts of 18 
amino acids, acts as reducing agent for the deoxygenation 
of exfoliated graphene oxide (EGO) and also as a func-
tionalized reagent to prevent aggregation of graphene 
nanosheets. Biocompatible gelatin–GNS showed high 
aqueous solubility and stability in various physiological 
fluids. Hence this material was used to study cellular im-
aging and drug delivery90. Singh et al.91 investigated a 
simple and cost-effective method for the synthesis of 
high-quality graphene nanosheets (GNS) directly from 
pencils (graphite) in ionic liquid medium. Proteins are 
complex amphiphilic biopolymers, featuring hydrophobic 
and hydrophilic groups on their surfaces, which makes 
them well-known for the adhesiveness to solid surfaces. 
Due to the presence of tyrosine (Tyr) residues, proteins 
such as bovine serum albumin (BSA) act as reductant. 
Deng and co-workers92 studied the interaction of BSA 
with GO/RGO, where BSA acts as a stabilizer as well as 
a decorating agent in obtaining BSA–GO/RGO conjugate. 
At suitable pH and temperature, reaction between BSA–
GO/RGO conjugate and pre-synthesized metal nanoparti-
cles produces graphene–metal nanoparticle (metal = Au, 
Pt, Pd, Ag, etc.) assemblies92 (Figure 3). Zinc is an am-
photeric metal which can react both in acidic and basic 
conditions. Liu et al.93 established a short-time process-
ing method for the synthesis of graphene nanosheets by 
Zn reduction at room temperature and under mild alkaline 
conditions (can be called as a green method). The Zn–
GO-based primary batteries thus prepared in the presence 
of aqueous KOH electrolyte solution93 show maximum 
specific capacitance of 116 F/g. Tannic acid (TA), widely 
present in wood, is a water-soluble, phenolic hydroxyl-
rich compound which acts as a reducing agent. Zhang et 
al.94 explored the utility of TA for the reduction of 
AgNO3 and GO in making AgNPs–graphene nanocompo-
site. This is a simple, cost-effective and one-pot method. 
The resultant AgNPs–G nanocomposites show excellent 
surface enhanced Raman scattering (SERS) activity as 
SERS substrates, for H2O2 reduction and also glucose
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Figure 2. a, Equation showing the deoxygenation of exfoliated GO in the presence of base. b, Images of the exfoliated-
GO suspension before and after addition of base; change in colour is observed. (a) and (b) adapted from Fan et al.77 with 
the permission of John Wiley and Sons, 2008. c, Iron as a reducing agent for the preparation of graphene nanosheets GNS 
under acidic condition. Reproduced with the permission from Fan et al.83 with the permission of ACS Publications, 2011. 

 

 
 

Figure 3. Illustration of GO reduction to RGO by bovine serum albumin (BSA) and its composite with metal leading to 
a general nanoplatform for nanoparticle assembly. Reproduced with the permission from Liu et al.92 with the permission 
of ACS Publications, 2010. 

 
 

detection in both buffer and human blood serum94.  
L-Cysteine is an interesting amino acid that contains three 
functional groups (–SH, –NH2 and –COOH) and it acts as 
reducing agent, sulphur donor and as a linker. H2S is  
released when L-cysteine is heated and it is used for the 
reduction of GO to RGO. L-Cysteine acts as a linker to 
anchor Cu2+ for the growth of the CuS nanoparticles  
on the RGO sheets. CuS/RGO nanocomposites show  
enhanced photocurrent response and improved photocata-
lytic activity in the degradation of methylene blue com-
pared to pure CuS. This was attributed to the efficient 

charge transport of RGO sheets and hence reduced  
recombination rate of excited carriers95. Yoo and co-
workers96 reported facile and robust one-step synthesis 
(green) of TiO2–graphene composite and investigated its 
performance in photocatalytic applications. The catalysts 
show enhanced photocatalytic activity towards the degra-
dation of rhodamine B dye and benzoic acid under visible 
light irradiation96. Pradeep and co-workers97 reported the 
synthesis of graphene from cane sugar (green process). 
Without using any binder, graphene was immobilized on 
sand to make graphene sand composite (GSC). GSC
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Figure 4. a, Two atoms (A (blue) and B (red)) per unit cell in hexagonal honeycomb lattice of graphene. b, The three-
dimensional band structure of graphene. c, Energy vs k-space diagram of graphene. d, Low-energy diagram at  
Dirac point and Fermi-level position for different doping. e, Schematic of the graphene – delocalization and singly  
occupied pz orbital in sp2 hybridized carbon. ((a–d) have been adapted from Avouris17 with the permission of ACS publi-
cations, 2010). 

 
 
obtained from this simple and cost effective method was 
utilized for water purification97. Chen et al.98 reported a 
nontoxic, rapid, one-pot and template-free synthesis of 
monodisperse Pt nanoflowers (PtNFs) supported on  
graphene oxide nanosheets using low-cost ethanol (green 
solvent) as reducing agent. The resulting PtNFs–GO  
hybrids were found to exhibit distinctly superior electro-
catalytic activities towards methanol oxidation98. Sui  
et al.99 reported the fabrication of ultralight graphene–
CNT hybrid aerogel from aqueous gel precursors (gra-
phene oxide and carbon nanotubes) with vitamin C proc-
essed by supercritical CO2 drying (an efficient and green 
method). The resulting hybrid aerogels show promising 
performance in water purification, including capacitive 
deionization of light metal salts, removal of organic dyes 
and enrichment of heavy metal ions99. Zhang et al.100  
developed a low-cost, fast, facile and green method using 
ultrasound assisted approach for the controlled synthesis 
of Cu2O–graphene hybrid nanomaterials. Cu(OAc)2, glu-
cose and ethylene glycol (EG)-coated graphene oxide 
were mixed together followed by ultrasound treatment. 
The Cu2O–graphene hybrid material when used as an  
anode exhibited enhanced performance100. For a lithium 
ion battery, different concentrations of silver ion and dif-
ferent reaction times result in various morphologies like 
nanospheres, nanocubes and dendrites on graphene oxide. 
Wang et al.101 reported a one-pot solution-phase (green) 
synthetic method without using any reducing agent  
or surfactant for the synthesis of Pt/CeO2/graphene  

