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Generality of Hybridization of Graphene:
From Design to Applications

Khadija El Bourakadi, Mohamed El Mehdi Mekhzoum,
Abou el kacem Qaiss, and Rachid Bouhfid

Abstract Currently, the research and development in the field of graphene, graphene
oxide and reduced graphene oxide and its combination with several nanoparticles
has accrued an extensive attention in scientific research field in both academic and
industrial. The hybridization is considered as a best process which is incorporating
graphene nanosheets with various nanoparticles such as nanoclays, silver nanoparti-
cles, carbon nanotubes and many others. The obtained materials are well-known as
a hybride nanocomposites that characterized by their excellent properties and high
performances which are related to the properties of both graphene and nanoparti-
cles. These outstanding propertiesmake hydride nanocomposite a great candidate for
potential applications in different areas including, materials science and engineering,
medicine and biology, energy storage and environmental remediation. Herein, this
chapter gives you an idea about the various derivatives of graphene and their func-
tional hybride materials, followed by the detailed introduction on graphene- nanos-
tructures hybrids. The present chapter reveals the interest from the hybridization of
graphene derivatives with different nanoparticles. After a brief introduction about
graphene and its importance in nontechnology field. In the second part, we give
you some basic information about graphene its preparation, characterization and the
nanocomposites made from graphene. The third part concerns the hybride nanocom-
positesmade up fromgraphenewith various nanostructures. It also includes industrial
and practical application of graphene-nanoparticles hybrids.
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1 Introduction

In front of the continuous evolution of our society, the technological, energy and
environmental challenges are frequently being redefined. Companies are looking for
ever more efficient materials to better answer the market demand and to improve
its performance. Biodegradability, resistance, lightness and even flexibility are all
new parameters that must now be considered when designing high-performance
manufactured nanocomposite materials.

In recent years, the development progresses in science and technologies guided
to an enormous number of composites materials which are characterized by several
advantages and also some drawbacks related mostly to its non-biodegradability and
high toxicity which are responsible to their limitation in the market. For that reason,
it is necessary to find new renewable and environmentally friendly new material
alternatives to responding to market and owner demands. Hybride materials made
up from graphene and its derivatives combined with several nanoparticles have been
found to be the best alternative solution to this issue.

Graphene was then presented as the “material of the future” or the “miracle mate-
rial” and was very studied to identify its properties and their origin [1]. Outstanding
to its exceptional and remarkable properties for example high thermal conductivity,
brilliant electrical conductivity, and significant optical transmittance, this newdiscov-
ered material has implicated in several applications alone or combined with other
nanostructures.

Since its discovery, a great interest has been paid to graphene by several
researchers and scientists from different field and different discipline. This mate-
rial was found to be as a promising reinforcing agent for multivarious nanopar-
ticles such as nanoclays, silver nanoparticles, gold particles, ferrite nanoparticles
and many more. The hybridization of these materials can be done by employing
several methods, each method related to the nanoparticles used and the conditions
could be changed from nanoparticles to other [2]. The fabricated hybrid nanocom-
posite obtained from this combination has been characterized by several advantages
namely, biocompatibility, biodegradability, non-toxicity, highmechanical properties,
excellent biological activities, especially, antibacterial and anticancer, also they great
electrochemical properties [3].

More specifically, these hybride materials are used to make probes to detect
activity inside cells, as transporters for the controlled release of drugs and as contrast
agents for medical imaging. In addition, these materials are used also to fabricate
capacitive electrodes for lithium batteries, supercapacitors, photocatalysts, electro-
catalysts [4], absorbent materials [5], transparent conductive films [6], devices for
chemical or biological detection, antibacterial and anticancer.

Here, we are going to report the current advances in the properties, characteriza-
tions, and applications of graphene-nanostructures hybrids for several application.
This chapter may help a wide range of students, professors, and scientific researchers
in different areas of materials science and technology. Also, we will present the latest
research works reported in the field of nanocomposite-based graphene and their
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main properties and characterization showing their combination to various types of
nanoparticles, as well, we will demonstrate some major applications in attractive
areas.

2 Graphene: Preparation, Characterization, Nano
and Bio-Composites-Based Graphene

Since its discovery, graphene and its derivatives continue to arouse great interest
because of their exceptional physicochemical and high thermomechanical proper-
ties, including, high theoretical specific surface area [7], elevated intrinsic mobility,
high Young’s modulus, breaking strength [8], mechanical stiffness [9], good thermal
conductivity [10], high electrical conductivity [11], and high optical transmittance
[12]. Graphene is a sp2 hybridized carbon nanostructure which has high electronic
and optical properties. These advantages render it an appealing material especially
in the conception and development of a novel generation of devices and materials
for several applications, in particular in the field of batteries [13], electrochemical
supercapacitors [14], solar cells [15], fuel cells [16], hydrogen storage[17], capturing
and storing CO2 [18], recovering metals [19], desalinating water [20], sensors and
biosensors [21] and also in the design and development of systems and devices for
photodetection, spintronics and optoelectronics [22].

Interestingly, the research on graphene has progressively increasing since its
discovered in 2004 [23]. Increasingly, researchers are interested in producing
graphene on a large scale with fewer defects. Thus, in order to prepare graphene
with high quality and better performances, several methods have been reported such
as mechanical exfoliation [7], growth by epitaxy on silicon carbide [24], chemical
vapor deposition [25], liquid phase exfoliation [26], chemical oxidation / exfolia-
tion followed by reduction [27], electrochemical exfoliation [28], the electric arc
method [29] and other forms of graphene preparation such as industrial production
methods [30] have been developed and continue to emerge. Each synthesis method
has advantages and disadvantages.

Once the graphene nanosheets and its derivatives were synthesized and purified,
numerous characterization techniques can be used to identify their physicochem-
ical properties, morphological, thermal as well as their chemical structures. The
standard methods mostly used in this case are optical microscope, scanning elec-
tron microscopy (SEM), Transmission Electron Microscopy (TEM), Atomic Force
Microscope (AFM), Raman spectroscopy, Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction etc.

The graphene sheets’s identification, on a thick layer, maybe done per optical
microscopy through the color contrast chatted via the light interference effect on the
SiO2 substrate, which is regulated via the graphene layer [31]. while, in a recent
study, the researchers were reported the utility of the three microscopic techniques
mostly used to identify graphene nanosheets [1], mainly, AFM is generally used for
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the measurement of lateral dimensions and thickness, topography, structural defects
and bending properties of exfoliated graphene nanosheets. TEM is also used for
the determination of the size of nanosheets as well as from electron diffraction we
can differentiate if the sheets are individual or multiple. SEM be able to provide
a qualitative overview of the three-dimensional structure of graphene sheet. In an
anotherwork,Wang et al. [32],were reported that the confirmation of the intercalation
of graphite or graphite oxide and also the confirmation of the total exfoliation of
graphene nanosheets is usually investigated by X-ray diffraction. Whereas, Raman
spectroscopy can be used to quantify the transformation from hybridization sp3 to
that sp2 in the case of the reduction of graphene oxide to graphene.

After its preparation and characterization, graphene can therefore be combined
with other elements namely polymers, metals, ceramic, metal oxides as well as gas,
in very small quantities to produce different types of materials including composite
materials, nanocomposite materials and bio-composite materials with superior and
very interesting properties [33]. Research on graphene-based composite mate-
rials, mainly, graphene/polymer, graphene/carbon fibers, graphene/poly-epoxides
and graphene/nanoparticles is growing rapidly with a view to using it very soon
in industry applications and academic research [34]. These materials become lighter,
stronger and more resistant to erosion [35] and corrosion [36] due to the proper-
ties it acquires by combining with graphene, even in very small quantities [37].
For instance, when 0.9% by weight of graphene was added to the polystyrene, the
researchers showed that the breaking strength and Young’s modulus increased by 70
and 57% respectively [38]. More recently, the Vorbeck company has been capable to
pick up the properties of thermoplastics, elastomers and epoxides by making them
more solid, more conductive and more efficient by adding less than 1% of graphene
[39]. By decorating graphene with nanoparticles such as Ag, Pt and Au or metallic
oxides such as MoS2, Co, CoO, it is possible to increase the electrocatalytic activity
for the reduction of the oxygen [40]. The best and only solution to overcome certain
challenges such as the non-conductivity and the rigidity of certain materials (S, Si) is
either to develop a sulfur composite based on graphene capable of absorbing polysul-
fide, increasing the electrical conductivity and adapting to structural change, when
these elements are used in lithium batteries [41].

In these days, several research investigations have been focused on the enlarge-
ment of a huge number of nanocomposite materials based on polymer as a matrix
reinforced by graphene oxide using the solution mixing procedure. In this, divers
kinds of nanocomposites have been developed with graphene oxide and water-
soluble polymers such as polyvinyl alcohol (PVA) [42] and chitosan [43]. This
approach for the preparation of polymer nanocomposites/ graphene oxide, using
the mixture’s solution, as well is acted as an effective way for the manufacturing
of nanocomposites-based polymer with the graphene chemically reduced. Since,
following the experimental discovery of graphene, a group of researchers have been
developed the polymer/graphene-based nanocomposites by mixing the graphene
oxide with polystyrene (PS) followed by an in situ chemical reduction of graphene
oxide to graphene using hydrate hydrazine [44]. On other hand, the nanocomposite
materials based on graphene as well as another derivative of graphene can also be
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elaborated by the in-situ polymerization process. Several polymer nanocomposites
were prepared using this method by employing various kinds of graphene-based
nanofillers [45].

Through the use of twin-screw micro-extruders, several strategies and studies
have been developed to fabricate a new generation of nanocomposite systems by
incorporating reduced graphene nanosheets into a diversity of polymer matrices as
poly(ethylene naphthalate) (PEN) [46], polycarbonate (PC) [47], polyurethane (PU)
[45] and polyethylene (PE) [48]. The authors highlighted that the properties of these
nanocompositeswere significantly enhanced even ifwith a small fraction of graphene
which is added.

3 Hybrid Nanocomposite Materials-Based Graphene

With the aim to increase the performance of carbon-based materials and to orient
towards a tailor-made application, hybrid materials were developed to gain, for
example, graphene oxide (GO) -allotropic carbon, GO-molecule composites organic,
GO-living organism andGO- nanoparticle. The new trend in the field of carbon chem-
istry research is to develop new carbon-based structures mixing two allotropes as
carbon nanotube and fullerene [49], graphene and carbon nanotube [50], or graphene
and diamond [51]. In addition, it is possible to graft bioactivemolecules on the surface
of allotropes such as aptamers [52], a drug, a protein, a peptide, or a nucleic acid
[53], and also living organisms like a bacteria, cell, or virus [54]. Recently, hybrid
materials of the graphene-metallic nanoparticles have been specially developed for
the emerging field of nanoelectronics [55].

The discussion below briefly overviews the principal nanoparticles mostly used
with graphene and its derivatives for the preparation of new generation of hybride
materials for functional applications.

4 Silver Nanoparticles

In the field of nanotechnology, silver (Ag) nanoparticle nanocomposites with
graphene or graphene oxide have considered a promising hybrid material for several
potential applications. There are many reports concerning the effect of the combina-
tion between silver nanoparticles and graphene on the final properties of fabricated
materials have been reported in the literature. For instance, Ma et al. [56] were
developed a new hybride nanocomposite for biomedical application by employing
Silver-modified graphene oxide nanosheets. The preparedmaterials were found to be
used as a potential antibacterial agent, especially against Escherichia coli. There are
two main objectives of the deposition of Ag nanoparticles on the surface of graphene
oxide nanosheets are:
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• Content of Ag nanoparticles well dispersed in an aqueous solution by means of
graphite nanoparticles,

• Improve the antibacterial properties by the synergistic effect of silver nanoparticles
and graphene oxide.

In the same context, it has been reviewed [2] that the hybridization of graphene and
graphene oxide with diverse aspects of silver nanoparticle are extremely studies and
show great promise as they can provide the necessary constancy and processability
for important antibacterial applications [57]. In general, the nanocomposite based
on silver nanoparticles/graphene have been synthesized by various techniques, the
figure below (Fig. 1) demonstrates the different synthesis methods of silver-graphene
nanocomposite.

Similarly, Gurunathan et al. [21] were prepared a novel hybride nanocomposite
by combining on reduced graphene oxide (RGO) with silver nanoparticle (AgNPs).
The corresponding composite were characterized with several techniques such as
FTIR, Raman spectroscopy, XRD and TEM. For example, The SEM images (Fig. 2)
of the hybrid nanocomposite (RGO-AgNPs) showed that AgNPs with diameters
of around 20 nm were deposited homogeneously and efficiently on the surface of

Graphene/

Silver nanopar�cles
Electron beam irradia�on

–polymer method

Laser abla�on synthesis

Linking One step synthesis

Green synthesis

Modified photochemical

Fig. 1 Synthesis methods of silver nanoparticle/graphene hybride materials

Fig. 2 SEM images of GO (A), ROG (B) and RGO–Ag nanocomposite (C)[21]
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RGO. As a result of this investigation, it has been remarked that the prepared RGO–
Ag nanocomposite exhibited an important cytotoxicity and demonstrated extremely
effective apoptotic activity against human ovarian cancer cells.

In another field, Li et al. [58] were reported a novel invention of hydride nanocom-
posite by combining silver nanoparticles/graphene oxide using a simple and easy
synthesis approach employing glucose as a reducing and stabilizing agent. The
synthesized materials could be used as to produce a novel electrochemical sensor
which are characterized by their exceptional repeatability and long-term constancy.
The results obtained here confirms that the silver nanoparticles/ graphene oxide
obsessed synergetic catalytic effect on the oxidation of tryptophan.

More recently, there are several studies mentioned in the literature demonstrated
the great potential effect of silver nanoparticles on graphene, graphene oxide and
reduced graphene oxide[59]. This combination has paying a great of interest owing
to its importance of creating new kind of hybride materials used in different field
[60].

5 Carbon Nanotubes

To extend the scope of application of graphene slight by means of agglomeration
of graphene plates due to its strong van der Waals influence. Accordingly, the most
excellent solution to render graphene more suitable for a variety of utilizations is add
some spaces between its sheets to save similar repackaging and agglomerate forma-
tion, also, the spacer must be greatest add to the whole surface area and electrical
conductivity of the composite [61]. Thus, According to several research studies,
carbon nanotubes (CNT) was found to be as an ideal candidate owing to their unique
properties in terms of high conductivity, large specific surface, also, their good simi-
larity of carbon structure, resulted in special interaction with graphene sheets [62].
Consequently, graphene and CNT hybride materials have attracted huge interest in
both scientific and academic research because of its outstanding physical properties
mainly elevated electronic conductivity, excellent thermal stability, and exceptional
mechanical strength. For instance, Sheka and Chernozatonskii [63] were developed
a series of composites based on single-walled CNTs and graphene.

In order to develop to a variety of nanostructured hybrid materials with diverse
topological architectures, Zhang et al.[64]. were used the hybridization approach
between 1D CNTs and 2D graphene. According to the authors, the hybrids materials
based on CNTs and graphene are classified on three types (Fig. 3):

Type 1: CNTs adsorbed horizontally to the graphene surface,
Type 2: CNTs adsorbed perpendicularly to the graphene surface,
Type 3: Wrapped with graphene.
According to the literature, Hybridization of graphene with CNTs is typically

carried out via two different techniques:

Assembly technique basically co-assembles graphene and CNTs jointly.
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Fig. 3 Hybride materials of graphene/CNTs [65]

Fig. 4 Processing of preparation of graphene/CNTs hybride materials

The in-situ process requires unzippingCNTs intoCNT/GNRhybrids or increasing
CNTs on graphene sheets.

With aim to develop a new generation of hybride materials based on
graphene/CNTand their polyvinyl alcohol nanocomposite, Zhou et al. [66]were used
a too easy and green approach to prepare graphene-CNT aerogels using a one-step
hydrothermal redox reaction (Fig. 4). The obtained aerogels have very low densi-
ties. In relation with the density of the adsorbed organics, adsorption abilities of their
weight canbe attainedwith optimizedGraphene-oxide/CNTmass ratios. Particularly,
the prepared graphene-CNT aerogels showed exceptional reusability and constancy
after incessant absorption–combustion and adsorption–squeezing experiments.

On other hand, Xianfu Chen et al. [67] were reported the creation of new hybrid
nanofiltration membranes with high permeability using reduced graphene oxide
which is intercalated with carbon nanotubes. The obtained hybride materials were
fabricated through a simplistic vacuum-assisted filtration process and then were used
in treatment and purification of water to eliminate the nanoparticles, proteins, dyes,
organophosphates, and mostly humic acid as of drinking water.
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6 Cellulose Nanocrystals/nanofibrils

The use of cellulose as an additive to get better both physical and mechanical proper-
ties of hybride nanocomposites has recently generated a lot of concern, and a promise
potential for application in the field of paper and packaging technology is provide
in the future[68]. In this context, many researchers are interested in the grafting of
cellulose on the surface of graphite oxide [69], to improve physical, chemical and
thermal properties by different grafting methods [70]. For example, Ouyang et al.
[69] have adsorbed cellulose on the surface of oxidized graphite via hydrogen bonds
between the oxygen atom of the carboxylic acid function of graphene oxide and the
hydrogen atom of the function cellulose hydroxyl (Fig. 5).

Similarly, Zhang et al. [6] prepared nanocomposite films containing graphene
and cellulose in a DMAC/LiCl solution. The morphology of these prepared hybride
compositeswas investigated through scanning electronmicroscopy (SEM) and trans-
mission electron microscopy. The images SEM (Fig. 6) exposed that the graphene
was dispersed in nano-scale way into the cellulose matrix.

OH
OH

HO

OH
OH

O OH

O OH

OH
OH

HO

OH
OH

O OH

HO O

O
HO
O

OH

OH
O
HO OH

H

O
HO
O

O

OH
O
HO OH

H

H

Fig. 5 Adsorption of cellulose on the surface of graphene oxide by hydrogen bonds
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Fig. 6 SEM images of regenerated cellulose and composite with 1.6 wt.% graphene [6]

The preparation of films by surface chemical modification of graphene oxide
with cellulose has also been studied by Peng et al.[71] by the use of an ionic liquid
solution (1-Butyl-3-methylimidazolium chloride ([Bmim] Cl). This chemical modi-
fication has been characterized by UV–visible spectroscopy, IR spectroscopy, X-ray
diffraction and Raman spectroscopy. As a result, the analysis by UV–Visible shows
that the graphene oxide shows a characteristic peak at 231 nm, which corresponds
to the π-π * transition of the carbon–carbon bond, and a shoulder at about 300 nm,
which is due to the n-π * transition of the carboxyl bond. Nevertheless, after the
reduction, the peak at 231 nm is shifted towards red at 269 nm, with the disappear-
ance of the absorption peak at 300 nm. This disappearance has been associated with
the restoration of electronic conjugation in graphene oxide. Also, the results of X-ray
diffraction, the diffractogram shows the appearance of peaks at 15.1, 16.8, and 22.5°,
may attributed to the crystalline phase of cellulose, which confirms the adsorption
of cellulose on graphene oxide.

In another interesting work, Yun and Kim [72] have shown that the direct grafting
of cellulose on graphene oxide or on carbon nanotubes (NTC) can also be carried out
with a covalent bond and more precisely by a chemical reaction called esterification
between the carboxylic acid functions of graphene oxide and the hydroxyl functions
of cellulose. The composite prepared was used to elaborate electroactive paper with
high mechanical properties and good performances.

More recently, Kafy et al. [73] prepared various nanocomposites based on
graphene grafted cellulose (CFG) for several applications, especially in the storage
of energy and electronic procedure. From this study, the researchers have proved
that these nanocomposites have a behavior ferroelectric related with an integrated
polarization which is able to change with the temperature. Thus, grafting has been
analyzed by diverse characterization tools including X-ray diffraction.
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7 Gold Nanoparticles

Charging of metallic nanoparticles in recovered graphene oxide (RGO) sheets can
be active to increase the space between them, create a large remaining surface area
and restore the electrochemical capacity on both sides of RGO. [74]. Therefore,
Gold nanoparticles (AuNPs) were found to be an outstanding composites for sepa-
ration of re-stacked RGO sheets [75]. In this context, Zhihao Yu et al. [13] were
reported the preparation and characterization of new nanocomposite materials based
on electrodeposition of AuNPs nanoparticles on the electrochemically RGO. The
synthesized RGO-AuNPs nanocomposite was characterized by several characteri-
zation tools. For example, the morphology of this composite was characterized by
scanning electronmicroscopy (SEM)which is confirms the presence of gold nanopar-
ticles on the sheets surface and inter-space of RGO as reported in the figure below
(Fig. 7). According to the results obtained in this study, RGO-AuNPs nanocomposite
was found to be a great candidate for super-capacitive application.

More recently,Anovel printed electrochemical sensor having into themcubic gold
nanoparticles associatedwith 2-aminoethanethiol,functionalized graphene oxide and
modified glassy carbon electrode has been developed for determination of tyrosine
in milk [76].

In another interesting work, Wang et al. [77] were prepared a reinforced
nanohybrid nanocomposite by employing gold nanoparticles (Au NPs) with chem-
ically reduced graphene oxide nanosheets and carried out the self-assembling of
cholinesterase using poly(diallyldimethylammonium chloride) as a linker. This
design idea of nanohybrid and nano-assembly has exhibited its interesting appli-
cations in the field of stabilization of enzyme and the detection of paraoxon. In the
same field, for in vitro diagnostics, several proteins may detected by bio-sensor using
decorating thermally-reduced graphene oxide sheets with chosen gold nanoparticle
(Au NP)-antibody conjugate [78].

For another domain, the combination between gold nanoparticles of controlled
size and shape with graphene oxide nanosheets dispersed in water, can be used

Fig. 7 SEM images of (a) RGO and (b) RGO-AuNPs nanocomposite[13]
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as a great approach to fabricate ultra-small gold/graphene nanocomposites which
is considered as novel photothermal energy convertors for a diversity of thermo-
chemical and thermomechanical applications, including:

• In the medicine field, especially in photo-thermal therapy,
• Heating and evaporating some liquids through solar energy,
• Explosion of solid fuels, and joining of composites

8 Ferrite Nanoparticles

Among the nanoparticles mostly used with graphene to develop a new hybride mate-
rials for several applications, ferrite nanoparticles with excellent properties such as
bio-compatibility, constancy, non-toxicity, easily synthesized, it has been found that
a slight band gap and absorption in the visible part of light are more commonly
used with graphene oxide for the production of photocatalytic materials. [79]. In
this sense, Javed et al. [80] were used Ni0.65Zn0.35Fe2O4 nanoparticles with reduced
graphene oxide (RGO) to prepare the composites with ferrite nanoparticles. These
hybride nanocompositeswere characterizedby scanning electronmicroscopic (SEM)
to confirm division of ferrites nanoparticles into the graphene sheets (Fig. 8). The
formation of spinel ferrite nanoparticles and their nanocomposites from RGO was
confirmed by characterization methods. Therefore, these nanohybrids will become
a potential candidate for the photodegradation of the often-visible light of organic
pollutants in wastewater in the future.

Similarly, in order to remove trace sulfonamide antibiotics from waste-water by
adsorption method, JianrongWu et al. [81]. were used graphite oxide and metal ions
as starting materials to develop reduced graphene oxide (RGO) supported ferrite
hybrid materials. The prepared materials were characterized via several techniques
such as transmission electron microscopy (TEM), Fourier transform infrared spec-
trophotometer (FTIR) and X-ray powder diffraction pattern (XRD). Prominently, the

Fig. 8 SEM images ofa ferrite nanoparticlesb ferrite particules/RGO nano-hybrids [80]
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fabricated nanocomposite hybride are effectual adsorbents for the determination and
removal of three sulfonamides in wastewater. A number of parameters were taken
into consideration during the extraction of these pollutants in efficiency manner,
mainly:

• Quantity of adsorbent,
• Removal time,
• pH and desorption parameters.

Currently, Qiu et al. [82] were mentioned in their paper that, three-dimensional
hierarchical compounds of cobalt ferrite-graphene have been prepared using
crystalline CoFe2O4 stones growing in situ on graphene oxide, followed by a
hydrothermal procedure. in addition to the promising application in Photo-Fenton
reaction, the nano-hybride exhibit a good lithium storage performance with elevated
reversible capability andoutstanding cyclic retention at each actual density as used the
anodematerial in Lithium-ion batteries. These data proved a broad choice of perspec-
tives for the application of 3D graphene-based hybrids in wastewater treatment and
energy storage.

9 Nano-Clays

Recently, several studies have been reported on the assembly of graphene nano
platelets with minerals clay. This approach was to operate under a mechanical sound
treatment, the aim was to compare the dispersions of graphene with and without
clay. The results showed that the absence of clay created a quick decantation of the
product in water, whereas the presence of clay causes the resulting dispersion to stay
put constant for severalmonths,without synergistic effects [83]. This research opened
the doors to advanced conductivematerials based on small amounts of graphene nano
platelets due to the interactions of molecules for example organic dyes and polymers
in certain types of clay such as sepiolite.

In fact, using very small quantities of graphene-nanoclays can obtain a new
generation of hybrid composites with high electrical conductivity, while retaining
improvedmechanical properties, at a lowcost. In other hand, themixtures ofmontmo-
rillonite/graphene or organo-montmorillonite/graphene nanofillers are mostly used
in the design processing of nanocomposite materials. In this context, Fukushima
et al. [84] have been studied the effect of the association of two nanofillers, namely,
expanded graphite (GE) and organophilic montmorillonite C30B on the properties of
the poly (lactic acid)matrix. The authors explain the enhancement of thermal stability,
blaze properties and mechanical tensile properties to the excellent co-dispersion and
the significant reinforcement obtained with GE/C30B mixtures.

The advantage of mixing graphene with different types of clays has also been
observed for other non-biodegradable matrices. Indeed, Longun et al. [85] have been
showed significant improvements in the viscoelastic and thermal properties of the
polyimidematrix (PI) in the presence of organo-montmorillonite (OMMT)/ graphene
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Fig. 9 SEM images of tensile fracture surface ofa PVA,b PVA-Gr-0.3,c PVA-Gr-0.6 andd PVA-
Gr-0.9-MMT-0.3[86]

(Gr) blends compared to binary blends PI/Gr and PI/OMMT. Greater reinforcement
has been obtained for hybrid nanocomposites polyvinyl alcohol (PVA)/clay/graphene
corresponding to the excellent dispersion of the charge mixtures and to the presence
of strong interfacial interactions confirmed by the morphological and thermal char-
acterizations [86]. Figure below illustrates the SEM images of prepared hybride
composites (Fig. 9).

10 Titanium Oxides

Titaniumdioxide (TiO2) is themost attractive photocatalyst, owing to its non-toxicity,
chemical stability, commercially available, relatively cheap, and indeed widely used
in composites preparation, especially combined with graphene. The manufacturing
and application of hybrid nanocomposite materials using titanium dioxide as starting
material, which was reinforced with graphene nanosheets was done. In this, a
novel nanocomposite based on TiO2/graphene by using a suspension of graphene
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nanosheets combined with titania peroxo complex as starting materials through one-
pot thermal hydrolysis approach. The prepared materials can be considered as an
excellent photocatalytic. The results showed that the TiO2-graphene nanocomposite
exhibited the maximum mineralization under UV and visible light, and the sample
called TiPC0100 with the optimum ratio of TiO2 and graphene displayed the highest
mineralization. [87].

Another study was reported a green one-step hydrothermal preparation of ultra-
fine TiO2 nanocrystals consistently dispersed on the whole surface of graphene
nanosheets. The high photocatalytic activity and excellent stability of the prepared
nanocomposites are mainly due to the beneficial nanostructure including the super-
dispersed and ultrafine properties of TiO2nanocrystals, in addition to the intimate and
best contact interface connecting TiO2 and graphene. It supports a very high surface
area, excellent charge separation, and enhanced visible light absorption created by
the structure. [88].

A hybrid material using TiO2 reinforced with graphene was applied to some
applications, and its application to a high-performance lithium-ion secondary battery
was investigated [89], oxygen reduction reaction [90].

11 Zinc Oxides

Metal nanoparticles have attracted attention in various research fields centering on
biological fields such as antibacterial research and are used in various applications
such as the production of new hybrid materials as reinforcing agents. In recent years,
zinc oxide (ZnO) has attracted attention because of its characteristic properties such
as low cost, abundant availability, nontoxicity, and electrochemical activity [3]. ZnO
is considered as a battery active material.

With the aim to mix the excellent individual properties of both graphene and
zinc oxide. Several techniques used in preparing graphene–zinc oxide hybride
nanocomposites for different applications have been reported. E.R. Ezeigwe et al.
[4] were adopted a simple, green and competent technique by utilizing a novel liquid
phase exfoliation and solvothermal to develop graphene-ZnO hybride materials.
The prepared nanocomposites were found to be a great candidate for electrochem-
ical capacitors as electrode material. In the same context, ZnO is combined with
graphene nanosheets via a green and simple approach to prepare a new kind of
hybride materials. From this study, Jun Wang et al. [91] were confirmed the good
effect of adding small among of ZnO particles inside of graphene sheet on the final
properties of the materials ZnO-graphene, especially for energy storage application
in supercapacitors.

Very recently, a group of researchers from Zhejiang Normal University of china
[92] were developed a series of hybride nanocomposite based on zinc oxide (ZnO)
nanoparticles with reduced graphene oxide (RGO) by employing a facile, simple
and green approach in one-step to pick up the photocatalytic properties of these
materials. From the whole results obtained in this study, the authors concluded that
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the ZnO-RGO composites are found to be a promising candidate for functional use
in pollutant decomposition as efficient photocatalysts.

Currently, the hybride nanocompositematerials basedon zinc oxides andgraphene
nanosheets have gained a great interest in both scientific and academic research.
These kind of materials with their unique properties such as improved photocat-
alytic activity and anti-photo-corrosion [93], high-sensitive flexible gas sensors
[94] and excellent photo-catalytic performances [95], have been found multivarious
applications in different field.

12 Application of Hybride Materials Based on Graphene

Due to their remarkable properties i.e. mechanical, electrical, optical, and thermal,
various carbon derivatives including, graphene, graphene oxide and fullerene with
canted geometric shapes have attracted enormous interest from two points of view,
scientists, and engineering. These new discovering composites have found a great
potential application in the different fields of electronics, sensors, actuators, solar
cells, data storage, optics and photonics, medical and biological applications. In
recent years, hybrid materials made of graphene with several nanoparticles have
elaborated by different route and have expanded a lot of interest because of their high
performances compared with traditional materials. These materials were subjected
to several applications, they were used to inhibit the growth of several bacteria stains.
These materials were also screened to investigate their anticancer activity [21].

Generally, the type of application of the hybride nanocomposite is frequently
related to the nature of nanostructures and its among used during the hybridization
process, also the method used in the fabrication can be affected the results and
oriented the application of the obtained materials. The figure below illustrated the
major functional applications of hybride materials made up from graphene with
different nanoparticles (Fig. 10).

13 Conclusion

The hybridization of graphene derivatives with nanoparticles represents a promising
process, as it enhances the overall properties of the nanocomposite hybridematerials.
Owing to its unique properties and characteristic chemical structure, graphene and
its derivatives could be combined with various nanoparticles (zinc oxide, cellulose
nanocrystals/nanofibrils and titaniumoxides…). The hybridematerials resulted from
this combination are characterized by excellent properties which are related to the
properties of graphene as reinforcing agent and the properties of the nanostructures
used even a small among. The exceptional performances of these hybride nanocom-
posite make them more suitable for several functional and practical application in
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Fig. 10 Major functional applications of hydride nanocomposites based on graphene-nanoparticles

different domains, including, biology and medicine, energy and green chemistry,
electronics, and electrochemical field.
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Abstract Hybrid nanocomposites have appealing chemical and physical properties
and are used on a large scale worldwide. Graphene-nanoparticles (G-NP) hybrid
fillers and their composites have particularly gained attention among researchers in
recent times, as the incorporation of nanoparticles (NP) into the chemically derived
graphene (G) in hybrid fillers open for new applications. This is as a result of the
synergetic properties of the obtainedmaterials, such as biodegradability, low density,
physical and chemical structure, etc. The novelty of this chapter is to present a review
of the recent studies of G-NP hybrid filler’s characteristics and their composites
using the most fundamental characterization techniques. Our literature review exam-
ines various published findings regarding, among others, surface, mechanical and
thermal properties in order to determine the performance of the fillers. Therefore, we
briefly reviewed their basic structure and surfacemodifications of G-NP hybrid fillers
and nanocomposites. The main output is to study and review techniques frequently
reported in the literature to examine their structure and properties, we exemplified
and discussed in this chapter key results collected from SEM, AFM, TEM, HRTEM,
FTIR, UV-vis, Raman, XRD, XPS, SEM, TGA-DTA, DMA and tensile analyses. To
help the readers, this chapter is subdivided into three sections covering a state-of-
the-art of the most recent hybrid fillers, their preparation and characterization. The
overall objective of this chapter is to dress a relationship between their structure and
property to provide key indicators and future directions for their efficient large-scale
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production of G-NP hybrid nanocomposite with unique characteristics for different
applications.

1 Introduction

Research on nanomaterials characteristics and properties has seen a strong increase
thanks to the ever-increasing industrial needs [1], and the limited performance
of conventional materials [2, 3]. The hybridization of different materials at the
nanometer scale has been shown to bring about new and improved materials prop-
erties [4]. Among those, graphene (G) with its derivatives (graphene oxide (GO),
reduced graphene oxide (rGO) and graphene oxide nanosheets (GON)) combined
with nanoparticles (NP) have been developed as novel hybrid nanomaterials with
excellent properties [5, 6].

Since its discovery, G is at the forefront of research in various fields of appli-
cation because of its excellent chemical, electrical, optical and mechanical proper-
ties. It was proposed for applications such as a nanofiller in hybrid nanocomposites
[7, 8], consisting of functional inorganic nanoparticles or aggregates incorporated
in a polymer matrix. These materials exhibit several distinctive properties that are
not achievable with organic polymers or inorganic materials individually. The G-
NP based polymeric composites have excellent properties like mechanical, thermal,
optical, and structural which are not observed in bulk materials [9–11]. Additionally,
the performance of hybrid polymer nanocomposite is dependent on the characteristics
of hybrid nanofillers, the filler dispersion in the matrix, the interlinkages linking the
matrix and the arrangement of fillers within thematrix [12–14]. In recently published
works, it has been demonstrated that G-NP based hybrid composite nanomaterials
are ideal for use in different applications, such as food packaging, energy storage,
sensors technology, water treatment, and transparent-flexible electrodes [15–17].

Hence, there is a need to understand the characteristics of the different G-NP
hybrids like their morphology, the choice to incorporate organic or inorganic mate-
rials dispersed in the polymer matrix, which can lead to several changes in properties
of the neat material. Therefore, in order to facilitate a better understanding of the
characteristics of the G-NP based materials, for the first time, this chapter reviewed
and classified the G-NP hybrids into five categories: (1) G-metal and metal oxide,
(2) G-metal alloy, (3) G-carbon nanotubes, (4) G-nanocellulose and v) G-nanoclays.

Metal or metal oxide nanoparticles are commonly used to produce the G-based
hybrid nanofillers [18]. G hybrids incorporated with different metal nanoparticles
have been reported like, for example, G-Au [19], G-Ag [20], G-Cu [18], G-Ni
[21], G-Pd [22], G-Zn [23], etc. Besides, there are numerous G-metal and G-metal-
oxide nanohybrid synthesis methods. Similarly, various nanometal alloys were inte-
grated by appropriate synthetic approaches on the G surface to ensure a high degree
of morphological and structural properties and minimizing the possibility of their
fragmentation and agglomeration in the matrix [18, 24, 25]. Currently, researchers
have developed different synthetic methods for the preparation of the G-metal alloy
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nanohybrids, such as reduction, solvothermal, microwave-assisted, electrochemical
and chemical vapor deposition [25–28].

Recently, carbon nanomaterials, such as carbon nanotubes (CNT), were intro-
duced to the carbon family. Carbon nanotubes (both single- and multi-walled CNT)
with G are commonly used as nanofillers of polymer composite materials [29,
30]. Various processes including chemical vapor deposition, physical vapor depo-
sition, chemical processing, pyrolysis, 3D printing and more assembly-based tech-
niques were developed to produce 3D G-CNT materials [10, 31–33]. G and CNT
have remarkable mechanical strength, high thermal and chemical stability and wide
surface area, and are therefore used for the production of hybrid composite materials
[32, 34–36].

A fourth category of NP is cellulose nanomaterials. They are derived from abun-
dant renewable organic biomaterials, and have been attracting much interest because
of their high crystallinity, chemical versatility, low density and renewable ‘green’
nature [2, 3, 37], and in particular for the fabrication of hybrid G-nanocellulose
nanocomposite [38–40].

The last category of nanoparticles depicts nanoclays (NC). These are some of
the most abundant nanosized materials, normally available in hundreds of tons and
broadly used in different applications [41]. NC are organically modified layered
silicates with applications as a reinforcement filler in hybrid nanocomposite [12,
42]. In the preparation of hybrid nanocomposites,manyNC (montmorillonite, kaolin,
halloysite and bentonite) along with silica and GO nanoparticles are used.

In this chapter, key findings of the characterization techniques for hybrid
nanocomposites, whereby G and NP are distributed into a matrix, are reviewed. This
chapter also explains that the synthesis of these nanocomposites varies depending
on the nanofillers’ properties; i.e., the G and NP, its dispersion and alignment as
reinforcements within the polymer matrix, as well as the interaction of the polymer
matrix with the reinforcement. Examples of morphology, structure and property,
including the relationship between structure and property, are explored upon charac-
terization. This perspective on the properties of G-NP hybrid materials will provide
a detailed view of the current stage of characterization techniques, highlighting the
obstacles and new directions for the future production of G-NP hybrid materials.
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2 Hybrid Nanocomposite Based on Graphene
and Nanoparticles as Advanced Materials

2.1 Graphene and Nanoparticles as Hybrid Nanomaterials

2.1.1 Graphene-Metal and Metal Oxide

Gand its derivatives could be obtained by following a top-down (mechanical cleavage
or liquid phase exfoliation) or a bottom-up (such as chemical vapor deposition, arc-
discharge, chemical conversion, unzipping carbon nanotubes, and epitaxial growth
on SiC) preparation method [43].

G-metal and metal oxide hybrids have excellent properties, with promising
applications in electronics, sensors, solar cells, batteries, and supercapacitors [11,
19, 20]. Their synthesis could be achieved by using various preparation methods
based on microwave-assisted synthesis, thermal evaporation, chemical reduction,
photochemical synthesis and electroless metallization [13, 44, 45].

In the case of metals, nanoparticles precursors, i.e. metal salts, are generally
reduced in a solvent containing GO and rGO [47]. Due to the weak van der Walls
interactions, these graphene derivatives tend then to aggregate and even stack to form
graphite in the solution [47]. Hence, by attaching metal NP, it is, in fact, possible
to prepare individual G sheets and to reduce their agglomeration [47]. In many
instances, researchers use this direct chemical reduction approach in order to prepare
a large variety of G-metal nanohybrids by combining metal precursors with G or its
derivatives, GO and rGO [20, 22, 48]. Among the many deposition approaches of
G-NP fillers onto polymers, G and metal hybrid nanostructures are some of the most
effective platforms for various applications [9, 45, 49]. For instance, in order to
obtain a homogeneous suspension of exfoliated GO, Feng et al. prepared G-TiO2

by dispersing GO in an ethanol solution under ultrasonication and by adding then
Ti(OPr)4 [46]. The resulting solutionwas thenmoved to an autoclave andplaced in the
oven for 12 h at 150 °C [46]. The desired product was thus isolated by centrifugation,
thoroughly rinsed with deionized water and ethanol prior to be vacuum-dried [46].
The development procedure as shown in Fig. 1 resulted in a G-TiO2 hybrid in the
form of black, gray powder [46]. The G-TiO2 hybrids (2 wt%) was used as filler for
PVC films, with a glass transition temperature that increased by 3.5 °C and a storage
modulus that increased by 50% relative to a pure PVC film [46].

2.1.2 Graphene-Metal Alloy

Owing to the great synergetic performance and long-term working stability of
hybrids, the G hybridization with nanometal alloys has shown high potential for
various applications [25, 50]. Synthetic methods have integrated various metal alloys
on the G surface to reach a perfect control of their morphological and structural prop-
erties, by enhancing the adhesion and by limiting the possibility of their dissolution



Characterization Techniques for Hybrid Nanocomposites … 27

Fig. 1 G-TiO2 hybrid preparation and structure schematic presentation [46]

and aggregation [22, 28, 50]. To date, numerous novel metal alloy nanostructures
integrated onGnanosheets have beenwidely produced simply by changing the condi-
tions of the reaction, such as the concentration of the precursor, the temperature of
the reaction and introduction of the dispersion agent. The nanohybrids obtained
displayed very interesting morphologies that were compatible with unique chemical
and physical properties [25, 27, 28]. For example, in order to produce G-nanoalloy
(Palladium-Copper) hybrid, precursors (Na2PdCl4 and CuSO4 of molar ratio 1:3)
were mixed together with a suspension containing G. As shown in in Fig. 2, during
this preparation method, metal ions from precursors such as PdCl2−4 and Cu2+ were
adsorbed onto the surface of G nanosheet thanks to a coordination effect between its
remaining oxygen moieties and each ion [28].

2.1.3 Graphene-Carbon Nanotubes

In recent years, carbon-based nanofillers such as G and carbon nanotubes (CNT) in
nanocomposites have been shown to have better structure and functional properties
and a broad range of applications [51, 52]. CNT are prepared using various process
techniques including chemical vapor deposition, laser ablation, arc evaporation, elec-
trolysis, flame synthesis, etc. [53, 54]. The CNT are generally used as a filler due to
their excellent filler properties including a high conductivity and a superior aspect
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Fig. 2 Hybrid processing design of 3D G-nano alloy (G-PdCu) [28]

ratio and tensile strength. G fillers have also the potential to adjust or fine-tune the
properties of targeted materials, which attracted various interests of several scientists
working in different research fields [55–57]. Furthermore, a homogenous dispersion
could be achieved during the early stages of processing of nanocomposites by incor-
porating CNT into the polymeric matrix limiting in fact their aggregation [30, 58].
For this reason, several research groups reported on the successful preparation and
utilization of G-CNT hybrid fillers in diverse applications such as energy storage,
sensing, water treatment, capacitors, etc. [34, 59–61].

The characteristics ofG, CNTor hybrid fillers depend uponmany parameters such
as the type of CNT, the type of G, the purity, the size of CNT, the aspect ratio of the
nanotubes, the loading, the interactions, the alignment, and the anti-agglomeration of
G and CNT [63]. Three techniques are used for processing G-CNT hybrids: solution
mixing, chemical vapor deposition and in situ polymerization [64–66]. In a study by
Kong et al., a two-stage method for G-CNT hybrid synthesis was developed. This
is shown in Fig. 3 [62], where it was reported that the CNT growth uniformly on
the G surface followed that of the modification agent, resulting in the creation of
a complex interface driven by a covalent C–C bonding connection between the G
and CNT [62]. Similar observations were made by various studies on G-CNT hybrid
[67–69].
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Fig. 3 Schematic diagram of the G-CNT hybrid synthetic method [62]

2.1.4 Graphene-Nanocelluloses

Nanocellulose, an organic compound extracted from natural resources, is biodegrad-
able, biocompatible, and can demonstrate interesting properties when used as a
filler in composites [70, 71]. Nanocellulose has unique characteristics including a
large aspect ratio, good mechanical properties, good flexibility and hydrophilicity,
explaining why it is therefore used as a filler to form nanocomposite [72]. The hierar-
chical structure and the presence of rigid chains on its molecular structure allow the
formation of composite containing nanocellulose with flexible substrates and other
materials [73]. Nanocellulose is found in the form of crystals (CNC) or fibrils (CNF),
which can be dispersed and self-assembled easily in a solution under the ultrasoni-
cation process [72, 74]. Graphene, on the other hand, is a two-dimensional carbon
nanostructure that has drawn considerable attention in the development of compos-
ites because of its excellent thermal properties, large surface area, high strength and
young’s modulus [75]. However, due to the presence of strong intermolecular π-
π stacking attraction forces and van der Waals interaction, G has the tendency to
aggregate irreversibly even in water or in organic solutions [75].

Researchers have suggested a new strategy to hybridize G with amphipathic
nanocellulose during GO reduction, acting as a stabilizer or a supporting agent [15,
38, 40].Depending on theG-nanocellulose ratio, the resulting hybridmaterial ismade
up of G layers surrounded by nanocellulose to a greater or lesser limit [76]. The G-
nanocellulose hybrid was demonstrated to have a covalent chemical structure and an
excellent aqueous suspension stability, which greatly facilitated G dispersion [77].
Studies have reported that the abundance of oxygen-containing groups decorated
with G can combine with nanocellulose hydroxyl groups and oxygen atoms, which
are advantageous for the homogeneous dispersion of G and nanocellulose in the
shaped hybrid nanofiller [40, 76, 78]. Hence, the preparation of covalent cross-linked
G-nanocellulose hybridswas realizedby esterificationbetweenhydroxyl groups [79].
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Fig. 4 Schematic diagram and nanohybrid structure of rGO-CNF [76]

Montes et al. prepared fillers based onG-CNCby assisting the graphite exfoliation
in a liquid-phase containing CNC. By following this novel approach, graphene flakes
seem to be stabilized in aqueous dispersions [80]. Similarly, as shown in Fig. 4,
Wang et al. produced rGO-CNF hybrid with rGO and CNF aqueous suspension by
using a one-step synthesis combining a chemical reduction and an induced materials
assembly, which was facilitated by the addition of the tannic acid [76]. Due to the
functional catechol chemistry of tannic acid, the interfacial interactions between rGO
nanosheets and CNF (which includes π-π and hydrogen bonding) improved; this
created a strong adherent coating acting as a capping layer to stabilize and decorate
the obtained rGO-CNF hybrid [76].

2.1.5 Graphene-Nanoclays

Natural occurring nanoclays (NC) like montmorillonite, bentonite, laponite,
halloysite and kaolin were used as nanofillers for the production of composites in
a variety of industrial applications [81]. The NC platelet structure allows it to form
a protective barrier once a high degree of exfoliation with a good dispersion has
been achieved, resulting in an improved mechanical performance of materials [82].
Similarly, G is a member of the family of monolayer carbon atoms, fully compacted
into a 2D honeycomb network, which acts as a fundamental structural block for
graphite-based materials [83–86]. A high-performance material is thus obtained by
producing, a hybrid composed of GO and NC [82, 83, 86].

In different studies, GO hybrids reduced by halloysite nanotubes were prepared
by simultaneous reduction and hybridization of GO with halloysite nanotubes [84,
87, 88]. It was observed that the hybrids had a perfect coverage structure and that the
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Fig. 5 Proposed framework for G-NC hybrid formation [90]

intercalation of halloysite nanotubes within the GO sheet interlayers was likely due
to the excellent compatibility between G and halloysite nanotubes [87]. Research
on GO-montmorillonite hybrid has shown that the hybrid material’s d-spacing is
observed between that of the GO-montmorillonite and the structure of the GO flake-
pillared montmorillonite [89].

NC’s role in the manufacture of G-based hybrids was thus explored due to its
high chemical stability, specific swelling capability and ability to exchange ions [41].
As seen in the Fig. 5, the scattered nanoclay particles are physically or chemically
absorbed at the ionized sites of the G layers in the hybrid [90]. The particles of NC do
not attract or interact with the sites of radicalized G as they are effectively surrounded
by the radicals of hydrogen [90]. The distributed radicalized G has a high affinity
with H and CH2-CN radicals and generates, as a result, G-NC hybrid pyridinic and
pyrrolic systems [90].
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2.2 Hybrid Nanocomposites Based on Graphene
and Nanoparticles

2.2.1 Hybrid Polymer Nanocomposites Based on Graphene
and Metal/metal Oxide

Hybrid G-nanometal polymer composite materials is a subject that gained much
attention recently [6, 91, 92]. In particular the design and preparation methods of
polymer nanocomposites reinforced byG-nanometal have become common practice,
since these hybrid fillers provide unique properties to the polymer matrix [92, 93].
The hybridG-nanometal/metal oxide in the polymermatrix has the advantage that the
G sheets serve as a loader for regulated metal NP production and can prevent the self-
assembly of small metal NP during the preparation of the composite nanomaterials
[6, 18, 94]. Metal oxides play here a significant role in improving the polymer’s
immobilization and thus the enzyme stability [95].

For instance, the polyvinyl chloride (PVC’s) glass transition temperature rein-
forced with G-TiO2 hybrid increased from 71.3 to 74.8 °C compared with neat
PVC, indicating that the segmental chain mobility is limited by the intense inter-
facial interactions between the nanohybrids and the polymer matrix [46]. Kumar
et al. prepared amultifunctional biodegradablematerialwhere hybrid graphene-silver
(rGO-Ag) nanoparticles were used to enhance poly-caprolactone (PCL) matrix, as
demonstrated in Fig. 6 [6]. Comparing with rGO or Ag nanoparticles alone, rGO-Ag
hybrid nanoparticles were found to be well dispersed in the polymer matrix due to
enhanced exfoliation [6]. In addition, it was noted that uniformly scattered rGO-Ag
hybrid nanoparticles resulted in a 77% increase in the PCL Youngs’ modulus at 5
wt%filler, which exceeded significantly the improvements achievedwith the addition

Fig. 6 Schema polymer nanocomposite incorporated with rGO-Ag hybrid [6]
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of rGO or Ag nanoparticles alone in the PCL [6]. Other improved properties include
conductivity, stiffness, antibacterial property and cytocompatibility [6]. Likewise, by
adding 0.25 phr rGO—Fe2O3 in the epoxy matrix, tensile strength, flexural strength
and impact strength improved by 56%, 81% and 112% respectively [92].

2.2.2 Hybrid Polymer Nanocomposites Based on Graphene and Metal
Alloy

Metals’ scarcity, mass interaction and stability have become the critical limiting
factors that hinder the commercial applications of metal-based materials, in recent
years [96, 97]. A number of strategies have been adapted to enhance those properties,
two ofwhich are: i. reducing the size ofmetals to a nanoscale,which can providemore
active sites and increases the use of metals per mass, ii. alloying with earth-abundant
transition metals (Cu, Zn, Ni, and Fe), which may improve the metal-based hybrid’s
mass activity and stability due to the synergetic effects resulting from changes in the
nano-alloy surface physical and chemical natures [26]. These approaches and others
have helped the rapid advancement of G-based nanocomposites, highlighting the
nanometal alloys strong mechanical reinforcement strength, large specific surface
area, excellent biocompatibility and good thermal properties [48, 98, 99].

Hong et al. prepared poly(methyl methacrylate) (PMMA) nanocomposite as
shown in Fig. 7, reinforced by rGO-NiAl hybrid, using a simple solution blending
method, in order to investigate its effect on increasing the composite’s thermal
stability [48]. It was observed in the thermal studies that a greater residue of 3.7
wt% was obtained, which was attributable to the combination of the physical barrier
effect of rGO and the NiAl alloy nanoparticles, hence confirming enhanced thermal
stability of the PMMAhybrid nanocomposite [48]. Physical characterization demon-
strated that poly (triazine imide) (PTI) nanosheets hindered G nanosheets restacking
and allowed the even-scattering of the 2.5 nm PtSn alloy nanoparticles on the PTI
graphene support materials [99].

Fig. 7 Schemaof the formationof poly(methylmethacrylate) composite reinforcedwith rGO/NiAl-
layered double hydroxide hybrid (presented as rGO-LDH) [48]
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2.2.3 Hybrid Polymer Nanocomposites Based on Graphene
and Carbon Nanotubes

The improvement of the nanocomposite materials properties could be achieved by
using CNT as fillers since the CNT have a high Young’s modulus, a high tensile
strength, a high aspect ratio, a lowdensity, etc. [29, 100]. These exceptional properties
make CNT ideal as a reinforcement additive in hybrid nanocomposites. On the other
side, G and its derivatives can be used to modify the inherent properties or induce
new properties to thematrix [101, 102]. G based-polymer composites show improved
mechanical, thermal, and barrier properties compared to the neat polymericmaterials
[103]. However, difficulties lie in transforming or imparting the unique properties
of G or CNT alone to the polymer [104, 105]. The homogeneous dispersion of the
filler in the matrix is crucial in ensuring a good interfacial interaction and adhesion
between the phases [106].

The incorporation of the G-CNT hybrid filler to the polymer matrix has more
attractive properties compared to the neat polymer [108]. Hybrid polymer nanocom-
posite based on G and CNT can be used for diverse applications like conduction,
coating and films, electromagnetic interference shielding materials for electronic
devices, thermal interface materials, etc. [35, 36, 64]. As an illustration, Liu et al.
prepared hybrid polyethylene polymer composites based on graphene and carbon
nanotubes [109]. They demonstrated an impressive synergetic effect between the G
and CNT leading to a clear improvement of the interfacial mechanical properties
of the polyethylene matrix [109]. Furthermore, they showed that the reinforcement
effect on the covalent bond of the G-CNT hybrid is directly related to the CNT
length and radius, and also to the choice of CNT as the use of multi-walled CNT
seems to lead to more efficient materials than those made using single-walled CNT
[109]. By the addition of GO-CNT hybrid charges to the polymer matrix, it was
observed that the composite’s storage modulus was the main thermal response speed
factor [63]. This observation could be attributed by the presence of specificmolecular
interactions occurring within the G-CNT hybrid and the polymeric structure.

In another study, Bagotia et al. successfully prepared polycarbonate/ethylene
methyl acrylate nanocomposites by following amelt-blendingmethod using different
ratios of the G-CNT hybrid filler, as shown in Fig. 8 [107]. Among the tested
materials, hybrid filler composites with 10 phr loading (G:CNT ratio 1:3) have a
highest tensile strength and tensile modulus than G or CNT based composites at
the same loading [107]. In summary, the G-CNT hybrid nanostructure exhibited a
synergistic effect improving thus the structural, mechanical and thermal properties
of the composite even by selecting a large variety of polymeric matrix, like, exempli-
fied using the poly(vinylidene fluoride) [67], epoxy [63], poly(methyl methacrylate)
[110], poly(ether sulfone) [32], poly(vinyl alcohol) [69, 111], poly(dimethylsiloxane)
[62], poly(ether-ether-ketone) [112], poly(styrene-b-butadiene-b-styrene) [112], etc.
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Fig. 8 Graphical description for manufacturing of G-CNT hybrid reinforced polymer composite
[107]

2.2.4 Hybrid Polymer Nanocomposites Based on Graphene
and Nanocelluloses

Nanocellulose (CNC or CNF) was used individually as an efficient reinforcing fillers
on many kinds of polymers [73, 113]. Driven by unique properties (high specific
strength, biocompatibility, biodegradability, low weight, abundance, barrier proper-
ties and capacity for reinforcement) nanocellulose is recognized as an ideal candidate
for the development of polymer nanocomposites [71, 114]. On the other hand, G and
its derivatives are also well-known to be potentially the best options leading to high
enhancement of polymeric nanomaterials due to their favorable scalability, high
mechanical/thermal conductivity, and chemical flexibility [103]. However, as with
most nanocomposites, several crucial challenges, such as incomplete G exfoliation,
uneven dispersion of fillers, high hydrophilicity of nanocellulose and weak G-matrix
adhesion, present limited the full functionality of most described nanomaterials
containing G or nanocellulose alone [78, 103, 115].

The development of sustainable and biodegradable nanocellulose aligns with an
environmentally friendly approach to mediate G dispersion in aqueous media and
its integrated morphology in polymeric matrices such as polyvinyl alcohol [15, 79,
80], polyethylene [40], poly-lactic [38, 78], polyphenol [76], rubber [77], etc. Recent
studies have therefore explored the use of sustainable carbohydrate polymers (i.e.
cellulose), as they are biocompatible and environmentally friendly, thus achieving
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Fig. 9 Schematic
presentation of poly (vinyl
alcohol) nanocomposites
with G-CNC hybrid [80]

the functionalized biopolymerG-nanocellulose hybrids to reinforce the nanocompos-
ites [40]. The obtained G-nanocellulose hybrids have excellent aqueous suspension
stability, which greatly facilitated their dispersion into polymer matrix [15].

Inmany cases, itwas noted that theG-cellulose nanohybrids are selectively located
in the interfaces between the polymermicrospheres and are assembled into a 3D hier-
archical conductive network structure during co-coagulation [77, 79, 116]. Interest-
ingly, the use of G-nanocellulose hybrid was considered a simple approach not only
to prevent the use of chemicalsmodifying agents, but also to enhance the conductivity
and mechanical properties of G-based composites prepared with randomly scattered
G, through traditional production procedures [39, 77, 79].

For instance, the G-CNC hybrid was combined with poly(vinyl alcohol) (PVA)
aqueous solutions to prepare PVA-based nanocomposites (PVA/G-CNC), using a
simple and environmentally friendly casting process [80]. It was stated that the
synergistic reinforcing effect of G-CNCwas obtained through the presence of strong
H-bonds between -OH groups of the PVA and CNC enhancing thus their interfacial
interaction. This was also achieved thanks to the presence of CNG, promoting the
dispersion of graphene in the PVAmatrix, as shown in Fig. 9 [80]. Similarly, owing to
the synergistic reinforcement ofG-CNC, it was noticed that Young’smodulus, tensile
strength and resilience of the PVAnanocomposite containing 5wt%hybrid nanofiller
(G:CNC ratio 1:2) increased substantially by 320%, 124% and 159% respectively;
and the break elongation remained substantial compared to the pure PVAmatrix [15].

2.2.5 Hybrid Polymer Nanocomposites Based on Graphene
and Nanoclays

Nanocomposites made of clay-based polymers have gained significant interest from
the scientific community over the past decade [81]. Researchers studied particularly
the potential for reinforcement of polymeric matrix with modified nanoclays (mont-
morillonite, bentonite, laponite, halloysite and kaolin), so as to improve its properties
such as thermal, barrier, mechanical and resistance to flammability [84, 117, 118].
Compatibilizers such as G are also used in the preparation of nanocomposites as well
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as modifying the nanoclays (NC) to enhance the dispersion of the filler particles [86].
Hence, the synergetic effect of dispersion and flame retardancy was the key element
to the introduction of G-NC hybrid fillers in the polymer matrix [119].

In addition to flame retardants, G-NC hybrids have been used in various polymer
matrices for various other applications such as nylon thermomechanical proper-
ties enhancement [82], supercapacitors electrode materials [41, 85], superabsorbent
[88], water treatment [84, 118], thermoplastics manufacture [120], etc.

Figure 10 shows graphene oxide-halloysite nanotubes hybrids (HRGO) prepared
by simultaneous reduction and hybridization of GO with halloysite nanotubes. The
HRGO have been integrated into an epoxy matrix to improve its thermal and the
mechanical properties [87]. In fact, the Halloysite nanotubes effectively impeded the
accumulation of GO sheets in the epoxy matrix [87]. Similarly, the epoxy nanocom-
posites showed improvements of 36, 16, 27 and 19% in Young’s modulus, tensile
power, critical stress intensity factor (KIC) and critical energy release rate (GIC)were
achieved using GO-attapulgite hybrids, respectively [121]. In a different study where
hybrids with different montmorillonite/GO ratios were examined, the 5:1 mass-
ratio hybrid offered better dispersibility and more effectively, while the mechanical
strength of epoxy-based composites was enhanced [89].

Fig. 10 Schematic overview of GO-halloysite nanotubes hybrid (HRGO) preparations and HRGO-
reinforced epoxy composites [87]
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3 Characterization Techniques

In materials science, material properties are fundamentally linked to microstruc-
ture, which necessitates knowledge of the recent characterization approaches [122,
123]. This is because materials such as thermoplastics, composites and hybrid films
have several elementary constituents dispersed in more than one process of fabrica-
tion. Characterization is, otherwise, essential for the systematic production of these
different materials and for determining their functionality in practical uses. Several
commercially available techniques are used to study materials, e.g., microscopy,
spectroscopy, and thermal analysis. Each of these techniques is typically used for a
define type of materials or for the retrieval specific information. This presents a tech-
nical challenge in choosing the adequate characterization technique when dealing
with a specific sample. Researchers or engineers must therefore specify which infor-
mation is required to thoroughly describe each substance and use that data to under-
stand its behavior, create newand advancedmaterials,minimize costs, or complywith
regulatory standards. The following sub-chapter provides all the contexts required to
understand the, as characterization technologies of graphene-based nanohybrid and
its composite materials, with particular attention to the current and most commonly
used techniques as presented in Fig. 11.

Fig. 11 Categories of the characterization techniques used to study G-NP based hybrid composites
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3.1 Microscopy-Based Characterization

3.1.1 Scanning Electron Microscope, SEM

Roughness, morphology, size and state of dispersion of particles in a material can
be measured using several microscopy techniques at various length scales. Scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM) and
atomic force microscopy (AFM) can provide a straightforward way of observing
and analyzing the dispersion of particles at various lengths qualitatively [124]. SEM
used a focused electron beam to scan a surface and subsequently present an image
[125]. SEM has been used in several works in order to study the dispersion of
the graphene-based hybrid nanofillers and examine the surfaces of their composites
[23, 32, 45, 80, 126].

With the help of SEM images it was possible to confirm that SnO2 nanocrystals
are attached to the surface of rGO sheets, where the presence of SnO2 nanocrystals
proved that GO and SnCl4 hydrothermal treatment is an effective preparationmethod
of the rGO-SnO2 hybrid [127]. Similarly, the GO-TiO2 hybrid SEM images proved
that dense TiO2 nanocrystals were tightly attached to GO sheets and did not separate
under sonication [128]. Furthermore, from the analysis of the SEM images of the
GO-TiO2 hybrid, it was possible to conclude that the coating of TiO2 nanocrystals
on graphene is denser with increasing the Ti (BuO)4/GO feed ratio [128]. Further
analysis of the dispersion of nanoparticles in the hybrids shows that the SEM images
(Fig. 12a) exhibit the presence of individually large Cu or copper oxide particles in
the hybrid rGO-Cu (ratio: 1–2) [21]. The rGO-Cu hybrid SEM image (ratio: 1–1)
shown in Fig. 12b also clearly indicates the size of the non-uniform nanoparticles
in the hybrid [21]. An increase of the mass ratio of rGO-Cu to 2:1 leads to highly
dispersed metallic Cu nanoparticles with a small size distribution of 50–100 nm
within the GO structure, as shown by SEM image in Fig. 12c. Further increase of the
mass ratio of GO-Cu to 5:1 leads to even smaller Cu nanoparticles on the surface of
rGO nanosheets with a size distribution of 5–15 nm, as shown in Fig. 12d [21].

SEM analysis was also used to investigate the fracture surfaces of epoxy compos-
ites reinforced with G-CNT nanofillers [106]. For the composite with the G-CNT
hybrid filler structure, the dispersion of the CNT within the matrix is improved with
no rich CNT domains on the surface [106]. The analysis showed that a small amount
ofGhas greatlymodified the dispersion and state of aggregation ofCNT. In fact, there
were no voids or gaps found on the surface of the fracture [106]. Yang et al. demon-
strated that the SEM images demonstrated a better dispersion and homogeneity of G
and CNT within the epoxy matrix for composites which contain the G-CNT hybrid
nanofillers [126]. The SEM images proved that adding CNT significantly affected
the dispersion of graphene and the state of aggregation in the epoxy matrix [126],
and confirmed the impact that the synergetic effects that CNT and G have on the
mechanical properties and composite thermal conductivity [126].

The SEM images (Fig. 13) of the cryogenically broken cross-section of the
nanocomposite films obtained in the polyimide (PI) matrix brings to light details



40 M. H. Salim et al.

Fig. 12 SEM images of rGO-Cu hybrid at different ratios [21]

Fig. 13 SEM observations of hybrid polyimide (PI) polymer nanocomposites based on GO-CNT
fillers [129]. The yellow arrows indicate the GO nanosheets and the red arrows indicate the CNT

of these nanofillers [129]. For example, many of the GO nanosheets were aggre-
gated together in the PI/GO nanocomposites (Fig. 13a), aside from some scattered
GO nanosheets. In addition, the zone magnified in Fig. 13b suggests that the GO
nanosheets were poorly compatible with the PI matrix and formed an extreme
aggregation, resulting from the wide surface area of GO, which easily stacks to
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form agglomerates [129]. The GO agglomeration decreases the area of interaction
between GO and PI, leading to low-efficiency GO-reinforcing. Figure 13c, d show
the PI nanocomposites packed with the GO-CNT hybrid. It is seen that the intro-
duction of CNT prevents the aggregation of nanosheets of GO and increases the
area of interaction between matrix GO and PI. For PI nanocomposites filled with the
GO-CNT hybrid (shown in Fig. 13e, f), GO is firmly embedded in the PI matrix,
which suggests an excellent stability of hybrid GO-CNT nanofillers in the PI matrix,
due to the creation of hybrid nanostructure bound by the hydrogen bond interac-
tion [129]. Additionally, 3D hybrid networks were formed between GO and CNT
and well distributed in the PI matrix containing GO-crosslinked and oxidized CNT
nanofillers (Fig. 13g, h), which is regarded to be of great advantage in increasing the
performance of PI matrix [129].

3.1.2 Transmission Electron Microscopy, TEM

Besides SEM analysis, TEM is a technique that also uses an electron beam to image a
sample, offering a much better resolution than light- imaging techniques [130]. TEM
is the best tool for calculating the scale of the NP, the grain scale, the size distribution
and the morphology of hybrid nanofillers [129]. For example, analysis of the TEM
images allows the confirmation of the morphology structure of nanohybrid based
on exfoliated G and CNF [131]. Using a TEM image of the G-CNF hybrid, it was
observed that graphene had a crumpled geometry and that CNF were found on the G
surface [131]. The selected area electron diffraction pattern (SAED) from the TEM
analysis showed that standard six-fold symmetry diffraction spots with the outer
hexagon spots appear slightly weaker than those of the inner hexagon, which also
confirms the obtained monolayer graphene, as shown in Fig. 14.

TEMimageswere also usedbyTaj et al. to confirm the existence of gold nanostruc-
tures on the 2D layer of a G hybrid [132]. The images demonstrated that it is possible
to obtain a uniform distribution of gold nanostructures (2–8 nm diameters) anchored
on nanosheets of G by in-situ synthesis [132]. Besides, the corrugated structure of the

Fig. 14 a TEM images and b SAED pattern of graphene-chitin nanofibers (G-CNF) hybrid
nanomaterial [131]
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Fig. 15 TEM images of the styrene-butadiene rubber composites containing 3% rGO-CNT. a The
red lines illustrate the pathways of heat transfer. b Schematic diagram of the proposed thermal
conduction [133]

G sheets was possible to demonstrate [132], and it was observed that approximately
75% of the particle size distribution was with a dimension of 2–4 ± 1.2 nm, while
the remainder occurs within a range of 4–8 nm [132]. Similarly, typical G-PtAu
hybrid TEM images were obtained with various magnifications, showing that PtAu
bimetallic nanoparticles with an average diameter of 3.3 nm are spread evenly on
G nanosheets [50]. Furthermore, Taj et al. confirmed that the results of microscopy
obtained by SEM and TEM are in agreement and define the novel morphology of
the hybrid G-NP [132].

Yue et al. analyzed TEM images of microtomed samples at an average
filler concentration of 0.1 wt% in order to examine the filler dispersion in the
epoxy composites with G-CNT hybrid nanofillers [106]. For the nanohybrid
epoxy composite network, the dispersion of the filler significantly increased [106].
The nanoplatelets of 2D graphene were intercalated between the nanotubes of 1D
carbon, which could contribute to the creation of a network of 3D fillers, and lead to
better mechanical and electrical properties [106].

Through TEM analysis, the rGO-CNT hybrid has shown a good dispersion in
the rubber matrix [133]. Song et al. confirmed the introduction of CNT bridges into
the isolated rGO nanosheets, which resulted in reduced interfacial thermal resistance
from the filler-filler interface and the filler/rubber interface (Fig. 15a) [133]. Thus, the
ultimate thermal energy of the rubber composites is transferred to strictly defined 3D
channels, as demonstratedwith the normal red arrows in themodel shown in Fig. 15b.

3.1.3 High-Resolution Transmission Electron Microscopy

In the same way as TEM analysis technique, HRTEM is a developed transmission
electron microscope imaging mode that allows direct imagery of the graphene-based
nanohybrid material’s atomic structure [11, 48, 62, 134]. For instance, Chouhan et al.
obtained the high resolution transmission electron microscopy (HRTEM) image of
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GO-Laponite nanohybrid, which indicated that the GO and Laponite layers are over-
lapped with each other [134]. The overlapping is a clear indicator of the interactions
between the GO and Laponite layers at nanoscale [134]. The hexagonal sequence
of bright spots in the selected region electron diffraction (SAED) pattern, obtained
from the HRTEM analysis, showed a bright spot, identifying the group of {1100}
plane perpendicular to the basal plane (0001). This indicates clearly the presence of
GO sheets. Whereas in the SAED pattern, the amorphous ring pattern suggest the
existence of Laponite [134].

Similarly, Fig. 16 displays TEM, HRTEM images of a silica and G-silica nanohy-
brid, as well as the associated select area electron diffraction (SAED) patterns [135].
It is seen that the size of the silica particles is very uniform (Fig. 16a) [135], and that
the silica aerogel sample is primarily composed of amorphous and disordered struc-
tures, as disclosed in the HRTEM image in Fig. 16b [135]. Furthermore, the silica
aerogel SAED pattern (Fig. 16c) reveals diffraction rings without any diffraction
dots, which validates the existence of an amorphous structure of the silica aerogel
[135]. Figure 16d shows a TEM image of a G-silica nanohybrid, in which many
small-layered graphene layers wrinkled on a silica aerogel can be identified [135].
The HRTEM image of G-silica nanohybrid analysis revealed that thin walls as shown
in Fig. 16e, usually consist of just a certain layer of graphene sheets formed from
silica aerogel. As further confirmation, selected area electron diffraction (SAED)

Fig. 16 TEM images of a silica, and dG-silica hybrids, HRTEM images of b silica, and eG-silica
nanohybrids and equivalent SAED patterns of c silica, and f G-silica hybrids [135]



44 M. H. Salim et al.

was used to uncover the crystal structure of G on silica, as can be seen in Fig. 16f
[135].

