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Abstract Nanotechnology and nanoscience have emerged out as one of the most
exciting areas of research today. As an inimitable morphological 2-D carbon mate-
rial, graphene has triggered a gold rush in the nanomaterial society by introducing
controlled functional building blocks. Besides, themechanical, electrical, and optical
properties of graphenemake it an attractive contender for applications in solar energy
conversion and electrochemical energy devices. Graphene based nanocomposites
have been preferred greatly due to their low cost, low density, high electron mobility,
exceptional optical transmittance, versatile process ability and excellent thermal
conductivity. Subsequently, to encounter the global needs, energy scavenging has
become an ultimate part of pervasive sensor network. A gold rush has been prompted
all over the world for exploiting the possible applications of graphene-based nano-
materials. The best solution to this problem is to improve the photoconversion
efficiencies by optimizing materials and device fabrication.

In this chapter, first of all we have discussed different synthesis methods of
graphene nanocomposites like mechanical exfoliation, chemical vapor deposition,
liquid phase exfoliation, electrochemical exfoliation and reduction of graphene
oxide. For the elucidation of their structural and morphological characteristics,
different techniques including SEM, TEM, Energy dispersive X-ray spectroscopy
(EDX), UV/Vis absorption spectrum, Raman Spectroscopy, Photoluminescence
spectroscopy (PL), X-ray photoelectron spectroscopy (XPS), XRD, Cyclic voltam-
metry, Impedance spectroscopy, DSC, FTIR and TGA have been discussed. Appli-
cation potential analysis for graphene-based nanocomposites is discussed based on
means includingflexible and stretchable electronics, photocatalysis and electrochem-
ical sensing, use in Li-ion batteries, supercapacitors, photovoltaic applications and
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hydrogen production. Some of the future concerns have also been discussed related
to their feasibility, controlled device fabrication of composites, stability and life span
of composite, multistep heterogeneous catalysis and safe dumping of environmental
contaminants.

Keywords Graphene based nanocomposites · Energy · Hydrogen production ·
Solar cells

Abbreviations

PMC Polymer Matrix Composites
CNTs Carbon Nanotubes
AFM Atomic Force Microscopy
CVD Chemical Vapor Deposition
G-PSS Graphene [poly (sodium4-styrene sulfonate)]
rGO Reduced Graphene Oxide
ETOD 3,4-ethylenedioxythiophene
ATRP Atom transfer radical polymerization
DMF Dimethyl Formamide
MO Metal Oxide
NMR Nuclear Magnetic Resonance
MS Mass Spectrometry
SEM Scanning Electron Microscopy
FESEM Field Emission Scanning Electron Microscopy
LTD Low Temperature Decomposition
AP Ammonium perchlorate
XPS X-ray Photoelectron Spectroscopy
TGA Thermogravimetric Analysis
CV Cyclic Voltammetry
PON Peroxynitrites
MWCNTs Multi-walled Carbon Nanotubes
AC Alternating Current
ITO Indium Tin Oxide
OER Oxygen Evolution Reactions
NCs Nanocomposites
GO Graphene Oxide
STM Scanning Tunneling Microscopy
NMP N-methyl pyrrolidone
PSS [Poly (sodium 4-styrene sulfonate)]
PEDOT [Poly (3,4-ethlenedioxythiophene)]
APS Ammonium peroxydisulfate
PFPA Per fluorophenyl Azide
DMSO Dimethyl Sulfoxide
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PTA Phosphotungstic Acid
XRD Powder X-ray Diffraction
FTIR Fourier Transform Infrared Spectroscopy
TEM Transmission Electron Microscopy
DSC Differential Scanning Calorimetry
HTD High Temperature Decomposition
PSSA Polyelectrolyte containing aromatic sulfonic acid
ESCA Electron Spectroscopy of Chemical Analysis
EDX Energy Dispersive X-ray
GCEs Glassy Carbon Electrodes
PL Photoluminescence
PVA Polyvinyl Alcohol
ECs Electrochemical Capacitors
LIBs Lithium-Ion Batteries
ORR Oxygen Reduction Reactions

1 Introduction

An allotropic carbon having graphene stacks has upraised research in nanotech-
nology since its discovery. Graphene, a versatile twenty-first century material, is a
single-atom-thick structure of sp2 bonded C-atoms which arrange themselves in a
structure like honeycomb, designated as an emerging class of nanomaterials with 2D
arranged carbon atoms introducing the building blocks with controlled functionali-
ties [1, 2]. The interfaces thusmade contain efficient transport of the electrical energy
with having substantial 2D planarity and layers with single atom thickness [3]. The
transport of holes and electrons using field effect of electricity having ambipolar
nature was allowed by specific characteristics of graphene like zero bandgap along
with achievement of the 1013 cm−2 of carrier concentration and the mobility which
can exceed from 15,000 cm2V−1s−1 significantly at the room temperature [4, 5].
According to theoretical calculations, 2630m2g−1 of surface area is possessed by the
graphene along with 200,000 cm2V−1s−1 of mobility at about 1012 cm−2 of carrier
density with 80–95% of optical transparency having elevated electrical conductivity
specifically at the room temperature [6–8]. Graphene contains robust mechanical
properties with possession of the Young’s modulus having value of 1 TPa along with
42 Nm−1 of the breaking strength and outstanding thermal conductivity having value
5000 Wm−1 K−1 with the fracture strains of ca. 25% which are very favorable for
various graphene applications [9]. Due to prevailing environmental problems along
with depletion of the fossil fuels in recent years, a great interest has been developed
for designing alternative energy sources like devices with energy conversion and
storage along with energy densities which can meet this increasing demand. Many
properties of graphene like low density, nontoxicity, adjustable process ability and
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high mobility of electrons makes the graphene a favorable material for several appli-
cations in industry. For the achievement of all these distinctive properties, a possible
way is the formation of composite material by the integration of graphene sheets
[9]. For example, in the formation of the Ag-nanoparticle films, graphene sheets
perform an excellent role on nanoscale ad substrate. Formation of these films which
accumulate on nanosheets having a single deposition layer having specific flexibility,
forms stable aqueous suspensions [10, 11]. Due to possession of all the mentioned
properties of graphene, it can be used for a number of purposes like strain sensors, in
packaging industries, in antistatic coatings, electronic devices and as energy storage
materials [12, 13]. The minute or the unbroken fibers of PMC (polymer matrix
composite) fuse with the polymer matrix in such a way that load can be transferred
in-between fibers viamatrix. Both the industries and academic area raise significance
of graphene-reinforced nanocomposites for study of their thermal and mechanical
properties [14]. The special directions and specific geometry possessed by reinforced
material can determinemechanical properties presented by nanocomposites [15, 16].
The properties of the nanocomposites like mechanical and electrical strength can be
improved by the nanoscale interaction of host material with reinforced material [17].
Recently, researchers have found a considerable difference in special directions of
NCs embedded graphene because of the different preparation methods and percent-
ages of graphene in NCs [18]. The appropriate dispersion of the graphene signif-
icantly affects its distinctive properties. This issue can be resolved by optimizing
materials and introducing controlled fabrication of composites. Consequently, there
is a need of graphene having exorbitant qualities for its commercial applications [19].
An appreciating surface-to-volume ratio is possessed by the graphene as compared
to the C-nanotubes. Due to presence of this property, graphene became more effi-
cient with ultimate increase in the mechanical strength of composites of graphene
with polymers. Graphene also contains the advantage of cost-effectiveness which
means that graphene contains significantly low cost than CNTs due to its easy and
large quantity availability from the precursors of graphite and from silicon carbide.
A brief introduction is aimed to be described in this chapter about the graphene, the
preparation methods of graphene nanocomposites followed by the characterization
techniques and recent progress in energy harvesting application.At the end, summary
and outlook is given to conclude this chapter [20, 21].