nanomaterials. L-Lysine is used as a linker and graphene 
oxide as oxidant to oxidize Ce3+ into CeO2 NPs. The ob-
tained Pt/CeO2/graphene composites are used for the 
electrocatalytic oxidation of methanol, which shows bet-
ter catalytic activity than simple Pt/graphene and com-
mercial Pt/C catalysts. Graphene oxide–silver hybrids 
synthesized via spontaneous reduction have great poten-
tial in applications such as ultrasensitive detection of 
biomarkers, SERS enhancement and as electronic chemi-
cal sensors in the near future102. Heparin is a natural 
polymer material with excellent biocompatibility and is 
used as an anticoagulant. Huang and co-workers103 used a 
simple (green) method for heparin-functionalized RGO, 
wherein heparin acts both as reducing agent and stabi-
lizer. The heparin–RGO hybrid has a potentially wide 
range of uses in the biomedical field, such as for the 
treatment of thrombosis103. The simultaneous reduction of 
metal salts and GO by focused solar radiation results in a 
novel hybrid composite composed of 2D graphene and 
3D magnetic/nonmagnetic/metal/metal oxide nanoparti-
cles. The evenly deposited metal/metal oxide nanoparti-
cles dispersed graphene composites have potential 
applications in energy storage and conversion devices, 
heterogeneous catalysis and sensing104. 

Electronic properties 

Electronic behaviour of graphene is unlike a semiconduc-
tor105, where there is no band gap as the conduction band
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Figure 5. a, Optical transitions in a doped single-layer graphene (allowed condition Ehv > 2(EF – EDirac); adapted from 
Avouris17 with the permission of ACS Publications, 2010). b, Allowed optical transitions in different sub-bands of  
bilayer graphene. c, Experimental and theoretical absorption spectra at charge neutral point varying displacement fields D– . 
Transition I (peak below 200 meV) is the gate-induced band gap (dashed black lines). Electronic transitions II–V are re-
sponsible for the broad feature around 400 meV. d, Experimental and theoretical band gap dependent on the electric-field 
in bilayer graphene. (b–d) have been adapted from Zhang et al.109 with the permission of Nature Publishing Group, 2009. 

 
 
and valence band touch each other at the six Dirac points 
(K and K in Brillouin zone)17 (Figure 4). Electrons in 
graphene behave like massless particles and can be called 
as 2D Dirac electrons. The bonding between carbon  
atoms is the combination of two sp2 hybridized orbitals 
separated by 1.42 Å, which leads to the planar morphol-
ogy of graphene (Figure 4 e). According to Pauli’s prin-
ciple, half-filled perpendicular p-orbitals overlap to form 
-bonds between two carbon atoms. The -electrons, 
conjugated throughout the graphene surface, contribute to 
the conduction as found in graphene. 
 Functionalization of the sp2 hybridized carbon atom of 
graphene leads to formation of sp3 carbon, which creates 
defect sites in the graphene structure leading to the  
removal of -electrons106. This -electron removal (cova-
lent functionalization) can generate a band gap in gra-
phene. Sreeprasad and Berry106 discussed the change in 
carrier mobility (from 20,000 to 0.05–200 cm2 V–1 s–1) in 
reduced graphene oxide (RGO) due to the presence of re-
sidual oxy groups changing the properties of graphene to 
a p-type semiconductor with a band gap of 0.2 to 2 eV. 
Similarly, oxygen attachment to graphene (via bridging O 
or epoxy form) changes the s-character of hybridization 

and thus disrupts the C–C bond symmetry, thereby gener-
ating three LUMO levels with maximum gap of 0.64 eV, 
instead of pristine LUMO level107. Chen et al.108 reported 
that the semiconductor property of graphene oxide can be 
p- or n-type. In conjugation with TiO2, graphene oxide 
has a band gap narrower than 2.43 eV; the p-type form 
acts as a sensitizer and has significant effect on visible 
light photocatalysis, whereas the n-type form has a negli-
gible effect. The allowed optical transitions (Figure 5 a) 
in a doped single-layer graphene can be observed17 only 
when h > 2(Ef – EDirac). The allowed optical transitions 
in bilayer graphene have been experimentally shown109 as 
a gate-controlled, tunable band gap opening in bilayer 
graphene up to 250 meV. Electric gating in the presence 
of applied electrical displacement field is responsible for 
the shift in the Fermi level, breaking the inversion sym-
metry at the Dirac points in bilayer graphene and result-
ing in the band gap of bilayer graphene. The experimental 
absorption peaks due to gate-induced band-gap opening 
were fitted using tight binding model (Figure 5 b)109. 
Samarakoon and Wang110 theoretically investigated the 
continuous tunable band gap in biased bilayer graphene 
upon hydrogenation, which transforms sp2 carbon to sp3
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Figure 6. a, UV–Vis spectra of roll-to-roll layer-by-layer transferred graphene films on quartz substrates. (Inset) UV 
spectra of graphene films with and without HNO3 doping. Optical images for the corresponding number of transferred 
layers (1  1 cm2). b, Optically transparent and flexible graphene–PET film (figure adapted from Bal et al.19 with the per-
mission of Nature Publishing Group, 2010). 

