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Graphene is one of the most emerging material having unique physical and chemical properties. Recent study
shows that graphene based composites with different nanoparticle show extensive application potential in vari-
ous areas of energy, environmental and biomedical science. In this review we focus on recent advances on the
synthesis approach for graphene-nanoparticle composites, summarize their properties and discuss their advan-
tages toward different applications. In particular we have summarized the advantages of graphene-nanoparticle
composites in catalysis, photocatalysis, fuel cell catalysis, electrochemical sensing, surface enhanced Raman
based detection, water purification adsorbent and other applications.
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1. INTRODUCTION
Graphene has sp2 hybridized planar honeycomb lattice
structure with zero energy band gap and having remarkable
properties such as high conductivity, large surface area,
high mechanical and thermal stability.1–6 These proper-
ties offer graphene a valuable materials in various applied
research such as in fuel cell catalysis, supercapacitor,
photocatalysis, heterogeneous catalysis, water purifica-
tion, drug delivery and biosensing.7–13 In particular high
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charge carrier mobility (up to 105 cm2 V−1 s−1�, high
intrinsic strength (130 GPa), high thermal conductivity at
room temperature (103 Wm−1 K−1� and large surface area
(>2000 m2 g−1� compared to graphite (10 m2 g−1� or car-
bon nanotube (1300 m2 g−1� have been utilized to make
graphene based nanocomposite for optical and electronic
application.8�14–17 In addition it is reported that the efficacy
of graphene based materials is generally higher as com-
pared to other forms of carbon such as carbon nanotube
and fullerene.18

Graphene is highly hydrophobic in nature, does not dis-
solve in hydrophilic solvent and forms large aggregates
via �–� interaction/van der Waals interaction. In order
to overcome this issue graphene oxide (GO) is com-
monly used as alternative. The chemical exfoliation of
graphite powder by strong oxidizing reagent produces
highly colloidally stable exfoliated sheets of hydrophilic
GO. GO contains carbons with sp2 (C C, C O etc.)
and sp3 (C–C, C–OH, C–O–C etc.) hybridization and
with oxygen functionality such as hydroxyl, epoxy, car-
bonyl and carboxyl groups.19 However, unique properties
of graphene are compromised in GO, that limits its use
particularly, in electronic or energy based applications.
In contrast, colloidal GO offers opportunities for function-
alization with molecules/polymers/metal nanoparticles and
extends the application potential.20–24 GO can be trans-
formed into reduced graphene oxide (RGO) by providing
thermal/chemical/photochemical/electrochemical reducing
atmosphere.25–29 This processes increases the number of
sp2 hybridized carbon atoms and greatly recovered the
lost properties of graphene. The RGO has enhanced
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self-aggregation processes and lower solubility but with
enhanced conductivity, light absorption property, mechan-
ical and thermal stability.30–32 Quality of RGO depends on
the processes and nature of reducing agents.19�33–40 Sim-
ilar to GO, RGO is also widely used in preparation and
processing of graphene based composites.
Nanoparticles are widely used in optical, biomedical

and electronic application.41�42 Commonly used nanopar-
ticles include metal/metal oxide nanoparticles (e.g., Pt,
Pd, Co3O4, Au, Ag), semiconductor nanoparticles (e.g.,
TiO2, CdSe, ZnS, ZnO) and magnetic nanoparticles (e.g.,
Fe2O3, Fe3O4�. Metal/metal oxide/hydroxide nanoparticle
acts as active centre for chemical/electrochemical reac-
tion (e.g., O2 reduction, biofuel oxidation, organometallic
reaction).43–45 The semiconductor nanoparticles have defi-
nite energy band gap suitable for absorbing/emitting light
in the UV-visible range and acts as photocatalyst.46 The
plasmonic nanoparticles absorb/scatter light in UV-visible
region and used in surface enhanced Raman spectroscopy,
electrochemical and other detection applications.47–50 The
magnetic nanoparticles have been used in magnetic sep-
aration and magnetic resonance imaging applications.51

In particular Ag, Au, Pt based nanoparticles are widely
used in biosensing application; Pt, Pd, Si, SnO2, MnO2,
Ni(OH)2 nanoparticles are widely used in energy based
application; TiO2 and ZnO are widely used in photocat-
alytic application and Fe3O4, �-Fe2O3 based nanoparticles
are mainly used in magnetic separation application.
Graphene-nanoparticle composites offers the property of

both component and removes some of the limitations of
individual components and in some cases enhances the
performance of individual component.52–57 In continuation
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on focussing of nanoparticle based composites with other
carbon based materials such as carbon nanotube and
fullerene, the graphene based similar composites offers
better performances in most of the applications.58–60 The
nanoparticles are linked with graphene through hydropho-
bic, electrostatic interaction or covalent bonds and syner-
gistic effect prevents the �–� stacking between graphitic
sheets as well as aggregation between nanoparticles.7�19�61

Recently several reviews appears on graphene based
composites with nanoparticle and polymer, focussing
mostly on synthesis and property and limited attention
is paid on application potential.11�12�20�56 In this review,
we will focus mostly on the application potential of
graphene-nanoparticle composites towards the biomedi-
cal, electronic, catalytic, energy and environment based
applications.