2 Synthesis of Graphene-Based Nanocomposites

Graphene was 1st time synthesized in 2004. Many synthesis methods were presented
and some of which are given below in Scheme 1.
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Scheme 1 Synthesis of graphene based nanocomposites

2.1 General Method for the Preparation of Graphene-Based
Nanocomposites

As graphene is the fundamental material for synthesis of all functionalities of
graphitic material, it faced problems in early research of fullerene and nanotubes
[10]. For the utilization of advanced applications of graphene, there is the need for
accessibility of the processable nanosheets of graphene in substantial amount. Up to
now, two key paths are utilized: large-scale exfoliation and large-scale growth. Some
of the techniques like exfoliation of the graphite in liquid phase [22], discharge of
Helium arc [23], large scale growth or the self-assembly approach [24], deposition of
chemical vapours [25] and the chemical reduction of the graphene oxide [26], have
fascinated us to a step closer to the real-world applications for this material.

Among aforementioned approaches for the synthesis of the graphene-based
composites, which need the preparation of graphene sheets on a large scale but
also ought to be homogeneous distribution. The method of chemical reduction about
GO (graphene oxide) appears as very much productive, having low cost and a way
to produce mass production for the incorporation of the sheets of graphene into
graphene hybrids. As evident from the Fig. 1, the presently focused procedure for the
preparation of the graphene-based nanocomposites is by exfoliation of the graphene
via combining sonication and oxidation methods accompanied by their reduction
using chemical methods [26]. The GO is heavily oxygenated graphene comprising
not only carbonyl, epoxy and the OH− group on the fundamental plane but also
the carboxylic group present on the boundary of carbon sheets [28]. The presence of
functional groups on graphene oxide act as a presenter site and subsequentlymake the
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Fig. 1 Schematic route for attachment of nanoparticles on the graphene sheets. (1) Adsorption of
metal ions onGOsheets (2)Anchorage of crystalline intercalation and growth ofmetal nanoparticles
on exfoliated GO layers. Reproduced with permission from ref [27]. Copyright 2008, RSC

nanoparticles formed by in-situ synthesis to be embedded on active sites of surface
and edges of the graphene oxide sheets. By the conversion of the planar geometry
of carbon i.e., sp2-hybridization to distorted geometry i.e., sp3-hybridization, GO
lost its exceptional electrical conductivity and thus ultimately it becomes electrically
insulated [9]. For the recovery of properties of graphene like electrical properties
and eliminate functional groups having O2 for GO for the sake of regeneration of
the aromatic graphene network in order to restore the network of graphene which is
aromatic and essential.

2.2 Mechanical Exfoliation

The simplest method for the preparation of graphene is considered as mechanical
exfoliation [12]. In this preparation method, a graphite piece is mostly used for
the purpose of repetitive tape exfoliation which is then moved towards a substrate.
Various devices and methods can be used like AFM (atomic force microscopy),
Opticalmicroscope, Raman spectroscopy and STM (scanning tunnelingmicroscopy)
which is used for the determination of the number of graphene layers. Appreciative
quality crystals can be obtained by this preparative technique but have the limitation
of only use in prototyping or the lab-scale experiments [29].

2.3 Chemical Vapor Deposition

This technique is helpful in preparing monolayer graphene with large quantity of
structural polymers which can be used in several devices. Samples with considerable
area can be prepared through exposure of the metals to the precursors of hydrocarbon
nature at elevated temperature. It contains several techniques for CVD (chemical
vapour deposition) like thermal CVD, plasma-enhanced CVD and the cold or hot
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wall CVD etc. The development of the mechanism for the graphene depends on
substrate development, which could be initiated by the C-atom growth. Generally
observed that due to inertness of graphene to chemicals, it is difficult for the graphene
to move from substrate, which results in wrinkles and defects in the material [22].
Chemical vapour deposition has originated as an effective method for production of
graphene at large scale.Apart from this, CVD technique is turned out to be practicable
technique for large scale fabrication of high-grade graphene [29].

2.4 Liquid-Phase Exfoliation

This method is widely used for graphene fabrication and contains three main steps
as; (1) surfactant dispersion, (2) exfoliation (3) purification [30]. Primarily, ultra-
sound technique was used for exfoliation of the flakes of graphite in suitable solvent
like NMP (N-methyl pyrrolidone) [31]. By increasing the time for sonication, we
can achieve excessive graphene concentration. By the sonication process, material
formed contains thick flakes and we can detach them by applying ultracentrifuga-
tion [32]. By increasing speed for centrifugation, we can achieve thinner graphene
flakes with small lateral size of the material, mostly non suitable for the compos-
ites. In case of dispersion, yield obtained by the relation of graphene flakes for a
single layer to total material gives the output of the procedure. Amongst all available
variables, two main variables are rotational speed and sonication time. Moreover, the
solvents with high reactivity generally increases cost of graphene and also contribute
to pollution because graphene contains lower solubility thus usesmore of the solvent.
However, for purpose of upscalingof fabricated graphene, themost suitable technique
is regarded as liquid-phase exfoliation [29].

2.5 Electrochemical Exfoliation

The use of electrical current and the liquid electrolyte comprises of electrochem-
ical exfoliation, eventually utilizes electrodes made up of graphite. This process
makes use of oxidation at anode and reduction at cathode for the electrode made
up of graphite. For the formation of high-quality conductive layers of graphene,
cathodic reaction techniques seemed to be more acceptable and eventually used
in the applications like energy harvesting and optics [33]. Compared to pristine
monolayer graphene, the material of anode comprises graphene layers in anodic
oxidation possessing relatively poor yield and GO in oxidative state [34]. The main
reason behind preferring the procedure of electrochemical exfoliation over many
other procedures is its capability to yield in one step, easy to perform and requires
only a small time of few minutes or few hours for its completion. In contrast, many
techniques require a lot of completion time for many non-identical steps. Appro-
priate factor in nanocomposite development is based on flakes with lateral size, that
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Fig. 2 Electrochemical deposition of MnO2–graphene nanocomposites (Reproduced with permis-
sion from ref [36]. Copyright 2011, ACS)

is directly dependent upon graphite source along with providing exfoliation proce-
dure with intercalation. Likewise, this process is made ecofriendly by using liquid
electrolytes [35] (Fig. 2).