3.1.4 Atomic Force Microscopy

AFM is another advanced micro-based technology used to analyze a surface in its
complete, three-dimensional space, down to the nanometer size [37, 71]. The AFM
techniques have been commonly used to study the G-based hybrid filler structure’s
physical behavior and its effect on a polymer matrix [15, 129, 136, 137]. Illustra-
tively, AFM studies were used to investigate the morphology and measurements of
the nanomaterials GO, CNC and their hybrid nanofillers GO-CNC [15]. For CNC,
the AFM image demonstrated that there were needle-like nanoparticles for the as-
extracted CNC, indicating that their isolation from the treated sugarcane bagasse
was productive [15]. On the other hand, the GO’s AFM images showed the presence
of individual irregularly shaped nanosheets with identical thicknesses and different
lateral sizes [15]. AFM characterization of the GO-CNC nanofiller hybrid (GO:
CNC-1:2) revealed that the GO surface had become fully and densely covered with
randomly arranged CNC [15].

In another study (Fig. 17), the AFM morphology of GO-CNF and rGO-CNF
revealed an ultrathin GO surface (∼1.0 nm thickness,∼0.6 μm size) [76]. As shown
in Fig. 17a, the CNF nanofibers were partially absorbed on the GO surface; the
thinness of GO-CNF hybrids was approximately 2.42 nm [76]. In comparison, the
thickness of rGO-CNF nanohybrid layer was about 5.245 nm (Fig. 17b), which
was much thicker than the GO-CNF specimen [76]. Xiong et al. noted that the
AFM images analyses helped realize that the combination of cellulose nanofibers
CNF and GO nanosheets resulted in the spontaneous creation of stable 2D hybrid
nanostructureswith planarGOnanosheets uniformly encapsulated in a dense network
of 1D nanofibers [138]. Furthermore, it was also noticed the thick CNF coating

Fig. 17 AFM images of a GO-CNF hybrid, and b rGO-CNF hybrid [76]
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renders them extended from the sides of GO, like long hairs produced around the
sides of GO [138].

AFMwas also utilized to investigate the surfacemorphologyof the polyimide rein-
forcedwith hybridGO-CNT[129]. Itwas noted that the surface roughness of thepoly-
imidematrix increased considerablywith the addition of eitherGOorCNTcompared
to that of pure PI [129]. Compared to all other polyimide-based nanocomposites, the
surface roughness value decreased when incorporating the hybrid GO-CNT, and
almost identical to that of neat polyimide [129].

For further illustration, Fig. 18 portrays AFM 3D topography images of pure
polysulfone (PSf) and composite membranes filled with CNT, rGO and rGO-CNT
nanofiller hybrids [136]. The pure PSf film micrograph was found to be coarser with
a roughness of 19.89 nm, which showed that an amorphous network is built on the
surface [136], While the PSf reinforced with the CNT film exhibited a roughness
of 18.12 nm, it addressed improved compatibility of CNT within the PSf matrix.
This is illustrated in the topographic image, which shows homogeneously scattered
bright patches on the surface [136]. The PSf-rGO film micrograph showed, on the
other hand, the presence of a thicker area with a layered and firmer structure, with
a roughness of 21.5 nm [136]. The hybrid composite film AFM micrograph showed
the presence of several convex hills and walls on the surface with a roughness of

Fig. 18 AFM 3D composite samples topographical micrographs [136]
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22.86 nm, which is higher than for the matrix reinforced with G and CNT alone
[136].

3.2 Spectroscopy-Based Characterization

Spectroscopy characterization is the study of the interaction between material and
electromagnetic radiation by means of electron and atomic energy [139–142]. Many
such interactions include spectroscopy of absorption, elastic, resonance, emission
and inelastic scattering [143–145]. Spectroscopic studies were essential to the devel-
opment of nanohybrids and composites based on G [15, 46, 80]. There are several
types of spectroscopy, though the most common types used for GF-NP based hybrid
composite analysis include Fourier transform infrared spectroscopy, ultraviolet and
visible spectroscopy and Raman spectroscopy.

3.2.1 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy is used to demon-
strate what kinds of bonds are present in a composite material by measuring at
various frequencies different forms of interatomic bond vibrations [70, 146]. The
FTIR spectra create a sample profile, a distinctive molecular fingerprint that can be
used for screening and scanning nanofiller samples for different components based
on G [12]. From an analytical point of view, by measuring the impact of molecular
vibrations at the polymer and nanofiller interaction, the fraction of the interfacial
polymer composite can be determined via FTIR spectroscopy [18, 147].

For instance, Pu et al. observed the characteristic FTIR spectra of GO and GO-
TiO2 nanohybrids (shown in Fig. 19) [148]. BothGO andGO-TiO2 displayed spectra
that have a large peak above 3000 cm−1, resulting from the OH stretching vibra-
tions of the H2O and the C–OH groups [148]. GO displays the peaks for C=O at
1110 cm−1, C–O–C at 1250 cm−1, C–H at 1387 cm−1, and C=O at 1720 cm−1 [148].
As for the hybrid GO-TiO2 nanohybrid, the spectra for C=O disappeared completely,
confirming the decomposition of partial oxygen comprising functional groups under
microwave irradiation [148]. In addition, it was observed that the absorption edge
of GO-TiO2, relative to pure TiO2, displayed an apparent shift [148]. This result
indicated the narrowing of TiO2’s bandgap, which also supports the development of
Ti–O–C bonds between GO and TiO2 [148].

Figure 20 displays FTIR results for the main GO-SiO2 hybrid filler (Fig. 20a) and
the hybrid PLA composites (Fig. 20b) [12]. In addition to the predicted FTIR peaks
for each filler in Fig. 20a, it was predicted that the peak at approximately 1420 cm−1

in the GO-SiO2 nanohybrid originates from the -COOSi-group, which confirmed the
desired connection between GO and silica [12]. Terzopoulou et al. used the FTIR
results to compare a poly-lactic acid (PLA) composite structure when filled with
hybrid fillers based on graphene and silica nanoparticles [12]. Figure 20b, particularly
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Fig. 19 FTIR spectra of raw
GO and GO-TiO2
nanohybrid [148]

Fig. 20 Comparative FTIR spectra for a hybrid fillers GO-SiO2 and b hybrid filler-based PLA
composites. The major molecular vibrating groups leading to the spectra are colored grey [12]

the spectra around 1750 cm−1, provided interesting information regarding the inter-
actions between the polymer-fillers. The key sources of the peaks are the stretching
and vibration of the PLA free carbonyl –C=O groups. The peak was clearly absent in
the smooth GO and SiO2 hybrid spectra (Fig. 20a), which affirms the polymer-filler
interaction [12].

3.2.2 Ultraviolet-Visible Spectroscopy

In the same manner, as FTIR, Ultraviolet–visible spectroscopy (UV-Vis) tech-
nique applies to spectroscopy of absorption and reflectance within the section of
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the ultraviolet and the complete, adjacent visible spectral region [149]. UV-vis-
spectrophotometry was used as a function of light wavelength for determining
light transmittance through graphene-based hybrid nanocomposite films [44, 150].
Furthermore, UV spectroscopy is an important method for the quantitative detection
of various analytes in G based hybrid materials, such as transition metal ions (Cu,
Au, Ag, Pb, Fe, Zn etc.) and conjugated organic compounds [22, 24, 151]. Such in
the case of Wang et al. who analyzed the UV vis-à-vis spectra of rGO-TiO2, rGO-
Ag–TiO2 and rGO-Pt–TiO2 hybrids and found that all had a wide absorption range
of 300–350 nm due to the TiO2 absorption [151]. It was reported that the absorp-
tion in the rGO-Ag–TiO2 nanohybrid spectrum at around 431 nm resulted from the
excitation of a surface plasmon in noble metal nanoparticles and further confirmed
the formation of Ag particles on the rGO-TiO2 surface [151]. No apparent surface
plasmon absorption was observed for the rGO-Pt–TiO2 nanohybrid in the visible
area [151].

UV-Vis spectrometry analysis was performed to investigate the electronic inter-
action of the G and nanometals (silver (Au) and gold (Ag)) [24]. Compared to the G
spectra, additional peaks were observed for all the hybrids due to metal nanoparticles
insertion [24]. Characteristic peaks at 545 and 410 nm were attributed respectively
to Au and Ag surface plasmon resonance (SPR) [24], indicated the presence of Ag
and Au nanoparticles on the surfaces of graphene. The G-AuAg’s UV-Vis spectrum
showed a strong absorption peak at 477 nm, which is noticeably different fromG-Ag
and G-Au hybrids peaks positions [24]. In order to study the conjugated structure
of exfoliated graphene in G-CNF hybrid nanomaterials, UV-vis absorption spectra
were analyzed for GO, rGO, and G-CNF [131]. As illustrated in Fig. 21, The UV-vis
hybrid spectrum shows a high absorption peak of about 267 nm, close to that of
rGO, whose conjugated graphic structure has been restored by chemical reduction,
relative to that of GO [131].

UV-Visible spectrometry measured the anti-UV properties of polylactic acid
(PLA) and nanocomposite films [44]. The pure PLA film absorbed strongly ultravi-
olet light (200–400 nm) and visible light (400–800 nm), by 92% transmittance [44].
Because of the combination of GO and ZnO nanoparticles, which increases the light

Fig. 21 UV-vis spectra of
GO, rGO, G-CNF and
exfoliated graphene obtained
in N-Methyl-2-pyrrolidone
(NMP) or in Sodium dodecyl
sulfate (SDS) aqueous
solution (presented in the
graph as GO, RGO, GE
(NMP) and GE (SDS),
respectively) [131]
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Fig. 22 UV-visible
spectrum of neat and hybrid
polystyrene (PS)
nanocomposite [35]

absorption spectrum, the film displayed good anti-UV safety and good transmis-
sion of visible light when combined with GO-ZnO nanohybrid [44]. It was noticed
that when the GO-ZnO content increases, the nanocomposite films obtain excellent
absorption properties both in the UV region and in the visible region [44]. Similarly,
in a study, Patole et al. presented UV-visible spectra of the polystyrene (PS) hybrid
nanocomposite at wavelengths from 200 to 800 nm as shown in Fig. 22. PS spectra
displayed peaks from lower to higher at approx. 200–400 nm led by associative inter-
actions between the phenyl groups [35]. Similar peaks, less intense, appeared in the
hybrid nanocomposite caused by addition of G-CNT hybrid, where the PS chains
get tangled and trigger a screen effect limiting the absorption of the light beam [35].

3.2.3 Raman Spectroscopy

Raman spectroscopy is a valuable tool for performing carbon nanomaterials charac-
terization, especially for identifying the order of graphene particles layers [75, 152].
Raman Spectroscopy was done to analyze the efficiency of the graphene nanosheets
before and after a hybrid nanocomposite preparation [59]. Much information like
grain boundaries, edge, disorder, doping, thickness, thermal conductivity and strain
of graphene, can be obtained from the Raman spectrum and its characteristic s under
various physical conditions [62, 68].

Considering the example in Fig. 23, Raman characterization that showed D band
intensity ratios to G band (ID/IG) of GO, rGO, andG-CNT hybrid, whichwas around
0.97, 0.82, and 1.10, respectively [62]. These results confirmed that the amorphous
carbon layer is formed during the CNT growth process [62]. In a different study, Das
et al. analyzed the G-CNT hybrid’s Raman spectrum, where all the typical carbon
nanostructure bands (G, D, and 2D/2 G) were shown [153]. The full-width half
maxima (FWHM) of 2D band were 30 for mono and bilayer graphene and 69.14 for
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Fig. 23 Raman spectra of
GO, RGO and G-CNT
hybrid [62]

G-CNT [153]. It has been noted that the 2D peak enlargement can be attributed to
the layer increase in the G architecture [153]. Likewise, the blue shift in the G-CNT
hybrid band positions also suggested a relatively stronger bond between the G and
CNT [153].

Xu et al. reported that G-metal contact, together with physisorption and
chemisorption, cause the deviations of the G-band responses and the shifts of 2D-
band frequency [154]. Furthermore, it was noted that the Cr, Ag and Al’s interaction
with G lead to a blueshift of the G peak, while Ni and Ti result in a redshift for the
G peak [154]. The interactions of G and electrode metals like Ni, Ti, Al, Cr, and
Ag introduced shifts in the peak G and the peak 2D [154]. Ni and Ti contributed to
the peak G redshifts. Raman spectroscopy was reported to be an effective method
for graphene studies, even if it interacts strongly with transition nanometal surfaces
[154].

In another study,Raman analysis spectrumofGOdisplayed aDband at 1359 cm−1

as well as a G band at 1602 cm−1, while the rGO-Co3O4 nanohybrid D and G bands
were at 1330 cm−1 and 1596 cm−1, respectively [9]. It was further noted that the
redshift of the G band from 1602 to 1596 cm−1 for the rGO-Co3O4 nanohybrid was
attributable to the recovery of the carbon atom’s hexagonal network [9]. The nanohy-
brid rGO-Co3O4 exhibited a comparatively higher D-to-G-band intensity ratio (1.16)
compared to the GO (0.96) [9]. Similarly, with regards to pure graphene D-to-G
intensity ratio (0.497), the graphene-titanium dioxide hybrid D-to-G intensity ratio
increased by 1.5 times (0.7) [155]. These results confirmed that after the chemical
reduction of GO, there was the creation of a new graphitic domain [9, 155].

Research has been done using Raman spectroscopy to study the poly(pyronin Y)
and the impact of rGO-silver (Ag) nanohybrid on the polymer [20]. It was observed
that the rGO-Ag nanohybrid Raman spectrum resembles that of rGO sheet [20].
Furthermore, it was noticed that the ID/IG ratio for the rGO-Ag nanohybrid was
0.91, which was lower than that the rGO sheet, which may be an indication of
Ag nanoparticles doping by filling the gaps left after extracting oxygen and iodine
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Fig. 24 Raman spectra of pure and hybrid PTT-PTMO [68]

molecules, decreasing the defect density [20]. Moreover, it was noted that for the
poly(pyronin Y)/rGO-Ag hybrid nanocomposite Raman spectrum was considerably
different than that of the fillers, due to the presence of poly (pyronin Y) as a matrix
[20].

Raman spectroscopy was also performed for hybrid composites based on poly
(trimethylene terephthalate-block-poly (Tetramethylene oxide) (PTT-PTMO) andG-
CNT nanofillers as shown in Fig. 24 [68]. It was noted that the Raman spectrum
corresponding to the hybrid nanocompositewithG-CNThybrid nanofillerwas almost
similar to the nanocomposite with the CNT filler alone [68]. Therefore, CNT were
proposed to be an indicator in deciding the properties of the hybrid nanocomposites
[68]. In a different study, the structural study of the rGO, CNT, G-CNT, Polymethyl-
methacrylate (PMMA), and PMMA/G-CNT hybrid composite was performed using
Raman spectroscopy [16]. It was noted that PMMA Raman spectra display all of the
typical PMMApeaks, except D and G bands [16]. After the G-CNT nanohybrid filler
was integrated into the PMMA polymer matrix, D and G bands began to appear [16].
Furthermore, it was found that as the content of the G-CNT nanofiller increased, the
intensity of the bands increased and showed a slight shift in peak position of the D
andG bands, independent of the PMMApolymer peaks. This was related to chemical
interactions between the PMMA polymer particles and the G-CNT nanohybrid filler
particles [16].
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3.3 X-Ray-Related Characterization

3.3.1 X-Ray Diffraction

X-ray methods are instrumental in providing data on the chemical composition and
crystalline and amorphous structures of materials [40]. The X-ray Diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) analysis are the most commonly used
methods for characterizing composite hybrid materials [19, 151, 156]. XRD operates
on the concept of diffraction from various planes of the atom generating a pattern of
diffraction (diffractogram), that contains data of the atomic structure of the crystal.
XRD is also used to detect a polymorph phase and determine the abundance of a
phase to classify the hybrids and compare the compositional efficiency of composites
[12, 151, 155].

Using XRD analysis of rGO-CNC nanohybrid, it was possible to confirm that the
CNCwere decorated on the rGO surface [40]. It was confirmed by noticing that after
reduction, the strong (002) GO diffraction peak at 2θ = 11.8° disappeared in the
rGO and rGO-CNC hybrid [40]. Four defined diffraction peaks at 14.9, 16.6, 22.7
and 34.5° were reported, related to the presence of the crystalline region in the CNC
and rGO-CNC nanohybrid, which suggests that the rGO-CNC crystalline structure
is undamaged after GO reduction [40].

In another example, XRD was used to analyze and characterize the crystal struc-
ture patterns of the GO, rGO, Ni–Al alloy nanoparticles and an rGO-Ni–Al hybrid
nanofiller (Fig. 25) [48]. It was observed that the GO’s XRD pattern (Fig. 25)
displayed a sharp peak at 10.48, suggesting the interplanar spacing of the (002)
is around 0.85 nm, which is explained by the turbostratic structure of the stacked
graphene plates [48]. The diffraction peaks (Fig. 25) of 11.48°, 23.18°, 35.28°, 39.38°
and 46.58° correspond to the respective planes (003), (006), (012), (015) and (018),
which is typical for a Ni–Al alloy hydrotalcite [48]. Furthermore, the XRD pattern

Fig. 25 XRD patterns of the
obtained GO, rGO, Ni–Al
layered double hydroxide
and rGO-Ni–Al (rGO-LDH)
[48]
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Fig. 26 XRD spectra for a the nanofiller particles (GO and SiO2), and b, c pure polylactic acid
(PLA) and PLA hybrid nanocomposite b amorphous and c semicrystalline nanocomposites [12]

of rGO-Ni–Al hybrid nanofiller is almost similar to that of pure Ni–Al alloy, and
no characteristic peaks of the rGO are observed. These findings suggested that the
Ni–Al alloy nanoparticles were well anchored on the rGO nanosheets, effectively
preventing the graphene from being restacked [48].

In order to investigate the impact of integrating rGO and CNC on the crystallinity
of the polylactic acid (PLA) matrix, the structure of CNC, the rGO filler and the neat
PLA and rGO-CNC reinforced PLA nanocomposite were characterized by broad
angle XRD analysis [78]. A broad diffraction band at 2θ = 16.5° was depicted from
the XRD spectra of the neat PLA polymer, suggesting a PLA’s XRD-amorphous
structure [78]. The XRD curves of the nanocomposite reinforced with rGO-CNC
showed no peak of CNC and rGO at low filler contents, other than thewide prominent
peak at 2θ = 16.5°, confirming a typical amorphous material [78].

In a different study, a polymer hybrid nanocomposite in its amorphous (melt-
quenched) and semicrystalline (annealed) structures were investigated. Figure 26a
displays the XRD spectrometers for the fillers separately and (Fig. 26b, c) for the
nanocomposite [12]. Compared to the stuck-formed GO, it was confirmed that the
complete exfoliation of the hybrid GO-SiO2 was achieved [12]. This was confirmed
by the absence of XRD peaks in the nanohybrid GO-SiO2 at 2θ ∼ 10° in Fig. 26a.
[12]. For the polymer hybrid nanocomposites, the XRD findings from Fig. 26b, c
showed no observable alternations between the polymer matrix and the polymer
hybrid nanocomposites in the reported XRD spectra [12]. Therefore, no significant
alteration is observed in the crystalline structure of the neat polymer, nor in the
polymer hybrid nanocomposites [12].

3.3.2 X-Ray Photoelectron Spectroscopy

X-rayphotoelectron spectroscopy (XPS) is anothermethod for the studyof composite
material’s surface chemistry [157, 158]. The basic XPS principle is to irradiate



54 M. H. Salim et al.

the surface of the studied material with X-rays to eject electrons from its surface
[158]. The energy of these electrons, which is used to determine the surface chem-
ical composition, is then measured [158]. XPS was used to analyze the elementary
composition and the chemical state of a wide variety of solid samples from hybrids
to composite materials [19, 49]. Besides, XPS was used in this study to determine
the oxidation states of metal atoms, and the nitrogen bonding configuration of a G-
MnCo2O4 nanohybrid [49]. It has been demonstrated that the observed characteristic
peaks suggested that the hybrids contain carbon (C 1 s peak), oxygen (O 1 s peak),
nitrogen (N 1 s peak), cobalt (Co 2p peak) andmanganese (Mn 2p peak) elements and
that the Co-to-Mn ratio is approximately 2 which was a close match to the modeled
ratio [49]. Similarly, the chemical composition of rGO and rGO-Au nanohybrid was
analyzed using XPS spectra of C1s and O1s [19]. XPS spectra of C1s and O1s, which
confirmed the effective chemical reduction of GO and Au nanoparticles were present
in the rGO-Au nanohybrid [19].

The XPS measurements confirmed the efficiency of the surface functionalization
and the reduction of the hybrid nanofiller rGO-CNF [76]. Figure 27 shows that the
intensity of the oxygen-containing group peaks for C1s binding region of rGO-CNF
clearly decreased compared with that of the GO-CNF nanohybrid, indicating an
efficient GO reduction [76].

Similarly, the surface chemical composition of the soy protein (SPI) hybrid
nanocomposite films reinforcedwith GO-CNF and rGO-CNFwere surveyed byXPS
measurements [76]. The effective application of tannic acid coating on the SPI/GO-
CNF structure was demonstrated in the SPI/rGO-CNF nanocomposite film spectrum
by an increase in C1s andO1s peaks [76]. In addition, it was noted that the peak corre-
sponding to the C=OH groups with rGO-CNF integration was significantly increased
in the SPI/rGO-CNF nanocomposite film, which indicated the reaction potential of
rGO-CNF with SPI matrix [76].

Fig. 27 Full XPS spectra
a GO, CNFs, GO-CNFs and
rGO-CNFs [76]
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3.4 Thermal Analysis

3.4.1 Thermal Stability Analysis

Thermal analysis techniques are essential for a wide range of materials such as poly-
mers, composites, pharmaceutical products, food packaging, fuels, energy, chemi-
cals, and many more [70, 72]. These techniques, such as thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC), usually measure heat transfer,
weight loss, difference in size, or mechanical properties, as a function of change
in temperature [156]. The thermogravimetric analysis (TGA) or derivative thermo-
gravimetry (DTG) is an important laboratory tool used for the characterization of
composite material. It measures the mass of material as temperature changes over
time [159]. TheTGA/DTG techniquewas used through the desired temperature range
to provide insight into mass changes of G-NP hybrid and its nanocomposites [12, 31,
48, 159, 160]. In the case of the GO-CNT-CNF hybrid’s, thermal stability was evalu-
ated and two weight-loss mechanisms were demonstrated using TGA analysis [160].
It was found that a weight loss occurred in the temperature range 144−226 °C, due to
the removal of oxygen-containing groups from the GO nanosheets [160]. Moreover,
another weight loss was observed over the temperature range 233 − 413 °C, which
agreed with the decomposition of the CNF in the GO-CNT-CNF hybrid [160]. In
comparison, it was noted that in the TGA study of the rGO-CNT-CNF hybrid, there
was only one weight loss phase, and it was correlated with the CNF decomposi-
tion. Such findings led to the interpretation that a successful reduction of the GO
nanosheets to rGO [160].

Similarly, Tajik et al. examined the G-silica nanohybrid using TGA and DTG.
They showed that there existed three thermally stable regions [159]. Due to its
high percentage of silica phase, an effective thermal stability can be observed up to
549.06 °C at the first region [159]. Then, the second region was relevant to the abrupt
reduction of sample weight from 549.06 to 629.78 °C likening it to the complete loss
of G [159]. Therefore, the amount of G in the G-silica nanohybrid was roughly eval-
uated by the TGA and DTG analysis and was determined to be 16 wt% [159]. Hence,
the TGA and DTG measurements have approved the formation of G nanosheet in
the nanohybrid [159].

The TGA analysis was also used to characterize the thermal properties of the
neat PVA film and the G-CNT hybrid nanofiller-reinforced PVA films at different
hybrid filler ratio [31]. Both the neat PVA and the PVA hybrid composite films
have been found to decompose through a two-step process [31]. First, a weight loss
phase resulting from a thermal decomposition of PVA was estimated to take place
at around 220–350 °C and a second step related to the thermal decomposition of the
residue was considered to be at around 400–500 °C [31]. The TGA curve of the PVA
hybrid nanocomposite filmwas shifted to a slightly higher temperature in comparison
with that of the pure PVAfilm [31]. ThePVAhybrid nanocomposite filmpeak temper-
atures at 314.4 and 440.3 °C, were approximately at 19.8 and 7.4 °C slightly higher
than those of the neat PVA, which suggested to be due to enhanced compatibility
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Table 1 TGA analysis data
of PMMA neat polymer and
PMMA reinforced with rGO,
and Ni–Al alloy nanoparticles
and rGo-NiAl hybrid
nanofiller [48]

Sample T−5% (°C) Tmax (°C) Residue at 750 °C
(wt%)

PMMA 332 382 0.6

PMMA/rGO 320 384 1.4

PMMA/NiAl 326 386 2.2

PMMA/rGO-NiAl 330 380 3.7

between the PVA and the G-CNT hybrid nanofillers [31]. Similar findings were
reported for the G-CNT as a hybrid reinforcement of poly(ether-ether-ketone) and
poly(styrene-b-butadiene-b-styrene) [35, 112, 161].

TGA has further been used to analyze the effect of a rGO-Ni–Al hybrid on the
thermal stability of the polymethyl methacrylate (PMMA) matrix as shown in the
Table 1 [48]. Neat PMMA’s thermal degradation demonstrated a single phase, and no
residues were left [48]. It was remarked when rGOwas added in the polymer matrix,
the T−5% (defined as the temperature where 5% of weight loss occurs) decreased
by 12 °C because of the high thermal conductivity of rGO [48]. It was found that
the maximum rate of decomposition decreases significantly, with the little residue
possibly remaining because of the rGO that prevents the final thermal degradation
of the polymer PMMA [48]. In the case of PMMA polymer reinforced with Ni–Al
alloy, more char residue (2.2 wt%) remained, due to the catalytic carbonization effect
of layered double hydroxide [48]. An improved thermal resilience of the PMMA
polymer was achieved as demonstrated by a higher residue of 3.7 wt%, attributable
to the combination of the rGO’s physical barrier effect and the Ni–Al alloy’s catalytic
carbonization [48]. The TGA summary data of the PMMA neat polymer and the
PMMA hybrid nanocomposite are given in Table 1.

3.4.2 Differential Scanning Analysis

Differential Scanning Calorimetry (DSC) is another thermal analysis method in
which the heat flow in or out of a material is determined as a variable of temperature
or time. In contrast, the material is exposed to a temperature-regulated system [35,
112]. DSC analysis was performed to evaluate the degree of crystallinity (Xc), the
fusion heat (ΔHf ) and the melting temperature (Tm) of graphene based nanohybrid
composites [12, 15, 35, 40]. The degree of crystallinity (χ c) is determined as follows:
χ c = �Hm/�H0 where �Hm is the evaluated melting enthalpy from DSC curves,
and �H0 is the 100% crystalline melting enthalpy. In a study by Patole et al., DSC
analysis were done to examined the impact of G-CNT hybrid filler in the thermal
transformation of a segmental motion of the polystyrene (PS) polymeric chain [35].
It was observed that the existence of such a carbonaceous kind of filler enhanced
thermal effect since the temperature needed to modify the behavior of the PS chains
in hybrid nanocomposite from the glassy to the rubbery state was raised by 70 °C in
comparison with the pure PS [35]. Furthermore, a high shoulder peak between 150
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Table 2 Glass transition temperature (Tg) and melting conditions of PVA and its hybrid
nanocomposite with a 0.5, 0.75 and 1.0 wt% reinforced G-CNT filler material [31]

Tg (°C) �Hm (J/g) Xc (%) Tm (°C)

PVA 77.3 67.24 48.5 221.24

PVA/0.5 wt% G-CNT 79.2 67.76 48.9 223.10

PVA/0.75 wt% G-CNT 80.3 67.68 48.8 223.92

PVA/1 wt% G-CNT 81.5 67.71 48.9 221.68

and 170 °C was also observed [35]. It was proposed that the thermal transformation
started to become flexible from 150 °C due to the PS polymer chain at the edge of
G, which was not fully covered by the carbonaceous fillers [35]. The shielding effect
was caused by the presence of CNT, which is sandwiched between two graphene
flakes and surrounded by the polymer chain PS [35].

Similarly,DSCanalysiswas used to evaluate the temperature of the glass transition
(Tg) of pure PVA and its nanocomposite film, as summarized in Table 2 [31]. It was
noted that PVA with 1 wt% G-CNT composite film exhibited 81.5 °C higher Tg

than the pure PVA film (77.3 °C) [31]. The rise in Tg showed that PVA’s successful
attachment to graphene nanosheets limited the PVA chains’ segmental motion [31].
It was further noted that there is a strong interfacial interaction between the G-
CNT matrix and the PVA matrix, which benefits the successful transfer of load [31].
Correspondingly, For the GO-CNC hybrid nanofiller containing the high amount
of GO (GO:CNC-2:1), the impact of nanofillers on the PVA’s glass transition (Tg)
and melting (Tm) temperatures from DSC is more significant because the (PVA-
GO:CNC-2:1) exhibited a higher Tg and Tm compared to (PVA-GO:CNC-1:1) and
(PVA-GO:CNC-1:2) [15].

3.5 Mechanical Characterization

3.5.1 Tensile Analysis

Polymer composites’ mechanical properties rely on their structure at the nano- and
micro-scales [31, 33, 109]. Generally, a good dispersion and a strong interfacial inter-
action between particles and the selected polymeric matrix induce superior mechan-
ical properties of the polymer composite materials [30, 33, 106]. This was well
attested by comparing the tensile stress–strain curves, highlighting that the compres-
sive strength, Young’s modulus and breaking elongation of well-dispersed G-NP
hybrid composites are significantly higher than those observed for composites based
on G or NP alone [11, 112, 161].

For instance, Fig. 28 demonstrates the tensile strength and the Young’s modulus
of polyvinyl chloride (PVC) film. It was noted that the Young’s modulus with rGO-
ZnO fillers varying from 5 to 20 wt% and PVC films with G-Zno hybrid fillers [11].
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Fig. 28 a Tensile strength and b Young modulus of polyvinyl chloride (PVC) film incorporated
with the specific ratio of G-ZnO and rGO-ZnO fillers [11]

Indeed, because of the poor interaction and aggregation of fillers, the tensile strength
of PVC with G-ZnO fillers decreased with the increase of the filler material [11].
In comparison, it was found that PVC’s tensile strength was obviously enhanced
by adding rGO-ZnO hybrids, even at a high fillers content (20 wt%) [11]. It was
also observed that the addition of G-ZnO hybrid particles had a negligible impact
on the PVC’s young modulus [11]. These results suggested that strong interfacial
interaction occurred between rGO-ZnO hybrid particles and PVC chains but the
interfacial interaction between G-ZnO hybrid particles and PVC chains were weak
[11].

Several studies show that mechanical properties increased after reaching a critical
GO-CNT content added into hybrid nanocomposites [129, 133]. Better mechanical
properties could be achieved by using a homogenous dispersion and alignment,
preventing the particles agglomeration and a better load transfer to filler material.
For example, a uniaxial tensile measurement was used to investigate the mechanical
properties of neat polyimide and its nanocomposites [129]. The tensile strength,
Young modulus, toughness of fracture and strain at break of pure PI were found
to be 74.3 MPa, 2.47 GPa, 12.71 MPa and 21.4%, respectively [129]. The strength
and Young’s modulus of the polyimide matrix were increased with the addition of
GO, while the resilience of the strain at break and fracture significantly decreased
[129]. However, by adding a small amount of CNT, the reinforcing efficiency of GO
on polyimide was enhanced by 86%, 56%, 220% and 78% on the tensile strength,
modulus, toughness and strain at break respectively, compared with those of the neat
polyimide [129].

3.5.2 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is the most useful tool for studying the
viscoelastic condition of polymers and their composites [21, 30]. DMA analysis is
defined as a function of temperature by the bending elastic modulus and damping
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Fig. 29 E′ and E′′ values obtained for the fabricated hybrid films obtained by DMA ( Sample A:
pure PLA and Sample B-E: PLA nanocomposite with G-CNC hybrid filler with ratio of 1:2, 1:4,
1:6 and 1:10 respectively) [38]

properties of the G-NP based hybrid composites. DMA analysis was used to study
mechanical behaviors of polymers with different hybrid nanofillers such as G-CNT
[161], G-SiC [162], G-TiO2 [46], GO-CNT [112], rGO-CNC [38], etc. As a function
of temperature in tensile mode, the dynamic mechanical behavior of the produced
polylactic acid (PLA) hybrid nanocomposite films was calculated by DMA in terms
of storage modulus (E′) and loss modulus (E′′) as shown in Fig. 29 [38]. By adding
modified rGO-CNC hybrid in the PLA, it was observed that the E′ values were
enhanced by approximately 1.6 times for rGO-CNC based PLA compared to the
neat PLA at 28 °C [38]. It was noted that the increase in E′ values with increasing
CNC concentration in the rGO-CNC hybrid could be related to the cross-related
structure formation, enhancement of crystallinity (more organized regions formed)
and better dispersion of rGO-CNC in the PLAmatrix, resulting in improved adhesion
between hybrid and polymer [38].

Similarly, the E′ and loss factor (tanδ) of the studied G and CNC based natural
rubber composites were investigated using DMA as a function of temperature (−30
to 80 °C) [39]. It was observed that the natural rubber composite filled with G,
displayed the highest E′ when the temperature was lower than the temperature of
the glass transition [39]. It was also noted that natural rubber composites filled with
CNC displayed a similar storage modules above the glass transition temperature (Tg)
in comparison with the pure natural rubber [39]. It was concluded that the addition
of G-CNC hybrid had no influence on the composites’ glass transition temperature
[39].

In other research works, the DMA findings showed a major enhancement of
the E′ and Tg in the GO-ZnO based poly-lactic acid (PLA) hybrid nanocomposite
films [44]. The tanδ specified as the ratio of the loss module to the storage module
displayed a peak around 60–80 °C corresponding to the glass transition of the PLA
polymer chains [44]. TheTg values for pure PLA increased from65.45 to 70.90 °C for
the PLA nanocomposite reinforced with 0.5 wt% GO-ZnO filler [44]. Furthermore,
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it was reported that this effect was caused by the large specific surface area of the
GO sheets and the reinforcement effect of loaded ZnO nanoparticles on the GO
surfaces, strong interfacial action was effectively created and the mobility of PLA
chains was reduced [44].

4 Conclusion

The characterization of hybrid nanocomposites is fundamental to obtain important
informationon thesematerials, such as: (1) the hybridfiller distribution in the polymer
matrix, (2) the effect of the filler surface modification on the filler dispersion and
composite properties, (3) interactions of the hybrid filler with the polymer chains,
(4) changes in the process parameters on the resulting morphology and properties,
(5) broad range of properties to establish potential applications of nanocomposites.
This chapter has provided the advances on recent characterization techniques for the
nanocomposites specifically prepared by the incorporation of G-NP as hybrid fillers.

Major categories of hybrid fillers and nanocomposites based on G and NP were
also briefly summarized in their preparation and proposed chemical structures. The
exceptional morphological, chemical, thermal, and mechanical properties demon-
strated for hybrids of G-NP make of them an excellent candidate for strengthening
nanocomposites. It is also worth noting that different G-NP hybrid fillers influence
high specific properties such as mechanical and thermal properties of the polymeric
matrix, but how effective the influence is based solely on their degree of disper-
sion within the matrix because agglomeration of the hybrid nanofillers significantly
reduces or causes more detrimental impact on the hybrid nanocomposite.

The most significant characterization techniques in this field of research were
reviewed and the relevant literature existing for G-NP based polymer nanocompos-
ites was highlighted. Hence, attention was given to the numerousmethods of analysis
in the available literature such as the microscopy techniques SEM, TEM, HRTEM
and AFM, spectroscope technologies (FTIR, UV-vis and Raman), X-ray related
analysis (XRD and XPS), Thermal analysis (TGA/DTG and DSC) and mechanical
characterization methods.

Recent studies of fillers and nanocomposite based onG-NP have been represented
using various microscopic techniques, such as SEM, TEM, and AFM. The capabil-
ities of each microscopy technique allow for analysis of various aspects of hybrid
fillers and nanocomposites. It was also highlighted that the information obtained
by the spectroscopic techniques (FTIR, UV-vis and Raman) involves a number of
aspects, such as the chemical composition of the samples, the binding of the surfac-
tants to the surface of the nanoparticles, the intercalation of the modifiers in the
basal spacing of the hybrid fillers and the presence of an intermolecular interaction
between the hybrid nanofillers and the polymer matrix. In the case where the optical
behavior of nanocomposites is defined, UV-vis analysis is performed, which shows
the peak wavelength.
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For the X-ray based characterization, XRD was used to measure the effectiveness
of the filler on crystallization and lamella thickness. In contrast, XPS was used to
investigate a wide variety of surface modifications on graph fillers and polymeric
materials. Thermal analysis is essential to the design of materials for heat manage-
ment services: because thermal properties of a composite material boost and guar-
antee a system’s service life as well as reduce hazard. At the same time, mechanical
characterization is important to understand hybrid nanocomposite characteristics in
advanced applications such as packaging, automotive, sensor technology and other
thermomechanical facilities. All of these techniques will be suitable and essential to
understanding the better formulation of G-NP based hybrid composites for a wide
range of different technological applications. The developments in the abovemethods
will provide more knowledge in this field in the near future, as well as greater insight
into G-NP based hybrid fillers and composites structures.
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Graphene and Carbon Nanotube-Based
Hybrid Nanocomposites: Preparation
to Applications
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Abstract The gradual demand for lowweight, high strength and structural integrity,
low-cost materials have been triggering the necessity for finding new materials. In
the past decades, carbon-based nanomaterials gained much attention in the frontier
of nanotechnology. Graphene (2D) and carbon nanotubes (CNTs) (1D) are exhibited
prominent structural properties among all carbon-based nanomaterials, which make
them ideal candidates as reinforcing agents for polymer nanocomposites. Graphene
possesses unique and excellent structural properties such as mechanical, thermal,
electrical, optical etc. due to its inherited 2D atomic structures. Similarly, CNTs also
showed high aspect ration with excellent mechanical, electrical andmagnetic proper-
ties, resulting in potential filler in high strength composites fabrication.However, pure
Graphene sheets and poor CNTs dispersion in polymer matrices restrict wide appli-
cations and arise inevitable challenges to incorporate unique controlled functionality.
Therefore, hybrid nanocomposites are garnering much attention in the composites
sector to tackle real-world problems in numerous areas namely, as energy storage
devices, sensors& actuators, electromagnetic shielding, longlasting structures and so
on. Highly structurally stable, high electrical and thermal conductive composites are
in great demand in the aforementioned areas. This chapter mainly focuses on recent
hybrid nanocomposites fabrication based on Graphene and CNTs and their potential
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applications. We start with the basic overview of Graphene and CNTs, their struc-
tural similarities and differences followed by fabrication and processing methods
underlying the successful development of thesematerials with superior performance.
The central part of the chapter summarizes major improvement and potential state-
of-the-art applications. Lastly, prospects and challenges are discussed so that future
researchers can continue the progress and development of these fascinating materials
for adoption by industry.

Keywords Hybrid nanocomposites · Graphene · CNTs · Electrical properties ·
Mechanical properties · Thermal properties · Energy storage · Sensors · Structural
applications · Supercapacitors · Fuel cells

1 Introduction

With the growing world population and the demand for a high-quality life, comfort-
able transportation, and unparalleled industrialization, the demand for high perfor-
mance and high structurally integral materials has been enhanced significantly in
recent years. Specifically, automotive and aerospace fields required materials which
can be considered as potential alternatives to traditional or conventional metal or
ceramic-basedmaterials [1].Metal and ceramic-basedmaterials possess high density
which opposes the use of lightweightmaterials in aerospace as well as the automotive
industry. In addition, the high cost (ca. $32,000/kg) of materials for heavy aerospace
devices in space restricting their applications followed by high fuel cost. The applica-
tion of hybrid polymer composites garnered much attention due to overcoming those
challenges associated with metal-based composites [2, 3]. The unique attributes of
hybrid composites such as lightweight, high strength, high aspect ratio (e.g. length
to weight ratio), low cost etc. are comparable to metal or alloys.

Polymer matrix composites (aka PMCs), reinforced with graphene and CNTs are
extensively applied in numerous areas namely, aerospace, automotive, structural,
construction, sensor, electromagnetic interference (EMI) and so on. Thermoplas-
tics and thermosetting polymers act like matrices and graphene/CNTs as filler or
reinforcement materials. Thermosetting polymers are used in industry commercially
because of the high ratio of strength/weight compared to other counterparts, ther-
moplastics polymers. But in some cases, for example, electromagnetic interference
(EMI) shielding applications, thermoplastics are more attractive due to recyclability
and reformability. Among all thermosetting polymers, epoxy resins showed tremen-
dous potential owing to low rate of shrinkage during processing and a low-pressure
requirement for fabricating the composite materials. With the merits of the recent
developments of materials engineering and polymer science, the remarkable prop-
erties of thermosetting polymers and excellent attributes of graphene/CNTs hybrid
allow fabricating high-performance hybrid nanocomposites.
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Carbon nanomaterials (i.e. CNTs) and graphene are extensively incorporated in
advanced nano-hybrids for their compelling mechanical strength, electrical conduc-
tivity, chemically stability, flexibility, and lower density as compared to their
metal counterparts [4–8]. Most importantly, carbon nanomaterials offer a combined
package of extraordinary properties with a wide range of nanomaterial-matrix
compatibility allowing for a wide range of resulting materials from flexible thin
films [4, 9–11] to ultralow density aerogel foams [12].

CNTs have an all-carbon tubular geometry consisting of sp2 carbon atoms consid-
ered a rolled version of graphene sheets, the most promising carbon allotropy with
unique electrical, mechanical, catalytic, and electrocatalytic properties. Since its
discovery by Ijima 1991, CNTs are still dominating the entire material science
research. An enormous amount of researches has been done on the production,
structure-properties, and target applications, using both the single-walled carbon
nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs) [13].

Ideally, CNTs are made of hexagonal-shaped lattice layers of sp2—hybridized
carbon atoms similar to graphene but in nanotubes, the graphene sheets are fused to
form a cylindrically-shaped tube on the edges of CNTs. The SWCNTs have only one
single graphene wall and are sealed at both ends. Typically, SWCNTs are internally
hollow, have diameters of around 0.4–2 nm and can grow up to several micrometers.
CNTs can have two or more walls or graphitic cylindrical layers and called double-
walled (DWCNTs) or multiwalled (MWCNTs) carbon nanotubes respectively.

The aspect ratio which is the length-to-diameter ratio of CNTs is generally
exceeded 10,000; meaning the CNTs are the most anisotropic materials ever
produced. Researchers had found that fibers containing CNTs have 100 GPa Young’s
modulus count and can to withstand high pressures (~25 GPa) without deforming
severely. CNTs also show chirality (dissimilarity between Carbon bonds and the
significant angle between the hexagonal planes and the axis). The chirality of CNTs
determines electrical behavior. The most common patterns of chirality are armchair,
chiral patterns and zigzag [14].

The chiral vector (AA′) of CNTs is usually described as Ch = n. a1 + m. a2 (a1
and a2 are unit vectors of the hexagonal honeycomb lattice and n and m are integers,
Fig. 1, this connects crystallographically equivalent two sites (A and A′). The chiral
vector Ch also describes a chiral angle θ, between Ch and the zigzag direction of the
graphene sheet. The topology of each nanotube is generally expressed by two integer
numbers (m, n), according to the definition CNTs’ symmetries can be armchair (n,
n), zigzag (n, 0) and chiral (n, m) m �= 0. The electronic properties of CNTs rely on
both graphene sheet width (tube diameter) and its folding pattern (chirality of the
tube), both are functions of (m, n).

CNTs can show both metallic and semiconducting electronic properties, which
depends on their chirality. A general rule is if (n = m) armchair CNTs, exhibit a
metallic behavior meaning electron conductor (finite value of carriers in the density
of states at the Fermi energy). However, CNTs can be operated as semiconductors
if their diameter decreases below a certain value because the energy gaps in the
semiconducting CNTs are scaled with the inverse of the nanotube diameter. When m
= 0, Zigzag CNTs, and chiral nanotubes, where m �= n and m − n is not a multiple
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Fig. 1 Schematic representation of a formation of CNTs by rolling of a graphene sheet along
lattice vectors which leads to the armchair, zigzag, and chiral tubes and b the three different types
of CNTs [15]

of 3 show semiconducting behavior. Here the energy band structure showcases a
very small band gap with a no density of states inside the gap due to the degree of
sp2-to-sp3 hybridization introduced by the nonflat hexagons of the nanotube walls
(no charge carriers at the Fermi energy here) [15, 16] Fig. 2.

In other words, the electron transport characteristics of CNTs are fully controlled
by two characteristics of the CNTs, diameter and chirality. Although researchers
have found that the theoretical prediction of electronic characteristics is dramatically
altered in reality because of the presence of defects and vacancies [18].

Because of their unique combination of extraordinary properties, CNT struc-
tures are widely used in combination with other nanomaterials, polymers, metals,
and ceramic matrixes to fabricate multifunctional hybrids [19, 20] for applications
such as sensors and actuators [21], supercapacitor [22], electromagnetic interfer-
ence shielding [23], biomedical-tissue engineering [24], targeted drug delivery [25],
catalysis [26], oil absorption [27] and water treatment [28].

Besides, the extraordinary characteristics (i.e. Young’smodulus= 1TPa and yield
strengths = 100 GPa) shown by the CNTs and graphene, their electrical behavior
also make them ideal candidates in NEMS (nano-electro-mechanical systems) like,
actuators, nano-springs, and oscillators. There are numerous reports on the inclusion
of CNTs and graphene in polymer matrixes, which demonstrated the augmentation
in strength and thermal stability of the resulting hybrids or composites [29].
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Fig. 2 a Schematic representation of an individual layer of honeycomb-like carbon called graphene,
and how this is rolled to form a carbon nanotube; b–d HR-TEM images of single-, double- and
multi-walled carbon nanotubes (insets are their corresponding images) [17]

2 Advantages of Graphene-CNT Hybridization
and Challenges

The field of hybridizing CNTs with graphene is of growing interest and motivated
both by the fundamental considerations in electronics application, by advanced
lightweight-robust composites fabrication, and also by the active biomedical mate-
rial applications. The two key aspects of fabricating all-carbon conductive multi-
functional material systems are the compatibilization of materials and the functional
design architecture. Studies had already proven that graphene-CNT hybrids exhibit
higher mechanical resilience, better electrical conductivities and catalytic character-
istics in comparison to either CNTs or GO/graphene. Therefore, the hybrids have
exceptional properties with the highest edge density per unit area than the other
individual carbon nanostructures (SWCNT, MWCNT, graphene sheets, graphite,
activated carbon) [30].

Different types of strategies have been investigated by the research community to
hybridize CNTs with graphene through dispersion by ultrasonication, surface modi-
fication, and in-situ chemical reaction-entrapment. Myriad intelligent 3D designs of
nano-hybrids offer ways of integrating more specific performance parameters and
tailor the ability of properties like density, directional stability, capacitance, etc.

Stoner et al. demonstrated elaborate studies on the classification of C-
nanostructures based on the spatial organization of their edges. Their finding showed
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that the 3D hierarchical orientation of graphene-CNT hybrid possesses very high
charge density and it provided higher mechanical strength with a large surface area
[31]. The application areas are mostly classified as two groups: (1) microscopic
electronic devices (e.g. chemical sensors, nano-tweezers and field-effect transis-
tors), and (2) macroscopic applications (e.g. structural components, conductors, and
composites) [32–36].

Defects on graphene can compromise the superior properties and graphene
research has majorly been focused on producing high-quality graphene with a
minimal level of defects. Moreover, the integration process with other matrixes for
real-life applications was very challenging. Another major concern in the synthesis is
the aggregation of graphene sheets. To eradicate these problems to some extent, 3D
structures were fabricated usingmonolayer or multilayered graphene as synthesizing
units and hybridize with CNTs. The macro form (3D interconnected networks) had
produced using template-based growth and/or solution/freeze-drying based assem-
blies. Graphene and CNTs are combined in the hybrid structures not only to get
synergistic effect of higher electrical conductivity, and mechanical strength but also
CNTsenhance the capability of fabricatingmacroscopic architecture of 3Dgraphenes
with conductive interconnection among themselves [37].

For the fabrication of the miniaturize structures in microelectronics circuits
/micromechanics devices, the bridging of nano-dimensional CNT-graphene is essen-
tial and this integration of building blocks for the bottom-up strategies both materials
research and molecular dynamic simulation researches are ongoing to find out the
best possible performance outcome. The thermo-mechanical performance of pillared
graphene-CNTs hybrid (by combining CNTs and graphene sheets to construct a 3D
nanonetwork) was investigated through molecular dynamics (MD) simulations by
Xu et al. [29] Fig. 3.

In the study Xu, Lanqing, et al. revealed a molecular-level understanding of the
behavior of overall structure configuration as well as the graphene-CNT junctions
[29]. The anisotropic nature of the 3D hybrid can serve as thermal rectifiers,this can
be utilized in multi-directional thermal transport design. The junctions provide the
vehicle for plastic deformation which was confirmed by the spatial distributions of
stresses. Bonding analysis indicated that the sp2–sp3 bond conversion at the cleavages
caused the degenerated elastic moduli and the thermal conductivity to the pillared-
graphene system. The tensile strength for this system was calculated about 65–
72 GPa, with 0.09 calculated to be the associated fracture strain. The stress–strain
relations were nearly linear, which provided the opportunity to a new understanding
of numerous nanomechanics applications where the key are linear responses, such as
pressure sensing or position detecting [29]. In another study, a 3D conductive system
of graphene and CNTs were jointly constructed,where the graphene providing a
large specific surface area and CNTs offering the conductive pathway. Moreover,
CNTs were believed to be served as spacers to the stack of graphene flakes and thus
enhancing the surface area as well as providing reinforcement [38–40].

The practical applications, however, the greatest challenge of nanotechnology is
the nanoscale size. The most feasible approach of bridging the microscopic struc-
tures to macroscale applications is to use the bottom-up synthesis method. CNTs and
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Fig. 3 A typical pillared-graphene nano network showing atomic stress distribution of a before
bond breaking, during b crack nucleation, c crack growth, d fracture of two pillars, and e tearing
with the strain applied along the carbon nanotube direction, as illustrated in Fig. 3c. As indicated
by the arrows, the first break of the C–C bond occurs at the junction of the pillar and the graphene
plane and is then triggered by the easily rotated sp3 bonds. The stress degrades at the broken region
and enlarges at the crack propagation tip, as indicated by the black arrows (f, e) [29]

graphene are the proper building blocks for promising high-performance advanced
applications. In the CNT-graphene hybrid materials, CNTs can offer additional prop-
erty enhancing and tunability benefits, which largely expand the field of applications
and may also have the potential to lower the production cost for next-gen devices.

There are two core challenges in achieving high-performance functionality with
graphene-CNT hybrid nano-system; the first one is the dispersion or distribution
homogeneity of the conducting nano components–that is the formation of successful
uniform distributed networks of contacts. And the second is the limited direct control
over key variables like final confirmation and configuration of the arrangement of the
nano components other than the overall loading fraction of the graphene or CNTs.
Researchers in this field are using numerous fusion methods and modified those
methods frequently to satisfy the particular demand of a required set of properties of
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the graphene/CNT nano-hybrids. Moreover, researches also ongoing on achieving
control over the scalability.

3 Fabrication of Graphene-CNT Hybrid System

The graphene-CNT hybrids were prepared by several approaches including the solu-
tion sonication followed by drying or freeze-drying (lyophilization)method [31], Sun
et al. [41], CVD method [42], electrostatic spray technique [43], and self-assembly
on substrates [37]. The strong pi–pi interaction between CNT and graphene produces
3D network for the material and provides stability of the hybrid product [44].

For better understanding, depending on the nano-material growth and processing
techniques we divided the graphene-CNTs hybrid production methods into the
following three groups

1. Solution-based methods: sonication and reduction
2. Fabrication using direct growth by the CVD method
3. Combined solution-sonication and CVD method.

3.1 Solution-Sonication Hybridization Method

In this processing category, the fabrication of the hybrid started from pre-grown/pre-
produces graphene and CNTs. Where the graphene was usually prepared standard
Hummers method and CNTs were grown using the CVD process. The carbon nano-
materials were functionalized using various acid treatment processes to activate the
surface interaction between them and for the functional design of the nano-hybrids.

Chang, Li-Hsueh, et al. developed a two-step graphene–MWCNT composite
fabrication method workable at room temperature [30] Fig. 4.

In another research, Lv, Peng, et al. fabricated graphene/carbon nanotubes
(Gr/CNTs) aerogels by a subsequent freeze-drying process [45]. An aqueous disper-
sion of graphene oxide (GO, pre-produced by modified Hummers method) and
acid functionalized CNTs were made with a mass ratio of GO/CNTs = 3:1,then
a hydrothermal reaction in an autoclave produce Gr/CNT followed by the freeze-
drying process to finally get the Gr/CNT aerogels. The 3D framework of the aero-
gels was constructed with graphene sheets and entangled CNTs were coating on top
of them. Where the CNTs bond the graphene sheets together in a way to avoid the
sliding of graphenes under compression; thus improve the stiffness of cell walls,
which made the aerogels super-elastic. Resulting Gr/CNT aerogels afforded high
compression stability while maintaining the thermal transport paths. The maximum
recorded thermal conductivity of Gr/CNT aerogel TIMs was up to 88.5 Wm−1 K−1

and the thermal interface resistance was as low as 13.6 mm2 KW−1 [45] Fig. 5.
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Fig. 4 The schematic mechanism for the preparation of graphene-CNT hybrid material [30]

Fig. 5 Schematic representation for the micro-structure of Gr/CNT aerogels preparation, and
b SEM images of Gr/CNT aerogel [45]

3.2 Fabrication Using Direct Growth by the CVD Growth

In this category,CNTs are growndirectly on top of graphene or vice versa using inside
CVD furnace using selective growth catalysts and different carbon precursors.
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Fig. 6 a Schematic of one-step growth of graphene–CNT hybrid materials by CVD on Si NPs pre-
coated copper foil, b SEM images of graphene–CNT hybrids grown on copper foil at 800 °C. Inset:
(top) magnified SEM image of (b) and SEM image of CNTs grown from single Si NP (bottom),
c TEM image of CNTs grown on a Si NP surface, and d TEM image of the edge of the grown
graphene film [42]

Dong, Xiaochen, et al. showed a simple one-step synthesis process for producing
highly conductive graphene–CNT hybrid materials by chemical vapor deposition
(CVD), while using solvent ethanol. They decorated a copper foil with silicon
nanoparticles (Si NPs) and graphene films were grown on the substrate uniformly
while CNTs branched out from Si NPs to form a network on top. CNT density was
controlled by the CVD growth temperature [42] Fig. 6.

Dong, Xiaochen, et al. developed a two-step CVD process to formulate graphene–
CNT foam. First, the graphene was grown on nickel (Ni) foam, the graphene–Ni
substrate was then immersed into the precursor of Ni particle followed by CNTs
grown on top using ethanol, which was used as the carbon precursor [46]. Finally, Ni
template foamwas removed usingHCl-etching. The resulting graphene–CNT hybrid
foam showed a bulk density of 6.92 mg cm−3 and bending resiliency with a large
angle. They showed that the hybrid foam can be used for selective removal of oils
from the surface of the water with high capacity, proving to its super-oleophilicity
and the microporous 3D structure can hold the absorbates [46] Fig. 7.

CNT–graphene hybrid films were fabricated by Nguyen, Duc Dung, et al. by the
direct CVDgrowthmethod.At first, graphenewas grownonNi substrate inCVD then
Fe sputter-coated on top followed by CNT growth inside CVD; acetylene was used
as a precursor for both of their growth. The resulting CNT–graphene film behaved
like an effective electron field emitter with low turn-on and threshold electric fields
of 2.9 and 3.3 V mm−1, respectively that can have numerous flexible electronics
applications such as electron field emitters and conductors [47].
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Fig. 7 a Optical image of graphene–CNT hybrid foam. Inset shows the bending of the hybrid, b,
c SEM images of graphene–CNT hybrid foam with different magnifications [46]

Wang, Wei, et al. fabricated graphene-multiwalled CNTs 3D hybrid on Ni foam
using an ambient pressure CVD process [48]. The foams possess a very large surface
area of 743 m2 g−1, a high specific capacitance of 286 F g−1 which confirms an
energy density of 39.72 Wh kg−1 and a high power density of 154.67 kW kg−1.
These advantages enable the innovative 3D multilayered graphene/CNTs foam to
be used as high-performance EDLC electrodes, which are used in energy storage
devices [48].

Song, Qiang, et al. demonstrated the fabrication of a lightweight conductive and
flexible CNT–multilayered graphene edge plane (MLGEP) [49]. Here, a macro-
scopic CNT foam is first produced using a SiO2 nanowire foam template-directed
CVD method, and then MLGEPs are in situ grown on the CNT cores with seam-
less junctions by plasma-enhanced CVD (PECVD) resulting in a nanoporous shell
without the use of metal catalysts followed by HF etching of the template SiO2

nanowire. The CNT–MLGEP hybrid foam demonstrates high quality EMI shielding
effectiveness that exceeds 38.4 or 47.5 dB in X-band frequencies [49].

3.3 Combined Solution-Sonication and CVD Method

Many researchers followed a combined approach to prepare graphene/CNT hybrids.
They prepared a specific graphene template films or 3Dporous structure using freeze-
drying of pre-sonicated stabilized aqueous graphene dispersion followed by CNT
growth on top of the graphene in the CVD method.

Kong, Luo, et al. had reported the development of reduced graphene oxide
(RGO)/CNTs hybrid in several successive steps [50]. First, GO aerogels were
made by sonication dispersion followed by freeze-drying then reduced and CNTs
were grown on the RGO surface in a tube furnace at 600 °C. Lastly, the as-
prepared (RGO)/CNTs hybrid foamwas purified by HCl treatment. This low density
(57mg/cm3)RGO/CNTshybrid foamswere provengood as electromagnetic interfer-
ence shielding material and intended to be used in the field of aircraft and spacecraft
[50] Fig. 8.
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Fig. 8 a, b SEM images of RGO/CNTs hybrid composite [50]

The almost similar solution-based lyophilization method was used by Vinod,
Soumya, et al. to fabricate a 3D graphene-CNTs hybrid and demonstrated how this
solution synthesized the technique of making G-CNT hybrids can be adopted to
produce large scale composites with an ordered arrangement of CNTs in the structure
to enhance the structural stability [37] Fig. 9.

Another combined fabrication method was described by Fan, Zhuangjun, et al.
where 3D CNT/graphene sandwich structures with CNT pillars were grown in
between graphene layers using theCVDmethod [51]. This 3D structure showed high-
rate transportation of electrolyte ions and electrons throughout the electrode matrix
as well as the comprehensive utilization of pseudo and double-layer capacitance
meaning proven to possess excellent electrochemical performances.

The supercapacitor based on the CNT-graphene sandwich (CGS) showed a
specific capacitance of 385 F g−1 at 10 mV s −1 in 6 M KOH solution. The new
CGS hybrid was intended to be used as media for hydrogen storage, catalysts for
fuel cells, electrode material in Li-ion secondary batteries and as components for
other clean energy devices [51].

Fig. 9 a Schematic of the two-step synthesis process: 3D GO foam synthesized by lyophilization
followed by CNT growth by CVD, which results in horizontal and vertical growth of CNTs in a 3D
rGO scaffold and b the SEM image showing high magnification SEM image of rGO–CNT showing
CNT grown along with the horizontal and vertical directions [37]
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4 Graphene/CNTs Hybrid Properties

A favorable approach that is being increasingly explored by researchers for the prepa-
ration of graphene-based composites is the use of graphene as a hybrid filler in a
second material. One of those materials, which is often explored, is CNT. Because of
the all-carbon structural similarities of graphene and CNTs, the combination of these
two nanomaterials has proven advantageous in getting superior final properties due
to the resultant synergistic effect. Moreover, the hybridization counterbalanced some
of the drawbacks of a specific nano-filler, and also improved the surface activity with
the matrix as per the functionalization route.

4.1 Mechanical Properties

There are two approaches to describe the reinforcement ability of nanoparticles. One
is the classical micromechanics approach and the other focuses on the reinforcement
at the controlled molecular-level interactions between the nanoparticles themselves
or nanofiller and matrix.

The relationships developed to describe the reinforcement relationship between
a high-modulus filler in a low modulus matrix by the “rule of mixture” is the overall
modulus of the composite (Ec), can be explained as follows [52]:

Ec = EfVf + Em(1 − Vf)

Here Em and Ef represent the moduli of the matrix and the filler, respectively
whereas,Vm andV f and are the volume fractions of thematrix and filler, respectively.

This calculation assumes the uniform distribution of the nanofillers within the
matrix, perfect bonding between them, a void-free matrix, and does not account
for Poisson’s ratio. Although this rule of mixture simplifies the system, it has been
proven to well define the modulus of composites with low nanofiller loading and has
been helpful for the researchers to predict an approximation of the tensile properties
of the final composites. In the case of higher nanofiller content, there is a higher
nanofiller aggregation, therefore this equation is not applicable.

To overcome this problem and also consider the effect of filler orientation and
filler size new semi-empirical formulas were developed. One such equation was
developed by Halpin–Tsai [53]. Additionally, the Halpin–Tsai equations consider
the orientation of the filler towards either transverse (T) or the longitudinal (L)
direction. The equation of modulus that captures these aspects is given by.

EL

Em
= 1 + ξηLVf

1 − ηLVf

ET

Em
= 1 + 2ηTVf

1 − ηTVf



84 M. C. Biswas et al.

where the parameter η is given by:

ηL =
(
Ef

/
Em

)
− 1

(
Ef

/
Em

)
+ ξ

ηT =
(
Ef

/
Em

)
− 1

(
Ef

/
Em

)
+ 2

Ef = tensile modulus of the filler and ξ = a shape fitting parameter that describes
the orientation geometry of the reinforcingfibers alongwith the packing arrangement.
Many studies have used ξ for the particular characteristics of their filler and especially
on their aspect ratio(s). Generally, in the case of nanoplatelets, ξ = 2/3 s [54], while
in the case of fibers ξ = 2 s [55].

Yang et al. in [56] reported a study in which they fabricated hybrid epoxy compos-
ites reinforced with multi-graphene platelets (MGPs) (0.9 wt%) and multi-walled
carbon nanotubes (MWCNTs) (0.1 wt%), Fig. 10 [56]. There they form a hybrid
structure with a combination of amine-functionalized MWCNTs and MGPs. In
another set of composites, they combined un-functionalized MWCNTs and MGPs.

Results showed that the ultimate mechanical properties had improved at a higher
number in the case of the functionalization of MWCNTs due to the interfacial
bonding between fillers. Researchers claimed the formation of the 3D structure using
the combination of a 2D-filler (MGPs) and 1D-filler (MWCTNs) had inhibited the

Fig. 10 The fabrication method of the hybrid epoxy composites with Graphene and CNT using
solution mixing process [56]
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nanofiller surface interaction thus reduce aggregation and increase surface area.Addi-
tionally, the presence of the amine groups in the functionalized nanofiller formed a
highly cross-linked structure which not only enhanced the tensile strength and the
tensilemodulus but also increased the elongation properties. The tensilemodulus and
tensile strength of 0.9wt%MGPand 0.1wt%MWCNT reinforced epoxy composites
were improved by 22.6% and 14.5% respectively, compared to neat epoxy.

Chatterjee et.al. investigated the effect of the size of graphene nanoplatelets
(GNPs) on the mechanical and thermal properties of epoxy/GnP composites [57].
They used two different flake sizes of GnPs (5 and 25 μm). Results showed higher
mechanical properties of the composites prepared with the bigger sized GNP flakes
at all concentrations as they actively control the failuremechanisms in the composite.
They have also used hybrid nanofillers,carbon nanotubes (CNTs) with GnPs in
different mixture ratios. Among those composites, the one with the highest CNT
content (9:1) provided substantial enhancement in fracture toughness of 76%. An
interesting finding was the influence of CNT:GnP ratio on the nanocomposites, as in
the combined state the high aspect ratio intrinsic properties of CNTs and the large
surface area of GNPs provided a synergistic effect in improving the mechanical
strength. An enhancement in flexural modulus was measured with CNT:GnP ratio of
9:1 that demonstrated the highest increase of 17% in comparison to the pure CNT and
GNP which were measured to be an increase of 9% and 5%, respectively. Also in the
case of the nanocomposite made from 5:1 ratio of CNT:GnP, the flexural modulus
was higher than that of the composites prepared with GNP and pure CNT. This
dictates an efficient load transfer mechanism from the matrix to the hybrid system
of nanofillers.

Moosa et al. also reported similar synergistic effects on the mechanical properties
of nanocomposites prepared from functionalized multiwalled CNTs (F-MWCNTs)
and GNPs with epoxy matrix [58]. In this study, they showed that the tensile strength
of the hybrid nanocomposites significantly varies with the change of the ratio of
GNPs and F-MWCNTs in the nanocomposites even though the total filler content
was kept constant 0.5 wt%. The maximum increase of mechanical properties was
achieved in 5:5 ratio of GNPs and F-MWCNTs; a 54% increase in Young’s modulus
and a 49% increase in tensile strength compared to that noticed for neat epoxy.
Excellentmechanical propertieswere demonstrated by hybrid nanocomposite having
GNPs and FMWCNTs in ratios 9:1, which was because of the better distribution of
nanofillers in the composites.

In another work Zhang et. al dispersed functionalized CNTs and functionalized
Graphene to achieve a synergistic effect of reinforcement in polyethersulfone (PES)
matrix [59]. It was found that the carboxylic functional groups on CNTs were
primarily responsible for enhanced interface interaction between the filler mate-
rials and effective modulus and strength improvement. For f-G-f-CNTs (Wf-G/Wf-
CNTs = 1:1)/PES composite tensile modulus and strength increased to 98 and 12%
respectively.

To further explore the effects of hybrid fillers on themechanical properties of ther-
moplasticsGang-Ren et al. investigated the effects ofGNP,CNT, and hybrid fillers on
ultrahigh-molecular-weight polyethylene (UHMWPE) [60]. UHMWPE/MWCNT
and UHMWPE/graphene sheet (GNS) composites with a segregated network were
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studied. Both the tensile strength and tensile modulus of the resultant nanocomposite
were significantly increased at lower nanofiller content and then decreased with
increasing nanofiller loading after a certain point. For both the nanofillers, MWCNT,
and GNS at 0.25 wt% filler loading the tensile strength of composites increased
by 12.8 and 38.0%, from 30.5 to 34.4 and 42.1 MPa, respectively, and the tensile
modulus also improved by 23.9 and 73.6% from 401 to 497 and 696 MPa, respec-
tively. The MWCNT exhibited a significant enhancement of the mechanical proper-
ties compared toGNS,whichwas due to the thick segregated network formation in the
UHMWPE/MWCNT composites. At lower filler loading, <0.5 wt%, the segregated
structure cannot form the macroscopic networks. They explained the mechanical
behavior as with higher nanofiller loading large segregated structure formed which
gradually touch each other and under stress, the micro-cracks eventually converted
into macro-cracks. Therefore, the degradation effect of the segregated structure is
larger than the improvement of filler leading to lower mechanical properties.

With the mixture of nanofillers, a hybrid composite was prepared and similar
improvement was observed in the mechanical strength. At the ratio of 1:1 (GNS:
MWCNT) with 0.5 wt% filler loading, the tensile strength increases by 30.8% from
30.5 to 39.9 MPa, and the tensile modulus also increases by 37.1% from 401 to
638MPa.While the tensile strength decreased to 27.5, and tensilemodulus decreased
to 467 MPa when the hybrid nanofiller loading was 2.0 wt%. Another interesting
finding of this study is that the critical content of hybrid fillers is 0.5 wt%, which is
slightly larger than that of single filler (0.25 wt%). This indicated a synergistic effect
of using GNS and MWCNT together, which can lower agglomeration and enhance
network hybrid nanofiller distribution within the composite matrix Table 1.

4.2 Electrical Properties

Zhang et. al. in theirwork reported dispersed functionalizedCNTs and functionalized
Graphene to achieve a synergistic effect of reinforcement in polyethersulfone (PES)
matrix [59]. Those composites with individual 5 wt% loaded nanofillers of f-G/PES,
f-CNTs/PES and p-CNTs/PES had an electrical conductivity of 5.82 × 10–4, 1.43
× 10–4 and 2.65 × 10–4 S/m respectively. For hybrid nanofillers, the conductivity
of 1:1 = Wf-G: Wp-CNTs in the f-G-p-CNTs sample was 6.1 times greater than
f-G, and 1.34 × 104 times greater than p-CNTs. On the other hand, 1:1 = Wf-G:
Wf-CNTs in the f-G-f-CNTs sample showed conductivity 2.2 times greater than f-G
and 8.9 times greater than f-CNTs. Therefore, results indicated that a combination
of functionalized graphene and non-functionalized CNTs gave the best electrical
conductivity in the PES matrix.

