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Iijima and Bethune groups on single-wall carbon nanotubes in 1993 and found a
“new research era” with the isolation of a monolayer of carbon atoms, also called
graphene, which conducted groundbreaking experiments demonstrating outstanding
phenomena such as the Klein-Tunneling and the fractional quantum hall effect.
No wonder, graphene was the object of the 2010 Nobel Prize in Physics.
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Preface

The focus of this book is about the current demand of the technology i.e. func-
tionalization of grapheme oxide by graphting different entities that respond to the
different functionalities just like the sensitive core entities. The specialism in gra-
pheme oxide functionalization inaugurated by its outstanding electrical and
mechanical properties. Unlike other material, this designed material is combined
with resins, carbon materials, nanoparticles to form a high responding functionality
as to get the interested in that particular materials. Functionalized grapheme oxide
currently stands best among the replacement materials to conventional engineering
materials because of its outstanding features such as lightweight, lower cost,
environmentally friendly and sustainability. The unique feature of this book is that
it presents a unified knowledge of the high-quality material on the basis of char-
acterization, design, manufacture and applications.

This book will help researchers, scientists and industries to understand the need
of functionalized graphene for development of safe and sustainable products for
different applications. The characterization of functionalized graphene plays a
crucial role to find out its potentiality in different real-world application. It elabo-
rates the basic characterization of functionalized graphene or graphene oxide such
as; physical, mechanical, thermal and electrical properties. Added with significant
morphological and structural properties for clear understanding of this type of
materials.

We are highly thankful to all authors who contributed book chapters and provide
their valuable ideas and knowledge in this edited book. We attempt to gather all the
scattered information of authors from diverse fields around the world (Malaysia,
Jordan, USA, Turkey, India, Saudi Arabia, Bangladesh, Oman, and Sweden) in the
areas of functionalized graphene nanocomposite and applications and finally
complete this venture in a fruitful way. We greatly appreciate contributor’s com-
mitment for their support to compile our ideas in reality.
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We are highly thankful to Springer-Nature team for their generous cooperation at
every stage of the book production.

Jeddah, Saudi Arabia Anish Khan
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Synthesis of Metal/Metal Oxide
Supported Reduced Graphene Oxide
(RGO) for the Applications
of Electrocatalysis and Supercapacitors

Lakshmanan Karuppasamy, Lakshmanan Gurusamy,
Gang-Juan Lee and Jerry J. Wu

Abstract Reduced graphene oxide (RGO), atomically thin two-dimensional car-
bon nanosheets, owns outstanding chemical, electrical, material, optical, and
physical properties due to its large surface area, high electron mobility, thermal
conductivity, and stability. These unique properties have made reduced graphene
oxide an ideal platform for constructing a series of RGO-based functional nano-
materials. Specifically, RGO and RGO derivatives have been utilized as templates
for the synthesis of various noble-metal/metal oxide nanocomposites. These hybrid
nanocomposites materials are promising alternatives to reduce the drawback of
using only transition metal nanoparticles in various applications, such as electro-
chemical energy storage and conversion technology of supercapacitors and fuel
cells. The goal of this chapter is to discuss the state-of-the-art of reduced graphene
oxide-based metal and metal oxide nanocomposites with a detailed account of their
synthesis and properties. Especially, much attention has been paid to their synthesis
and a wide range of applications in various fields, such as electrochemical and
electrical fields. This chapter is presented first time with an introduction, followed
by synthetic methods of RGO and RGO-based nanocomposites. Then, the appli-
cation of this novel RGO/metal-metal oxide nanocomposites in fuel cells and
supercapacitors are summarized and discussed. Finally, the future research trends
and challenges of design and synthesis of RGO/metal-metal oxide nanocomposites
are presented.