2.6 Reduction of Graphene Oxide

Park et al. developed the homogeneous suspension of graphenewhichwas chemically
treated in the aqueous media [37]. In this method, initially the graphite dispersion
in water is prepared, in which added the aqueous KOH solution. In the opinion of
Perk et al. when we treat the KOH which itself is a strong base with the reactive
groups like OH, carboxylic acid or epoxy group, it gives a large negative charge on
sheets of graphene producing sheets with considerable coating of positive and nega-
tive ions. For the stabilization of the potassium oxide modified GO for a long time,
hydrazine monohydrate solution is added into it. It ultimately results in the develop-
ment of the homogeneous suspension of above solution i.e., Hydrazine-potassium
hydroxide modified GO, making it stable for about 4 months [38]. For Instance,
G-PSS [Graphene poly(sodium 4-styrenesulfonate)] was initially produced by the
reduction of aqueous suspension containing graphene oxide alongwith the hydrazine
monohydrate present accompanied with polyelectrolyte of PSS. Performing this
procedure, PSS [poly(sodium 4-styrenesulfonate)] was adsorbed onto rGO surface
(Reduced Graphene Oxides) via noncovalent interactions of π–π bonds joining
the rGO sheets at basal planes and the aromatic rings [39, 40]. PSS is called an
ionic stabilizer in reactions containing rGO because it contains negatively charged
ions like -SO3- and produces homogeneous rGO suspensions in aqueous media.
Afterwards, there is the formation of the hybrid materials of the G-PSS: PEDOT
(Graphene [poly(sodium 4-styrenesulfonate)]: [poly(3,4-ethylenedioxythiophene)])
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Fig. 3 Schematic formation of G-PSS: PEDOT nanocomposites (Reproduced with permission
from [41]. Copyright 2011, SCI)

by the in-situ polymerization of the ETOD (3,4-ethylenedioxythiophene) along with
APS (ammoniumperoxydisulphate) in the presence ofG-PSS. The rGOplates coated
with PSS can function as the template in polymerization reactions to connect growing
chains of PEDOT [poly(3,4-ethylenedioxythiophene)] on the G-PSS surface. The
resulting material formed is hybrid nanomaterial of G-PSS: PEDOT (Fig. 3).

2.7 Hummers Method

ModifiedHummersmethodwas employed for the synthesis of the nanocomposites of
the Ni/Graphene from the GO-precursors. GO-gel and the Ni(II)acetate tetrahydrate
were used as the starting material in a ratio of Ni:C as 5%:95% of atomic ratio.
For this purpose, adequate amount of Ni-acetate was dispersed in water followed
by mixing with GO-gel. The mixture was changed to the dark brown shade before
ultrasonification which was stirred slightly to get homogenized solution and then
ultrasonicated at 25 ◦C for about 10 min. By adding 1 M NaOH solution, 10–12
pH was maintained for mixture while stirring. Prior to place the mixture was heated
for 60 min at 70 ◦C in a closed container, solution was stirred again for 10 min.
Gradually, heating was increased within next 60 min up to 95 ◦C.

Afterwards, centrifugation of the uniform solution was done and by double
distilledwater remaining contaminants were repeatedly rinsed and again centrifuged.
Resultantly, the obtained precipitates were dried in vacuum to get precursor powder
of Ni-hydroxide and graphene. Finally, by hydrothermal treatment for 3 h at 350 ◦C,
the above nanocomposites were reduced to nanocomposites of Ni/graphene [42].

2.8 Covalent Interactions

The other suitable method for the fabrication of the nanocomposites of graphene
is by covalent reaction. Covalent bonding of GO and graphene to the surface is
done by using click chemistry, ATRP (atom transfer radical polymerization) amide
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bonding or the diazonium salts [43]. Ionic liquids, per fluorophenylazide (PFPA),
polymer, organic nitride, azidotrimethylsilane, p-phenyl-SO3H, porphyrin as well as
the nanoparticles can covalently bind to the graphene [44, 45]. The bonding present
between the graphene sheets having covalent functionalities is amide bonding [46].

Stankovich et al. presented incorporation of GO with the isocyanate having
organic nature by formation of esters of carbamate and amide with OH and
carboxyl group on GO-surface [43]. Through amide bonding, the porphyrin ring of
(aminophenyl)-10,15,20-triphenyl porphyrin containing amine functionality were
also bonded covalently to the GO in DMF (dimethyl formamide) (Fig. 4a) [44].
Similarly, ionic liquids terminated at amine were made to attach at the graphene for
polydisperse nanocomposite formation that can easily disperse in aqueous media,
DMSO (dimethyl sulfoxide) and DMF for more than 3 months because of the pres-
ence of electrostatic forces in between different units of ionic liquid on the surface of
graphene [45]. In other works, the amide bonding along with chemical reduction was
used for the fabrication of the alkylated graphene papers via alkylation of GO [46].
Thus, produces the eternally conductive papers of alkylated graphene containing
ordered structures having applications in supercapacitors, catalysis, Li-ion batteries
and biocompatible materials.

Another way of covalent reaction is utilization of the diazonium salt for prepara-
tion of the graphene-based nanocomposites. In another research work, there occurs
the sulfonation of the partially-reduced GO by aryl-diazonium salt that produces
SO3H group (sulfonated group) on sheets of graphene having S to C ratio of about
1:35. Moreover, the reduction of this sulfonated GO was done by hydrazine for
removal of most of the surplus functional groups containing oxygen. The solubility
of sulfonated graphene is about 2 mgmL−1 at the pH of 3–10 [48]. Similarly, for the
synthesis of the graphene hybrids with bulk of covalent functionalities without any
of the oxidized defect, wet chemical method was opted. The intercalation of graphite
with K was done in the presence of DME (1,2-dimethoxyethane) solution containing
K/Na alloys in accompanied with exfoliation of the single-layer graphene. Due to
addition of the diazonium salts, the graphene without oxidation defects was cova-
lently functionalized and it causes no irremediable lattice damage on graphene layers
[49]. The attachment of graphene to perfluorophenyl azide (PFPA) using diazonium
bonding is due to its thermal and the photochemical activation. As compared to
unmodified graphene, sheets of graphene having PFPA functionality were extremely
soluble (Fig. 4b) [47]. In this method, the immobilization of the graphene sheet was
done on the Si-substrate coupling agent of PFPA-silane, where silane ends get attach
to the Si-substrate and PFPA-diazonium to graphene when they are subjected to
thermal treatment [50].

For the graphene having covalent functionalities, ATRP (atom transfer radical
polymerization) was also significant, starting by the initiator molecule accompanied
with polystyrene chain present on the surface of graphene with grafting efficiency of
above than 80% [51]. As compared to polystyrene, there is enhanced tensile strength
by about 70% and the 57% of Young’s modulus for the resulting material which
are nanocomposites of polystyrene and graphene containing only the 0.9 wt% of the
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Fig. 4 a The hybrids of graphene-porphyrin fabricated through amine covalent bonding. Repro-
duced with permission from ref [41]. b The covalent bonding of graphene and PFTA via diazonium
salt (Reproduced with permission from ref [47]. © 2009, John Wiley and Sons (a); © 2010, ACS
(b))
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graphene sheets. The resultant nanocomposites of polystyrene and graphene have
enhanced thermal conductivity as compared to polystyrene by factor 2.6 with the 2
wt% of graphene [52].

2.9 Photochemical Reaction

For the preparation of the nanocomposites of graphene, favourable route is by photo-
chemical reaction [53–56]. Some of the photochemical reactions occur in graphene
presence by simple light irradiation resulting in formation of nanocomposites of
graphene. For example, the nanocomposites of graphene-TiO2 can be produced by
careful mixing of TiO2 and GO in ethanol by irradiating UV light in photochemical
reactions. The TiO2 is actually UV-active and when UV-light is irradiated, reduction
of GO occurs by the electrons which get excited in the TiO2 followed by production
of nanocomposites of reduced graphene-TiO2 [57]. Same procedure was adopted
for synthesis of nanocomposites of BiVO4- and WO3-graphene by applying photo-
catalytic reaction in between GO and precursors. Instead of MO (metal oxide), the
deposition of the nanoparticles ofmetals like Pb, Pt, Au andAg can be done by the use
of radiations [58, 59]. For the reduction of GO to graphene, one approach comprises
the fabrication of metals like Pt, Au and Ag nanoparticles on surface of graphene
by performing photolysis of PTA (phosphotungstic acid) (Fig. 5) [60]. Meanwhile,
the in-situ reduction of metal precursors can be done by PTA which was photolyzed
on the surface of graphene. Thus, attachment of metal nanoparticles on graphene
surface can be done without using any of the molecular linker. The formation of
fine dispersion of nanoparticles of noble metals like Pb, Au and Ag on graphene
surface can be done using DMF by two-step photochemical technique. The very 1st
step possesses the photochemical reduction of GO to the reduced graphene by using
phosphotungstate with irradiation of UV-light. Secondly, formation of composites of
graphene-noble metal nanoparticles is done by instant subjecting of metal ions or the
compound precursors [53]. Through literature review, it is clear that the photochem-
ical reaction for the production of nanocomposites of silver-reduced graphene can
be initiated by the mixing of GO and ammonia-silver complexes using Ag-lamp of
450W [60]. Similarly, the loading of Ag-NPs was done on GO-using radiations from
visible light using photochemical reactions [54]. To prepare GO–Ag nanocompos-
ites, photochemical depositions of Ag NPs on graphene oxide were also developed
in an alkaline environment. For the preparation of nanocomposites of GO-Pt using
photochemical deposition of the Ag-nanoparticles, photochemical deposition can be
used. Pt–graphene nanocomposites were prepared in the same way irrespective of
any reducing agent [58, 59].
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Fig. 5 Photochemical routes to metal NP–graphene nanocomposites (Reproduced with permission
fron ref [56]. © 2012, Elsevier)