 
 
carbon. Coupling with Si islands, graphene shows a band 
gap opening up to 3.2 meV (with 10 atom % Si)111. 
 Electronic properties of graphene are also dependent 
on the doping like N, S, B, etc. B-doped and N-doped 
graphene behaves like p-type and n-type semiconductors 
respectively, and the electronic properties depend on the 
amount of doping112,113. Panchakarla et al.113 have dis-
cussed a remarkable result on band opening in monolayer 
graphene, whereas a weak quadratic dispersion was  
observed in bilayer graphene on doping. 

Optical properties 

Besides electronic properties, graphene is a very good  
optical material due to its -electron cloud (puddle) for-
mation, very low optical reflectivity and high optical 
transmittance. Due to its unique electronic structure,  
single-layer graphene has 97.4% optical transmittance 
(Figure 6) and it decreases linearly with the number  
of layers19. Light transmittance through free-standing  
graphene sheets is given by T = (1 + /2)–2  1 –   
0.977, where T is the transmittance and  is the fine 
structure constant17. Kim et al.114 demonstrated efficient 
electrically controlled plasmon resonance in graphene 
due to its strong and tunable interband transitions. Propa-
gating optical plasmons in tapered graphene has been  
observed with IR excitation using near-field scattering 
microscopy115. Wide spectrum tunable luminescence 
property of graphene and its derivatives has great impact 
on graphene-based technologies. Graphene-based hybrid 
materials are important for luminescence properties, as 
graphene shows very weak luminescence. Graphene 

quantum dots (GQDs) are nano-sized sheets of carbon  
atoms which show strong tunable photoluminescence due 
to surface effect116. Zhu et al.117 have synthesized green 
fluorescent GQDs (diameter of ~ 5.3 nm) which absorb at 
320 nm and show strong photoluminescence (PL) at 
515 nm with 11.4% quantum yield. Shinde and Pillai118 
have synthesized size-tunable spherical GQDs via elec-
trochemically lateral unzipping of multi-walled CNTs. 
They have discussed the photophysical118 and different 
redox properties119 of these size-tunable narrow band gap 
semiconductors (GQDs). 

Photocatalytic properties 

Recently, significant attention has been given to the  
application of graphene-based hybrid materials in photo-
electrochemistry in areas like electrochemical solar cells, 
photocatalytic degradation of organic pollutants, water 
splitting for hydrogen evolution, photocatalytic conver-
sion of fuels, etc. based on graphene-based hybrid mate-
rials with semiconducting properties. An electron 
transition from valence band to conduction band in semi-
conductors upon excitation by a photon (E  Eg) gener-
ates an exciton pair (an electron in conduction band and  
a positive hole in the valence band). 
 These excitons move to the catalytic active sites of the 
semiconductor, where the electron reduces and the hole 
oxidizes the reactants. The basic mechanisms of photo-
catalytic organic pollutant degradation, photocatalytic H2 
evolution, photocatalytic fuel conversion and photovol-
taics are involved with these oxidation and reduction 
processes. Significant work has been carried out for
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Figure 7. Electronic band gap and band potentials of different semiconductors and metals (figure adapted from Zhang  
et al.195 with the permission of IOP Publishing, 2013). 

 
 
obtaining efficient photocatalysts by tuning the structure, 
morphology, size, composites and hetero-junctions of 
materials such as TiO2, Ta2O5, ZnO, ZnS, Bi2WO6, WO3, 
NaTaO3, Fe2O3 and CdS. Factors such as (i) recombina-
tion of the excitons, (ii) efficient solar light absorption 
and (iii) effective conversion of the solar light towards 
photocatalysis (not in the form of phonons or heat) are 
the key aspects on which research is still being pursued to 
control the photocatalytic efficiency of the semiconduc-
tor. Low band gap materials are effective to absorb solar 
light, where reflections or scattering of light can be  
reduced. 
 The photoelectrochemical performance and the visible 
light absorption by the semiconductor materials have 
been improved by different metal-ion doping, anion dop-
ing, adding hole scavengers (electron donors), creating 
oxygen vacancies, adding co-catalyst, loading noble 
metal particles, dye sensitization and forming composite 
semiconductors. Excellent absorptivity, transparency, 
conductivity, nontoxicity, diverse functionalities and  
controllability of graphene lead to its super photoelectro-
chemical performance by making its hybrids with semi-
conductors. 
 The band gap and band potentials of the semiconduc-
tors are important for the particular type of photocatalytic 
process, as depicted in Figure 7. Graphene is considered 
to be an outstanding candidate for the hybrid photocata-
lytic material120 as it has the work function around –
4.4 eV, whereas semiconductor nanostructures have their 
conduction band position at around –3.5 eV (vacuum 
level; Figure 7). This helps in the photogenerated electron 
transfer process from conduction band of the semicon-
ductor to graphene surface121. The exciton recombination 
gets delayed due to the delocalization of the photogener-
ated electron on graphene surface. Graphene in nanocom-