Keywords Reduced graphene oxide � Metal/metal oxide nanocomposites �
Supercapacitors � Fuel cells � Electrochemical reaction
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1 Introduction

Graphene, a two-dimensional single atomic layer planar sheet with densely packed
atomically thin layer of sp2 hybridized carbon atoms in a honeycomb crystal lattice.
Since the first isolation of graphene in 2004 [1]. The appreciation of its significance
was followed by the physics noble prize in 2010. The unique and superior physical
and chemical properties of graphene, such as a large specific surface area,
high-speed electron mobility, strong mechanical strength, and excellent electric and
thermal conductivity, are now frequently utilized with new applications [2, 3].
Chemists have taken the advantages of its unique properties by the research on
graphene and its nanocomposites, graphene oxide (GO) and reduced graphene
oxide (RGO), which have emerged as a promising new nanomaterial for a variety of
exciting applications in the fields of chemistry, physics, biology, and many other
interdisciplinary fields, such as nanotechnology and nanomedicine. For nearly three
decades, carbonaceous materials, such as fullerenes and carbon nanotubes (CNTs),
have drawn considerable attention due to their exceptional electronic and
mechanical properties [4]. Specifically, after the discoveries of zero-dimensional
(0-D) buckminsterfullerene [5] and shortly later one-dimensional (1-D) CNTs [6],
enthusiasm in the research of carbon-based nanomaterials has increased further [7].
Both fullerenes and CNTs have been proposed to be derived from 2-D graphene
sheets that are viewed as key building blocks of all other graphitic carbon allotropes
(Fig. 1), such as “graphite” made up of graphene sheets stacked on top of each
other (separated by an interlayer distance of 3.37 °A) [8]. “Fullerenes” and “CNTs”
can be virtually made by wrapping and rolling a section of a graphene sheet [9]. In
reality, however, they are not synthesized from graphene.

Fig. 1 Graphene is a
two-dimensional building
block for carbonaceous
materials of all other
dimensions and it can be
wrapped up into 0-D
buckyballs, rolled into 1-D
nanotubes or stacked into 3-D
multilayer graphene
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Great contributions have been made in the synthesis of novel catalytic, magnetic,
and optoelectronic properties of graphene nanocomposites based on the
hybridization with nanoparticles (NPs). It can be noted that hybridization
has provided an effective strategy for enhancing the functionality of materials [10].
Particularly, due to the unique sp2 hybridization of carbon bonds present in gra-
phene, it facilitates the delocalization of electrons to possess excellent electronic
conduction [1]. This electronic conduction of graphene can be enhanced by
incorporating various inorganic nanoparticles, including different metal and metal
oxide NPs. Due to the enhanced electrical and electronic properties and the syn-
ergistic effect between graphene and inorganic nanoparticles, graphene/nanoparticle
composites offer a great potential for various applications, including energy storage
supercapacitor and energy conversion fuel cells devices [11–13]. In order to further
enhance the properties and to broaden the applications of graphene, various metal
and metal oxide NPs have been decorated on graphene. Apart from enhancing the
properties of graphene, the NPs act as a stabilizer against the aggregation of
individual graphene sheet, which is caused by strong van der Waals interactions
between graphene layers [14]. Therefore, more efforts and new strategies to syn-
thesize graphene-based nanocomposites are indispensable. This chapter has focused
on one of such nanocomposites, made of chemically exfoliated graphene and metal
oxides. We overview and discuss their synthesis methods, structural features,
electrocatalytic applications, and future perspectives.

1.1 Comparison of Energy Storage and Conversion Devices
(Electrochemical Supercapacitors, Battery,
and Fuel Cells)

Energy and power densities are of two main parameters of an energy storage
system. Specific energy, expressed in watt-hours per kilogram (Wh kg−1), deter-
mines how much amount of energy could be stored in the system. While the
specific power in watt per kilogram (W kg−1) indicates how the energy could be
converted. The energy and power density was compared in the electrochemical
energy storage system, which is known as a Ragone plot as shown in Fig. 2. The
specific energy usually decreases with the increase of specific power. The con-
ventional capacitors have been considered as high-power systems, whereas fuel
cells exhibited the high energy density with the combustion engine. Compared with
the conventional capacitors, electrochemical supercapacitor (ES) has the ability to
store greater amounts of energy due to high surface area carbon nanomaterials
combined with pseudocapacitive nature of nanostructured materials. In addition, ES
is able to deliver more power than batteries.