3 Characterization of Graphene Based Nanocomposites

Nanocomposites are a combination of multilayers of nanomaterial with matrix
support of another compound [61]. Hence, their characterization comprises several
aspects [62]. The characterization of NPCs based upon analysis of morphological,
optical, elemental, structural and functional properties is done by a number of tech-
niques such as NMR, XRD, UV–Visible spectroscopy, MS, FTIR, XPS etc. Optical
properties of NCs are recognized by two spectroscopic techniques, namely FTIR and
UV–Visible spectroscopy [63].

3.1 TEM and FESEM Images of Silver Nanoparticles
on GO-Sheets

SEM (scanning electron microscope) uses the highly focused high-energy beam of
electrons for resolution of minor details of the specimen [64]. The signal produced
by the interaction of sample and the beam reveals the important details of the sample
which also contains information about material orientation, crystalline structure,
morphology and the chemical composition of the sample [65]. However, SEM
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contains a similar basic principle to light microscopy with the difference that it
makes use of an electron beam instead of light. The resolution of SEM is better than
a light microscope because of the smaller wavelength of electrons from the light
[66]. Hence, SEM have power to reveal minor details of material about its internal
structure, commonly as small as of the individual atoms [67].

The images for TEM (transmission electron microscope) and the FESEM (field
emission scanning electron microscope) for the nanoparticles of silver on the GO-
sheet are shown in figure below. In Fig. 6(a), 2D sheets of the graphene which
are almost transparent were fabricated by Ag-particles. The nanosheets of carbon
containing a single layer are so thin that it seems to be hard to distinguish them from
the Cu-grid supported by carbon. However, edges of carbon sheets and their wrinkled
silk waves lead to the conclusion that these particles are actually deposited on the
support as given by Fig. 6(b). Instead of this, the Fig. 6(c and d), clearly shows that
the synthesized nanoparticles of silver can accumulate on the substrate surface of
graphene. Generally, there is presence of functional groups on the edges and planes of
the GO. These functional groups (negatively charged) are used for the absorption of

Fig. 6 TEM a, b and the FESEM c, d images for the deposited silver particles on the surface of
GO-sheets (Reproduced with permission from ref [69]. © 2009, Wiley InterScience)
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nanoparticles and inorganic materials on graphene surfaces. Thus, positively charged
ions can easily interact with negative functionalities by using electrostatic interac-
tions. In-situ reduction of ions using glucose permits the adsorption of nanoparticles
of silver on GO-sheets. By applying this method, some nanoparticles get deposited
on the GO-sheet surface and some on their edges [68].

It is clear from experiments that we can process aqueous solution of graphene-
based sheets into the films and the paper like material [9, 26]. The sheets of GO
coater with silver can easily be incorporated to form macroscopic film by drying it
on substrate which contains a shiny luster of metal which shows mirror-like charac-
teristics. But the film containing discrete GO-sheets contain very poor reflectivity.
It is generally assumed that the origin of Ag-mirror films is due to assembly of Ag-
nanoparticles on the substrate surface [70]. This system contains the formation of
macroscopic films containing mirror-like appearance and can be characterized by
restacking on nanoparticle film by silver (Fig. 6c).

3.2 TEM and FESEM Images of GO-Co3O4 Nanocomposites

FromFig. 7, SEMimages of synthesized nanocomposite reveals that exfoliated sheets
of GO were arbitrarily decorated by the particles of 100 nm size which are spherical
in shape [27]. These nanoparticles formed by in-situ method result in the exfoliation
of layered GO. In Fig. 8 the TEM images of the nanocomposites of GO-Co3O4

seemed to be brighter than those surrounded by thin film. This can be clearly seen
that sheets of GO contain functional groups on it’s both sides including epoxy and
OH group by which Co3O4 can easily get attached to the support [68].

3.3 Differential Scanning Calorimetry (DSC)

DSC (differential scanning calorimetry) is an electroanalytical technique which
measures the heat flow across the system as a function of time or temperature when
we expose the sample to controlled and programmed temperature. In this technique,
we limit the specific heat capacity of pure compounds or mixtures and determine the
catalytic effect of materials. Differential scanning calorimetry was conducted for the
measurement of the catalytic effect produced by the nanocomposites of GO-Co3O4

produced by their thermal decomposition on ammonium perchlorate. Figure 9 shows
the curve for DSC that contains decomposition of the AP (ammonium perchlorate)
along with AP and GO, Co3O4 and the GO-Co3O4 nanocomposite [27]. Usually,
the thermal decomposition of the ammonium perchlorate occurs in 3-main steps: (i)
phase transition of the material at 240 ◦C for endothermic reaction, (ii) decompo-
sition at low temperature of about 316 ◦C i.e., LTD (low temperature decomposi-
tion) and (iii) decomposition at high temperature of about 460 ◦C i.e., HTD (high
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Fig. 7 FESEM images of GO-Co3O4 nanocomposites (Reproduced with permission from ref [27].
© 2008, RSC)

Fig. 8 TEM images of GO-Co3O4 nanocomposites (Reproduced with permission from ref [27].
©2008, RSC)
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Fig. 9 Curves for DSC showing decomposition of the AP, AP with 2% GO, AP with 2%Co3O4
and the AP with nanocomposites of 2% Co3O4-GO (Reproduced with permission from ref [27]. ©
2008, RSC)

temperature decomposition). It is very critical to decrease decomposition tempera-
ture and increase endothermic heat for industrial applications of theAP. Two apparent
exothermic peaks for AP can be observed when graphene was added in it, accompa-
nying the new single peak of exothermic current at about 360 ◦C and it was observed
that heat of these exothermic steps ismore thanAP [68]. This effect could be observed
due to the catalytic nature of the GO. The introduction of the GO-Co3O4 and Co3O4

can reduce the temperature of the LTD and HTD and combine these steps into a
single step. Decomposition temperature of 2% GO-Co3O4 (303 ◦C) and AP along
with 2% Co3O4 producing exothermic reactions are nearly close to each other with
quantities of 1504 and 1127% respectively. Therefore, for catalytic decomposition
of AP due to cumulative effect of all distinct components, by adding GO-Co3O4 only
decomposition is not increased but also resulted in an increase in the exothermic heat
for AP, resulting in excellent catalytic properties of AP [27].