2. SYNTHETIC STRATEGY OF
GRAPHENE-NANOPARTICLE (G-N)
COMPOSITES

Chemical structure of graphene, GO, RGO and G-N com-
posites are shown in Figure 1. High quality graphene is
generally synthesized by micromechanical exfoliation on
silicon substrate or chemical vapour deposition on transi-
tion metal surfaces but these methods have low production
efficiency. In addition insufficient functional groups gener-
ated on graphene surfaces limits preparation of graphene
based nanocomposites.16�62–64 Thus colloidal GO, prepared
by Hummer’s method or modified Hummer’s method, are
commonly used for large scale synthesis of graphene based
composites.65�66 Figure 2 summarized different synthetic
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Fig. 1. Chemical structure of graphene oxide (GO), reduced graphene
oxide (RGO), graphene and graphene-nanoparticle (G-N) composites.

approaches. At first colloidal GO is synthesized from
graphite flakes by modified Hummer’s method. G-N com-
posites are then synthesized by in-situ reduction of metal
ions in presence of colloidal graphene oxide. Alternatively,
preformed colloidal solution of nanoparticles is mixed with
colloidal GO and then GO is reduced to prepare G-N
composites. Different surfactants and polymers have been
used to improve the dispersion of G-N composites. In
addition different reducing agents (e.g., hydrazine, sodium
borohydride, ascorbic acid, ethylene glycol, ammonia,
alkali solution) and different reaction condition (temper-
ature, reaction time) have been used to control the prop-
erty of G-N composites.67�68 In these processes metal
ions or pre-functionalized metal nanoparticles attach with
GO surfaces through electrostatic interactions, covalent
or by week interaction to form nanocomosites.69�70 Next,
reduction of metal ion and/or GO is performed to pro-
duce G-N composites.71�72 The GO-based composites are
mainly used in sensing, photocatalysis and water purifica-
tion applications where as graphene-based composites are
used for all types of applications.

Fig. 2. Schematic illustration of synthetic strategies for graphene/GO
based composites with different nanoparticles.

3. PROPRIETIES OF GRAPHENE-
NANOPARTICLE (G-N) COMPOSITES

The UV-visible absorption spectrum of GO clearly repre-
sent the n-�* transition at around 300 nm whereas �–�*
transition is not observed due to lower percentage of con-
jugated double bonds. (Fig. 3) The chemical reduction of
graphene oxide by hydrazine leads to increased percentage
of conjugated double bonds and appearance of �–�* tran-
sition band at 260 nm. Optical property of G-N compos-
ites shows combined property of both components. (Fig. 3)
For example G-N composites with plasmonic silver or
gold nanoparticles shows respective plasmonic band along
with graphene band. However, plasmonic band is exten-
sively damped by graphene. The plasmonic bands for sil-
ver and gold nanoparticles are observed at ∼400 nm and
∼530 nm, respectively, along with the �–�* transition
band at ∼260 nm and n-�* transition band at ∼300 nm.
In the case of platinum and other nanoparticle based com-
posites, plasmon band is absent and only graphene band is
observed.
Raman spectroscopy is a non-destructive tool for the

analysis of order and disorder of the crystallized carbon
samples.73�74 In pure form graphene has ordered struc-
ture showing intense graphitic bands (G) at 1600 cm−1

which arise from the scattering of the E1g phonon of the

Fig. 3. UV-visible absorption spectra of GO, RGO and different G-N
composites made of silver nanoparticle (G-Ag), gold nanoparticle (G-Au)
and platinum nanoparticle (G-Pt).
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Fig. 4. Characteristic Raman spectra of different G-N composites
made of silver nanoparticle (G-Ag), gold nanoparticle (G-Au), platinum
nanoparticle (G-Pt), palladium nanoparticle (G-Pd), copper nanoparticle
(G-Cu) and iron oxide nanoparticle (G-�-Fe2O3); showing the G-band
and D-bands of graphene.

sp2 hybridized carbon. (Fig. 4) As the disorder arises on
graphene surfaces a new defective band (D) at 1300 cm−1

arises from a breathing mode of point photons of A1g
symmetry. Such defects can arise due to chemical oxida-
tion, doping and thermal annealing and results the disrup-
tion of sp2 domain of graphene surfaces. The disordering
of the graphene based material can be elucidated by the
ratio of intensity of defective bands to graphitic bands
(ID/IG�. For example, the GO and RGO have the defec-
tive structure of graphene which represent the D band
at 1300–1350 cm−1 and the G band at 1600 cm−1 and
the ID/IG ratio is > 1. This indicates prominent defective
nature of graphitic structure. Incorporation of nanoparti-
cles on the graphene surfaces further increases the dis-
ordering of graphitic structure and thus the ID/IG ratio
become in the range of 1.9–2.1.75–77

Fig. 5. Characteristic XRD spectra of different G-N composites made
of silver nanoparticle (G-Ag), gold nanoparticle (G-Au), platinum
nanoparticle (G-Pt), palladium nanoparticle (G-Pd), copper nanoparticle
(G-Cu) and iron oxide nanoparticle (G-�-Fe2O3); showing the reflections
from nanoparticle and carbon.