Gang-Ren et al. studied the electrical properties of composites made of ultrahigh-
molecular-weight polyethylene (UHMWPE) matrix with nanofillers, multi-walled
carbon nanotube (MWCNT) graphene sheet (GNS). The preparation procedure
involved a segregated network formation of nanofillers by hydrazine reduction,
ethanol-assisted dispersion and hot-pressing process [60]. The improvement in
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conductivity and the hybrid effects of nanofillers were examined. Results showed
the percolation threshold is about 0.20 wt% for the UHMWPE/MWCNT compos-
ites which was considerably lower than the random distribution of CNTs, while the
UHMWPE/GNScomposites, showeda slightly higher percolation threshold.The low
percolation threshold for MWCNT is due to the evenly segregated structure that was
efficiently forming the conductive network within the UHMWPE matrix. Although
theoretically, GNS is considered more effective in increasing conductivity and is
expected to be easily attachable to each other to form a network as it has very high
surface energy and high specific surface area. Still, experimental findings demon-
strated MWCNT has a lower percolation threshold than that of GNS. These contrary
results were explained by the researchers as a consequence of the specific geom-
etry of GNS, although GNS has a large surface area the contact between them had
happened to be overlapped but not end-to-end joints within the matrix as a result the
GNS had more readily aggregated thanMWCNT. This aggregation of GNS caused a
higher percolation threshold to form a conductive network within UHMWPE/GNS
composites. To get higher conductivity and a lower percolation threshold, a different
weight ratio of MWCNT and GNS was introduced as a hybrid nanofiller system
within the UHMWPE matrix. Results showed that the hybrid composite has higher
conductivity and a lower percolation threshold. With a hybrid ratio of 3:1 = GNS:
MWCNT, 0.2 wt% is the percolation threshold of the hybrid composite. which was
lower than that of UHMWPE/GNS composites. Additionally, the conductivity of the
0.1 wt% nanofiller loaded hybrid composite was 8.7 × 10–5 S × cm−1, almost twice
that of UHMWPE/GNS composite (1.7 × 10–6 S x cm−1). The 50 wt% increase of
MWCNT in the hybrid, as GNS: MWCNT = 1:1 lower the percolation threshold
of the hybrid composite to about 0.10 wt% nanofiller, this was lower than that of
composite filled with MWCNT or GNS alone Fig. 11.

At 1.0 wt% fillers loading, the conductivity of hybrid composites was found
to be almost four times higher than that of the composites reinforced with GNS
alone but slightly lower than that of the composites filled with MWCNT alone.
This suggested the synergistic efficacy of the hybrid filler of GNS and MWCNT
in improving the conductivity of composites. By increasing the MWCNT in the
hybrid fillers to 75 wt% (GNS:MWCNT= 1:3), the conductivity and the percolation
threshold barely changed. This was explained as in the case of a hybrid nanofiller
network, the 2DGNS attachment with stretched 1DMWCNT and formed the hybrid
structure Fig. 2. The presence of MWCNT was helpful to prevent the GNS from
aggregate. Simultaneously, the fluid viscosity of the matrix was increased through
the inclusion of GNS, and the movement of GNS within the molten matrix stretches
MWCNT that provided its directional alignment. Consequently, the formation of
many junction points among MWCNT/GNS hybrid fillers substantially increased
the interface area of junctions. This led to an increase in the electron flow path
formation probability of hybrid fillers. They concluded that the GNS only played
an important role in the junctions and within the conductive pathways, and thus the
composite conductivity still mainly relies on the MWCNT.
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Fig. 11 Formation of conductive pathways in graphene/CNT reinforced composite polymer [60]

4.3 Thermal Properties

The incorporation of nanofillers introduces thermal conductivity, another vital char-
acteristic of the poor thermal conductor matrix polymers, ex: epoxy. The major influ-
encing factors of thermal conductivity of the composites are nanofiller dispersion,
nanofiller content, and the crucial one is the polymer-nanofiller interface thermal
resistance [63, 65].

According to the Cowan method, thermal diffusivity (α) values are calculated and
expressed by the following equation,

α = ηd2

t50

Here η, d, and t50 are the
Here d, η and t50 are the thickness of the specimen, a dimensionless constant, and

the time taken for the temperature at the point on the opposite surface to reach 50%
of the plateau value, respectively. With the calculated α, next, it is compared with the
thermal diffusivity of the standard specimen to obtain the heat capacity (Cp). The
thermal conductivity (K) can be determined using the following equation.

K = αρCp

where, ρ is the density of the specimen.
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Yang et al. demonstrated the thermal conductivity of a prepared hybrid epoxy
composites reinforced with 0.1 wt% multi-walled carbon nanotubes (MWCNTs)
and 0.9 wt% multi-graphene platelets (MGPs) [56]. The thermal conductivity of the
carbon nanofillers reinforced epoxy composites was determined at room temperature
by a hot disk thermal conductivity analyzer. Even though MGPs were more crys-
talline their nanocomposite thermal property was least improved when compared
to hybrid composites. The reason for the result was because of the lower aspect
ratio of MGP aggregation that contributed to the reduced contact area between the
epoxy matrix and MGPs. In this case, the thicker polymer layer on the surface of
MGPs leads to severe scattering for phonon transport [66].With 1% hybrid nanofiller
loading in P-MWCNT/ MGP/epoxy composites, the thermal conductivity increased
93% as compared with epoxy composites with MGPs or MWCNTs alone. They
explained that the improvement was mainly because of two factors. An increase
in contact area increases phonon diffusion within hybrid nanofillers and decreases
thermal interfacial resistance. Firstly, the contact geometry is altered from 0-D point
contact to 1-D linear contact that remarkably increases the contact area within
hybrid nanofillers. The larger contact area increases the path for phonon diffusion
within hybrid nanofillers that contributes to decreased thermal interfacial resistance.
Secondly, the CNT attached toGNPs reduced the aggregation of nanoparticles within
the matrix. Furthermore, the highest increase in thermal conductivity was reported
for the GD400-MWCNT/MGP/epoxy composites compared to other epoxy compos-
ites. The increase in thermal conductivity was more than 146% by the addition of a 1
wt% nanofiller of GD400-MWCNTs/MGPs. This indicates that GD400-MWCNTs
are capable of increasing the interaction between hybrid fillers and epoxy matrix
[65, 67].

Yu et al. attempted to increase the thermal conductivity of epoxy by introducing
nanofillerGNPs and single-walled carbon nanotubes, SWCNTs into the epoxymatrix
[68]. They used varied content of nanofiller from 5 to 40 (wt%) and reported positive
synergistic effects on thermal conductivity. The improvement in thermal conduc-
tivity was mainly ascribed from the bridging of planar nanoplatelets by the flexible
SWNTs, this leads to a decrease in thermal interface resistance along with the (2D-
1D) hybrid filler network due to the extended area of the SWNT-GNP junctions. Lee
et al. remarked an interesting finding that the incorporation of XGNPs and CNTs
into the epoxy matrix simultaneously enhances the thermal, electrical, flexural, and
electromagnetic interference shielding effectiveness (EMI SE) properties [69]. At a
ratio of 5:5 = XGNPs: CNTs and a total of 10 wt% nanofiller content, the flexural
modulus of XGNPs/CNT/epoxy hybrid nanocomposite was increased by 1.54 GPa,
as compared to that noticed for neat epoxy resin. The Electromagnetic Shielding
efficiency, EMI SE of the CNT-XGNP hybrid composite was higher than 25 dB at
100 MHz, where the EMI SE of the XGNP based composite was almost zero.
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5 Applications

5.1 Structural Applications

The elastic modulus of the C–C bond of the graphene plane of graphitic carbon is
one of the highest of any known material. The reason for such an increase is mainly
due to the formation of planar honeycomb lattice in which each every carbon atom
is attached to three neighboring carbon atoms by covalent bonds in the plane. Due
to the strength derived from these strong covalent bonds, CNTs are expected to be
the ultimate high-strength fibers. SWCNTs are resistant to various physical forces.
CNTs have highly advantageous properties because of the hexagonal lattice and
sp2-hybridizations between the carbon bonds, thus resulting in a Young modulus
around 1 TPa [69] and a tensile strength of 50–100 GPa. MWCNTs are less stronger
than SWCNTs in that case. However, advantages such as being cheaper and easier
synthesis can be used in strengthening other materials [70]. High aspect ratio and
surface are the features that are incorporated into structural nanocomposites.

On the other hand, graphene shows more toughening effects than CNTs. When
g-modified epoxy fibers are infiltered with glass fibers, they show improved fatigue
life and toughness [71, 72]. Graphene-based polymer composite also exhibits high
electrical conductivity, Young’s modulus and thermal conductivity [73].

So, taking the advantage of high strength and stiffness from CNTs and high frac-
ture resistance from Graphene a synergistic effect can be implemented for structural
applications with these hybrid composites. Particularly in areas where high mechan-
ical and electrical properties are desired. Structural Health Monitoring (SHM) is
one such area. These structures are often exposed to a variety of conditions namely,
impact, shock loading etc. SHMsystems consist of putting a sensor to the outside area
or embedding them inside. These sensors sense changes in order to detect damages
[74]. However, better sensing can be achieved by embedding high-value multifunc-
tional materials within the bulk material. The primary advantage of self-monitoring
materials is non-localized detection in a region, which makes the detection of bulk
material possible [75]. Some examples of those particles are carbon-based mate-
rials such as short carbon fibers [62], carbon nanotubes [76], graphite particles and
graphene nanoplatelets [64, 77]. Combining with the electric network, graphene
incorporating polymers make good self-sensing devices [78, 79].

Structural health monitoring (SHM) systems are used vastly in many industries,
such as construction, aerospace, wind energy etc. [80]. The system integrity can
be vulnerable while the materials or geometry is damaged and hence, self-sensing
materials are used [81]. These self-sensing materials could be useful in detecting
any structural damage which may lead to huge catastrophic failure if not detected in
time.
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5.2 Energy Harvesting and Storage

5.2.1 Batteries

In recent years, lithium-ion batteries (LIBs) have garnered much attention because of
their tailorable properties. Technological development allows the successful devel-
opment of new electrode materials for LIBs. However, a higher density and power
capability longer shelf-life electrode material is in great demand. Graphene/CNTs
hybrid composites exhibited great potential as novel electrode materials for LIBs
reported in the literature [78].

Yoo et al. fabricated the first graphene/CNTs hybrid-based electrode materials
for LIBs which showed a higher specific capacity of 730 mAh/g in 2008 [82]. But
they observed a faster energy fading rate resulting in short life cycles. They ascribed
this phenomenon due to poor interface mixing (e.g. physical mixing) of graphene
and CNTs with matrix polymers as well as each other. Therefore, effective mixing
and network formation for better conductivity is the prime need to achieve high
specific capacity and longer life-cycle of the energy storage devices. Chen et al.
and Li et al. both demonstrated a chemical vapor deposition (CVD) approach for
graphene/CNTs based on composites fabrication and used for LIBs which showed
improved capacity, cyclability and higher rate capability. This can be ascribed due to
strong bonding and effective network formation which eventually allows for higher
charge transportation. Researchers also tried various methods such as π- π stacking,
microwave-assisted assembly, electrostatic interaction, unzipping methods etc. for
graphene/CNTs hybrid composites fabrication. Recently, Xu et al. fabricated homo-
geneously grown iron nanoparticles on graphene via the hydrothermal approach for
the catalytic growth of CNTs Fig. 12a. This simple and cost-effectivemethod allowed
to grow vertically aligned CNTs on graphene Fig. 12b, and the fabricated LIBs based
on these composites displayed excellent performance due to the synergetic effect
between graphene and CNTs Fig. 12c.

5.2.2 Solar Cells

Due to the synergistic effect of graphene and CNTs in hybrid systems, they got
much attention and were studied rigorously in solar cell (SC) or sensitized solar cell
(SSC) as a counter electrode, photoanode, electrolytes etc. A continuous flow path
is established for electron mobility via forming a bridge between graphene flakes
using CNTs, and thus the hybrid system shows high electrical conductivity and
excellent cell performance. Zhibin et al. fabricated a graphene nanoribbons/CNTs
hybrid electrode and observed high cell performance compared to the Pt electrode.
They ascribed due to the formation of bridged CNT structure through unzipping
MWCNTs. Chang et al. reported the first time a solution-based method to develop
an electrode material based on graphene/MWCNTs on fluorinated tin oxide (FTO)
shown in Fig. 13. This electrode they used in dye-sensitized solar cells (DSSCs), for
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Fig. 12 a CVD processing procedure for graphene/CNTs composites, b the microscopic image of
the composites, c the LIBs performance based on the composite anode [83]

promoting green energy. They observed that the electrode showed a higher electron
transfer rate of 91.6% and exhibited higher cell performance [84].

5.2.3 Supercapacitors

In recent years, supercapacitorswere applauded globally due to their excellent perfor-
mance such as longer life-cycles, high conductivity, high power density, eco-friendly
features etc. The characteristics of the electrode materials and electrolytes govern
the performance of the capacitors. Graphene and CNTs showed excellent potential
as electrode materials of supercapacitors among all carbonaceous materials. Their
inherent characteristics such as high electrical conductivity, thermal stability etc. as
well as the synergistic improvement of their inferior properties allow the fabrica-
tion of high-performance electrode materials. For example, incorporation of CNTs
offer bridge formation between graphene sheets, improve charge transfer capacity,
reduce electrical resistance and thereby increase the overall performance of the
device. As wementioned earlier, CNTsmight reduce the interlayer stacking between
graphene sheets, improve accessibility andmobility of the electrolyte ions. Therefore,
researchers have been invested lots of time in high-performance electrode fabrication
based on graphene/CNTs hybrid systems.

Yu et al. fabricated graphene/CNTs hybrid composites films using the self-
assembly method [85]. They observed the performance of the hybrid as superca-
pacitors and found an average specific capacitance of 120 F/g. But Fan et al. showed
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Fig. 13 a Preparation of CNT/graphene composite counter electrode and b, c the performance of
the cells based on CNT, graphene/CNT, graphene, Pt counter electrodes. GC37 refers to 30 wt%
graphene and 70 wt%MWCNTs, and GC73 refers to 70 wt% graphene and 30 wt%MWCNTs [83,
84]

excellent improvement in specific capacitance 385 F/g using graphene/CNTs sand-
wich structures. They used theCVDmethod to fabricated the hybrid layered structure
where CNTs reside spaces in between the graphene layers. They attributed that the
bridging effect of graphene layers via CNTs enhanced the mobility of the charge
carriers, results in high specific capacitance Fig. 14.

5.2.4 Fuel Cells

A fuel cell is a kind of electrochemical cell that converts chemical energy into elec-
trical energy. These cells work as energy storage devices with high conversion effi-
ciency and low discharge. Graphene/CNTs hybrid showed excellent effectiveness
for the fabrication of high-performance fuel cells Fig. 15.
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Fig. 14 a Representation of the EDLC based on crumpled graphene ball/ porous CNT composites
[86]. b Illustration of the ion diffusion behavior for the graphene nanomesh/CNT composites and
c the capacitance properties of the electrode based on graphene nanomesh/CNT composites [83]

Fig. 15 a Pt/rGO-CNTs composites and b, c the corresponding cell performance for PEMFCs [83,
87]

5.3 Sensors and Actuators

The first focus here is to define sensors and actuators and discuss the usages of sensors
and actuators made by using a graphene-CNT hybrid system.

Firstly, a sensor is an electrical device which receives signals and convert them
into a readable data, then responses to the offset of the signal [88]. Sensors are used
for monitoring fluid levels, voltage changes etc. in various industrial processes. They
correspond to the change in the parameters and can trackback the problem to the
central monitoring unit or adjust a function by itself to maintain the balance in
the system (“https://www.onupkeep.com/answers/predictive-maintenance/sensors-

https://www.onupkeep.com/answers/predictive-maintenance/sensors-and-actuators-2/
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Fig. 16 Schematic diagram of a complete operating process including the functions of actuators
and sensors [89]

and-actuators-2/—Google Search”). Whereas, actuators are basically dedicated to
converting energy into mechanical energy and cause motion (“Introduction to Trans-
ducers, Sensors and Actuators—Google Search”). Actuators can be operated using
different means of instrumental methods, such as pneumatic, electric, magnetic
etc. (“https://www.onupkeep.com/answers/predictive-maintenance/sensors-and-act
uators-2/—Google Search”). So, the basic difference between sensors and actua-
tors is, sensors convert parametric changes into a readable electrical signal to control
the process,actuators simply do the exact opposite by converting energy into motion.
For executing a task fully, both actuators and sensors are needed, as their functions
are complementary to each other Fig. 16.

CNT-infused materials have taken over all the related fields in recent years, which
the nanoactuators and sensors synthesis. The applications of different graphene and
CNT-based sensors are so vast that, it is predicted to be one of the most influential
production systems soon.Themainusages of graphene andCNT-basednanoactuators
and sensors are:

I. Graphene hybrids in SSCs [90]:

Sensitized solar cells (SSC) are widely known for their low production cost and
comparative high efficiency. Dosing graphene in photoanodes and counter electrodes
gives extreme mobility to the conductive film of the charge career layer. It also cuts
off the need for metal oxide glasses (i.e. FTO, ITO etc.), which helps to reduce the
production cost, attain mechanical and chemical sustainability amid unconventional
weather and high transmittance. Graphene quantum dots are also used as sensitizers
for these SSCs. Graphene hybrids are used mainly to elevate the electron transfer
rate and redox rate Table 2.

https://www.onupkeep.com/answers/predictive-maintenance/sensors-and-actuators-2/
https://www.onupkeep.com/answers/predictive-maintenance/sensors-and-actuators-2/
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Table 2 SSC performance after using different graphene hybrids [90]

Electrode with
graphene/SNM hybrid

Jsc(mA/cm2) Voc (V) FF (%) n (%) References

PA: N719/TiO2-Graphene
oxide/FTO

13.1 0.77 71 7.26 He et al. [91]

PA: N3/TiO2-rGO/ 16.29 0.69 NA 6.97 Yang et al.
[65]

PA: N719/TiO2-Graphene
nanofibers/FTO

16.2 0.71 66 7.6 Madhavan
et al. [92]

PA: Graphene QD/TiO2/FTO 0.2 0.48 58 NA Yan et al. [93]

PA: ZnO-graphene
QD/Cs2CO3/Al

0.196 0.99 24 2.33 Son et al. [94]

PA: (TNS-rGO-CdS
QD)10/FTO

0.92 1 41 0.38 Wang et al.
[48]

CE: CulnS2-rGO/FTO 16.63 0.74 51 6.18 Liu et al. [95]

CE: Cu2S-rGO-PVA
binder/FTO

18.4 0.52 46 4.40 Radich et al.
[96]

CE: SWCNT-rGO/FTO 12.81 0.9 76 8.37 Zheng et al.
[97]

CE: MWCNT-rGO/FTO 16.05 0.75 62.7 7.55 Velten et al.
[98]

CE: TiN-rGO-CNT/FTO 14.0 0.642 46 4.13 Youn et al.
[99]

PA: MWCNT-rGO-TiO2/FTO 11.27 0.78 70 6.11 Ming-Yu
et al. (2011)

CE: rGO-CNT/FTO 11.42 0.77 53 4.66 Li-Hsueh
et al. [100]

CE: rGO-CNT/FTO 15.25 0.68 51.05 5.29 Ma et al.
[101]

CE: CNT-rGO/graphite paper 12.86 0.78 61.3 6.17 Guang et al.
[102]

CE:
rGOnanoribbons-CNT/FTO

16.73 0.73 67 8.23 Zhibin et al.
[103]

CE: VACNT-graphene paper 14.24 0.68 62.4 6.05 Li et al. [104]

CE: Pt NPs/graphene
nanosheets/FTO

18.26 0.72 65 8.54 Tsai et al.
[105]

CE: Graphene
nanoplateletes-Pt NPs/FTO

14.31 0.735 61.9 6.51 Hoshi et al.
[106]

According to the list, it can be clearly stated that graphene improves the Power
Conversion Efficiency (PCE%) and Open Circuit Voltage (VOC) of the sensitized
solar cells.
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II. Gas sensor development [107]

Gas monitors are being widely used in leakage and concentration controls in many
production plants. Recent studies have shown that CNT and graphene infused gas
sensors are highly performing than the usual gas sensors in the global market
(based on semiconductor oxides). Their performance is further enhanced by coupling
nanocarbon particles with semiconductor oxides and noble gases. Using CNT in
between two conducting posts (MWCNT, SWCNT etc.) results in high electric
contact and mechanically sound detectors. It requires only the post-processing steps
to fabricate these types of detectors, as they have the self-welding ability. Therefore,
these instruments can easily be industrialized. The sensors are also sensitive to the
specific gases and their concentrations. The main usability of these sensors is their
strong mechanical stability, alongside their small volume consumption, which is
useful in environments where corrosive vapors are high in concentration. Graphene
gas sensors are even more usable, because of their thermal and optical proper-
ties. Graphene oxide (GO) works as an excellent sensor because of its flexibility,
reducibility and high electron mobility Table 3.

The reason of coupling GO with another metal or semiconductor material is
attaining more sensitivity, although the overall cost increases a lot. But on the other
hand, energy consumption reduces for the semiconductor-incorporated sensors.

III. Biosensing applications:

Due to the rise in the number of diabetic patients worldwide, glucose biosensors are
demanded highly. About 90% of the total biosensor market is occupied by glucose
biosensors. Both enzymatic and non-enzymatic biosensors are reported to be useful
for detecting blood glucose [90]. The next generation GSs use glucose oxidase
(GOx) to detect blood-glucose and work by direct electron transfer (DET) from
the redox base to the sensor electrode. Graphene CNT-hybrid enables a larger active
area for enzyme interaction and creates a 3-dimensional network for efficient elec-
tron transfer. G-CNT hybrid modified with ZnO nanoparticles increases the surface
coverage Fig. 17.

Also, modified graphene structures and semiconductor nanomaterials are
extremely necessary for DET, that is the reason why these sensors for GQx are
easy to prepare, show improved mechanical stability, increase active DET sites on
the surface and more compatible with the biological environment.

However, using CNT-based sensors also enables us to have a flexible surface for
the detectors. MWCNTs are more susceptible to glucose detection than SWCNT, as
the next-gen biosensors have adapted a layer-by-layer immobilization technique for
GOx [86, 108–110], Fig. 18.

DNA electrochemical sensors and immunosensors are a very small, yet very
important part of the biosensor industry. Due to its simplicity and speedy operating
process, CNT-based DNA biosensors are vastly used for detecting genetic diseases
and genome mutations. Immunosensors are used to record the specific phenomena
of antibodies reacting with specific antigens and also detecting different types of
proteins. CNT-based immunosensors allow them to detect very low protein signals,
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Table 3 Different GO films used to detect different industrially produced gases [107]

Materials Devices Detected
items

Sensitivity Response
time

Recover time

Graphene
(mechanical
exfoliation)

Resistor CO2 25%
(100 ppm)

10 s (RT) 10 s (RT)

Graphene
(mechanical
exfoliation)

Resistor NH3 6%
(200 ml/min)

13 s (RT) 20 s (RT)

Graphene
(rGO)

Resistor NO2 1.5%
(100 ppm)

5 min (RT) 20 min (RT)

Graphene
(rGO)

Resistor H2 4.5%
(160 ppm)

20 s (RT) 10 s (RT)

Graphene
(chemical
exfoliation)

Resistor Toluene 13% (3 ml
vaccum
filtration)

10 s (RT) 15 s (RT)

Graphene
(rGO) film

Resistor NO2 20% (20 ppm) 5 min (RT) 15 min (RT)

Graphene
(rGO) film

Resistor NO2 1.2% (25 ppm) 50 s (RT) 90 s (RT)

Graphene
(rGO) film

Resistor NO2 10%
(1.25 ppm)

25 min
(RT)

40 min (RT)

Graphene oxide
(GO) film

Resistor NH3 / / /

Graphene oxide
(GO) paper

Electrochemical
effect

Ethanol Detection limit
25 ppm

20 s (RT) 75 s (RT)

Graphene oxide
(GO) film

Resistor SO2 47% (50 ppm) 50 s (RT) 90 s (RT)

Graphene film
(CVD)

Resistor NO2 25%
(200 ppm)

20 min
(RT)

Recovered at
200 °C

Graphene film
(CVD)

Resistor NH3 90%
(1000 ppm)

180 min
(RT)

Recovered at
200 °C

Graphene film
(CVD, ozone
treated)

Resistor NO2 80%
(200 ppm)

15 min
(RT)

30 min (RT)

as the inclusion of carbon nanoparticle, alongside other surface activating metal
nanoparticles forms a highly sensitive protein detector. The usability and compati-
bility of the CNT-based detectors are greater than those of the usual sensors as the
carbon-bed of the working electrodes offers an interactive and large surface area of
protein suction.

IV. Photochemical and Optical Sensors [90]:

As stated before, sensors and actuators are different types of transducers which
deal with the electrical phenomena and movement of the equipment. Chemical and
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Fig. 17 Diagram of DET process from redox center to G-CNT hybrid sensor surface [90]

Fig. 18 Immobilization process of GOx using layer-by-layer enzyme absorption method [110]

solar energies can also be converted to an electrical or optical signal by using the
optical sensors. The huge surface area and absorptivity of g-SNM hybrid sensors
respond more to the low concentration fluid flow and improve the signal-to-noise
ratio. Graphene/quantum dot (QD) hybrids allow detection of environmental pollu-
tants, air quality index (AQI) etc. by enabling fluorescent biosensors. Because of the
high quantum yield, tunable absorption, stable fluorescence of QD, high quenching
ability of graphene; these biosensors are widely being used as optical sensors Fig. 19.

As the graphene and CNT-based nanomaterials are used widely as charge careers,
glucose and protein detectors, photoactive sensors etc., the usage of these nano-
materials is increasing exponentially. The primary drawback of these NMs is that
they are not reproducible and large-scale production is difficult. However, it can be
assured that themultidimensional usage of carbon-basedmaterials is leading towards
making this a profitable industrial option in the future and certain technologies will
be involved to ease the problematic synthesis processes of CNT and graphene.
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Fig. 19 Mechanism of fluorescent quenching by graphene/QD optical sensors [90]

5.4 EMI Shielding Effect (EMI SE)

The enormous growth of the telecommunication sector in addition to the growing
density of electromagnetic interference (EMI) emitters in the environment has trig-
gered the necessity of EMI compatible electronic devices for reliable service.Without
EMI shielding, electronic devices might perform poorly and cause health issues
resulting in a real threat to economic and social life. Conductive polymer compos-
ites (CPCs) having good shielding effects and conductivity are in great demand in
telecommunication sectors. Metallic (e.g. SS, Cu, A, Ni, etc.) or carbonaceous (e.g.
graphene, CNTs, carbon fibers, etc.) fillers play the key role to make conductive of
the insulating polymer matrix. Homogeneous dispersion and attributes of filler mate-
rials (e.g. type, functionalization, etc.) are the key parameters to tailor themechanical
and electrical properties of CPCs. Carbonaceous filler materials exhibited excellent
performance in EMI shielding compared to metallic fillers. These are the mostly
used filler materials in CPCs for EMI shielding.

Layered structured polymer composites showed effective performance in EMI
shielding than bulk composites. Hot staking, one of themultilayer structures, showed
as an effective method of multilayer structure design of polymer composites. Both
graphene and CNTs have been employed, individually, as filler in polymer/graphene
or polymer/CNTs composites. But limited research has been carried out as hybrid
nanocomposites with graphene/CNTs. Recent findings of synergistic effects of
hybrid infusion of graphene and CNTs got much attention from researchers and
industries [111–113]. This might be happening because of the effective interface
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bonding andnetwork formation betweenmatrix polymer andfillermaterials. Lin et al.
observed that graphene/CNTs have a synergistic effect to enhance the mechanical,
electrical and thermal stability as well as EMI SE of PVA/graphene/CNTs compos-
ites [112]. A similar findingwas observed by Prolongo et al. in Epoxy/graphene/CNT
hybrid composites [113]. They found that the synergistic effect of graphene/CNTs
enhance the storage modulus of the composites but the thermal and EMI SE did not
show any improvement. This can be ascribed due to the poor conducting network in
the hybrid composites. Therefore, an effective conducting network is the prerequisite
to excel in the EMI SE properties of the polymer composites. Because of the forma-
tion of an effective conducting network, Zhou et al. observed an enhanced electrical
and EMI SE effect of graphene/CNTs macro assembled carbon-based films.

5.5 Biomedical/tissue Scaffold and Drug Delivery

Biomedical applications of electrically conductive polymers are reasonably gaining
continuous interest from researchers all over the world. Drug delivery, implants
and tissue engineering are the main attractions of the biomedical engineering era,
but the mechanical stability and biocompatibility are the issues which were to be
improved. The insurgence of graphene and CNT-infused polymeric composites are
hence happening due to the improved properties and compatibility. Conducting poly-
mers are doped with CNT or graphene and different processes are applied to make
these hybrid CPs [114] such as:

1. Solution mixing: Nanotubes and graphene are dissolved in the polymer matrix,
then the solvent is evaporated to fabricate the polymer.

2. In situmethod: Filler tubes are first swollen in thematrix, then the liquidmonomer
is dispersed with a suitable initiator. Then polymerization of the monomers is
initiated using heat or radiation.

3. Melt processing: Nanofillers are diffused in the polymer matrix using injection
molding, then the thermoplastic polymer is heated at a high temperature so that
the polymeric linkages interchange bonds with filler.

4. Latex technology: This is the most intriguing technology of recent times as
this process allows the polymers to be dispersed homogeneously, providing
with advantages of high conductivity, sustainability and easy processing. This
process includes the preparation of colloidal dispersion of the fillers incorporating
them into the polymer matrix to form a bicomponent mixture and step-by-step
controlled drying of the colloidal mixture Table 4.

The main applications of the aforementioned CPs are:

1. Electromagnetic pulse protections.
2. EMI shielding device.
3. Artificial muscles.
4. Waterborne coatings.
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Table 4 Several conductive composites of different polymeric materials are given below

Composite Fabrication method Conductivity (S cm−1)

Polystryrene/graphene Solution mixing 1

Polystryrene terephthalate/CNT Melt compounding 10−3

Cellulose/graphene NC Solution mixing 0.72

Polystyrene/graphene NC Solution mixing 0.252

PU/graphene In situ polymerization 1.67 × 10−3

PU/rGO Solution mixing 10−3

PU/CNT In situ polymerization 2.30 × 10−4

5. Stretchable devices for artificial limbs.

One of the most important applications of CPs in biomedical sectors is recreating 3D
tissues for damaged organs. The recent advancement in the field of scaffold design for
Near-infrared Photothermal therapy (NIR-PTT). Graphene is mainly used in scaffold
synthesis because of its growth factor loading and high capacity for NIR absorption
[115, 116].

GO (Graphene oxide) is also very important to construct a tissue scaffold and
is used regularly in smart therapies [117]. GO embedded scaffolds are susceptible
to a certain wavenumber of IR light and it also affects all the tissues which are
not IR active. Apart from that application, light-responsive GO-scaffolds are very
compatible with the body muscles and tissues (i.e. bones, scull connecting tissues
etc.). The main function of the graphene introduced scaffolds is that they can kill
bone-decaying osteosarcoma cells, and they can also perform tissue differentiation
for damaged cells. Graphene can also prevent the growth of cancer cells while used
in cancer infected cell-implant Fig. 20.

As shown in the figure, under NIR irradiation, these scaffolds can kill osteosar-
coma cells at 48 °C and paves a pathway for osteogenesis at 42 °C to the bonemarrow
cells.

In the past decades, nanomaterials of different sizes, shapes and various chemical
compositions were used as drug careers. Among the most of them, graphene and
GO were the most effective ones, as they set a large surface area, exposing all the
atoms while performed as a monolayer, to provide with many active sites to bind
[118] Fig. 21.

As it is tough for hydrophobic graphene to get dispersed in aqueous solutions,
covalent and non-covalent modifications are implied to bind graphene NMs in the
polymer matrix. GO is more soluble in water, but it may aggregate in physiological
buffers, thus loosening its stability. Therefore, proper methods are used to keep their
biostability and compatibility intact. Recent studies have shown that graphene or GO
may show some issues with interaction or biocompatibility. Although they have a
unique 2D structure, the results of toxicity tests in the humanbody are still conflicting.

One of the most important vital facts about using graphene to interact with human
cells is the interaction between this and tissues or cells. It is already found that using
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Fig. 20 Fabrication and mechanism of hydroxyapatite/GO and hydroxyapatite/GO/chitosan
scaffold [116]

graphene, GO and CNT in biological career, drug delivery and uptake agent, or in
the scaffolds; these nanomaterials are biocompatible, structurally sound, hold many
active sites, and easier to synthesize. The industrial ability to overcome hurdles like
unknown toxicity and dispersing process plays an important role in the future global
market of the carbon nanocomposites. Nonetheless, the utility of graphene and CNT-
based biomedical equipment is augmenting every year and will be of great demand
in the near future, because of the advancement in nanomedical science.

6 Conclusions and Future Outlook

Graphene and CNTs have shown great potential in a variety of fields such as energy,
structural, sensors, and so on due to their excellent inherent characteristics like high
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Fig. 21 Application of graphene and GO in various kinds of drug delivery [118]

surface area, high structural integrity, high electrical, thermal andmechanical proper-
ties. Applications of graphene, owing to the synergistic effect of their hybrid system,
graphene/CNTs not only enhanced their inherent properties but also overcome the
drawbacks of the individual component. For instance, graphene sheets are highly
reactive and attract each other to form aggregateswhich can be overcome usingCNTs
embedded into graphene sheets. The fabrication processes such as CVD, microwave,
vacuumfiltration, in situ reduction etc. showedpromising results but the challenges of
their transferring process limit wide application, commercialization and/or adoption
by industry. Due to the lack of reproducibility and scaling up limitation, much atten-
tion needs on functionalizing graphene or CNTs to replace silicon or tin oxide films.
During hybridization, care must take towards properties optimization of individual
components, understanding interface structures and fabrication techniques.

Even though there are so many challenges comprised of graphene/CNTs hybrid
systems, they showed tremendous opportunities in various applications and played a
vital role in the synthesis of novel electrodematerials. This chapter allows researchers
and scientists in realizing their extraordinary properties which can be used for
synthesizing high quality graphene/CNTs hybrid-induced polymer nanocomposites
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and high-performance energy-related devices in the future in the field of flexible
electronics, sensing, clinical diagnostics, solar cells etc.
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Abstract Hybrid nanocomposites are multicomponent systems inducing unique
interconnected 3D network microstructure materials. With the purpose of exploita-
tion of rich natural and under valorised resources, graphene (G) and nanocellulose
(NC) have become interesting organic hybrid fillers used for enhancement of the
properties of composites. In fact, they combine the unique properties of G with those
of the cellulose nanocrystals (CNC) or cellulose nanofibrils (CNF) leading to an
exciting area of current interest in the fields of hybrid nanocomposites. These hybrid
nanocomposites exhibit unique properties thanks to the synergetic effect of fillers and
compatible polymers allowing their potential utilization in various important applica-
tions including food packaging, water treatment and energy storage to cite few. Their
judicious combination can, therefore, provide environmentally friendly hybrids of
low cost, ease processing with specific mechanical, thermal, optical and electrical
properties. With respect to the recent advances in material sciences, this chapter
pioneers to summarize the recent progress towards the synthesis of hybrid nanocom-
posites containing G-NC as fillers, and their potential utilizations as advanced mate-
rials particularly in food packing, water treatment, energy storages and sensor tech-
nology. This chapter has covered main achievements and significant examples of
each subject area to demonstrate how this unique class of materials has stimulated
research activities. To help the readers, this chapter is subdivided into six topics.
The first topic provides an introduction to the G and NC as advanced materials. The
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second topic focuses on different preparation procedures of G-NC hybrids while the
third illustrates their properties. Then, the preparation of hybrid polymer nanocom-
posites based on G and NC is detailed in the fourth section. Consecutively, the fifth
section reports on their properties while the last one identifies current and potential
applications of hybrid polymer nanocomposites based on G and NC. This chapter is
finally ended with a global conclusion on these promising materials.

1 Introduction

Since the last decade, the design of novel hybrid nanocomposite materials with
enhanced properties has gained attention in material science and nanotechnologies
[1–3]. On the grounds of hybrid materials, there has been immense interest to carry
out investigations on the development and conception of hybrid fillers based on
graphene (G) [or modified graphene in particular graphene oxide (GO), graphene
oxide nanosheets (GON), reduced graphene oxide (rGO)] and nanocellulose (NC)
[which includes cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF)].

On one hand, G has an essential role in the development of original advanced func-
tional nanohybrids because of its high surface area along with unique mechanical
properties in combination with its electrical-thermal properties [4–7]. Furthermore,
G has an impressive fracture toughness and high elasticity modulus enabling it to
be used as a filler in hybrid poly composites materials in a large number of engi-
neering areas [8–11]. On the other hand, NC are natural nanomaterials that follow
the biomimetic model and can be found in hybrid materials [12–15]. Both CNC and
CNF have different methods of preparations influencing their structural, morpho-
logical, and mechanical properties [16–20]. Based on its excellent biocompatibility
and biodegradability property, NC-based hybrid is an ideal material for biomedicine,
packaging, drug release, or related applications [21–25].

This chapter reviews numerous research works devoted on the possibility to
combine G with nanostructured cellulose. This possibility was also stimulated by
the observation of a synergistic effect by mixing these materials, allowing the feasi-
bility to formulate nanocomposites with enhanced properties and thus open the door
to promising applications in various fields [26–29]. In fact, numerous studies have
been conducted to find out the suitable approaches to synthesize hybrid nanocompos-
ites from G and NC as well as to depict their potential impacts and applications [30–
32]. Briefly, G-NC hybrids are mostly prepared by combining inorganic compounds
with organic species by covalent bonding (chemical) bonding or noncovalent (phys-
ical) interactions with unique thermal, chemical, morphological, optoelectronic and
mechanical properties [36–38]. Accordingly, this chapter reports recent studies on
the elaboration of G-NC based structured hybrid materials as prominent advanced
materials driven by their good mechanical properties, thermal capabilities, electrical
performances, and physical characteristics [31, 38, 39]. However, as reported in
many studies, to increase the performance of the polymer nanohybrid composite, an
appropriate dispersionwithout any aggregation of both G-NC hybrid fillers through a
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polymeric matrix is crucial [40]. This could be achieved through physical combining
and chemical grafting on the hybrid polymeric nanocomposites inducing a synergistic
influence on the behaviour of the G-NC hybrids [37, 41].

2 Preparation of Graphene and Nanocelluloses Hybrids

Many researchers have employed various ways to prepare G-NC reinforced hybrids,
including the (i) layer-by-layer assembly, (ii) ultra-sonication, and (iii) ambient pres-
sure drying, (iv) ball milling, (v) liquid phase exfoliation [32, 42, 43]. In addition to
these common preparation methods, many other techniques have been adapted for G
and NC hybrids processing. All of these preparation methods are described in detail
in this section.

2.1 Layer-By-Layer Assembly Technique

Nanohybrids could be fabricated by using a spin assisted layer-by-layer assembly
technique (spin-LBL) by alternately depositing a layer of 1D cellulose nanocrys-
tals/nanofibrils and 2DGON.Such a unique combination of 1Dand2D layers induces
strong interfacial interactions between nanofillers reinforcing the nanostructure of
the layered nanomaterials, and thus their properties [14]. This fabrication process
is facile, fast, cheap, and based on a versatile technique allowing the preparation of
highly ordered multilayer films with unique structure from various 1D and/or 2D
materials [44]. For example, Song et al. have prepared layer-by-layer (LbL) assem-
bled hybrids containing sequentially GO and CNF layers as displayed in Fig. 1 [45].
Their preparation method was done in two steps, during the first step the layers were
assembled starting from the flexible CNF substrate; while the second step involved
the reduction of GO (Fig. 1) [45].

Thanks to this layer-by-layer assembly, appropriate size, thickness, microstruc-
ture and surface roughness of the nanomaterials can be tailored by changing the

Fig. 1 Schematic representation of the preparation of spin-LBL-assembled hybrids based on GO
and CNF (presented in the figure as NFC) [45]
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centrifugal force to gain effective stress transfer. Substantially, this assembly tech-
nique could be used to prepare laminated nanohybrids with high ultimate stress, high
Young’s modulus and toughness [46].

2.2 Ultrasonication Method

The one-step ultrasonicationmethodwas appropriately used to prepare awide variety
of G-NC hybrids by various research groups [14, 26, 41]. In a typical process, ultra-
sonication involves the dispersion of the nanocellulose and G into water [26, 27].
This allows to reach a G-NC hybrid with a specific 3D interconnected network
microstructure, in which hydrogen bonds play a crucial role to organize and stabilize
the 2D structure of GO in the presence of the nanocellulose, as illustrated in Fig. 2
[27]. For example, Yao et al. elaborated that CNF could be used to disperse GO
by using a sonication treatment, leading thus to a uniform GO-CNF distribution in
solution [27]. During such a treatment, the ultrasound energy is transferred through
a cavitation effect to both CNF chains and GO. This energy transfer, of approx.
10–100 kJ/mol, corresponds to the energy scale of hydrogen bonds. In other words,
thanks to this energy transfer, hydrogen bonds network could be formed through the
interaction of abundant oxygen-based moieties in GO with the cellulosic hydroxyl

Fig. 2 a–d Schematic showing the synthetic steps of the GO-CNF hybrids; e CNF combined with
GO through hydrogen bonds; f schematic formation of the 3D structure; g 3D structure of CNF-GO
[27]
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groups [27]. Afterward, the GO-CNF dispersion is freeze-dried to obtain the so-
called GO-CNF hybrid. Consequently, the ultrasonic method allows the preparation
of hybrid materials with a 3D interconnected network microstructure [27].

2.3 Ambient Pressure Drying Technique

The ambient pressure drying technique is a safe, cost-effective, and environmentally
friendly preparation process, as no complicated equipment is requested to produce
low-density organic hybrids [38, 47, 48]. In this context, ultralight G-CNC hybrids
were prepared by using an integrated approach based on a two-step reduction process
combined with an ambient drying technology [47]. This preparation method seems
to avoid the problem of structural collapse induced by shrinking in a conventional
method of ambient drying in the case of the G-CNC hybrids. By following this
approach, the synthetic process starts with the formation of a stable suspension by
following a simple liquid-mixing method, containing rod-like CNC and flake-like
GO. Then, the sample is consecutively frozen and thawed out by heating the solution
until a reduced hybrid G is obtained. During the final step, the G-CNC hybrid is dried
in an oven to produce ultralight G-CNC hybrid [47].

2.4 Ball Milling Process

Ball milling is a grinding technique, which crushesmicroparticles into extremely fine
powders and reduced size [49–51]. In this process, a ball mill is used as a tool for
grinding and blending and sometimes for mixing of nanomaterials applicability to
essentially all classes of materials [49]. It was found that using this method allowed
the formation of graphene nanoparticles in a smaller size range than other synthesis
methods [50]. For this reason, researchers have used this process to produce G-NC
hybrid nanoparticles for various applications [49, 51]. As exemplified in Fig. 3a,
a ball milling technique was used by Wang et al. to exfoliate the graphite under
the presence of TEMPO-oxidized CNF suspensions to produce G-CNF hybrid [51].
Furthermore, it was reported that this process succeeded in stabilizing exfoliated G,
even in an aqueous solution, due to the tight adsorption of CNF onto the G surface
[51]. Accordingly, Fig. 3b illustrates the proposed ball milling graphite exfoliation
process in the presence ofCNF leading to the formation of theG-CNFhybridmaterial
[51].
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Fig. 3 a Ball milling fabrication process of G-CNF hybrids. b Schematic representation of the ball
milling graphite exfoliation process in the presence of CNF [51]

2.5 Liquid Phase Exfoliation

The liquid-phase exfoliation process requires, generally, three steps including a
graphite dispersion in a solution, exfoliation, and purification to remove indi-
vidual layers [41, 52–54]. The G-CNC hybrid was developed by using a preparation
method consisting of a liquid phase graphite exfoliation supported by CNC. This
recently documented process allows the stabilization of aqueous dispersions of G
flakes [41]. Furthermore, the relative content of CNC in generated G-CNC flakes
varied according to the initial G: CNC ratio [41]. Interestingly, as shown with the
G, stable and high concentration aqueous dispersions of rGO sheets (>10 mg mL−1)
could be also prepared thanks to the GO exfoliation in the presence of CNC [54]. A
sandwich-like structure was observed in which rGO is between CNC layers forming
the hydrophilic outer surfaces rGO-CNC, enhancing thus its dispersion in water and
its thermal stability to reach similar value (>320 °C) to that observed for the pristine
CNC or to other specific stabilizers [54].

2.6 Vacuum Filtration Technique

The vacuum filtration technique, also known as vacuum-assisted self-assembly
(VASA) method, involves the production of uniformly dispersed G within the
nanocellulose films [39, 55, 56]. Generally, the G precursor and a small amount
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of water-soluble GO is used to combine with nanocellulose. By changing the
dispersibility of GO in an aqueous solution of nanocellulose, GO-NC hybrid films
with the different internal structures were obtained through vacuum-assisted self-
assembly technique [39, 45, 57]. For example, Chen et al. have prepared GO-CNC
hybrids using this preparation method and they have shown that after reduction
hybrids exhibit high conductivity and iridescent properties [39]. Similarly, Xiong
et al. prepared hairy G-CNF sheets by vacuum-assisted filtration process into strong
and porous laminated membranes [42]. According to the literature, G-NC hybrids
prepared thanks to this technique display enhanced mechanical properties and wet
stability even under intense stirring due to a strong H-bond network enabled by the
cellulosic network reinforced by graphene nanolayers achieved thanks to vacuum
filtration [39, 42, 55].

3 Properties of Graphene and Nanocelluloses Hybrids

3.1 Surface and Sub-surface-Based Properties

In many cases, collected images of rGO-CNC hybrid from scanning electron
microscopy (SEM) show the anisotropic of its structure and its very loosely stacked
surface structure containingmainlyCNCas shown in Fig. 4 [41, 54, 58]. For example,
Ye et al. have reported the preparation of an integrated hybrid material with a
sandwich-like structure constituted of uniform coverage of exfoliated rGO sheets
onto the CNC surface (Fig. 4) [54]. The presence of strong hydrogen bonds between
the GO sheets and the CNC result in their physical adsorption. Furthermore, these
interactions are strong enough to prevent rGO’s stacking interactions during their
reduction. This conclusion is consistent with observations made by Montes et al.

Fig. 4 Schematic illustrations and SEM image of rGO-CNC hybrid [54]
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Fig. 5 TEM images of a pristine CNC, b–f CNC-rGO hybrids at different weight ratios of 1, 3, 6,
10, and 15, respectively [54]

[41]. During this work, the authors have demonstrated thanks to a typical field emis-
sion SEM image of a G-CNC hybrid sample with a ratio of 5:95 (G: CNC), that a
single G flake is fully surrounded by CNC [41].

However, in their work, Ye et al. compared transmission electron microscopy
(TEM) images of very dilute suspensions of pure CNC, rGO-CNC hybrids deposited
on carbon- grids with various rGO-CNC ratios [54]. As shown in Fig. 5a, the pristine
CNC was a crystalline needle-structure, 5–15 nm in width and 50–250 nm in length,
close to the size of CNC formed by sulphuric acid hydrolysis [16, 17, 54, 59, 60].
Some of the sheets were agglomerated for the low start CNC-rGO ratio leading to a
folded morphology (marked by the blue arrows in Fig. 5b) due to inadequate CNC
adsorption onto the surface of the rGO. Such an issue is less visible by increasing the
CNC-rGO ratio (Fig. 5c–e), indicating that the rGO sheets are decorated uniformly
by lightweight CNC networks, and most of them are scattered over carbon-coated
grids. Finally, as exemplified in Fig. 5f, rGO exfoliation does not seem to be possible
by using a sonicated rGO-CNC mixed sample. However, agglomerated rGO sheets
are observed highlighting in fact the consequence of the in situ CNC-GO reduc-
tion [54]. Similarly, Cao et al. used TEM images to demonstrate the preparation
of pure CNC microstructures, rGO nanosheets, and CNC-rGO nanohybrids [61].
During this work, it was also demonstrated that the CNC is self-assembled on single
layers of rGO, forming a veined structure of CNC-rGO [61]. These results show that
the CNC is capable of (i) mediating the rGO nanosheets dispersion, (ii) preventing
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the self-aggregation of graphene layers and (iii) obtaining well distributed CNC-
rGO suspensions which are advantageous for the development of 3D interconnected
conductive networks [61].

Besides, the atomic force microscopy (AFM) is typically used for the analysis of
relatively flat surfaces with topographic features [62–64]. AFM measurements were
used in the literature to provide quantitative information on the surface roughness,
measurements, and topography of hybrids based on G and NC [14, 37, 39, 44].

For example, AFM was used to depict the 3D structure of G, CNC and their
combination leading to hybrid CNC-G nanofillers [14]. During this work, authors
report on the dimensions of tested materials, showing that lateral dimensions of
hybrid nanosheets are range from ~100 nm to ~2 μm while their thickness was
close to ~0.9 nm. Furthermore, it appears that the dimension of the hybrids could be
tailored and controlled from that of the former GON and CNC materials. However,
as schematized in Fig. 6, the nanofiller thickness could not be determined as CNC
layers are directly attached onto the surfaces and edges of GON, forming the targeted
3D interconnected network microstructure [14]. AFM images published by Xiong
et al. also illustrated a similar 3D microstructure constituted of building blocks and
hairy nanosheets from the hybrids of wrapped GO-CNF [42].

Fig. 6 TappingmodeAFM images and schematic illustrations of CNC,GON, andGO-CNC hybrid
(presented in the figure as C:G hybrid and the red dots are the oxygen-containing groups in GON)
[14]
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3.2 Chemical Composition, Composition Variation,
and Crystal Structure

Fourier Transform Infrared Spectroscopy (FTIR) is a non-destructive analysis
method for investigating chemical functions in materials by detecting the vibra-
tions that define chemical bonds [65–70]. As shown in Fig. 7, bands associated with
hydroxyl groups are localized at 3345 cm−1 for CNC and 3365 and 3211 cm−1 for
the GON. However, in the case of the hybrid nanofiller, hydroxyl groups band is
shifted, according to its FTIR spectrum, to 3330 cm−1 indicating slightly different
“hybrid” environments of the formers [14]. Also, the 1715 cm−1 band, attributed to
the carboxyl moieties observed in the GON spectrum, overlaps with that observed
in the hybrid spectrum at 1645 cm−1, which is aligned with the CNC intramolec-
ular hydrogen bonds (Fig. 7). Furthermore, Valentini et al. have also notified that
the characteristic absorption peaks in the hybrid spectra are close to the pure CNC
curve, which seems to indicate a homogeneous dispersion of stacked GON layers in
CNC [71]. These findings also indicate that the cellulose-graphene hybrid nanofillers
exhibit good hydrogen interactions and interfacial compatibility [14, 37, 39, 71].

Raman spectroscopy is also a commonly used technique in materials chemistry,
providing a structural fingerprint to identify molecules [72–74]. This technique is
thus becoming extremely important during the characterization of graphene oxide-
coated nanocellulose (G-NC) based hybrid nanomaterials [27, 30, 38, 45, 75, 76].
For example, Burrs et al. used Raman spectroscopy to prove that G-NC hybrids could
be partially reduced by using thermal treatments. In contrast, a similar material is
further reduced by following a chemical treatment [30].

As shown in Fig. 8a, Song et al. used the Raman spectroscopy to analyze GO,
rGO, and hybrids based on rGO-CNFat different ratios. TheRaman spectrumofCNF
substrate highlights two weak characteristic peaks at around 1096 and 1380 cm−1,
whereas hybrid films have stronger Raman peaks close to 1335 (D band) and 1598
(G band) cm−1, highlighting that the rGO nanosheets were successfully assembled
onto the CNF substrate. Furthermore, an increase in the number of deposition cycles

Fig. 7 FTIR spectra of
CNC, GON, and CNC-GON
hybrid (presented as C:G
hybrid) [14]
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Fig. 8 Raman spectra of a GO and rGO. b (rGO-CNF)n hybrid films on a flexible CNF substrate
as a function of the number of deposition cycles, n [45]

denoted n in Fig. 8b, induces an increase of the intensity of both D and G bonds
of (rGO-CNF)n, attesting the gradual growth of repeating assemblies within the
structure of this material [45]. These examples clearly illustrate the possibility of
monitoring the synthesis of hybrids using simple spectroscopic techniques like FTIR
and Raman.

Material surface changes through any treatment could be followedbyX-ray photo-
electron spectroscopy (XPS) – another quantitative tool for measuring the elemental
composition, chemical state, electronic state of the surface of a material – which also
allows the determination of the binding states of the elements [67, 77, 78]. Thus, XPS
analysis was mainly used to evaluate the chemical composition of principal elements
and the nature of carbon-based bonds on the surface of G-NC hybrids [52, 76, 79].
Figure 9 shows an example of the surface state of the rGO-CNC hybrid published by
Ye et al. [54]. During the preparation and characterization of rGO-CNC hybrid, these
authors remarked, thanks to XPS analysis, a significant intensity increase for the four
mains peaks observed at 285.3, 286.8, 288.0 and 288.3 eV corresponding to bending
energies of C–C, C–O, O–C–O, and O–C=O bonds, respectively. In other words, this

Fig. 9 Carbon 1s XPS
profile of rGO-CNC hybrid
[54]
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XPS analysis provides thus clear evidence that the CNC structure is covered onto
the rGO surface [54].

3.3 Thermal Properties and Density

Among the macroscopic properties of hybrid nanocomposites, the prior knowledge
of their thermal stability and their density is crucial for evaluating their real poten-
tials. Generally, the thermal stability of a given material is determined by Thermo-
gravimetric Analysis (TGA), which is a thermal analysis technique based on the
measurement of the change in mass of a given sample as a function of the temper-
ature and heating time [80–82]. The bulk density (ρ) of hybrid nanocomposites is
generally determined from mass to volume ratio using a pycnometer or by using
buoyancy method based on the Archimedes principle.

On the one hand, it was demonstrated in the literature that G-NC materials exhib-
ited improved thermal stability compared to pure cellulose [32, 34, 35]. Further-
more, owing to the powerful nano-effect of graphene on cellulose, a substantial
improvement of this thermal stability is observed even at a low graphene loading
[35]. To further highlight this enhanced behavior, Ye et al. demonstrated that rGO-
CNC hybrids have a thermal stability higher than that of the pristine CNC, which is
thermally stable until ~320 °C when mass loss starts to occur [54]. As displayed in
Fig. 10a, TGA traces of rGO-CNC hybrids tend to move towards a low-temperature
direction by increasing its CNC content as rGO is thermally more stable than CNC.
This is further documented thanks to DTG curves, displayed in Fig. 10b, showing
that rGO-CNC hybrids have only one main decomposition peak, inducing thus a
one-step degradation process, which shifts toward lower temperatures by increasing
the CNC content in this hybrid material series, as expected [54].

Fig. 10 TGA (a) and DTG (b) traces of CNC, rGO-CNC blend (presented as CNC/RGO in the
figure), and rGO-CNC hybrids (presented as CNC-RGO) [54]
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On the other hand, it is also important to note that the knowledge of the density
of hybrid materials is essential before their utilization in various fields like energy
storage, production of aerogels, water treatment, tissue engineering, etc. [26, 27,
36]. Base on their low-density, both nanocrystals and nanofibrils are widely used as
fillers to further enhance the volumetric properties of targeted nanocomposites [19].
Furthermore, as the density of G is also quite low, the combination of CNC or CNF
with G could thus induce the formation of low-density hybrid nanocomposites [83].
This unique feature attracts many research groups to use these starting materials to
produce light hybrid nanofillers able to be used in various fields [26, 27, 38]. Zhang
et al. reported, for exemple, that even if the addition of CNC on G-based hybrids
induces an increase of the density of obtained hybrid material, it is still relatively
ultra-light to stand on a pistil [47]. Javadi et al. also reported a similar behavior
with polyvinyl alcohol (PVA) hybrid-based materials containing G-CNF using a
simple, scalable, cost-effective and environmentally friendly freeze-drying method
[38]. During this work, these authors reported that thesematerials present an ultralow
density (<35 kg/m3) along with other excellent properties allowing them to be tested
in various applications [38].

4 Preparation of Hybrid Polymer Nanocomposites Based
on Graphene and Nanocelluloses

In the light of the two previous sections, devoted to the preparation and main prop-
erties of hybrid fillers/charges based on G and NC, in this part, we focus on giving
an overview of the preparation of polymer nanocomposites containing these hybrid
fillers. Originally, cellulose nanocrystals/cellulose nanofibrils were widely used to
reinforce various kinds of polymermatrices in the absence ofG [17, 19, 84, 85].More
recently, many researchers focused on the formulation of hybrid polymer nanocom-
posites by using various types of reinforcement materials and matrices to reach a
material combining their main advantages and key properties [14, 36, 41, 86, 87].
In fact, the development of hybrid G-NC composites materials was of interest for
various research fields attracting scientists from different communities, inducing
thus a wide range of synthesis processes available into the literature [38, 88]. Among
those, the commonly applied methods are the solution blending, solvent casting and
in situ polymerization, which were used to prepare hybrid nanocomposites with
unique properties.

4.1 Solution Blending and Vacuum Filtration

The solution blending approach involves simply mixing or combining two parts in
a solution, followed by electrospinning, in which only one portion of the solution
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Fig. 11 Schematic diagram of the preparation of NR/rGO-CNC nanocomposites with a 3D
conductive network [61]

must be electrospinable [89–91]. In this case, the two parts of the solution include
a hybrids material used as a filler and a polymer as a matrix. Afterward, the as-
prepared hybrid polymer nanocomposite material is isolated from the solvent using
a classical vacuum filtration technique. However, alternative mixing approaches are
reported in the literature. For example, as illustrated in Fig. 11, the suspensions of
the reduced rGO-CNC nanohybrids and natural rubber (NR) latex could lead to a
promising 3D conductive network [61]. During this work, authors used a beaker and
vigorous stirring to obtained thus a homogeneous blend [61]. After this mixing step,
the co-coagulation was induced by the fast addition of a low concentration sulphuric
acid solution.

The solid formed following the coagulation could then be easily isolated and dried
through vacuum filtration. Interestingly, this preparationmethod proved that even the
presence of CNC, rGO is located in the interstitial spaces between latexmicrospheres
of the NR during the subsequent coagulation process. According to the authors,
the solid NR microspheres provided an excluded volume after a vacuum filtration,
washing, and drying treatment, allowing the rGO-CNC nanohybrids to be hosted
into their interstitial spaces. This specific organization of the nanohybrids induces a
3D conductive network within the NR matrix [61]. Similarly, PEO/rGO-CNC films
could be easily prepared by stirring a rGO-CNC and polyethylene oxide (PEO) blend
at 60 °C for 6 h (600 rpm) and by drying the mixed ingredients in a Teflon mold
[54]. These two preparation examples provide some interesting insights; however,
the high dispersibility in water or organic solvents of the rGO-CNC hybrids, along
with their high thermal stability, opens up a wide variety of possible applications.
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4.2 Solvent Casting

Solvent casting is a procedure for shaping polymer composite samples by dipping
a mold into a polymer solution and drawing off the solvent to leave a polymer
composite film adhering to the mold [19, 59, 84, 92, 93]. For example, by using a
solvent casting method, El Miri et al. prepared hybrid nanocomposite films based
on CNC and GON as fillers, where the loading level of the charges was 5 wt% [14].
As shown in Fig. 12, these authors demonstrated that by casting all mixtures on
plastic dishes and thus evaporating off the water, films with high quality and good
flexibility could be produced. Similarly, Montes et al. also used this relatively simple
and environmentally friendly method to successfully incorporate G-CNC hybrid into
poly(vinyl alcohol) (PVA) [41]. Authors reported then that all the resulting filmswere
of outstanding quality, clear (though slightly grayish for those containing graphene),
and almost uniform to the naked eye [41]. The solvent casting method was also
effectively applied to optimize the formulation of the polylactic acid (PLA) compos-
ites through the dispersion of CNC and GO into a PLA matrix to reach enhanced

Fig. 12 Digital of prepared neat PVA and its nanocomposite films with CNC, GO and G-CNC
hybrid (GO-CNC 2:1 and GO-CNC 1:2) [14]
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mechanical and thermal properties as well as improved antimicrobial response of
the biodegradable polymer by keeping its inherent transparent optical characteristics
[94].

4.3 In Situ Polymerization

In the case of the preparation of G-NC hybrid polymer nanocomposites, an in situ
polymerization, generally, starts by dispersing the graphene (or modified graphene)
in the selected monomer. After this step, the polymerization could start by adding a
suitable initiator [95–97]. Generally, a large range of graphene-based polymer films
could be easily prepared thanks to this in situ approach, leading to unique materials
with enhanced properties including superior electrical conductivity and mechanical
properties [98]. For example, an in situ radical polymerization process was used
to prepare polyacrylamide-sodium carboxymethylcellulose (PMC) reinforced with
GO and CNC [36]. The addition of both GO and CNC induces, thanks a synergistic
effect, a reinforcement of the composite structure leading to exceptional and unique
3D structure, morphology and properties of hybrid polymer nanocomposites [36].
This example provides a clear vision of the main advantages to use this technique
during the preparation of hybrid nanocomposites.

5 Properties of Hybrid Polymer Nanocomposites Based
on Graphene and Nanocellulose

Several well-known characterization techniques are currently used to analyze and
evaluate G-NC hybrid polymer nanocomposites to depict their morphology, struc-
ture, and properties [14, 36, 41]. In this regard, characteristic features and properties
of hybrid polymer nanocomposites based on G and NC, are most commonly divided
into (i) surface and sub-surface-based properties, (ii) chemical composition, compo-
sition variation, and crystal structure, (iii) thermal properties and (iv) mechanical
properties. The following subsections provide some detailed examples of each class
of characteristics of the G-NC based hybrid polymer nanocomposites reported in the
literature.

5.1 Surface and Sub-surface-Based Properties

The surface and sub-surface-based properties of hybrid polymer nanocomposites are
generally depicted thanks to the Scanning Electron Microscopy (SEM) and Trans-
mission ElectronMicroscopy (TEM) techniques. The main difference between SEM
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and TEM is based on the creation of the image. Indeed, SEM image is created by
detecting reflected or knocked-off electrons, whereas TEM image is done thanks
to transmitted electrons. In fact, SEM gives information only on the surface of the
material (e.g. defaults, composition, etc.) while TEM technique could provide infor-
mation on its inner structure (e.g. crystal structure, morphology, and stress state
information).

Briefly, the SEM instruments are used to examine and analyse the microstruc-
ture morphology of a given material by scanning its surface with a focused beam of
electrons.Many researchers havemostly used SEM technique to analyze themorpho-
logical structure of hybrid polymer nanocomposites [41, 47, 86]. For example,
some authors reported that the morphology characteristics of some hybrid polymer
nanocomposites could be observed at an operating accelerating voltage of 20 kV
[14]. As shown in Fig. 13, in the case of the GO-CNC reinforced PVA samples,
SEM observations are undoubtedly improved by coating a thin conductive carbon
layer [14]. As also shown in Fig. 13, the SEM micrographs clearly show the well-
dispersed GO-CNC nanofillers within the PVA matrix (the well-white lines are GO
and CNC [14]. Furthermore, the authors highlighted thorough their work that no
visible agglomerate of nanofillers was observed in the nanocomposites [14]. Inter-
estingly, using SEM Zhang et al. observed that when hybrid composite sheets are
broken, some rod-like CNCs could be observed at the breaking edge, indicating thus
that some CNC were sandwiched between graphene flakes [47].

TEM is used to image a material thanks to an electron beam [99–101]. Compared
to other microscope techniques, TEM provides much higher resolution than is
possible with light-based imaging techniques [102–104]. With respect to this tech-
nology, researchers preferred TEM analysis to get a measurement of nanoparticle

Fig. 13 a SEMmicrographs of PVA nanocomposites with CNC, GON, and GO-CNC hybrid (GO-
CNC 2:1 and GO-CNC 1:2). b schematic representations of the dispersion state of (i) GO (ii)
GO-CNC hybrid nanofillers within the PVA polymer matrix [14]
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Fig. 14 TEM images of polyethylene oxide/rGO-CNC hybrid composites [54]

size, grain size, size distribution, and morphological information in G-NC based
hybrid polymer nanocomposites [28, 36, 37, 44, 54]. For example, as shown in
Fig. 14, Ye et al. observed thanks to TEM images the presence of randomly dispersed
rGO sheets even at a high rGO-CNC loading (i.e. 15 wt%) in polyethylene oxide
(PEO)/rGO-CNC composites [54]. Furthermore, Ye et al. also highlighted that rGO
sheets were well covered by CNC whiskers (see the dotted blue color frame in
Fig. 14), which highlights the compatibility of rGO with the PEO matrix enhanced
through the hydrogen bonds network between CNC and PEO [54].

5.2 Chemical Composition, Composition Variation,
and Crystal Structures

Chemical composition, composition variation, and crystal structures of hybrid
composites are generally analyzed through spectroscopic techniques (FTIR, UV-
Visible (UV-Vis), and XPS) and X-Ray Diffraction (XRD) analysis, respectively.

As stated in Sect. 3, FTIR is a kind analytical technique widely used to identify
organic, polymeric, and, in somecases, inorganicmaterials [65, 105, 106]. In practical
terms, several research groups use FTIR technique routinely to confirm the chemical
structure of G-NC hybrid polymer nanocomposites and interactions among them [52,
71, 107]. For example, FTIR analysis was used to confirm the presence of strong
hydrogen interactions occurring in GO-CNC hybrid nanofillers and the PVA matrix
[14]. As shown in Fig. 15, during this work, it was observed that by adding the GO-
CNC hybrid nanofiller to the PVA neat film, its characteristic hydroxyl band being
shifted in the range of 3500–3000 cm−1, suggesting the presence of strong H-bonds
in the hybrid polymer nanocomposite material linking the oxygen functional groups
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Fig. 15 FTIR spectra of
PVA hybrid nanocomposite
films based on the GO-CNC
hybrid nanofillers [14]

on the GO-CNC surface and the hydroxyl moieties on the macromolecular PVA
matrix [14].

For the last two decades, UV-Visible spectrometers (UV-Vis) have been the most
critical analytical instruments in the modern-day laboratory [17, 19, 66]. Several
research groups have mainly used UV-Vis to depict the optical properties, like the
transparency, of the hybrid polymer nanocomposite materials [37, 41, 55]. Gener-
ally, when the fillers start to agglomerate in the polymer matrix as their concentra-
tion increases, the transmittance will effectively vary with concentration [41]. For
example, as illustrated in Fig. 16 and thanks to UV-Vis measurements, Montes et al.

Fig. 16 UV-Vis absorption
spectra of the PVA neat films
and hybrid nanocomposite
[41]
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Fig. 17 XPS survey spectra and C 1s core-level spectra of SPI/rGO-CNF films [107]

have clearly demonstrated that the addition of 1 wt% of CNC results in a slight
decrease of material transparency compared to the former PVA [41]. Interestingly,
these authors also clearly highlighted by UV-VIS that the addition of graphene, with
CNC (1 wt% total loading) caused a higher transparency loss even at a very low
graphene content (0.05 wt%) [41].

Change on the surface chemical composition of the polymer composites have
also been widely investigated through XPS measurements [67, 78, 96, 107, 108].
For example, as shown in Fig. 17 (left) Wang et al. used high-resolution XPS survey
spectra to highlight strong interactions in hybrid composites between rGO-CNF
hybrid and soy protein isolate (SPI) chains [107]. These authors also analyze the
SPI/rGO-CNF film spectra C1 s XPS spectra, shown in Fig. 17 (right), to suggest a
potential reaction pathway of rGO-CNF with SPI matrix, which was fingerprinted
by the increase of C-OH groups peak with rGO-CNF fillers integration [107]. The
findings related to XPS measurements highlighted that the polymer matrix has a
crucial role in creating desirable interfacial adhesion in themanufacture of composite
films, revealing both covalent and hydrogen bonds thorough the whole material
structure [107].

XRD is a characterization tool to study the crystal structure, to detect the pres-
ence of crystalline phases in a material, and thus provide crucial information on its
chemical composition. Several research groups have used at most frequently used
XRD analysis to understand the crystallography structure of the hybrid polymeric
materials based on G and NC [27, 47, 86]. For example, Akindoyo et al. notified in
the case of the poly (vinyl alcohol) nanocomposites that an increase in the wt% of
graphene causes a shift downwards of the XRD pattern of PVA-CNF to the lower
angle. The authors attributed this observation to an increase of d-spacingwhich could
be related to a possible bonding interruption between PVA and CNF due to the inte-
gration of the graphene [109]. Similarly, Kumar et al. used the X-ray diffraction
to analyze pure components and hybrid hydrogels to depict the effect of material
composition on the material structure and crystallinity [36]. As shown in Fig. 18, the
synthesized GO showed a broad peak around 10.8°, corresponding to the interlayer
spacing between each GO sheet, while the CNC characteristic XRD peaks appeared
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Fig. 18 XRD analysis of a pure components and b their nanoreinforced hybrids composite [36]

at around 16.5°, 22.7°, and 34.6°. Furthermore, the authors depicted that an increase
in cellulose nanocrystals CNC content in polyacrylamide (PMC/GO-CNC) hybrid
hydrogels induces a significant increase in the characteristic peaks of CNC (Fig. 18).
In contrast, the intensity of the characteristic peak of GO is lower than that observed
with PMC-GO hybrid hydrogel [36].

5.3 Thermal Properties

The thermal properties of hybrid composites are generally analyzed through the
utilization of bothDifferential ScanningCalorimetry (DSC) and, as already discussed
in Sect. 3, TGA analysis. Essentially, each collected information (weight loss as a
function of the temperature, presence of glass transition, melting temperature, etc.)
could beused to characterize and/or identify complexmaterials, such as polymers [38,
54]. For this reason, the TGAequipmentwaswidely used to characterizeG-NCbased
hybrid to depict their composition (i.e. their organic and inorganic (filler) content),
thermal stability and behaviors over the time or over the temperature, hydration
degree, and the residual level of solvent including their moisture content [45, 86,
107]. As shown in Fig. 19, TGA analysis could be used to probe the existence of
the synergistic effect between fillers and the matrix. In this specific case, this was
observed thanks to the differences between the degradation temperature (Tonset) of
GO-CNC hybrid, Poly (vinyl alcohol) PVA, and hybrid nanocomposites. Indeed, a
synergetic effect was suspected as the Tonset for the nanocomposites films containing
only CNC or GO was always lower than that of all nanocomposites containing
CNC-GO hybrid nanofillers [14].