3.4 X-Ray Diffraction Analysis (XRD)

The crystal structure of a material can be best identified by using XRD along with
interlayer distance of GO and graphene and its composition. XRD is based upon
Bragg’s law [71]. Figure 10(a) shows the XRD pattern for the GO, graphite and
graphene. While the Fig. 10(b) represents composite of Ni and graphene before and
after its reduction along with metallic Ni. Figure 10(a) shows that graphite contains
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Fig. 10 (a) XRD specta for graphite (black), GO (blue) and the graphene (red). (b) Ni (blue),
Ni/graphene nanocomposite (black) and the Ni(OH)2 precursor (red). (Reproduced with permission
from ref [72]. © IOP Publishing Ltd)

diffraction peaks which are very sharp and contain high intensity at about 2θ =
31°. We obtain (002) orientation with d-spacing of 0.33 nm. The peak for graphite
disappears after oxidation and is proven by the appearance of blue and red lines for
GO and graphene respectively. As evident from Fig. 10(b) after thermal reduction of
hydrogen, the peak for Ni(OH)2 disappears proving the reduction of Ni(OH)2 into
elemental Ni in formation of Ni/graphene composite. And there is an appearance of
three-different peaks in its diffraction pattern i.e., at about 2θ = 52.8, 61 and the 93°
corresponding to the reduction of Ni in Ni/graphene composite. Thus, these results
clearly indicate that Ni gets reduced on graphene surface [72].

3.5 Raman Spectroscopy

Raman spectroscopy is a type of molecular spectroscopy which contains the inter-
action between light and matter for better investigation of material’s characteristics.
Information is gained by scattering of light. As it identifies the vibrational modes of
interatomic bonding along with structure produced because of differences in struc-
tural features of molecules. This technique utilizes a monochromatic laser for inter-
action of phonons with molecular-vibration mode, resulting in movement of energy
up and down in different energy levels by the inelastic scattering [73]. So, in order to
elucidate the electronic distribution, Raman spectroscopy was performed. D and G
bands are shown in spectra for characterization of graphene. G contains atoms with
sp2-hybridization alongwith plane vibrational modes while Dwith sp3-hybridization
show bands as defected bands. Figure 11 shows D and G bands which are present at
1578 cm−1 and 1658 cm−1 respectively. It has been observed that no shift produced in
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Fig. 11 Raman spectra of graphene, Ni/graphene, and Ni/graphene_H2 (Reproduced with permis-
sion from ref [72]. © IOP Publishing Ltd)

position of peak forNi/graphenewhilewhen it gets chargedwith hydrogen it contains
a peak. From their spectra, it is clear fromD/G ratio that sp2-hybridization is strength-
ened while sp3 is weakened. As the number of graphene sheets increases, there is an
increase in high-frequency peaks due to their proportionality to number of vibrational
modes. Hence, graphene platelet packing gives peaks with low intensity [72]. The
shift in D-peaks of spectra can be observed due to restacking of platelets of graphene
when Ni/graphene gets charged with hydrogen.

3.6 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is the technique employed to recognize vibrational modes in
the molecules [74]. It is also known as vibrational spectroscopy. Comparison of
FTIR spectra for nanocomposites of GO, G-PSS and the G-PSS: PEDOT is given in
Fig. 12(a). Spectra forGOcontainsC=Cpeak at 1625 cm−1 while peaks forO-based
functionalities like C = O, C-O (epoxide or ether), carboxy C-O and alkoxy C-O are
present at 1730, 1410, 1230and1050cm−1 respectively [75, 76].AcomparisonofGO
and G-PSS spectra exhibits a decrease in stretch intensities for C-O and C=Owhich
suggest the reduction of RG-O (reduced graphene oxide) platelets. Furthermore,
new bonds describing PSS polyelectrolyte appear at 1180 and 1088 cm−1, showing
introduction of PSS on RG-O surface. Peaks for G-PSS: PEDOT in FTIR spectra are
present as; C = C at 1524, C–C at 1320, S–O at 920 and C-S at 680 cm−1 produced
in PEDOT by thiophene ring, while peaks containing value of 1088 and 980 cm−1

represent the S = O stretching vibrations present in SO3-group [41]. Results predict
the formation of PEDOT in the form of composites and in the form of association
with the G-PSS [75].
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Fig. 12 a FTIR spectra for GO, G-PSS and G-PSS: PEDOT composite. bUV–Vis spectra for these
composites (Reproduced with permission from ref [41]. © 2011, SCI)

Dispersions of above-mentioned composites in aqueous media were confirmed by
UV–Vis spectra as given in Fig. 12b. Characteristic peak for GO in UV–Vis spectra
was given at 232 nm and peak at 300 nm represents π–π∗ transition in aromatic
carbons and the n–π∗ transition to C = O respectively. Two peaks at 226 and the
268 nm are given in spectra for G-PSS which were originally allocated to PSS-
polyelectrolyte [77, 78] and the π–π∗ transition RG-O contain red-shift from GO.
For composite of G-PSS: PEDOT, peak at 275 nm due to PSSA (polyelectrolyte
containing aromatic sulfonic acid) arises its broad absorption peak at 750 nm [79].

3.7 X-Ray Photoelectron Spectroscopy (XPS)

XPS (X-ray photoelectron spectroscopy) was commonly used to study surface char-
acteristics along with analysis of biomedical polymers. This can also be called ESCA
technique i.e., the Electron Spectroscopy of Chemical Analysis and employed for
study of elements withmass ranging from 10–200, which are stable in vacuum condi-
tions or made stable by just cooling the molecule. Moreover, it is not suitable for
H2 and He. This is regarded as the most informative surface technique providing
other applications like most quantitative information about chemical information
and readily interpretable technique as compared to other techniques [80]. For moni-
toring composition of graphene oxide, G-PSS and composites of GPSS: PEDOT,
XPS was performed (Fig. 13) [41]. The XPS spectra for the GO can be divided into
four-main parts showing C-atoms present in different O-containing functionalities
i.e., C in C-O (286.6 eV), C = O (287.9 eV), non-oxygenated C (284.8 eV) and O-C
= O (289.2 eV) [81, 82]. 1s C spectra for composites of G-PSS: PEDOT is given in
Fig. 14. SameO-functionalities are present in both GO as well as G-PSS: PEDOT but
contribution of oxygenated carbon is much less proving that many O-based function-
alities are removed during reduction. Moreover, two supplementary peaks at about
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Fig. 13 C 1s XPS spectrum of G-O (Reproduced with permission from ref [41]. © 2011, SCI)

Fig. 14 C 1s XPS spectra of G-PSS: PEDOT composite (Reproduced with permission from ref
[41]. © 2011, SCI)

285.2 eV and 285.9 eV are seen which are due to C-S in PSS as well as C-N in
hydrazine respectively [82]. Hence, the PEDOT formation was confirmed by 2p S
spectra (Fig. 15). Spin-split duplets show peaks for binding energy at 164.2 eV and
165.5 eV in case of S-atoms present in PEDOT, peak due to sulfonic acid (SO3-H+)
group arise at 168.6 eV [41].
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Fig. 15 S 2p XPS spectra of G-PSS: PEDOT composite (Reproduced with permission from ref
[41]. © 2011, SCI)

Fig. 16 TGA spectra of
G-PSS, PEDOT: PSS and
G-PSS: PEDOT composites
obtained at a heating rate of
10 °C min−1 under nitrogen
(Reproduced with
permission from ref [41]. ©
2011, SCI)

3.8 Thermogravimetric Analysis

TGA (thermogravimetric analysis) is a type of analysis which contains the measure-
ment of the mass of the given substance over time when the sample is subjected to
temperature and atmospheric changes. Consequently, information such as phase tran-
sitions, absorption, desorption, adsorption as well as thermal stability is determined.
Hence, the thermal stability for the G-PSS: PEDOT hybrids was determined. The
TGA data for the G-PSS: PEDOT, PEDOT: PSS and the G-PSS are given in Fig. 16.
Both of the above samples contain good thermal stability only up to around 315 ◦C
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which is 1st decomposition temperature employed, which also can be employed to
the PSS decomposition. Whereas, PEDOT: PSS exhibits a relatively low tempera-
ture of 575 ◦C whereas G-PSS: PEDOT contains the enhanced thermal stability and
shows 645 ◦C of 2nd decomposition temperature employed. Thus, it is clear that
thermal stability of G-PSS; PEDOT is higher than PEDOT; PSS, which is due to
effective hybridization present between RGO and PEDOT [41].