Characteristic reflection from both components can be
observed from XRD of G-N composites. (Fig. 5) The RGO
has two broad reflections of graphitic planes of C (002)
and C (100). The number of layers and d spacing between
the planes can be derived from Scherer equation and as
the number of stacking layers increases the reflection from
crystalline carbon becomes sharper. G-N composites show
respective reflections from nanoparticle components along
with reflection for graphene component. (Fig. 5) For exam-
ple, G-N composites with silver nanoparticle shows reflec-
tions due to silver planes of (100), (200), (220) and (311)
as well as reflection of graphitic (002) planes. The G-Au
composites gives the signature of Au metal planes reflec-
tion at (111), (200), (220), and (311) along with reflec-
tion of graphitic plane. G-Pt composites shows the broad
reflections of platinum plane at (111), (200), (220), along
with graphite plane at (002). When less noble metal is
used the reflection of respective metal oxide dominates.
For example copper and palladium based nanocomposites
show reflection of metal oxides. The G-Cu composites
shows the reflections of Cu metal at (111), (200), (220)
and reflections of copper oxide at (200), (111), (220). G-Pd
composites shows the reflections of palladium oxide at
(101), (110) along with the signature of graphite. The com-
posites nature of G-�-Fe2O3 is well elucidated from the
appearance of reflection due to �-Fe2O3 and graphene.

4. APPLICATION OF GRAPHENE-
NANOPARTICLE (G-N) COMPOSITES

Graphene-nanoparticle composites have been used in
different area of science. (Fig. 6) In particular
graphene/GO/RGO has been used as coating material or
stabilizer for nanoparticle, as conducting catalyst sup-
port, for assembling nanoparticle on their surface and

Fig. 6. Schematic representation of different area of applications of
graphene-nanoparticle (G-N) composites.
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as media for controlled aggregation of nanoparticle.
Similarly, presence of nanoparticle lowers the aggrega-
tion property of graphene and thus it’s high surface area
and other properties are largely remain intact. As a result
G-N based composites have combined property of both
components, suitable for various applications. In follow-
ing sections we will discuss some of the emerging areas
where they have been used, highlighting their advantages
and our own contribution in some of the areas.

4.1. Enhanced Catalytic Property
Metal or metal oxide nanoparticles with or without
carbon support are widely used as heterogeneous cat-
alyst in various organic transformation reactions.78–88

GO/RGO/graphene with semiconductive or conductive
platform has been utilized as catalyst support for better
performance of different types of organic conversion reac-
tions. (Table I and Fig. 7) In general G-N composites
offer high conversion yield and composites catalysts are
stable under repeated use.83�85�86 Silica coated and pos-
itively charged iron oxide and silver nanoparticles have
been used to electrostatically interact with colloidal GO
followed by chemical reduction to produce graphene based
composites.83�85 These composites have been used for click
reaction, A3 coupling reactions and alcohol oxidation reac-
tion. (Scheme 7) Similarly, mixture of copper salt and
GO are simultaneously reduced to form G-N compos-
ites and showed high catalytic activity for O/N-arylation.86

The TEM study shows that the copper nanoparticles of
sizes 2–3 nm and silica coated silver nanoparticles of
sizes 7–8 nm are uniformly distributed on the graphene
surfaces.83�85 (Fig. 7(b)) The graphene surfaces not only
stabilize the active �-Fe2O3/Ag/Cu nanoparticles but it can
also provide a suitable platforms or medium for reacting

Table I. Summary of application of G-N composites as heterogeneous
catalyst in organic transformations.

Composites Application Advantages References

GO-Pd, G-Pd Suzuki coupling,
Suzuki-Miyaura
coupling, Heck
reaction

GO/graphene as
better support
than carbon black

[18, 79–81]

G-Fe3O4-Au,
G-�-Fe2O3

O-nitroaniline to
benzenediamin,
triazoles
synthesis via
click chemistry

Graphene as better
support, magnetic
separation

[82, 83]

GO-Ag,
G-Ag

decarboxylative
cycloaddition,
A3-coupling

High catalyst
stability, efficient
catalysis

[84, 85]

G-Cu,
G-CuO

Arylation Graphene as
conductive
support, stabilize
Cu/CuO

[86, 87]

G-Ru Arene
hydrogenation

High catalyst
stability

[88]

Fig. 7. (a) Schematic representation of G-N composites catalyzed dif-
ferent organic reactions, (b) TEM images of G-N composites made
of copper nanoparticle (G-Cu) and silver nanoparticle (G-Ag) and
(c) G-N composites based catalytic arylation, oxidation, click reaction or
A3-coupling.

molecules to carry out reaction smoothly and with higher
efficiencies. These catalysts are highly air stable, inexpen-
sive for large scale preparation, easy to recover and are
reusable.83�85�86