Briefly, DSC is a thermoanalytical technique in which the change of heat flow
into or out of a material is measured as a function of the time or temperature, while
the material sample is exposed to a controlled temperature program with the respect
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Fig. 19 TGA curves of PVA
and its nanocomposites films
with CNC and GO as hybrid
nanofillers at different ratios
[14]

of a reference [110–113]. Practically, several research groups employed DSC anal-
ysis to study the effect of hybrid fillers on glass transition (T g) and melting (Tm)
temperatures of hybrid polymer nanocomposite materials [14, 28, 41]. DSC analysis
of hybrid polymeric nanocomposite are, generally determined under nitrogen gas
with a heating rate lower than 10 °C min−1 in a wide temperature range depending
on the stability of the matrix used. For example, as shown in Fig. 20, DSC traces
could also provide some insight on the structural changes thanks to the knowledge of

Fig. 20 a Glass transition temperature, Tg, and b melting temperature, Tm, obtained from DSC
traces of PVA and its nanocomposites films with CNC and GO as hybrid nanofillers at different
ratios [14]
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Tg and Tm. In this particular example, the authors suggested that the increase in Tg

and Tm could be related to the inhibition of the mobility of Polyvinyl alcohol (PVA)
macromolecular chains resulting from the cross-linking network formed between
the PVA and GO-CNC hybrid nanofillers [14]. In other words, useful information
could be revealed by combining surface, structural and thermal properties of hybrids
nanocomposites.

5.4 Mechanical Properties

The mechanical properties of G-NC hybrid polymeric nanocomposite with different
ratios of nanofillers were analyzed by tensile testing [14, 44]. Most of the hybrid
nanocomposites present enhanced mechanical properties than those reported for
nanocomposites containing G or CNC nanofillers [14, 41, 43, 44]. For example,
Montes et al. demonstrated that at 1wt% G-CNC nanofiller loading, leading to
PVA/G-CNChybrid composite, exhibits superiormechanical properties than the neat
PVA (i.e. an increase of 20 and 50% in the tensile strength and Young’s modulus,
respectively) or even the PVA-CNC (i.e. an increase of 4% and 19% in the tensile
strength and Young’s modulus, respectively) [41]. Table 1 compares the mechanical
properties of various hybrid polymeric nanocomposites reported in the literature.
From this table, one can clearly see that in the case of the PVA matrix, GO-CNC
filler provides the best mechanical properties enhancement for the formed nanocom-
posite. This performance improvement with the respect of the former polymer is
close to that observed in the case of the SPI/rGO-CNF.

As above-mentioned, G and NC possess unique and very interesting mechanical
properties such as high elastic modulus, tensile strength, and fracture toughness.
These exciting properties of both the G and NC could explain their use in the devel-
opment of novel, sustainable and high-quality hybrid nanocomposites [32, 36, 38].
Essentially, dynamic mechanical analysis (DMA) is one of the techniques which
was widely applied to study and characterize the viscoelasticity and mechanical

Table 1 Percentage increase in polymer hybrid nanocomposite tensile properties in comparison to
neat polymer

Polymer Filler Strength (%) Modulus (%) References

PVA G-CNF 39 53 [109]

PVA GO-CNC 320 124 [14]

PVA G-CNC 20 50 [41]

PVA rGO-CNF 87 122 [43]

PLA rGO-CNC 23 29 [94]

PEO rGO-CNC 87 170 [54]

SPI rGO-CNF 281 157 [107]
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properties of polymer nanocomposites [36, 38, 47]. For example, mechanical char-
acteristics under compression mode of the GO-CNC based polyacrylamide-sodium
carboxymethylcellulose (PMC) hybrid hydrogels in the wet state were analyzed by
dynamic mechanical analysis with a preload force of 0.05 N at a rate of 3.0 N min−1

[36]. The authors reported that the polyacrylamide-sodium carboxymethylcellulose
(PMC) hybrid composite has excellent mechanical stability able to resist even under
high compression preventing their deformations, and/or having excellent and quick
shape-recovery behavior limiting apparent damage of their structure [36]. Further-
more, during this work, the authors also demonstrated that an increase in CNCs
content (from 2.5 to 10.0 wt%) in the PMC/CNC-GO hybrid composite exhib-
ited significant improvement in the compressive strength (from 91.39 to 110.5 kPa)
and stiffness [36]. This study highlights the importance of the formulation to reach
optimum properties with respect to the former fillers and matrix. Likewise, Javadi
et al. carried out compression testing by a dynamic mechanical analyzer of polyvinyl
alcohol (PVA) hybrid nanocomposite reinforced by GO and CNF [38]. During their
work, the specific compressive strength of the PVA/GO-CNF hybrid aerogels was
shown to be considerably higher than that of PVA-based aerogels (more than 6-fold)
[38]. However, it is important to notify herein, that an increase of fillers content does
not necessarily induce an improvement of the properties automaticallywith respect to
those of the polymeric matrix. For example, Akindoyo et al. clearly demonstrated, as
shown in Table 2, that PVA/G-CNF nanocomposites reach a higher storage modulus
E’ with solely 1 wt% of graphene instead of 3 wt% or 5 wt% [109]. This result could
be attributed to a potential increase of the agglomeration of graphene particles within
the nanocomposite structure as itswt%content increases driven by an overall increase
of van der Waals forces. This hypothesis seems to be also validated by looking at the
Tg values of the nanocomposites, which are all higher than pure PVA, and strongly
increase with the G content. Indeed, higher Tg is an indicator of decreased polymer
chain mobility, which is most likely due to heavy interfacial adhesion, as supported
by adhesion factor values reported in Table 2 taken from [109].

Table 2 Dynamic mechanical properties of the PVA and PVA nanocomposites comprising 3 wt%
G and CNF at different ratios [109]

Sample code E’(MPa) Max Tan δ peak Tg (°C) Adhesion factor (A)

PVA 1283 0.31 33.70 0

PVA/CNF 1819 0.19 48.03 −0.37

PVA/CNF—1% G 1477 0.56 47.14 0.88

PVA/CNF—3% G 820 2.28 77.11 6.82

PVA/CNF—5% G 633 2.30 89.83 7.07
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6 Applications of Hybrid Polymer Nanocomposites Based
on Graphene and Nanocellulose

In this section, we focus on giving an overview of the potential applications of
hybrid polymer nanocomposites, which are considered as potential technological
materials due to their lightweight, high mechanical strength, thermal properties,
chemical resistance, and extended durability [114–117]. Progress made on G-NC
hybrid-reinforced polymer nanocomposites open the door for their applications in
nanoelectronics, food packaging, energy storage, water treatment, and sensing, as
demonstrated in Fig. 21 [14, 27, 43, 118]. According to the literature, G-NC hybrid
polymer nanocomposites attract several applicationfields,while this section ismainly
focused on their more significant applications.

Fig. 21 Main application of hybrid nanocomposites based on graphene and cellulose nanocrys-
tals/cellulose nanofibrils
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6.1 Food Packaging

The development of nanocomposite based on cellulose nanocrystals/nanofibrils has
greatly advanced in the field of food packaging due to the actual growing concern
about severe environmental pollution problems. For this reason, research has been
devoted to the productionof sustainable and environmentally friendlymaterials [119–
122]. In this regard, Kassab et al. prepared different cellulose nanocrystals (CNC)
mass fractions (1, 3, 5, and 8 wt%), which were dispersed into polyvinyl alcohol
(PVA) matrix to produce PVA-CNC nanocomposite films, using solvent casting
method [59]. By adding 8 wt% CNC into a PVA matrix, an increase close to 215,
150, and 45% of Young’s modulus, tensile strength, and toughness was observed
with the respect to the neat PVA, respectively [59]. In comparison with the previ-
ously mentioned work, El Miri et al. prepared PVA hybrid nanocomposites based on
GON and CNC at different ratios [14]. In this work, due to the synergistic reinforce-
ment of the filler with the presence of GON, the addition 5 wt% hybrid nanofiller
(1:2) was enough to reach superior properties of PVA hybrid nanocomposites with
an increase observed in Young’s modulus (+320%), tensile strength (+124%), and
its toughness (159%) in comparison with the PVA matrix. However, as illustrated in
Fig. 22, the addition of the hybrid nanofiller does not seem to have a strong impact on
the elongation break of the hybrid material, as similar values to that of the neat PVA
matrixwere observed [14]. The comparison betweenPVA/CNCandPVA/GON-CNC
nanocomposite films clearly highlights the net benefits of designing hybrid polymer
nanocomposites since the synergistic effect enhanced the homogeneity of disper-
sion by preventing the agglomeration of nanofillers within the polymer matrix [14,
59]. Nevertheless, prior to be potentially used in the food packaging, its negligible
ecotoxicity and antibacterial properties must be confirmed.

However, the cytocompatibility test showed that in the case of the poly-lactic acid
(PLA), the PLA/rGO-CNC nanocomposite is not toxic to NIH-3T3 cells and as also
confirmed by the morphological analysis of the treated cells [94]. Furthermore, in
addition to being biocompatible, this later nanocomposite film seems to have antibac-
terial properties against Gram-positive Staphylococcus aureus (S.aureus) and Gram-
negative Escherichia coli bacteria (The E.coli) [94]. Consequently, these results indi-
cate that some nanocomposite films based on cellulose nanocrystals and graphene
could be selected as a viable alternative for packaging applications [94].

6.2 Water Treatment

The high growth of human population combined with the exploitation of water
resources has resulted in a shortage of freshwater supply in the world because a
growing number of contaminants including organic dyestuffs, heavymetal ions, light
metal salts, and other impurities are entering water supplies due to human activity
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Fig. 22 Typical stress-strain curves (a, b), Young’s modulus (c), tensile strength, elongation at
break (e), and toughness (f) of PVA and its nanocomposites with CNC and GO as hybrid nanofiller
[14]

[123–126]. To solve such an issue, scientists start to use the graphene in water treat-
ment processes mainly because its unique properties including: high surface area,
high thermal conductivity, superior mobility as a charge carrier, good mechanical
properties, fracture and breaking strength, specific magnetism and good chemical
stability [127–131]. Moreover, the application of nanotechnology in environmental
remediation paved the way for the development of nanostructured hybrid composite
materials based on G and NC [47, 132, 133]. In this regard, Zhang et al. prepared
G-CNC, with the help of the excellent hydrophilicity of cellulose nanocrystals,
CNC-G containing 20 wt% CNCs can adsorb water up to 100 times its weight
despite the graphene aerogel component. This unique behavior demonstrates the
strong hydrophobicity of hybrid polymer nanocomposites [47]. This pioneeringwork
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Fig. 23 a The pre-wetted GO-CNF membrane was fixed between two plastic tubes; the mixture
of hexane and water was put into the upper plastic tube. bWater selectively permeated through the
GO-CNF membrane, while the oil was repelled and kept in the upper plastic tube [134]

provides thus a promising amphiphilic graphene-based aerogel material with tunable
mechanical strength by a simple, economical, and environmental-friendly approach,
making it highly potential in wastewater treatment and pressure-sensitive materials
[47].

Similarly, Ao et al. successfully fabricated a nanoscale hierarchically struc-
tured membrane consisting of GO and electrospun CNF [134]. As a result of its
super hydrophilicity and unique structures, the resultant hybrid membrane demon-
strated high water flux and superior antifouling performance in separating oil/water
mixtures, as shown herein in Fig. 23. Furthermore, this work clearly highlights that
the prepared membrane is capable of separating oil/water mixtures in a complex
environment, such as highly acidic, alkaline, and salty environments [134].

6.3 Energy Storage

The development of novel technologies intended for the production and storage
of electrical energies are significant due to the increase in energy demand [135–
137]. Consequently, graphene has aroused interest in this energy field because of
its structure based on a monolayer of sp2 hybridized carbon atoms arranged in a
2D matrix [53, 138]. G-NC based hybrid polymer nanocomposites materials are
one of the most promising applications, in which the combination of graphene and
polymer chains seems to be a viable technological solution to design future energy
devices.Graphenemakes possible the insulator to conductor transition at significantly
lower loading by providing percolated pathways for electron transfer and making the
polymers composite electrically conductive [139]. Recent works report on hybrids
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Fig. 24 A novel type of
highly flexible and
all-solid-state supercapacitor
that uses rGO-CNF-CNT
hybrid (presented as
CNF/RGO/CNT in the
figure) [26]

based on G and NC, which may be applied for prospective applications, including
supercapacitors and transparent conducting electrode [55, 71, 140, 141]. For example,
as shown in Fig. 24, Zheng et al. developed a novel type of highly flexible and all-
solid-state supercapacitor that uses rGO-CNF-CNT hybrid aerogels as electrodes
and poly(vinyl alcohol) (PVA) gel as the electrolyte [26]. Owing to G-NC hybrid
nanocomposites superior electrochemical performance, excellent process scalability,
low cost, and environmentally friendliness, the aerogel films may be a promising
electrode material for assembling lightweight, flexible, low-cost, and rechargeable
energy-storage devices [26, 32, 76].

6.4 Sensor Technology

G-NC based hybrid composite material properties made it highly desirable for its
use in chemical sensors and “electronic noses” capable of detecting, quantifying and
distinguishing different solvents or vapors in the chemical industry, environmental
monitoring, and food industry, etc. [13, 31, 40, 93]. The 3D conductive network
of G-CNC hybrid endowed the natural rubber (NR) composites with remarkably
improved electrical conductivity (the percolation threshold is twofold lower than
that of traditional NR/graphene composites), mechanical properties and,more signif-
icantly, organic liquid resistivity response [61]. The G-CNC hybrid composite mate-
rials could provide an innovative, quick and environmentally friendly route for the
manufacture of liquid sensors capable of detecting and distinguishing specific solvent
leakage in the chemical industry as well as monitoring the environment [61, 93].

Owing to their good properties, PVA composite films reinforced with rGO-CNF
hybrid can serve to absorb and thendesorbmoisture evenpresent in an atmospheric air
[43]. As shown in Fig. 25, the presence of a water film on the rGO-CNF surface could
induce local changes into the structure and thus in resistance of composite films [43].
This is in fact due to a disruption of the strong hydrogen bond interactions between
rGO-CNF hybrid with the PVA matrix caused by the presence of water molecules.
Consequently, the decrease in the structure and the resistance of nanocomposites
could be directly related to the relative humidity leading to their utilization as effective
humidity sensors [17, 19, 43, 109]. Such findings demonstrate that G-NC hybrid
composite materials have tremendous potential in the preparation of high-precision
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Fig. 25 Schematic description of the process for improved sensitivity performance of PVA films
aided by rGO and CNF [43]

sensors, which could be transferred relatively easily to detect selectively other species
like light gases or other chemical vapors.

7 Conclusion

In summary, the preparation ofG-NChybridmaterials and composites is an attractive
research field that is moving very fast. To date, these hybrid nanocomposite mate-
rials are mainly prepared thanks to a layer-by-layer assembly, ultrasonication, or
in situ polymerization method. However, whatever the preparation method selected,
by using G-NC fillers a number of the nanocomposite’s properties are superior to
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those observed for “classical” materials, such as their mechanical, thermal, crys-
tallinity, surface-based characteristics, to cite few. Based on these enhanced prop-
erties, G-NC hybrid materials are now recognized as promising materials for food
packaging, water treatment, and energy storage applications.

However, despite the recent progress, highlighted thorough this chapter, G-NC
hybrid materials and composites face considerable research challenges that must be
solved prior to (i) reaching better synergistic effects, improved properties, and (ii)
sketching a proper industrial road map over traditional composite materials. Among
these challenges, a major one is linked to the large-scale production of graphene with
a high (maximum) purity as the presence of impurities impacts on the overall quality
and properties of the composite materials. For the development of hybrid composite
materials, the homogenous dispersionofG-NC in the polymermatrixmust be ensured
and well-controlled to minimize their agglomeration, nonhomogeneous distribution,
and interfacial interactions during the testing procedures. However, in the light of the
current advances in material sciences, one can clearly see all the potential and future
opportunities to design hybrid composites containing both the G-NC. Furthermore,
new research outcomes are expected to be reported in the near future, allowing
these hybrids to move quickly from the rank of fundamental materials to novel
technological materials offering industrial solutions to the production companies
and their users.
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Abstract In the past two decades, polymer nanocompositematerials have tired great
interest from both scientists and engineers due to their enhanced properties caused by
the addition of nanoscale fillers. New functional nanocomposites have been contin-
ually emerging in industry applications. The potential incorporation of the profits
of inorganic materials together with those of polymers can allow a wide choice of
utilization for these nanocomposites. Hybrid polymer-based nanofillers are generally
used as safe and ecofriendly tools to advance crop production in various industrial
produce. This chapter summarizes the preparation, characterization, and applications
of hybrid polymer nanocomposites based on graphene and clay. Remarkable high
elasticmodulus and fracture toughness enables theMontmorionite clay and graphene
to be used in an enormous number of promising industrial applications also as a rein-
forcing agent in polymer nanocomposites. Though, irreversible agglomeration of
Montmorionite and graphene sheets and the weak compatibility with most polymer
matrix limit its potential as a reinforcing agent to fabricate polymer nanocomposites.
Synergistic effects by the nanofillers on the nanocomposite’s properties are presented,
attempting a rationalization on the basis of the available data.
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1 Introduction

Polymer nanocomposites (PNCs) are new-emerging polymer composites consisting
of a polymer with nanofillers dispersed in the polymer matrix. The nanocompos-
ites technology includes the study of multi-phase material where at least one of the
constituent phases has a dimension less than 100 nm. The importance of nanocom-
posites lies in their multifunctionality and the possibility of achieving unique combi-
nations of properties that are impossiblewith traditionalmaterials [1, 2]. The incorpo-
ration of nano-fillers in polymer structures makes it possible to profoundly modify
their mechanical, thermal, electrical or barrier properties; which allows them to
broaden their fields of application [3–5]. Nanofillers such as carbon nanotubes,
carbon nanofibers, graphene and clay nanoparticles have been widely used as rein-
forcements for the manufacture of high-performance nanocomposites [6–8]. The
use of inorganic nanomaterials as fillers in the preparation of polymer/inorganic
nanocomposites has attracted increasing interest due to their unique properties and
many potential applications in the industrial sectors [9, 10]. Until now, the majority
of research has focused on polymer nanocomposites based on lamellar materials
of natural origin, such as montmorillonite clay or synthetic clay of double lamellar
hydroxide type. Clay and clay minerals, either as they are or after modification, are
known as materials of the twenty first century because they are abundant, inexpen-
sive and environmentally friendly [11–13]. Clay minerals have been widely used
to develop functional nanomaterials, due to the versatility of silicates to assemble
different types of active species at the nanometer scale [14]. For example, metal
oxide nanoparticles, polymers or biological components can be assembled with clays
which have given rise to a wide variety of nano architectures of interest as catalysts,
absorbents, and nanocomposites of polymer clay among other applications [15].

Recently, graphene,which consists of a single layer of graphite, has gained consid-
erable attention in the field of nanocomposite materials based on polymers because
of its great potential to improve the mechanical, electrical, thermal and barrier char-
acteristics. Gas from polymermatrices [16–19]. However, the use of this type of filler
for the development of new,more efficientmaterials can be limited by the tendency of
graphite sheets to agglomerate, preventing their good dispersion in polymer matrices
in the molten state. Consequently, several academic studies have been carried out
to increase its compatibility with polymer matrices because the properties of the
resulting nanocomposites strongly depend on the state of dispersion and the interfa-
cial adhesion between the charge and the macromolecular chains of the matrix [20,
21]. Obtaining a good level of dispersion of graphitic nanofillers in polymer matrices
is achieved by modification of the polymer, synthesis of coupling agents and/or
functionalization of graphene nano-sheets [7]. Currently, GON, Black phosphorous,
Fe3O4, nano-clay have been extensively used as a single nanofiller for improving the
properties of polymer [22–25]. In this background, it was concluded that using of
low nanofillers content (<3 wt%) improved the nanocomposites properties compared
to neat polymer. However, beyond 3 wt%, the nanofillers agglomeration phenomena
occur limiting the nanofillers reinforcing efficiency. Otherwise, the combination of
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graphene with other nanomaterials can link adjacent nanosheets and inhibit their
agglomeration, allowing the material to reach its highest potential to improve the
performance of nanocomposites [22–25]. The use of mixtures of fillers in the prepa-
ration of hybrid materials has revealed great potential for the latter in comparison
with pure matrices and with mixtures obtained with fillers taken separately [26–29].
Indeed, nano-reinforcement classical composites by montmorillonites have given
them exceptional improvements in terms of elastic modulus, mechanical resistance,
barrier properties, fire properties and thermal behavior [30–33].

It is in this perspective that this chapter is written, which presents a new way
of obtaining hybrid nanocomposite materials with polymer matrices which are very
attractive from the point of view of properties, mainly caused by the good disper-
sion of the reinforcements in the matrix. The approach we propose is based on the
combination of graphene (GNs) withMMT clay to improve the dispersion of the first
in the polymer matrices studied. The manufacturing of these kind of nanocompos-
ites based on hybridization of nanofillers, and their incorporation into the polymer
matrix, constitute a promising avenue for the development of innovative materials,
primarily by improving the mechanical properties of nanocomposite films in appli-
cations where good strength and flexibility are required, such as in applications of
‘packaging.

2 Nanocomposite Technology

The growing interest in polymer nanocomposites stems from the perfection of funda-
mental properties and, also, the development of new materials to meet different
applications. Significant changes in the properties of polymer nanocomposites have
occurred through the incorporation of nanofillers such as nanoclay, graphene, carbon
nanotubes, metal oxides and double layered hydroxide [34–36]. Nanocomposites
materials can take many forms, but they can be divided into several categories based
on the nature of the matrix, the morphology of the reinforcement and the architecture
of the reinforcement. In a nanocomposite material, the matrix ensures the cohesion
and orientation of the reinforcement. It also makes it possible to transmit to the load
the stresses to which the nanocomposite is subjected [35, 36].

Polymer-based nanocomposites are usually considered by lowermechanical prop-
erties and thermal stability [37, 38], but particular performances of the polymermatrix
may match to confer specific characteristics, in terms of transparency, fluid perme-
ability, biodegradation and optical properties, which are attractive in different fields
of application (biomedical, environmental, etc.) [39–41]. Generally, heterogeneity of
nanocomposites is attributed to the desirability of including finely dispersed fillers,
in turn, based on metallic, ceramic or polymeric nanomaterials, capable of imparting
a wide range of catalytic, magnetic, electrical, optical and biological nanocomposite
[42, 43]. The reduced size of the nanoscale fillers allows the selected properties to be
improved, while minimizing the loss of other properties of the nanocomposite. This
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simultaneously improves several desirable properties, namely conductivity, perme-
ability, bioactivity, UV protection, flame retardancy by properly dispersing different
types of modified nanofillers [42].

The classification of nanomaterials is based on dimensions, which lie in the nanor-
ange (100 nm). They include the following: (a) 0D materials with all dimensions at
the nanoscale, i.e. no dimension greater than 100 nm. The most common example
of 0D nanomaterials is the nanoparticle. These nanoparticles can be amorphous
or crystalline, ceramic, metallic, or polymeric. (b) 1D materials have at least one
dimension in the nanometric range. They include needle-shaped materials having
a nanoscale dimension such as nanoplatelets, nanorods, nanoclays and nanosheets.
(c) 2D two-dimensional materials in the nanorange. They are nanofibers, nanotubes,
nanorods and whiskers. (d) 3D materials characterized by the three dimensions in
the nanorange. Some examples of them are nanogranules, nanoclays and equiaxed
nanoparticles. Nanomaterials can be crystalline or amorphous or polycrystalline [44].
They can be composed of single-phase or multiphase chemical elements. They can
come in various shapes and forms and composed of different constituents, including
metals, ceramics or polymeric materials.

The fabrication of hybrid nanofillers nanocmposites is beneficial to improve the
uniform dispersion of the elementary nanofillers among hybrid nanofillers in the
polymer matrix. Hybrid nanofillers and nanocomposites are composed of two or
more materials. As the nanofillerss have small size, large surface area, high surface
energy, high chemical activity and instability; surface atoms on nanofillers have
many unsaturated electrons or empty orbits, and will cause surface defects affecting
the nanoparticles’ nature [45–47]. Hybrid nanofillers can cover surface defects, and
offer higher stability [48]. Therefore, hybridization of nanofillers have great poten-
tial in applications. These various components can be molecules, oligomers or poly-
mers, aggregates, or even particles. These materials are therefore nanocomposites, or
even composites on a molecular scale. The hybrid nanocomposites can be classified
according to several criteria: thus, depending on the chemical, physical composition,
dispersion/distribution of fillers, affinity between fillers and matrix [49, 50].

3 Challenges in Processing and Manufacturing of Polymer
Nanocomposites

Nanocomposite materials have the potential to redefine the field of conventional
composite materials that in terms of manufacturing process, performances, and
industrial applications. Due to their exceptional outstanding properties polymer
nanocomposites have tremendous market potential specially as a replacement for
current composites and for creating new markets, while the advance of processing-
manufacturing technologies in terms of quantity and value for marketing will be one
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of the major challenges. The major problems encountered in polymeric nanocom-
posite materials are the dispersion of nanofillers in the polymer matrix, the compat-
ibility between nanofillers and polymeric matrices or chemical adhesion and the
degree of dispersion and distribution of nanofillers. Homogeneous dispersion of
nanofillers in the polymer matrix using existing mixing techniques is very difficult
due to the strong tendency of fine fillers to agglomerate [51].

Degassing is another serious issue when processing a nanocomposite. The air
trapped during the driving of the material at molten state into the mold, with a
highly viscosity character, (5–10% by weight clay in the matrix), inductees damage
(cracking) and rupture of the material which can occur under low stresses. To maxi-
mize anisotropic (unidirectional) properties such as modulus, strength, and tough-
ness, it is indispensable to align the nanofillers in the nanocomposite matrix. To
advance distribution/dispersion and compatibility in polymer matrix, nanofillers are
being treated and functionalized.

Even more, there is still an absence of real-time characterization instrumentation,
methods, tools, as well as a deficiency of affordable infrastructure (equipment, facili-
ties, qualified personnel, design tools). In general, they exist twomajor problems and
have not yet been resolved: (1) The existence of a chemical bond (chemical compat-
ibility) between the nanofillers and the matrix (2) The conservation of the intrinsic
properties of nanofillers (mechanical, electrical and thermal properties) if there is a
chemical bond between the nanofillers and the matrix. To increase the mechanical
properties of advanced nanocomposite materials, many works have to be profoundly
examined and this is certainly a challenging area for all scientist working in the
composite’s community [51]. Clay and Graphene are a multifunctional reinforcing
material that can improve the chemical and physical properties of polymer matrix
(structural, mechanical, thermal, electrical) with low content.

3.1 Reinforcing Effect of Nanofillers in Polymer

This paragraph investigates the “nano effect” on the mechanical properties of the
polymer matrix, especially a summary of the mechanical mechanism and behavior
regarding nanocomposites, as example nanocomposites based on epoxy resin and
filled with different nanofillers will be reported. In a previous review article [23, 51,
52], it was demonstrated that depending on the type of nanofillers, the integration
of nanofillers has a substantial effect on the rigidity and strength of nanocompos-
ites. Critical factors such as preserving a homogeneous distribution/dispersion, good
affinity and chemical compatibility between nanofillers and matrix and also a good
adhesion between them are highlighted. The effect of surface functionalization, its
relevance and its hardening mechanism were also examined and discussed.
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3.1.1 Clay in Polymer Nanocomposite

Clay is a mineral from the silicate family, more precisely phyllosilicates (silicates in
layers). Their structure can be identified by X-ray study; it is characterized by the
superposition of sheets composed of tetrahedral or octahedral layers. In the space
between the layers, or interfoliar space, are placed various cations such as K, Na,
Ca. The clay is generally obtained from the alteration by water of other silicates
(except quartz). It is for this reason that it is found systematically in soils and surface
formations. An ultra-fine detrital mineral, it is also found very frequently in sedimen-
tary rocks. Mixed with another mineral such as calcite it will form marl. Roughly
speaking, clay minerals are essentially microcrystalline secondary minerals based
on hydrous magnesium or aluminum silicates and carry negative charges that have
sheet-like structures with very fine particle size and a general chemical formula (Ca,
Na, H)(Al, Mg, Fe, Zn)2(Si, Al)4O10(OH)2–xH2O, where x represents the variable
amount of water.

Polymer/clay nanocomposites are two-phase systems, made up of a polymer
matrix and nanofillers distributed and dispersed in the matrix. The most regularly
used inorganic nanofillers in polymer nanocomposites belong to a family of 2:1
phyllosilicate, which have a sheet silicate structure. Montmorillonite, vermiculite
and hectorite are among the most usually used nanofillers in polymer clay nanocom-
posites [11, 32, 53]. The manufacturing of a nanocomposite needs a homogeneous
distribution/dispersion of the fillers in the polymermatrix at the nanometric scale [24,
54]. The exceptional performance of montmorillonite clay as a matrix reinforcement
is resolute by its large specific surface area and high aspect ratio. The coating with a
surfactant, such as quaternary ammonium salts, helps to expand the chemical compat-
ibility and consequently to offer a strong interfacial adhesion between the clay and
the polymer macromolecular chains, thus contributing to good reinforcement effect
and hence good barrier properties [2, 37–43].

Based on the degree of the clay dispersion and structure, there is existence of three
kinds of nanocomposites morphologies as: intercalated, exfoliated and aggregated
structure. In the intercalated structure, clay is delaminated to some extent: thus,
polymer chains candiffuse into the galleries between them.However, in the exfoliated
structure, clay is completely broken apart into single layered platelets, which are
homogeneously distributed/ dispersed in the matrix. The exfoliated structure is the
most desirable state as it can provide excellent thermal and mechanical properties
at very low clay contents [33]. Finally, in the aggregated structure, clay is well
distributed in the polymer matrix, but the single clay layers are not delaminated.

In general, most polymer nanocomposites are in a state between intercalated
and exfoliated [55]. Due to the enhanced properties of the resulted nanocomposites
which have advantages compared with the neat polymermatrix, in terms of improved
mechanical, thermal and barrier properties. Based on this results the polymer
nanocomposites has become one of great interest in food packaging applications
[56].

Clay nanoplatelets Montmorionite (MMT) is a layered alumina silicate. The
chemical structure of MMT contains two fused silica tetrahedral sheets sandwiching
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an edge shared octahedral sheet of either aluminum or magnesium hydroxide and
an interlayer region containing Na1 or Ca21 [55]. Each layer is about 1 nm thick
with a lateral dimension of 100–1000 nm [55]. Montmorillonite is widely used as
filters, adsorbents, catalysts, encapsulation of functional substances molecules, rein-
forcement agent in polymer nanocomposites, and organisms [57–59]. Also, being
hydrophilic, MMT has swelling, intercalation, and ion exchange properties [59].
Nonetheless, this clay (MMT)has exceptionalmechanical strengths andoptical trans-
parency, as well as being relatively cheap. It can also be dispersed and pre-treated
in common solvents and even in an aqueous environment [55, 60, 61]. Addition of
clay as fillers into the polymer matrix has been widely demonstrated to improve
thermal, mechanical and rheological properties [8, 62]. In a recent research Raji el
al. [63] investigated the effect of organically modification of three kind of clay as
montmorillonite, halloysite and sepiolite. These clays were used as nanofillers for
PP at different concentration (1–5 wt%). According to the experimental data, all the
used clayswere successfully intercalated using the silanemolecules by decreasing the
size of the clay nanoparticles, by changing their chemical composition and increasing
their spacing d. The efficiency of the silylation process as a goodmeans of improving
the matrix-nanofillers interaction was demonstrated by comparing the mechanical
characteristics of clay nanocomposites before and after grafting with organosilanes,
and the results showed that theYoung’smodulus of PP increases from1034MPa to an
optimum 2657.9, 2716.8 and 2956.5 MPa at 5 wt% for MMT, Hallo and SEP corre-
sponding to a percentage gain of 157, 162, 186%, respectively. Though, in the case of
functionalized-clays nanocomposites, the Young’s modulus of PP was higher than of
the neat clay’s nanocomposites at the same clay concentration. Authors conclude that
that the addition of the nanoorganoclay allows improving the proprieties of silane
grafted clays nanocomposites, which can endorse better interfacial adhesion between
the organoclay and the polypropylene and their great spatial dispersion-distribution.
Many research efforts have explored improving the performance of thermoplastic
nanocomposites by adding clay as nanofillers [53, 57, 64]. Clay nanoplatelets have
shown good performance, which allows remarkable improvements in the properties
of polymer matrices. There are many types of clay which depend on their structure.
Although all clay minerals contain two types of leaves (leaves), the tetrahedron (T)
and the octahedron (O). In general, the structure of the clay and the size of the clay
had a clear effect on the mechanical and thermal properties of the nanocomposite
[63]. The montmorillonite powder was subjected to scanning electron microscopy
(SEM) to study themorphology of their granules. A small amount ofmontmorillonite
powder was poured over the carbon tape, then the excess was blown off with an air
gun to ensure that small pieces of powder remained on the tape. An overall view
using the micrographs of the clay powder can be observed in Fig. 4. However, the
stronger nanoplatelets intermolecular forces, that is a cohesive tension which makes
an attempt to the clay nanoplatelets to aggregate and to form the agglomerates [65].
Figure 1 show that the montomorillonite possess a plate-like morphology with nano-
metric size. The used clay as nanofillers is a local variety (density of 1.63 g/cm3)
with diameter average of 12 μm (Fig. 1). This type of clay was more effective than
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Fig. 1 SEM image of Montomorillonite

talc to enhance the mechanical and thermal properties of the polymer matrix [63,
66].

To investigate the structural properties of the chemical nature of the used MMT
the FTIR study was done and presented in Fig. 2. The FTIR spectra shows intensive
vibrations in the bands of 3620, 1645,1416, 1134, 1007, 881, 874, and 778 cm−1.
The bands near 3620 and 3400 cm−1 are the indicative of montmorillonite which
corresponds to Al O–H stretch vibrations, for bound water and Al2OH on MMT
[67]. The band in the region of 1645 cm−1 is attributed to the –OH bending mode of
adsorbed water [68]. The peak at 1416 cm−1 belongs to the C–O stretching vibration
in calcite [69]; whilst the absorbance at 1134 cm−1 is assigned to Si–O stretching,
out-of-plane Si–O stretching mode of montmorillonite [70]. The band at 1004 cm−1

is typical of Si–O–Si and Si–O–Al lattice vibrations stretching (in plane) vibration
for layered silicates [71]. The IR bands at 945, 814 and 719 cm−1 are attributed to
Al–Al–OH, Al–Fe–OH and Al–Mg–OH bending vibrations [68].

The recognition of chemical components and crystallographic structure of
MMT clay was performed by X-ray diffraction analysis (XRD). Diffraction
patterns were analyzed using X’Pert High Score software. The X-ray diffrac-
tion pattern of MMT (Fig. 3) shows the characteristic peaks of quartz (SiO2)
and other associated clay minerals such as dolomite (MgCa(CO3)2), Illite ((K,
H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2, (H2O)]), and Calcite (CaCO3).

Figure 4 investigates the thermal degradation behavior of Montomorillonite by
using a Thermogravemetric analysis test. It is observed from this figure that the
thermal decomposition occurs in two major steps: the first one around 82 °C (14%
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Fig. 3 X-ray diffraction ‘d’ values of Montomorillonite
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Fig. 4 Thermogravemetric analysis of Montomorillonite

weight loss) is due to free water and interlayer water residing between the alumi-
nosilicate layers and related to the hydration spheres of the cations [72], while the
second weight loss between 500 and 700 °C (2% weight loss) is due to dehydrox-
ylation of the aluminosilicate lattice [71]. One can, therefore, conclude that MMT
exhibits excellent thermal stability, with a maximum weight loss of around 20% at a
temperature of 800 °C.

3.1.2 Graphene Nanoplatelets

Graphene is a monolayer of sp2-hybridized carbon atoms arranged in a two-
dimensional lattice. It can be produced by the exfoliation of graphite nanosheets
[51, 73]. Graphene can also be stretched at an elongation of approximately 20%
of its initial length and has exceptional thermal and mechanical properties with a
Young’s modulus of 1 TPa [23, 73] and tensile strength of 130 GPa, and it is the most
mechanically resistant material. It has a thermal conductivity of about 5000W/(mK)
and a high electrical conductivity up to 6000 S/cm [74]. In addition, graphene has
a high specific surface (theoretically the measured value is 2600 m2/g) and high
impermeability to gas. The most important properties of a graphene nanoplate are
summarized in Table 1.
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Table 1 Properties of
graphene nanoplate [51, 74]

Properties Values

Dimensionality 2D

Young’s modulus ∼1 (TPa)

Strength ∼130 (MPa)

Thermal conductivity 5.103 W/(m K)

Electrical conductivity 6.103 (S/cm)

Gas permeability Impermeable

Due to its two-dimensional structure, Graphene has rapidly become one of the
most popular materials for technological application due to it excellent thermal,
mechanical and electrical properties [20, 22]. Graphene has become a preferred
and significantly better nanofiller for polymers than other nanocarbon and inor-
ganic nanofiller materials. But, this application of graphene is hampered by the poor
solubility of graphene in most common solvents. Also, the large surface area of
graphene results in significant aggregation and agglomeration of the nanosheets in
a polymer matrix due to large van der Waals interactions. A challenge is to achieve
good dispersion and distribution of the atomically thin sheets of graphene within the
polymermatrix, to remedy this problem an appropriate surfacemodification has been
applied to produce graphene oxide (GO) nanosheets [75–77]. These are quasi-two-
dimensional honeycomb lattice materials with oxygen containing functional groups
(such as hydroxyl, epoxide, carbonyl and carboxyl) on their basal planes and edges.
These functional groups are effective in improving interfacial bonding between the
GOnanosheets and the polymermatrix. Hence, exfoliation and a uniformly dispersed
structure canbe achieved [78, 79].Due to excellent barrier properties, graphene-based
nanocomposites have significant potential not only in packaging applications but also
in sensitive electronic devices, such as organic light emitting diodes (OLEDSs) [80,
81]. The effect of graphene on the thermal, mechanical and rheological behavior of
polymer nanocomposites has also been recently studied by several research groups:
it has been verified that the incorporation of graphene nanoplatelets increases the
performances of neat polymer, confirming graphene as an effective reinforcing agent
for polymers matrix, while a study on particle size effect and fracture behavior of
polymer graphene nanocomposites has shown that fracture toughness increases with
decreasing particle size of graphene nano-platelets [20, 24]. In other studies, it has
been confirmed that better dispersion of graphene in matrix gives higher fracture
toughness and fracture energy.

Essabir et al. [51] have investigated the effect of graphene as nanofillers
into polypropylene (PP), high-density polyethylene (HDPE), polyvinylidene fluo-
ride (PVDF), and polyamide-6 (PA6)/acrylonitrile–butadiene–styrene (ABS) blend
polymer matrix. The study focused on the graphene nanocomposites manufactured
by extrusion and a solution blending method, followed by the casting–evaporation
approach. Authors conclude by a close investigation of all properties of the manufac-
tured nanocomposites. The structural, thermal, mechanical, and electrical properties
of the manufactured nanocomposites were greatly improved by the addition of small
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mass fractions of graphene nanosheets (<3%). And as conclusion the authors illus-
trates that the effectiveness of graphene nanofiller as reinforcement to achieve specific
properties in polymer nanocomposites produced by the extrusion process.

The most promising methods for producing large quantities of graphene
nanosheets are based on exfoliation and reduction of graphite oxide (OG). Graphite
oxide is made up of a stack of graphene oxide sheets, whose space between these
is between 6 and 10 Å [74, 75]. It has also been produced by alternative methods]
in which graphite is oxidized using strong oxidants such as KMnO4, KClO3 and
NaNO2 in the presence of sulfuric acid (H2SO4) or its mixture with nitric acid
(HNO3). Since its discovery in 2004, several processes for the synthesis of graphene
have been developed. Indeed, the production of this material can be carried out using
one of the methods listed below [75]:

• Chemical vapor deposition (DCV);
• Chemical conversion;
• Reduction of carbon monoxide (CO);
• Decompression of carbon nanotubes;
• Separation/exfoliation of graphite or graphite derivatives (graphite oxide (OG) or

graphite fluoride.

The production of graphene nanosheets (NFG) from natural graphite through the
chemical oxidation path of graphite has been confirmed by X-ray diffraction. The
intermediate product of OGwas taken from the reaction flask after the oxidation step.
After washing and drying, the graphite oxide powder was examined by XRD and the
result obtained was compared with that of natural graphite in terms of interplanar
space. Figure 5 shows the DRX spectra of the products studied. The X-ray spectrum
of the graphite powder shows the hexagonal structure according to the orientation

Fig. 5 X-ray spectrum of graphite, graphene oxide, graphene nanosheet
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Fig. 6 Images of GNs: a SEM and b TEM

(200), as was revealed by the single peak at 2θ = 26.23° which corresponds to
a spacing of ~0.34 nm between graphite planes [74, 75]. During the oxidation of
graphite to graphite oxide, an increase in the interplanar space is observed due to the
formation of groups containing oxygen and water molecules interposed within the
layered structure, with a displacement from the 2θ peak from 26.23° to ≈10°. This
corresponds to a new interplanar distance of 0.9 nm in the graphite oxide structure.
Furthermore, the absence of any secondary peaks indicates that the graphite has been
completely oxidized [74, 75].

The morphology and structure of graphene nanosheets (NFG) obtained by the
chemical reduction of graphene oxide was observed by the transmission electron
microscope (TEM) showing the existence of planar structures individual nanosheets
(Fig. 6), and it is clear that the nanosheets are gathered together with crumpled
structures due to their planar geometries, with a thickness less than 1 nm [74, 75]. As
mentioned above, the reduction of graphene oxide nanosheets (GNs) often results in
a gradual decrease in their hydrophilicity; whichmakes the graphene nanosheets thus
obtained very hydrophobic, resulting in significant agglomerations of the individual
nanosheets.

The structure and properties of graphite depend on the particular synthesismethod
and the degree of chemical oxidation. It generally retains the layered structure of
graphite, but the surface of the layers is oxygenated and the spacing is approximately
two to three times greater (0.65–0.9 nm) than that of graphite. This increase in
the spacing comes from the intercalation of the oxygen-containing groups between
the layers of graphite thus weakening the van der Waals forces between the layers
which allows easy exfoliation via sonication in an aqueous or organic medium. As
previously mentioned, graphite oxide is the intermediate material for the preparation
of graphene nanosheets and graphene oxide. However, the graphite oxide product,
in dried powder form, was characterized by the FT-IR technique to determine the
nature of the groups formed during the oxidation (Fig. 7).

The IRTF spectrum obtained for graphene oxide is shown in Fig. 8. The exis-
tence of several transmission bands confirms the presence of a variety of oxygen
groups on the surfaces and edges of each graphene oxide plane [82]. The bands
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Fig. 7 FTIR spectrum of graphite and graphene oxide

Fig. 8 FTIR spectrum of graphene oxide and graphene nanosheets
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at 3680 cm−1 and 1410–1280 cm−1 are attributed to the O–H hydroxyl group [74,
75]. The intense band at 1713 cm−1 is attributed to the elongation vibration of the
carbonyl group (=O), the band at 1612 cm−1 is attributed to the bond C=C, and
the vibrations at 981 and 1036 cm−1 are assigned to the epoxy group [74, 75]. In
addition, several vibration bands of the C–H bond can be observed around 2000–
3340 cm−1 [51]. Finally, the band at 3650 cm−1 is allocated to the water molecules
[51]. It is clear that the two spectra have the same transmission bands, because there
is no difference between them in terms of chemical composition; which confirms
that the same oxygen groups are still present in the structure of exfoliated graphene
oxide. Consequently, the coupling between the DRX technique and that of IRTF for
graphite oxide and graphene oxide exfoliated in DMF shows that there is only one
difference between the two products, it is the elimination of stacking in layers after
the exfoliation of graphite oxide into graphene oxide nanoplans.

Thermogravimetric analysis (ATG) was used to examine the thermal stability
of the carbonic derivatives studied in this part (graphite, graphite oxide, exfoliated
graphene oxide and graphene).

Figure 8 shows the ATG curves obtained in air for graphite, graphite oxide, and
graphene. The thermal stability of graphite oxide and graphene was compared with
that of graphite. From Fig. 3, for graphite we observe an onset of mass loss at a
temperature around 650 °C by the carbon combustion mechanism leading to the
formation of carbon dioxide (CO2). Graphite oxide is thermally unstable, it breaks
down in three stages [7, 21]. The first degradation is attributed to the decomposition
of the water molecules, presented in the graphite oxide structure, at a temperature
around 100 °C; which corresponds to a loss of ~5%. The second stage of degradation
begins around 200 °C where a considerable loss of mass (~30%) has occurred,
corresponding to the decomposition of the functional oxygen groups. The final mass
loss around 550° is attributed to the oxidation of carbon. Finally, graphene shows
high thermal stability, with a low mass loss (5%) observed around 300 °C revealing
the oxidation of amorphous carbon in the graphene sample [74, 75]. It should be
noted that graphene shows a lower thermal stability than that of natural graphite, this
is probably due to the size effect (Fig. 9).

4 Hybrid Nanocomposites Properties

The final properties of nanofillers-based polymer nanocomposites depend strongly
on the processing technique in the course of nanocompositemanufacturing. The func-
tionality of nanofillers components is critical to lower filler loading rate,making them
highly dispersed and organized sheetswithin polymermatrix to enhance overall prop-
erties of nanocomposites. In particular, the mechanical properties such as Young’s
modulus, tensile strength, strain at yield, and flexural strength depend on the specific
aspect ratio, surface area, organization, and loading content of graphene materials.
Dispersion, distribution, component affinity, and morphological properties are all
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Fig. 9 TGA curves of graphite, graphene oxide and graphene nanosheets

of great importance in determining the ultimate stiffness, strength, ductility, and
toughness of polymer nanocomposites under various nanofillers content.

Many Recent literature studies on development and characterization of a new
hybrid nanofillers nanocomposites formulation have mainly focused on thermoplas-
tics and thermosets [7, 83–85]. To have a successful hybrid nanocomposite in terms of
performances the major key the synergistic effect of various nanofillers to improving
the physico-chemical properties.

The dependence between intrinsic properties of each nanofiller, in term shape,
size, surface characteristics, and the way they are combined have a direct impact
on a change in morphology and microstructure of the resulted material. In general,
an interconnected 3-D microstructural lattice can be formed when two kinds of
nanofillers are combined in a hybrid nanofiller, which radically affects the properties
of the final nanocomposites [83–85]. Presently, numerous hybrid nanofillers have
been used as reinforcements for high performance nanocomposites. Generally, the
use of such hybrid nanofillers as a dispersed phase was achieved in order to increase
the final properties of the formulated nanocomposites, to introduce some new prop-
erties, or to resolve some specifics difficulties lie to the agglomeration phenomenon
and/or interfacial adhesion [86, 87].

Hybrid nanocomposites were prepared using numerous quantities of Graphene
nanosheet and MMT. In this instance, different clay (MMT) and GNs ratios (see
Table 2) were mixed with PP using a heated internal mixer (ThermoHaake Rheomix,
Germany). The blending conditions were set at 200 °C and 60 rpm for 50 g of
compound in each case. Under these conditions, a homogeneous dispersion and
distribution of both clay (MMT) and GNs can be achieved in PP. The matrix was
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Table 2 Composition of the
studied formulation (wt%)

Ratio PP MMT GN

3:0 97 3 0

2.25:0.75 97 2.25 0.75

1.5:1.5 97 1.5 1.5

0.75:2.25 97 0.75 2.25

0:3 97 0 3

introduced first in the mixing cavity. After 30 s, clay (MMT) and/or GNs were care-
fully introduced and blended for 5 min. At that point, the measured torque was
constant. The rolls are then stopped and the nanocomposite was removed from the
heated chamber before being cut into small pieces for hot press molding. Compres-
sionmoldingwas done in an automatic CARVERpress under the following operating
conditions: steel mold with dimensions of 100mm× 100mm× 1.5 mm. Both upper
and lower plates were heated to 200 °C, after which a force of 2000 lbs was applied.
Finally, the nanocomposites were cooled to room temperature by air followed by
water cooling.

4.1 Morphological and Structural Properties

For polymer nanocomposites, the degree of improvements (structural, thermal,
mechanical, and electrical properties) is strongly related to the dispersion/distribution
of graphene and the nanocomposite microstructure. The morphological character-
ization is important to establish structure–property relationships for the manufac-
tured materials. Scanning electron microscopy was used to examine the disper-
sion/distribution of used nanofillers (clay and GNs) in the polypropylene matrix.
Figure 2 illustrates distinctive SEM images (differentmagnifications) of the cryofrac-
tured surface of the nanocomposites. Thus, the SEM can provide information on
the degree of adhesion between graphene and polymer. It can be realized that the
surfaces are relatively rather rougher and tortuous, in the other hand it is clear the
homogeneous dispersion of MMT and GNs inside PP was achieved and no clear
filler aggregates can be observed, which might indicate that the melt compounding
conditions were optimum to manufacture these hybrid nanocomposites and should
lead to good nanocomposite properties.

In comparison with microscopic techniques (SEM), the FT-IR can provide a
faster insight into degree of interfacial adhesion by creation of a novel’s bands
between nanofillers and matrix. The FTIR spectrum of the MMT, GNs, PP, and
hybrid nanocompositesare shown in Fig. 10. The bands at 3364 and 1326 cm−1 be
attributed respectively to the stretching and the in-plane deformation of the O–H
bonds in hydroxyl groups [4]. The peaks around 1623 cm−1 can be assigned to the
stretching vibration of C=O in carboxyl groups, while the band at 1104 cm−1 corre-
spond to C=O in epoxide [4]. The PP spectrum presents typical bands at 2950–2838,
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Fig. 10 SEM images of hybrid nanocomposites based on MMT and GNs (1.5:1.5)

1455–1453, and 1376 cm−1 which are assigned to C–H stretching, –CH3 bending,
and C–H bending, respectively [4]. Furthermore, the FTIR spectra of all hybrid
nanocomposites show the presence of a new band at 1118 cm−1 compared to neat
PP. This new band is attributed to the stretching vibration of Si–O, Si–O–Si, and the
deformation of hydroxyl groups due to the introduction of montmorillonite in PP.

4.2 Mechanical Performances

The mechanical strength of a material is a function of many aspects: the most signif-
icant of them are the intrinsic strength of the atom–atom bonds and the absence of
structural defects in the lattice. Defects play a considerably vital role in tensile failure
progressions, since in order to break a defect-free specimen, it would be critical to
overawed any cohesive forces present in the surface perpendicular to the tensile
load. In fact, the presence of faults greatly reduces the resistance required to break
the sample. Therefore, to allow nanofillers to fail under tensile load, it is necessary
to break all carbon–carbon covalent bonds which are recognized as the strongest in
nature [20, 30, 51, 61, 74, 88].

Tensile tests were used to show the effect of the hybridization of Graphene
and MMT on the Young’s modulus, tensile strength, and strain at yield a func-
tion of MMT/GNs content. From Fig. 11a, it is clear that the Young’s modulus of
all hybrid nanocomposites (1590–1840 MPa) are much higher (53–78%) than neat
PP (1034MPa). The hybrid nanocomposites have intermediate values between those
extremeswhich increasewithGNs addition, thus confirming that a unique synergistic
effect of the GNs:MMT hybrid nanofillers on the reinforcing of the PP was clearly
observed. Logically, the increase of the Young’s modulus with the lowMMT or GNs
content (3 wt%) is attributed to their respectively high intrinsic properties in terms
of rigidity. The obtained gains are closely related to the good dispersion/distribution
and high aspect ratios of both nanofillers into the polymer matrix [20, 30, 61]. So,
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Fig. 11 FTIR spectrum of neat PP and hybrid nanocomposites (MMT: GNs)

compared to GNs or MMT, the hybrid nanofiller showed a positive properties in
strengthening the PP nanocomposite, at the same level of filler (3% by weight). This
is due to the synergistic effect induced by the combination of NG and MMT. Such
synergistic interactions led to the formation of an interconnected network structure,
which explains the very strong increase in tensile properties of the PP matrix. In the
MMT-reinforced nanocomposite, the relatively inferior mechanical properties were
due to agglomeration. These agglomerates can prevent efficient transfer of charge to
the nanosheet and can cause a decrease in the aspect ratio. In addition, the interfacial
adhesion between the hybrid nanofiller and the polymer matrix could be improved
[20, 30, 51, 74]. As a result, the network of hybrid nanofillers acts as an effec-
tive reinforcement in the parent system, which provides superior tensile properties
than hybrid nanocomposites. In this case, efficient stress transfer occurred from the
polymer chains to the hybrid dispersed nanofiller, which provided additional resis-
tance to the nanocomposites [20, 30, 51, 74]. In consequence, the hybrid nanofiller
network acts as an efficient reinforcement in the parent system, which provides
superior tensile properties to the hybrid nanocomposites. In this case, effective stress
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transfer occurred from the polymer chains to the dispersed hybrid nanofiller, which
provided additional strength to the nanocomposites.

FromFig. 11b, the studied tensile properties were affected by the variation ofmass
ratio ofGNs andMMT in the hybrid nanofillers. Notably, the reinforcing efficiency of
hybrid nanofillers is higher than that of GNs andMMT, because the hybrid nanocom-
posite shows the superior improvement of the tensile properties, while the relatively
inferior improvement is observed for the GNs nanocomposite, thus confirming that
the synergetic effect was more pronounced in the hybrid nanofiller containing an
equal amount of GNs and MMT (1.5:1.5). This result is due to the extremely small
thickness of flat GNs (two-dimensional geometry) leading to a wrinkled topography
at the nanoscale, resulting in an improved mechanical interlocking/adhesion at the
nanosheet-matrix interface [30, 61, 74, 88]. In addition, GNs has higher specific
surface area compared to MMT resulting in a substantial interphase zone around
each nanosheet in PP/GNs nanocomposites for which the mobility of the matrix
polymer chains was reduced.

Interestingly, the strain at yield of PP was also affected by the addition of different
hybrid nanofillers. the value decreases (from 4 to 1.5%) with increasing GNs content
in the hybrid nanocomposites. This trend (Fig. 11b) can be related to several factors,
but graphene nanosheets have very high intrinsic mechanical properties with excep-
tionally high surface area making them good nanofiller for the enhancement of the
mechanical properties of a polymer matrix. However, increasing stiffness gener-
ally lead to lower ductility/deformability of the resulted nanocomposites. Finally,
it can be stated that the combination of stiff nanofillers like GNs with clay confer-
ring more ductility is a good compromise between the mechanical properties the
nanocomposites using GNs or MMT alone.

Dynamic rheological measurements can be an effective tool to quantify the
dispersion of graphene into polymer systems. In linear viscoelastic behavior, elastic
modulus (G′) at low frequency can give very important information about the quality
of graphene nanosheets dispersed within the polymer matrix; however, the develop-
ment of a linear plateau level of G′ at low frequency is an indication of the rheolog-
ical percolation threshold that is connected with the formation of an interconnected
network of graphene nanosheets [61, 88]. The percolation threshold determined from
the G′ measurements can be used to roughly quantify the dispersion and the level of
interaction between graphene nanosheets and the polymer chains. The same obser-
vations can be provided by measuring the complex viscosity of the nanocomposite
polymer systems.

Figure 12a, shows the effects of the nanofillers on the torsion modulus (G*) of
the nanocomposites. As for the tensile modulus, a significant increase in the torsion
modulus is obtained with clay/GNs addition. Thus, large-scale polymer relaxations
in the nanocomposites were effectively restrained by the presence of the nanofillers.
It can be seen that the complex moduli (at 1 Hz) of the hybrid nanocomposites show
intermediate values between that of MMT (2.7 × 105 Pa) and GNs nanocomposites
(3.8 × 105 Pa). However, GNs is more effective in restraining the PP polymer relax-
ations than MMT. This is due to their higher surface area and higher aspect ratio
compared to clay. Together with its high surface area and nanoscale flat surface,
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Fig. 12 Tensile properties of MMt and GNs hybrid nanocomposites
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GNs led to stronger interfacial interactions with the PP and thus substantially larger
influence on the chain motion of the host polymer [4, 20]. The shear stress from the
torsion torque is applied at the nanofiller/matrix interface which is stronger for GNs
leading to higher torsion moduli compared to clay nanocomposites.

Moreover, the frequency also plays an important role in the nanocomposite’s
response. It is clear from Fig. 12b, that G* increases with increasing frequency. This
can be explained by the viscoelastic behavior of polymer nanocomposites; i.e. the
behavior is more solid-like at higher frequencies for which the polymer molecules do
have not have enough time to relax and follow the deformation imposed [4, 20]. This
can be better detected in Fig. 4b via tan δ curves. It can be seen that tan δ is not much
affected by the composition (almost constant tan δ at any MMT/GNs ratio). On the
other hand, tan δ decreases with increasing frequency indicating that the materials
have a more elastic character over a viscous behavior (Fig. 13).

5 Conclusion

This chapter highlights the reinforcing efficiency of graphene nanosheets and Mont-
morionite clay in polymer nanocomposites, especially a method of addressing the
dispersion problem, since thesewater-dispersible nanofillers, at high loading content,
tends to agglomerate within the polymer matrix. In this chapter we demonstrated that
the combination of Montmorionite (MMT) and GNs in a novel hybrid nanocom-
posite was highly operative to overcome the agglomeration and poor dispersion and
distribution phenomenon. An extensive discussion has been provided on themechan-
ical and rheological behavior of polymer matrix containing those hybrid nanofillers.
Reasonably, the results obtained for the hybrid nanofiller reinforced nanocomposite
were largely greater compared to those found for nanocomposites containing either
MMT or GNs nanofillers, at the same loading level. This result was attributed to the
synergistic effect between nanofillers which progresses the distribution/dispersion
homogeneity by avoiding the agglomeration ot the nanofillers within the polymer,
resulting in nanocomposites with heightened properties. If this can be realized, more
applications can benefit from using these hybrid particles.

The preparation of these hybrid nanofillers and their integration into a polymer
provided an original method for the development of novel multifunctional nanocom-
posites based on the combination of existing nanomaterials, mainly by improving the
mechanical properties of nanocomposite films in applications where good strength,
ductility and reduced moisture absorption are required.
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Fig. 13 Rheological properties on torsional mode of hybrid nanocomposites
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Abstract Microbial infection and colonization due to the bacteria are considered
as a serious issue in the biomedical equipment’s and food packaging industry which
causes threat to the human health and affects the food quality. In the recent years,
bacterial microorganisms having strong resistance against the antibiotics have also
been identified. Silver nanoparticles are the most promising materials to resolve this
issue due to their inherent anti-microbial characteristic. Current advancements in
nanotechnology paved the way for the innovation of functional nanomaterials with
the unique physical and chemical properties. Recently, graphene and their derivatives
have gained significant attention due to the functionalization ofmetallic nanoparticles
and metal oxide on its surface. This chapter explores the bactericidal activity of the
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nanocomposites infused with the silver nanoparticle (AgNP) and graphene deriva-
tives such as the graphene oxide and the reduced graphene oxide. Various methods
employed in the fabrication of the nanocomposites, antibacterial test methods and
the inhibition mechanisms against the gram + and gram− bacteria are discussed in
detail.

Keywords Nanocomposites · Silver nanoparticles · Graphene oxide ·
Antibacterial activity

1 Introduction

Microbial infection caused by the pathogenic bacteria leads to food poisoning and
chronic diseases in mankind. Pathogenic bacteria are generally classified into the
gram+ and gram− as shown in Table 1. Nanoparticles (NPs) usually in size less than
100 nm in at least one dimension can be synthesized by using the top-down and
bottom-up approaches. Flexibility and gas barrier properties of polymeric matrix
composites can be enhanced using the nanometals and metal oxides of silver,
magnesium, zinc [1–6].

The nanocomposites are well suited in biomedical applications like (i) tissue engi-
neering (ii) anticancer (iii) antibacterial, and (iv) drug delivery [7, 8]. For instance,
Li et al. [9] and Sadhukhan et al. [10] developed the nanocomposites using graphene
oxide, AgNPs and metal oxides such as the cuprous oxide (CuO) and zinc oxide
(ZnO). They reported that these combinations could be an efficient alternative to
antibiotics. Moreover, these nanocomposites have excellent physico-chemical prop-
erties, high stability and they could also prevent the formation of bacteria on solid
surfaces. Recently, Indira Devi et al. analyzed the antibacterial characteristics of
silver nanoparticles (AgNPs) in the polypropylene based hybrid composites. Hybrid
composites reinforced with Ag content were effective against both the gram+ and
gram− bacteria [11]. In another study [12], adding AgNPs on antimicrobial proper-
ties of banana peel powder and cellulose matrix hybrid composites were examined.
After the addition of AgNPs in the cellulose matrix as well as the composite, inhi-
bition zone was formed. Tien et al. [13] incorporated various nanoparticles of both
inorganic and organic particles as coating material into the matrix for producing the
antibacterial properties. They highlighted that the coating of nanoparticles provides
some more benefits such as (i) protection against the bacteria (ii) increasing the
service life of the nanocomposite (iii) to avoid the disinfections in air and water and
(iv) cost-effective material.

Table 1 Common gram+ and
gram− bacterial
microorganisms

Gram+ Gram−

Staphylococcus epidermidis Psuedomonas aeruginosa

Staphylococcus aureus Escherchia coli

Bacillus cereus Listonella anguillarum
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1.1 Need for the Hybrid Nanocomposites with Ag-GO
Nanoparticles

AgNP has been approved for use in the clothing used for wound dressing and I-flow
catheter by the Food and Drug Administration in the USA. This is due to the ability
of the AgNP to prevent the bacterial growth. Despite of their commercial success as
a constituent in the wound dressing material, toxic nature of the AgNP which kills
the active cells around the wound is of major concern [14]. Recently, graphene and
their byproducts such as the graphene oxide (GO) and reduced graphene oxide (rGO)
was found to improve the bacterial resistance in the composites. GO possesses good
mechanical strength, large surface area and high adsorption capacity which allow
deposition of the metallic nanoparticles and metal oxide on its surface [15]. Also,
GO has relatively more oxygen containing functional group on its surface than the
rGO and produces higher percentage of ROS [16]. Many researchers have proposed
the use of graphene,GOand rGO functionalizedwith theAgNP to obtain a synergistic
effect against the pathogenic bacteria in the polymers such as poly-lactic acid (PLA)
[17], poly-vinyl alcohol (PVA) [18], etc. intended for packaging in the processed
food, meat, food products, etc.

The basis of the hybridization is to blend two or more individual nanoparti-
cles together and as well use them along with the polymers to develop a better
functional material. The hybrid functional material displays multiple functionali-
ties while retaining specific properties like the individual constituents. For instance,
(a) AgNP-Graphene Quantum Dots (Ag-GQD) mixture prepared by Habiba et al.
Ag-GQD which has quantum dots aims at reducing the cytotoxic effects of both the
graphene andAgNP [14] and (b) (a) rGO-Fe-Ag bi-metallic nanocomposite prepared
by the Ahmad et al. [19]. Iron (FeNP) which possesses the electrical conductivity
and magnetic properties can be used along with the rGO-Ag combination.

Factors such as the (a) relationship between the structure & properties of the indi-
vidual constituents and (b) compatibility between the constituents is the deciding
factor on the success of the hybrid functional materials intended for a specific appli-
cation [20]. In the next section, variousmethods used by the researchers to synthesize
rGO-AG and other nanoparticels in hybrid combination are discussed. Fabrication
methods to develop the rGO-Ag polymer based nanocomposites are also highlighted.

2 Fabrication Methods of the Graphene-AgNP Based
Composites

2.1 Chemical Process

AgNPs-GO nanohybrids are prepared by chemical method by mixing 5 ml GO solu-
tion and 0.0034 g AgNO3 for 30 min followed by the addition of 15 ml distilled
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water. Then an aqueous solution of NaBH4 (5 ml, 3.35× 10−3 M) is added dropwise
as a reducing agent at a speed of 1 ml/minute and stirred for 4 h at room temperature.
The color change confirms the formation of AgNPs. The AgNPs-GO nanocomposite
is washed and centrifuged at 18000 rpm for 30 min to obtain the final product [21].

2.2 Sonochemical Process

Chitosan can be reinforced with graphene oxide nanosheets (GOns) synthesized by
the modified Hummer’s method to improve the mechanical strength and stability
while with the AgNP to improve the antimicrobial properties of the nanocomposite.
1 g of the graphite powder and 0.5 g NaNO3 are continuously stirred in 23 ml of
conc. H2SO4 for 1 h. After that 3 g of KMnO4 is added and stirred for about 2-3 h for
complete oxidation followed by the addition of 46 ml of distilled water and stirred
for 30 min. Finally, dilution of the product is then done with distilled water and
10 ml of 30%H2O2 solution is added to stop the reaction. The product is then finally
washed with 10% conc. HCl to remove metal ions. To prepare AgNP, starch is used
as reducing as well as capping agent using silver nitrate (AgNO3) as precursor. For
this 1% (w/v) of aqueous soluble starch at 70 °C is stirred with AgNO3 solution and
NaOH is added to the reaction mixture. The color change indicates the formation of
AgNPs. Nanocomposite with a 1:1 ratio of the GO:Chitosan and 0.01% of AgNP is
prepared by magnetic stirring and sonication of the constituents [15].

20 mM of aqueous solution of AgNO3 and 5 mL of an aqueous solution of GO
(0.5mg/mL) is vigorously stirred at room temperature for 48 h. The resultingmixture
is centrifuged at 14,000 rpm for 10 min and washed in ultrapure water. The dry
GO/AgNPs after the lyophilization is dissolved in ultrapure water and sonicated for
6 h. The exfoliated GO curl into scroll and mainly AgNPs are wrapped into carbon
nanoscrolls which are confirmed from the TEM images [22].

Smaller sized AgNP (4 nm) can be prepared with a lower concentration of the
silver precursor and at lower temperatures. Chemical method is applied to reduce
silver nitrate with ascorbic acid as reducing agent without any stabilizing agent.
Silver atoms are formed which agglomerate into oligomeric clusters leading to the
formation of colloidal AgNPs. GO is then used to rectify the agglomeration since it
possesses abundant oxygenated functional groups which can act as anchoring sites
for attaching AgNPs. Modified Hummers method is usually employed to obtain high
quality rGOby chemicalmeans. Even though initiallymechanical exfoliationmethod
was identified to prepare graphene, this method is used globally to get high quality
graphene for various applications. Graphite is oxidized to graphite oxide which is
then reduced to get rGO. 6 g of KMnO4 is slowly added to a mixture containing
graphite (2 g), H2SO4 (50 mL), and NaNO3 (1 g) at 0 °C. After 1 h at 35 °C in a
water bath, 100 mL de-ionized water is added slowly and 10 mL of 30% H2O2 is
mixed into the solution. The final product is centrifuged, washed repeatedly with
water, HCl and deionized water to reach neutral pH. This material is re-dispersed
in water which is then subjected to ultrasonication to get single layer graphene. The
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rGO-AgNP nanocomposite is synthesized via the in-situ method using L-ascorbic
acid (AA) as reducing agent. 0.5 mg/mL of rGO powder in deionized water is added
with ammonium hydroxide to attain a pH of 10. Then, 1.5 mM of aqueous AgNO3

solution is added to the dispersion under continuous stirring and heated at 60 °C in
an oil bath. An aqueous solution of AA was added at a weight ratio between the
AA and AgNO3 of 2.07. GO-AgNP nanocomposite is obtained by the freeze-drying
[23].

The GO-Ag nanohybrid composite is prepared by dispersing GO in a solvent
dimethyl formamide (DMF). The solution is subjected to sonication for 30 min to
which the precursor for silver i.e. AgNO3 is added. DMF is able to serve as a reducing
agent as well as a solvent to carry out the reaction. A further sonication for 30 min
results in a stable brown colloid solution which is magnetic stirred for 10 h at 60 °C
for the complete reduction of AgNO3 [24].

2.3 Green Synthesis

AgNPs prepared by the conventional chemical methods using strong reducing agents
like hydrazine and sodium borohydride are poisonous and not environment friendly.
A green and low-cost method can be used to synthesis the AgNP/GO nanocom-
posite using glucose as a reducing and stabilizing agent. This process is versatile and
environmentally friendly because it occurs only in the aqueous solution. The final
product can be obtained by dispersing the resultant in water or in common organic
solvents without the need of any stabilizers such as polymers or surfactants. 15 mg
of GO powder in 15 mL of water is subjected to sonication for 1 h. After that 0.75 g
glucose is added to this solution under stirring. The precursor for AgNPs is made
ready by adding 0.55 mol/L of ammonia and 0.06 mol/L of AgNO3 in the aqueous
solution. The final product is mixed with the GO and glucose-containing solution
and stirred for 0.5 h. The AgNP/GO nanocomposite is obtained by centrifugation,
washed repeatedly and dried [25].

GO prepared using the Hummer and Offeman method is then modified to rGO by
the thermal expansion of GO under argon at 1050zC for 30 s followed by hydrogen
reduction at 400 °C for 2 h.

50 mg rGO and 50 mg Ag (hexafluoro acetyl acetonato) are pressurized with the
scCO2 to 27.6 MPa at 40zC in a 10 ml stainless steel high-pressure reactor for 24 h.
Then CO2 is released and hydrogen is introduced into the reactor. Silver ions are
reduced to silver nanoparticles and deposited over the graphene sheets. The scCO2

is an environmentally benign solvent and nontoxic. Also, it possesses low viscosity
and surface tension which can increase the production rates of materials [26].
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2.4 Two-Step Synthesis

The impregnation of GO in cellulose membrane makes the membrane more porous
and also improves the attachment of AgNPs while preventing the leaching of Ag +
ions. A slow release of Ag + ions is achieved to get superior antibacterial activity
out of this membrane. The synthesis process of hybrid nanocomposite cellulose
membranewithGO-AgNPs involves two steps. In the first step, cellulosemembranes
containinggrapheneoxide (GO) is produced in an acid coagulatingbath. In the second
step, silver nanoparticles (Ag NPs) are in situ synthesized onto the membranes. A
transparent cellulose solution is prepared by stirring cotton linter fiber and precooled
(−12 °C) aqueous solution of NaOH/urea at room temperature. GO-cellulose solu-
tion mixture is then produced and regenerated in acetic acid coagulation bath and the
membranes are made. The membrane is then immersed in silver ammonia complex,
Ag(NH3)2+ and glucose to get AgNPs under the microwave irradiation. The elec-
trostatic interaction between the positively charged silver ammonia complex and
negatively charged oxygenated functional groups of GO enhances the deposition of
AgNPs. The amount of Ag NPs with GO is much greater when compared to that of
the neat cellulose membrane [27].