3.9 Energy Dispersive X-Ray (EDX)

The EDX (energy dispersive x-ray) spectroscopy which is also called EDAX or EDS
analysis is actually x-ray technique which is used for the identification of elemental
composition of given material. The peaks obtained give identification of each of the
individual component of material in its true composition. Consequently, the analysis
performed for the GO-MnO2/hemin and a comparison were done with GO and the
rGO/heminwhen analyzed under same conditions. The ratio of relative atomicweight
for many different samples is given in Table 1 [83].

In terms of iron and manganese peaks, difference in EDX spectra for rGO/hemin
and the GO-MnO2/hemin is shown in Fig. 17. The appearance of a new Mn peak
for GO-MnO2/hemin was expected which was absent in case of rGO/hemin and is
in accordance with formation of nanocomposites of GO-MnO2/hemin as shown in
Fig. 17. Similarly, there has been an increase in atomic weight from 1.75 to 2.87
for Fe in rGO/hemin and GO-MnO2/hemin respectively. The nanoneedle growth
of MnO2 with proper orientation was supported by Mn oxidation in the water-
isopropanol system. It was assumed that this process causes exfoliation of sheets
of GO [84]. Exfoliation of GO driven by the MnO2 allows more interaction of hemin
with graphene sheets for the formation of GO-MnO2/hemin, which describes the
increase in peaks of Fe in EDX spectra for nanocomposite material [83].

Table 1 %age weightage of the GO for EDX analysis along with GO after its treatment with the
hemin for the formation of rGO/hemin and GO-MnO2/hemin formed by treatment of GO-MnO2
with hemin (Reproduced with permission from [83]. © 2018, ECS)

Atomic weight percentage (%) GO rGO/hemin GO-MnO2/hemin

C 68.13 70.78 30.40

O 31.70 25.32 41.73

Cl – 2.15 0.59

Fe – 1.75 2.87

Mn – – 24.41



840 S. Aman et al.

Fig. 17 EDX spectra for the nanocomposites of GO a EDX spectra for the rGO/hemin b EDX
spectra for the GO-MnO2/hemin (Reproduced with permission from ref [83]. © 2018, ECS)

Fig. 18 The proposed mechanism for catalytic oxidation of the PON on the nanocomposites of
GO-MnO2/hemin using GCE interface (Reproduced with permission from ref [83]. © 2018, ECS)

3.10 Cyclic Voltammetry (CV)

Cyclic voltammetry is considered to be the influential technique which is used for
investigation of oxidation and reduction processes occurring within the molecular
species. The plot of CV is called voltammogram. Graphically, applied potential is
shown on x-axis and resulting current on y-axis. CV data can be reported by two
conversions i.e., oxidation and reduction [85]. So, electrochemical performance for
the modified GCEs by GO-MnO2/hemin and the rGO/hemin (glassy carbon elec-
trodes) were determined at the same time using phosphate buffers. Now the suspen-
sions for both of the above species with brown–red and brown-black color were
deposited on the GCEs (glassy carbon electrodes) which were freshly polished and
set them to dry before use. Typical response of these species for volumetric measure-
ments in the presence and absence of the PON (peroxynitrite) was given in Fig. 18.
In the phosphate buffer at 7.4 pH the solutions of PON made by 1 μM of SIN-1
stock solution were used. In presence of PON the oxidation peak or rGO/hemin
was seen at +1.1 V which indicates catalytic oxidation of the PON supported by
hemin present on graphene, the mechanism of which is reported in literature [86,
87]. GO-MnO2/hemin contain a similar mechanism which is given in Fig. 18 [83].
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Fig. 19 CV of the GCEs which are modified by GO-MnO2/hemin and rGO/hemin in the presence
and absence of PON prepared by the stock solution of SIN-1 with 1 μM concentration and 7.4 pH.
scan rate used for all the voltammograms was 0.1 v/s: a voltammetric response of the rGO/hemin
in the presence and absence of PON of 1.5 μM b voltammetric response of GO-MnO2/hemin in
the presence and absense of PON of 1.5 μM (Reproduced with permission from ref [83]. © 2018,
ECS)

In graphene/hemin composite, the integration of MnO2 transfer the peak for
catalytic oxidation of PON toward lower potential of about 200 mV. Therefore, a
pronounced peak appears at +0.9 V for catalytic oxidation of PON versus Ag/AgCl
as given in Fig. 19. The shift towards the lower positive potential in catalytic peak
for MnO2 shows that incorporation of MnO2 with GO/hemin helps in lowering the
barrier for the electrochemical oxidation of the PON on modified interfaces. Like-
wise, exfoliation of the graphene oxide supported by nanoparticles of MnO2 support
more incorporation of hemin catalyst with the nanocomposite material. When lower
positive potential is applied, results in pronounced response of current [83].

3.11 Amperometric Measurements

Amperometry measurements include application of oxidizing and reducing potential
to working electrode with consequent measurement of faradic current produced.
During the measurement, optimized value of current and potential is made fixed even
with variation of function of the time [88]. For the comparison of electrolytic activity
of different materials, amperometric measurement are performed. For this purpose,
the aliquot of PON prepared by stock solution oh SIN-1 of 1 μM concentration was
used. Thus, amperometric measurements were done for the PONmodified electrodes
along with comparison of rGO/hemin and GO-MnO2/hemin after every injection for
the sensors. Applied potential in both cases was +1 V. Figure 20 represents the
response of induced current when PON aliquot was added to the electrochemical
cell in the 7.4 pH phosphate buffer. A remarkable large response for the production
of current by catalytic oxidation of PON was seen in CV measurements for GO-
MnO2/hemin as compared to rGO/hemin. There occurs a linear response between
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Fig. 20 Representative amperometric responses (nA) (Reproduced with permission from ref [83].
© 2018, ECS)

the added PON andmeasured current in amperometricmeasurements in 2.0–10.0 nM
range (Fig. 20). Sensitivity of about 23.7 nA/nM in case of GO-MnO2/hemin was
analyzed in contrast with rGO/hemin of ∼10 nA/nM. Relative detection limit for
good stability of sensors with use of GO-MnO2/hemin was 2.0 nM [83].

3.12 Photoluminescence Spectroscopy

The photoluminescence spectroscopy is the type of non-destructive spectroscopic
technique for investigation of electronic structure for specified material. In this
method, we expose light to the sample which absorbs the incident light and transfer
excess light for excitation within the material that leads to photoluminescence.
Therefore, PL (photoluminescence) spectrum of MWCNTs (multi-walled carbon
nanotubes) for the excitation at about 325 nm and account for its structured band
at 447 nm. p-p* transitions resulted from excitation of electrons of MWCNT from
lower energy state to higher energy state as illustrated by the PL spectrum shown in
Fig. 21. Eventually, recombination of the electron–hole at band edge for sp2 clusters
can be demonstrated by blue fluorescence obtained at shorter wavelengths having
small band gap [89]. Band gap for the semiconductors of CNT was 1eV by which
we can elucidate their structure at about 447 nm. When PVA (polyvinyl alcohol) is
added to the MWCNT, fluorescence improvement was observed [90].