It is proposed that large number of reactant molecules
can easily adsorb on the graphene surfaces due its high
surface area and high local concentration of electrons on
the nanoparticles facilitate the A3 coupling, arylation and
click reactions.85 The presence of oxygen functionality on
the graphene surfaces can catalyze the oxidation reaction
of alkyl/nitro substituted benzyl alcohol molecules with
higher percentage of yields (about 70–97%). It is also
emphasized that graphene surface not only acts as support
materials but it can also establish interaction between metal
and graphene via functional groups present on nanoparti-
cles surfaces. The decoration with smaller size and uni-
formly dispersed nanoparticles on graphene surfaces leads
to increased number of catalytic centres and results in bet-
ter catalytic conversion. The stabilization of nanoparticles
on graphene surfaces by metal-graphene interaction and
high tolerance property of graphene in different condition
or environment give higher catalytic performance.
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4.2. Enhanced Electrochemical Detection
Sensitively and Selectively

Electrochemical technique is an important analytical tool
for diagnosing different types of biomolecules, toxic mate-
rials and explosive materials. Recently graphene has been
used in electrochemical sensing application of different
biomolecules.17�20�89–102 Graphene oxidizes at high positive
potential (2.5 V in 0.1 mM phosphate buffer solution), so
the molecules having high reduction or oxidation potential
can be detected by electrochemical technique.92 The edges
and defects in few layer RGO are considered as superior
part for electrochemical activity. The charge transfer abil-
ity between analyte and graphene modified electrode is
quite higher than unmodified electrode. Different types of
G-N composites are used for electrochemical biosensing
which are summarized in Table II. In general noble metal
nanoparticle based composites are used and various types
of molecules have been detected.
The large surface area to volume ratio of graphene offers

decoration of large number of nanoparticles or affinity
molecules (e.g., enzymes) as catalytic centres. Nanoparti-
cles are attached with graphene through functional groups
present on surface of nanoparticle/graphene or by using
additional stabilizer. It is shown that G-N composites are
useful for enhanced selectivity and sensitivity for detec-
tion of different analyte. Depending on the requirement,
the composites material can be designed to enhance the
selectivity or sensitivity. It is proposed that selectivity may
comes from the surface charge present in composites or
selective affinity of analyte to any component of com-
posites or affinity molecules attached on composites. The
sensitivity arises from large surface area, high loading
of nanoparticle and high conductivity of graphene. These

Table II. Summary of application of G-N composites in electrochemi-
cal sensing.

Composites Detection application Advantages References

G-Pt-PVP1 Glucose High sensitivity [93]
G-Pt H2O2, cholesterol,

arsenic, ascorbic
acid-dopamine-uric
acid mixture

High sensitivity,
simultaneous
detection of
analyte from
mixture

[94–97]

G-Au-chitosan Glucose, uric acid,
uric acid-
adrenaline mixture

Simultaneous
detection of
analyte from
mixture

[98–100]

G-Au Ascorbic
acid-dopamine-uric
acid mixture,
guanine-adenine-
thymine-cytosine
mixture

High sensitivity,
simultaneous
detection of
analyte from
mixture

[101]

G-Au-PDDA2 Organophosphates High sensitivity [102]

Notes: 1polyvinyl pyrrolidone, 2poly diallyldimethylammonium chloride.

factors facilitate high adsorption of analyte and electron
shuttling from analyte to electrode or vice versa.
Representative example of graphene based composites

with gold nanoparticle (G-Au) and their electrochemical
detection is shown in Figure 8.101 TEM image shows bright
round spot observed on graphene surface as gold nanopar-
ticles and similar morphology is expected when they are
used to modify the working electrode. The differential
pulse voltametric response of ascorbic acid, dopamine and
uric acid can be well resolved from their mixture when
electrode is modified by G-Au. In addition signal intensity
has also been enhanced. In contrast bare electrode or elec-
trode modified with only Au nanoparticle or graphene can
not resolve individual redox signals. It is also observed
that finer optimization of loading of Au nanoparticles on
graphene surfaces is important for resolution of individ-
ual redox signals. Following this approach sensitive and
selective detection of ascorbic acid, dopamine, uric acid
or DNA bases can be performed from mixture.101 In most
of the cases ascorbic acid suppress the redox signals of
dopamine/uric acid. However, G-Au shifts the oxidation
peak potential of ascorbic acid towards lower potential
and thus signal is isolated. In addition, G-Au offers both
cationic and anionic charge centre that can trap oppositely
charged analyte and induce selectivity.101

4.3. Enhanced SERS Detection Sensitivity and
Reproducibility

Surface enhanced Raman spectroscopy (SERS) is an ultra-
sensitive detection technique of Raman active molecules
adsorbed on the surface of plasmonic nanoparticles.103–105