3 Antibacterial Tests

Resistance or inhibition against the bacteria could be assessed both qualitatively and
quantitatively. Some of the important studies on the antibacterial analysis of Ag and
graphene-based nanocomposites were tabulated in Table 2.

Some of the methods mentioned above used for the investigation of bacterial
resistance of the GO-Ag based nanocomposites are explained in detail [24].

3.1 Bauer-Kirby Disk Diffusion Method

In general, bacteria exist as colonies which are represented as colony forming units
(CFU). The presence of antibiotic hinders the bacterial growth and its colonies.
Bauer-Kirby disk diffusion method is also termed as “disc diffusion antibiotic Sensi-
tivity test”. In this method, 1 × 105 CFU/ml of a bacterial suspension containing
E.coli and S.aureus is spread evenly into the agar culture medium enclosed in a glass
container. A disk shaped composite specimen of 10 mm diameter is then placed into
the agar medium with bacterial suspension and incubated for 18 h at a temperature
of 37 °C. Resistance against the microorganism in inferred through the formation of
inhibition zone around the composite specimen. In quantitative terms, diameter of
the inhibition zone can be measured.
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Table 2 Reported work on the antibacterial studies of graphene and silver nanoparticle-based
hybrid composites

Nanocomposite Type of method References

Decoration of graphene oxide using silver
nanoparticles and copper oxide
nanoparticles

Disc-diffusion [28]

Graphene oxide, silver nanoparticles,
graphene oxide/silver nanoparticles

Optical density and plate
colony-counting

[29]

Oxalis corniculata leaf extract/silver
nanoparticles and Oxalis corniculata leaf
extract/silver nanoparticles/graphene
oxides

Disc-diffusion [30]

PLA/graphene oxide- silver nanoparticle; Disc-diffusion [17]

Organically modified silicate coatings
with reduced graphene oxide/silver
nanoparticles

Shaking flask [31]

Copper oxide/graphene oxide, copper
oxide/graphene oxide/silver nanoparticles

Disc-diffusion [32]

Silver nanoparticle- decorated reduced
graphene oxide

Disc-diffusion [33]

Silver nanoparticles/graphene oxide Broth micro-dilution [34]

Graphene oxide, carbon fibre, silver
nanoparticles/graphene oxide/carbon fibre

Disc-diffusion [35]

PVA/graphene oxide/silver nanoparticles EUCAST dilution method [18]

Reduced graphene oxide/silver
nanoparticles

Resazurin-based Microtitre Dilution
Assay

[36]

Silver nanoparticles/graphene oxide Shaking method [37]

Reduced graphene oxide/silver
nanoparticles

Disc-diffusion [38]

3.2 Fluorescent-Based Cell Wall/Membrane Integrity Assay

In this method, a disk shaped composite specimen is incubated at 37 °C for 12 h in
the agar culture medium with a bacterial suspension containing 1 × 106 CFU/ml of
the E.coli and S.aureus. A phosphate-buffered saline was used to rinse the exposed
specimen at least thrice. Then, a fluorescent dye kit containing SYTO 9 (green stain)
and propidium iodide (red stain) is applied to the incubated composite specimen.
When viewed under a fluorescent microscope, live bacterial cells are represented
by a green fluorescent stain while the dead bacterial cells with broken cell wall
membrane are represented by the red fluorescent stain.
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3.3 Reactive Oxygen Species Generation (ROS)

The bacterial cells are cleaned before their exposure to the composite specimen using
the method as follows. A bacterial suspension of 1 × 106 CFU/mL is incubated for
30 min at 37 °C in the phosphate-buffered saline containing 20 µm of the 2,7-
dichlorofluorescein diacetate. After washing the bacterial cells, it is spread over the
composite specimen for 18 h. Presence of ROS is detected by the micro-plate reader.

3.4 Turbidity Test

It is a quantitativemethod inwhich the bacterial resistance is represented as inhibition
%. A disk shaped composite specimen of 10 mm diameter is immersed in the test
tube filled with the broth containing a bacterial suspension of 1 × 106 CFU/ml and
incubated at 37 °C in a rotary shaker between 2 and 6 h. Bacterial inhibition is
calculated by the change in the optical density measured using a spectrophotometer
at a wavelength of 600 nm with and without the composite in the broth inside the
test tube.

Bacterial inhibition % = Xo−X1
Xo

× 100.

where X1 is the optical density of the setup with the composite inside the broth after
inoculation and Xo is the optical density of the broth medium without the composite
before the inoculation.

This method is based on the amount of light absorbed through a suspension
of bacteria. The amount of absorbed light is proportional to the turbidity of the
medium. It is a rapid and very simple method to measure the bacterial growth.
Spectrophotometer or calorimeter can be used to for turbidimetric measurement.
If the suspension contains more bacteria very less amount of light can be passed
through the suspension. On the other hand, more amount of light passing through
the suspension is an indication of less bacterial growth.

4 Bacterial Inhibition of the GO-Ag Based Nanocomposites

As discussed above, researchers have used both the qualitative and quantitative
methods to assess the bacterial resistance of the Ag-GO based nanocomposites
films. Jang et al. demonstrated that GO-Ag solution prepared by sonication and
centrifugation process showed resistance to bacterial growth at 4 mg/mL against the
gram+ bacteria (S. epidermidis) while it was 63 mg/mL concentration against the
gram− bacteria (P. aeruginosa) [34]. Nguyen et al. examined the effect of rGO-Ag
concentration on the bacterial resistance against the B.cereus, S.aureus, E.coli and
L.anguillarum. As the concentration of rGO-Ag was increased from 2 to10 µg/mL
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in the interval of 2, CFU dropped significantly such that almost no CFU was visible
at a concentration of the 10 µg/mL [39].

Bacterial inhibition rate assessed from the turbidity test for the PLA-polyglycolic
acid/Ag-GO scaffold against E.coli is shown in Fig. 1. Clearly, GO and AgNP
used as standalone reinforcement can promote bacterial resistance in the composite
compared to the pure polymer. However, hybrid nanocomposites with Ag-GO
showed even better performance and the inhibition rate increased from 70% to nearly
100% by increasing the AgNP concentration from 0.5 to 1 and 1.5 wt.%. larger inhi-
bition zones obtained from the Agar disk diffusion test further confirmed the superior
antibacterial activity due to the increasing AgNP in the nanocomposites [26].

Increase in the bactericidal activity for the PLA/Ag-GO nanocomposites up to 7
wt.% Ag against the gram- E.coli and gram + S.aureus was reported by Liu et al.
However, the resistance was comparatively lower against the gram + bacteria for

Fig. 1 Bacterial resistance of the PLA-polyglycolic acid/Ag-GO nanocomposites obtained from
the turbidity test [26]
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Fig. 2 Morphological difference in the bacterial cell a Gram+ bacteria and b Gram− bacteria

similar configuration than against the gram- bacteria [24]. The dissimilarity in bacte-
ricidal activity against gram+ and gram- bacteria is attributed to the morphological
difference in their bacterial cell wall as shown in Fig. 2.

5 Bacterial Inhibition Mechanism

5.1 AgNP

AGNP undergoes oxidation in the presence of oxygen and water thereby releases
Ag + ions. Once the Ag + ions comes into contact with the thiol group of the
bacterial cell wall, oxidative decomposition occurs which leads to the formation of
the reactive oxygen species (ROS) like the hydroxyl group, superoxide ions and
hydrogen peroxide [14].
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5.2 Graphene and Their Byproducts

According to Cai et al. [40], GO and rGO inhibits bacterial growth due to the inherent
sharp edges in their structurewhich induces physical damage to the bacterial cell wall
by piercing them or through their cutting action. In addition to this, othermechanisms
identified by various researchers have been compiled byHan et al.: (a) oxidative stress
which produces ROS. ROS can cause lipid peroxidation, fragmentation of DNA and
decrease in the enzymatic activity within the bacterial cell, (b) Flow of electrons
from the bacterial cell to the graphene which has positive charge on its surface can
lead to destruction of the cell wall membrane, (c) Encasing and confinement of the
bacterial cell with graphene or GO can damage the cell wall membrane and disrupt
their functioning, (d) Photo-thermal ablation characteristic of GO in presence of the
polythiophenes, goldNP and glycol chitosan which causes thermal decomposition
of the bacteria and (e) Graphene interrupts the inter-protein interaction and causes
reduction in the metabolism of the bacterial cell [16].

5.3 Synergistic Effect of Graphene and Their By-Products
Along with AgNP

The mechanism of the GO-AgNP that provides superior bacterial resistance to the
polymer is described in the Fig. 3.

6 Conclusion

In general, silver nanoparticles (AgNP) and graphene and their byproducts such as
graphene oxide (GO) and reduced graphene oxide (rGO) were found to have anti-
bacterial characteristic and can be used as standalone bactericidal agents. The large
surface area of graphene and their by-products allows the functionalizationofmetallic
nanoparticle and metal oxide on its surface. This feature provides an option to obtain
a functional hybrid bactericide with enhanced functionalities and physic-chemical
properties. Among the various metallic nanoparticles, AgNP being a natural anti-
septic has applications in the wound dressing material to prevent infections from
the bacterial growth. Studies have shown that AgNP-GO and AgNP-rGO based
hybrid nanocomposites have better bacterial inhibition activity than the individual
materials. This is mainly due to the synergistic effect of the hybrid Ag-graphene
combination. The Ag-GO based hybrid nanocomposites have resistance to both the
gram+ and gram− bacteria. However, hybrid nanocomposites are more effective in
curbing the gram+ bacteria. This is specifically due to the morphological difference
in the cell wall membrane and composition of the bacteria. Recent studies have
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Fig. 3 Synergistic mechanism of GO-AgNP responsible for the bacterial inhibition in the polymer
[26]

also shown that addition of quantum dots and iron nanoparticles (FeNP) to the Ag-
Graphene combination help to reduce the cytotoxic effects as well imparts electrical
conductivity and magnetic properties to the nanocomposites.
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Hybrid Nanocomposites Based
on Graphene and Gold Nanoparticles:
From Preparation to Applications

Aneeya K. Samantara, Rajat K. Tripathy, and J. N. Behera

Abstract Excellent electronic conductivity, large specific surface area, robust chem-
ical as well as thermal stability and interesting physicochemical properties make
graphene as a novelmaterial formultimodal applications.On the other hand, the noble
metal nanostructures dominant over their bulk counterpart and employed in many of
the applications ranging from biomedical to energy for sustainability. Among others,
the gold nanoparticles (Au NPs) are well known for their application in sensing,
electrocatalysis and etc. However, the hybrid nanocomposite of graphene and Au
NP shows better specificity and efficiency which depends on the synthesis methods.
This chapter constitutes a brief discussion on the recent reports emphasizing the
existed synthesis protocols for graphene, Au NPs, graphene/Au NP composites and
their application. This will be an informative chapter for the current researchers and
scholars working in the field of nanoscience and nanotechnology.

Keywords Graphene hybrids · Au NPs · Sensors · ORR

1 Introduction

Discovery of graphene is the landmark achievement for the nanoscience andmaterials
sciences representing the stable two dimensional carbon material. It is a thin carbon
sheet (~0.35 nm) composed of sp2 hybridized carbon atoms arranged in a honeycomb
like structure. It is otherwise known as an important allotropic form of carbon and
building blocks for other carbon nanostructures i.e. fullerenes, carbon nanotubes and
etc. Individual graphene sheets can be stacked (by means of Van der Waals force of
attraction) and form the three dimensional graphite. The pristine graphene possesses
excellent properties like high surface area (~2630 m2/g; nearly six times more than
carbon nanotubes), highest electronic conductivity (2× 105 cm2 V−1 s−1; originated
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from the delocalization of π-electrons), higher Young’s modulus (0.1 TPa), better
thermal conductivity (~5000Wm−1 K−1), extraordinary charge/carrier mobility and
chemical inertness. Therefore the scientific community has beenmotivated to employ
graphene in many of the advanced applications ranging from sensing/biomedical
application to energy conversion and storage systems demanding its scalable produc-
tion. In this regard, various syntheticmethodologies like chemical vapour deposition,
electrochemical/chemical exfoliation, mechanical cleavage, reduction of graphene
oxide and etc. have been investigated. Although each of these methods have many
advantages and associated with certain limitations. Among them, the oxidation of
graphite to form graphene oxide and its reduction to reduced graphene oxide (rGO)
presumed to be an efficient method for the salable synthesis of qualitative graphene.
This process involves the oxidative cleavage of graphite followed by their reduction
(either by chemical of thermal) to reducedgrapheneoxide.However due to the vander
Waals interactions, the reduced graphene sheets inclines to form irreversible agglom-
erates and even restack to graphitic crystals. Therefore different organic molecules
and inorganic particles have been selected to functionalize the surface of graphene
sheets. In comparison to the organic entities, the inorganic particles not only prevent
the restacking/agglomeration of individual sheets but also lead to the formation of
graphene based hybrids showing improved physicochemical properties.

The noble metal nanoparticles received special interest due to their fascinating
extraordinary physicochemical properties. But the self-aggregation tendency (due
to higher surface charge) of these nanoparticles reduces its surface to volume ratio
thereby showing poor performances. To overcome this obstacle, the plausible solu-
tion is to anchor the nanoparticles to a suitable substrate. Owing to its extraordinary
physicochemical properties, graphene has been selected as a conductive substrate
and growth platform for these nanoparticles forming hybrids thereby availing their
high surface to volume ratio. Moreover, the oxygenated functionalities of chemically
modified graphene (i.e. graphene oxide or reduced graphene oxide) avails abundant
number of nucleating sites for the growth of metal nanoparticles. Therefore various
methodologies have been formulated for the synthesis of hybrids of graphene with
noble metals like Au, Ag, Pd and Pt etc. and explored their application in designing
of electrochemical sensors, surface enhanced Raman scattering, catalysis, fuel cell,
magnetism, optoelectronics and etc. [19, 21, 23, 30, 35, 41, 52, 58, 74]. In these
hybrids, the 2D nano sheets of graphene not only provides an ideal platform to
anchor the metal nanostructures but also improves the electrical conductivity as well
as the interfacial heat/electron transfer liberated by these adhered nanomaterials
restricting the nanoparticle aggregation. Moreover the integration of metal nanopar-
ticles on graphene surface may also bring about new characteristics and properties of
the hybrid extending its application in various fields. Specifically, the graphene (RG)
hybrids of gold nanoparticles (Au NPs) attracts tremendous attention in fields of
electrocatalysis, electro analysis, surface enhance Raman scattering and etc. There-
fore various research groups have designed facile synthetic protocols for the scalable
preparation of Au NPs/RG hybrids and explored their multidirectional application.
In this chapter we are presenting a brief discussion on the synthesis of graphene,
Au NPs and Au NPs/RG hybrids. Also a detailed physicochemical property along
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with application of the Au NPs/RG hybrids with updated literature is incorporated
followed by summary and perspectives in this particular field with updated literature
support.

2 Synthesis

2.1 Synthesis of Graphene

Novoselov et al. in 2004 successfully demonstrated the separation of graphene layers
(both the single and few layered graphene) from graphite rod using micromechan-
ical cleavage method [45]. This method generates high quality graphene but lacks in
scalability. Therefore various research groups throughout the globe have developed
different synthetic routes for the preparation of graphene without compromising the
quality [44, 48]. Some important methods are mechanical exfoliation, synthesis on
SiC surface, bottom-up synthesis from structurally defined organic molecules, chem-
ical vapour deposition (CVD) of molecular precursor, electrochemical exfoliation,
liquid exfoliation, ball milling, chemical or thermal reduction of oxidized graphite,
unzipping of carbon nanotubes, arc-discharge of graphite and etc. [12, 45, 46, 65,
72]. Owing to poor scalability and higher production costs, the methods like unzip-
ping of nanotubes, mechanical exfoliation, synthesis on SiC and different bottom-up
synthesis processes are necessarily restricts the commercial production of graphene.
However theCVD technique iswidely used for the synthesis of graphene that involves
the depositionof hydrocarbons on a suitablemetal/semiconducting substrate at higher
temperature and inert atmosphere. But the limitations like requirement of high reac-
tion temperature, sophisticated instrumentation added more cost per unit production
of graphene. In addition to this, the lower scalability and moderate graphene purity
limits the CVDmethod for industrial graphene synthesis [39]. On the other hand, the
liquid exfoliation method is more focused that proceed via two steps as (i) disper-
sion of pristine/expanded graphite in a suitable solvent to weaken the existing van
der Waals forces among individual layers followed by (ii) exfoliation of individual
sheets by applying an external driving force like shearing force, electric field and
ultra-sonication to make exfoliation [3, 47, 64]. But this method is associated with
very low yield leaving behind unexfoliated graphite particles which needs an addi-
tional step for separation [47]. However, scalability and cost effectiveness attracts
the liquid phase exfoliation method for bulk production of graphene [3].

In addition to this method, the reduction of graphene oxide (GO) is widely
employed for the bulk production of graphene. Graphene oxide is the highly oxidized
form of graphene that formed by extensive oxidation of graphite powder using strong
oxidizing agents. In this regard, various oxidation procedures are been developed and
categorized on the basis of oxidizing agent, reaction medium and source of graphite
taken [9, 25, 49, 56]. Among them the modified Hummer method is widely followed.
In a typical procedure, the graphite powdermixedwith concentratedH2SO4 followed
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by addition of KMnO4 crystals under stirring condition and left to stir for next two
hours. Thereafter the reaction mixture is diluted with deionized water and added
H2O2 till effervescence ceased. The suspension is filtered and washed repeatedly
using dilute HCl and deionized water to remove the unreacted KMnO4 and sulphates.
The brown colored residues thus collected, lyophilized and stored in dry and cool
place for further use. During this oxidation process, theπ-π conjugation of graphene
gets partially disrupted and developed oxygenated functional groups. From the spec-
troscopic analysis, it has been well documented that, epoxy and hydroxyl groups
are developed on the basal plane whereas the aldehyde, ketone and carboxylic func-
tional groups are developed at the edge sites. Because of the extensive oxidation, the
metallic properties of graphite changed and developed semiconducting behavior in
GO. Therefore the removal of these functional groups became indispensable to meet
the criteria to employ in electronic and other important applications. Out of others,
the thermal annealing, hydrothermal, solvothermal methods and chemical reduction
processes are employed for the effective reduction of GO [7, 49]. However, in most
of the cases, complete removal of these functional groups are not possible thereby
the graphene thus obtained is termed as reduced graphene oxide (rGO). The existed
residual oxygen moieties improves the hydrophilicity of graphene and avails active
centers for the nucleation and growth ofmetal nanoparticles. Therefore thismethod of
graphene preparation is widely used for preparation of graphene hybrids for targeted
applications [8, 50, 55].

2.2 Synthesis of Gold Nanoparticles

Due to the interesting physicochemical properties, gold nanoparticles occupy domi-
nant position among other noble metal nanostructures. However, its broad applica-
tion demands the exploration of simple, facile and eco-friendly synthesis processes.
Therefore various synthetic chemists have designed different methodologies for the
preparation of Au NPs of different shapes/sizes with better yield and monodisper-
sity. Spherical gold nanoparticles are synthesized over 2000 years in different media
including air, glass, salt matrices, polymers and etc. Thereafter different chemical
reducing agents (sodium citrate, plant extracts, ascorbic acid, NaBH4 and etc.) are
employed for the synthesis of spherical Au NPs, but the citrate mediated reduction
process has a significant importance. This method has been introduced by Turkevitch
in 1951 that involves the synthesis of monodisperse spherical Au NPs in aqueous
medium. In a standardizedmethod, 95% of chloroauric acid (HAuCl4) solution taken
in a round bottom flask and heated to its boiling point. Thereafter 5 ml of sodium
citrate solution (1%) added in a drop wise manner under stirring condition and a
change in the solution colour from light yellow to greyish-pink is visualized and
turned wine red after 5 min. According to the electron microscopic analysis, the
Au NPs thus formed are spherical in shape with diameter around 20 nm. Also by
changing the reaction time and concentration of sodium citrate solution, variable
sized Au NPs are synthesized.
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However the shape controlled synthesis of gold nanoparticles with non-spherical
surface morphology has been demonstrated successfully from last two decades. This
anisotropic growth of Au NPs mainly proceeds through the seed mediated growth
mechanism. It is a two-step synthesis process; (i) in the first step, very small, spherical
Au NPs (seeds) are synthesized under conditions of high chemical super saturation
and (ii) then these seeds are added to a medium containing more gold ions, mild
reducing agent and morphology directing agents. The second step proceeds in a mild
reducing condition and slower step compared to that of first step (seed preparation).
This seed mediated growth is an efficient and popular approach for the synthesis of
gold nanorods. In this case, the cationic surfactant micelle (Cetyl trimethylammo-
nium bromide; CTAB) acts as a soft template and plays an important role in directing
the nanoparticle growth and colloidal stability. For instance, Murphy’s group have
synthesized the Au nanorods following a multistep seeding process [26]. At first
the selective reduction of Au(III) to Au(I) has been performed by adding ascorbic
acid (a mild reducing agent) to an aqueous CTAB solution of HAuCl4. Thereafter
the Au seed solution is added to the growth medium that catalyses the reduction
of Au(I) on their surfaces. By tuning the reaction conditions and seeding process,
Au nanorods with aspect ratio 4.6 to 18 have been prepared. On increasing the pH,
concentration of surfactant and addition of extra halide ions directed the formation of
planar nanostructures [2, 20]. For instance, following a three step growth of citrated
capped Au seeds in a solution of HAuCl4, CTAB and NaOH, Mirkin et al. have
prepared trigonal Au nano prisms with 65% yield [40]. The edge length of nano
prisms are about 144 and 8 nm thickness. Thereafter different synthesis approaches
have been explored for the preparation of branched Au NPs, nano needles, nano
sheets, platonic like morphology (cubes, octahedra, peanuts, faceted spheres etc.)
and etc. [26, 27, 32, 51].

2.3 Synthesis of Graphene/Gold Nanoparticle Hybrids

Several methods have been formulated for the synthesis of Au NPs/graphene
hybrid. Among them the chemical reduction, electrochemical deposition, photo-
chemical reduction, pulsed laser ablation, thermal reduction, sonochemical reduc-
tion, microwave irradiation methods are well documented [1, 16, 24, 28]. The UV–
visible spectroscopy is employed to identify the formation of Au NPs as well as
the effective reduction of graphene oxide to reduced graphene oxide in the hybrid.
Generally graphene oxide shows two absorption bands at 231 and 300 nm assigned
to the π-π* and n-π* electronic transitions. However, a red shift in the absorp-
tion maxima from 231 to 267 nm has been realized in case of rGO, which may be
due to the removal of oxygen functionalities and restoration of conjugated system.
Further the formation of AuNPs on the graphene sheet in the hybrid can be identified
from the surface plasmon resonance band at 530 nm and shows a red or blue shift
depending upon the particle size [6]. The chemical reduction process is a facile and
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less time consuming method that proceeds via three different steps as (i) adsorp-
tion/reduction, (ii) nucleation and (iii) growth. Here, a stable dispersion of graphene
oxide are prepared either in water or in a polar organic solvent (generally ethanol)
and allowed to mix with the metal precursor (i.e. HAuCl4) in presence of a suit-
able reducing agent. Generally, hydrazine hydrate, oleylamine, sodium borohydride,
sodium citrate, ascorbic acid and glucose are used as reducing agents for the hybrid
preparation [38, 42, 69]. The positively charged metal ions adsorbed onto the oxygen
functionalities present on the surface of graphene oxide or reduced graphene oxide
by means of electrostatic interactions followed by the reduction with aid of reducing
agent and subsequent growth of nanoparticles. During the course of reaction, both
the metal precursor and graphene oxide get reduced simultaneously forming the Au
NPs/rGO hybrid [15]. Interestingly, the density of Au NPs on the rGO surface in
the hybrid can be easily tuned by manipulating the amount of oxygen functionalities
present on the graphene oxide surface. The Au NPs/rGO hybrid synthesis through
chemical reduction method is an easy process; however in this method it is not
possible to control the shape/size and morphology of the nanoparticles. Therefore in
many instances, larger sized nanoparticles get developed onto the reduced graphene
surface [75]. In order to tackle this, various chelating ligands andmolecules are added
to the reaction medium that control the growth of the nanoparticle and form stabilize
it on the rGO surface. For instance,Wang et al. have synthesized AuNPs/rGO hybrid
by using NaBH4 as reducing agent in presence of poly (diallyldimethylammonium
chloride) (PDDA) cation in aqueous medium [62]. Here the PDDA acts as a linker
that stabilizes and controls the growth of theAuNPs on the surface of rGOpreventing
their accumulation. In another work, Dong et al. have developed an in situ chem-
ical reduction method for the preparation of Au NPs/rGO hybrid using hydrazine
hydrate and sodium dodecyl sulphate (SDS) [10]. The use of SDS not only improved
the hydrophilicity of the hybrid but also restricted the rGO sheets from restacking.
Therefore a stable suspension of Au NPs/rGO hybrid has been obtained. Similarly
a uniform distribution of Au nanoparticles (20 nm size) on a rippled graphene is
obtained using sodium citrate as reducing agent in aqueous medium [17]. Numerous
reports are available on the synthesis of Au NPs/rGO hybrid by using hydrazine
hydrate and NaBH4 as reducing agent; however the toxic nature of these reducing
agents restricts the application of hybrids in biomedical applications. Thereafter
much more effort have been devoted and various green reducing agents (glucose,
plant extracts, ethanol, ethylene glycol, dopamine and etc.) are explored (Fu et al.
2010; [14, 29, 37]. The Au NPs/graphene hybrid are also been prepared by simple
mixing the gold precursor (HAuCl4−) with aqueous suspension of graphene oxide in
ambient reaction conditions without using any chemical reducing agents [22]. Here
the oxygen functionalities played a vital role as redox centers for the reduction and
growth of Au nanoparticles.

Seed mediated growth is another effective approach for the synthesis of larger
sized nanoparticles (up to 300 nm) for targeted applications. Initially, smaller sized
nanoparticles are prepared using chemical reduction method and employed as seeds
for subsequent growth. By using 2-mercaptosuccinic acid as the reducing agent, Niu
et al. for the first time synthesized Au NPs up to size 30–150 nm [43]. Following this
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innovative approach, Sidorov et al. in 2012 have synthesized graphene hybrids of
Au nanoparticles and nanorods [54]. At first, highly oriented graphene is deposited
onto Si/SiO2 surface; functionalized with (aminopropyl) trimethoxysilane (APTS)
followed by growing Au nanoparticles by seed mediated method. In this process the
authors were able to grow both the Au nanoparticles (605 ± 298 nm) and nanorods
(30–40 nm) on graphene surface.

The electrochemical reduction method is also widely adopted for the synthesis of
AuNPs/graphene hybrids [59, 63, 76]. In this method, on application of an optimized
potential, the Au NPs/rGO hybrid with higher purity can be synthesized. It is a less
time consuming and facile method with excellent reproducibility. Furthermore, the
surfacemorphology aswell as size of theAu nanoparticles can be easily controlled by
tuning the reaction time and precursor concentrations. The electrochemical reduction
method proceeds through three different steps as (i) assembling of graphene/rGO on
the conductive electrode surface, (ii) immersion of the electrode into the electrolyte
containing the metal precursor and (iii) application of potential. At first, the working
electrode is prepared either by drop casting the graphene/rGO onto the electrode
surface (glassy carbon, indium tin oxide coated glass electrode etc.) or by elec-
trodepositing graphene onto it [57]. After that the electrode gets immersed into the
electrolyte (either aqueous or ionic liquid) containing metal salt (generally HAuCl4).
On application of an optimized potential, the Au3+ ions get reduced and deposited
onto the rGO/graphene that already on the working electrode surface forming the Au
NPs/rGO hybrid [13].

However, the photoreduction method is one of the greener process (excludes the
use of chemical reducing agents) for the synthesis of small sized, stable and homo-
geneous Au NPs on graphene surface. It’s a very simple method involving the expo-
sure of the dispersion containing graphene oxide or photo reduced graphene oxide
and metal precursor. For example, Huang et al. have synthesized octadecanethiol
capped Au NPs/rGO hybrid following the photoreduction method [24]. At first, a
uniform dispersion of rGO (photo reduced GO) in ethanol containing HAuCl4 and
1-octadecanethiol is prepared using sonication. On exposing the dispersed solution
to xenon lamp (for 2 min), Au NPs of an average size 1.2 ± 0.3 nm are prepared
and deposited onto the rGO surface. The uniform and fast heating characteristics
enables the microwave irradiation technique for the synthesis of uniform, stable
and small sized gold nanoparticle compared to other conventional methods. Here
the rapid transformation of microwave energy to heat energy facilitate the simulta-
neous reduction of graphene oxide and gold precursor forming Au NPs/rGO hybrid
[21]. Berry and co-worker have synthesized dispersible Au NPs on the rGO surface
without using the capping agent. A uniformly dispersed Au NPs/rGO hybrids has
been obtained by exposing the aqueous dispersion of graphene oxide and HAuCl4 to
microwave irradiation for only twominute (Fig. 1). In this case, the oxygen function-
alities of graphene oxide act as stabilizer, which stabilizes the metal nuclei during
the course of reduction process [28]. In absence of graphene oxide, agglomeration
of Au NPs takes place in the aqueous reaction medium forming larger particles.
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Fig. 1 (i) Aggregation of Au particles when Au salt solution is subjected to microwave irradiation
in absence of GO, (ii) Formation of Au NPs on GO sheets under microwave irradiation. Reprinted
with permission from [28]

3 Electrochemical Applications

Sensing

Gold nanoparticles are having strong adsorption ability, better electrical conduc-
tivity, excellent compatibility and are capable to avail appropriate microenvironment
for the immobilization of various molecules and entities. On the other hand, the
two dimensional structure, excellent electrical/thermal conductivity, higher surface
area and chemical inertness of graphene/reduced graphene oxide make it a suitable
support material to adhere or to nucleate various metal nanoparticles especially Au
NPs. Interestingly the combined benefits of both the components (Au NPs and rGO)
are achieved in the Au NP/rGO hybrid nanostructure thereby motivating to employ
in many applications ranging from sensing to energy conversion/storage systems.
Moreover, the higher selectivity, better specificity and biocompatibility facilitate the
AuNPs to develop electrochemical sensors for the detection ofwide range of analytes
(i.e. biomolecules, metal ions, inorganic compounds and etc.). For example, Zhang
et al. have synthesizedAu/rGOhybrid through in situ redox reaction betweenAuCl4−
and graphene oxide and explored its sensing performance towards the detection of
H2O2 in food [70]. The sensing efficiency of the hybrid was monitored by the reduc-
tion of H2O2 in a buffer solution (pH 5.8) with better reproducibility and storage
stability. The Au NP/rGO casted glassy carbon surface was integrated with thionine
catalase conjugates and used as active working electrode for the detection process.
Under optimal conditions, the hybrid electrode shows a dynamic response in a range
of 0.1 μM to 2.3 mM (towards H2O2) with a limit of detection of 0.01 μM at 3 s.
The accessibility to the analytes and stability in biological environment has also been
improved by immobilizing hydrophilic AuNPs onto the graphene surface. Therefore
the surface of pristine Au NPs are subjected to functionalized and grown in situ onto
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the graphene surface. In a particular work, using sodium citrate as reducing agent, the
carboxylate functionalized AuNPs are in situ immobilized onto the graphene surface
thereby generatingAuNPs/graphene hybrid (Chen et al. 2011). Further the selectivity
and sensitivity for the detection of glucose has been improvised attaching glucose
oxidase (GOD) to it. The GOD has been covalently bound through condensation
reaction among the terminal amine group of lysine residues of GOD and carboxylic
group of Au NPs/graphene hybrid. The final Au NPs/graphene/GOD shows excel-
lent performance for the detection of glucose in human blood with 80% initial signal
retention after four month storage (at 4 °C). Not only the carbohydrates, but also
various amino acids, DNA and specific sequences of DNA are detected using Au
NPs/graphene hybrid electrode [5, 11, 34]. In another work, a multilayer film elec-
trode was made by layer by layer deposition of polymer functionalized graphene
and polyamidoamine dendrimer functionalized Au NPs [67]. The electrode shows
excellent sensing activity of dopamine between 1 and 60 mM with a detection limit
of 0.02 mM. The oxygenated functionalities at the edge sites of rGO and synergistic
effect of Au NPs with rGO in the Au NPs/rGO hybrid are acting as active reac-
tion sites enhancing the electron transfer between enzymes and electrode surface.
Therefore the Au NPs/rGO hybrids are employed for the electrochemical detection
of various enzymes and co-enzymes. For instance, the Au NPs/rGO hybrid elec-
trodes are used for the detection of β-nicotinamide adenine dinucleotide (β-NADH;
a coenzyme involved in the redox reactions of the cellular respiration) by means of
catalytic oxidation at an appropriate potential [4]. The electrochemical detection of
analytes is also well documented by using Au NPs/graphene hybrids modified elec-
trodes with self-assembled monolayers. This technique provides better electronic
conductivity and excellent adhesion of the hybrid onto the electrode surface thereby
improving the repeatability as well as sensitivity of the sensing process. Shi et al.
have prepared a three dimensional Au NP/graphene hybrid on self-assembled mono-
layer (of 4-aminothiophenol) modified gold film following a hydrothermal method
(at 10 °C for 6 h) [53]. The 3D electrode possess significantly large accessible surface
area, higher stability, better electrical conductivity and excellent substrate binding
strength. It shows an impressive sensing performance for the detection of Hg2+ with
an ultralow detection limit of 50 aMwith awide linear range of 0.1 fM to 0.1μMeven
in real water sample. These results suggested that, the Au NPs/graphene hybrid have
potential in analytical and bioanalytical application. But there is much more work
to do prior to the commercial development of the hybrid based materials and their
property improvement including detection sensitivity, specificity, selectivity, storage
stability and so on. Furthermore, morework on the determination of biocompatibility
of the hybrid material is need to explore for in vivo implementation.

Electrocatalysis

Fuel cell is assumed as the one and only efficient technology to substitute the tradi-
tional fossil fuel and its efficiency stronglydepends on the catalystmaterial.Generally
platinum is considered as the most suitable material to be employ as electrocatalyst
for fuel cells that catalyze the cathodic half cell (oxygen reduction reaction; ORR)
at lower overpotential with maximum efficiency. However the high cost and limited
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reserve demand an exploration of a substitute. Compared to other noble metals, Au
gathers more attention due to its higher electrocatalytic activity in both the oxidation
and reduction reactions and excellent methanol/carbon monoxide tolerance. Further
Au is one of the inert metal in its bulk and catalyze efficiently on reducing their size
to nano scale. Many reports portrays the excellent ORR catalytic behavior of Au NPs
when their size reduced to 2 nm. Unfortunately the self-aggregation, dissolution and
destruction during the catalytic process strictly reduce the catalytic efficiency and
lifetime of the device [61]. After many trials, using graphene as the support material
Au NPs hybrids have been developed and successfully demonstrated the electrocat-
alytic performances along with better durability. In these cases, graphene not only
acts as a conducting support but also tightly immobilize the Au NPs on its surface
prohibiting the aggregation thereby improving the electrocatalytic efficiency [31, 36].
Chen et al. have prepared Au NPs/rGO hybrid by simultaneous reduction of Au3+

and graphene oxide on a glassy carbon electrode and observed an excellent ORR
activity [18]. The hybrid electrode shows pronounced electrocatalytic ORR activity
with onset potential at 0.12 V (vs. Ag/AgCl) and reduction potential at −0.06 V in
0.1 M H2SO4 medium. However the catalytic performance observed to be improved
by tuning the shape and morphology of the Au NPs. Therefore by manipulating the
reaction conditions and varying the precursors various Au NPs/graphene hybrids
were designed and explored their electrocatalytic performances. As discussed in the
above section, GO/rGO acts as a reducing agent and avails active sites for the nucle-
ation and growth of metallic nanoparticles. Therefore by simply adding the metal
precursor (HAuCl4) to the rGO suspension followed by ultrasonication and stirring,
the hybrids of Au NPs/rGO are prepared [68]. The hybrid showed an impressive
electrocatalytic ORR activity comparable to that of Pt based catalysts. In another
work, following similar methodology, Xu’s group have synthesized Au nanoden-
drite/GO hybrid avoiding the use of any additional surfactants and reducing agents
[33]. The as prepared hybrid catalyze the ORR by following a four electron path
with superior stability and methanol tolerance compared to the commercial Pt/C.
Not only the Au NPs but also the graphene hybrids of Au nanoclusters are well
documented towards ORR catalytic activity. For example, uniformly distributed Au
nanocluster/rGO hybrid prepared by using citric acid reducing agent shows excel-
lent electrocatalytic behavior for ORR [66]. Moreover the hybrid shows better dura-
bility and methanol tolerance compared to the commercial Pt/C. Additionally the
Au NPs/graphene hybrids shows better catalytic activities for the reduction of many
more inorganic molecules like NO2, CO2, 4-nitro phenol and etc. [60, 71, 73].

4 Conclusion

This chapter presents insights into various methods used for homogeneous decora-
tion of Au NPs on graphene/rGO surface forming Au NPs/rGO hybrids. The strong
adhesion of the Au NPs onto graphene surface facilitate the charge transfer process,
make the Au NPs to avail more exposed metallic sites for catalysis and restricts
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from self-degradation during the electrochemical processes. Moreover, the these
hybrids have attracted considerable attention due to their excellent physicochem-
ical properties and thereby employed in many of the advanced applications like
detection of biomolecules, hazardous metallic ions and as active electrocatalysts in
fuel cells. Additionally, the selectivity and specificity of the Au NPs and conduc-
tive of 2D graphene surface synergistically improves the sensing performance of the
hybrid material. Although numerous synthetic methods for the preparation of these
graphene based hybrids are reported to the date, but still more economic and facile
methodologies are need to explore to address their commercial application.
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Abstract Since its discovery by Fujishima and Honda, titanium dioxide photocat-
alyst have been extensively used for environmental management and wastewater
purification. TiO2 photocatalyst showed higher photocatalytic performances toward
different organic pollutants, pharmaceutical compounds, and bacteria. However, it
exhibited large band gap and can only be excited under UV-light irradiation, which
presents only 5% of solar terrestrial radiation. In addition, to the fast electron–hole
(e−/h+) pair recombination that limits its photocatalytic activity. Therefore, the incor-
poration of graphene and its derivatives, known by their exceptional mix of chemical,
physical, mechanical and electronic properties, is found advantageous to enhance
electron mobility, suppress the recombination of e−/h+ pairs and shift its visible
light photocatalytic ability. This chapter aims to introduce TiO2/graphene hybrid
nanocomposites from the fundamental component, synthesis methods, physico-
chemical and electronic properties to their application as powerful materials in the
wastewater treatment field.

Keywords Hybrid nanocomposites · Graphene · Graphene oxide · TiO2 ·
Recombination · Wastewater treatment

1 Introduction

The use of nanomaterials with sizes smaller than 100 nm in at least one dimension
in wastewater treatment has attracted great interest of scientists and more atten-
tion of researchers for the advantages of their unique physical and chemical prop-
erties. Besides that, it is well known that at this nanoscale, these nanomaterials
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possess some novel properties, which is different from their normal size equivalents,
including porous structure, enriched surface functional groups, large specific area,
and low-cost [1]. Indeed, various nanomaterials, with unique functionalities have
been used to solve major environmental problems and have shown their efficiency in
other environmental applications especially in wastewater treatment. Carbonaceous
nanomaterials [2], clays [3], zeolites [4], metal oxides [5], polymer and biopolymer
nanocomposites [6] are the most common nanomaterials used for the elimination
of a wide range of contaminants in water purification field. Thus, graphene and its
derivatives have gained immense attention due to its abundant availability, chemical
and thermal stabilities excellent adsorption capacity and eco-friendly nature [7]. Yet,
adsorbent materials are unable to degrade pollutants, they only allow their transfor-
mation from liquid phase to solid one, generating another type of pollution. From
the literature, adsorption capability of graphene can be improved by its combination
with semiconductor photocatalysts. TiO2 is oneof themost photocatalyst explored for
wastewater treatment, thanks to its great photoactivity, nontoxicity, chemical inert-
ness and cheapness [8]. However, in its turn, its photocatalytic performances were
limited by numerous factors, namely, (i) poor affinity toward organic pollutants,
(ii) quick recombination of the photogenerated electron/hole pairs and (iii) larger
band gap that limits its absorption of solar radiation. Nevertheless, the absorption
in the visible domain is the most important object of heterogeneous photocatalysis.
Studies have showed that the combination of graphene or its derivatives with TiO2

photocatalyst, not only solve the problem related to the adsorption process, but also
allows to improve the TiO2 photocatalytic performances via the minimization of its
band gap, and the suppression of the recombination of photogenerated electron/hole
pairs. This chapter book will be divided into two main parts, the first one aims
to introduce graphene and TiO2 nanomaterials via the presentation of their prop-
erties and their higher power to removal different contaminants from wastewater,
whether by adsorption or photocatalysis process. The second part will be focused
on TiO2/graphene hybrid nanocomposites as new type of efficient photocatalyst.
It addresses the synthetic strategies for their preparation, different characterization
techniques used to more understand what is really going on and finally to present
their recent research progress on the wastewater treatment field.

2 Graphene

Graphene is one of the most auspicious and bright material nanofillers applied in
the last ten years for the preparation of novel hybrid nanocomposites with extraordi-
nary properties and high performances for application in various areas. Graphene
is a crystalline allotropic form of carbon consisting of a single layer of carbon
atoms arranged in a hexagonal lattice that constitutes the basis structural element
of other allotropes, namely, graphite, carbon nanotubes and fullerenes. Its unique
structure provides several appealing peculiarities, which makes it an attractive and
cost-effective adsorbent in the wastewater treatment field. The following section
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concisely presents the graphene material, its structure and morphology, introduces
its physic-chemical properties as well as the mechanism involved during adsorption
process.

2.1 Structure and Morphology

To better understand graphene, it is helpful to start first with its crystalline structure.
According to the literature, graphene is known as a two-dimensional (2D) arrange-
ment of carbon atoms (A and B) of monoatomic thickness arranged in a hexagonal
network, similar in the shape to that of a honeycomb (Fig. 1a). The distance between
two carbon atoms is 1.42Å [9], while the lattice constant is around of 2.46Å [7]. Each
carbon atom is covalently linked to three other atoms through strong σ bonds of sp2

hybrid orbitals, while the pz orbitals perpendicular to the graphene plane (Fig. 1b),
form π bonds that hybridize together to form the π and π* bonds (Fig. 1c) [10].

Graphene can be found in various forms, namely, monolayer, bilayer, and multi-
layers. In the case of multilayers (between 3 and 10 layers), carbon atoms can be
stacked in different stacking configurations, namely, AA, AB, ABC and AAB, which
exhibit different structural and electronic properties as shown in Fig. 2. Among them,
the AB and ABC stackings are the commonly found in natural graphite [12]. Based
on the literature, synthesis of graphene under different forms, can be achieved via

Fig. 1 a Bravais lattice and b, c structure bonds of graphene [11]
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Fig. 2 Geometric structures of AA, AB, ABC and AAB-stacked graphene [12]

numerous techniques that has been reviewed in previous works. However, mechan-
ical exfoliation, chemical reduction, and epitaxial growth remain the most synthesis
methods commonly used for producing graphene with highest quality [13, 14].

2.2 Physico Chemical Properties

Despite its short history, graphene has attracted considerable attention as one of
the promising materials for a range of applications, including nano-biotechnology,
electronic and photonic systems, energy storage, and environmental applications.
Harder than diamond yet more elastic than rubber, tougher than steel yet lighter
than aluminum, graphene offer unique physico-chemical properties including high
theoretical specific surface area (~2630 m2/g), abundant functional groups such as,
hydroxyl, carboxyl in graphene oxide and reduced graphene oxide forms, that play
an essential role for its adsorption behaviors. In addition, graphene is known as
a super light material with a planar density of 0.77 mg/m2 and a thickness of
0.334 nm, promoting its use in industrial scale. It also possesses high electron
mobility, superior mechanical properties, exceptional thermal conductivity and high
potential adsorption capacity (Fig. 3) [15].

However, graphene suffers from some drawbacks. It is exhibited no porosity and
no functional groups [16], is easy to agglomerate and difficult to disperse due to strong
π-π stacking, hydrophobic interaction between the layers, which makes it unable
to perform well for decontamination purposes in its pure form [17]. Besides that,
the two graphene derivatives, namely, graphene oxide (GO) and reduced graphene
oxide (RGO) are the largest explored in the wastewater treatment field. Compared
to the neat graphene, GO and RGO, are porous, contain abundant functional groups
on their surface such as –COOH, –C=O and –OH, as displayed in the Fig. 4. The
presence of such functional groups on their surface makes them more hydrophilic
and therefore greater affinity for contaminants. Another interesting property of GO
and RGO are their opened-up layer structure, that plays important role for adsorption
application.
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Fig. 3 Fundamental properties of graphene sheet [15]

Fig. 4 Structures of a graphene and its derivatives, b graphene oxide (GO) and c reduced graphene
oxide (RGO)

2.3 Adsorption Capacity and Mechanisms

Adsorption is one of the commonly method employed to remove organic and inor-
ganic contaminants in water and wastewater thanks to its simplicity, convenience and
low-cost [18]. Several recent studies have been provided and confirmed evidence of
carbonaceous materials, in general, and graphene-based materials for the removal of
organic and inorganic contaminants from effluents. A higher surface area, chemical
stability, open-up layermorphology (in the case ofGOandRGO) and high adsorption
affinity, as shown previously, make graphene a potential candidate for the adsorp-
tion of different contaminants from sewage including organic and pharmaceutical
compounds and heavy metals [16, 19]. According to the structure of graphene, it
could form physical interactions, such as Vander Waals forces, π bonds or electro-
static forces with organic compounds without any change in its chemical or physical
properties.Chia et al. [20] have developedgraphene oxide (GO)via simpleHummer’s
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method for the methylene blue dye adsorption. The GO prepared exhibits maximum
adsorption capacity 700 mg/g at 300 mg/L, due to its larger specific surface area
and its unique two-dimensional structure. The adsorption capacity of GO increased
with increasing pH, initial MB concentration, and temperature. The Langmuir and
interparticle diffusion models were found to best describe MB adsorption on GO,
suggesting that the adsorption process is dominated by the external mass transfer of
MB molecules to the surface of GO. Moreover, the thermodynamic study showed
that the adsorption process is endothermic and non-spontaneous, which is totally
normal since theMB removal percentage increased with temperature, indicating that
the adsorption of methylene blue dye involves anion-cation interactions and π−π

stacking. Al-Khateeb et al. [19] have explored the graphene nanoplatelets (GNPs)
ability towards dangerous pharmaceutical pollutants, specifically acetaminophen
(APAP), aspirin (ASA) and caffeine (CAF). The resulting material exhibited higher
specific surface area of 635.2 m2/g. The effect of different environmental parameters
was studied, and the results revealed that all targeted pollutants were successfully
removed at 296K, in pHof 8, after 10min using 10mgGNPs.Moreover, their adsorp-
tion were found to be best described by both pseudo-second-order and intraparticle
diffusion models, indicating that intraparticle diffusion is a part of the adsorption
mechanism beside hydrogen bonding and π−π interactions [21].

3 TiO2 Photocatalyst

Although adsorption eliminate pollutants from wastewater, it cannot completely
remove pollutants. This technique transforms only pollutants from the liquid phase to
the solid one, generating another type of pollutant, which requires additional treat-
ment. Therefore, coupling graphene with photocatalyst materials such as TiO2 is
an efficient strategy to enhance the pollutant removal process via the combination
effect of adsorption sites on the graphene and the reactivity of a photocatalyst toward
contaminant degradation, and limit the fast electron–hole pair recombination. The
following section aims to briefly introduce titaniumdioxide photocatalyst, its textural
and chemical properties as well as its efficiency in wastewater treatment as one of
the powerful photocatalyst used to eliminate organic pollutants and bacteria from
sewage.

3.1 Structure and Properties

After Fujishima and Honda’s discovery in 1972 [22] for splitting water into oxygen
and hydrogen using a TiO2 photoelectrode, titanium dioxide have been proving to be
an efficient photocatalyst for the removal of organic contaminants and bacteria from
sewage. It is due to its chemical stability, inertly, long durability, super hydrophilicity,
strong oxidizing ability, nontoxicity, environmentally friendly nature and low cost
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[8]. In nature, titanium dioxide exists in four fundamental crystalline phases, namely,
rutile, anatase, brookite and TiO2(B) (bronze). In all forms, each Ti4+ ion is coor-
dinated to an octahedron of six oxygen ions (O2−), forming TiO6 octahedra. The
structural difference of these phases is attributed to the different stacking arrange-
ments of their octahedra. Anatase and rutile have tetragonal structures, with space
groups I41/amd and P42/mnm for anatase and rutile, respectively. Both crystalline phases
are made up of an octahedron of oxygen atoms around a titanium atom (TiO6 octahe-
dron) linked by different corners and edges. In anatase, each TiO6 octahedron relates
to eight neighbors: four share edges and four share corners, with respect to rutile,
each octahedron relates to ten neighbors: two edge-sharing pairs and eight corner-
sharing oxygen atoms. Brookite, on the other hand, crystallizes in an orthorhombic
crystalline structure with space group Pbca, in which both edges and corners are
shared. Wherein, TiO2 (B) has monoclinic crystal system, with space group C2/m, in
which both edges and corners are shared by the TiO6 octahedra having a perovskite-
like layered structure. Their spatial representation as well as their key properties are
shown in Fig. 5 and Table 1, respectively.

Thermodynamically, rutile is the stable form of bulk titania, while anatase is
metastable, and transferring to rutile under higher temperature, typically higher or
equal to 400 °C, depending upon themethods and conditions of synthesis, as shown in
the Fig. 6. However, many studies have suggested that anatase is thermodynamically

Fig. 5 Different TiO2 crystallographic structures a Rutile, b Anatase, c Bronze, and d Brookite
[23]

Table 1 TiO2 crystallographic crystalline properties [23]

Structure Space group Lattice parameter
values (nm)

Density (g cm−1) Band gap (eV)

Anatase Tetragonal I41/amd a = 0.378 and c =
0.951

3.79 3.22

Rutile Tetragonal P42/mnm a = 0.459 and c =
0.296

4.13 3.02

Brookite Orthorhombic Pbca a = 0.917, b =
0.546, c = 0.514

3.99 3.10

TiO2(B) (bronze) Monoclinic C2/m a = 1.217, b =
0.374 and c =
0.651 β = 107, 30°

3.64 3.05
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Fig. 6 XRD patterns of TiO2 powders annealed at different temperatures [25]

more stable when the size is in nanoscale, in particular for nanoparticles below 11 nm
[24].

Anatase and rutile are the most widely phases applied in photocatalysis studies
but offer different activities. The anatase phase has a higher photocatalytic activity,
compared to rutile one, thanks to its larger band gap, smaller grain size and higher
surface energy, while it has been demonstrated that mixed phases of anatase and
rutile with well-defined proportions show greater photocatalytic performances than
the pure single anatase or rutile. The Degussa TiO2 (P25), used today as a benchmark
photocatalyst for photocatalytic studies, is composed of amixture of 80%anatase and
20% rutile, with specific BET surface area of 50 m2/g. It exhibits high photocatalytic
performances, which is related to the high separation efficiency of the hetero-phase
interface junction formed between anatase and rutile phases that facilitates the trans-
formation of the photogenerated electrons and therefore suppress the electron-holes
recombination, as shown in Fig. 7 [26].

Up to now, several methods have been proposed to synthesize titanium dioxide
photocatalyst, either through chemical or physical routes. These techniques including
sol–gel, hydrothermal, solvothermal, micelle and inverse micelle, direct oxidation
and many others [27, 28]. Moreover, it was found that different techniques often
produce different results. Indeed, synthesis method and the operating conditions
(pH, duration, and temperature) affects strongly TiO2 morphology as well as its
structural, chemical and electronic properties. According to the literature [29], TiO2
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Fig. 7 Schematic of the heterophase interface junction between anatase and rutile phases

Fig. 8 TiO2 photocatalysts classification [27]

can be existed in many forms and morphologies, namely, microspheres, nanopar-
ticles, nanofibers, nanotubes, nanosheets, and hierarchically porous, which can be
divided into four main categories as illustrated in Fig. 8.

3.2 Basic Principles and Mechanism for Photocatalytic
Pollutants Removal

The electronic structure of TiO2 as a semiconductor plays an important role in photo-
catalysis. When TiO2 semiconductor is irradiated with a photon of sufficient energy
is equal to or higher than its band gap energy (hν ≥ Eg), electrons (e−) and holes
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Fig. 9 Principle of TiO2 semiconductor photocatalysis

(h+) are generated in conduction and valence band respectively (Fig. 9). The holes
interact with water (H2O) on the surface to generate highly reactive hydroxyl radical
(OH•), while the electrons interact with the oxygen adsorbed on the TiO2 surface to
form superoxide anion (O2•−) radicals as shown in the Fig. 9. These species attack
easily different pollutants namely, organic dyes, phenolic compounds, pesticides,
and bacteria, leading to their damage.

Due to its promising photocatalytic activity, TiO2 photocatalyst has shown higher
photodegradation ability toward a large range of pollutants in aqueous solutions
under UV light. That include anionic and cationic dyes, organic and pharmaceu-
tical compounds, metal ions and bacteria. In this context, Sohrabi and Ghavami
[30] studied the photocatalytic decolorization of an azo-reactive textile dye, Direct
Red 23, in aqueous suspension using TiO2 powder under UV light. They found that
after 140 min of irradiation under UV light in a TiO2 aqueous solution, 83.58%
of dye was decomposed. They also studied the degradation rate for the decompo-
sition of dye as function of different parameters. At low pH (pH = 2), 99.83%
of Red 23 was decomposed after only 90 min. In view of the advantages of TiO2

photocatalyst, they also tested the photocatalytic activity of different photocatalyst,
namely, ZnO, SnO2 and Fe2O3 for the degradation of Red 23. Compared to other
photocatalyst, TiO2 photocatalyst was found to be more efficient at low pH for
the degradation of Red23 dye. Successful degradation of anionic and cationic dyes
with TiO2 photocatalyst under UV irradiation was reported by Lachheb and his co-
authors [31]. The five dyes were totally degraded and mineralized. The organic part
was converted into CO2, heteroatoms were released to innocuous diluted inorganic
final products, Sulfur is released to sulfate, while nitrogen is converted first into
ammonium before its slow oxidation into nitrate. TiO2 photocatalyst exhibits excel-
lent photocatalytic bacterial activity against various bacteria and viruses. Matsunga



Hybrid Nanocomposites Based on Graphene and Titanium Dioxide … 223

et al. [32] were first reported the antibacterial activity of TiO2 powder photocata-
lyst for killing Escherichia coli bacteria. The cells were completely sterilized after
60 min, when 102–103 cells per ml were utilized. The authors mentioned that the
cell death was caused by a decrease in the concentration of Coenzyme A (Co A) and
an increase in the dimeric CoA concentration. Doping TiO2 with silver, platinum or
other metals improved the photocatalytic bactericidal activity of TiO2 nanomaterials,
especially for higher cells concentration. Recently, Zeng and his collaborators [33]
have been prepared Ag/TiO2 nanoparticles with a long-term antibacterial efficiency
via sample and facile dopamine-assistedmethod. The prepared photocatalyst showed
high activity in the elimination of both the Gram-positive Bacillus subtilis and the
Gram-negativeEscherichia coli bacteria under visible light. This higher antibacterial
activity is attributed to both silver ions and reactive oxygen species generated during
the TiO2 activation that adhere to cell membrane, leading to their damage.

Despite all merits, quick recombination of electron (e−) and hole (h+) pairs
remains the major problem that limits the TiO2 practical application. In this regard,
graphene with its unique structure and interesting properties appears as a very
promising material for solve the recombination process. The combination of the
photocatalyst with graphene or with one of its derivatives not only enhancing the
adsorptive capacity of TiO2 via the increase of the surface area but also prevent the
e−/h+ recombination. Therefore, the next section aims to present TiO2/graphene
hybrid nanocomposites and their application on water purification field. Most
of studies shown that the activity of those hybrid nanocomposite is higher than
that of pure TiO2 or graphene, owing to the presence of heterogeneous junctions
between TiO2 and graphene that delays or even suppresses the recombination of
photogenerated electron–hole pairs phenomena.

4 TiO2/graphene Hybrid Nanocomposites Based
on Graphene and Titanium Dioxide and Their
Application on Water Purification Field

The unique structure of graphene as well as its fabulous properties recently presented
provide ideal supportive behavior for photocatalyst materials. The development of
new binary nanocomposites combining graphene with TiO2 photocatalyst aims to
alleviate the inadequacies of each single material and produce nanocomposite mate-
rials with higher efficiency for pollutants removal via synergistic effect. This part of
this chapter highlights the synthesis techniques, characteristics and the application of
hybrid nanocomposites based on graphene and titanium dioxide onwater purification
field.
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4.1 Synthesis Methods

Based on the literature, the first TiO2/graphene hybrid nanocomposite synthe-
sized for the degradation of organic pollutants by photocatalysis, was prepared
by Li and his coworkers in 2009 using hydrothermal method [34]. From then on,
various methods and deposition technologies have been proposed to synthesize
TiO2/graphene hybrid nanocomposites with different morphologies including sol–
gel, hydrothermal, solvothermal, mechanical mixing, chemical vapor (CVD), etc.
[35, 36]. Each synthesis method has its own pros and cons in terms of the complexity
of preparation and the quality of the final product. Therefore, the synthesis technique
must be simple, efficient on a large scale and cost effective. In addition, the concen-
tration of both materials (TiO2 and graphene) should be optimized to avoid their
agglomeration, which results in the reduction in their efficiency. Here, we will be
focused only on the methods and techniques commonly used for the TiO2/graphene
hybrid composites preparation.

4.1.1 Hydrothermal Method

As mentioned before, hydrothermal method was the first technique used to synthe-
size TiO2/graphene hybrid nanocomposite and stills the main preparation method.
Hydrothermal technique is an environmentally friendly, simple, and efficient strategy
for theTiO2/graphene hybrid nanocomposites preparation. It involves reactions under
controlled temperature and high pressure. The main steps in the hydrothermal tech-
nique are illustrated in Fig. 10. Li and its coauthors [34] have successfully synthe-
sized a TiO2/graphene hybrid composite via hydrothermal method. Graphene oxide
obtained from graphite by Hummer’s method was dissolved with P25, in the pres-
ence of water and ethanol, under homogenous stirring and then placed in a Teflon-
sealed autoclave at 120 °C for 3 h. The resulting P25/graphene composite show
higher photocatalytic efficiency toward methylene blue dye compared with both
bare P25 and P25-CNTs with same carbon content. Recently, Nguyen and Juang
[37] have prepared RGO/TNT hybrid composites with different amounts of RGO
via a facile hydrothermal method using GO and P25 as precursors. SEM micro-
graphs showed that the RGO sheets were totally recovered with titanate. In addition,
the 3% RGO/TNT composite exhibited higher BET specific surface compared to
P25, titanate nanotube and other materials. In addition, it was observed that the
composite response under visible light increased with increasing the RGO content,
95% decolorization and 78.8%mineralization were achieved after 3 h of visible light
irradiation.
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Fig. 10 Schematic representation of hydrothermal process to synthesize TiO2/RGOnanocomposite
[38]

4.1.2 Solvothermal Method

Solvothermal method is among the efficient techniques used to synthesize
TiO2/graphene hybrid nanocomposite (Fig. 11). It is simple and like hydrothermal
technique, the difference between them lies in the solvent used. Solvothermal requires
an organic solvent, whereas hydrothermal requires only water. Thus, the properties
of final product are not the same; the hydrothermal provides better control in terms of
crystallinity, size and ban gap. In this context, Awang andTalalah [39] have compared
two TiO2/graphene oxide composites synthesized though both solvothermal and
hydrothermal techniques. It was found that the composite prepared via solvothermal
method shows the highest crystallite size and the largest band gap compared to
that prepared via hydrothermal technique, and therefore lower photodegradation
capacity. In the other hand,Yadav andKim [40] have prepared anataseTiO2-graphene
oxide nanocomposites with different GO loadings by a solvothermal method for
the degradation of gaseous benzene under UV light irradiation. The SEM micro-
graph of nanocomposites reveals the non-spherical morphology of TiO2 nanopar-
ticles existing on GO sheets. The anatase nanoparticles were well dispersed on
graphene oxide sheets. The TEM reveals also that the TiO2 NPs are well connected
to GO surface. UV–Vis DRS measurements were made to study the optical prop-
erties of the anatase TiO2-GO nanocomposites. The nanocomposite showed a red
shift in the absorption edge attributed to the formation of chemical bonds of Ti–O–C
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Fig. 11 Schematic representation of solvothermal process to synthesize TiO2-GO nanocomposite
[40]

between TiO2 and graphene. The nanocomposites prepared shows better photocat-
alytic activity to degrade benzene gas than pure TiO2 due to the synergistic effect of
graphene and TiO2.

4.1.3 Mechanical Mixing Method

Mechanical mixing method is one of the most technique used to synthesize
TiO2/graphene hybrid nanocomposites, owing to its simplicity, facile control of the
reaction conditions and the possibility to produce TiO2/graphene composite with
homogenous distribution [35]. This method involves two steps, namely, mixing
and sonication. The first step consists the mixing of TiO2 and graphene/graphene
oxide under stirring, while sonication aims to ensure good contact between the
different compounds and provide the exfoliation of graphene. Zhang et al. [41] have
prepared ternary P25/GO/Pt hybrid nanocomposite via mechanical mixing method.
The (Pt/GO)/P25 nanocomposite showed the highest hydrogen production, with an
increase of about 3 times than that of Pt/P25 due to the introduction of GO that
improves light adsorption in the visible light region and enhance the photocatalytic
performance. Li et al. [42] have prepared 3D TiO2-reduced graphene oxide hydrogel
by simple mechanical mixing method followed by sonication for the removal of
Cr(VI) from aqueous solutions. The method consists of mixing P25 photocatalyst
with graphene oxide in the presence of sodium ascorbate as reducing agent. TEM
images shows the lamellar structure of RGOwith some chiffon-like ripples andwrin-
kles with TiO2 nanospheres in the size of 20 nm uniformly dispersed on the RGO
sheets. The composite exhibits highly connected pores and large specific surface
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Fig. 12 Schematic representation of TiO2/graphene hybrid composite via mechanical mixing
technique [43]

area, which provide abundant active sites and facilitate the diffusion of chrome ions
(Fig. 12).

4.1.4 Sol–Gel Method

Sol–gel is one of the advanced techniques, which usually employs the compounds
with high activity as the precursors. Is applied to obtain an intimatemixing and strong
chemical bonding between graphene and TiO2, involving hydrolysis and condensa-
tion reactions. The method is simple and allows the preparation of homogenous
TiO2/graphene hybrid composites with excellent compositional control. Another
interesting advantage of sol–gel method is that elevated pressure and temperature
are not required. In addition, strong chemical interaction between TiO2 and GO are
obtained via sol–gel technique, contrary to mechanical mixing method, which the
interaction are very weak [44]. The challenge of the sol-method is how to control the
particle size and uniform dispersion of the TiO2 on graphene sheets. Atout et al. [45]
have prepared TiO2/reduced graphene oxide nanocomposites via two preparation
methods, namely, sol–gel and hydrothermal techniques. The purpose of this study
was to show that other parameters than the composition can be influenced the photo-
catalytic activity of the elaborated materials. It was observed that the TiO2/RGO
nanocomposite prepared via sol–gel route presented improved textural properties
and excellent photodegradation efficiency than those prepared by hydrothermal one.
TEM micrographs revealed that the TiO2 were more homogenously distributed on
RGO in the case of the composite prepared with sol–gel method compared with
its analogous obtained by hydrothermal route. Its efficiency for methylene blue dye
removal was very highest, 93% of methylene blue was degraded against only 82%
in the case of the composite prepared by hydrothermal method (Fig. 13).

4.2 TiO2/graphene Hybrid Nanocomposites Characterization

Physical, chemical, and mechanical properties of hybrid nanocomposites based on
graphene and titaniumdioxide can varywith synthesismethods previously described.
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Fig. 13 Schematic illustration for TiO2/graphene composite preparation though sol–gel technique
[46]

Their characterization plays a vital role in determining the mechanisms involved
during the degradation of different pollutants. Especially that their photocatalytic
activity is strongly depending on the structure, the morphology as well as their
surface properties.

4.2.1 X-Ray Diffraction

One of themost important challenges during the preparation of TiO2/graphene hybrid
nanocomposites is the difficulty of reducing graphene oxide into graphene single
layer, which is an important step to obtain hybrid nanocomposites with higher photo-
catalytic efficiency. X-Ray diffraction is widely used for the determination for the
structure of hybrid nanocomposites aswell as to confirm the presence of TiO2 without
disruption of its crystal structure. XRD analysis (Fig. 14) confirmed the successful
reduction of GO into RGO via hydrothermal technique [38]. In addition, it was
observed that the main diffraction peaks of TiO2 before and after RGO addition are
similar, indicating that the incorporation of RGO does not result any disruption of
the crystal structure of TiO2.

4.2.2 Scanning and Transmission Electron Microscopies

SEM and TEM are considered as the most popular characterization techniques for
following the TiO2/graphene hybrid nanocomposites morphologies. They provide
better information about the degree of dispersion of TiO2 nanoparticles on the
graphene surface. The morphology and compositions of G-TiO2 composite prepared
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Fig. 14 XRD patterns of the GO, RGO, TiO2 and TiO2/RGO [38]

by Zhou et al. [47] are illustrated in the Fig. 15. SEMmicrographs and TEM images
showed that the graphene sheets are totally covered with TiO2 particles with an
average crystallite size of 15 nm, while the high-resolution TEM image indicates a
well-defined crystallinity of TiO2 with lattice spacing of 0.352 nm, corresponding to
the (101) planes of anatase.

4.2.3 Infrared Spectroscopy

Infrared spectroscopy is often used to identify functional groups and to confirm the
interactions between TiO2 and graphene. Figure 16 illustrated FTIR spectra of P25g,
graphene oxide and P25-GO-1% composite prepared by Liu and his collaborators via
solvothermalmethod [48]. TheFTIRspectrumof grapheneoxide reveals the presence
of three major peaks located at 3428, 1730, 1626, 1386 and 1056 cm−1, which are
attributed to O–H stretching and bending vibrations, C=O, C=C, tertiary C–OH and
C–O groups, respectively. moreover, it was detected that both 1730 and 1065 cm−1

peaks were disappeared after the addition of P25. The absence of such peaks on
the P25-GR composite indicates the successful reduction of GO to graphene via
solvothermal method. Furthermore, the P25-GR composite showed a much plumper
absorption at around 654 cm−1, which was attributed to the combination of Ti–O–Ti
vibration andTi–O–Cvibration, confirming the strong chemical interactions between
GO and TiO2.
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Fig. 15 SEM and TEM images of G/TiO2 composites [47]

4.2.4 Raman Spectroscopy

Raman spectroscopy is a complementary technique to infrared spectroscopy that
provide more information about composition and characteristics of the resulting
material such as the number and quality of the graphene layers as well as the crystal
phase structure of TiO2. Figure 17 shows the Raman spectra of GO, RGO, TiO2

NWs and TiO2 NWs-RGO nanocomposite prepared by Yue et al. [38]. The Raman
spectrums of GO and RGO reveal the presence of two peaks at 1352 and 1594 cm−1

were ascribed to D and G bands hybridized carbon atoms, respectively. Thus, it was
detected that the intensity ratio of the D and G bands of RGO was lower compared
to that of GO, which confirms that GO was successfully reduced to RGO after
hydrothermal synthesis [42]. Moreover, TiO2 NWs-RGO nanocomposite contains
the main peaks of TiO2 and both D-band and G-band of RGO, indicating the success
of the combination of that TiO2 and RGO and the strong interaction between them.
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Fig. 16 The FTIR spectrums of GO, P25 and P25-GO-1% composite [48]

Fig. 17 Raman spectra of TiO2/RGO nanocomposite compared to starting products [38]
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4.2.5 Textural Properties (SBET, Pore Size Distribution and the Total
Pore Volume)

The surface and pore size distribution as well as the total pore volume of
TiO2/graphene hybrid nanocomposites were usually characterized via the nitrogen
adsorption/desorption measurements. These parameters are very interesting because
they have a largely powerful effect on the final application. Indeed, composites with
higher specific surface area and important porosity present higher adsorption and
photocatalytic activities. Shah et al. [49] have demonstrated that all composites
prepared during their work via hydrothermal technique exhibited high surface areas,
as RGO content increased. It reaches a value of 2600m2/g. This specific surface area
enhancement positively influenced its photocatalytic activity compared to P25 and
TiO2 photocatalysts (Fig. 18).

Fig. 18 BET surface area and pore size distribution of TiO2/RGO nanocomposites [49]
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Fig. 19 UV–Vis spectra of TiO2/graphene nanocomposites with different G loadings [50]

4.2.6 UV–Visible Absorption Spectroscopy

As already mentioned, the combination of TiO2 and graphene materials allows
to shift the TiO2 response to visible light regions, which constitutes the major
purpose of heterogeneous photocatalysis application. Therefore, UV–Visible spec-
troscopy was used to confirm the major changes that may occur during the
preparation of TiO2/graphene hybrid composites. As shown in the Fig. 19 all
TiO2/graphene composites prepared via microwave-assisted method, with different
graphene amount, showed a red shift in the absorption edge and a strong absorption in
the whole visible light range from 400 to 800 nm, in contrast to pure TiO2 [50]. This
highly visible light response is attributed to the narrow of their band gap energy after
the addition of graphene, as well as to the electronic interactions between graphene
and TiO2 nanoparticles that delays the e−/h+ recombination.