posite photocatalytic materials also plays an important 
role by increasing the solar light absorption efficiency. 
Graphene also decreases the band gap of the semiconduc-
tors leading to an efficient solar light absorber. For  
example, TiO2 (P25) nanoparticles are active in UV 
light122; however, they become effective visible light 
catalyst in conjugation with graphene. ZnS nanoparticles 
extend their absorption edge towards the visible range in 
conjugation with graphene123. BiOBr nanoparticles con-
jugated to graphene have lowered indirect band gap than 
that of pure BiOBr material124. In addition, graphene hav-
ing high surface area provides sufficient space for the  
adsorption of organic pollutants125, which is one of the 
key factors for heterogeneous photocatalysis. 
 Metal oxides like TiO2 (ref. 126) and ZnO (ref. 127) 
are wide band gap materials showing high photocatalytic  
efficiency under UV light. Graphene oxide can be hybrid-
ized easily with these metal oxides via electrostatic inter-
action between metal ions and oxide groups (mainly 
hydroxyl, carboxyl or epoxy groups) in graphene. Some-
times semiconductor particles such as TiO2 (refs 122, 
128), Ta2O5 and BiOBr (ref. 124) have been conjugated 
with graphene oxide directly via electrostatic interactions. 
The interfacial charge transfer (IFCT) at the graphene-
semiconductors plays the most important role for enhanc-
ing the photocatalytic efficiency as documented in the 
case of graphene–TiO2 system, where IFCT takes place 
through chemically bonded (C–Ti) interfacial contact129. 
This IFCT has been experimentally verified using elec-
trochemical impedance spectroscopy (EIS), the gaseous 
phase photocurrent and photoluminescence studies (Fig-
ure 8)129, which decreases the recombination of the exci-
tons, thereby enhancing the photocatalytic efficiency. 
Similarly, exciton recombination in metal sulphides such 
as ZnS, CdS and Bi2S3 has been delayed by introducing
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Figure 8. a, EIS spectra; b, Gaseous phase photocurrent of graphene–TiO2 samples. c, Schematic of interfacial charge 
transfer (IFCT) in graphene–TiO2 samples. d, PL emission spectra of graphene–TiO2 samples. (Figures have been repro-
duced from Huang et al.129 with the permission of ACS Publications, 2013.) 

 
 
graphene123. The photocatalytic performance of few  
graphene-based composites has been listed in Table 1. 
 To get higher photocatalytic efficiency or for smart 
photocatalysts, a design of ternary catalysts based on gra-
phene such as graphene-Ag@AgBr (ref. 130), graphene–
Ag@AgCl (ref. 131), graphene–CdS–Pt (ref. 132) and 
graphene–TiO2–MoS2 (ref. 133) has been explored. 

Energy storage 

Lithium-ion batteries 

Increasing demand of mobile technology, highly effi-
cient, low-cost, environmentally green energy storage  
devices in the form of rechargeable batteries or capacitors 
are important for current generation. Graphene and its 
hybrids have high potential for their energy storage  
properties as they have extraordinary high surface area6, 
high conductivity and high flexibility. Lithium ion batter-
ies (LIBs) work by the intercalation of Li+ in the cathode 
materials and upon charging, Li+ ions released from the 
cathode, intercalate into the anode material forming alloy 

structures or Li/C. The reverse process takes place upon 
discharging. In terms of volumetric density, coulombic 
efficiency (ratio of extracted Li+ to inserted Li+), safety 
and life cycle, graphene-based hybrid materials are of 
great choice for LIBs. Graphene is advantageous due to 
its high coulombic efficiency and reversible charge–
discharge process at low potential. Sheet morphology and 
large surface area of graphene increase the interface for 
Li+ ion interactions. Graphene provides good 2D platform 
for active materials in graphene-based hybrid materi-
als134. A maximum capacity of 372 mAh g–1 for graphite 
can be obtained as one Li+ ion can be accommodated by 
one six-member carbon ring in graphite, forming a com-
position of LiC6. In single-layer graphene, both the sides 
of the ring can host Li+ ion giving the maximum Li-
intercalation during charging to two Li per six-member 
carbon ring (Li2C6), which provides a maximum capacity 
of 744 mAh g–1 (theoretical)134. 
 In composite materials, several metal oxides like TiO2 
(ref. 135), MnO2, CoO, NiO, VO2 (refs 136 and 137), 
V2O5, LiMn2O4, LiCoO2, SnO2 (refs 138–145), Co3O4 
(ref. 146), Fe3O4 (ref. 147), etc. are hybridized with 
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Table 1. Photocatalytic performance of different graphene-based hybrid materials 

     Dye degradation 
System Morphology Band gap Reaction Light source rate or efficiency Reference 
 

Graphene–TiO2 (P25) Spherical P25: 3.18 eV Degradation of UV and visible UV: ~ 85% in 55 min 122 
  G-P25: 2.9 eV  methylene blue light Bare P25: ~ 25% in 55 min 
     Vis: ~ 65% in 65 min 
     Bare P25: 12% in 65 min 
 
Graphene–TiO2 Spherical – RhB degradation 300 W Xe lamp G–TiO2: ~ 99% in 30 min 135 
     TiO2: ~ 30% in 30 min 
 
Graphene–TiO2 Nanotube – Degradation Mercury lamp G–TNT: 0.0674 min–1, 196 
    of malachite  TNTs: 0.0218 min-1  
     green 
 
Graphydyne–TiO2 Particles – Methylene blue Xe lamp Graphydyne–TiO2: 197 
Graphene–TiO2    degradation Solar light 0.0247 min–1 
    simulator Graphene–TiO2: 
     0.0195 min-1 
     Pure TiO2: 0.0152 min–1 
 
Graphene–BiOBr Nanoplates  Indirect Rhodamine B Visible-light 0.132 min-1 124 
   band gap  degradation irradiation 0.042 min-1 (control) 
   Pure BiOBr:    
   2.81 eV 
   G–BiOBr: 
   2.58 eV 
 
Graphene–g-C3N4 Layered 2.7 eV H2 evolution UV cut-off  Pure g-C3N4 198 
  composite No change  degradation Xe arc lamp 147 mol h–1 g–1 
  in band gap   G–gC3N4 composite 
     451 mol h–1 g–1 
 
Graphene–ZnS Spherical – Methyl orange 300 W mercury ZnS: 0.00609 min–1, 123 
  particles   degradation lamp G–ZnS: 0.02558 min–1 
 
Graphene–CdS  Very small  – Methyl orange 300 W mercury CdS: 0.00481 min–1, 123 
 (~ 10 nm)   degradation lamp G–CdS: 0.01362 min–1 
 particles 
 
Graphene–Bi2S3 Aggregated – Methyl orange 300 W mercury Bi2S3: 0.00734 min–1 123 
  nanoparticles   degradation  lamp G-Bi2S3: 0.01204 min–1 
 
ZnO1–x/graphene Graphene- ~ 3.02 eV Methylene blue Visible and UV Visible: 0.60 h–1 199 
  coated   degradation light UV light: 0.19 min–1 
 particles 

 
 
graphene as a anode material for LIBs. The basic mecha-
nism of LIBs is as follows148 
 
 MxOy + 2yLi+ + 2ye–1  xM + yLi2O, 
 
 xLi+ + M + xe–1  LixM, 
 
 xLi+ + graphene + xe–1  LixC. 