Although electromagnetic and chemical enhancement are
responsible for SERS, the electromagnetic enhancement
contributes more toward sensitivity.106 Graphene and
GO based composites with plasmonic nanoparticle have
been used to improve the detection sensitivity and sig-
nal reproducibility.107–111 (Table III, Fig. 9) The GO or
graphene exposed their surface for attaching large number
of nanoparticles and control their aggregation (dimmers/
oligomers). This allows the formation of more number of
electromagnetic hot spots that are responsible for SERS.
Adsorption of Raman probe on those hot spots enhances
the SERS signal intensity. Surface of GO/graphene help
for adsorption of Raman probes which are commonly hav-
ing �-ring structures. In addition electrostatic interaction,
�–� stacking or H-bonding interaction between Raman
probe and G-N composites can induce their positioning at
hot spots. Variety of dye molecule, toxic metal ions and
biomolecules are efficiently detected using this approach.
The detection sensitivity can reach in the nM to pM
range.
Other significant advantage of this approach is that

reproducibility of SERS signal can be significantly
improved as compared to commonly used approach.
In common practice salt induced uncontrolled aggrega-
tion of plasmonic nanoparticle are employed that generate

182 Rev. Nanosci. Nanotechnol., 3, 177–192, 2014
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Fig. 8. (a) Schematic representation of synthesis of G-N based composites with gold nanoparticle (G-Au) and mechanism of electrocatalysis,
(b) FESEM image of G-Au, (c) TEM image of G-Au and (d) differential pulse voltametry (DPV) response of mixture of ascorbic acid (A), dopamine
(D) and uric acid (U) by differently modified glassy carbon electrode.

electromagnetic hot spot at intermediate stage. This results
very poor reproducibility of SERS signal and thus limits
for reliable detection application. However, G-N compos-
ites based approach offers generation of stable aggregates
and thus reproducibility of SERS signal is enhanced.110

(Fig. 9) For example, plasmonic hot spots have been sta-
bilized by GO liquid crystals that significantly enhance

Table III. G-N composites used in SERS based detection.

Composites Detection application Advantages References

G-Ag Allura red, ponceau,
erythrosine
colourants in foods

High detection
sensitivity

[107]

GO-Ag Folic acid High sensitivity due
to formation of
more
electromagnetic
hot spots

[69]

RGO-Au Hg(II) Ultrasensetive
detection

[108]

GO-Au Malachite green High sensitivity due
to chemical and
electromagnetic
enhancement
effect

[109]

GO-Ag@Au Rhodamine 6G,
4-mercaptopyridine,
biomolecules

High sensitivity due
to stabilization of
electromagnetic
hot spots by
liquid
crystalline GO

[110]

GO-Ag@Au Glucose High detection
sensitivity

[111]

the SERS signal reproducibility.110 (Fig. 9(c)) This
approach have been used for sensitive detection of dif-
ferent biomolecules such as adenine, biotin and thiamine.
(Fig. 9(d))

Fig. 9. (a) Schematic representation SERS approach using G-N com-
posites with silver coated gold nanoparticle (G-Ag@Au). (b) TEM image
of representative G-Ag@Au composites, (c) reproducible SERS signal of
2-mercapto pyridine using G-Ag@Au composites and (d) SERS detec-
tion of biomolecules using G-Ag@Au composites.
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4.4. High Performance Fuel Cell Catalyst
Graphene-metal hybrid materials are emerging as alter-
native electrode materials for fuel cell application.7�8�112

Goal of fuel cell research is to obtain green energy from
chemicals via electrochemical approach. Commonly used
reactions are oxidation of methanol/ethanol/formic acid
and reduction of oxygen. These reactions are performed
on electrode surface to generate current. As these reac-
tions are less efficient, various electocatalyst are used that
include metal nanoparticles (e.g., Pt, Pd, Au), bimetallic
nanoparticles (e.g., PtAu, PtAg, PtCu, PdCu) and metal
oxides. In many of these catalytic fuel cell reaction poi-
soning intermediates such as carbon monoxide evolves
that hamper the long term stability of the catalyst. Other
issues include low current intensity, high catalyst cost
and poor catalyst stability. In order to solve these issues
G-N based composites have been extensively used as
electrocatalyst.113–115 It is shown that use of graphene as
support can significantly decrease the poisoning effect and
offer longer life time of the catalysts.
The main requirements of G-N composites based catalyst

are uniform loading of nanoparticles to ensure high over-
all surface area, intact binding between two components
and minimum use of stabilizers. Prominent advantages of
G-N composites based catalyst are lowering of catalyst poi-
soning, high catalytic current, stable catalytic current with
repeated cycles.113–125 (Table IV, Fig. 10) These advantages

Table IV. Summary of application of G-N composites as fuel cell
catalyst.

Composites Fuel cell reaction Advantages References

G-Pt,
RGO-Pt

O2 reduction,
HCOOH
oxidation,
methanol
oxidation

High catalytic
current, high
catalyst stability,
more carbon
monoxide
tolerance

[59, 67, 114–118]

GO-Pd,
G-Pd

HCOOH oxidation,
methanol
oxidation,
ethanol oxidation

High catalytic
current, stable
catalytic current
to repeated
cycles

[119–121]

RGO-Au O2 reduction High onset
potential, high
catalyst stability

[122]

G-PtPd Methanol oxidation Low carbon
monoxide
poisoning

[123]

G-PtAu HCOOH oxidation Low carbon
monoxide
poisoning, high
catalyst stability

[113]