4.3 Application on Wastewater Treatment Field

The photodegradation of different pollutants in sewage using TiO2/graphene hybrid
nanocomposites is one of the important and efficient strategy for environmental
management andwastewater purification. Owing to its promising physical and chem-
ical properties with the ease of processability, graphene and its derivatives provide
ideal supportive behavior for TiO2 photocatalyst. According to the literature, it
was found that TiO2/graphene hybrid nanocomposites present better photocatalytic
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performances toward organic pollutants, heavy metals and other inorganic contami-
nants, compared to the bare TiO2 or graphene [51]. This enhancement is attributed to
both lower band gap and recombination rate of the e−/h+ pairs. Indeed, thanks to its
electronic properties, graphene can easily collect the electron and suppress charge
recombination.

Nguyen and his collaborator Juang [37] have realized a series of photocatalytic
tests using different simples, namely, P25, and TiO2/graphene oxide nanocompos-
ites with different GO loadings, to evaluate the role of incorporating graphene oxide
on the photocatalytic ability. The photocatalytic activity of different samples was
assessed via the oxidation of Methylene blue and Orange G dyes under both UV and
visible lights. The composite with 3wt%RGO displayed the highest photocatalytic
capacity, thereabouts 100% decolorization and 77.4% mineralization were attained
after 1 h ofUV irradiation, against 95%decolorization and78.8%mineralization after
3 h of visible light irradiation. The authors attributed the significant enhancement to
the reduction in the band gap energy of TiO2 after the addition of RGO that allows
efficient electron transfer and therefore higher photocatalytic activity. Furthermore,
it was found that all composites exhibited lower affinity toward towards anionic dyes
compared to the P25, due to their negatively charged surface that creates more repul-
sions interactions. To confirm that what is happening is attributed to ROS species,
the authors added different amounts of isopropanol (IPA), p-benzoquinone (p-BQ),
and iodide anions to methylene blue solutions. These elements serve as hydroxyl
radical, superoxide anion and hole scavengers, respectively. It was found that the
MB degradation was slightly lower in the presence of such elements, indicating the
important role of both hydroxyl and superoxide radicals in MB degradation under
visible light irradiation. Efficient removal of Cr(VI) by 3D TiO2-reduced graphene
oxide hydrogel was reported by Li et al. [42]. After 60 min of UV irradiation, all
of Cr(VI) were removed by the TiO2/RGO composite against only 73.6% using the
pure TiO2, while the reduced graphene oxide was found incapable of photocatal-
ysis, confirming the synergetic effect of both graphene and titanium dioxide on the
adsorption of Cr(VI) ions. In addition, the authors were studied the mechanisms
involved during the removal of Cr(VI) using the TiO2/rGO composite. It was found
that the Cr(VI) elimination can be realized through two pathways, Cr(VI) ions were
firstly adsorbed on the 3D network structure of the composite via graphene that owns
higher surface area and abundant functional groups and then reduced to Cr(III) ions
thanks to the reactive super-oxidant species generated by TiO2 photocatalyst.

TiO2/Graphene hybrid nanocomposites can be also used for the inactivation of
pathogenic microorganisms present in water. Recently Noreen et al. [52] found that
theTiO2/graphene nanocomposites doped by silver and synthesized via hydrothermal
route could be effectively utilized againstCampylobacter jejuni bacteria under visible
light. The bareTiO2 showed activity against all tested bacteria,which is in accordance
with the Sect. (3.2). Moreover, it was observed a large increase of the composite
antibacterial activity after the addition of silver, confirming the dominant role of
incorporating silver in the composite. Indeed, silver ions have the ability either
interact with thiol groups of vital bacterial enzymes, or penetrate to cytoplasmic
membrane for interacting with DNA, inducing photocatalytic antibacterial activity
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Fig. 20 Effect of Ag/TiO2/GR hybrid nanocomposite on cellular morphology of C. jejuni [52]

in both cases. These hypotheses were confirmed by the cytoplasmic leak test, which
showed the release of a large quantity of DNA and RNA from Campylobacter jejuni
cells after the Ag-TiO2/graphene exposition (Fig. 20).

5 Conclusion and Future Perspectives

This work presents an extensive bibliographic study on recent investigations of
TiO2/graphene hybrid nanocomposite from their synthesis methods, characteriza-
tion to their applications in environmental applications, specifically in the wastew-
ater treatment. Based on different research studies carried out in this area, it was
found that TiO2/graphene hybrid nanocomposite present higher affinity towards a
wide range of pollutants and bacteria due to their important textural, chemical,
and physical properties. Indeed, graphene and its derivatives, with high porosity,
large specific surface area and abundant functional groups enhance the adsorption
of different pollutants on the surface of the hybrid nanocomposite and improve the
adsorption of different contaminants due to several mechanisms that can be involved
such as electrostatic interactions, hydrogen bonding, π-π interactions and many
others. Moreover, due to their important electronic properties, they can act as elec-
trons attractor, preventing the charge recombination phenomena. Finally, the incor-
poration of graphene leads to narrowing of the band gap and red shift the adsorption
in the visible region of the spectrum. Despite the numerous advantages described
above, the applications of TiO2/graphene hybrid nanocomposite still confined only
on the laboratory scale. The weak dispersion and poor bonding between TiO2 and
graphene are the two major challenges hinder their industrial applications. In addi-
tion, some fundamental questions remain open. Is the enhancement of the photocat-
alytic activity of TiO2/graphene hybrid nanocomposites is attributed only to its huge
surface area and electronic conductivity extending the life of electron–hole pairs?
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Can 3D TiO2/graphene hybrid nanocomposites be useful and more efficient than 2D
TiO2/graphene hybrid nanocomposites for the removal of pollutants from sewage?
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Hybrid Nanocomposites Based
on Graphene and Zinc Oxide Biosensor
Applications

R. D. A. A. Rajapaksha

Abstract Graphene is ideal reinforcing material today, has a unique 2D nanostruc-
ture with few nanometer gaps between particle layers. 130 GPa strength gain high
thermal conductivity and electric conductivity. Apart frommechanical strength, high
surface to volume ratio, ease of functionalization, and other physicochemical prop-
erties gain remarkable properties in sensing and biosensing applications. Graphene-
based inorganic composite is gained new attention to various applications because
of the synergic effect of the composite. Graphene-based ZnO gains new proper-
ties such as mechanical, thermal, electrical, and binding to the composite material.
Graphene/ZnO reinforced composite gain high stability, sensitivity, rapidity, and
selectivity and low LOD to the biosensors.

Keywords Nanoparticle · Potentiometry · Voltammetry · Impedimentary ·
Conductometry · Biomaterial · Self-assembly · Protein · DNA

1 Introduction

Graphene is a two-dimensional (2D) flat monolayer of carbon atoms attached as
a honeycomb lattice [1]. Zero bandgap, high conductivity, and high transparency
are outstanding properties of graphene. The charge carrier mobility of Graphene is
250,000 cm2 V−1 s−1 at room temperature, and thermal conductivity is 5000 Wm−1

K−1 with the electrical conductivity of 6000 S cm−1 [2]. Another important unique
property of graphene is the ability to combinewith inorganic nanoparticles. Graphene
has in-plane elastic modulus (0.5–1 TPa) and tensile strength (130 GPa) due to the
sp2 hybrid bonding of carbon atoms [3]. High electrical conductivity, fast carrier
mobility, large surface area, and high capacity to immobilize molecules are desired
properties of graphene to be used in biosensors [4]. Conjugated system of graphene
is known to facilitate the electron transfer between the bioreceptor and transducer of

R. D. A. A. Rajapaksha (B)
Department of Nano-Science Technology, Faculty of Technology, Wayamba University of Sri
Lanka, Kuliyapitiya, Sri Lanka
e-mail: asanka@wyb.ac.lk

© Springer Nature Singapore Pte Ltd. 2021
A. E. K. Qaiss et al. (eds.), Graphene and Nanoparticles Hybrid Nanocomposites,
Composites Science and Technology,
https://doi.org/10.1007/978-981-33-4988-9_9

239

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4988-9_9&domain=pdf
mailto:asanka@wyb.ac.lk
https://doi.org/10.1007/978-981-33-4988-9_9


240 R. D. A. A. Rajapaksha

the biosensor. Moreover, some of the graphene-based nanomaterials with conju-
gated system are known to special abilities to quench the fluorescent signal of
biosensors producing ‘on-off’ molecular switches [5].

Biosensors consist of three main components, namely a bio receptor, transducer
and signal processor. The bio-receptor moiety of biosensors has greater affinity to
recognize the desired complementary target analyte than that of the other molecules
with similar structure of noncomplementary targets. The high selectivity and speci-
ficity of a biosensor is greatly hinged on its ability to make perfect complementarity
in host-guest chemistry. The receptors which have been immobilized a priori onto
transducer surface via spacer group permits to have harnessed the effect of preor-
ganization affording the augmented selectivity toward a desired analyte [6]. The
biological reactions taking place in living milieu of cells leverage its cell-signaling
cascades to magnify its faint signals in situ generated. Such concatenation of inter-
lined cell-signaling cascades are managed to produce a macroscopically observable
changes to external beholders.

The analytical characteristics of the system depend on the inter-component corre-
lation and the intra-component properties of each unit. These biological receptors
such as ssDNA, antibodies, hormones, cells, etc., have been immobilized on the
transducer surface. Biological signal transforms to electrical signals by using trans-
ducer [6, 7]. Typically the sensors sense physical changes in the surroundings and
translate them to a readable quantity. In here, the transducer transforms this readable
signal (energy) into another type. For example, in electrochemical analytical devices,
the sensor senses changes from light, temperature, pH, ion concentration, etc. and
transforms them into electrical signals. Response time (rapidity) and sensitivity of
the system depend on the transducer. Biological receptor and nanotechnology-based
transducers help to create a miniaturized device and bioelement-nanoparticle func-
tionalized transducer interface which is useful to enhance signal amplification capa-
bilities. There are different types of miniaturized transducers that can be used in
the sensors and biosensors such as interdigitated electrode (IDE) and various types
of nano-gap based systems, ion selective field effect transducer (ISFET), cantilever
systems etc. [8–10]. As the third part of the biosensor system, the key tasks of the
processing circuit are to amplify the signal, process the signal and allow to view in a
display by user-friendly manner [11–13]. Various electrochemical methods (voltam-
metric, potentiometric, conductometric and impedimetric) can commonly be used
in sensitive detections. Different types of nanomaterials have an enormous potential
to be used in improving the efficiency of these types of miniaturized transducer-
based analytical systems [13–16]. Nanoparticle functionalized label-free biosensors,
nanoparticle tags in bioassay dependent biosensors and nanoparticle bioassay sand-
wich dependent electrochemical systems can be used in analytical systems. The role
of usage of NPs in analytical systems improve the sensitivity and selectivity of the
device, contributing to early detection of disease in a medical diagnosis. Figure 1
shows the schematic of biosensor architecture.

Graphene oxide (GO) and reduced graphene oxide (rGO) are widely utilized in
graphene composites-based biosensor applications. A graphene sheet with its basal
plane decorated by oxygen-containing groups such as hydroxyl, epoxy, carboxyl, and
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Fig. 1 Biosensor architecture of Graphene/ZnO based biosensor

carbonyl groups are called graphene oxide [17, 18]. Excellent biological response and
materials safety are the remarkable properties of GO for sensor applications [19, 20].
There are several synthetic routes available in literatures to prepared GO and rGO,
namelyModifiedHummer’smethod, top-downapproach, sticky tapemethod, solvent
interface trapping film formation method, David Boyd method and just to name a
few [19]. Reduced GO (rGO) sheets are chemically derived graphene specially used
in the biosensor field [21]. Chemical, electrochemical, thermal, and photothermal
microwave reduction are nifty techniques used to synthesize reduced graphene oxide
from graphene oxide (Karthila). According to Ghanbari and Moludi, rGO facilitates
large active sites for molecule immobilizing [22, 23].

Nowadays, researchers have focused on nanocomposites to take synergetic
advantage and enhance the properties of available materials. Many scholars have
chosen graphene as a filling agent for composites due to its exceptional electronic,
thermal, andmechanical properties [24]. Lawal had reported about graphene-polymer
nanocomposite, graphene/activated carbon nanocomposite, graphene/metal oxide
nanocomposite, graphene/metal nanocomposite, and graphene/fibres nanocom-
posite. Among them, graphene/metal oxide nanocomposite are promising nanocom-
posites in the biosensor applications. George and coworkers had stated that metal
oxide is the appropriate material to enhance the sensing ability of graphene [25].
According to Saleh and Fadillah, metal oxides can induce the structural changes,
and which lead to change in lattice symmetry and other concomitant other param-
eters facilitating to build the 3D conductive porous network having enhanced the
charge transferring and other electrical properties [name few desired electrical prop-
erties). Finally, this makes the changes the surface properties which lead to increase
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the chemical activity and conductivity [26]. For few examples, TiO2, ZnO, MnO2,
Cu2O, SnO2, and NiO are the leading metal oxide nanoparticles used in biosensor
applications [27, 28].

ZnO has received significant consideration due to its outstanding properties such
as wide bandgap, high abundance, low cost, and hexagonal wurtzite crystal structure
[29]. According to Yue and coworkers, excellent catalytic properties, rapid electron
transferring, large surface area, and high chemical stability are the other properties of
ZnO nanoparticles [30]. The synergetic effect of graphene and ZnO nanocomposite
could have been the cause to enhance the electron transferring rate and conductivity
[31]. In addition to that, photocatalytic activities, energy storage capability, sensing
activity, nonlinear optical switching capability, and optoelectronic characteristics
will have a promise to be improved by this combination. Joshi et al. reported that
this composite has shown enhanced photocatalytic performance by reducing the
recombination rate of charge-carriers [32]. Further, they reported that graphene could
have been the cause to enhance the roughness and surface area of the nanocomposite,
which may lead to improve the photoelectrochemical reaction.

This chapter covers the synthesis of graphene/ZnO nanocomposites, interaction
of graphene with ZnO, and graphene/ZnO based biosensor applications. Graphene-
ZnO composite based biosensors such as enzymatic, nucleic acid and immune-based
two-electrode and three-electrode electrochemical biosensors are discussed in this
chapter. Their performance and electrical characterization have been done by contem-
porary electrical characterization techniques, such as voltammetry, amperometry,
potentiometry, and impedometry.

2 Interaction between Graphene/GO/rGO and ZnO

In here, functionalized GO sheets with carboxyl, hydroxyl, and epoxy groups can
attract positively charge metal ions. These metal ions attach to the surface and edges
ofGOsheets through oxidation and reduction reactions. These attachment sites create
nucleation sites to grow nanostructures on the graphene sheets. In the meantime, the
reduction of GO and metal ions form metal-graphene nanocomposites. GO create
photogenerated electrons, which can reduce the metal ions. The following reactions
will explain the above phenomenon.

GO + hυ → GO + (h+ + e−) (1)

4h+ + 2H2O → O2 + 4H+ (2)

M+ + GO(e−) → GO + M (3)

GO + 4e− + 4H+ → rGO + 2H2O (4)
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Chemisorption, physisorption, covalent bonding, van der waals, and electrostatic
interaction are other mechanisms where nanostructures are attached to the graphene
sheets. Because of these attachments, restacking, and aggregation of the graphene
sheets will be reduced.

3 Synthesis of Graphene and ZnO Composites

There are many reported methods based on the ZnO nanostructures synthesized on
the graphene/GO/rGO nanosheets.

3.1 Hydrothermal/Solvothermal Synthesis

The hydrothermal method is a promising method for the synthesis of a variety of
inorganic nanoparticles under controlled temperature and pressure. If the solution
medium is non-aqueous, the process can be called as solvothermal. This method can
be used to produce homogeneous crystalline powders with high purity and ultrafine
size distribution. Low processing temperature and less reaction time are the main
advantages of this method. The closed stainless steel autoclave Teflon-lined frame-
work is used in the hydrothermal synthesis. When the Vessel’s temperature rises, the
pressure within the vessel often rises, and the disintegration of the thermodynami-
cally unstable compounds intensifies if the critical pressure of the water exceeds the
pressure. Hence, the macromolecules are broken down into nano-size particles in the
aqueous solution. Absolute ethanol was used as a solvent for the production of ZnO.
The benefit of ethanol is to boost gel-like GO dispersion [33]. This method is used
to decorate ZnO nanoparticles on the graphene, GO, and rGO nanosheets (Fig. 2).

Junwei et al. have synthesized different ZnO nanostructures on rGO by an in-situ
hydrothermal reaction for nonenzymatic electrochemical N2H4 sensors. The size
and shape of ZnO on RGO surface can be effective controlled by adjusting the mass
ratio of Zn2+ to RGO. After the combination of ZnO with RGO, the conductivity of
ZnO-RGO composites can be improved, leading to higher sensitivity for N2H4 deter-
mination [34]. Chang et al. have developed ZnO nanoroad/Graphene heterostructure
by a facile in situ hydrothermal growth method [35]. Balasubramaniam et al. have
used low temperature hydrothermal method without any reducing agent [36].
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Fig. 2 Hydrothermal synthesis of ZnO QD/graphene composite films. (A-a) Schemes for
hydrothermal synthesis of ZnO nanorods/graphene heterostructures, (A-b) SEM image of ZnO
nanorods (A-c) SEM image of ZnO nanorods/graphene film [34], (B-a) SEM micrographs of ZnO
QD/graphene hybrid film, (B-b) TEM micrographs of ZnO QD/graphene hybrid film [35]

3.2 Graphene-Based ZnO Using Microwave-Assisted
Hydrothermal Synthesis

This approach can be used to synthesize the complex binary or ternary metal oxides,
including zeolites. Because of minimal synthesis times and high localized heat,
nanoparticle prepared by this method had made uniform particle size distribution.
Microwave heating is based on the reaction conditions and molecular properties
of the materials and usually takes place with the 2.45 GHz microwave frequency.
The size of the ZnO nanoparticles varied between 10 and 100 nm. The synthesis of
ZnO nanocomposites with microwave-assisted graphene has also been reported [37].
The growth of ZnO nanostructures is constrained by graph sheets. T. Lu et al. have
performed important work on the synthesis of ZnO decorated graphene nanocom-
posites using the microwave with a high specific capacity. In here GO, NaOH and
zinc sulphate were used as reactants [35]. Kajbafvala et al. has been carried out the
synthesis of the ZnO wires (sword form) by microwave energy. The raw materials
included methanol, tri-ethanol amine, dehydrated zinc acetate, and sodium hydrox-
ides. The length of the ZnO nanowire was in the range of ~1 to 4 inches, and thewidth
was 80–250 nm. S. Meti et al. has prepared nanocomposite of rGO/ZnO by using
microwave-assisted hydrothermal method. Here, they synthesized GO by following
the Tang Lau method and used the GO for the preparation of rGO/ZnO.
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3.3 Sol–Gel Synthesis

Synthesis ofZnOnanocomposites by the sol–gelmethodhas nowbecomeubiquitous,
are used in various applications. Zinc precursors, additives, and solvent are used
for the synthesis process, which is based on hydrolysis and co-condensation of the
hydrolyzed precursors into ZnO nanocomposites. Pourshahan et al. developed ZnO
nanocomposites using zinc acetate as zinc precursor in alcoholic solvents such as
methanol and ethanol. The ZnO nanorods were synthesized at 500 °C for 60 min
by using the calcination technique. Para et al. used zinc acetate, glacial acetate,
and ammonium acetate as reacting materials to synthesize ZnO-nanoparticles. H. Li
et al. developed a Nanocomposite ZnO/graphene film as an anode for lithium-ion
batteries using the aqueous solution of zinc acetate, ethanol, graphene, and lithium
hydroxide. Demes et al. studied the effects on the morphology of ZnO nanowires
of various amine agents such as mono and diethanolamine [38]. Zimmermann et al.
also studied the impact of ZnO film development on various substrates [39]. They
have synthesized ZnO quantum dots and studied their development by reacting with
ethylene glycol, Zinc acetate, NaOH, 2-Propanol, and ethylene glycol.

3.4 Electrochemical Growth

The electrochemical method, through the deposition of ZnO, is effective because
of the effective dimensions controlling manner. In this method, applied potential
and solution concentration are the tunable measurement factors. Oxygen saturated
aqueous salt solution is used to deposition of ZnO at a lower temperature (<100 °C).
The growth of ZnO from planer film to nanosized islands depends on the variation of
growth parameters such as substrate lattice parameters, electrolyte (chloride, nitrate,
perchlorate, etc.), pre-activation surface treatment, amount of the oxygen content
and applied potential.

Wong et al. have used a cathodic electrodepositionmethod to growZnO nanorods.
Polycrystalline Zn foil was used to grow ZnO in the aqueous zinc chloride/calcium
chloride at 80 °C. Electrochemical synthesis of ZnO on the GaAs substrate was
carried out under aqueous zinc nitrate electrolyte solution by the Zeng et al. ZnO
nanopillars was deposited on the single crystal of gold in the aqueous electrolyte
solution of the ZnCl2/KCl using electrochemical deposition (ECD) method by the
Liu et al. ECD deposition of transparent ZnO under zinc nitrate aqueous solution by
M. Izaki.
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3.5 Biological Synthesis of the ZnO Nanoparticles

Compared to othermethods, the biological synthesis process for ZnOnanoparticles is
economical, effective, and environmentally friendly. For the production of nanoparti-
cles, this process uses plant extracts,microorganisms, and enzymes and.Thenanopar-
ticles synthesized by this process were used in applications of biosensors, water
purification applications, catalysts, antibacterial, and antivirals. ZnO nanoparticles
were produced from extracts of plants, food sources, and microbes.

Al-Dhabi and coworkers used an aqueous extract of Scadoxus Multiflorus (S.
multiflorus) leave powder to synthesize the ZnO nanoparticles. Khalil el al. have used
Sageretia thea (Osbeck) mediated synthesis of the ZnO nanoparticles. Venkalesan
and coworkers used the extract of Ipomoea pes-caprae leaves for the synthesis of
ZnO nanoparticles [40].

4 Enzyme-Immobilized Graphene/ZnO Based Biosensors

Graphene-based Enzymatic biosensors can be seen in various applications in
numerous areas such as biomedical, environmental, agriculture, food and beverage
industries, pharmaceutical, etc. According to the detection principle, these biosensors
can be categorized as electrochemical, optical, piezoelectric, etc. different electro-
chemical biosensors are various bio receptors that can be seen, such as enzymatic,
nucleic acids, antibody, etc.

4.1 Glucose Oxidase

Glucose biosensors are attracting an increasing interest due to the drastic improve-
ment in the number of diabetic patients. The availability of affordable and reli-
able techniques to measure blood glucose levels is very important in diabetes treat-
ments. Hyperglycemia is a critical situation where blood glucose level is higher than
7 mmol/L (126 mg/dL) when fasting and higher than 11.1 mmol/L (200 mg/dL)
2 h after a meal [41]. If the blood glucose level is less than 2 mmol/L, it leads to
unconsciousness situations. In enzymatic glucose biosensors, the following reaction
will occur with the presence of Glucose Oxidase [42].

β − D − glucose + O2 + H2O
GOx−−→ C6H12O7 + H2O2 (5)

H2O2
GOx−−→ O2 + 2H+ + 2e− (6)
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Graphene/ZnOnanocomposite is a promising hybrid composite used in enzymatic
glucose biosensors. These composites provide catalytic and other essential benefits
through their synergetic effects.

Kavitha, Lee, and Park had developed glucose biosensors using graphene/ZnO
nanocomposite as shown in Fig. 3 [43]. They used graphene because of super
electrical and thermal conductivity, good mechanical properties, lateral quantum
confinement, high carrier mobility at room temperature, high chemical stability, and
large specific surface area. ZnO NPs also important nanomaterial, which facilitates
excellent contribution sensor applications. The research team had a focused wide
bandgap (3.37 eV) and a wide bandgap (60 meV) of ZnO NPs at room temper-
ature. Besides, the high surface-to-volume ratio and quantum confinement effect
also highlighted the properties of ZnO NPs. The combination of ZnO and graphene-
enhanced the immobilization in native configuration and feasibility of direct electron
transfer. The nanocomposite was developed by using situ thermal decompositions
of zinc benzoate dihydrazinate on the graphene surface. This technique has many
merits, such as uniform size, high yield, no impurities, simple preparation, low cost,
and decomposition temperature. They used Ag/AgCl as a reference electrode and
ZnO/graphene/GOx as the working electrode. The sensor has shown high sensitivity
for glucose detection.

Hwa and Subramani had fabricated a voltammetric glucose biosensor by using
GR–CNT–ZnO composite [44]. According to their report, conductivity, chemical
stability, economics, and flexibility are the common characteristics of graphene.
Besides, graphene sheets have hydrophobic, low polar, and high π -electron density,

Fig. 3 a Schematic showing the decomposition pathway of the precursor and the deposition of ZnO
nanoparticles on graphene, b TEM image of the ZnO-coated graphene, c Schematic representation
of the preparation of GR–CNT–ZnO composite, d SEM image of GR–CNT–ZnO, and e TEM
image of GR–CNT–ZnO [43]
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which facilitates easy immobilization of molecules via covalent or non-covalent
bonding. Non-toxic, high electron transferring rate, and electrochemical activity are
the key characteristics of ZnO utilized in this research. High electrocatalytic activity
and electron-transfer rate are the most essential properties of CNT widely use in
sensor applications. With the combined effect of the GR and CNT, ZnO nanostruc-
tures facilitate high absorption of enzymes because of their specific surface area,
chemical stability, and excellent biocompatibility. First, they synthesized GO–CNT
composite through a simple solution-based approach. GR–CNT–ZnO composite
was prepared through the simultaneous reduction of GO and zinc acetate by using
sodium borodihydride (NaBH4). The research team had highlighted high selectivity,
sensitivity, rapidity, fidelity, low cost, and portability as the merits of electrochem-
ical techniques. The GR–CNT–ZnO/GOx modified GCE sensor had shown 5.362
µAmM−1 cm−2 with a limit of detection as 4.5 µM. The repeatability, stability, and
reproducibility of the sensor were very high.

Another Graphene/ZnO@Pd composite based dual-enzyme biosensor was devel-
oped by Gu et al. [45]. For in vivo simultaneous detections of glucose. They high-
lighted specific surface area and outstanding properties of electrical, mechanical, and
thermal as the key performance of graphene utilized in this research. The use of Pd
and ZnO had facilitated large active surface area and fast electron transfer. Finally,
Graphene/ZnO@Pd acted as an excellent electrocatalyst H2O2 reduction. Therewere
two major steps in the preparation of Graphene/ZnO@Pd composite. First graphene
oxide support to disperse ZnO nanorods via hydrothermal path while reducing the
graphene oxide to reduced graphene sheet. In the second step, the Graphene/ZnO
composite was supported to reduce and disperse Pd NPs with exposition to UV
light. The sensor has shown excellent linearity as 20 µM for glucose detection with
2.39 µM. The research team tested this biosensor for L-lactate detection also.

4.2 Cholesterol Oxidase

Cholesterol detection has received much interest in the biomedical field due to the
increase in the number of patients. The blood cholesterol level is a key parameter
for diagnosing many disorders such as coronary heart disease, hypertension, anemia,
brain thrombosis, and many more deceases [46]. Generally, the level of cholesterol
in human blood serum is less than 5.17 mM, and 70% of them are in ester form.
The other 30% exists as sterols [47]. In the past few decades, scholars have focused
on finding convenience methods to detect blood cholesterol levels. Electrochemical
enzymatic biosensors offer manymerits, such as high sensitivity, intrinsic selectivity,
and fast response [48]. Cholesterol oxidize in enzymatic biosensors can represent as
follows [46].

Cholesterol + O2
ChOx−−−→ Cholest − 4 − en − 3 − one + H2O2 (7)
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H2O2
E−→ O2 + 2H+ + 2e− (8)

Watanabe and coworkers had developed graphene decorated zinc oxideNPs based
biosensor for cholesterol detection as shown in Fig. 4 [49]. They have reported many
reasons for the use of graphene such as high signal to volume ratio, high loading
of bio-analyte, and specific surface area. Large surface area, superior biocompat-
ibility, and non-toxicity are the highlighted properties of zinc oxide NPs. They
followed the electrochemical technique because of simplicity, low cost, and rapidity.
ZnO/graphene nanocomposite was fabricated through Microwave irradiation. ZnO
was dispersed on the surface of graphene, especially in edges of graphene. The
sensor showed 1.3 µA/µM cm2 of sensitivity (R2 = 0.980) with a 5.0 µmol L−1

limit of detection. Excellent stability, repeatability, and reproducibility are the other
highlighted benefits this sensor.

Wu et al. had developed enzymatic cholesterol biosensor using zinc oxide,
graphene oxide, chitosan, and silver nanowires [50]. 1D nanostructures of ZnO
have unique properties such as non-toxicity, excellent biocompatibility, large surface
area excellent chemical stability, super electrochemical activities, and low cost. A
wide bandgap and high electron mobility may lead to efficient electron transport.
High isoelectric point (9.5) of ZnO may help to immobilized low biomaterials as
protein and enzymes. Because of extraordinary electronic properties and specific
surface area, the research team used graphene oxide for enhancing the sensitivity.
AgNWs are support to maintain the surface area, and chitosan acts as a conduc-
tive bridge between ZnO and AgNWs. The composite may enhance the catalytic
activity of the biosensor. ZnO nanostructures were spin-coated on the AgNWs and
GO-CS membrane. The biosensor (ChOx/ZnO/AgNWs/GO-CS/ITO) was shown
9.2 µA µM−1 cm−2. Sensitivity and 0.287 µM limit of detection with high stability.

Fig. 4 a Cholestarrol detection mechanism of ChOx/ZnO/Graphene biosensor, b SEM image of
ZnO- graphene nanocomposite, and c electrochemical impedance spectroscopy [49]



250 R. D. A. A. Rajapaksha

4.3 Urease

Urea detection is very important for fields of clinical diagnostics, pharmaceutical
industry, food industry, environmental protection, fertilizer industry. Urea is a waste
product of protein metabolism, and nitrogen is the major component of it [51]. The
normal urea concentration in blood serum is 1.33–3.33 mM, and any deviation of
this level may cause renal failure, nephritic syndrome, hepatic failure, dehydration,
cachexia, urinary tract obstruction, shock, burns and gastrointestinal issues [52].
In the commercial milk industry, urea use as an adulterant, and cut off urea level
is 11.7 mM [53]. Electrochemical enzymatic biosensors provide remarkable bene-
fits in the sense of urea detection. According to Lakard et al., urease hydrolysis to
ammonium and bicarbonate ions as follows [54].

H2N − CO − NH2 + 3H2O → 2NH+
4 + HCO−

3 + OH− (9)

Excellent selectivity, simplicity, ease of miniaturization, and low cost are the
major advantages of urease enzyme electrode base biosensors [55].

A novel ZnO–graphene composite based impedimetric urea biosensor was devel-
oped by Karimi and coworkers [56]. They used ZnO due to its unique features such
as non-toxicity, well stability, good biocompatibility, large surface area, and high
isoelectric point. Super thermal conductivity, larger surface area, electrical conduc-
tivity, and excellent mechanical strength are the remarkable properties of graphene.
The synthesized composite has facilitated high surface area and better loading of
enzymes. The spin coating technique was used to synthesize the ZnO–Gr thin films.
The sensor has shown high sensitivity, wide dynamic range (5–125 mg dL−1), low
limit of detection (3.36 mg dL−1), and fast response time (5 s).

5 Nucleic Acid-Immobilized Graphene/ZnO Based
Biosensors

Nucleic acid-based biosensors have received increasing interest due to their
outstanding features of high specificity, sensitivity, and easy manipulation. The use
of DNA is important for selective biological recognition [57]. DNA and RNA are the
most commonly used nucleic acids in many sensor applications. Three dimensional
single-strandedDNA and RNA structures bind with specific targets with high affinity
and specificity.According toHong et al., RNAaptamers have a higher binding affinity
than DNA aptamer [58]. But RNA is more prone to nuclease degradation than DNA.
The nucleic acid structure consists of stem-loop, bulges, and hairpin, which can iden-
tify binding pockets for target via noncovalent bindings. Because of high specificity,
this technique is widely used in biosensor applications. In electrochemical DNA
biosensors measured generated electrochemical signal due to hybridization of prob



Hybrid Nanocomposites Based on Graphene … 251

ssDNA and target ssDNA [59]. Graphene and ZnO nanostructures are promising
materials with having outstanding properties used in biosensors.

Low et al. had fabricated graphene and ZnO nanocomposite based amperometric
DNA biosensor for Avian Influenza H5 detection [31]. According to their report,
electrical conductivity, super thermal and electrochemical characteristics, rapid elec-
tron mobility, and specific surface area as extraordinary properties of graphene.
Further, they reported wide bandgap, high isoelectric point, large exciton binding
energy, biocompatibility, and biodegradability as unique properties of ZnO. The
synergetic effect of graphene/ZnO composite may enhance the sensor performance
as enhancing electron transferring rate and conductivity, improving photocatalytic
performance, enhance storage capabilities, and sensing properties. Low-temperature
solvothermal synthesis technique used to synthesis graphene/ZnO composite. This
method is economical, safe, and enhance the quality of graphene. The sensor had
shown 3.2580 µA mM−1 sensitivity and a 7.4357 µM detection limit.

Another graphene/ZnO composite based DNA biosensor was developed by Low
and coworkers for Coconut Cadang-Cadang Viroid (CCCVd) RNA detection as
shown in Fig. 5 [60]. Because of chemical inertness, excellent electron trans-
ferring, and specific surface area graphene had selected as one of the materials
for sensor fabrication. Wide bandgap, large exciton binding energy, high catalytic
activity, non-toxicity, biocompatibility, chemical stability, and excellent conductivity
are outstanding properties of ZnO utilized in the sensor. The synergetic effect of
graphene/ZnO donated high surface area, superior conductivity, high electrocat-
alytic, and optimum immobilization matrix of ZnO. Low-temperature solvothermal
processing treatment was used for the synthesis of graphene/ZnO. This method
reduced the defects and conserved the pristine structure of graphene. The target

Fig. 5 a Schematic diagram for the development of graphene/ZnO nanocomposite-modified elec-
trochemical impedance genosensor for ssRNA detection. b, and c SEM and TEM analyses of
graphene/ZnO nanocomposite [60]
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was covalently immobilized on to the graphene/ZnO composite surface through a
bio-linker (1-pyrenebutyric acid N-hydroxysuccinimide ester). The linear range of
the sensor was 1.0× 10–11 to 1.0× 10−6 M with the limit of detection as 4.3× 10–12

M.
Zhang et al. had developedZnOnanowire and graphitemicrofiber based biosensor

for DNA hybridization [61]. High isoelectric point (IEP 9.5), high adsorption, wide
bandgap, excellent stability, good biocompatibility, large specific surface area, and
high electron communication properties are highlighted characteristics of ZnO. One
dimensional (1D) structure and excellent conductivity are outstanding properties
of graphite used in the sensor development. In-situ synthesized ZnO NWs were
fabricated on graphite microfiber using the hydrothermal method. The diameter of
graphite microfibers was 6 µm, and ZnO nanowires were in a 100–150 nm range.
DNA probe was immobilized onto the ZnO nanowires through strong electrostatic
interaction. The sensor detection range was 1.0 × 10−14 to 1.0 × 10−7 M. Finally;
biosensor had shown excellent selectivity and high stability with 3.3× 10−15 M limit
of detection.

6 Antibody-Immobilized Graphene/ZnO Based Biosensors

Immunosensors are promising biosensor types widely used in agriculture, food and
pharmaceutical industries, clinical analysis, and diagnostics epidemic disease control
and prevention programs [62]. Mostly, antibodies are taken as bio receptors, and
antigens are used as targets [63]. In the molecular recognition process, antibody
and antigen formed stable immunocomplex, and the generated electrical signal was
identified by the transducer. High sensitivity, low cost, and miniaturization are some
major benefits of immunosensors. Nowadays nanostructures, play a major role in
the sensing field by improving electrochemical activities of transducers, conjugating
with biomolecules, and electrochemical labeling. Among them, the graphene/ZnO
composite has received increasing interest due to their unique properties.

Cheng and coworkers had developed ZnO, graphene, glucose oxidase, and Au
NPs based immunosensors for cancer biomarker detection as shown in Fig. 6 [64].
They usedZnONPs because of fast electron transferring, excellent chemical stability,
good biocompatibility, and high electrochemical activity. GOD decorated graphene
had exhibited excellent sensitivity and high stability. ZnONPs decorated graphene
(ZnONPs@Gra) were synthesized by using linking reagent as glutaraldehyde (GA).
Antibody (Ab2) was linked to ZnONPs@Gra composite to form ZnONPs and GOD
labeledAb2. Finally, it was immobilized on to the electrode surface through sandwich
immunoreactions. The sensor detection range was 10 pg mL−1 to 80 ng mL−1, and
the limit of detection was 3.3 pg mL−1.

Sun et al. had fabricated ZnO, reduced graphene oxide (rGO), and silver nanopar-
ticles based microfluidic paper-based analytical device (µ-PAD) for clinical appli-
cations [65]. Low consumption of the analyte, portability, low cost, easy to handle,
and disposability are the prominent advantages ofµ-PAD. According to their article,
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Fig. 6 a The schematic of the preparation procedure of ZnONPs at graphene-GOD-Ab2, b the
fabrication of proposed ECL immunosensor, c the mechanism of the multiple signal amplification
strategy, d the TEM image of ZnONPs at graphene nanocomposites [64]

high chemical stability, excellent electrical conductivity, and unique surface area are
the distinctive properties of rGO. On the other hand, ZnO facilitates accelerate elec-
tron transfer between immobilized biomolecule and electrode. Also, high surface
to volume ratio, low tendency to agglomerate, and specific electron transferring are
the other merits of ZnO. A low-temperature hydrothermal technique was used to
grow ZNRs on rGO-PWE. It has facilitated a better platform to capture antibodies
(Ab1). The sensorwas used to detect human chorionic gonadotropin (HCG), prostate-
specific antigen (PSA), and carcinoembryonic antigen (CEA). The biosensor had
shown excellent specificity, high sensitivity, high stability, and good reproducibility.
The linear range of sensors for HCG, PSA, and CEA were 0.002–120 mIU mL−1,
0.001–110 ng mL−1, and 0.001–100 ng mL−1, respectively.

Another tumor biomarker detection sensor was developed by Fang and colleagues
using Au/ZnO/RGO composite for Alpha-fetoprotein detection [66]. Because of
high catalytic efficiency, high surface-to-volume ratio, biological compatibility, and
non-toxicity, the team selected ZnO for their sensor fabrication. RGO had played a
major role due to specific surface area, fast electron transferring, and biocompati-
bility. Au/ZnO/RGO composite was synthesized via a simple one-step hydrothermal
route with a C12N3 surfactant. Because of the synergetic effect, nanocomposite was
enhanced the loading capacities of Ab1. The sensor detection limit was 0.01 pgmL−1

with high selectivity, good reproducibility, and well stability.
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7 Other Types of Biosensor

7.1 Uric Acid, Ascorbic Acid and Dopamine Detection

Uric acid is an output of purine derivatives in humanmetabolism, and it is an indicator
of gout, hyperuricemia, Lesch–Nyhan syndrome, and renal diseases [67]. The level
of uric acid is related to alcohol consumption, high cholesterol, diabetes, obesity,
heart diseases, and kidney disease [68]. According to the literature, serum uric acid
level is a risk for cardiovascular disease [69]. Electrochemical enzymatic biosensors
provide remarkable facilities in the sense of uric acid detection. Excellent selectivity,
simplicity, ease of miniaturization, and low cost are the major advantages of the
electrode surface modification approach [70]. PH and temperature are important
factors that affect sensor performance. Many researchers focused on nanomaterials
to enhance sensor performance. Among them, graphene-zinc oxide composite is a
leading hybrid composite used in many studies due to their unique properties and
synergetic effect.

Zhang and coworkers had developed an electrochemical biosensor for uric acid,
ascorbic acid and dopamine detection by using RGO–ZnO composite as shown in
Fig. 7 [71]. Good biocompatibility, conductivity, and high abundancy of graphite
sources at a lowprice are the unique features of graphene.RGO–zinc oxide composite
was synthesized by spontaneous reduction of GO through Zn slice in a one-pot
approach. By using the modified Hummers technique, GO was produced from
graphite powder. The RGO–zinc oxide composite was able to increase the electroac-
tive surface area and sensitivity of the sensor. The biosensor has shown excellent
reproducibility and high stability with a 3.71 µM limit of detection. Same time the
sensor has been used to detect dopamine and ascorbic acid simultaneously.

Ghanbari and Moludi also developed uric acid detection biosensor using flower-
like ZnO, polyaniline nanofiber, and reduced graphene oxide [22]. Excellent elec-
trical conductivity, specific surface area, and high chemical stability are highlighted

Fig. 7 (A)Schematic illustration of fabrication process of the RGO-ZnO/GCE electrochemical
biosensor, (B-a) SEM image of RGO-ZnO and (B-b) TEM image of RGO-ZnO [71]
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features of graphene. Wide bandgap energy, non-toxicity, high electron transferring
rate, large surface area, excellent electrochemical activity, crystalline structure, super
mechanical properties, good biocompatibility, and good environmental acceptability
are the remarkable properties of ZnO. Reduced graphene oxide (RGO) was synthe-
sized from graphene oxide through electrochemical reduction by applying a constant
cathodic potential. Through situ electrochemical syntheses, PANI/RGO composite
was prepared. ZnO/PANI/RGO composite was prepared by electrochemical deposi-
tion of ZnO nanoparticles. Good selectivity, high sensitivity, wide linear detection
range (0.1–100 and 100–1000 µM), and low limit of detection (0.042 µM) are the
remarkable performance of the sensor.

Another uric acid detection biosensor was developed by Fu and colleagues
[72]. They used reduced graphene oxide and ZnO nanorods for electrode modifi-
cation. High surface area, easy to process, high electron transferring rate, and safety
are the key characteristics of graphene. ZnO/RGO could enhance the electrocat-
alytic activity. ZnO/RGO composite was synthesized through the simple one-pot
hydrothermal method. The sensor liner detection range was 1–800 µM, and the limit
of detection was 0.312 µM. And also sensor had shown well stability with excellent
anti-interference property.

8 Concluding Remarks

Graphene is ideal reinforcing material today, has a unique 2D nanostructure with
few nanometer gaps between particle layers. 130 Gpa strength gain high thermal
conductivity and electric conductivity. Apart from mechanical strength, high surface
to volume ratio, ease of functionalization, and other physicochemical properties
gain remarkable properties in sensing and biosensing applications. Graphene-based
inorganic composite is gained new attention to various applications because of the
synergic effect of the composite. Graphene/ZnO nanocomposite gains new proper-
ties such as mechanical, thermal, electrical, and binding to the composite material.
Those properties gain high stability, sensitivity, rapidity, selectivity and low LOD for
biosensors applications.
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Hybrid Nanocomposites Based
on Graphene and Its Derivatives: From
Preparation to Applications
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Mohamad Nasir Mohamad Ibrahim, and Khalid Umar

Abstract Graphene has obtained an excessive amount of interest and popularity
from worldwide owing to its atypical physiochemical, chemical, thermal and
mechanical stability-based properties. Graphene, a one atom thick plain sheet with
sp2 bonding and the carbon atoms are compactly packed in structure to form crystal
lattice.Many approaches are known to synthesize the graphene derivatives and there-
fore, it is essential to discuss a list of distinguished approaches like exfoliation and
cleavage, thermal chemical vapor deposition etc. The most commonly used hybrid
graphene nanocomposite synthesis approaches and their significant applications are
also summarized in this chapter.

Keywords Graphene · Graphene derivatives · Graphene synthesis · Hybrid
nanocomposites · Applications

1 Introduction of Graphene and Its Derivatives

In current years, a planer sheet having one atom thickness and sp2-bonded carbon
atoms, called graphene, with its densely packed honeycomb crystal lattice, has
received significant consideration for its use in next generation electronic devices.
This is based on some of its incomparable properties such as chemical inert-
ness, optical transmittance, increased thermal conductivity, ballistic transport, super
hydrophobicity and high current density at nanometer (nm) scale [1, 2]. Reportedly,
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first sample of graphene was obtained throughmicromechanical cleavage of graphite
with sticky tape. The reported method is still widely used in academic research
and industrial work [3]. This technique permitted simple production of high-quality
graphene crystals and provided a foundation for massive research work in this field.
Extraordinary electrical properties have fascinated the use of graphene in future
electronics such as elements of integrated circuits, ballistic transistors, transparent
conducting electrodes, sensors, and field emitter. Graphene shows high mobility of
electron (or hole) and low Johnson noise (sound caused by thermal agitation of elec-
trons, regardless of applied voltage, in a conductor at equilibrium), making it suitable
for its possible use in field effect transistors (FET) [4]. Considering electrical and low
noise making properties of graphene, it can be used as an excellent sensor. It is very
proficient to detect adsorbed molecules due to its 2D structure. Due to optical trans-
parency and high electrical conductivity, graphene seems to have the potential to be
used as transparent conducting electrodes in liquid crystal displays, touch-screens,
organic light-emitting diodes (OLEDs) and organic photovoltaic cells [5].Majority of
these remarkable applications necessitated the development of mono-layer graphene
on an appropriate substrate but that is tricky to control and yet to be accomplished.
Most of the synthesis of graphene is centered on mechanical exfoliation of graphite
and thermal graphitization of a silicon carbonaceous substrate and lately, by chem-
ical vapor deposition [6]. Similar other organic compounds such as polyaromatic
hydrocarbons, graphene can go through several chemical reactions which give modi-
fied product forming covalent bonds with different functional groups. In general,
basic principles of organic synthesis can be applied for these reactions. However,
during these reactions, several limitations must be considered owing to the graphene
skeleton scale and reactivity difference of graphene with hydrocarbons [7]. A variety
of methods for modification of graphene using functional groups like pnictogens (N,
P, As, Sb, Bi), halogens (F, Cl, Br, I), chalcogens (O, S, Se), atomic boron, silicon
as well as some other, compound functional groups, such as aryl and alkyl hydro-
carbons were reported during the past few years. Even though lots of functional-
ization methods have been reported, only two of them (covalent functionalization
with hydrogen and fluorine) produced stoichiometric graphene counterpart [8]. The
synthesis of fluorographene, a fully fluorinated graphene, has been accomplished by
using “top-down” and “bottom-up” techniques working on mechanical exfoliation
of fluorographene and direct fluorination of graphene, correspondingly. Similarly,
different methods for synthesis of fully hydrogenated graphene are also documented
[9]. Beside these two stoichiometric derivatives, there is also a huge amount of
partially derivatized graphene with different degree of functionalization. However,
graphene has different formswhich are shown in Fig. 1 [10]. This chapter includes the
brief introduction of graphene-based hybrid nanocomposites along with their poten-
tial application in several fields. The most important synthesis route of graphene and
potential approaches for its hybrid nanocomposites are also considered.
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Fig. 1 Basic form of graphene derivatives of graphene

2 Graphene Based Hybrid Nanocomposites

Nanocomposite is a solid multi-phase material that has at least one phase having
one, two or three dimensions measuring lower than 100 nm or structures with nano-
scale repeating intervals in various phases to grow the material [12, 13]. Nanocom-
posites based on graphene are at present the only application of graphene already
commercialized across-the-board. A continuous increase in the number of products
containing these nanocomposites is observed, from tennis rackets, to bicycles, to
skis [14]. Yet, the performance of such products is not as good as to that of pristine
graphene sheets, which simply outshine well-established materials such as copper,
silicon or steel. The most plausible explanation for this distinction in their proper-
ties is that it is not completely known how two-dimensional (2D)-based compos-
ites function at the nanoscale level and, more importantly, what is the final output
(mechanical, electrical, etc.) that can be achieved when they are integrated into a bulk
material [15]. Therefore the major purpose of ‘Nanocomposites’ research package
is to translate some exceptional characteristics of materials, like graphene, from
the single-sheet level to the macro scale, producing new composite materials that
combine the exceptional structural, thermal, electronic, optical and electrochemical
properties of graphene with those of more conventional, bulk materials. As stated
by Odegard et al. [16], the introduction of nanoparticles is a promising choice to
upgrade the mechanical properties of composites and the carbon-based nanoparti-
cles are potentially the most favorable choice among the wide range of nanoparticles
available. As explained by Saito and co-workers [17], nanostructures based on carbon
like graphene nanosheets (GN) and carbon nanotubes (CNT) provide extraordinary
electrical, mechanical, and thermal properties. Characteristics of CNTs have been
tested experimentally and confirmed by numerical simulations. As, according to
Yasmin et al. [18], nanocomposites based on graphene may act as an alternative
choice for engineering uses owing to their exceptional rigidity and specific strength.
Fine cost/benefit relationship is another reason for the increased attention on use
of graphene nanosheets. Polymer composites also offer one of the most potential
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applications in this field. The activity of polymer matrix can be enhanced by the inte-
gration of nanoscale filler such as GO, Al, Zn, Si, etc. Polymeric composite, having
silicate fillers as exfoliated layers, have been studied in start of 1950s. This study is
used in current biotechnological and biomedical applications [19].

3 Synthesis Method for Graphene and Its Derivatives

The attempt to synthesize monolayer graphite was made as early as in 1975, when
Lang et al. [20] demonstrated the development of single- and multi-layered graphite
via thermal decomposition of carbon at single crystal Pt substrates. Though, at that
time, owing to the absence of uniformity among characteristics of these sheets,
created on various Pt crystal planes and inability in recognizing the valuable uses of
these sheets, this method was left without thoroughly analysis. In 1999, following a
long silence, scattered experiments for the fabrication of graphene were announced
[21]. However, the credit goes to Novoselov et al. in 2004, for graphene discovery
[22]. They publicized the reproducible production of graphene by exfoliation for
the first time. Until then, this approach is and always has been pursued, together
with attempts to establish new methods for effective synthesis of graphene at indus-
trial scale. The important point is that the synthesis of different materials based
on graphene is managed properly so the properties can be imparted for precise
applications. It is well-known that the fabrication of graphene may be achieved by
two major routes, the top-down and the bottom-up [23, 24]. Bottom-up approaches
include production of graphene using alternate carbon resources whereas top-down
methods include isolation of stacked graphite layers in order to obtain single graphene
sheets as shown in Fig. 2 [25]. One of the main problems in commercialization of
graphene is fabrication of top-quality material in a repeatable way, at a broader level
and minimal expenses [26]. While this remains a significant challenge, a variety of
different techniques have been established to synthesize graphene over the last few
years as described below.

3.1 Exfoliation and Cleavage

Graphite, a layered structure of several graphene sheets held together by weak van
der Waals force. As a matter of fact, it is feasible to obtain graphene using a high
purity graphite sheet when those weak forces are broken. In exfoliation method,
chemical or mechanical energy is used for splitting the weak forces to isolate indi-
vidual graphene sheets. Viculis et al. [6] made first effort in this field using potassium
metal to insert into layered structure of a pure graphite sheet, expanding the van der
waals gap among the layers and then exfoliated it by dispersion of the carbon sheets
in ethanol. The exfoliated sheets produced nanoscrolls during sonication. The pres-
ence of 40± 15 layers in each sheet was reported by TEM analysis. Even though the



Hybrid Nanocomposites Based on Graphene … 265

Fig. 2 Schematic illustration for graphene synthesis (adapted from Ref. [25] with Elsevier
permission)

thickness of carbon nanoscrolls was higher than some graphene layers, the process
revealed that it is feasible to rip sheets of graphene from graphite practically. The
method had to be modified to eventually obtain few layers of graphene. The struggle
ended up taking about 20 more months, when Novoselov et al. [27] reported the
formation of few-layers graphene by exfoliation. It is a repetitive peeling process.
In this research work, dry etching of a widely accessible highly oriented pyrolytic
graphite (HOPG) sheet, with 1 mm thickness, in oxygen plasma resulted in several
5 µm deep mesas with an area of 0.4–4 mm2. Then it was placed on a photoresist
and baked to glue the mesas to the photoresist. Using a scotch tape then, layers were
stripped from graphite sheet. Slim flakes separated from photoresist showed single
to few layers’ graphene sheet, when moved to a Si substrate. Later, this method was
applied to generate 2D atomic crystals of several other materials [23]. This method
of graphene sheet production was considered as very efficient and simple. There-
fore, it drew the significant consideration from the scientific community. It was also
demonstrated that a slight changes in the original process can lead to the produc-
tion of large (~10 µm) and plane graphene flakes through adjusting the substrate
bond of HOPG to Si and controlling the process of exfoliation [28]. In another
experiment, the scientists were able to generate single to few layers of graphene
on borosilicate glass surface using bulk graphite and exfoliation method. But each
of these developments addressed the need to modify the bonding to the substrate
to produce graphene sheets having large-area [29]. These approaches demonstrate
a strong potential to be used at industrialized level to produce large size electronic
devices based on graphene. Another experiment was carried out by Stankovich et al.
[30], with a little different approach, applying liquid phase exfoliation and using the
hydrophobic properties of exfoliated graphite nanosheets and graphite oxide by the
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process of ultrasonification in aqueous suspension, attempted to reduce the films at
100 °C for 24 h in hydrazine hydrate. However, the material was not fully reduced as
some amount of oxygen was still there in the structure. So, the obtained sheets can
be referred as partly reduced exfoliated nano graphite oxide sheets. Hernandez et al.
established a fresh approach of generating mono- to few-layers graphene sheets,
focusing on the advantages and disadvantages of exfoliation in liquid phase, by
dispersing and exfoliating high-quality graphite in N-methyl-pyrrolidone [31]. The
product obtained for monolayer was 1 wt%, That can be increased to 12 wt%, with
more refining. The efficiency of this procedure is determined by the assumption that,
energy needed for exfoliation of graphite into mono layer graphene was counteracted
by the interaction between solvent and graphene, using the solvent that has a compa-
rable surface energy as that of graphene. This liquid phase exfoliation method, using
organic solvent, holds a potential of graphene production at large scale. A similar
process was applied by Lotya et al. [32] to develop mono- to few-layer graphene
using sodium dodecylbenzene sulfonate (SDBS) for dispersion of graphite powder,
followed by sonication, resulting in exfoliation of graphite into graphene. There
have been several such efforts to fabricate graphene using graphite oxide powder or
graphite and various solvents [33–37]. The exfoliation method shows great poten-
tial to manufacture graphene at large scale. Many of the latest modifications, by
liquid phase exfoliation, also rendered it promising for the manufacture of large-size
product. However, the products obtained through liquid phase exfoliation bear the
limitation, because of oxidation and reduction processes, the structure show many
defects resulting in reduced electrical characteristics of graphene. Future innovations
require focusing on managing the layers count and reducing the levels of impurity
so that this method can be applied to a level of industrial scale production.

3.2 Thermal Chemical Vapor Deposition Techniques

Thermal chemical vapor deposition (CVD) is quite a new practice used to synthesize
graphene. The first report published in 2006 about the planar few layer graphene
(PFLG) produced using chemical vapor deposition [38]. The report was about the
production of graphene onNi foils using a natural, minimal cost and environmentally
friendly precursor, camphor. Starting with evaporation at 1800 °C, camphor was then
pyrolyzed at 700–850 °C in the other chamber of the CVD furnace, using argon gas
as the carrier. The sample was then left on room temperature for cooling, leading
to the formation of few-layer graphene sheets on Ni foils. In HRTEM analysis, the
resulting graphene showed multiple folds and was anticipated to have around 35
layers of graphene sheets. The research work brought up a novel synthesis method
for graphene, however many problems were still to be solved, such as reducing
the folds and managing the number of layers etc. Thermal chemical vapor deposi-
tion was used in another experiment to grow 1–2 nm thick graphene sheet on Ni
substrate, but same approach failed to synthesize graphene using Si as substrate
[39]. In this process a mixture of Hydrogen and Methane (92:8 ratios) was used as
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precursor with 80 Torr pressure and initiated byDC discharge. Graphitic films having
nanometer thickness (verified by Auger Electron Spectroscopy) showed atomically
smooth micrometer-sized areas, isolated through ridges. The creation of ridge was
attributed to thermal expansion coefficient difference among graphite and Ni, while
the process of nucleation was credited to heteroepitaxial growth of graphene on Ni.
Afterward, the formation of three to four-layer graphene on 500 µm thick polycrys-
tallineNi foilswas reported byYu et al. [40] using thermalCVDmethod. In this study,
a mixture of Methane, Hydrogen and Argon (0.15:1:2) was applied as a precursor
at 315 cm flow rate and 1000 °C temperature for 20 min to complete the synthesis
process. Moderate cooling rates were confirmed for the synthesis of graphene on
Ni by HRTEM and Raman spectroscopic analyses, whereas high and low cooling
conditions were observed to have adverse effects on graphene synthesis. Carbon
solubility in Ni and kinetics of carbon segregation were considered as base for this
difference. Ni shows good solubility for carbon atoms. If the process is carried out at
slow cooling rate, Carbon atoms find enough time to disperse into Ni, hence segre-
gation is not observed on the surface. Carbon atoms segregate and generate graphene
at moderate cooling conditions while at higher cooling rate, although Carbon atoms
show segregation on Ni surface but produced a defective, less crystalline structure of
graphene. This research work provided the crucial information about the mechanism
of growth of graphene by thermal CVD process. In order to understand this mech-
anism better, the next objective was to grow graphene on larger scale so numerous
research groups were focusing their attentions on this subject. A novel method for
growth of substrate-free, few-layered graphene was proposed by Wang et al. [41].
They used an envelope of Argon and Methane gas (volume ratio 4:1 and flow rate
of 375 mL/min) and MgO-supported Co catalysts for the growth of graphene in a
ceramic boat. The system was kept at 1000 °C for 30 min. Catalyst (MgO and Co)
was removed by washing the product with concentrated HCl, followed by several
washings using distilled water and the product was then dried at 70 °C. In this
study, 500 mg of catalyst powder mixture was believed to synthesize 50 mg of
graphene. The existence of rippled graphene sheets with minimum five layers was
confirmed by HRTEM, SEM and Raman spectroscopic study of the product. Even
though this method of graphene formation is still under examination, an innovative
opportunity for larger scale production of graphene was created by this approach.
Thermal CVD was applied to synthesize single to few layers’ graphene on 1–2 cm2

polycrystalline Ni film in a recent study. The 500 nm thick Ni film was evaporated
on a SiO2/Si substrate followed by annealing in Argon and Hydrogen atmosphere
keeping the temperature at 900–1000 °C for 10-20 min. Ni grains (5–20 µm in size)
were produced by the annealing process. The CVD process was carried out using
5–25 cm CH4 and 1500 cm H2 at 900–1000 °C for 5–10 min. The graphene was
formed on Ni while the size of each graphene was determined by the size of Ni
grains. Later, the graphene was transferred to other substrates, retaining its electrical
properties, making it feasible for different electronic applications. Graphene, which
was synthesized by this method and then shifted onto a glass surface, displayed an
optical transmittance of about 90%. The graphene synthesized in this method might
be considered for fascinating applications in next generation solar cells due to its
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electrical properties and high transmittance together with the ability to be fabricated
on large scale using pre-patterned substrate. Similar synthesis approach applied by
de Arco et al. in an independent study has also shown comparable properties of
graphene [39]. Kim et al. displayed the graphene growth on 300 nm thick Ni film,
mounted on SiO2/Si substrate using same approach. They claimed to optimize Ni
thickness in order to obtain best quality of graphene. The graphene was synthe-
sized by thermal CVD carried out in a mixture of Argon, Methane and Hydrogen gas
(200:50:65 sccm) at 1000 °C preceded by quick cooling (10 °C s− 1) in Argon enve-
lope. Reportedly, the high cooling rate was observed to be critical for minimizing the
layers count and successful transition of graphene on certain substrates. Later, this
graphene was effectively transferred on a flexible and transparent substrate formed
of polydimethylsiloxane (PDMS). The transferred caused no effect on its properties
and visible spectrum showed 80% transparency for these structures. The author also
observed that the etching of nickel layers in a mild pH value can also be achieved
using aqueous FeCl3 solution, without causing any precipitation and formation of
gaseous products. While, etching with HNO3 produces gaseous products damage
the graphene structure [38]. The growth of highly crystalline few-layer graphene on
polycrystalline Ni substrates (1 cm2) was reported in a very recent study. The product
was obtained by precisely controlling the temperature, growth time and gas ratios.
With further improvement of the process, graphene was synthesized by thermal CVD
on a 1 cm2 Cu foil [40]. Graphene obtained by this process showed high quality and
uniformity. Two different and simple procedures were followed to transfer graphene
on other substrates making it applicable in different fields. However, the growth of
graphene on Cu substrate was found to be self-limiting. This fact was credited to
limited Carbon solubility in Cu. As compared to Ni, where the reported process was
precipitation, this process was reported as surface-catalyzed process [42].

Recent developments in growth of graphene by thermal CVD process have veri-
fied the reproducibility of high-quality graphene on 1 cm sized substrate and efficient
transport on several new substrates along with Si, glass and PDMS. Such improve-
ments develop latest opportunities for introduction of graphene in photovoltaic and
flexible electronics. Yet, challenges such as graphene growth on wafer size substrates
and efficient control of the layers count have to be addressed in coming years in order
to stimulatemore interest in actual applications. CVD, being a complex process needs
accurate control of synthesis conditions (type of precursors, pressure, temperature,
deposition time). Nevertheless, CVD is an appealing technique for synthesis of high-
quality graphene. Table 1 shows summary of some recentwork on graphene synthesis
by various CVD techniques.

3.3 Epitaxial Method

A common method to grow graphene is through thermal decomposition of Si on
single crystal surface plane (0001) of 6H-SiC. The formation of graphene was
observed on H2-etched surface of 6H-SiC when it was kept at around 1250–1450 °C,
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Table 1 Summery of graphene preparation by using CVD with different conditions

Synthesis
method

Precursor Operating
Temperature (°C)

Nature of
product

Reference

CVD Cu (H2/CH4) 1070 Single crystal
graphene

[43]

N2 1000 High quality
graphene
powder

[44]

Cu/CH4 1060 Polycrystal
single layer
graphene
powder

[45]

Metal/CH4 1000 Metal
decorated
graphene

[46]

Cu 1050 High quality
graphene
powder

[47]

NiCu/CH4 1100 Single layer
graphene

[48]

PET and glass material 150 Defect free
graphene
powder

[49]

Cu/CH4 1000 Monolayer
graphene

[50]

Cu/CH4 1030 High quality
graphene

[51]

Cu/CH4 1000 High quality
graphene

[52]

1,2-dichlorobenzene/CH4 No heating Graphene
nanostrips

[53]

for 1–20 min. Graphene, which was developed epitaxially on the above said surface,
usually showed 1 to 3 layers and the layer count was depending on temperature used
during this decomposition process. Rollings et al. [54] developed graphene sheets
using similar method and managed to synthesize one atom thick graphene films. The
persistent success of this method drew the interest of the semiconductor industry
owing to the possibility that this technique can be a promising method in the post-
CMOS era. A detailed analysis on this subject has been presented by Hass et al.
[55] where they addressed the problems related to the graphene growth on various
faces of SiC and the electronic properties of graphene obtained by this method. In
a major improvement towards this process, consistent graphene films in mm scale
were fabricated on SiC substrate covered with a thin film of Ni, at a comparatively
lower temperature of around 750 °C. The additional benefit of this process is the
continuity of film formed along the entire surface of SiC substrate. This method
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is quite suitable for the industrial applications because of its broad range produc-
tion of graphene. Emtsev et al. [56] showed large-scale production of monolayer
graphene films using same method, at standard pressure. This process was expected
to generate wafer-size sheets of graphene. Although, semiconductor industries are
particularly interested in this technique of graphene growth onSiC, but problems such
as limiting the thickness of film and continuous generation of larger area graphene
need to be addressed before this technique could be carried out on industrial scale.
A variety of other important issues have been identified through the detailed review
of research work available with reference to epitaxial growth of graphene layers on
SiC substrates. Different structure has been observed for the graphene developed
on SiC (0001) and SiC (000¯1). Unexpected rotational stacking was observed in
graphene films with a thickness of up to 60 layers when it was developed on SiC
(0001) surface and this stacking was a possible explanation of the behavior of these
sheets as discrete graphene sheets. However, this peculiar behavior was not found
in graphene grown on SiC (000¯1). The future scientific work needs to be geared
towards understanding the process involved in both the growths and application of
this experience in the development of practical tools. Another significant concern
is the composition and electronic features of the interface layer formed between
substrate surface and graphene layer as it is recognized to influence the characteris-
tics of graphene formed [57]. The influence of the interface is not clearly explained
yet and the future work ought to be focused on addressing this problem. This process
is intended to be applied on industrial scale to produce wafer sized graphene, once
the issues regarding growth mechanism and influence of interface are addressed and
the process is able to control the layer count efficiently.

3.4 Chemical Reduction of Graphene Oxide

Another effective route for graphene synthesis, in terms of larger scale production and
expense, is chemical reduction of graphene oxide (GO). However, a shortcoming of
this method is the agglomeration of reduced graphene films [58]. In fact, this method
generally requires hazardous reducing agents like sodium borohydride or hydrazine,
which shows harmful effect on the environment. The utilization of green reducing
agents in place of hazardous ones has now become a most interesting topic in field of
graphene synthesis. Most of the reducing agents are found environment friendly and
the materials produced are biocompatible and easily dispersible, thus beneficial in
many aspects [59]. The systematicmechanismof exfoliation, oxidation and reduction
processes are given in Fig. 3.
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Fig. 3 Systematic illustration of oxidation, exfoliation and reduction method

4 Synthesis of Hybrid Graphene Nanocomposites

The graphene has fascinated substantial study consideration. The revolutionary opto-
electronic, magnetic and catalytic properties of graphene-based nanocomposites rely
on hybridization between semiconductor nanoparticles (NPs). NPs are measured
as a stabilizer in contradiction of accumulation of single graphene sheets through
durable van der Waals forces among layers of graphene. This enhances surface area
to remove the pollutants from target solution. For this cause, additional energies and
novel methods were necessary to prepare the nanocomposites based on graphene.
In contaminant elimination, semiconductors commonly revised the graphene struc-
ture morphology and make them very active in several water treatment applications.
Some most used methods are mentioned here.

4.1 Solvothermal/Hydrothermal Method

The solvothermal and hydrothermal process is playing a very significant role in
several scientific fields regarding either elementary or determined research. During
the last years, such approaches were strongly developed, particularly with the exten-
sion of nano crystallites. A chemical reaction is carried out between several types of
precursors in aqueous medium at higher temperature than boiling temperature. The
solvent concerning sulphides and oxide are used in solvothermal synthesis, which
is an emerging topic of further research. The solvent depends on its physical prop-
erties such as density, polarity, dielectric constant etc. The chemical properties also
depend on interaction between additives and reactants. Marlinda et al. [60] studied
the hydrothermal process to prepare reduced graphene oxide/zinc oxide (rGO/ZnO)
nanocomposites. This superficial process detained hydrothermal behavior of an
interruption comprising graphene oxide (GO), zinc acetate-1-hydrates, NaOH and
NH3•H2O. In a distinctive process, GO was accomplished by using Hummers’
method and ZnOwas prepared by using zinc acetate-1-hydrates in presence of chem-
ical method. Each product was slowly mixed for 60 min until to obtained misty dark
brown liquid. Later, the solution was treatment at 180 °C for 24 h. The production
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Fig. 4 a Synthesis by using hydrothermal method. b Synthesis by using solvothermal method
(adapted from Ref. [62] with Elsevier permission)

of product was prospered through washing with ethanol or distilled water and then
dried for 24 h at 60 °C. Ahmad et al. [61] synthesized graphene–silver-zinc oxide
nanocomposites through using a solvothermal method for wastewater treatment. In
typical procedure, decontaminated GOwasmixedwith ethylene glycol (EG) through
ultrasonication (3 or 4 h) and more followed through centrifugation to get a yellow
brown solution. Similarly, zinc acetate and silver acetate were mixed into EG to get
brown solution and after that mixed both solutions simultaneously into NaOH solu-
tion and stirred 6 h and autoclaved for 24 h. Final product was nanocomposite which
recovered after proper washingwith ethanol. Yanmei et al. [62] studied the difference
between solvothermal and hydrothermal techniques and systematic illustration are
shown in Fig. 4. They studied the CuCo2S4/rGO oxide nanocomposite which are
synthesized by using hydro and solvothermal method.

4.2 Sol–Gel Method

Azarang et al. [63] doped ZnO nanoparticle on Graphene oxide sheets with several
concentration of Graphene oxide through a modest sol–gel method using a matrix of
gelatin by taking gelatin, Zn (NO3)2·6H2O and distilled water as initial substances. A
gelatin matrix was synthesized first, through addition of gelatin into distilled water at
55–60 °C.Zinc nitrate separately liquefied inminor amount ofGOsolution, andwater
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Fig. 5 Sol-gel synthesis mechanism (adapted from Ref. [64] with Elsevier permission)

was then added to gelatin solution. The reaction combinationwas kept on heating and
stirring until dark brown gel is formed. Finally, in order to prepared nanocomposite,
the gel was calcinated at 300 °C and continued through post-annealing method for
2 h at 400 °C in presence of argon gas to remove gelatin. The general route of sol-gel
method is described in Fig. 5.