Supercapacitors 

Supercapacitors are the electrochemical devices which 
store and release energy at high rate, high power density 
and have longer life cycles than batteries18. Carbon-based 
materials having high surface area and good conductivity 

such as graphene and graphene-like carbon sheets are 
more important for their good electrochemical double-layer 
capacitor (EDLC) properties, where charge accumulation 
takes place at the electrode–electrolyte interface. Gra-
phene-based supercapacitors follow the electrochemical 
double layer capacitance mechanism. In 1997, Niu et 
al.149 studied the supercapacitance properties in CNTs, 
while Ruoff and his group150 are the pioneers to study the 
supercapacitance of chemically modified graphene which 
has been denoted as an ultracapacitor. In 2011, the above 
group investigated151 the electrical double layer capaci-
tance in activated graphene having very high surface area 
(up to 3100 m2/g). A new method was developed  
based on laser reduction using normal LightScribe DVD 
drive by El-Kady et al.13 to obtain highly conducting 
(1738 S/m) reduced graphene oxide having high  
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surface area (1520 m2/g). Being highly conducting and 
having a two-dimensional platform with large surface 
area, graphene is the ideal system for making hybrids for 
better supercapacitors with high energy density and high 
power density. These laser-reduced graphene films have 
been studied as a binder or current collector free electro-
chemical capacitors and have ultrahigh energy and high 
power density13. A very high energy density of 85.6 Wh/ 
kg at 1 A/g at room temperature (or 136 Wh/kg at 80C) 
in graphene-based supercapacitor has been reported by 
Liu et al.152, where restacking of graphene sheets got  
restricted as these mesoporous graphenes are curved.  
Wu et al.153 have focused on the composites of graphene 
and polyaniline nanofibres which are sandwiched between 
graphene layers. These composites having very good con-
ductivity (550 S/m) and flexibility, showed large specific 
capacitance of 210 F/g at a discharge rate of 0.3 A/g  
(ref. 153). Mishra and Ramaprabhu154 studied hydrogen-
induced exfoliation of graphene and its composite forma-
tion with metal oxides (RuO2, TiO2 and Fe3O4) and  
polyaniline. The supercapacitance of the device has three 
contributions: (i) electrochemical double layer capaci-
tance, where it adsorbs both anions and cations to store 
energy; (ii) pseudo-capacitance, where it involves fast 
and reversible redox reactions and stores energy via 
Faradaic processes, and (iii) asymmetric capacitance, 
where one is Faradaic electrode and the other is capaci-
tive electrode155. Several studies on graphene-based  
hybrids of metal oxides, sulphides and hydroxides (gra-
phene–TiO2, graphene–V2O5, graphene–VO2, graphene–
Ni(OH)2, graphene–Co(OH)2, graphene–NiCo2O4, gra-
phene–MoS2, graphene–WS2, graphene–CoO, Graphene–
MnO2, graphene–MnO) have been reported to understand 
the supercapacitor properties and the underlying mecha-
nism. 

Energy and electronic applications 

Recently, graphene has been applied in several ways  
related to energy and electronics. In energy-related appli-
cation, graphene-based anode systems were used as they 
need less time to recharge than usual LIBs. Graphene-
based materials have the power to store electrons in  
the form of electrical energy as LIBs, whereas it required 
minutes to recharge instead of hours. Graphene has  
been used for low-cost, more efficient solar cells and  
fuel cells. In electronics, low-cost, easily recyclable, dis-
play screens have been developed using graphene instead 
of indium-based electrode in OLED. Field effect transis-
tor (FET) and high-frequency transistors have also  
been developed based on graphene, as electrons can  
move much faster on graphene compared to silicon. Gra-
phene-based antennas and transceivers have been deve-
loped for communication between nanomachines in 
electronics. 