3.13 AC Impedance Spectroscopy

AC (alternating current) impedance spectroscopy is an electrical measurement tech-
nique used as a rapid, non-destructive tool for characterizing composite microstruc-
ture. Itmeasures the properties ofmaterial like resistance and capacitance by applying
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Fig. 21 PL Spectra of MWCNTs/PVA nanocomposites (Reproduced with permission from ref
[90]. © 2016, Elsevier)

excitation signal for sinusoidal AC and is widely used in combination with engi-
neered phage for sensing applications [91]. For the explanation of different prop-
erties of n-ZnO and reduced graphene oxide incorporated n-ZnO like gas sensing,
AC impedance spectroscopy was performed. Both the rGO and the nZnO contain
the analyte gas trapping ability and thus contribute to change in conducting prop-
erties [92]. Figure 22 illustrates imaginary parts for the impedance of n-ZnO/rGO
for their exposure to air as well as different H2S concentrations at 90 ◦C. The relax-
ation frequencies can also be indicated for ZnO/rGO-5 through this figure which can
be evaluated by plotting impedance versus frequency (logarithmic frequency) [93].
When H2S is employed, there is an observed decrease in the imaginary part of Im-
(ZnO). With increase of H2S concentration, additional electron flow was observed
with decrease in barrier height. The shifting of peaks towards large frequency range
can be related to easy flow of the charge carriers by using AC current [94–96].

4 Energy Harvesting Applications

The principle behind energy harvesting is all about the available environmental
energy and its conversion to operable electrical energy. This energy is either used
directly, collected or stored in the areas with no any grid power or the use of solar
panels or wind turbines if inconvenient. To meet worldwide challenges, applications
of energy harvesting have been playing an important part of universal sensor network.
Because of the extraordinary application of graphene like low cost, non-toxicity and
high flexibility, these are used as promising electrode for use in energy harvesting
appliances. These devices are used for applications like self-powering biomedical
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Fig. 22 Imaginary part of impedance for the n-ZnO/rGO-5 when exposed to the air along with
H2S gas with 2–100 ppm concentration at 90 °C (Reproduced with permission from ref [93]. ©
2019, ACS)

sensors, portable electronic devices and sustainable environmentalmonitors, because
of their ability to build a batterywith long lifetime and development of a self-powered
system [97].

4.1 Graphene-Based Flexible Logic Devices

In electronics, the promising applications of graphene are because of their large
surface area of about 2630 m2g−1 along with capacity to accelerate transfer of holes
and electrons along their 2D (2-dimensional) surface. Therefore, there is great impor-
tance of research for energy harvesting applications. An important example is nano-
generator which is used for conversion of mechanical energy into electrical energy.
Logic devices which are flexible and stretchable, can maintain the apparent appli-
cations of bio-integrated and wearable electronics. Many efforts are being done for
the development of such devices containing electrode materials which are oxide
based, CNTs or polymer based [97–99]. However, even now after many years of
intensive work, there are several challenges present regarding to the inherent elec-
trical or mechanical weaknesses which are increasing problems due to its closeness
to current fabrication technology. However, graphene also offers magnificent value
for Young’s modulus because of strong bonding of atoms along with mechanical
flexibility, providing superlative electrical properties [100]. The electronic devices
which contain stretchability, flexibility and conformal properties are best fit for this
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Fig. 23 Device fabrication on flexible and transparent PEN. (Reproduced with permission from
ref [101]. © 2011, Macmillan Publisher Ltd)

purpose. Moreover, graphene with 2D nature provides distinctive advantages which
are comparable with their fabrication methods. These exceptional advantages make
graphene a favourablematerial for the stretchable or flexible electronics. The effective
devices fabricated on a flexible and transparent PEN has been shown in Fig. 23.

4.2 Solar Energy Harvesting and Photocatalysis

There are two major challenges regarding the development of energy harvesting
methods and protection of the environment. The possible solution is the conversion
of solar energy into fuel or the electricity. For the best utilization of solar energy,
three major processes containing ordered charge separation, maximum absorption
of photons and the constructive use of separated charges. This major issue regarding
energy harvesting needs the use of remarkable procedures in different environmental
conditions. Hence, recent researches contain designing devices to concentrate the
solar energy along with the improved understanding of the photovoltaic modules. If
we increase the intensity of solar light, the response of photovoltaic devices can be
improved. Especially, the important fields in utilization of solar energy are produc-
tion of H2 by water splitting, the conversion and storage of CO2 operated through
solar energy, development of solar cells which are sensitized to dyes, photocatalytic
treatment of gas and waste water and the application of nanostructured material
[102].
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Fig. 24 An optical image of
an industry-grade
coin-shaped graphene-based
supercapacitor device
(Reproduced with
permission from ref [103]. ©
2009, ACS)

4.3 Supercapacitors

Supercapacitors, also knownas theultracapacitors or theECs (electrochemical capac-
itors) form a unique energy storage system possessing environment friendly proper-
ties along with its low cost. It contains the advantage of easy storage and release of
energy with a higher rate than that attainable with other batteries that are used for
the purpose of energy storage. The energy density of these supercapacitors is greater
than traditional dielectric capacitors. They can balance the high demand of energy
by replacement of batteries for energy harvesting application. Since 1957, when
General Electric established the practical application of electrochemical capacitors
for the purpose of energy storage, supercapacitors with large reliability and small
load cycles are regarded to be ideal along with sources for energy recapturing by
forklifts, electrical vehicles and the load cranes [103]. Figure 24 shows the optical
image of a industry grade coin-shaped graphene-based supercapacitor device.

4.4 Photovoltaic and Photoelectrochemical Devices

The photovoltaic and the photoelectrochemical devices based on graphene and its
composites have notable applications for optical and electronic properties for produc-
tion of electricity. Though, pure graphene was firstly presented as the transparent
electrode material as applications in solar cells and these are turned out as successful
electrode material for applications in photovoltaic and also the photoelectrochemical
devices [104]. Nanocomposites of graphene give possible conductive electrodes to
the ITO (indium tin oxide) porous films and sheets of pure graphene in the photo-
voltaic cells along with photoelectrochemical devices [105]. In this regard, sulphur
particles are incorporated in graphene to be used in Li-S batteries as illustrated in
Fig. 25.
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Fig. 25 Wrapped
S-particles (in graphene) for
their use in Li–S batteries
(Reproduced with
permission from ref [111]. ©
2011, ACS)

4.5 Electrochemical Energy Devices

4.5.1 Li-ion Batteries and Li-Batteries

The electrode material for the Li-ion batteries is provided by graphene due to its
slight weight, greater surface area and the high conductivity [106]. Nanocompos-
ites of graphene contain remarkable potential for many applications like enhancing
cycling stability, rate performance and the capacitance in the LIBs (lithium-ion
batteries) [107–110]. The nanocomposites of graphene with S, Si, metal oxides and
the complex compounds are used as electrodes in LIBs. Graphene presence improves
the performance of LIBs like Li–S batteries [111]. Graphene based nanocomposites
have a high specific capacity of 900mAhg1, great rate capability and cycling stability
[108]. Graphene forms a porous structure along with a conductive pathway for easy
diffusion of Li-ions. As formed hybrid film contains properties like high-rate capa-
bility along with cycling stability by having 496 mAg1 of specific capacity at about
100 mAg1 after about 40 cycles [109].