4.3 In Situ Growth

Similarly, in situ growthmethod is one of effective method used to prepare the hybrid
nanocomposite. For example, graphene/ZnO nanocomposite in which Zn2+ ion was
coated on GO sheet with the addition of NaOH and NaBH4 at 150 °C and prepared
product was graphene/ZnO nanocomposite subsequently reduction of GO. The ZnO
NPs developed on graphene showed a size range in between 10 and 20 nm. Chang
et al. [65] studied the ZnO nanorod/graphene composite formation through in situ
growth. In a definitive process, graphene and ZnO quantum dots mixed together
in self-assured ratio to get a mixture that cast on surface of substrates collectively
with glass, polyethylene terephthalate, SiO2/n-Si and quartz to make ZnO/graphene
thin films. To produce an enhanced adhesion on surface of substrates, thin films
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were galvanized by using the 100 °C heat to disperse water content and absorbed
zinc nitrate for in situ growth to achieve ZnO nanorods/graphene nanocomposites.
Finally, the reaction mixture was eroded with condensed water for elimination of
loosely involved ZnO nanorods. A superficial, single-step system for in situ growth
of mono graphene coated zinc oxide nanocomposites was reported by Sahatiya and
Badhulika [66] through electrospinning towards the electrodes and its subsequent
use for ultraviolet (UV).

5 Applications of Hybrid Graphene Nanocomposites

The application of graphene and its derivatives are attracting great interest due to
the excellent properties and economic stability of material. Some of the most used
applications are briefly summarized in this chapter which depends on graphene and
its hybrid composite material.

1. Functionalized hybrid nanocomposites are thoroughly examined for their use
in the energy-related technologies like electrochemical energy devices and
solar energy conversion. Graphene and graphene nanocomposites are believed
to enclose a significant prospective in photoelectrochemical and photovoltaic
devices owing to their exceptional optical and electronic properties. Though pure
graphene was initially investigated as transparent electrodes in solar cells and its
nanocomposites have also been proven to be efficient transparent electrodes in
photoelectrochemical and photovoltaic device [67]. In addition, graphene may
either be a conductive substrate or functional component like electron acceptor in
photoelectrochemical and photovoltaic devices. These nanocomposites showed
several uses in photovoltaic and photoelectrochemical (PEC) systems. The photo-
electrodes of graphene nanocomposites sensitized with CdS quantum dots (QDs)
were used in photoelectrochemical solar cells where they exhibited 3-folds
increase in photocurrent generation than the pure QDs PEC cells [68].

2. Graphene films have been extensively studied their applications in supercapac-
itor. Supercapacitors based on pure graphene sheets have exceptionally long
phase stability but have low capacitance due to electronic double-layer structure.
As a result, several attempts have been carried out to combine graphene with
pseudo capacitance materials so that the capacitance can be improved. Also, the
exceptional electronic character of graphene can improve the electrochemical
stability of the supercapacitor electrodes [69].

3. Graphene nanocomposites showed a number of applications in the electrocata-
lysts of fuel cells. Though atomically doped graphene sheets are used as elec-
trocatalysts, graphene nanocomposites are found to be potential substitute for
noblemetal as electrocatalysts. Graphene nanocomposites are commonly applied
as electrocatalysts in methanol oxidation fuel cells, oxygen evolution reaction,
oxygen reduction reaction and hydrogen evolution reaction. These nanocom-
posites showed a significant impact on electrocatalytic oxidation of methanol.
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Nanocomposites with Pt cluster size of less than 0.5 nm were synthesized by
Yoo et al. [70]. These nanocomposites displayed an exceptionally high methanol
oxidation rate in comparison to Pt/carbon black catalysts.

4. Due to special characteristics of graphene as charge transporter and electron
acceptor, graphene nanocomposites displayed the capacity of their use in artifi-
cial photosynthesis like photoelectrochemical and photochemical water splitting.
Graphene can act as an effective co-catalyst in order to offset noble metal co-
catalysts like Pt which are commonly used in inorganic semiconductors-based
photochemical splitting of water. In photoelectrochemical water splitting, the
role of graphene is found as both cocatalysts and conductive channels when used
in nanocomposite photoelectrodes. TiO2-graphene nanocomposites have been
used in photochemical solar water splitting systems, with graphene acting as
cocatalysts for improvement of charge separation in radiation [71].

5. Applications of functionalized graphene nanocomposites in environment such
as sensing and tracking to remediation have shown quite a potential in recent
years. Graphene and graphene nanocomposites are common systems for the
identification of inorganic ions, biomolecules, and microorganism as well as
for elimination of harmful species in atmosphere. These nanocomposites offer
multiple uses in heavymetal ions detection. The graphene oxide/aptamer hybrids
are prepared via self-assembly of the graphene-based planes and DNA. The
graphene oxide/aptamer hybrids showed ultra-low fluorescence record due to
the incredibly improved quenching performance of GO for dyes fluorescence,
increasing the sensitivity of the hybrids. Hybrid aptamer sensors for Hg2+ ions
exhibited sensitivity of 30 nM and exceptional specificity for other heavy metal
ions [72]. In a different study, graphene nanohybrids prepared with silver specific
cytosine-rich oligonucleotide (SSO) were found to be highly sensitive for silver
ions (Ag+) having a detection restrict of 5 nMand quantification restrict of 20 nM.
These sensors were also efficient in the in actual environmental specimens like
river water, where fluorescence expressions were 2 times stronger in 100 nMAg+

in river as compared to the river water without Ag+.
6. Many organic compounds are considered as serious pollutants in environment.

This problem is addressed by using graphene nanocomposites for photodegra-
dation or direct removal of organic matter. TiO2/graphene nanocomposites were
introduced by Zhang et al. [73] as photocatalyst in the photo degradation of
methyl blue (MB), an organic dye. TiO2/graphene nanocomposites are consid-
ered as an excellent photocatalyst for dye degradation due to its high adsorption
for dyes, impactful charge separation and enhanced spectrum of light absorption
at both UV and visible light as seen in Fig. 6. TiO2/graphene nanocomposites
display much improved photocatalytic activity as compared to pure TiO2 and
TiO2/CNTs photocatalysts.

7. Another major problem in industrial and daily environment is vapor pollution.
Graphene has displayed outstanding activity for the detection of vapors particu-
larly Cl2, SO2, CO2, NO, H2, NH3, CO, NO2 and few organic vapors like toluene,
acetone and benzene [74]. At the initial stages of the development of graphene
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Fig. 6 Graphic presentation of TiO2/graphene nanocomposite used as photocatalysts for degrada-
tion of organic pollutants (adapted from Ref. [73], with ACS permission)

based environmental vapor sensors, pure graphene was employed in the sensors
with remarkable sensitivity even detecting the NO2 at single molecule level.

8. Graphene and graphene composites have also been studied for detection and
removal of bacteria because the interaction among graphene and bacteria is quite
interesting when put together in specific application. Graphene act as an impen-
etrable cage for bacteria that enables direct and real time observation retaining
the topological and dimensional properties of bacteria under pressure of 150 torr
and beam current of 150 A/cm2. [75] Graphene nanocomposites are used for
detection of bacteria. Graphene oxide sheets functionalized with antibodies were
developed and used as biocatalyst probes for sulfate-reducing bacteria (SRB) and
GO-mediated silver enhancements were used to sense sulfate-reducing bacteria
with high sensitivity using potentiometric stripping analysis (PSA). The device
showed a detection range of 1.8 × 102 to 1.8 × 108 cfu mL−1 and a limit of
50 cfu mL−1 as indicated in Fig. 7.

6 Conclusion and Perspective

A lot of developments have been observed in synthesis, functionalization and uses
of graphene nanocomposites. Worldwide upsurges of energy pave the way for
practical and commercial uses of graphene nanocomposites, progressing to next-
generation energy transfer and storage systems. The enormous potential of graphene
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Fig. 7 GO/Silver hybrid developed for sensing sulfate-reducing bacteria (SRB) (adapted from Ref.
[76], with ACS permission)

nanocomposites in power sector has been proven repeatedly by a vast quantity of
promising work in photoelectrochemical and photovoltaic devices, LIB, fuel cells,
artificial synthesis, and supercapacitors. Specifically, supercapacitors and LIB based
on graphene nanocomposites, show extreme potential in energy storage devices.
Even so, many other issues need to be solved before putting these devices into
actual industrial applications, starting with the large-scale processing of top-quality
graphene which still needs working on it. On lab scale testing, these energy devices
perform well. In order to get high performance devices at industrial scale, a signif-
icant quantity of high-quality graphene nanocomposites is required and it has to
be stable in chemical and electronic properties during this whole process. Next is
the poor performance of graphene nanocomposites based photoelectrochemical and
photovoltaic devices in most prototype systems. More research work is to be done
in order to optimize the material and fabrication process to enhance the efficiency of
these devices.

Then in term of environmental applications, nanocomposites based on graphene
have significant prospective for the identificationof heavymetal ions andmicroorgan-
isms like bacteria and the removal of organic material like dyes. In developing coun-
tries, the applications of graphene nanocomposites in photodegradation of organic
pollutants are gaining more attention owing to the rise in the contamination of water
resources caused by organic matter. However, it is quite early to anticipate the wide
scale uses of nanocomposites for monitoring and restoration of environment as the
basic concerns regarding the impact of graphene on ecosystem and human environ-
ment mostly remains unresolved. While graphene nanocomposites still face these
problems, it remains among the most successful energy and environmental research
platform. It is expected that in near future, large scale applications of devices based on
graphene, in electrodes in photovoltaics, optoelectronics and electrochemical energy
storage systems can be accomplished. Further groundbreaking technologies founded
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on graphene and graphene nanocomposites, alongwith the development in both theo-
retical physics and chemistry and practical methods, would extend the perspectives
and open new doors to human life.
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Rheological Properties of Hybrid
Nanocomposites Based on Graphene
and Other Nanoparticles

Fatima-Zahra Semlali Aouragh Hassani, Rachid Bouhfid,
and Abou el Kacem Qaiss

Abstract The development of promising nanomaterials is mainly associated with
their use in industrial applications, medicine, biology and ecology. Many of the
existing materials may not satisfy all the modern civilization fundamental require-
ments, leading researchers to develop hybrid materials that may present higher
properties than the individual components. Hybrid graphene nanocomposites have
attracted much attention recently because of their unique structure and remarkable
mechanical, electrical, thermal and rheological properties. The main attention in
this chapter is firstly focused on the graphene-based hybrid nanocomposites, their
different types, synthesis methods and application fields. Then on the rheological
properties of graphene-based hybrid materials, in order to quantify the dispersion of
hybrid nanofillers in polymer matrices.

Keywords Nanocomposites · Hybrid materials · Graphene · Carbon allotrope ·
Rheological properties

1 Introduction

The emergence of nanotechnologies aims to develop new composite materials and
miniaturized components. Graphene nanocomposites have generated intense interest
among scientists due to their unique properties. The dispersion and the interfacial
interactions between the nanofillers and the polymer matrix are essential to obtain
improved properties of these nanocomposites. Understanding the physicochemical
properties of nanocomposites based on insulating or semiconductor polymers and
graphene or carbon derivatives, provides very useful information for their appli-
cations in various fields including energy storage and conversion, electrochemistry,
optics and compositematerials [1, 2]. Indeed, graphene is a carbon nanomaterial with
a two-dimensional (2D) sheet structure, composed of sp2 carbon atoms arranged
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in a honeycomb structure. It is considered the “thinnest material in the universe”
with enormous application potential. Experimental studies show that graphene has
excellent mechanical, thermal and electrical properties. These intrinsic properties of
graphene have aroused enormous interest in its use in industry. A very important
application which can exploit the properties of graphene is its incorporation into
polymer matrices to manufacture multifunctional nanocomposites with very low
loading rate. The production of such nanocomposites requires that graphene sheets
must be produced in large quantities, but they must also be dispersed and distributed
homogeneously within the polymer matrices [1, 2].

In order to fully expand the graphene applications and to increase the carbon-based
materials performance, graphene can be combined with other types of reinforcement
such as nanoparticles, nanofibers and nanosheets; or mixed with another allotropic
carbon type (Diamond, Fullerene, Nanofiber, Nanotube, Polyaromatic) [2, 3]. The
advantage of this hybridization lies in the combination of the properties provided,
on the one hand, by the polymer matrix (ease of processing, etc.), and, on the other
hand, by those of the combined reinforcements (hardness, color…), and thus opening
up a wide field of applications for these hybrid materials (optoelectronics, catalytic
systems, the medical or pharmaceutical field) [2–4]. However, the simple incorpo-
ration of these hybrids does not necessarily allow good dispersion in the polymer
matrix [5]. To overcome these drawbacks, constant efforts have been made to link
covalently hybrid reinforcements based on graphene and polymer chains. The rheo-
logical characterization remains an effective tool for quantifying the dispersion of
the hybrid in nanocomposite systems [5, 6]. This rheological study of graphene-
based hybrid composites will make it possible to study the behavior or response of
materials under the effect of the stresses or deformations applied to them. Indeed,
the determination of the rheological properties of the material such as the viscosity
and the elastic/viscous modules, which are a function of the deformation and the
stress applied to the material, will allow the microstructure evaluation and the hybrid
nanocharges dispersion in the matrices polymers [5, 6]. However, an increase in
the complex viscosity at low shear gradient is related to the good dispersion of the
nanofillers in the matrix.

The aim of this chapter is to present, firstly, the graphene and its use as rein-
forcement for polymer matrices as well as a bibliographic review on its synthesis.
Secondly, to explain more precisely the different types of graphene-based hybrid
materials, their different methods of synthesis and their fields of application. Finally,
the last part of this chapter was devoted to the rheological study of different graphene-
based hybrid materials, and thus quantifying the hybrid nanocharges dispersion in
the matrices polymers.

2 Graphene Nanocomposite Materials

The concept of nanocomposite refers to any combination of two or more phases,
at least one of which is nanometric in one dimension. This very general definition
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brings together all the associations between metals, ceramics and polymers. In this
study, wewill focus on nanocomposites based on polymers charged by nanoparticles,
at least one of whose dimensions is of the order of a nanometer or a few tens of
nanometers. These are graphene nanoparticles, which once introduced into a matrix,
bring particular properties to the material.

2.1 Nanocomposite Materials

In general, various nanocomposites exist and can be classified mainly according to
the type of the matrix and the reinforcement.

2.1.1 Matrix Classification

Metals, ceramics, thermosetting or thermoplastic polymers are frequently used as a
matrix. The addition of reinforcement is useful to improve the mechanical character-
istics [7–9]. The role of the matrix is to transfer mechanical stresses to the reinforce-
ments by protecting the reinforcement against external aggressions. The matrix must
therefore be deformable and have good compatibility with the reinforcement. Given
these constraints, the matrices used are often polymers, modified by various adju-
vants and additives: polar head grafting, molding agents, stabilizers, antioxidants,
pigments, etc. [10]. Polymers are molecular materials, that is, each polymer chain
is an individual entity and its interaction with other chains is generally weak. The
polymer chains can take different conformations and can orient themselves under
mechanical stress. The polymers are characterized not by a single molecular weight
but by an average molecular weight characteristic of the distribution and of the
average of the chains weight.

Indeed, the reinforcements are not always uniformly dispersed. It is possible to
define different types of composites according to the dispersion of the reinforcement
within the matrix.

Interactions appear at all scales which lead to the definition of different interfaces
which influence mechanical and electrical behavior. Let’s see in more detail the
morphologies associated with the reinforcement in the case of sheet nanocomposites
which are specifically the subject of this work [10, 11].

2.1.2 Reinforcement Classification

A nanocomposite is a composite material whose reinforcement has at least one of the
three dimensions of the order of a nanometer [12–14]. They can be classified in the
same way as composites, according to the morphology of the reinforcement which
is dispersed there and more particularly according to the number of their nanometric



286 F.-Z. Semlali Aouragh Hassani et al.

dimension. We will also find fiber and particle composites, a new type of composite
called lamellar reinforcements.

It is necessary now to define the different forms of reinforcement. Three classes
of reinforcement then appear, nanoparticles with three nanometric dimensions,
nanofibers and sheets (leaflet) (Fig. 1) [12].

– Nanoparticles with three nanometric dimensions: nanoparticles.

The three dimensions of the particle are in the nanometer range. This category
includes, for example: Atomic aggregates; Metallic nanoparticles (gold, iron, cobalt,
silver, platinum…); Fullerenes.

The gain of specific physical properties (optical, electrical, magnetic, etc.) is
sought when adding this type of particle; the mechanical reinforcement is only
secondary here.

– Nanoparticles with two nanometric dimensions: nanofibers.

Nanofibers are particles of which two dimensions are on the order of a nanometer.
The third is much larger. The characteristic size is the form factor. It is defined as the
ratio of the length to the diameter of the fiber and is often greater than 100. There are
hollow fibers, the best known being carbon nanotubes, and solid fibers (nanowires).

– Nanoparticles with one nanometric dimension: sheets.

The sheets have two preferred directions. The particle has a dimension of the order
of a nanometer and the two others of the order of a micrometer. The form factor is
then defined as the ratio of the length of the sheet to the thickness. The arrangement
of the sheets and their orientation will generate the desired properties. This family of
particles comes from naturally laminated materials. The main precursors used for the
manufacture of nanocomposites with a polymer matrix are, on the one hand, double
sheet hydroxides and, on the other hand, swelling clays also called smectites. These
nanosheets are characterized respectively by positive and negative charges on the
surface.

Fig. 1 Schematic representation of the different reinforcements. a nanoparticle; b nanofiber;
c nanosheet
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2.2 History and Presentation of Graphene

For more than 100 years, chemists have endeavored to synthesize carbon-based
molecules with different forms and physicochemical properties. Among the best
known are amorphous carbon [15], graphite [16], graphene [17], fullerene [18],
carbon nanotube [19] and the diamond [20] (Fig. 2). Also, more sophisticated forms
such as graphene nanoribbons [21], nano-horns [22], nanocones [23] and carbon
nanofibers [24] have been developed more recently. In general, these molecules
are known for their electrical properties, their hardness and their high mechanical
resistance, as well as for their chemical and thermal stability.

Graphene, an allotropic form of carbon, is a two-dimensional crystal (monoplane)
of carbon, the stack of which constitutes graphite. In 1940, researchers theoretically
found that graphene is a block in the graphite stack [25]. In 2004, Geim succeeded
in identifying a single layer of graphene [17] which was previously considered to
be thermodynamically unstable and that it could not exist under ambient conditions
[26].

It has been considered to be the building block of all other allotropies of graphitic
carbon at different dimensions [27] (Fig. 3). For example, graphite (3D carbon
allotropy) consists of graphene sheets stacked on top of each other and separated by a
distance of 3.4 Å. Discovered in 1985 by Smalley, Kroto and Curl, fullerenes, which
constitute the third allotropic formof carbon, appear as closedmolecules, of spherical
shape. The most famous is C60, the appearance of which is illustrated by a football,
but there are many others, all made up of an even number of carbon atoms. When

Fig. 2 Representation of the
carbon atom and its main
allotropes
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Fig. 3 Graphene sheets as building block of all other allotropies of graphitic carbon at different
dimensions

this number becomes very large, the almost spherical shape is no longer mechani-
cally stable and the structure evolves towards that of carbon nanotubes, discovered
in 1991 by Iijima [19]. The single-sheet carbon nanotubes, formed by a graphene
plane wound on it, are closed at their ends by two half-fullerenes. There are also
multi-sheet nanotubes where several graphene planes are wound concentrically; the
ends of the tubes having a more complex structure.

2.3 Properties of Graphene

Graphene is a unique layer of carbon atoms wrapped in a dense, honeycomb crystal
lattice. The carbon–carbon bond in graphene (sp2) is about 0.142 nm in length [28].
The thickness of graphene is 0.35–1 nm (Fig. 4).

Due to their exceptional electronic, thermal and mechanical properties such as
the electron mobility of 200,000 cm2/Vs, the thermal conductivity of 5000 W/mK,
the Young’s modulus of 1.0 TPA, the breaking strength of 130 GPa, and their high
specific surface of 2630 m2/g; nanometric graphene materials have recently attracted
considerable attention. In addition, graphene has a very high electrical conductivity,
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Fig. 4 Distance from carbon to carbon bond of graphene

up to 6000 S/cm, and unlike carbon nanotubes (NTC), chirality is not a factor in its
electrical conductivity [29–32].

2.4 Graphene Preparation Techniques

Graphene occurs naturally in graphite crystals, where it occurs as a stack of sheets.
Several techniques aimed at making it usable have emerged in recent years.

2.4.1 “Bottom-Up” Techniques

In Bottom-Up processes, graphene can be prepared by a variety of experimental tech-
niques such as: the chemical vapor deposition (CVD) technique, arc discharge, the
epitaxial growth on a SiC substrate, chemical conversion, CO reduction, opening of
carbon nanotube and self-assembly of surfactants. CVD and epitaxial growth tech-
niques allow the preparation of small quantities of graphene sheets with a large lateral
size and without structural defects. They are more attractive than micromechanical
cleavage for the production of graphene for basic studies and electronic applica-
tions, but they are not desirable sources for the production of graphene nanosheets
for polymer nanocomposites which require a large quantity of graphene in the form
powder [33, 34] (Fig. 5).



290 F.-Z. Semlali Aouragh Hassani et al.

Fig. 5 “Bottom-up” technique

2.4.2 “Top-Down” Techniques

In top-down techniques, graphene or modified graphene sheets are produced by the
separation or exfoliation of graphite or graphite derivatives (such as graphite oxide
and graphite fluoride). Exfoliation consists of removing a very thin layer of graphite
using an adhesive tape, then repeating the operation ten times on the samples so that
they are as fine as possible. They are then deposited on a silicon dioxide plate where
an optical identification will make it possible to select the samples made up of a
single layer.

The first experimental method used for the production of graphene is microme-
chanical cleavage [17]. This method leads to the production of graphene sheets
of large lateral size and of high structural quality, but in very limited quantities.
However, the graphite was directly exfoliated into graphene nanosheets by a soni-
cation treatment in the presence of surfactants; however, this technique does not
lead to total exfoliation of the graphite. Dissolving graphite in acids also presents
a direct exfoliation method which makes it possible to obtain graphene nanosheets;
on the other hand the nature of the acid used and the cost of its elimination can
limit the effectiveness of this technique. Furthermore, electrochemical exfoliation
of graphite has been used in the presence of ionic liquids as a good method for
producing large quantities of functionalized graphene nanosheets [35]. One of the
“Top Down” methods is the chemical reduction of graphene oxide. The principle
consists in oxidizing graphite in an acid medium then using hydrazine or another
reducing solvent to purify the graphene. This method can produce large quantities
of graphene, but of lower quality. Thermal reduction of graphite oxide at a temper-
ature of 1000 °C can produce well reduced and exfoliated graphene. In Fig. 6 we
schematize the “Top-Down” processes in which graphite or graphite oxide are used
as starting materials for the production of graphene nanosheets in large quantities
[33, 34]. In general, these methods are suitable for large-scale production aimed at
applications of polymer-based composites. “Top-Down” techniques have significant
economic advantages over “Botton-up” methods.
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Fig. 6 “Top-Down” technique

2.4.3 Direct Graphite Exfoliation

The micromechanical cleavage of graphite constitutes the first experimental method
used for the production of graphene [17]. Thanks to this approach, graphene sheets
of large lateral size and of high structural quality can be produced, but in very limited
quantities, which is only suitable for fundamental studies or electronic applications
[17]. More recently, however, graphite has been directly exfoliated into individual
or multiple graphene nanosheets via ultrasound treatment in the presence of surfac-
tants such as polyvinylpyrrolidone (PVP) [36] or N-methylpyrrolidone (NMP) [37].
Dissolving graphite in super acids also presents a method of direct exfoliation which
makes it possible to obtain graphene nanosheets [38]. Furthermore, electrochemical
exfoliation of graphite in the presence of ionic liquids has been developed as an effec-
tive technique for producing large quantities of functionalized graphene nanosheets
[35] (Fig. 7). The advantage of this lattermethod is that it makes it possible to produce
graphene nanosheets functionalized with imidazolium groups which can assist the
dispersion of the nanosheets in aprotic solvents [35].Direct exfoliation of graphite via
sonication has the advantage of producing large quantities of nanosheets which can
be used in nanocomposite applications, but the separation of exfoliated nanosheets

Fig. 7 Schematic representation of direct graphite exfoliation
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from the unexfoliated quantity of graphite presents a major problem, because this
technique does not allow total exfoliation of graphite [36, 37]. On the other hand, the
method of dissolving graphite in chlorosulfonic acid [39] has the potential to produce
graphene nanosheets in large quantities, but the dangerous nature of the acid used
and the cost of its elimination can limit the effectiveness of this technique (Fig. 7).

3 Graphene Hybrid Nanocomposite Materials

Nowadays, polymers occupy a very important part of our daily life. Other times, with
the development of polymer materials in fields with high added values such as optics,
electronics or biomaterials, the polymers generally available are not sufficient tomeet
the requirements of these sectors. It is therefore necessary to develop new materials
with exceptional properties and with great ease of implementation (often provided
by the polymer component). In order to reconcile all these aspects, it is common to
arrive at the desired product to combine the properties of different materials, whether
organic or inorganic. This is the framework for the synthesis of organic/inorganic
hybrid materials. Indeed, the synergy between the optical, thermal and/or electrical
properties of inorganic particles and the physico-chemical properties of polymer
materials opens up a wide field of applications for these objects. We can cite for
example the use of hybrid materials in fields such as optoelectronics [40], catalytic
systems [41], the medical or pharmaceutical field [42]. The concept of (nano) hybrid
materials is increasingly used and it is sometimes difficult to identify what these
terms represent. This concept brings together a multitude of materials and structures
that need to be defined. Thesematerials can take different “forms” as shown in Fig. 8,
depending on the intended application. This designation includes both copolymers,
one of the blocks of which is obtained from an “inorganic” monomer and the other
block of which is a purely organic polymer, as well as porous networks (meso- and
nanometric). An important part of hybrid materials is represented by the chemical
modification of inorganic particles or surfaces by organic molecules. Sanchez et al.
[39] defines a hybrid material as a material consisting of at least an organic phase and
an inorganic phase, in which at least one of these phases has a dimension between
one tenth and one hundred nanometers. It therefore appears that Sanchez’s hybrid is
an organic/inorganic Kelly nanocomposite. In addition, Sanchez distinguishes two
types of hybrids according to the mode of arrangement between the constituents:

– Class I hybrids arematerials inwhich the organic/inorganic interactions areweak
(Van der Waals type, or electrostatic)

– Class II hybrids are materials in which the organic/inorganic interactions are
strong (of the covalent or iono-covalent type).

The use of the term “hybrid” is intrinsically more precise than that of “nanocom-
posite”, and makes it possible to appreciate the mode of interaction between the
organic phase and the inorganic phase.
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Fig. 8 Examples of organic/inorganic hybrid materials

For hybrids in which the inorganic phase consists of stacks of sheets, we will be
able to distinguish, in addition to the mode of cohesion between the phases, three
different types of conformation, see Fig. 9:

– The organic phase does not penetrate into the interfoliar space (between the sheets
of the stack), and embeds the inorganic phase. As there is no -strictly speaking-
physical interaction between the organic and inorganic phases, thismaterial cannot
be qualified as a hybrid. It is rather a nanocomposite [4].

– The organic phase enters the interfoliar space, and the consistency between the
inorganic sheets is preserved over the entire extent of the stack. As the material
seems to be composed of a regular alternation of inorganic sheets and organic
sheets: it is an interstratified hybrid [4].

Fig. 9 Hybrid nanocomposites
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– The organic phase enters the interfoliar space, but there is no longer any order at
the long distance between the inorganic sheets. As the latter seem to be dispersed
in the organic matrix: it is a dispersed hybrid [4].

3.1 Methods of Synthesis of Hybrid Materials

Generally speaking, there are two ways of making hybrid materials:

– Either from stacks of existing sheets and makes them interact with the organic
phase to form the hybrid material.

– Or to make the organic phase interact at the time of the formation of the sheets
themselves.

The strategies which offer the advantage of being able to get rid of the synthesis
of the sheets can be qualified as “post creation” methods. While those which consist
in making a hybrid directly from amolecular assembly can be qualified as “ab initio”
methods.

3.1.1 Syntheses of Class I Hybrids

As has been specified, in class I hybrids the cohesion between the organic and inor-
ganic phases is ensured by weak interactions (of the Van der Waals, or electrostatic
type) [39]. Thismodeof cohesionpromotes the use of post creation synthesismethods
(such as intercalation, or in situ polymerization [43, 44], inwhich the inorganicmatrix
is already formed.

Intercalation Synthesis

This post creation synthesis method consists in the direct intercalation of organic
molecules of variable size, but not charged, between the inorganic lamells already
formed (Fig. 10a). To achieve this objective, the inorganic matrix is immersed in an
organic solvent. The solvent then enters the interfoliar space (causing the appearance
of a more or less stable suspension) if the enthalpy of formation of the interstrat-
ification is greater than the entropy of dispersion of the two parts in the solvent
[45].

However, to promote the intercalation of molecules of large steric hindrance, it is
possible to use the method of “host displacement”. This two-step method consists in
first removing the sheets with a small molecule (called “spacer”), then in replacing
the “spacer” with the desired molecule [46]. The interleaf, already discarded, can
then more easily accommodate the large molecule, see Fig. 10b.
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Fig. 10 a Intercalation of small organic molecules between the inorganic lamells. b Host
substitution intercalation

Fig. 11 a In-situ polymerization of monomer in inorganic lamellar material. b First synthesis of
microcomposites by in-situ polymerization carried out at the Toyota research center

Synthesis by In-Situ Polymerization

In-situ polymerization is a two-step synthesis method, see Fig. 11a:

– The first step consists of interposing the monomer in the interlayer. This step
can be carried out using one of the intercalation strategies previously developed
(direct intercalation, or host substitution).

– Once the monomers have been inserted into the interfoliar space, their polymer-
ization is activated thermally, chemically, or even by UV treatment [43, 44].
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By controlling the initial monomer concentration and the degree of polymeriza-
tion, it is possible to obtain both inter-layered and dispersed hybrids.

In situ polymerization was originally developed by Toyota’s research center
to make dispersed micro composite materials; in this case, to strongly disperse
montmorillonite in a nylon 6 matrix [29, 30], Fig. 11b.

At present, this method of synthesis is used extensively [43] to make hybrids, or
micro composites, highly dispersed in extremely varied organic matrices (epoxy,
polypropylene, polyethylene terephthalate, etc.) [47] for advanced applications
(mechanical, flame retardant, gas tightness, etc.) [47].

Precipitation Syntheses II

It is also possible to directly form hybrids with low cohesion between the organic
and inorganic phases, ie to form class I hybrids using an ab initio strategy.

The strategy consists in precipitating a homogeneous molecular assembly from a
solution in the presence of the desired organic phase. The use of water-soluble poly-
mers (for example: polyvinyl alcohol (PVA), hydroxyethylcellulose (HEC), poly-
acrylonitrile (PACN)) is therefore particularly suitable for producing class I hybrids
by this method [48]. By controlling the content of organic phase in the solution, it is
as well possible to obtain an interstratified hybrid as a dispersed hybrid [48].

This method also makes it possible to precisely control the purity and the initial
contents of the various constituents. This ensures both their good homogeneity in the
solution, aswell as the quality of the hybrid obtained (both in terms of its composition
and its distribution).

3.2 Syntheses of Class II Hybrids

In class II hybrids, the cohesion between the organic and inorganic phases is no longer
ensured byweak interactions as before, but by strong interactions (of ionic or covalent
type) [39]. In general, the production of materials having this type of cohesion is
favored by the use of ab initio methods. However, under certain conditions, such
hybrids can also be created using post creation strategies.

3.2.1 Post Creation Syntheses of Class II Hybrids

It is possible to use the strategies developed previously (intercalation, intercalation
by host substitution, or even in situ polymerization) to produce class II hybrids,
provided that cationic organic molecules are used.

However, the limited number of cationic organic molecules greatly restricts the
number of hybrids that can thus be produced. These hybrids are of great interest,
however, because they have very anisotropic ion conduction properties [49].
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Another type of post-creation synthesis of class II hybrids consists in reacting
trialcoxysilanes (RSi(OR′)3) on the SiOH sites on the surface of the sheets, and
consequently covalently linking alkyl groups to the sheets. However, if this strategy
gives good results in lamellar silicates rich in SiOH sites as in magaadites [50], or
kenyaite [51], it remains marginal in the case of phyllosilicates [52] since the SiOH
sites are structural defects in the tetrahedral layers of silicon, and are therefore few.

3.2.2 Ab Initio Synthesis of Class II Hybrids

As we have seen previously, this synthesis strategy consists in making the hybrid
directly. For example, in the case of clays, the difficulty of such a method therefore
lies in the realization of the clay itself, since it is done in nature at high temperatures
and pressures which are not favorable to the realization of a hybrid material [53, 54].

However, one can synthesize clays other than by reproducing in the laboratory
the conditions encountered in nature. In general, all of the methods used all fall
under the same strategy based on sol–gel chemistry, which consists in condensing a
homogeneous molecular assembly from a solution containing the precursors of the
hybrid [53, 54].

The solution of precursors being homogeneous, the formation of a hybridmaterial
is obtained, either by catalysis, or by precipitation by increasing the pH by addition
of sodium hydroxide. The differences between the methods lie in their maturation
(or not) in temperature, even in an autoclave [53, 54].

To accommodate the steric constraints linked to the presence of organic radicals,
as well as to create the least structural constraints unfavorable to the organization
of the material; the organic groups are oriented by pointing towards the interleaf.
These class II hybrids are composed of a regular alternation of inorganic and organic
sheets. They are therefore, by synthesis, interstratified [53, 54].

3.3 Type of Hybrid Material

In order to increase the performance of carbon-based materials and to tailor tailor-
made applications, hybrid materials have been developed to obtain, for example,
composites of the graphene oxide (OG)-allotropic carbon type (Diamond, Fullerene,
Nanofiber, Nanotube, Polyaromatic), HQ-organic molecule (Amino acid Nucleic
acid, DNA, Antibody, Aptamer, Biomarker, Enzyme, Peptide, Small molecule,
Protein), HQ-living organism (Bacterium, Cell, Virus) and OG-nanoparticle (Metal,
Metal oxide, Quantum dot). The new trend in the field of carbon chemistry research
is to develop new carbon-based structures mixing two allotropes such as carbon
nanotube and fullerene (Fig. 12a) [55], graphene and carbon nanotube (Fig. 12b)
[56, 57] or graphene and diamonds (Fig. 12c) [58]. Also, it is possible to graft bioac-
tivemolecules on the surface of allotropes (Fig. 12d) [59], a drug, a protein, a peptide,
or a nucleic acid [60], and also living organisms such as a bacteria, cell or virus [61].
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Fig. 12 Hybrid materials. a carbon nanotube and fullerene, b graphene and carbon nanotube,
c graphene and diamonds, d graft bioactive molecules on the surface of allotropes

Recently, hybrid materials of the graphene-metallic nanoparticle type [2] have been
specially developed for the emerging field of nanoelectronics.

4 Rheological Properties of Hybrid Nanocomposites Based
on Graphene

4.1 Nanocomposite Rheology

Work on the rheological behavior of nanocomposites i.e. macroscopic viscoelastic
behavior has often made it possible to better understand the structures and rela-
tionships responsible for the reinforcement of polymers by particles. The rheology
therefore places itself here on the border between structural determination and
physical properties of nanocomposites; moreover this technique is often the key
in understanding and improving the implementation [5].

4.1.1 Linear Dynamic Response

Measurements of dynamic rheometry, in the linear domain, show that it is commonly
accepted that the presence of charges in aNewtonian polymermatrix has an influence
on the viscoelastic modules G′, G′′ and therefore on the complex viscosity η*. For
low mass concentrations, many authors have observed a strong increase in viscosity
at low frequency, going as far as the loss of the Newtonian plateau. In the absence of
particles, one observes for the pure polymer matrices a zone of flow at low frequency
resulting in evolutions of the modules according to the frequency such as G′ ∝ ω2
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and G′′ ∝ ω, typical of a behavior liquid. The increase in the particle rate leads to an
increase in the modules and a gradual disappearance of the flow zone. The modulus
G′ increasing faster than G′′ it is possible that the latter becomes higher. In this case
we observe a transition from a behavior of the liquid to solid type. The evolution
of G′ as a function of frequency can become close to zero, in this case we observe
an elastic plateau (Fig. 13). The appearance of this transition depends mainly on the
particle rate and/or their degree of individualization [62, 63].

Ren et al. [64] attribute the liquid–solid transition to percolation or jamming. The
hydrodynamic interactions that the tactoids and/or the individual sheets have with
each other (Fig. 14) limit the relaxations and increase the elasticity of the system,
hence the appearance of a G-shaped plateau. The percolation rate is reached here
for very low clay rates unlike conventional reinforcements. This is explained by the
anisotropy of the tactoids and mainly that of the sheets having large form factors
[65], confirming the fact that an exfoliated nanocomposite has a lower percolation
point than an interleaved nanocomposite. However, the precise determination of the
percolation point is not well established. Jeon et al. [66] use the value of the slope
of G′ and consider the appearance of percolation when it is close to zero. In another

Fig. 13 Time–temperature superposition giving the evolution of modules G′ and G′′ as a function
of the particle rate in a PS-PI matrix

Fig. 14 Hydrodynamic interactions of particles in nanocomposites
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publication [67] the same authors look at the evolution of the value of G′ at low
frequency as a function of the particle fraction. In this case, the percolation fraction
φp corresponds to the start of the divergence of G′.

The appearance of these changes can also be linked to a slowing down of the
dynamics of the matrix chains and to the confinement of the polymer. The increase
in viscosity of confined chains has been observed [68] and explained by a decrease
in relaxation caused by a decrease in the space allowing movement. This idea is
also supported by Lim et al. [69]. However, Galgali et al. [70] by calculating the
activation energy of the chain flow in the presence of charges shows that it remains
close to that of the matrix alone. Their conclusion is that the rheological behavior of
nanocomposites, particularly at low frequency, is not due to the confinement of the
chains.

The time–temperature superposition principle (STT) could be applied in some
systems. The teams having carried out it explain that only polymer chains have
relaxations sensitive to temperature and that the relaxations associated with particles
or aggregates are very weak [65]. This does not exclude that there are chains which
are blocked on the surface of particles [65]. Wu et al. [71] by drawing a Han diagram
[72] also come to the conclusion that the relaxation of the tactoids is independent of
the temperature. STT cannot however always be applied. Lee et al. [73] observed a
variation of the hydrogen bonds with the temperature, these having a predominant
role on the behavior of the sample and in particular on the compatibility between the
matrix and the modified particles. Gefler et al. [74] observe a deviation from STT
attributed to a decrease in the affinity of surfactants with particles, which has the
effect of increasing gelation.

4.1.2 Non-linear Dynamic Response

The linear range is limited to smaller deformations in the presence of particles.
Indeed, the appearance of a rheo-fluidizing character under shear appears for weaker
deformations than for the pure matrix [65, 72, 73]. This phenomenon is attributed to
an alignment of the particles [65, 72, 73]. Following alignment, a liquid type behavior
under low shear of small amplitude is observed after the prolonged application of
high shear (Fig. 15).

4.1.3 Stationary Flow

The steady state flow experiments made it possible to observe for the samples the
presence of a higher Newtonian plateau at low gradient. For faster shearing, a shear
thinning behavior appears at lower gradients in the presence of charges [5]. The shear
thinning character increases with concentration and is attributed to an orientation of
the particles by Hyun et al. [75]. The orientation of particles under flow has been
demonstrated byX-ray diffractionmeasurements at small angles [63]. In some cases,
a divergence in viscosity appears at lowgradient for the samples above the percolation
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Fig. 15 Observation of the
effect of a high amplitude
shear on the modules G′ and
G′′: particle alignment

point. This divergence is associated with solid behavior with a flow threshold [6].
Applying too much stress breaks the network and allows the alignment of particles
under flow. The authors having tried to apply the semi empirical law of Cox–Merz
[76] (allowing to relate the dynamic viscosity to the viscosity in flowη.(ω)=η (γ̇ ) for
ω = γ̇ ) note that this one works good for pure matrices but fails for nanocomposites
and mainly for the most concentrated (above the percolation point); the decrease in
flowviscosity compared to dynamic viscosity is generally explained by the alignment
of the clay particles [77]. Ren et al. [77] seem to show that the alignment coming
from a dynamic shear leads to a more “regular” parallel structure than that coming
from a flow.

4.1.4 Transient Flow

Generally, for nanocomposites, the stress presents an overshoot in transient regime
which increases with the rate in particles, the degree of exfoliation, but also the
waiting time between two successive tests showing the possibility for the system to
evolve with rest and in particular to restructure [73]. The overshoot is thus associ-
ated with the response of the particles and not with the viscoelastic response of the
polymer. Solomon et al. [6] performed transient flow on nanocomposites based on
polypropylene. By plotting the stresses τ(t) as a function of the deformation, they
observed a resetting of the curves and a deformation associated with the maximum
of the stress independent of the speed (Fig. 16).

This type of registration is characteristic of a sample that does not have a char-
acteristic time scale. This result is comparable to that observed in the case of liquid
crystals and non-Brownian suspensions of discs or sticks. Here, they interpret their
results by explaining that it is not Brownian relaxations or orientational relaxations
that are at the origin of the response of the sample; which would confirm the presence
of a three-dimensional network responsible for the dynamic viscoelastic plateau. Ren
et al. [64] aswell asWu et al. [71] confirm this idea. Solomon et al. [6] also studied the



302 F.-Z. Semlali Aouragh Hassani et al.

Fig. 16 Transient study of nanocomposites

behavior of samples having undergone two successive shears in opposite directions
with a rest period in between. They deduce from their observations that the samples
restructure thanks to the attractive interactions and not to Brownian movements
which would be slower. The high sensitivity of rheology (and mainly of module
G’) to the state of dispersion and to structures shows that it is a powerful means
of nanocomposite analysis. Zhao et al. [62] show through rheology that samples
with comparable results in XRD i.e. even d001 measured, lead to different behaviors
in rheology. Some authors use rheology to determine precise characteristics of the
samples: Wagener et al. [78] relate the value of the slopes of dynamic viscosity to
the degree of exfoliation of the particles. Jeon et al. [66] use rheology to calculate
form factors. After having determined a volume fraction of percolation and based
on the evolution of dynamic viscosities as a function of the fraction in particles, they
determine an intrinsic viscosity. Applying the Douglas and Garbochi approximation
then allows them to obtain their form factor.

4.2 Rheology of Hybrid Nanocomposites Based on Graphene

To manufacture materials based on graphene nanosheets with specific rheological
properties, graphene may be combining with the three classes of reinforcements
(nanoparticles, nanofibers and sheets) or with carbon-based materials (the most
commonly used are diamond and carbon nanotube).

4.2.1 Graphene/Nanoparticles Hybrid Material

Zhan et al. [79] manufactured a newmaterial based on the hybridization of magnetite
nanoparticles and graphene nanosheets as a reinforcement of poly(arylene ether
nitrile) (magnetite-GNs/PEN). The implementation was carried out firstly by the
covalent deposition ofmagnetite nanoparticles on the surface of graphene nanosheets
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Fig. 17 Rheological properties of PEN andmagnetite-GNs/PENhybrid nanocompositewith 3wt%
of magnetite-GNs: a Storage modulus and b Tan (δ)

in the presence of iron (III) chlorides through a simple solvothermal method, thus
resulting in the manufacture of magnetite-GN hybrids. Then, according to the solu-
tion casting method, the hybrid was compounded with PEN to obtain the magnetic
composite (magnetite-GNs/PEN). In order to carry out dynamic rheologicalmeasure-
ments, the rheometer (TA Instruments Rheometer AR-G2) equipped with a parallel-
plate geometry (25 mm in diameter) was used. Then, the dynamic frequency sweep
measurements were carried out on the samples (diameter = 25 mm and thickness =
1 mm) in a temperature range from 100 to 200 °C at the frequency of 0.1 rad/s. The
results clearly show an improvement in the storage module and the loss module in
the glassy state with the addition of the magnetite-GNs hybrid, compared to virgin
PEN. In their investigation, Zhan et al. explained that behavior by the higher Tg
of magnetite-GNs/PEN hybrid nanocomposite compared to pure PEN. Effectively,
the Tg of the all materials was determined from the onset temperature of the tanδ
curve in the rheological sweep (Fig. 17b), and a shift to higher temperature for the
nanocomposite was observed compared to neat PEN.

4.2.2 Graphene/Nanosheet Hybrid Material

Mekhzoum et al. [80] prepare hybrid nanocomposites based on polypropylene (PP)
reinforced with different amounts of clay nanosheet (MMT) and graphene (GN).
The different MMT/GN ratios were mixed with PP using an internal mixer heated to
200 °C (ThermoHaake Rheomix, Germany). Then, the nanocomposites are removed
from the heated chamber before being cut into small pieces for hot pressmolding. The
viscoelastic properties of the hybrid nanocomposites were evaluated using the MCR
500 rheometer (Physica) equipped with a CTD600 oven with parallel plate geometry
(25 mm in diameter). The viscosity tests were carried out at 200 °C according to a
deformation of 5% and a frequency sweep between 500 and 0.5 Hz. From the Fig. 18
it was clearly observed that the complex viscosity increase with increasing GNs and
MMTcontent until reaching themaximum (1.5:1.5). In general, the PP alone exhibits
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Fig. 18 Melt rheological
properties of the
nanocomposites as a
function of MMT/GNs ratio
in terms of complex viscosity

Newtonian behavior at very low frequencies and a shear thinning at high frequency.
However, it has been noted that the addition of the hybrid changes the dynamic
rheological behavior of the nanocomposites. Indeed, the addition of the hybrid to the
PP at different concentration results in the formation of an interconnected network
structure which hinders the movement of the macromolecular chains, and therefore
results in a non-terminal effect and a transition in behavior from liquid to solid at
low frequency. That said, at low frequency the polymer chains have time to relax,
but at a higher frequency, the molecules do not have enough time to relax and follow
the applied deformation.

4.2.3 Graphene/Nanofiber Hybrid Material

Sun et al. [81] investigate the combined effects of Cellulose nanofibers (CNFs) and
graphene nano-platelets on the properties of oil well cement (OWC) matrix. The
hybrid GNP/CNF mixture was prepared by adding GNP to the CNF suspension
produced by the sulfuric hydrolysis method. Then, the OWC suspension was mixed
with a water/OWC ratio of 0.38 with a vacuummixer, before the addition of different
GNP/CNF ratio. The rheological properties of CNF/GNP-OWC composites were
carried out through a stress controlled rheometer (AR2000ex, TA Instruments Inc.,
New Castle, DE, USA) with the cone and plate geometry (Angle: 2°, Diameter:
60 mm) at three different temperatures (20, 40 and 60 °C). In order to fit the recorded
shear stress-shear rate curves, four different models were used (Bingham-Plastic
model, Herschel-Bulkley model, Vocadlo model and Vom Berg model). From the
Fig. 19 it can be clearly observed that the CNF/GNP-OWC composite present a
typical shear thinning behavior with reduced shear viscosity at higher shear rates.
To conclude, that the use of CNF and GNP lead to an increase in the flow stresses of
the CNF/GNP-OWC suspension and the flow stress values is greatly influenced by
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Fig. 19 Experiment data and fitted shear stress-shear rate curves of CNF/GNP-OWC slurries at
different temperatures 20, 40 and 60 °C: a Bingham-Plastic model, b Herschel Bulkey model,
c Vocadlo model, and d Vom Berg model

the temperature. While the comparison of the four rheological models showed that
the Vom Berg model provided the best results of the shear speed-shear stress curve
of CNF/GNP-OWC suspensions with a correlation factor better than 0.99.

4.2.4 Graphene Nanosheets/Nanoparticles/Nanofiber Hybrid Material

Nanda et al. [82] prepare a trihybrid hydrogel where coexist three distinctly different
nanostructures such as nanofibers (based on amino acids “Py-W”), nanosheet
(graphene oxide “GO”) and nanoparticles (gold “AuNPs”). The trihybrid hydrogel
was prepared by the gradual incorporation of graphene oxide in the native hydrogel
matrix, and then by synthesizing gold nanoparticles in situ in the hydrogel matrix
containing GO. Rheological studies have been performed to address the difference
between the native hydrogel and hybrid hydrogels rheological properties (Oscilla-
tory stress sweep experiments have been performed at 25 °C). From the rheological
studies (Fig. 20), it can be seen that the storagemodulus (G′) exceed the loss modulus
(G′′) in the linear viscoelastic region (LVR) for all the materials, which is an indi-
cation of the formation of a typical soft solid-like gel-phase material. While after
the LVR region, the loss modulus (G′′) has crossed the storage modulus and thus
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Fig. 20 Rheological studies
of native hydrogel and
trihybrid hydrogel in terms
of storage and loss modulus
as a function of oscillatory
stress

indication the transformation into solution state. To conclude, this rheological study
reveals that the addition of GO to the native gel increases the rigidity of the mixture,
but the addition of the third element (gold nanoparticles) to hybrid hydrogel further
increases the rigidity of this trihybrid system.

4.2.5 Graphene/Allotropic Carbon Hybrid Material

Graphene/Diamond

Zhang et al. [83] design an hybrid nanofiller based on nanodiamond (ND)-decorated
graphene oxide (GO) using 4,4′-methylene diphenyl diisocyanate as the coupling
agent to reinforce a rubber matrix (carboxylated styrene-butadiene rubber (XSBR))
to obtainXSBR/ND@GOnanocomposites. The targetedXSBR/ND@GOnanocom-
posites were fabricated by latex compounding method. First, XSBR latex and a
quantitative amount of pre-sonicated ND@GO aqueous suspension were mixed and
stirred, then the emulsion was immediately co-coagulated using CaCl2 solution to be
dried in an oven at 60 °C for 72 h. The strain dependence of the storagemodulus of the
elaborate materials was determined using a rubber processing analyzer (RPA2000)
at a frequency of 1.67 Hz, temperature of 60 °C and strain deformation from 0.7 to
300%. From Fig. 21a it was clearly noticed that all the nanocomposites presented
a dependence of distinct nonlinear rheological amplitude, commonly called Payne
effect, which gives an outline of the interfacial interaction and the nature of the
filler network in a filler-matrix system. Indeed, the XSBR and its hybrid compos-
ites present a progressive reduction in the storage module with increasing strain
deformation; nevertheless the crescent addition of the ND@GO load considerably
improves the storage module, which implies a new formation of a sophisticated
network. However, the filling network can be divided into three types, depending on
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Fig. 21 a Rheological properties of XSBR and its hybrid nanocomposites. b Schematic represen-
tation of filler-rubber network variation during external force application

the filling concentration (Flexible filling networks; rigid load networks; and mixed
load networks). Therefore, nanocomposites containing 0.5 phr ND @ GO belong
to the flexible network, in which the particles of nanocharges are separated by the
polymer chains. In this case, the initial storage module is weak and decreases slowly
(Mode 1). In the case of the rigid charge network, the concentration of the charge
nanoparticles increases strongly to a specifically high level and the particles come
into contact or overlap, leading to a high initial storage module. Once the external
forces are applied, the filling network decomposes severely at a small deformation
(deformation at ~0.7%), and therefore themodule decreases rapidly in stage 1.While,
the network ofmixed loads, the dependence on the deformation of the storagemodule
is between those of the flexible type and of the rigid type (Fig. 21b).

Graphene/Nanotube

Arjmand et al. [84] manufactured a binary nanocomposite material based on the
hybridization of Carbon Nanotube (MWCNT) and Graphene Nanoribbon (GNR)
to reinforce Polyvinylidene Fluoride (PVDF) polymer. The MWCNT/GNR/PVDF
nanocomposites were prepared via a melt-mixing method using an Alberta Polymer
Asymmetric Minimixer (APAM) at 240 °C and 235 rpm. First, the hybrid nanofillers
MWCNT/GNR were dry mixed at different concentrations, then added to PVDF
matrix previously masticated. Finally, the nanocomposites were molded using the
hot Carver compression molder press (Carver Inc., Wabash, IN) at 220 °C under
38 MPa pressure for 10 min to make disk samples with a 2.5 cm diameter suitable
for rheological testing. Rheological measurements were performed using an Anton-
Paar MCR 302 rheometer at 240 °C using 25 mm cone-plate geometry with a cone
angle of 1° and a truncation of 47 μm. Figure 22 depicts the shear-stress growth
(τ12+(t)) normalized with respect to its steady-state value (τ∞) as a function of time
for nanocomposites with 2.7 wt% nanofiller content.
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Fig. 22 a Shear-stress growth (τ12+ (t)) as a function of time for the nanocomposites. b Temporal
variation of shear stress for the nanocomposites

For molten polymer nanocomposites, the stress overshoot refer to the transition
from a solid-like to liquid-like behavior under almost resting. The corresponding
breaking stress is noted τmax in the inset of Fig. 22a. Figure 22b shows the temporal
variation of the shear stress at the time of a progressive reduction of the shear rate from
0.1 to 10−4 s− 1. The immediate monotonic decrease corresponds to a relaxation of
the viscoelastic stresses reaching a residual stress not zero (τmin) at t ~ 0.06 s.After the
initial reduction, at longer times, the stress response increased, reaching a new steady
state value. Thus, theGNRnanofillers have a veryweak capacity to efficiently recover
from flow-induced anisotropy. Therefore, as the MWCNT/GNR ratio decreases, the
presence of GNR deteriorates the structural stability of the MWCNT microstructure
and the coherence of the movement of the nanotube domains. From Fig. 22 it can be
concluded that, the hybrid samples have the ability of the MWCNT network super-
structure to recover from the shear-induced anisotropy decreased significantly as the
MWCNT-GNR ratio decreased. This could be attributed to a decrease in network
interconnectivity and to prevent direct tube-to-tube contact due to the presence of
GNR.

5 Conclusion

Hybrid materials are today the subject of immense interest, making it possible to
combine the properties of hybrid reinforcement and polymer matrix. This combina-
tion can also lead to completely new properties and opens up a wider field of investi-
gation.Due to their exceptional electronic, thermal,mechanical and rheological prop-
erties, hybrid graphene nanocomposites graphene materials have recently attracted
considerable attention. This chapter presented first, the Graphene history, proper-
ties and preparation techniques, then detailed, the hybrid graphene nanocompos-
ites synthesis methods, types and application fields. Indeed, graphene can be mixed
with other types of reinforcement such as nanoparticles, nanofibers and nanosheets;
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or combined with another allotropic carbon type (Diamond, Fullerene, Nanofiber,
Nanotube, Polyaromatic). The main advantage of this hybridization is the materials
properties improvement, but the addition of hybrids does not necessarily allow good
dispersion in the polymer matrix. For this, the rheological study of graphene based
hybrid nanocomposites remains an effective tool for quantifying the dispersion of the
hybrid in nanocomposite systems. At the end of this chapter, the rheological proper-
ties of the graphene mixed with others nanofiller were studied, such as nanoparticles
(magnetite nanoparticles), Nanosheets (clay), Nanofibers (Cellulose nanofibers) and
allotropics carbon (Diamond and Nanotube). Overall, it can be said that prospects
for the use of hybrid graphene nanocomposites in the future are very interesting and
may bring many unexpected results.
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Graphene Based Aluminum Matrix
Hybrid Nano Composites

Subrata Mondal

Abstract There is a growing demand for the light weight nano composite materials
for advanced material applications, such as aerospace, automobile, electrical appli-
ances, biomedical etc. because of their high specific strength/stiffness, improved
temperature stability, improved wear and corrosion resistance etc. Properties of
aluminum matrix can be significantly improved with well dispersed/distributed low
concentration of nano reinforcements. Various types of carbon based nano reinforce-
ments such as carbon nanotube, graphene, carbon nanofibers, fullerenes etc. are
widely used for the fabrication of advanced metal matrix nano composites materials.
This chapter discusses graphene based aluminummatrix hybrid nano composites for
the applications in advanced material fields. Starting with the graphene as a prospec-
tive nano reinforcement for the hybrid nano composites, various commonmethods for
the manufacturing of hybrid nano composites, mechanism of reinforcement disper-
sion/distribution in the hybrid nano composites are discussed. This followed by
microstructure and properties of hybrid nano composites are included. The chapter
has been concluded with few prospective applications of graphene based aluminum
matrix hybrid nano composites in advanced materials fields.

Keywords Nanocomposites · Nano-reinforcements · Aluminum matrix · Hybrid
nanocomposites · Graphene · Specific strength · Tribological property · Interfacial
interaction

1 Introduction

There is a growing research interest on materials with superior properties and due
to this, material scientists are developing novel materials with improved properties
[1–5]. For various industrial applications, there is a genuine need for light weight
and high performance materials. Now a days, composite materials are used widely
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in various areas, because of their light weight, high strength to weight ratio, high
modulus and other tailorable functional properties. Compositesmaterials can be engi-
neered from at least two different materials with marked differences in physical or
chemical properties which remained bonded together, while, retain their microscopic
identity. Major phase in composite material is known as matrix phase, while, minor
phase is termed as reinforcement phase. In the nature, we have several composite
materials which served as a bench mark to the material scientists for the fabrication
of advanced engineered composite materials. Two such natural composite materials
are wood and bone. Wood is a natural composite composed with cellulosic fibrils as
reinforced phase and lignin as the matrix phase, while, bone is composed of hydrox-
yapatite as reinforcement phase and collagen protein as matrix phase. Depending
on the type of matrix phase, artificially manufactured composite materials can be
classified as metal matrix composite, ceramic matrix composite, and polymer matrix
composite. Reinforcement phase in the compositematerials can be of various organic
or inorganic particles, fibers, or ultra-high strength whiskers [6–9].

Metal matrix composites (MMC) contain at least two constituent phases with
one being a metal which is known as matrix phase [10, 11]. Generally, reinforce-
ment phase in the metal or metallic alloy matrix composites are ceramic or other
inorganic compounds or various carbon based reinforcement materials [12–14].
Common reinforcement phase for the fabrication of MMC are silicon carbide,
alumina, boron carbide, graphite, carbon nanotube, graphene etc. [15–17]. Metal
matrix nano composites has givenmuch importance as compared to themicro particle
reinforcedmetalmatrix composites, due to their superior properties with low concen-
tration of reinforcement phase. In metal matrix nano composites, metal or alloy is
the matrix phase, while, reinforcement particles has at least one dimension is equal
to or less than 100 nm [18]. Properties of metal matrix nano composites depends
on type, concentration, shape, size and dispersion/distribution of nano particles in
matrix phase.

Aluminum or its alloys are attracted much attention as matrix phase for the manu-
facturing ofmetalmatrix composites or nanocomposites because of its several advan-
tages viz. light weight, ductility, cost effectiveness etc. [19–21] Aluminum matrix
composites or nano composites are potential materials for applications in various
fields because of their improved specific strength, modulus and stiffness. Some of
the potential applications of aluminum matrix based composites or nano compos-
ites are in the fields of aerospace, aircraft, automobile, defense, electrical appliance,
biomedical etc. [22–24]. These composites have been manufactured by number of
techniques. Some of the commonmanufacturingmethods for the preparation ofmetal
matrix composites or nano composites are powder metallurgy, casting, spray deposi-
tion etc. Among these techniques, powder metallurgy method produced consistently
better properties of composites or nano composite materials [25].

Hybrid metal matrix composite materials are new advanced composite mate-
rials as compared with the conventional MMC [26]. This type of metal matrix nano
composites can have more than one reinforcement phases among these at least one
as nano reinforcement phase. Two or more reinforcement particles in a single metal
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or alloy matrix can produce better mechanical properties than their individual coun-
terpart in the metal matrix composite. Further, secondary reinforcement phase in
the metal matrix can improve other functional properties together with enhancement
of mechanical properties of the nano composite materials [27]. Different nano rein-
forcements have different shape, size and properties, therefore, hybridization of nano
composites can provide improved mechanical properties and other functional prop-
erties with reduced weight and cost. In this chapter, an overview on graphene based
hybrid aluminum matrix nano composite are presented. Various common methods
for the fabrication of nano composites, mechanism of dispersion or distribution of
nano reinforcements in the hybrid nano composites, microstructure and properties
of nano composites, and few of the prospective applications of aluminum matrix
graphene hybrid nano composites are discussed.

2 Potential Reinforcing Materials in Composites

Dispersed phase in the composite materials is known as reinforcement phase [28].
Reinforcement phase in the resultant composite enhancesmechanical and other func-
tional propertieswhich depends on the type and concentration of reinforcement phase
[29–32]. Composite material properties can be altered by selecting appropriate type
of reinforcement phase and by varying proportion of reinforcement phase. Further,
mechanical properties of composites materials depends on size and shape of the rein-
forcement phases. Size of the reinforcement phase could be macro, micro and nano
size, while, shape of reinforcement phase could be cylindrical, tubular, spherical,
plate type etc. with regular or irregular geometry [33–37]. Few common shape of
reinforcing materials with specific examples which are commonly used for the fabri-
cation of composites or nano composites materials are enlisted in Table 1. Together
with type, shape and concentration of reinforcement phase, good dispersion and
distribution of reinforcing particles is also very important to improve properties of
resultant compositesmaterials [38]. Depending on type of dispersion and distribution
of reinforcement materials in the metal matrix, four types of situation can be arises
viz. good dispersion and good distribution, good dispersion and poor distribution,
poor dispersion and good distribution, and finally, poor dispersion and poor distribu-
tion. Figure 1 shows schematically the two situations viz. good dispersion and good
distribution, and good distribution and poor dispersion of reinforcement phase in the

Table 1 Few common
shapes of reinforcement
phases for the manufacturing
of composite/nano composite
materials

Shape of reinforcement phase Typical example

Cylindrical Carbon fiber

Tubular Carbon nanotube

Particulate (e.g. spherical) Alumina particle, fullerenes

Plate like Clay, graphene
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Fig. 1 Schematic showing good dispersion and good distribution a, and poor dispersion and good
distribution b of reinforcement phases in the matrix phase of resultant composite material

matrix phase of resultant composite material. Interfacial bonding between reinforce-
ment phase and matrix phase is another important parameter for the enhancement of
mechanical properties of resultant composite materials [39].

3 Metal Matrix Composites and Nano Composites

Composite materials are artificially manufactured by using at least two different
materials that are bonded together by physical and/or chemical means while main-
taining theirmicroscopic identity, andmake the resultant compositematerial superior
to the properties as compared with their individual component materials. There-
fore, composites materials are artificially manufactured multiphasic materials [40,
41]. In the composite materials, different phases can be identified microscopically
while they are bonded together by physical and/or chemical means. Major phase
in the composite material is known as matrix phase while minor phase is termed
as reinforcement phase. The major role of matrix phase is to hold the reinforce-
ment phase in the resultant composites, allow the fabrication into desired shape and
helps for load transfer from relatively weak matrix phase to reinforcement phase and
vice versa during the loading process. Properties of composite material depends on
matrix phase and reinforcement phase. As per the selection ofmatrix type, composite
materials can be classified as polymer matrix composite, ceramic matrix composite
and metal matrix composite [42–45]. While, depending on size of reinforcement
phase composites can be termed as micro composite and nano composites. In case of
micro composites, size of the reinforcement phase in the micrometer range, whereas,
in case of nano composites, at least one dimension of the reinforcement phase is
less than or equal to 100 nm. Few of the common metal used as matrix phase for
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the fabrication of metal matrix composites are magnesium, aluminum, titanium,
copper and their alloy [11, 20, 46–48]. Whereas, some of the common reinforcement
phases used for the manufacturing of metal matrix composites are silicon carbide,
aluminumoxide, boron carbide, titaniumdioxide, carbon nanotube, graphene, carbon
nanofibers etc. [49–54]. Due to the demand of high specific strength and high tough-
ness metal based materials, metal matrix based composites/nano composites are
preferred as compared with the monolithic metal. Characteristics of metal matrix
composites materials are determined by their microstructure, dispersion/distribution
of reinforcement phase and interfacial interaction between dissimilar reinforcement
phase and matrix phase. Microstructure includes microstructure of both reinforce-
ment phase and matrix phase. Pure aluminum and alloyed aluminum is one of the
most investigated matrix materials for the fabrication of metal matrix composites
or nano composites due to their several interesting properties such as low density,
very good ductility, low cost etc. Aluminum matrix composites are light weight
high performance composite materials which can be reinforced with wide variety
of reinforcement materials viz. continuous (Fig. 2)/discontinuous fibers, whiskers or
particulates [23, 55, 56]. Properties of aluminum matrix composites can be tailored

Fig. 2 Scanning electron microscopic fractographies of 0°/90° dual directional molybdenum fiber
reinforced aluminum composites with different concentration of molybdenum fibers such as 5 vol%
(a), 25 vol% (b), and 45 vol% (c). Reproduced with permission from Ref. [59] © 2005 Elsevier
Ltd.
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by selecting appropriate proportion of matrix phase, reinforcement type and concen-
tration, and processing routes. Depending on the selection ofmatrix phase, reinforce-
ment phase and processing routes, the advantages of aluminum matrix composites
as compared to the pure aluminum metal are as follows [57, 58]:

• Improved specific strength
• Improved stiffness
• Reduced density depending on the type of reinforcement phase
• Improved wear resistance
• Improved damping capability
• Improved thermal property
• Tailored electrical performance etc.

These advantages offers aluminum matrix composites as an excellent candidate
for many structural and functional applications, which include electrical appliances,
aerospace, defense, automotive, sports etc. [57].

4 Overview of Graphene

Graphenebasednanomaterials are novel nanomaterialwhich attractedmuchattention
in the last decade due to their interesting physical, chemical, thermal and electrical
properties [60–63]. These nanomaterials can be potentially used in various areas such
as electronic, sensor, energy, potential nano reinforcement for the fabrication of nano
composite, biomedical fields e.g. biomedicine, diseases detection therapy etc. [64–
66]. Graphene nanomaterials can be classified based on number of single atomic
sheet of hexagonal carbon layer, oxygen content and their chemical composition.
Broad family of graphene nanomaterials include graphene, graphene oxide, reduced
graphene oxide and functionalized graphene [64]. Graphene is an allotrope of carbon
and a single atomic sheet of hexagonal carbon structure [65, 66]. Due to its several
excellent properties viz. nano size, extra ordinary mechanical, electrical and thermal
properties, graphene has been widely used as potential reinforcement phase for the
manufacturing of polymermatrix, metal matrix and ceramicmatrix nano composites.
Due to its nano dimension and low density, graphene required very low concentration
to achieve desirable properties. Graphene nano sheet consists of a single atomic layer
of sp2 hybridized carbon atoms, and it can be manufactured by top down and bottom
up approach. Graphene nanomaterial can be prepared by mechanical or chemical
exfoliation of graphite, chemical vapor deposition technique etc. Exfoliation from
graphite to produce graphene is a promisingmethod because of low cost and potential
for high scalability [60]. Graphene has several interesting properties which include
high specific surface area, excellent thermal conductivity, high intrinsic mobility, and
it is hydrophobic in nature due to the absence of oxygen groups [64]. Heat energy
is applied in the carbon source to produce fragments of carbon which recombine to
form densely packed honeycomb lattice of one-atom thickness graphene [65, 67].
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5 Aluminum Matrix Nano Composites

Aluminum or its alloy has been extensively used as matrix phase for the manu-
facturing of metal matrix composite or nano composites, due to its several excel-
lent properties such as low density, good ductility, cost effectiveness etc. There is a
growing research interest on aluminum matrix nano composites, due to the superior
mechanical properties of the resultant composite materials such as specific stiffness,
modulus, wear resistance and fatigue properties [68]. In the aluminum matrix nano
composite, aluminum is a matrix phase with reinforcement phase could be generally
ceramic or other inorganic materials. Some of the most widely used reinforcement
phase for the aluminum matrix nano composites are SiC nanoparticles, alumina
nanoparticles, TiO2 nanoparticles, carbon nanotube, carbon nanofiber, graphene etc.
Nassar and Nassar reported aluminum matrix nano composites reinforced with nano
sized TiO2 particles manufactured by using powder metallurgy technology. Their
experimental results revealed that tensile strength and hardness of nano composite
increased while ductility decreases with increasing volume fraction of nanoparticles.
However, nano composite shows superior wear property. Changes of these proper-
ties with reinforcement concentration is possibly due to the hindered movement
of matrix dislocation by nanoparticles in resultant nano composite materials which
leads to the increased hardness and strength, while, decreased ductility [68]. Maleki
et al. reported aluminum matrix based nano composites with magnetic nickel ferrite
(NiFe2O4) nanoparticles as reinforcement material produced by powder metallurgy
method. Experimental results revealed that yield stress and ultimate tensile strength
havebeen increasedwith increasing concentrationof nano reinforcement up to5wt%,
however, dropped with 10 wt% of nano reinforcement. Relative density and elonga-
tion of the nano composites deceased as the weight percentage of nano reinforce-
ment increased [69]. Major challenges for the manufacturing of metal matrix nano
composites are agglomeration, inhomogeneous dispersion of nano reinforcement
materials, and poor interfacial interaction between dissimilar reinforcement phase
and matrix phase. Figure 3 shows surface morphology of Al matrix nano composites
with different concentration of nano reinforcements [69].

6 Aluminum/alloy Matrix Graphene Reinforced Hybrid
Nano Composites

Recently, there is a significant research interest on hybrid nano composite for
advanced material applications. Hybrid nano composite consists of a matrix phase
and more than one reinforcement materials among these at least one reinforcement
material is nanomaterial. Incorporation of more than one reinforcement materials
can offered better enhancement of properties of the matrix phase as compared with
single reinforcement phase [70]. Aluminum matrix hybrid nano composites can be
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Fig. 3 Scanning electron microscopic (SEM) of extruded Al-NiFe2O4 nano composites with
different concentrations of nano reinforcements: a 1 wt%, b 2.5 wt%, c 5 wt%, and d 10 wt%
reinforcements phase. Arrows indicates the dispersion of NiFe2O4 nanoparticles in the Al matrix.
Reproduced with permission from Ref. [69] © 2018 Elsevier Ltd. and and Techna Group S.r.l.

considered as a novel materials due its higher specific strength, light weight, corro-
sion resistance, and other improved functional properties which depends on the type
of selected nano reinforcement phases. Various hybrid combinations of nano rein-
forcement phases based on graphene can be considered as prospective candidates of
nano reinforcement phases for the fabrication of hybrid nano composites. Graphene
together with other nanoparticles such metal oxide nanoparticles (viz. TiO2, SiO2,
SnO2, Fe3O4) or other type of carbon based nano reinforcements can be used for the
manufacturing of graphene based hybrid nano composites [71].Graphene can be used
as prospective reinforcement for the manufacturing of aluminummatrix hybrid nano
composite due it’s interesting properties.Graphene is a 2Dcarbonbasednanomaterial
with interesting electrical properties, light weight, high surface area and impressive
mechanical properties [72]. Properties of aluminum matrix based graphene rein-
forced hybrid nano composites depends on selection of other nano reinforcement
phase, concentration of nano reinforcement phase, processing routes, processing
parameters and microstructural evolution during the manufacturing of aluminum
matrix hybrid nano composites. Powder metallurgy technique can be selected for
the preparation of aluminum matrix hybrid nano composites due its simple steps of
mixing, compaction and sintering [73].