Application in water desalination 

The development of modern industry and increase in 
population growth globally led to freshwater shortage. 
Desalination is one alternative for producing potable 
freshwater from brackish/sea water. Reverse osmosis 
(RO), thermal processes, electro dialysis and ion  
exchange are the widely used technologies for desalina-
tion. However, these technologies are energy- and capi-
tal-intensive. Capacitive deionization (CDI) is a novel 
water purification technology without any secondary  
pollution156. This involves absorption of ionic species 
onto the charged porous electrode. Several materials such 
as carbon aerogels157,158 activated carbon (AC)159,160 
mesoporous carbon (MC)161,162, carbon nanotubes 
(CNTs)163 and carbon composites164 are investigated as 
electrodes in CDI technology. Graphene exhibits large 
specific surface area, high electric conductivity, remark-
able mechanical flexibility and good chemical inertia44. 
With respect to the excellent physical, chemical and  
mechanical properties, graphene has emerged as a desir-
able electrode for energy storage as well as electrosorp-
tion. Pradeep and co-workers165 proposed a simple 
strategy for the RT synthesis of RGO-composites with 
silver, gold and MnO2. They studied the utility of RGO–
Ag and RGO–MnO2 for removing heavy metals from  
water165. 
 Wimalasiri et al.166 studied the synthesis and applica-
tions of carbon nanotube/graphene (CNT/G) composite as 
electrodes for capacitive deionization (CDI), which  
exhibits a specific capacitance of 220 F/g and an electro-
sorption capacity of 26.42 mg/g with 100% regeneration, 
showing great potential as a high-performance electrode 
material in CDI applications. 
 Wang et al.167 reported the synthesis of reduced gra-
phene oxide resol composite (RGO-R) as electrodes for 
CDI. The addition of resol enhances the specific surface 
area of RGO, which results in high NaCl uptake. The 
equilibrium electrosorption capacity and rate constant in-
creased with the voltage at 1.5 V as 1.00234 mg/g and 
0.05394 min–1 respectively. Compared with AC and the 
as-synthesized RGO, this RGO-R material can be a suit-
able candidate for electrodes, which shows promising  
potential for efficient CDI process in brackish water de-
salination and drinking water purification167. 
 Wen et al.168 prepared graphene-based hierarchically 
porous 3D carbon (3DGHPC) by a dual template strategy 
and explored its electrode performance for CDI. 3DGHPC 
presents a higher electrosorption capacity of 6.18 mg g–1 
and an increased desalination efficiency of 88.96%. The 
increased surface area (384.4 m2 g–1) and pore volume 
(0.73 cm3 g–1) of 3DGHPC compared to 3D graphene are 
responsible for its better electrode performance168. 
 Sint et al.169 designed functionalized nanopores in  
graphene monolayers using MD simulations and showed 
that they could serve as ionic sieves of high selectivity 
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and transparency. The F–N-pore is terminated by nega-
tively charged nitrogen and fluorine, favouring the  
passage of cations, whereas H-pore is terminated by positi-
vely charged hydrogen, favouring the passage of anions169. 
Zhao et al.170 prepared graphene sponges (GSs) by hydro-
thermal treatment using thiourea. These GSs show a  
tunable pore structure, surface properties and high  
adsorption ability for various types of water contamina-
tions170. 
 Presence of arsenic in drinking water is a serious pro-
blem in South Asia. Chandra et al.171 reported the synthesis 
of magnetite–RGO (M–RGO) hybrid which is super-
paramagnetic and shows very high binding capacity for 
As(III) and As(V). They also prepared 5–20 wt% GO-
loaded polypyrrole (Ppy), (PPy–RGO) composite which 
shows highly selective and enhanced adsorption of Hg2+ 
for environmental cleaning172. 
 Zhu et al.173 reported the synthesis of magnetic gra-
phene nanocomposites (MGNCs) decorated with core@ 
double-shell crystalline NPs, which are composed of 
crystalline iron core, iron-oxide inner shell and amor-
phous SiO2 outer shell. The MGNCs demonstrate an  
extremely fast Cr(VI) removal from the wastewater with 
a high removal efficiency and with an almost complete  
removal of Cr(VI) within 5 min. The adsorption kinetics 
follows the pseudo second-order model and the novel 
MGNC adsorbent exhibits better Cr(VI) removal effi-
ciency in solutions with low pH173. Wang et al.174  
reported a facile method for the preparation of magnetic 
mesoporous silica–graphene oxide (MMSP–GO) compo-
sites and investigated the synergistic adsorption of humic 
acid (HA) and heavy metal ions, specifically Pb(II) and 
Cd(II). Among the graphene-based composites, chitosan 
grafted with GO sheets conjugated with magnetic parti-
cles as adsorbent for Pb2+ ions175, calcium alginate with 
encapsulated GO gel beads176 for Cu2+, iron-based  
adsorbents177 for Zn2+ and graphene oxide cross-linked 
with ferric hydroxide for arsenate178 are studied for the 
removal of these ions from wastewater. 

Biological and medical applications 

Graphene and graphene-based composites having very 
high surface area and biocompatibility are important for 
drug loading and bio-conjugation. They have been used 
as nano carriers for drug and gene delivery. Graphene 
having absorbance in NIR has been used for photothermal 
therapy. Different inorganic nanoparticles (Au, Ag, Pt, 
Cu, Fe3O4, QDs, ZnO, SiO2, TiO2, etc.) decorated on gra-
phene are useful for multimodal imaging and therapeutic 
applications. Graphene and graphene composites having 
very high surface area can have significant biomolecular 
interactions via – interactions for antibacterial applica-
tions, drug delivery, gene transfection, tissue scaffolds 
and biosensing. 

 Graphene–Fe3O4 conjugates have good magnetic and 
optical properties and are used in biomedicine. Recently, 
Fan et al.179 proposed a novel nanocarrier based  
on Fe3O4–graphene nanocomposite for effective drug  
delivery and pH-responsive release system for cancer 
treatment. These composites exhibit excellent biocom-
patibility and have synergic effect of both superpara-
magnetic property of Fe3O4 and water solubility of  
nano-graphene. Graphene–Fe3O4 composites could be 
used as contrast agent for MRI applications. Yang et 
al.180 reported hybrids of superparamagnetic graphene ox-
ide–Fe3O4 nanoparticles (GO–Fe3O4) prepared via simple 
chemical precipitation method, where 18.6 wt% Fe3O4 
was loaded on graphene sheet; the hybrid material has the 
drug (doxorubicin hydrochloride) loading capacity 
around 1.08 mg per mg of the hybrid material. Graphene–
PEG–Fe3O4 hybrid has been studied for applications in 
vivo on magnetic resonance imaging (MRI) and localized 
photothermal therapy of magnetically guided cancer 
cells181. 
 A promising MRI T2 contrast agent, graphene oxide 
decorated with MnFe2O4 nanoparticles was prepared 
through a simple mini-emulsion and solvent evaporation 
process182. This graphene-based composite material with 
14 nm MnFe2O4 nanoparticles shows very high T2 relaxa-
tion time with relaxivity value (r2) of 256.2 (mM Fe)–1 s–1 
and the PEGylated form of the composite is highly  
biocompatible182. 