Synthesis of Metal/Metal Oxide Supported Reduced Graphene Oxide … 3



The energy storage mechanism of ES and batteries are fundamentally different.
The ES stores the charge on the surface of capacitive materials, whereas batteries
store the charge on entire bulk of the electrodes [16, 15]. ESs, batteries, and fuel
cells do not always compete with each other. The high power and high-energy
resources of electrochemical capacitor have bridged the gap between capacitors and
batteries. ES also possess a number of desirable properties that make them an
attractive energy storage behavior [17]. For example, the extremely reversible
charge and discharge cycle of EDLCs were obtained in a suitable potential window.
Moreover, ESs can store or release energy very quickly and can operate over a wide
range of temperatures. They also have a high charge and discharge efficiency. The
energy loss to heat during each cycle is relatively small. In addition, ESs generally
do not contain toxic materials and are much safer than batteries and fuel cells [18].

With the aforementioned advantages, ESs have become a very competitive
choice for practical applications of electric vehicles, elevators, digital cameras,
mobile phones, pulse laser techniques, and uninterruptible power supplies [19]. For
instances, it is very expensive to make frequent replacement of the batteries in the
memory back-up system due to their poor cycle life. In a fuel cell or battery electric
vehicles, it is difficult to meet peak load requirements of high power, like accel-
erating or climbing. With the advantages of a long lifetime and high power density,
ESs can solve these problems. In the coming decades, the main market targeted by
ESs manufacturers may be on the transportation, including hybrid electric vehicles
and metro trains [20].

Fig. 2 Schematic diagram of the Ragone plot of energy storage devices [15]
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2 Synthesis of RGO and RGO-Based Metal-Metal Oxide
Nanocomposites

2.1 Synthesis of Reduced Graphene Oxide (RGO)

A number of methods have been reported already for the synthesis of RGO that can
be mainly classified into two different categories, bottom-up approaches and
top-down approaches (Fig. 3). The bottom-up synthesis of RGO sheets is an
alternative to the micromechanical exfoliation of bulk graphite. For the bottom-up
processes, RGO is synthesized by a variety of methods, such as chemical vapor

Fig. 3 Schematic representation of the methods used for the synthesis of reduced graphene oxide
(RGO), which is classified into top-down and bottom-up approaches. The top-down approach is
widely used for the scalable synthesis of graphene that produces a relatively low quality of
graphenes like material commonly known as Highly Reduced Graphene Oxide (HRGO) or
graphene in the large quantity required for the preparation of graphene-based nanocomposites
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deposition (CVD) [21, 22], arc discharge [23], and epitaxial growth on SiC [24].
Using CVD, RGO, and few-layer RGO have been grown on catalytic metal sur-
faces from carbon-containing gases. The direct synthesis of the CVD method is
used for the production of high-quality layers of RGO nanosheets with a large area
and low defect concentration, but in small quantities. However, these and other
methods revealed before unsuitable for the synthesis of RGO-based nanocompos-
ites, whereas bulk quantities of RGO sheets with a modified surface structure are
required. Therefore, for the synthesis of RGO-based nanocomposites, top-down
approaches have been used in most cases. These techniques yield low-cost bulk
amounts of RGO-like sheets that albeit not defect free, and they are highly pro-
cessable and can be fabricated into a variety of materials.