G-noble
metal

Ethanol oxidation,
HCOOH
oxidation

Stable catalytic
current

[124]

G-Co3O4 O2 reduction High catalyst
stability

[125]

Fig. 10. (a) Schematic representation of synthesis and fuel cell cat-
alytic application of G-N composites, (b) TEM image of G-N composites
made of platinum nanoparticle (G-Pt) and palladium nanoparticle (G-Pd),
(c) electrochemical oxidation of 0.5 M ethanol in 1 M KOH using G-Pt
composites with respect to controls 1 (G-N composites produced by
reduction of platinum salts and GO) and control 2 (20 wt% Pt on graphi-
tized carbon) and (d) electrochemical oxidation of 0.5 M ethanol in 1 M
KOH using G-Pd with respect to control 3 (G-N composites produced
by reduction of paladium salts and GO).

are mainly due to synergistic effect between nanoparticles
and graphene against severe aggregation, high thermal and
mechanical stability of composites and high number of cat-
alytic centres and high conductivity of graphene.
Commonly used surfactant and polymeric stabilizers

lowers the active surface area of nanoparticle. In G-N com-
posites based approach this issue can be solved by using
graphene as nanoparticle stabiliser and supported cata-
lyst. For example surfactant free G-N composites has been
synthesized by reacting colloidal metal oxide/hydroxide
with partially reduced GO.124 This approach has been used
for preparation of G-Pt and G-Pd composites. Colloidal
platinum oxide/palladium oxide nanoparticles are treated
with partially reduced GO that leads to the formation
of G-Pt/G-Pd. The higher reduction potential of platinum
oxide/palladium oxide compared to partially reduced GO
is the driving force for the reduction of metal oxide to
metal and resultant metal–metal oxide based nanoparticle
of 2–4 nm sizes are highly uniformly distributed on the
graphene surfaces.124 (Fig. 10) The Pt nanoparticles with
average size of 2.3 nm and palladium oxide nanoparti-
cles with average size 3.5 nm are uniformly distributed
on the graphene surfaces as seen in the TEM image.
(Fig. 10(b)) The current density (based on the actual sur-
face area) for ethanol electro-oxidation using this G-Pt
composites is higher than control 1 (G-Pt prepared by
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in situ reduction of platinum salts in presence of GO) and
control 2 (20 wt% Pt on graphitized carbon). (Fig. 10(c))
Similarly, the current density for ethanol oxidation by
G-Pd is higher than the control catalyst produced by the
in situ reduction of palladium salt in presence of GO
(Fig. 10(d)). In addition no CO oxidation peak is observed
in the forward reaction using the G-Pt/G-Pd composites.
Overall, the performance of these catalysts toward electro-
chemical oxidation of ethanol and formic acid is very good
and they produce high current density with low poisoning
effect and catalytic current is stable to repeated catalytic
cycles.

4.5. High Performance Adsorbent for
Water Purification

The different methods are available for waste water treat-
ment that include membrane based filtration, ion exchange,
adsorption, precipitation and amalgamation. Among these
techniques adsorption based method is cost effective
and most widely used for removal of various pollutants
from water such as toxic metal ions, dyes and organic
pollutents.126–128 Carbon based materials such as activated
carbons and porous carbons are commonly used as adsor-
bent for such purpose.129�130 The magnetic metal oxide
nanoparticles are alternative adsorbent but they have limi-
tation on functionalization and stability issues.131 Recently
graphene emerge as potential adsorbent due to high surface
area and hydrophobic surface nature. However, poor dis-
persibility limits such application potential. G-N compos-
ites made of magnetic nanoparticle (e.g., Fe3O4/�-Fe2O3�
can solve most of the limitations of magnetic nanoparti-
cles and graphene. Incorporation of magnetic nanoparticles
between graphene or RGO effectively inhibit the aggre-
gation between graphene sheets and between magnetic
particle. Such composites show high surface area and mag-
netic property and offers high separation efficiency.132–139

(Table V) The different organic substrates are efficiently
adsorbed on graphene surfaces through �–� interactions,

Table V. Application of G-N composites in water purification.

Composites Removed pollutant Advantages References

GO-Fe3O4 Cu(II), Co(II),
fulvic acid,
rhodamine B,
acid blue,
malachite green

Easy and efficient
separation,
magnetic
separation

[130, 135, 136]

RGO-Fe3O4 As(III), As(V) High absorption
capacity

[137]

G-Fe3O4 Safranine T, neutral
red, victoria blue

Efficient
separation

[138]

G-�-Fe2O3 Endocrine
disrupters

Efficient
separation

[134]

RGO-ZnO Rhodamine B Adsorption and
photodegradation

[139]

electrostatic interactions and weak interaction. In addition
composites surface can be functionalized for separation
of specific metal ions. This approach has been used for
efficient separation of various endocrine disruptor com-
pounds such as 1-naphthol, dibutyl phthalate, bisphenol A,
atrazine from contaminated water.134 (Fig. 11) The pos-
itively charged silica coated �-Fe2O3 nanoparticles are
treated with negatively charged GO followed by hydrazine
reduction that results magnetic G-�-Fe2O3 composites.134