Gene delivery 

Graphene and graphene composite-based gene delivery 
system has been developed and proven effective for 
DNA183 or siRNA184 delivery. Single stranded (ss) RNA 
or DNA is not stable in cellular delivery due to enzymatic 
instability. Nanoscale graphene oxide has been used for 
protecting DNA from cleavage and its effective cellular 
delivery due to less toxicity of graphene oxide and strong 
adsorption of DNA on graphene surface183. PEGylated 
reduced graphene oxide (PEG–RGO) nanovector has 
been used for efficient delivery of ssRNA, where ssRNA 
itself exhibits poor cellular uptake due to its negative 
charges and enzyme instability185. Schneider et al.186 
demonstrated the translocation of individual DNA mole-
cules through ultrathin nanopores in graphene. They  
fabricated nanopores of 22 nm diameter in graphene  
(using electron beam) and studied the translocation of  
individual DNA molecule through the nanopore confirmed 
by the change in the conductance of the nanopore. 

Therapeutic applications 

Photodynamic therapy (PDT) and photothermal therapy 
(PTT) are advantageous due to undesired side effects and 
limited specificity of the commonly used chemotherapy
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Figure 9. a, Schematic of chemo-photothermal targeted therapy of glioma using silica-coated graphene-based multifunc-
tional drug carrier (GSPID). b, (A) Small-angle XRD pattern. (B) N2 adsorption–desorption isotherm for surface area and 
pore size. (C–E) TEM images of silica-coated graphene. c, (A) Photothermal heating profile of IL-13 peptide (IP) modi-
fied silica-coated graphene (GSPI) solution with varying graphene–silica (GS) composite concentrations at the power in-
tensity of 6 W/cm2. (B) Photothermal heating profile of GSPI with varying power intensities at constant GS concentration 
of 50 g/ml. (C) Cumulative drug release profiles from GSPID at different pH values at the power intensity of 6 W/cm2 
NIR irradiation. (Figures have been adapted from the Wang et al.191 with the permission of ACS Publications, 2013.) 

 
 
and radiotherapy techniques. In PTT, the therapeutic 
agent must absorb light and produce heat, which increases 
the local temperature inside the body and kills the desired 
tumour cells. Graphene-based materials are good for photo-
thermal agents as they absorb strongly in NIR region. 
There are few reviews on the therapeutic applications of 
graphene and graphene oxide187,188. A powerful photo-
thermal agent based on polyethylene glycol (PEG) func-
tionalized graphene oxide (GO–PEG) was studied for in 
vivo cancer treatment. Yang et al.189 have developed PE-
Gylated nano-reduced graphene oxide (average diameter 
~ 27 nm) for ultra-low power photothermal therapy. They 
have shown that the surface chemistry and size of gra-
phene are important for PTT applications. They observed 
all the treated mice for 100 days without any death or 
side effect189. The same group has developed a multi-
functional nanocomposite of PEGylated GO–iron oxide 
(IONP)–Au, which is even better as a photothermal 
therapeutic agent than RGO–PEG composite due to  
enhanced NIR absorbance190. These GO–IONP–Au–PEG 
composites can be applied for magnetic resonance (MR) 
and X-ray dual-mode imaging due to the presence of both 

magnetic particles and plasmonic Au nanoparticles. Re-
cently, Wang et al.191 combined chemotherapy and photo-
thermal targeted therapy for the design of multifunctional, 
mesoporous, silica-coated graphene nanosheets as a drug 
delivery system. Mesoporous silica on graphene increases 
the surface area, hydrophobicity, dispersibility and func-
tionalities of the system, which exhibits synergic effect of 
drug loading via – interactions and adsorption in the 
pores191. The schematic mechanism and details of the 
photo-generated temperature enhancement upon irradia-
tion have been depicted in Figure 9. 
 In PDT, reactive oxygen species (ROS) generated from 
photosensitizer upon irradiation are responsible for kill-
ing the tumorous cells. Huang et al.192 have reported folic 
acid-conjugated graphene oxide (GO) loaded with a  
photosensitizer chlorin e6 (Ce6), due to hydrophobic  
interactions and – stacking. This novel composite is 
stabilized, which acts as an efficient targeting and photo-
dynamic agent with higher specificity. The photosensitizer 
Ce6 significantly accumulates in the tumour cells and 
shows good photodynamic efficiency on MGC803 cells 
upon irradiation192. 
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Table 2. Different biosensing applications of graphene-based hybrid materials 

   Detection  
System Detection method Analyte linear range Detection limit Reference 
 

CeO2–graphene Electrogenerated Cholesterol 12 M to 7.2 mM 4.0 M 200 
   chemiluminescence 
 

Graphene–silica– Electrochemical DNA 10–14 to 10–10 M 10 fM 201 
 gold NP hybrids  impedance spectroscopy 
 

Perylene derivative/ Electrochemical Pol gene 1.0  10–12 to 5.5  10–13 M 202 
 graphene  impedance spectroscopy  of HIV-1 1.0  10–6 M 
 

Graphene–CdS Cyclic voltammetry Glucose 2.0 to 16 mM 0.7 mM 203 
 

Graphene– Cyclic voltammograms Glucose Upper limit up to 6.9 M 204 
 AuPd (1  : 1)    3.5 mM 
 

Graphene– Cyclic voltammetry Dopamine 0.007 to 90 nmol/l 0.00198 nmol/l 205 
 polyaniline  and electrochemical  
 composite  impedance spectroscopy  
 

TiO2–graphene Amperometric response Glucose  0 to 8 mM – 206 
 

Porphyrin– Electrochemiluminescence Human telomerase 10 to 750 cells/ml 10 HeLa cells/ml 207 
 functionalized   activity 
 graphene  
 

Graphene– Electrochemical impedance ATP/Hg2+ ATP: 15  10–9 to 15 nm/0.5 nM 208 
 aptamer–Au nps  spectroscopy and   4  10−3 M  
   cyclic voltammetry  Hg2+: 0.5−500 nM  
 