Beside of their use in Li-ion batteries, nanocomposites of graphene can also be
directly used in LIBa or Li–S batteries [111–114]; and they have proven to be as
excellent material for formation of cathode in rechargeable LIBs [111] (Fig. 25).

4.5.2 Na-ion Batteries

Recently, the Na-ion batteries has captivated interest researchers to use as energy
storing devices due to its properties like inexpensive, environment friendly and most
importantly its abundance on earth crust as it is 6th most copious element in earth
crust [115–118]. As in Fig. 26 by applying charge and discharge current, there occurs
back and forth movement of Na+ between cathode and anode [119]. The ionic flow
is managed by electronic movement from the circuit. Many materials can be used
for the formation of electrode in Na-ion batteries like hard carbon, graphitic carbon,
alloys of Na like P, Sn, Sb and Sn etc. along with some of the conversion materials
like transition metal sulfide and oxide as the anode material and pyrophosphates,
layered oxides and polyanionic phosphates ad the cathode material [116–118]. The
organic materials are proven to be best suitable for the Na-ion batteries along with
environment friendliness [120]. However, researches are beingmade for the selection
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Fig. 26 Schematic diagram representing theNa-ion battery of rocking chair typewith theirworking
principle (Reproduced with permission from ref [119]. © 2013, RSC)

of suitable material in Na batteries. Due to the greater size of Na as compared to Li,
limits the availability of the host materials [121].

4.5.3 Zn–Air Batteries

In the case of these batteries, the alkaline liquid electrolyte produces charge by
mixing Zn with atmospheric O2 (Fig. 27) [122]. The capacity of charge produced
by Zn-air batteries is five times higher than Li-ion batteries. The capacity of charge
produced by Zn-air batteries is five times higher than Li-ion batteries. Zn-air batteries
are lighter, durable, safer and cheaper than that of Li-ion batteries with theoretical
energy density of the order of 1086 WhKg−1. Furthermore, many challenges are
present in these batteries like formation of carbonates in air electrodes, small cell
voltage as well as the slow-kinetic of the OER (oxygen evolution reaction) and
ORR (oxygen reduction reaction). For the production of efficient and bifunctional
batteries for OER and ORR processes, advanced researches are being done [123–
127]. Nanosheets of graphene containing large surface area can present substrate
for the growth of functional nanomaterials for the achievement of Zn-air batteries
with high performance. In fact, there are advanced nanomaterials of graphene with
bifunctional air-breathing cathode that perform efficient electrocatalytic activity that
can reduce overpotential along with increase in cyclic stability of the rechargeable
Zn-air batteries [128].
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Fig. 27 Schematic diagram showing operation of the rechargeable aprotic Zn-air battery (Repro-
duced with permission from ref [122]. © 2014, ACS)

4.6 Photocatalytic Hydrogen Generation

Hydrogen is considered to be a type of clean and environment friendly fuel. By
applying suitable photocatalyst, photocatalytic hydrogen evolution along with solar
energy harvesting was regarded as a clean and efficient way for production of energy
from hydrogen by using it as fuel [129, 130]. Many of the semiconductor photocat-
alysts are reported that are used for H2 production from the H2O [131, 132]. Many
efforts are made for the utilization of nanocomposites of graphene for production of
photocatalytic hydrogen. In this regard, activity of photocatalysts of graphene can
be enhanced by incorporation with noble metals which are then used for production
of photocatalytic hydrogen.

However, in early work, there was limited formation of H2-pairs on sheets of
graphite due to its hindered adsorption on graphite surface [133], photocatalysts
based on graphene can produce photocatalytic hydrogen on their surface. This is
possible because of the accumulation of photogenerated electrons on the graphene
surface. Therefore, C-atoms present on graphene sheets can reduce H+ to H2 by the
use of electrons produced during photocatalytic reaction. For the production of H2

from water, graphite oxide is proven to be the best catalyst because of the presence
of suitable levels for oxidation to occur [132].
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5 Summary and Outlook

There is increasing energy demands due to the increasing population of the world
due to increased power consumption which is predicted to become double in coming
few decades. Hence, there is a need for researchers and scientists to advance clean,
sustainable and renewable energy technology, they can meet the growing challenges
and demands of energy economically and should be environment friendly. [134–
138]. The extensive use of the carbon fuels and their unfortunate environmental
effects pushed this world in a paragon where there is need for the application of
green methods and systems. Many of the environmental issues including acid rain
and global warming are due to the unmediated response of excessive use of fossil
fuels. The nanocomposites are based on graphene containing appreciable growth in
the technology due to its applications. The use of H2 as energy source is favourable
due to its negligible release to the environment [126, 139, 140]. Along with many
other materials, 2D carbon containing graphene is regarded as favourable material
for storage of hydrogen because of its properties like lightweight, chemical stability,
large surface area and the pronounced onboard reversibility [141].

For the production of the photocatalytic hydrogen, the photocatalysts based on
graphene are demonstrated as favourable photocatalytic materials. In this regard,
many researches have worked to prove the use of photocatalytic graphene-based
materials for designing the procedure to produce photocatalytic H2. Presence of
graphene has proven to be important in these materials for hydrogen production
[129]. The effectiveness of the multicomponent photocatalysts based on graphene
in the photocatalytic reactions is proven to be effective by recent results [131]. The
effective charge distribution in different energy levels in multicomponent nanocom-
posites can be facilitated by adjusting band gap in energy levels of constituent mate-
rials. Significant improvement in photocatalysis can be achieved by optimal selection
of shape, size and the composition of the multicomponent nanocomposites based
on graphene. For designing and developing the photocatalytic material containing
high performance, the best solution is the effective transfer of electron between
the interface. Efforts are being made for the development of controlled and cost-
effective methods to fabricate the 3D framework and its transformation along with
development of the graphene doped with heteroatoms for the practical applications
[142].

However, there are few challenges to be managed in order to manifest the capa-
bility of nanocomposites based on graphene regarding its applications, cost and
synthetic methods. One of the main challenges is production of graphene and its
composites on a large scale, which comprises enormous effects. Some of the chal-
lenges present are: (i) how we can prevent the formation of graphene clusters in
matrix, (ii) howwe can control most defects on the surface; and (iii) howwe can tune
application-based characteristics. Anyhow, there are many techniques to produce
graphene, although few methods have been reported for commercialization of the
energy storage appliances of graphene. To address these challenges, newmethods and
setups are needed for improvement of performance and properties of the graphene
[143].
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Their applications as fuel-cell batteries, supercapacitors and catalysts have been
acknowledged with great exception during past few decades [136–138]. Certainly,
the utilization of graphene-based composites in above mentioned applications is a
new attempt presenting that research efforts in future will be profound. One chal-
lenge is the maintenance of the outstanding physical properties of the graphene
for the synthesis of the nanocomposites [28]. One prediction is the development of
elementary route via direct oxidation method of graphene by soft templating method
for production of little bit functionalities as to furnish active sites of graphene with
the nanoparticles. One important characteristic is that it has no need for composite
reduction due to its lower oxidation condition, producing graphene framework with
lesser defects [144].

The development in the field of hybrids and nanocomposites of graphene is
notable. However, significant work is to be done in the field where they show appli-
cations as electrochemical devices and catalysts [145]. However, new probabilities
are opened for utilization and better understanding of the graphene to overcome the
knowledge gap [146]. Still, for the understanding of the fundamental application of
the composites, significant attention is still needed.
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