The �-Fe2O3 nanoparticles with average size of 15 nm
are well distributed on the graphene surfaces as observed
in the TEM images. (Fig. 11(b)) Endocrine disruptors can
be removed by mixing G-�-Fe2O3 composites with waste
water followed by magnetic separation of G-�-Fe2O3 com-
posites to get clean water. (Fig. 11(a)) The endocrine dis-
ruptors are adsorbed on the graphene surfaces through
the �–� interaction, hydrophobic interaction and electro-
static interaction. It is shown that separation efficiency
of endocrine disruptors depends on the loading of mag-
netic nanoparticle and optimum loading (about 10 wt%
of nanoparticle) can minimize graphene–graphene interac-
tion and maximize overall surface area. Typical results are
shown in Figure 11(c) for G-�-Fe2O3-based separation of
bisphenol A. It is shown that performance of bisphenol
A separation by G-�-Fe2O3 is better than commercially
available activated carbon.

4.6. Efficient Photocatalyst
The G-N composites made of semiconductor
nanoparticle has attracted attention in photocatalytic
applications.17�140–151 (Table VI) The photocatalytic degra-
dation of various type of organic dyes and pollutants,
water splitting reactions and deactivation of bacteria are
some of the well studied reactions.140–143 TiO2-based
nanomaterials are widely used as photocatalyst because of
its chemical stability, nontoxicity and low cost. It is shown
that graphene-TiO2 composites has higher photocatalytic
efficiency than bare TiO2.

144 One significant limitation of
TiO2 based materials is that it has large band gap and
is active only under UV light. In order to expand pho-
tocatalysis under visible light attempts have been made
to develop materials that absorb in the visible range and
offers photocatalysis under sunlight. The graphene based
composites with Ag3PO4, CdS have been used for such
visible light photocatalytic degradation and photocatalytic
conversion reactions.145�146

From the mechanistic point of view separation and sta-
bilization of photogenerated electron–hole pair is the key
issue. These photogenerated holes in valence band and
electrons in conduction bands can generate various oxida-
tive species (e.g., O·

2, O−
2 , OH free radical) which are

responsible for oxidation of different aromatic compounds.
The photocatalytic efficiency of semiconductor is quite low
due to the fast recombination process of electron hole-
pair. In this regard graphene as catalyst support delay the
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Fig. 11. (a) Schematic representation of separation of endocrine disrupters from water using G-N composites made of �-Fe2O3(G-�-Fe2O3), (b)
TEM image of G-�-Fe2O3 and (c) Comparative separation efficiency of bisphenol A by activated carbon and G-�-Fe2O3 as observed by UV-visible
absorption spectra of bisphenol A.

electron–hole pair recombination process. Graphene can
do this by accepting the electrons situated in semiconduc-
tors conduction bands and shuttle the electrons through the
conjugated � domains in graphene surfaces.57 It is also

Table VI. Summary of application of G-N composites as photocatalyst.

Composites Molecule degraded Advantages References

RGO-Ag3PO4 Methyle orange,
methylene
blue

Efficient
degradation
under visible
light

[148]

GO-Ag3PO4 AO7 dye, phenol Efficient
degradation
under visible
light

[145]

G-TiO2 Methyl orange,
alkylphenol,
butane,
methylene blue

Efficient
degradation of
under UV light

[144, 148–150]

G-ZnS Conversion of
alcohol to
aldehyde

Graphene capture
visible light and
acts as
photosensetizer

[151]

G-CdS Rhodamine B Efficient
degradation
under visible
light

[146]

reported that graphene can acts as electron reservoir and
photosensitizer to capture the visible light.57

4.7. Improved Supercapacitor
The electrochemical supercapacitors have fast storing and
releasing capacity of high energy density.112�152 The carbon
based materials, graphene based materials in particular,
are considered as important supercapacitor material.8�17�153

Graphene-metal oxide hybrid materials are particularly
useful for this purpose. The graphene nanosheets store
energy by the formation of electrochemical double layer
in between the electrode surface and electrolyte.154�155

Although graphene nanosheet itself can be used as
supercapacitors, the capacitance cannot reach high. The
different transition metal oxides show pseudocapacitors
activity via fast reversible faradic redox reaction to store
and release high energy. Among the different transition
metal oxide/hydroxides, RuO2 has high specific capaci-
tance and longer cyclic life time but use of these oxide
is not cost effective.155�156 Other metal oxides/hydroxides
have low specific capacitance. These problems can be
solved by using graphene based hybrid material with met-
als oxide where both supercapacitive and pseudocapacitive
nature acts simultaneously. The specific capacitance can
be greatly increased as well as charge–discharge ability
becomes faster. The high performance of graphene based
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Table VII. G-N composites used for supercapacitor application.