Jauhari et al. discussed aluminum alloy 6061 matrix graphene and SiC reinforced
hybrid nano composite fabricated by using powder metallurgy method. They have
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selected aluminum alloy 6061 as matrix phase due its low density, structural rigidity,
and its feasibility to incorporatewide rangeof nanoparticles and subsequent improve-
ment of mechanical properties. Nano reinforcement phase graphene has flake size
of 10 nm and SiC has particle size of 10 µm. Properties like density, hardness have
been studied with respect to various proportion of reinforcement phases. Hot pressed
compacted samples were sintered by ultrasonic and conventional sintering method.
Hardness of graphene reinforced hybrid nano composite is superior as comparedwith
monolithic aluminum alloy. Further, experimental results revealed that microwave
sintering process enhanced higher hardness than the conventional sintering process.
SiC reinforcement at lower concentration (<1 wt%) encapsulated by graphene nano
sheet rendered uniform dispersion of reinforcement phase in the aluminum alloy
matrix [74]. Agglomeration of SiC in the aluminum matrix is a challenge for the
manufacturing of aluminum matrix nano composites [75]. Encapsulation of SiC by
graphene nano sheet can prevent agglomeration of reinforcement in the hybrid nano
composite based on aluminum matrix [76].

Agarwal et al. presented aluminum alloy 7075 matrix graphene reinforced hybrid
nano composite fabricated by using squeeze cast method. Alloy matrix has been
reinforced with 1 wt% of 5–8 nm thickness graphene and 0.5 wt% of hexagonal
boron nitrite (h-BN) with particle size of 100–200 nm. Experimental results revealed
that there are approximately 30%, 11% and 10% improvement of ultimate tensile
strength, Vickers micro hardness and Rockwell hardness, respectively, as compared
with pure alloy. In order to improve the dispersion and distribution of nano reinforce-
ment phase, mixture has been ball milled. Microstructure study revealed that grain
size decrement of the hybrid nano composite as comparedwith aluminum 7075 alloy.
Reduced grain size in the hybrid nano composite improved the mechanical proper-
ties [77]. Du et al. discussed aluminum 7075 matrix based graphene hybrid nano
composite. Aluminum alloy matrix has been reinforced with graphene (1 wt%) and
SiC (0.25–2 wt%) nanoparticle, and fabricated by using ball milling and vacuum hot
pressing.Microstructure study revealed graphene and SiC nanoparticles are homoge-
neously distributed on the grain boundary of alloy matrix, and SiC nanoparticles are
well dispersed between graphene nano sheet which improved wettability between
SiC nanoparticle and aluminum matrix. Micro hardness property of hybrid nano
composite has been improved with increasing SiC nano particle reinforcement in
the alloy matrix material. Wear loss of the hybrid nano composites decreases with
increasing SiC nano particle. Further, coefficient of friction of hybrid nano composite
material has been decreased with increase of SiC nano particle concentration in the
nano composite. Improvement of tribological property for the hybrid nano composite
material is possibly due to the formation of dry lubricant layer between mating metal
molecules. Coefficient of friction of hybrid nano composite has been decreased due
to the formation of graphene solid lubricant layer between wear surfaces, thereby,
reduces the contact area. Further, incorporation of graphene reduces the concen-
tration of SiC nanoparticles which subsequently beneficial for the improvement of
toughness of hybrid nano composite materials [78].

Girisha et al. discussed hybrid nano composite based on aluminum (Al) matrix.
Together with graphene (GR), multi walled carbon nanotube (MWCNT) and nano
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diamond (ND) were used for the manufacturing of hybrid nano composites. Prop-
erties of Al/MWCNT, and hybrid Al/GR/MWCNT and Al/GR/MWCNT/ND nano
composites were compared. Nano composites were prepared by using powder metal-
lurgy and casting methods. Nano composites produced by using powder metal-
lurgy route showed better mechanical properties as compared with nano compos-
ites produced by casting method. Young modulus and yield strength have been
increased for aluminum/MWCNT nano composite as compared with pure aluminum
matrix. Further, increment of mechanical properties were observed with graphene
based hybrid nano composites [30]. Ghasali et al. reported carbon nanotube and
graphene reinforced hybrid aluminum matrix nano composite fabricated by spark
plasma sintering, microwave and conventional technique. As the concentration of
carbon nanomaterials in the hybrid nano composite is limited on the surface, there-
fore, they have used fracture determinationmethod to detect the graphene and carbon
nanotube in the hybrid nano composite. Field emission scanning electronmicrograph
(FESEM) of surface factrography for graphene and CNT reinforced hybrid nano
composite revealed uniform distribution of nano reinforcement phase in the matrix
material produced by spark plasma sintering method (Fig. 4) [79].

Synergistic strengthening effect in hybrid nano composite material was observed
when secondary reinforcement was used together with graphene. Reinforcement of
alumina anchored graphene in the aluminummatrix hybrid nano composite revealed
around 131% improvement of tensile strength with 1 vol% of hybrid reinforcement
concentration as compared with pure aluminum. Hybrid nano composite shows
around 11% of elongation with same concentration of hybrid reinforcement, thus
exhibiting strength-ductility synergy due to the formation of interlocking network of
hybrid nano reinforcement phase, which is a beneficial for the effective load transfer
from theweakmatrix phase to the strong reinforcement nanoparticles.Microstructure
study revealed homogeneous distribution of reinforcement phase in the aluminum
matrix [80]. Yaqoob et al. studied synergizing strategy and hybrid ratio of graphene
and CeO2 on mechanical property enhancement of aluminum alloy 6061. Nanoma-
terials are reinforced in the aluminum alloy matrix by friction stir. Microstructure
study revealed that nanomaterials have been influenced the grain refining due to the
pinning effect in retarding grain growth. Hardness and tensile strength of hybrid
nano composite have been improved due to the grain refinement and obstruction
imposed by nanoparticles due to the dislocation movement. 50/50 vol% of reinforce-
ment is an optimum in improving tensile strength and micro-hardness [81]. Li et al.
reported synergistic strengthening effect of aluminum based hybrid nano composite
reinforced with carbon nanotube and graphene, due to the formation of planner
network of reduced graphene and carbon nanotube (Fig. 5), which improves load
transfer between components phases. As compared with dual reinforcement phase,
without reduced graphene, CNT was separately sandwiched between aluminum
matrix, while, with only graphene reinforcement, graphene sheet would irreversibly
agglomerated [82].

Copper nanoparticle modified graphene reinforced aluminum matrix nano
composite exhibited uniform dispersion of nano reinforcement in the hybrid nano
composite and strong interfacial bonding between reinforcement phase and matrix
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Fig. 4 FESEM of surface fractrography of graphene and CNT reinforced hybrid aluminum matrix
nano composite. Reproduced with permission from Ref. [79] © 2018 Politechnika Wrocławska.
Published by Elsevier B.V.

phase, thus promote effective load transfer between components phases. 0.75 wt%
reinforcement concentration showed 68% increase of tensile strength and total
elongation of 17.5% [83].

7 Fabrication of Graphene Based Aluminum Matrix
Hybrid Nano Composites

Manufacturing of metal matrix nano composites can be classified into two major
groups, viz. ex situ and in situ. In ex situ method reinforcement phases are added
to liquid or powdered metal, whereas, in situ method refer to the formation of nano
reinforcement phase by reaction during processing [84]. One of the major problem
for the bulk production of metal matrix nano composites is low wettability of rein-
forcement materials in the metal matrix phase, further, high surface energy of nano
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Fig. 5 Transmission electron microscopic cross sectional images (a–c) and scanning electron
microscopic images of fracture surface (d–f). Reproduced with permission from Ref. [82] © 2015
Elsevier Ltd.

reinforcement phase lead to inhomogeneous dispersion and distribution of reinforce-
ment materials in the metal matrix phase. Aluminum matrix graphene and carbon
nanotube reinforced hybrid nano composites can be principally produced by using
three procedures such as (i) solid phase process, (ii) liquid phase process and (iii)
two phase (solid–liquid) processes. Each process has its own advantages and disad-
vantages, however, there are few challenges for the manufacturing of graphene based
hybrid aluminum matrix nano composites as follows:

(a) Homogeneous dispersion and distribution of nanoparticles in the aluminum or
its alloy matrix.

(b) Improvement of interfacial interaction between nanoparticles and matrix phase.
(c) Structural stability of nano reinforcement phases during the fabrication of hybrid

nano composites.

Among various methods for the manufacturing of metal matrix hybrid nano
composites, powder metallurgy method has been widely used because of its several
advantages, such as simples steps, high rate of production, ability to incorporate
higher concentration of nano reinforcement phases, variation of properties, reduc-
tion of machining, production of complex shape, reduction of scraps etc. Therefore
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powder metallurgy methods have been employed as solid phase process for the
manufacturing of aluminum matrix hybrid nano composites. The process of powder
metallurgy consists of several simple steps which include (a) production of metal
powder; (b) mixing of powders; (c) compaction of powder to obtain the desired
shape and finally, (d) sintering of the compacted sample in order to improve cohe-
sive strength between molecules. Sintering is an essential step in powder metallurgy
method. During sintering process, particles are fused together to improve the cohe-
sion between particles. Sintering step is carried out in absence of oxygen, either in
vacuum or in presence of inert gas flow, in order to prevent the arial oxidation [58].

One of the major drawback for the manufacturing of hybrid metal matrix nano
composites by using the liquid phase process is cluster formation of reinforce-
ment phase in the metal even though mechanical stirring has been employed before
casting [84]. Agglomeration of nanoparticles is possibly due to the poor wetta-
bility of reinforcement phase, high viscosity of molten metal and high specific
surface area of nano sized reinforcement material. Semi solid process can be used
for the particle reinforcement nanocomposites. Semi solid process for the fabrica-
tion of hybrid nanocomposite can be performed at lower temperature than liquid
phase process. Application of lowered temperature reduces the possibility of ther-
mochemical degradation of reinforcement phase during nano composite fabrication
[84].

8 Prospective Applications of Graphene Reinforced Hybrid
Aluminum Matrix Nano Composites

As on the date, to the best of knowledge of the author, metal matrix hybrid nano
composites reinforced with nano particles are not being fully employed in the
commercial fields due to the recent development of this kind of novel materials.
However, metal matrix hybrid nano composites shows several improved proper-
ties as compared with conventional metal matrix composites, therefore, these novel
materials can be considered as prospective candidates for the substitution of conven-
tional composite or monolithic metal for application in structural, electrical and
other advanced material applications [74]. Aluminum/alloy matrix based graphene
hybrid nano composites have potential for application in automobile, aviation, space
craft due to their low density [30, 85]. Frequent replacement of parts and assem-
blies in many engineering applications is a commonly encountered phenomena due
to the materials loss by wear. Operating economy also severely affected by wear
due to reasons like: (i) material loss, (ii) high fuel usage and (iii) frequent replace-
ment of engineering parts [86]. Tribological property of aluminum matrix based
graphene hybrid nano composite has been improved due the excellent lubricant prop-
erty of graphene. Reinforcement of 1% gamma Al2O3 nanoparticle/graphene in the
aluminum matrix significantly decreased the coefficient of friction [87]. Zeng et al.
reported reduced wear rate for hypoeutectic aluminum–silicon matrix based nano
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composite reinforced with silicon carbide and reduced graphene oxide as compared
with only silicon carbide reinforced composite, due to the self-lubricating property
of reduced graphene oxide [88]. Therefore, aluminum/alloy matrix graphene hybrid
nano composite can be excellent candidates for the areas where the materials is
exposed to wear and friction [78]. Graphene has excellent electrical and thermal
conductivity, therefore, graphene reinforced hybrid aluminum nano composite can
improve thermal [89, 90] and electrical properties of matrix material which can find
applications where heat dissipation and electrical conductivity are required. Thermal
management is critical for miniaturized electronic devices. Effective heat dissipa-
tion can reduce operating temperature and improve performance, efficacy and service
life [91]. Reinforcement of micro particle alumina and graphene in the aluminum
matrix can enhance corrosion resistance up to factor of 2.5–4 as compared with pure
aluminum. Improvement of corrosion resistance for hybrid nanocomposite material,
could find applications in ship building industry [90].

9 Summary

Graphene due to its unique properties raise a great interest as potential reinforcement
for the nanocomposite materials. Metal based hybrid nano composites are novel
materials with potential for advanced materials applications. Aluminum or its alloy
can be considered as an excellent matrix materials for the manufacturing of light
weight hybrid graphene based nano composites. This chapter provide an overview of
graphene as potential reinforcement for themanufacturing of aluminummatrix based
hybrid nano composite by using various common methods, dispersion mechanism
of graphene reinforcement in the aluminum/its’ alloy matrix, microstructure and
properties of hybrid nano composites, and some of the prospective applications of
Al matrix graphene based hybrid nano composites.
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Hybrid Nanocomposites Based
on Graphene and Ferrite Nanoparticles:
From Preparation to Application

R. D. A. A. Rajapaksha and C. A. N. Fernando

Abstract Ferrites are composite materials which are widely used in mature
technologies like permanent magnets, circuitry, microwave devices and magnetic
recording. Now a days the range of application expanded to different fields like
photocatalysis, biosensors, bioimaging, gas sensors and many other fields. At least
one metal cation included Fe3+ containing large class of oxides is the basic elements
of ferrite and applied as powder form and films or ceramic bodies. The remarkable
properties of hybrid nanocomposites of ferrite and graphene incorporated devices
shows high performance in numerous applications in analytical medical equipment
such as sensors, biosensors; electronic devices such as memory devices, semicon-
ductor devices; energy devices such as solar cells, electrocatalytic and photocatalytic
based chemical storage devices and many other fields.

Keywords Ferrite · Nanocomposite · Transition metals · Synthesis ·
Nanostructures · Voltammetry · Synergetic effect · Adsorption

1 Introduction

Graphene and ferrite nanocomposites have become promising material for enor-
mous applications due to their extraordinary characteristics. According to the past
studies, these composites are used in different applications such as sensors and
biosensors, solar cells, photoelectrochemical cells, batteries, supercapacitors, etc.,
in biomedical, material science, engineering, agriculture, and many other fields. The
synergetic effect of both graphene and ferrite may enhance the surface area, elec-
tron transferability, conductivity, and stability of the composite. According to Zahid
et al., graphene-ferrite nanocomposite has remarkable properties such as adsorption
enhanced photocatalysis, low leaching catalysis, magnetic separation, bandgap in
visible spectral range, fast adsorption [1]. Kaur and Kaur had reported excellent
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adsorption and photocatalytic activity of graphene and ferrite nanocomposite due to
synergetic effect [2].

Ferrite is one of the best candidates for many composites because of its small
particle size, availability of many surface active sites, high adsorption capability,
ease to separate, tunable chemical composition, nonconductive, and high surface
area to volume ratio [3]. Ferrites can be categorised according to their crystal struc-
ture as spinels, garnets, hexagonal ferrites, and orthoferrites [1]. In another way,
ferrite can classify as a soft, hard, square loop, microwave-based on magnetic prop-
erties. Different types of ferrites can be synthesised via the ceramic method and
chemical route techniques. The techniques which are used to synthesise ferrite
nanoparticles include co-precipitation, hydrothermal, sol–gel, thermal decomposi-
tion, solvothermal, sonochemical, microwave-assisted, microemulsion, polyol, and
electrochemical, mechanical milling, and laser ablation [1]. Dhal et al. stated that
spinel magnesium ferrite NPs have outstanding properties such as super thermal
stability, smaller bandgap, low cost, non-toxicity, and magnetic properties [4]. These
properties of ferrite nanoparticle-based composites are used in many applications.
For example, adsorption of heavy metals, alcohol decomposition, oxidative hydro-
carbon dehydration, degradation of dyes, decomposition of hydrogen peroxide, and
oxidation of carbon monoxide [5].

Nowadays, graphene plays a major role in the scientific world due to its extraor-
dinary features. In graphene, a flat monolayer of carbon atoms is packed tightly into
a structure 2D honeycomb lattice [6]. Because of this structure, graphene has high
flexibility, excellent electrical conductivity, super thermal stability, and outstanding
mechanical properties. The graphene’s specific surface area may lead to electromag-
netic shields to absorb incident electromagnetic waves [7]. Due to low density and
high dielectric loss, graphene can be used as an electromagnetic wave absorber at
high frequencies in the gigahertz range [8]. The graphene’s high thermal conduc-
tivity will enhance the charge carrier rate (200,000 cm2 V−1 s−1) at room temperature
[9]. Many researchers have used functionalised graphenes such as graphene oxide
(GO) and reduced graphene oxide (rGO) for their research work due to their unique
features. Bhattacharyya et al. reported various graphene properties such as high
surface area, excellent dielectric permittivity, and lightweight [10]. Unique two-
dimensional structure, high specific surface area, electron mobility, and excellent
chemical and electrochemical stability lead rGO a promising candidate enormously
in medical and other fields of applications [11].

The synergetic effect of graphene and ferrite may use in numerous industrial
applications. There are many synthesis techniques used to synthesised graphene
and ferrite nanocomposites. The following figure (Fig. 1) depicts some synthesis
techniques and applications of graphene/ferrite nanocomposites.
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Fig. 1 Synthesis methods and applications of graphene/ferrite nanocomposites

2 Synthesis of Graphene and Ferrite Nanocomposites

Ferrite nanoparticles can be synthesised by bottom-up and top-down approaches,
which are based on physical and chemical methods. Coprecipitation, thermal
methods, solid-state reactions, and sol–gel methods are clarified here.

2.1 Co-precipitation

In this method, precipitation of insoluble or less soluble products is formed from
metal precursor aqueous solutions by facilitating high supersaturating conditions,
pH adjustment, or precipitating agents. This process consists of nucleation, growth,
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coarsening, agglomeration processes, and thermal treatment. As the thermal treat-
ment, intermediate precipitate decomposes into the form of ferrite or crystallising
oxide. This method is used to synthesise orthoferrites or spinel ferrites [1, 12, 13].

2.2 Sol–gel Method

In this technique, metal alkoxide solution undergoes hydrolysis, condensation poly-
merisation reactions, and heat treatment to crystallise the ferrite and remove the
volatile by-products. The temperature of the preparation of the sol–gel will lie
25–200 °C [14]. Simple, low cost, ability to tune for the preparation of a large
range of orthoferrites, and spinel ferrites structures are the main advantages of this
technique [15, 16].

2.2.1 Sol–gel Auto-Combustion Process

In this technique, GO is added to the ferrite solution and ultra-sonicated for few
minutes (15 min). The solution will be evaporated at 100 °C with continuous stirring
to form dark brown viscous GO xerogel. By increasing the temperature up to 220 °C,
a dark-brown mass will be obtained. The powder formed is calcined at 600 °C for
two hours to obtain graphene/ferrite nanocomposite. Bhattacharyya and coworkers
had synthesised Ni0.5Zn0.5Fe2O4 ferrite (NZF)-GO hybrid by using this technique
[10].

2.3 Thermal Method

Thermal decomposition, hydrothermal, solvothermal, and microwave-assisted
method are some of the popular thermal methods of ferrite nanoparticle synthesis. In
thermal decomposition, precursors, surfactants, and organic solvents are used during
the heat treatment to form ferrite. In this method, the temperature will increase up
to 500 °C. But in hydrothermal, solvothermal, and microwave-assisted methods,
the temperature maintains between 100 and 200 °C. Temperature, pressure, process
duration, solvent type, surfactant, and precursors are the main factors that will affect
ferrite’s properties [17, 18].

2.3.1 Thermal Decomposition

In this technique, organometallic precursors (as metallic acetylacetonates and
carbonyls) with the presence of organic solvents and surfactants such as oleic acid
and hexadecyl amine thermally decompose to the synthesis of ferrite NPs. The
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applied temperature is based on the type of precursor material. The shape and size
are controlled by the temperature, concentration of precursors, and the heating rate.
Uniform morphology, narrow distribution particle size, and high mono-dispersion
are the key benefits of this technique [19, 20].

2.3.2 Hydrothermal

This method is used in the large-scale production of ferrite NPs. During this process,
soluble divalent and trivalent transition metal salts are dissolved separately and
mixed with the mole ratio of 1:2, respectively. The organic solvent (ethylene glycol
or ethanol) is added dropwise with continuous vigorous stirring. Finally, the solu-
tion will be heated under high pressure in the autoclave. The nanoparticle size and
size distribution depend on the temperature, pressure, reaction time, and the proper
mixture of the solvent [21, 22] (Fig. 2).

Keziban Atacan had synthesised CuFe2O4/rGO nanocomposite. The GO was
obtained from graphite powder by means of the modified Hummers’ method. The
synthesis method is based on 1.5 g of graphite was preoxidised with 8 ml H2SO4,
3 g of K2S2O4 and 2.5 g of P2O5 at 80 °C for 2 h. Then, 120 mL H2SO4 and 17 g of
KMnO4 are added to continue oxidation. Subsequently, the graphite oxide is exfoli-
ated to GO via sonication for 30 min. CuFe2O4/rGO nanocomposite is synthesised
by a hydrothermal method. 80 mg of GO was dispersed into 40 mL of ethanol under
sonication for 30 min. 0.1705 g of CuCl2 · 2H2O (0.001 mol) and 0.5406 g of FeCl3
· 6H2O (0.002 mol) are dissolved in 30 mL of ethanol with stirring for 30 min at
room temperature. The above two solutions are then mixed together. The mixture
is adjusted to pH 12 with 6M NaOH solution and stirred for 30 min. The solution
is poured into a Teflon-lined autoclave and heated at 180 °C for 24 h. The reaction
mixture is cooled to room temperature, and the product was separated with a magnet,
washed with DW and ethanol, finally dried at 60 °C for 12 h [23].

Fig. 2 a The synthesis process of CuFe2O4/rGO, b the SEM image of CuFe2O4/rGO [23]
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2.3.3 Solvothermal

Both aqueous and non-aqueous solvents are used to produce nanoparticles. The
physical properties are depended on temperature, reaction time, solvent, precursors,
and surfactant. This method is useful for the synthesis of physical and chemical
properties improved nanoparticles, which can use in the industrial and biomedical
field and scalable production [24, 25].

2.3.4 Microwave-Assisted

In this technique, energy is directly applied via molecular interaction with the EMR
to the material. In their electromagnetic energy convert to thermal energy, and as a
result, heat is generated. The reaction time is very short, and the temperature will lie
between 100 and 200 °C.With the use of an exhausting drain connected to the Teflon
vessel, the generated vapor is eliminated. Reasonable cost, high-quality, narrow size
distribution, and good reproducibility are the advantages of this technique [26, 27].

2.4 Solid-State Reaction

Solid-state reaction methods are a kind of top-down approach, and spinel ferrites
such as CoFe2O4, CuFe2O4, and NiFe2O4 are synthesised using this method. In this
technique, solid precursors are treated at high temperature. But low specific surface of
ferrite is one of the disadvantage of this technique. Low-cost, less time consumption
and easy up-scaling are some advantages of solid-state reaction methods [28, 29].

2.5 Ultra-Sonication Route

Bashir and coworkers had used this method to prepare Ni0.9Cu0.1Fe2O4/rGO
nanocomposite [30]. According to their technique, rGO suspension is added into the
ferrite nanoparticles suspension and ultra-sonication for 60 min to obtain homoge-
neous dispersion. Then homogeneous mixture is filtered to dry the rGO to obtain the
copper substituted nanocrystalline nickel ferrite particles decorated onto the graphene
sheets.
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3 Applications of Graphene and Ferrite Nanocomposites

3.1 Biosensor Applications

With the development of nanocomposites based materials, the bulk size of analytical
based devices are changed to miniaturised devices. For example, instead of bulk size
analytical based equipment in bioanalytical fields replaced by the nanosensors and
actuator based miniaturised devices [31–33]. High surface to volume ratio, electron
transfer efficiency, and biocompatibility increase the sensitivity and selectivity,which
is the pathway to high-efficient biosensors. In electrochemical sensors, nanomaterials
increase the electron transfer efficiency between biomolecules and transducer.

The biosensor consists of three major parts, receptor, transducer, and signal
processor. The analytical characteristics of the device depend on the inter-component
correlations and the intra-component properties of each element. The specificity
of the device depends on the receptor, which is a biological recognition element.
It specifically reacts with the target analyte of interest. These biological receptors
(ssDNA, antibody, enzyme, cells, etc.) are immobilised on the transducer surface [33–
35]. The transducer converts the biological reaction to an electrical signal. Response
time (rapidity) and the device’s sensitivity depend on the surface to volume ratio
of the nanomaterials and the transducer [36–39]. Nanomaterials and nanostructured
transducers help to develop miniaturised devices and enhance the signal amplifica-
tion capabilities too. Usually, in the biosensors, biological reactions produce extra
small signals. The major tasks of the processing circuit are to amplify the extra small
signals and process them towards a readable state in the display in a user-friendly
way.

Atacan had developed CuFe2O4/rGO nanocomposite decorated gold NPs based
electrochemical biosensor for (-cysteine detection (Fig. 3a) [23]. They used graphene
as its specific surface area, high electrical conductivity, modification easiness, good
biocompatibility, and high thermal and chemical stability. High reactivity, moisture

Fig. 3 a Schematic illustration of the electrochemical detection and oxidation reac-
tion of l-Cys using CuFe2O4/rGO-Au [23]. b Schematic illustration the fabrication of
DNA/GO/CoFe2O4/LDH/FTO bioelectrode [40].
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insensitivity, easy separation, high specific and practical availability, and environ-
mental friendliness are the key characteristics of CuFe2O4. Hummers’ method and
hydrothermal method were used to synthesise the CuFe2O4/rGO nanocomposite.
The synergetic effect of the CuFe2O4/rGO-Au composite has shown high efficient
electrocatalytic activity. The sensor has shown 100.01 mAmM−1 cm−2 sensitivity
and 0.383 mM limit of detection.

Vajedi and Dehghani had developed cobalt ferrite and graphene oxide based DNA
biosensor (GO/CoFe2O4/ZnAl-LDH) for Etoposide (ETO) detection (Fig. 3b) [40].
They used graphene-based nanostructures due to specific surface area, high elec-
tron transfer, excellent conductivity, quantum-confinement effects, ease to handle,
high bioactivity retention, and super biocompatibility. Cubic spinel structure, faster
electron transfer kinetics, high surface-to-volume ratio, various redox states, super
electrochemical stability, strong adsorption ability, and excellent conductivity are
the reported characteristics of CoFe2O4 NPs. The electrophoretic deposition (EPD)
techniquewas used to synthesise the CoFe2O4 nanoparticles andGOnanocomposite.
The sensor had shown a 0.2–10 µM liner range and 0.0010 µM limit of detection.
The sensor has shown 95% stability after 6–7 weeks.

Afkhami and coworkers fabricated nickel-zinc ferrite/graphene nanocomposite-
based biosensors for omeprazole detection in real samples [41]. Low magnetic coer-
cively, excellent magnetic properties, and high electrical resistivity are the main
properties of Ni–Zn ferrite. Specific surface area, electrical conductivity, fast electron
transfers, and low production cost are the key features of graphene. The composite
was synthesised via the Hummers’ method and hydrothermal method. High sensi-
tivity, superior repeatability, super reproducibility, and simple process are the remark-
able features of the sensor. The linear sensor response was 0.03–100.0 µmol L−1,
and the limit of detection was 0.015 µmol L−1.

Madhura and coworkers had developed a non-enzymatic electrochemical
biosensor for sensing hydrogen peroxide (H2O2). The rGO/MnFe2O4 nanocomposite
modified glassy carbon electrode was used for the electrochemical reduction and
detection of H2O2 (Fig. 4). The biosensor was used to determine H2O2 in real water
samples [42].

3.2 Catalysis Application

Graphene-based composites also are being used in various catalysis based applica-
tions due to their large surface area per unit volume. These nano-sized composites
catalysts enhance reaction and produce the desired result using a smaller amount of
catalytic materials.

Zhang et al. had synthesised copper ferrite/graphene hybrid composite
(CuFe2O4/G) as a catalyst to reduce nitroarenes [43]. They used CuFe2O4 because of
its moisture intensity, high reactivity, high dispersion, easiness to separate using an
external magnet, and environmental compatibility. Specific surface area, electrical
conductivity, superior absorptivity, excellent thermal and chemical stability, and easy
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modification are the distinctive capabilities of graphene. The research group synthe-
sised the copper ferrite-graphene hybrid composite using the hydrothermal method,
and the synergetic effect of the composite facilitate the improvement of catalytic
activities drastically, can easily isolate the catalyst using an external magnet, and
the composite can be reused more than five consecutive cycles without any loss of
catalytic activity.

Yao and coworkers had examined the catalytic activities of magnetic CoFe2O4-
Graphene nanocomposite in phenol decomposition [44]. They had reported open
porous structure, chemical stability, excellent electrical conductivity, and specific
surface area as key characteristics of graphene. The research team synthesised the
composite through the chemical deposition of CoFe2O4 NPs onto GO. The particle
size of CoFe2O4 was 23.8 nm. They compared the catalytic activities of CoFe2O4-
Graphene nanocomposite with CoFe2O4 nanoparticles, and they identified high
activity exhibited CoFe2O4-Graphene nanocomposite than CoFe2O4 nanoparticles.
The composite’s activation energy was 15.8 kJ/mol, and environmental friendliness
is another remarkable characteristic of the CoFe2O4-Graphene composite.

Kodasma and colleagues had investigated the catalytic activities of the copper
ferrite-graphene oxide composite under UV light irradiation for Reactive Black 5
degradation [45]. They usedCuFe2O4 because of its superior photochemical stability,
high magnetic properties, light responsiveness, and low cost. After loading the cata-
lyst, decolourisation and TOC removal efficiencies were reached 98.2% and 82.8%,
respectively, within two hours.

3.3 Solar Cells and Photoelectrochemical Cells Applications

Fossil fuels still overcome present energy requirements. But, estimated data
mentioned that fossil fuels could fill this energy requirement for almost the next
century. Due to the increment of energy requirements in the future, fossil fuel will
not be able to supply demands. Thus, there will be a global energy crisis in the future
if the present world will not be succeeded in presenting appropriate substitutes to
fulfil the energy requirements. Thus, the tendency of renewable energy requirement is
increased. There are many renewable energy-based resources such as sunlight, wind,
tides, waves, and geothermal heat, but these resources could only supply 19.3% of
global energy consumptions. 8.9% is supplied through traditional biomass, 4.2%
from heat energy such as geothermal, modern biogas, and solar heat, 3.9% from
hydropower plant, and the remaining 2.2% from other renewable energy resources
such as solar, wind, Ocean, and tidal wave, and other forms of biomass [46].

Pang and coworkers had developed solar cell using CoFe2O4/graphene composite
[47]. They had developed this composite as a counter electrode of the dye-sensitised
solar cell (Fig. 5a). They reported the ability to amplify electron transport rate and
capture injected electrons as key characteristics of graphene and CoFe2O4 had identi-
fied as recyclable nanocatalysts, anode active materials, photocatalysts for the degra-
dation of organics, and air cathode catalysts. The particle size of CoFe2O4 was 3 nm.
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Fig. 5 a Schematic diagram of electrolyte regeneration reactions for the CoFe2O4/GN CE.
b Current density–voltage (J–V) characteristic curves of DSSCs with different counter electrodes
CEs (Pt, CoFe2O4, graphene, and CoFe2O4/GN composite) [47]

The synergistic effects of CoFe2O4/graphene have facilitated a large number of active
reaction sites and low charge transfer resistance. The photoelectric conversion effi-
ciency of CoFe2O4/GN was 9.04%. Highest current density–voltage (J–V) charac-
teristic curve was obtained from DSSCs with CoFe2O4/GN counter electrodes CE
(Fig. 5b).

Zheng and colleagues have developed Bi5FeTi3O15 (BFTO) nanofibers and
graphene (Gr) based nanocomposite for dye-sensitised solar cells [48]. BFTO
nanofibers were synthesised using a sol–gel based electrospinning method, and
their diameter was 40–100 nm. Excellent thermal conductivity and superior charge
mobility specific surface area are the reported characteristics of graphene. BFTO
is more prominent due to its chemical stability, non-toxicity, and direct bandgap
as 2.13 eV. The composite’s synergetic effect provides high catalytic activity, large
surface area, and low charge transfer resistance for the cell. The maximum power
conversion efficiency was 9.56%.

3.4 Application in Energy Storage Devices

In recent years, energy storage devices are highly demanded due to the regular incre-
ment in energy needs day by day. Thus, batteries and supercapacitors based research
are increased and have opened tremendous amounts of funds and facilities. Many
research articles are based on graphene-based supercapacitors applications can be
seen in various fields during the last decade. The properties of various nanomaterial-
based graphene nanocomposites have been increased, and those gain high demand
for graphene-based supercapacitors and batteries.
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Fig. 6 a Schematic of a flexible supercapacitor, b, c flexible supercapacitor in the flat and bent
state [50]

3.4.1 Supercapacitors

Supercapacitors, usually electrochemical-based capacitors, that provide high storage
capacitance than conventional capacitors; usually several hundred times. Compared
to batteries, capacitors have no chemical changes and possess unlimited cyclability.

Bashir and coworkers had fabricated copper substituted nickel ferrite NPs with
graphene composite for electrodes of capacitors [30]. They decorated ferrite particles
onto graphene sheets. The nanocomposite (Ni0.9Cu0.1Fe2O4/graphene) was synthe-
sised using the ultra-sonication technique. Specific surface area, excellent chemical
and mechanical properties, and super electron mobility are the highlighted proper-
ties of graphene. The composite was highly conductive and facilitated a relatively
large surface area. The experiment results have shown nearly 85% of capacitance
retention after 1000 cycles. The enhanced electrochemical capacitance was 735 F
g−1 at 1.47 mA/g.

Wang et al. had synthesised CoFe2O4@graphene nanocomposites as a cathode
material and Fe3O4@graphene nanocomposites as anode material for asymmetric
supercapacitors [49]. The composites were synthesised via the facile hydrothermal
method. The capacitor had shown high energy density, specific capacitance, and great
cycling stability because of the synergetic effect. The asymmetric supercapacitor had
performed 114.0 F g−1 specific capacitance, 45.5 Wh kg−1 energy density, and 91%
capacitance retention after 5000 cycles.

Martnez-Vargas and colleagues had synthesised CoFe2O4 on flexible graphene
electrodes for flexible solid-state supercapacitor applications (Fig. 6) [50]. The
composite preparation was done through a thermal decomposition method. The
specific capacitance of the supercapacitor was 337.1–835.7 F g−1 at 1.0 Ag−1 and
the discharge time from 4957 to 21,969 s when the content of cobalt ferrite increases
from 5 to 10 wt%.

3.4.2 Batteries

Li-ion batteries are now becoming more and better known in everyday life by popu-
larizing mobile devices. Consequently, use of Li-ion batteries is highly requested.
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Higher capacity and high magnification efficiency electrode materials are the key
properties for lithium ion batteries of the next century. More and more researchers
are concentrating on materials that are highly capable of providing high specific
capacity and have sufficient resources for superior performance. Owing to their much
higher capacity, metal oxides are promising candidates for energy storage. Signifi-
cant progress is achieved through the use of nanoscale metal oxides, such as MnO2

[51, 52], Co3O4 [53], Fe2O3 [54–56], in high-power anode materials. Nevertheless,
transition metal ferrite, NiFe2O4 [57], owns an inverse spinel structure of Fe3+[Ni2+,
Fe3+]O4 [58, 59], where Ni2+ and a half part of Fe3+ locate at octahedral sites, and the
other Fe3+ occupy the tetrahedral sites. This structure helps the electron transport and
could provide the required surface redox active sites for greater storage of lithium
ions [58, 60].

Jiao et al. had developed NixCo1−xFe2O4 and graphene-based composite for
lithium-ion batteries [61]. They synthesised the composite through the hydrothermal
co-precipitation method. The particle size was nearly 10 nm. Electrical conductivity,
specific surface area, and super mechanical properties are the key characteristics
of graphene. The composite leads to high capacity, rate performance, and cycling
stability of the battery. The reversible capacity retention was 87%, and the battery’s
capacity was 1367.0 mAhg−1 (Fig. 7).

Tong and coworkers had developed nickel ferrite nanocrystals wrapped by
graphene (GNFO) composite for lithium-ion batteries [62]. According to their report,
graphene may enhance the electric conductivity of pure transition metal oxides,
volume changes, and drastic structural reorganisations under the electrochemical
process.Hydrothermal process and facile solutionmixingmethod had used to synthe-
sisedNiFe2O4 nanocrystals. The chemical reductionwas used to coat the graphene on
the NiFe2O4 nanocrystals. Specific capacity and excellent rate capability, and high
capacity retention are the key characteristics of GNFO electrode. The reversible
capacity was 937 mAh g−1 at 1 A g−1after 250 cycles, and the specific capacity
remains 312 mAh g−1 at 10.0 A g−1.

Fig. 7 a Schematic illustration of the typical synthetic process for the GNFO nanocomposites,
b schematic of showing the working principle of GNFO electrode for lithium ion battery [62]
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Table 1 Properties of graphene/ferrite nanocomposites in different applications

Application Properties and examples References

Biomedical applications
(Biosensors, drug delivery,
bioimaging)

Excellent ability to immobilise
biomolecules
Retain the biocatalytic activities
Ease of preparations
Good biocompatibility
Large surface-area-to-volume ratio
Offer high sensitivity though fast electron
transfer

[40, 64–71]

Energy storage, production and
conversion

Increase the current by fast Electron
transferring
Biocompatible
Low toxicity
Large surface area per volume
Controllable particle size

[72–77]

Catalysis Enhance electron-transfer kinetics
Superior adsorption capability
Facilitate high stability to the bioelectrode
Facilitate appropriate platform for
biomolecule immobilisation with proper
directions
High surface-to-volume ratio

[78–83]

Solar cells and photovoltaic
devices

Excellent film-forming ability and
solubility
Biodegradability
Non-toxicity
Metal like electrical conductivity

[47, 84–86]

Yang et al. had developed CoFe2O4/graphene (CoFe2O4/G) nanocomposite for
lithium-ion batteries (LIBs) [63]. The composite was synthesised through a facile
one-pot strategy. The edge length of the CoFe2O4 was nearly 5–15 nm. High conduc-
tivity, large surface area, excellent thermal and chemical stability, and superior
mechanical flexibility are the highlighted properties of CoFe2O4. The rate capa-
bility of the CoFe2O4/G electrode was 420 mAh g−1 at 5 A g−1, and the cycling
performance was 1109 mAhg−1 after 100 cycles at 0.2 Ag−1 (Table 1).

4 Concluding Remarks

As discussed in this chapter, graphene/ferrite nanocomposites have displayed some
appealing properties in various applications. These dynamic materials have been
applied inmany areas of research; from engineering, medical science, physics, chem-
istry and biology. Throughout this chapter, the synthesis and use of graphene/ferrite
comosite nanostructures and their distinct improvement in various fields have been
well explored. However, absolute control over the fabrication of graphene/ferrite
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nanocomposites remains a difficulty. Some of the main issues that require the atten-
tion of researchers involve, creating cost effective, more sustainable ways of manu-
facturing these composites and enabling a greater degree of control over the fabrica-
tion of the size and shape of the nanocomposite. The main properties of composites
are crystalline structure, optoelectronic properties, magnetic properties, electrical
conductivity, ability to modify their chemical composition, versatility for creating
heterojunction and doped systems. Because of these properties, graphene/ferrite
composites can be used for the future application of biomedical devices as biosensors,
bioimaging, gas sensors; electronic devices such as memory devices, semiconductor
devices; magnetic recording; energy devices such as solar cells, electrocatalytic and
photocatalytic based chemical storages; and many other fields.
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28. Marinca TF, Chicinaş I, IsnardO (2013) Structural andmagnetic properties of the copper ferrite
obtained by reactive milling and heat treatment. Ceram Int 39(4):4179–4186. https://doi.org/
10.1016/j.ceramint.2012.10.274

29. Zhang Z, Yao G, Zhang X, Ma J, Lin H (2015) Synthesis and characterization of nickel ferrite
nanoparticles via planetary ball milling assisted solid-state reaction. Ceram Int 41(3):4523–
4530. https://doi.org/10.1016/j.ceramint.2014.11.147

30. Bashir B et al (2019) Copper substituted nickel ferrite nanoparticles anchored onto the graphene
sheets as electrode materials for supercapacitors fabrication. Ceram Int 45(6):6759–6766.
https://doi.org/10.1016/j.ceramint.2018.12.167

https://doi.org/10.1016/j.rinp.2017.08.035
https://doi.org/10.1016/j.mseb.2016.11.002
https://doi.org/10.1039/c5mh00260e
https://doi.org/10.1038/srep19723
https://doi.org/10.3390/catal9090703
https://doi.org/10.1016/j.jscs.2019.07.003
https://doi.org/10.1016/j.colsurfa.2009.02.003
https://doi.org/10.1016/j.jmmm.2014.10.082
https://doi.org/10.1016/j.msec.2014.10.062
https://doi.org/10.1080/15533174.2013.797443
https://doi.org/10.1016/j.jallcom.2019.03.303
https://doi.org/10.1016/j.matchemphys.2008.03.001
https://doi.org/10.1016/j.jallcom.2015.04.101
https://doi.org/10.1007/s10971-011-2579-4
https://doi.org/10.1016/j.jcis.2013.02.021
https://doi.org/10.1016/j.ceramint.2012.10.274
https://doi.org/10.1016/j.ceramint.2014.11.147
https://doi.org/10.1016/j.ceramint.2018.12.167


Hybrid Nanocomposites Based on Graphene and Ferrite … 347

31. Rajapaksha RDAA, Hashim U, Afnan Uda MN, Fernando CAN, De Silva SNT (2017) Target
ssDNA detection of E. coli O157: H7 through electrical based DNA biosensor. Microsyst
Technol 23(12):5771–5780. https://doi.org/10.1007/s00542-017-3498-2

32. Rajapaksha RDAA, Hashim U, Gopinath SCB, Fernando CAN (2018) Sensitive pH detection
on gold interdigitated electrodes as an electrochemical sensor. Microsyst Technol 24(4):1965–
1974. https://doi.org/10.1007/s00542-017-3592-5

33. Parmin NA et al (2019) Voltammetric determination of human papillomavirus 16 DNA by
using interdigitated electrodes modified with titanium dioxide nanoparticles. Microchim Acta
2:2–10

34. Letchumanan I, Md Arshad MK, Gopinath SCB, Rajapaksha RDAA, Balakrishnan SR (2020)
Comparative analysis on dielectric gold and aluminium triangular junctions: impact of ionic
strength and background electrolyte by pH variations. Sci Rep 10(1):6783. https://doi.org/10.
1038/s41598-020-63831-w

35. Wang L et al (2019) Photovoltaic and antimicrobial potentials of electrodeposited copper
nanoparticle. Biochem Eng J 97–104. https://doi.org/10.1016/j.bej.2018.10.009

36. Natasha NZ, Rajapaksha RDAA, Uda MNA, Hashim U (2017) Electrical DNA biosensor
using aluminium interdigitated electrode for E. coli O157:H7 detection. AIP Conf Proc
020235:020235. https://doi.org/10.1063/1.5002429

37. Yahaya NAN, Rajapaksha RDAA, Uda MNA, Hashim U (2017) Ultra-low current biosensor
output detection using portable electronic reader. AIP Conf Proc 1885. https://doi.org/10.1063/
1.5002430

38. Rajapaksha RDAA, Hashim U, Natasha NZ, Uda MNA, Thivina V, Fernando CAN (2017)
Gold nano-particle based Al interdigitated electrode electrical biosensor for specific ssDNA
target detection. IEEE Reg Symp Micro Nanoelectron 191–194

39. Rajapaksha RDAA,HashimU, UdaMNA, Fernando CAN (2018) High-performance electrical
variable resistor sensor for E. coli. J Telecommun Electron Comput Eng 10(1):61–64

40. Sadat Vajedi F, Dehghani H (2020) A high-sensitive electrochemical DNA biosensor based on
a novel ZnAl/layered double hydroxide modified cobalt ferrite-graphene oxide nanocomposite
electrophoretically deposited onto FTO substrate for electroanalytical studies of etoposide.
Talanta 208:120444. https://doi.org/10.1016/j.talanta.2019.120444

41. Afkhami A, Bahiraei A, Madrakian T (2017) Application of nickel zinc ferrite/graphene
nanocomposite as a modifier for fabrication of a sensitive electrochemical sensor for deter-
mination of omeprazole in real samples. J Colloid Interface Sci 495:1–8. https://doi.org/10.
1016/j.jcis.2017.01.116

42. Ravindran Madhura T, Viswanathan P, Gnana kumar G, Ramaraj, R (2017) Nanosheet-like
manganese ferrite grownon reducedgrapheneoxide for non-enzymatic electrochemical sensing
of hydrogen peroxide. J Electroanal Chem 792:15–22. https://doi.org/10.1016/10.1016/j.jel
echem.2017.03.014

43. Zhang H, Gao S, Shang N, Wang C, Wang Z (2014) Copper ferrite-graphene hybrid: a highly
efficientmagnetic catalyst for chemoselective reduction of nitroarenes. RSCAdv 4(59):31328–
31332. https://doi.org/10.1039/c4ra05059b

44. Yao Y, Yang Z, Zhang D, Peng W, Sun H, Wang S (2012) Magnetic CoFe2O4−graphene
hybrids.pdf

45. KodasmaR, PalasB, ErsözG,Atalay S (2020) Photocatalytic activity of copper ferrite graphene
oxide particles for an efficient catalytic degradation of Reactive Black 5 in water. Ceram Int
46(5):6284–6292. https://doi.org/10.1016/j.ceramint.2019.11.100

46. Fernando CAN, Liyanaarachchi US, Rajapaksha RDAA (2013) Explanation of the photocur-
rent quantum efficiency (�) enhancements through the CAN’s model equation for the p-CuI
sensitized methylviolet-C 18 LB films in the photoelectrochemical cells (PECs) and Cu/n-Cu
2 O/M-C 18 /p-CuI solid-state photovoltaic cells. Semicond Sci Technol 28(4):045017. https://
doi.org/10.1088/0268-1242/28/4/045017

47. Pang B et al (2019) Synthesis of CoFe2O4/graphene composite as a novel counter electrode
for high performance dye-sensitized solar cells. Electrochim Acta 297:70–76. https://doi.org/
10.1016/j.electacta.2018.11.170

https://doi.org/10.1007/s00542-017-3498-2
https://doi.org/10.1007/s00542-017-3592-5
https://doi.org/10.1038/s41598-020-63831-w
https://doi.org/10.1016/j.bej.2018.10.009
https://doi.org/10.1063/1.5002429
https://doi.org/10.1063/1.5002430
https://doi.org/10.1016/j.ceramint.2019.11.100
https://doi.org/10.1088/0268-1242/28/4/045017
https://doi.org/10.1016/j.electacta.2018.11.170


348 R. D. A. A. Rajapaksha and C. A. N. Fernando

48. Zheng HW et al (2017) Bi5FeTi3O15 nanofibers/graphene nanocomposites as an effective
counter electrode for dye-sensitized solar cells. Nanoscale Res Lett 12(1). https://doi.org/10.
1186/s11671-016-1799-5

49. Wang H, Song Y, Ye X, Wang H, Liu W, Yan L (2018) Asymmetric supercapacitors assembled
by dual spinel ferrites@graphene nanocomposites as electrodes, vol 1, no 7

50. Martinez-Vargas S, Mtz-Enriquez AI, Flores-Zuñiga H, Encinas A, Oliva J (2020) Enhancing
the capacitance and tailoring the discharge times of flexible graphene supercapacitors with
cobalt ferrite nanoparticles. Synth Met 264:116384. https://doi.org/10.1016/j.synthmet.2020.
116384

51. Ning P et al (2016) Facile synthesis of carbon nanofibers/MnO2 nanosheets as high-
performance electrodes for asymmetric supercapacitors. Electrochim Acta. https://doi.org/10.
1016/j.electacta.2016.05.214

52. Li L, Raji AO, Tour JM (2013) Graphene-wrapped MnO2–graphene nanoribbons as anode
materials for high-performance lithium ion batteries, pp 1–5. https://doi.org/10.1002/adma.
201302915

53. Xiong S, Chen JS, Lou XW, Zeng HC (2012) Mesoporous Co3O4 and CoO@C topotactically
transformed their lithium-storage properties, vol 5, pp 861–871. https://doi.org/10.1002/adfm.
201102192

54. Reddy BMV et al (2007) a-Fe2O3 nanoflakes as an anode material for Li-ion batteries, pp
2792–2799. https://doi.org/10.1002/adfm.200601186

55. Zhu X, Zhu Y, Murali S, Stoller MD, Ruoff RS (2011) Nanostructured reduced graphene
oxide/Fe2O3 composite as a high-performance anode material for lithium ion batteries, no 4,
pp 3333–3338

56. Wu C, Yin P, Zhu X, Ouyang C, Xie Y (2006) Synthesis of hematite (r-Fe2O3) nanorods:
diameter-size and shape effects on their applications in magnetism. Lithium Ion Battery Gas
Sens 17806–17812. https://doi.org/10.1021/jp0633906

57. Wang N, Xu H, Chen L, Gu X, Yang J, Qian Y (2014) A general approach for MFe2O4
(M¼ZnCo, Ni ) nanorods and their high performance as anode materials for lithium ion
batteries. J Power Sources 247:163–169. https://doi.org/10.1016/j.jpowsour.2013.08.109

58. Han C, Mian Li LG, Xiong Y, Liu X, Bo X, Zhang Y (2015) Facile synthesis of electrospun
MFe2O4 (M= Co, Ni, Cu, Mn) spinel nanofibers with excellent electrocatalytic properties for
oxygen evolution and hydrogen peroxide reduction. Nanoscale 7:8920–8930. https://doi.org/
10.1039/C4NR07243J

59. Zhu H, Zhang S, Huang Y, Wu L, Sun S (2013) Monodisperse M 4:3–7
60. Jianan Wang WY, Yang G, Wang L (2016) Synthesis of one-dimensional NiFe2O4 nanostruc-

tures: tunable morphology and high-performance anode materials for Li ion batteries. Mater
Chem A 4:8620–8629. https://doi.org/10.1039/C6TA02655A

61. Jiao X, Cai L, Xia X, Lei W, Hao Q, Mandler D (2019) Novel spinel nanocomposites of Ni x
Co 1–x Fe 2 O 4 nanoparticles with N-doped graphene for lithium ion batteries. Appl Surf Sci
481(February):200–208. https://doi.org/10.1016/j.apsusc.2019.03.063

62. Tong X et al (2017) High-index faceted nickel ferrite nanocrystals encapsulated by graphene
with high performance for lithium-ion batteries. ElectrochimActa 257:99–108. https://doi.org/
10.1016/j.electacta.2017.10.040

63. Yang Z, Huang Y, Hu J, Xiong L, Luo H, Wan Y (2018) Nanocubic CoFe2O4/graphene
composite for superior lithium-ion battery anodes. Synth Met 242(May):92–98. https://doi.
org/10.1016/j.synthmet.2018.05.010

64. Mousavi SM et al (2020) Development of graphene based nanocomposites towards medical
and biological applications. Artif Cells Nanomed Biotechnol 48(1):1189–1205. https://doi.org/
10.1080/21691401.2020.1817052

65. Peng E et al (2012) Synthesis of manganese ferrite/graphene oxide nanocomposites for
biomedical applications. Small 8(23):3620–3630. https://doi.org/10.1002/smll.201201427

66. Kefeni KK, Msagati TAM, Nkambule TT, Mamba BB (2020) Spinel ferrite nanoparticles and
nanocomposites for biomedical applications and their toxicity. Mater Sci Eng C 107:110314.
https://doi.org/10.1016/j.msec.2019.110314

https://doi.org/10.1186/s11671-016-1799-5
https://doi.org/10.1016/j.synthmet.2020.116384
https://doi.org/10.1016/j.electacta.2016.05.214
https://doi.org/10.1002/adma.201302915
https://doi.org/10.1002/adfm.201102192
https://doi.org/10.1002/adfm.200601186
https://doi.org/10.1021/jp0633906
https://doi.org/10.1016/j.jpowsour.2013.08.109
https://doi.org/10.1039/C4NR07243J
https://doi.org/10.1039/C6TA02655A
https://doi.org/10.1016/j.apsusc.2019.03.063
https://doi.org/10.1016/j.electacta.2017.10.040
https://doi.org/10.1016/j.synthmet.2018.05.010
https://doi.org/10.1080/21691401.2020.1817052
https://doi.org/10.1002/smll.201201427
https://doi.org/10.1016/j.msec.2019.110314


Hybrid Nanocomposites Based on Graphene and Ferrite … 349

67. Wang G, Ma Y, Wei Z, Qi M (2016) Development of multifunctional cobalt ferrite/graphene
oxide nanocomposites for magnetic resonance imaging and controlled drug delivery. Chem
Eng J 289:150–160. https://doi.org/10.1016/j.cej.2015.12.072

68. Le AT et al (2016) Enhanced magnetic anisotropy and heating efficiency in multi-functional
manganese ferrite/graphene oxide nanostructures. Nanotechnology 27(15). https://doi.org/10.
1088/0957-4484/27/15/155707

69. Pourjavadi A, Mazaheri Tehrani Z, Jokar S (2015) Chitosan based supramolecular polypseu-
dorotaxane as a pH-responsive polymer and their hybridization with mesoporous silica-coated
magnetic graphene oxide for triggered anticancer drug delivery. Polymer (Guildf) 76:52–61.
https://doi.org/10.1016/j.polymer.2015.08.050

70. Yang Y et al (2016) Graphene oxide/manganese ferrite nanohybrids for magnetic resonance
imaging, photothermal therapy and drug delivery. J Biomater Appl 30(6):810–822. https://doi.
org/10.1177/0885328215601926

71. Van Tran T, Nguyen DTC, Le HTN, Vo DVN, Nanda S, Nguyen TD (2020) Optimization,
equilibrium, adsorption behavior and role of surface functional groups on graphene oxide-
based nanocomposite towards diclofenac drug. J Environ Sci (China) 93(February):137–150.
https://doi.org/10.1016/j.jes.2020.02.007

72. Mahmood N, Zhang C, Yin H, Hou Y (2014) Graphene-based nanocomposites for energy
storage and conversion in lithium batteries, supercapacitors and fuel cells. J Mater Chem A
2(1):15–32. https://doi.org/10.1039/c3ta13033a

73. Li Z, Xiang Y, Lu S, Dong B, Ding S, Gao G (2018) Hierarchical hybrid ZnFe2O4 nanoparti-
cles/reduced graphene oxide composite with long-term and high-rate performance for lithium
ion batteries. J Alloys Compd 737:58–66. https://doi.org/10.1016/j.jallcom.2017.11.336

74. Su J, Cao M, Ren L, Hu C (2011) Fe3O4-graphene nanocomposites with improved lithium
storage and magnetism properties. J Phys Chem C 115(30):14469–14477. https://doi.org/10.
1021/jp201666s

75. SoamA et al (2019) Synthesis of nickel ferrite nanoparticles supported on graphene nanosheets
as composite electrodes for high performance supercapacitor. Chem Select 4(34):9952–9958.
https://doi.org/10.1002/slct.201901117

76. Xiong P, Huang H, Wang X (2014) Design and synthesis of ternary cobalt
ferrite/graphene/polyaniline hierarchical nanocomposites for high-performance supercapac-
itors this work is dedicated to Professor MIN Enze on the occasion of his 90th birthday. J
Power Sources 245:937–946. https://doi.org/10.1016/j.jpowsour.2013.07.064

77. MousaMA,KhairyM, ShehabM (2017)Nanostructured ferrite/graphene/polyaniline using for
supercapacitor to enhance the capacitive behavior. J Solid State Electrochem 21(4):995–1005.
https://doi.org/10.1007/s10008-016-3446-6

78. Doustkhah E, Rostamnia S (2016) Covalently bonded sulfonic acid magnetic graphene
oxide: Fe3O4@GO-Pr-SO3H as a powerful hybrid catalyst for synthesis of indazoloph-
thalazinetriones. J Colloid Interface Sci 478:280–287. https://doi.org/10.1016/j.jcis.2016.
06.020

79. Wu ZS, Yang S, Sun Y, Parvez K, Feng X, Müllen K (2012) 3D nitrogen-doped graphene
aerogel-supported Fe3O4 nanoparticles as efficient electrocatalysts for the oxygen reduction
reaction. J Am Chem Soc 134(22):9082–9085. https://doi.org/10.1021/ja3030565

80. Kumar A, Rout L, Achary LSK, Dhaka RS, Dash P (2017) Greener route for synthesis of aryl
and alkyl-14H-dibenzo [a.j] xanthenes using graphene oxide-copper ferrite nanocomposite as
a recyclable heterogeneous catalyst. Sci Rep 7. https://doi.org/10.1038/srep42975

81. Iftikhar A et al (2020) Erbium-substituted Ni0.4Co0.6Fe2O4 ferrite nanoparticles and their
hybrids with reduced graphene oxide as magnetically separable powder photocatalyst. Ceram
Int 46(1):1203–1210. https://doi.org/10.1016/j.ceramint.2019.08.176

82. Guo S, Zhang G, Guo Y, Yu JC (2013) Graphene oxide-Fe2O3 hybrid material as highly
efficient heterogeneous catalyst for degradation of organic contaminants. Carbon NY 60:437–
444. https://doi.org/10.1016/j.carbon.2013.04.058

83. Fatima S, Ali SI, IqbalMZ (2020) Congo red dye degradation by graphene nanoplatelets/doped
bismuth ferrite nanoparticle. Catalysts 10(4):367. https://doi.org/10.3390/catal10040367

https://doi.org/10.1016/j.cej.2015.12.072
https://doi.org/10.1088/0957-4484/27/15/155707
https://doi.org/10.1016/j.polymer.2015.08.050
https://doi.org/10.1177/0885328215601926
https://doi.org/10.1016/j.jes.2020.02.007
https://doi.org/10.1039/c3ta13033a
https://doi.org/10.1016/j.jallcom.2017.11.336
https://doi.org/10.1021/jp201666s
https://doi.org/10.1002/slct.201901117
https://doi.org/10.1016/j.jpowsour.2013.07.064
https://doi.org/10.1007/s10008-016-3446-6
https://doi.org/10.1016/j.jcis.2016.06.020
https://doi.org/10.1021/ja3030565
https://doi.org/10.1038/srep42975
https://doi.org/10.1016/j.ceramint.2019.08.176
https://doi.org/10.1016/j.carbon.2013.04.058
https://doi.org/10.3390/catal10040367


350 R. D. A. A. Rajapaksha and C. A. N. Fernando

84. El-Shafai NM et al (2020) Magnetite nano-spherical quantum dots decorated graphene oxide
nano sheet (GO@Fe3O4): electrochemical properties and applications for removal heavy
metals, pesticide and solar cell. Appl Surf Sci 506:144896. https://doi.org/10.1016/j.apsusc.
2019.144896

85. Harnchana V, Chaiyachad S, Pimanpang S, Saiyasombat C, Srepusharawoot P, Amornkitbam-
rung V (2019) Hierarchical Fe3O4-reduced graphene oxide nanocomposite grown on NaCl
crystals for triiodide reduction in dye-sensitized solar cells. Sci Rep 9(1):1–13. https://doi.org/
10.1038/s41598-018-38050-z

86. El-Shafai NM et al (2020) Electrochemical property, antioxidant activities, water treatment and
solar cell applications of titanium dioxide–zinc oxide hybrid nanocomposite based on graphene
oxide nanosheet. Mater Sci Eng B Solid-State Mater Adv Technol 259: 114596. https://doi.
org/10.1016/j.mseb.2020.114596

https://doi.org/10.1016/j.apsusc.2019.144896
https://doi.org/10.1038/s41598-018-38050-z
https://doi.org/10.1016/j.mseb.2020.114596

	Contents
	 Generality of Hybridization of Graphene: From Design to Applications
	1 Introduction
	2 Graphene: Preparation, Characterization, Nano and Bio-Composites-Based Graphene
	3 Hybrid Nanocomposite Materials-Based Graphene
	4 Silver Nanoparticles
	5 Carbon Nanotubes
	6 Cellulose Nanocrystals/nanofibrils
	7 Gold Nanoparticles
	8 Ferrite Nanoparticles
	9 Nano-Clays
	10 Titanium Oxides
	11 Zinc Oxides
	12 Application of Hybride Materials Based on Graphene
	13 Conclusion
	References

	 Characterization Techniques for Hybrid Nanocomposites Based on Graphene and Nanoparticles
	1 Introduction
	2 Hybrid Nanocomposite Based on Graphene and Nanoparticles as Advanced Materials
	2.1 Graphene and Nanoparticles as Hybrid Nanomaterials
	2.2 Hybrid Nanocomposites Based on Graphene and Nanoparticles

	3 Characterization Techniques
	3.1 Microscopy-Based Characterization
	3.2 Spectroscopy-Based Characterization
	3.3 X-Ray-Related Characterization
	3.4 Thermal Analysis
	3.5 Mechanical Characterization

	4 Conclusion
	References

	 Graphene and Carbon Nanotube-Based Hybrid Nanocomposites: Preparation to Applications
	1 Introduction
	2 Advantages of Graphene-CNT Hybridization and Challenges
	3 Fabrication of Graphene-CNT Hybrid System
	3.1 Solution-Sonication Hybridization Method
	3.2 Fabrication Using Direct Growth by the CVD Growth
	3.3 Combined Solution-Sonication and CVD Method

	4 Graphene/CNTs Hybrid Properties
	4.1 Mechanical Properties
	4.2 Electrical Properties
	4.3 Thermal Properties

	5 Applications
	5.1 Structural Applications
	5.2 Energy Harvesting and Storage
	5.3 Sensors and Actuators
	5.4 EMI Shielding Effect (EMI SE)
	5.5 Biomedical/tissue Scaffold and Drug Delivery

	6 Conclusions and Future Outlook
	References

	 Hybrid Nanocomposites Based on Graphene with Cellulose Nanocrystals/Nanofibrils: From Preparation to Applications
	1 Introduction
	2 Preparation of Graphene and Nanocelluloses Hybrids
	2.1 Layer‐By‐Layer Assembly Technique
	2.2 Ultrasonication Method
	2.3 Ambient Pressure Drying Technique
	2.4 Ball Milling Process
	2.5 Liquid Phase Exfoliation
	2.6 Vacuum Filtration Technique

	3 Properties of Graphene and Nanocelluloses Hybrids
	3.1 Surface and Sub-surface-Based Properties
	3.2 Chemical Composition, Composition Variation, and Crystal Structure
	3.3 Thermal Properties and Density

	4 Preparation of Hybrid Polymer Nanocomposites Based on Graphene and Nanocelluloses
	4.1 Solution Blending and Vacuum Filtration
	4.2 Solvent Casting
	4.3 In Situ Polymerization

	5 Properties of Hybrid Polymer Nanocomposites Based on Graphene and Nanocellulose
	5.1 Surface and Sub-surface-Based Properties
	5.2 Chemical Composition, Composition Variation, and Crystal Structures
	5.3 Thermal Properties
	5.4 Mechanical Properties

	6 Applications of Hybrid Polymer Nanocomposites Based on Graphene and Nanocellulose
	6.1 Food Packaging
	6.2 Water Treatment
	6.3 Energy Storage
	6.4 Sensor Technology

	7 Conclusion
	References

	 Hybrid Nanocomposites Based on Graphene and Nano-clay: Preparation, Characterization, and Synergistic Effect
	1 Introduction
	2 Nanocomposite Technology
	3 Challenges in Processing and Manufacturing of Polymer Nanocomposites
	3.1 Reinforcing Effect of Nanofillers in Polymer

	4 Hybrid Nanocomposites Properties
	4.1 Morphological and Structural Properties
	4.2 Mechanical Performances

	5 Conclusion
	References

	 Graphene and Silver Nanoparticle Based Hybrid Nanocomposites for Anti-bacterial Applications
	1 Introduction
	1.1 Need for the Hybrid Nanocomposites with Ag-GO Nanoparticles

	2 Fabrication Methods of the Graphene-AgNP Based Composites
	2.1 Chemical Process
	2.2 Sonochemical Process
	2.3 Green Synthesis
	2.4 Two-Step Synthesis

	3 Antibacterial Tests
	3.1 Bauer-Kirby Disk Diffusion Method
	3.2 Fluorescent-Based Cell Wall/Membrane Integrity Assay
	3.3 Reactive Oxygen Species Generation (ROS)
	3.4 Turbidity Test

	4 Bacterial Inhibition of the GO-Ag Based Nanocomposites
	5 Bacterial Inhibition Mechanism
	5.1 AgNP
	5.2 Graphene and Their Byproducts
	5.3 Synergistic Effect of Graphene and Their By-Products Along with AgNP

	6 Conclusion
	References

	 Hybrid Nanocomposites Based on Graphene and Gold Nanoparticles: From Preparation to Applications
	1 Introduction
	2 Synthesis
	2.1 Synthesis of Graphene
	2.2 Synthesis of Gold Nanoparticles
	2.3 Synthesis of Graphene/Gold Nanoparticle Hybrids

	3 Electrochemical Applications
	4 Conclusion
	References 

	 Hybrid Nanocomposites Based on Graphene and Titanium Dioxide for Wastewater Treatment
	1 Introduction
	2 Graphene
	2.1 Structure and Morphology
	2.2 Physico Chemical Properties
	2.3 Adsorption Capacity and Mechanisms

	3 TiO2 Photocatalyst
	3.1 Structure and Properties
	3.2 Basic Principles and Mechanism for Photocatalytic Pollutants Removal

	4 TiO2/graphene Hybrid Nanocomposites Based on Graphene and Titanium Dioxide and Their Application on Water Purification Field
	4.1 Synthesis Methods
	4.2 TiO2/graphene Hybrid Nanocomposites Characterization
	4.3 Application on Wastewater Treatment Field

	5 Conclusion and Future Perspectives
	References

	 Hybrid Nanocomposites Based on Graphene and Zinc Oxide Biosensor Applications
	1 Introduction
	2 Interaction between Graphene/GO/rGO and ZnO
	3 Synthesis of Graphene and ZnO Composites
	3.1 Hydrothermal/Solvothermal Synthesis
	3.2 Graphene-Based ZnO Using Microwave-Assisted Hydrothermal Synthesis
	3.3 Sol–Gel Synthesis
	3.4 Electrochemical Growth
	3.5 Biological Synthesis of the ZnO Nanoparticles

	4 Enzyme-Immobilized Graphene/ZnO Based Biosensors
	4.1 Glucose Oxidase
	4.2 Cholesterol Oxidase
	4.3 Urease

	5 Nucleic Acid-Immobilized Graphene/ZnO Based Biosensors
	6 Antibody-Immobilized Graphene/ZnO Based Biosensors
	7 Other Types of Biosensor
	7.1 Uric Acid, Ascorbic Acid and Dopamine Detection

	8 Concluding Remarks
	References

	 Hybrid Nanocomposites Based on Graphene and Its Derivatives: From Preparation to Applications
	1 Introduction of Graphene and Its Derivatives
	2 Graphene Based Hybrid Nanocomposites
	3 Synthesis Method for Graphene and Its Derivatives
	3.1 Exfoliation and Cleavage
	3.2 Thermal Chemical Vapor Deposition Techniques
	3.3 Epitaxial Method
	3.4 Chemical Reduction of Graphene Oxide

	4 Synthesis of Hybrid Graphene Nanocomposites
	4.1 Solvothermal/Hydrothermal Method
	4.2 Sol–Gel Method
	4.3 In Situ Growth

	5 Applications of Hybrid Graphene Nanocomposites
	6 Conclusion and Perspective
	References

	 Rheological Properties of Hybrid Nanocomposites Based on Graphene and Other Nanoparticles
	1 Introduction
	2 Graphene Nanocomposite Materials
	2.1 Nanocomposite Materials
	2.2 History and Presentation of Graphene
	2.3 Properties of Graphene
	2.4 Graphene Preparation Techniques

	3 Graphene Hybrid Nanocomposite Materials
	3.1 Methods of Synthesis of Hybrid Materials
	3.2 Syntheses of Class II Hybrids
	3.3 Type of Hybrid Material

	4 Rheological Properties of Hybrid Nanocomposites Based on Graphene
	4.1 Nanocomposite Rheology
	4.2 Rheology of Hybrid Nanocomposites Based on Graphene

	5 Conclusion
	References

	 Graphene Based Aluminum Matrix Hybrid Nano Composites
	1 Introduction
	2 Potential Reinforcing Materials in Composites
	3 Metal Matrix Composites and Nano Composites
	4 Overview of Graphene
	5 Aluminum Matrix Nano Composites
	6 Aluminum/alloy Matrix Graphene Reinforced Hybrid Nano Composites
	7 Fabrication of Graphene Based Aluminum Matrix Hybrid Nano Composites
	8 Prospective Applications of Graphene Reinforced Hybrid Aluminum Matrix Nano Composites
	9 Summary
	References

	 Hybrid Nanocomposites Based on Graphene and Ferrite Nanoparticles: From Preparation to Application
	1 Introduction
	2 Synthesis of Graphene and Ferrite Nanocomposites
	2.1 Co-precipitation
	2.2 Sol–gel Method
	2.3 Thermal Method
	2.4 Solid-State Reaction
	2.5 Ultra-Sonication Route

	3 Applications of Graphene and Ferrite Nanocomposites
	3.1 Biosensor Applications
	3.2 Catalysis Application
	3.3 Solar Cells and Photoelectrochemical Cells Applications
	3.4 Application in Energy Storage Devices

	4 Concluding Remarks
	References