BaYF5
 : Yb Er/Tm– Fluorescence resonance  Ochratoxin A/ 0.05 to 100 ng ml–1 0.02 ng ml–1  209 

 graphene oxide  energy transfer  Fumonisin B1 0.1 to 500 ng ml–1 0.1 ng ml–1  
 

Graphene–silica– Differential pulse ATP 0.05 to 56.5 nM 2.3  10–11 M 210 
 Au hybrids  voltammetry 
 

Graphene–Au nps Square wave voltammetry L-Histidine 10 pm to 10 mM 0.1 pM 211 
 

Graphene–silica– Differential pulse D-Vasopressin 5 ng ml–1 to 5 ng ml–1 212 
 Au hybrids  voltammetry   56.5 mg ml–1 
 

Dye-labelled Forster resonance  Cancer cells  2.5  101 to 2.5   25 cells ml–1 213 
 aptamer/  energy transfer  (CCRF–CEM)  104 cells ml–1   
 graphene oxide   
 

Graphene–carbon Electrochemiluminescence Cancer cells (HeLa cell) 10 to 1  105 cells ml–1 10 cells ml–1 214 
 dot@Ag 
 

Aptamer–graphene Fluorescence quenching  Pathogen (Salmonella 42.2–675.0 cfu ml–1 11.0 cfu ml–1 215 
 oxide   enterica and  for S. enterica 
   Staphylococcus  104 to 106 cfu ml1  
    aureus)  for S. aureus 
 

EDTA-modified Differential pulse Dopamine 0.20–25 M 0.01 M 216 
 graphene  voltammogram 
 

rGO-UCNPs  Electrochemiluminescence Cyclin A2 (prognostic  100 fM to 10 nM 10.5 fM 217 
 (NaYF4

 : 78 mol%   indicator in early-  (0.52 pg/ml) 
 Y3+, 20 mol% Yb3+,   stage cancers)    
 2 mol% Er3+)      

 
 
Biosensing 

Graphene-based materials are important for their ultra-
sensitivity and selectivity in sensing of biomolecules like 
nucleic acids, proteins and cancer cells. Biosensors are 
based mainly on the optical, electronic, thermal and elec-
trochemical properties of the materials. Graphene-based 

materials, having exciting optical, electronic and electro-
chemical properties and also very high surface area, having 
diverse functionalities and interactions, are a good choice 
for sensors and related useful devices as they are eco-
friendly, economic, have high sensitivity and are suitable 
for miniaturization. Various graphene-based hybrid bio-
sensors and their performance have been listed in Table 2.
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Figure 10. a, Schematic of a biosensor based on the change in conductance of graphene modified with PSA capture anti-
bodies for sensing target protein PSA (adapted from Zhang et al.193 with the permission of Elsevier, 2012). b, Scheme of a 
graphene oxide–peptide nucleic acid built miRNA biosensor based on fluorescence signal on–off. c, Three different PNA 
probes with three different dyes for detection of three different miRNAs; PNA21-FAM, PNA125b-ROX and PNA96-Cy5. 
(b) and (c) have been adapted from Ryoo et al.194 with the permission of ACS Publications, 2013. 

 
 
Suspended layer-by-layer self-assembled graphene sensors 
have been designed by functionalizing graphene with 
specific anti-PSA antibodies as bioreceptor. This device 
can detect prostate specific antigen (PSA) down to 
0.4 fg/ml (11 aM)193 (Figure 10 a). Ryoo et al.194 have 
developed a nano graphene oxide–peptide nucleic acid 
(nGO–PNA) conjugate based miRNA sensor for quantita-
tive detection of targeted miRNA expression levels in  
living cells with high specificity. The mechanism of the 
sensing is based on the fluorescence quenching of the dye 
conjugated to PNA and recovery of the fluorescence upon 
binding with a target miRNA (Figure 10 b). This device 
can sense targeted miRNA with high specificity up to 
~ 1 pM in the living cell194. 

Conclusion and future outlook 

Even though graphene chemistry began in the 19th  
century, it was only after the discovery of graphene by 
Novoselov in 2004, that significant research started in 
this area. Due to high mechanical strength and surface 
area, electronic and thermal properties and its wide range 
of applications in various fields such as energy conver-
sion, energy storage, transparent electrodes, biological 
and biomedical, etc. graphene has become one of the 
most well-studied materials. Among all the synthetic 
methods gram-scale synthesis of graphene is possible  
using chemical/sonochemical exfoliation followed by  
reduction from graphite oxide. These chemical/sono-
chemical exfoliation and reduction methods are suitable 
and cost-effective for producing graphene-based compo-
sites for catalysis, energy storage, energy conversion and 
biological applications, whereas for electronic devices 
CVD is the most suitable method to obtain control over 
the size, defects and layers of graphene. Elemental metal 

(Fe, Zn)-based reductions of graphene oxide are envi-
ronmentally benign and give better quality of reduced 
graphene oxide with respect to defects and electronic 
properties than that of common reduction using hydrazine 
and sodium borohydride. Significant development in  
graphene-based composites as catalytic materials, energy 
storage, energy conversions, drug/gene delivery, thera-
peutic and biosensors has been thoroughly discussed. 
Graphene-based composites such as graphene–Fe3O4, 
graphene–SiO2, graphene–Au and graphene–PEG are  
extraordinarily effective for biological and medical appli-
cations. 
 Large-scale, cost-effective, green synthesis of graphene 
sheets with control over size, number of layers, shape and 
functionalities needs significant effort. Instead of CVD, 
bottom-up approaches in wet chemical route for the syn-
thesis of good quality graphene from molecules in a large 
scale have to be explored for future electronics. The elec-
tronic properties of graphene synthesized by wet chemical 
routes have to be improved for large-scale applications. 
Despite the remarkable applications of graphene-based 
composites, it has to be functionalized properly for in 
vivo applications. 
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