Composites Advantage Reason References

G-ZnO Reversible charg-
ing/discharging,
high
capacitance

Intercalation of
ZnO between
graphene

[157]

G-Ni(OH)2 High energy
densities, high
power
densities, long
cycle life

Intercalation of
nanocrystaline
Ni(OH)2
between
graphene

[158]

G-SnO2 High capacitance Synergistic effect
of SnO2 and
graphene

[159]

G-MnO2,
GO-MnO2,
G-Mn3O4

Flexible,
lightweight,
high-
performance,
high charge
discharge rate,
long cycle life

High surface area,
porous
structure and
conductive
matrix promote
fast Faradic
charging and
discharging

[155, 160, 161]

G-RuO2,
G-TiO2,
G-Fe3O4

High capacitance Minimum
agglomeration
of metal oxide
helps efficient
Faradic charge
transfer

[156]

G-Co(OH)2 High capacitance Stabilization of
graphene and
Co(OH)2

[162]

composites is due to the high conductivity of graphene
as support, high overall surface area, high mechanical
and chemical stability and flexibility of the composites.
Table VII summarizes the composites materials used along
with their advantages.155–162

4.8. Efficient Li-Ion Battery
Storing energy for future and use it via electronic devices
is an important issue due to decreasing natural fuel.152

Rechargable Li-ion batteries (RLBs) are extensively used
for energy storing and utilising through devices. Li-ion
insertion into the anodic substances during charging and
release during discharging occurs for energy storing and
release, respectively. The insertion/release of lithium ion
occurs at the anode which is composed of different metal,
metal oxide or carbon based material. High mechanical
and electronic properties give advantage to graphene as
alternative anode material. However, the problem asso-
ciated with graphene is the ordered and dense pack-
ing of sheets that leads to lowering of Li intercalation,
long diffusion distance for lithium ion and slow charge–
discharge cycling of graphite-based RLBs.163 Although
metal and metal oxide are used as anode materials (e.g.,
Sn, Si, TiO2, SnO2, Fe3O4, Co3O4, CoOx, MnO2� and they
have high capacity than graphene but they have very low

Table VIII. G-N composites used for Li-ion battery application.

Composites Advantage Reason References

G-Si,
G-porous Si

High storage
capacity, stable
performance over
repeated cycles

Graphene provide
conductive network
and elastic buffer

[166–168]

G-Co3O4 Stable performance
over repeated
cycles

Prevent volume
expansion/
contraction and
aggregation of
Co3O4

[169]

G-SnO2 High performance High loading of SnO2 [170]

RGO-Sn,
G-Sn

High specific
capacity, high
reversibility

Sn nanoparticles act
as spacer for
separation of
graphene sheets
and induce efficient
electron transfer

[171, 172]

G-TiO2 High charge
discharge rate

Percolated graphene
network in metal
oxide electrode

[173]

cycling life time. G-N composites between metal/metal
oxide and graphene synergistically resolve the problem of
each component.8�112�163–173 Conductive graphene reduce
the volume expansion/contraction during charge–discharge
period leading to higher life cycle and shorter transport
length for Li ion. In addition presence of nanoparticle pre-
vents the dense packing of graphene sheets that offers high
adsorption of Li-ion. The various combination of graphene
based composites with metal/metal oxide are summarized
Table VIII.
It also should be pointed out that graphene, carbon

nanotubes and their composites have many other poten-
tial applications such as for energy harvesting from sun-
shine or heat which has been reported and discussed in
Refs. [174–179]. As more and more research is going on,
more and more applications may be found for these new
materials.

5. CONCLUSION AND FUTURE DIRECTION
In summary, graphene based composites with different
nanoparticles have been used as precious materials to
improve the performance of various existing materials.
They have been used with enhanced performance in
heterogeneous catalysis, photocatalysis, electrochemical
sensing, SERS based detection, fuel cell catalysis, water
purification adsorbent and energy related applications.
Here we have focussed with a brief discussion about dif-
ferent synthetic strategies in making graphene-nanoparticle
composites and then discusses their properties. Finally we
have discussed about various area where these composites
have been used. We have highlighted specific advantages
of these composites toward different applications and also
discussed the origin of such advantages.
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Although significant work is done in this area, further
work should be conducted in following areas for advance-
ment of the field. First, simple and large scale synthe-
sis and solubilization methods should be developed for
graphene. Most of the currently available methods need
sophisticated instrumentation and can not be used for
large scale synthesis. In addition simple preparation of
soluble graphene can greatly simplify the synthetic steps
for graphene-nanoparticle composites. Second, simple and
effective functionalisation of graphene and graphene based
composites with different required molecules should be
developed. These methods would be useful for explor-
ing the application of various composites. Third, method
should be developed for controlled loading/attachment of
nanoparticle with graphene. Current approaches can not
control attachment of graphene on edge or corner and finer
control of nanoparticle loadings is difficult. These controls
are necessary for understanding of the effect of compos-
ites structure on the performance toward different appli-
cation. Fourth, method should be developed for effective
coupling of graphene with nanoparticle without using large
molecule/polymer. This would lead to the clean compos-
ites without any chemical agent that blocks catalytic sur-
face or other performance. Fifth, more attention should
be paid to structure-property relation of composites to the
performance toward different application and to used the
optimized composites structure for best performance. With
these advancements we expect further development of this
field in coming years and solving some of the growing
challenges in the interdisciplinary area of science.
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