The manufacturing of RGO-based nanocomposites generally requires bulk
quantities of homogeneously distributed RGO sheets. Therefore, the most common
top-down approach for the synthesis of RGO is the reduction of GO by thermal or
chemical methods (Fig. 3). The reduction of GO is a low cost and facile technique
to yield bulk quantities of RGO nanosheets, where those are highly processable and
can be fabricated into a variety of materials. It is now being reinvestigated and
receiving intense research interest due to its extensive use as a precursor for the
large-scale synthesis of RGO and RGO-based materials. Hence, the application of
graphite or graphite derivatives for the synthesis of RGO offers considerable eco-
nomic advantages over bottom-up methods. Initially, GO was prepared from
inexpensive graphite as a raw starting material by the cost-effective and scalable
modified Hummers method [25]. Using oxidation and exfoliation of this graphite
oxide followed by a reduction process, graphene can be achieved as highly RGO.
Like graphite, GO has a layered structure, but the plane of the carbon atoms are
heavily decorated by oxygen-containing functional groups, which expand the
interlayer distance and make graphite oxide hydrophilic. Exfoliated GO has only
one or a few layers of carbon atoms like graphene. GO can be reduced to graphene
by removing the oxygen-containing functional groups with the recovery of the
conjugated structure. Different reduction processes have been introduced to convert
GO into graphene and different reduction processes result in different properties of
graphene, which in turn affects the final product and also the performance of the
material [26]. Reduced GO has chemically derived graphene, which is also referred
to functionalized graphene [27], chemically modified graphene [28], RGO [29],
chemically converted graphene [30], or reduced graphene [31]. For the chemical
reduction of GO, hydrazine monohydrate and dimethylhydrazine have been used
extensively as these do not react with water and have the attractive option for
reducing GO in an aqueous dispersion [32–34]. Though hydrazine effectively
removes the oxygen functional group from GO, it also introduces heteroatom
impurities, such as N2, which form amines, hydrazones, or other similar functional
groups covalently attached on the sheet of graphene [35]. NaBH4 has been
demonstrated as being more effective than hydrazine as a reducing agent of GO.
NaBH4 is more effective at reducing the C=O group, while it has moderate effi-
ciency in the reduction of epoxide and carboxylic acid [36] (Table 1).
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Other reductants used for the chemical transformation of GO to graphene include
hydroquinone [41], gaseous H2 [42], alkaline solution [43, 44], and ascorbic acid
[45]. Despite the chemical reagent reduction, other reduction processes were used
for the conversion of GO to graphene, e.g., microwave irradiation [46, 47], elec-
trochemical reduction [48, 49], thermal annealing [50], photocatalytic reduction
[51], solvothermal reduction [52, 53], thermal deoxygenation [54], or chemical
deoxygenation [55]. In terms of electrical conductivity, the quality of reduced
graphene is lower than that of the graphene nanosheets prepared by CVD. The
intrinsic quality of CVD graphene films makes them an excellent candidate for
optoelectronic and electronic applications. In brief, the reduction method fits better
for the production of small graphene nanosheets. However, the CVD process is
more efficient for larger graphene nanosheets.

Table 1 Advantages and limitations of the major synthesis procedure of graphene

Synthetic
procedure

Advantages Limitations Ref.

Micromechanical
exfoliation

• Simple process
• Few decades
• Excellent quality of
graphene

• Well suited for
fundamental research

• Poor reproducibility
• Not amenable for large scale
production

[37]

CVD • Large area (up to *1 cm2)
• A limited number of
defects

• Mass production
• High-quality graphene

• Expensive
• Poor scalability

[38]

Epitaxial growth • High quality of graphene
• Few defects

• High cost
• High temperature required

[37]

Colloidal
suspension

• Scalable
• High volume of production
• Suitable for multipurpose
chemical functionalization

• Significant numbers of defects [34]

Unzipping of
CNTs

• Scalable with controlled
widths and edge structures

• Better control over
chemical functionalization
and edge quality

• Low yield
• More expensive in respect to
chemical exfoliation of graphite or
graphite oxide

[39]

Reduction of GO • Economical and facile
technique

• Significant numbers of defects [40]
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2.2 Synthesis and Architecture of NPs-RGO
Nanocomposites

Graphene derivatives, especially GO and RGO, are good templates or supports for
metal and metal oxide nanoparticle nucleation, growth, and attachment, owing to a
large number of defects and oxygen functional groups on their surfaces. Thus, for the
synthesis of graphene-nanocomposites in most cases, top-down approaches have
been used. In another process for the synthesis of graphene-based nanocomposites,
graphene or nanoparticles (NPs) could be chemically functionalized firstly and then
NPs could be conjugated to the graphene surface by covalent or noncovalent
interaction [56, 57]. Graphene is flexible and has a unique 2D sheet-like structure.
These sheets can be easily used to wrap or encapsulate NPs with diameters from the
nanometer to even the micrometer range. The encapsulated structure is comprised of
a single NP encapsulated by a single graphene nanosheet (Fig. 4a), whereas a
wrapped structure refers to the case where more than one NP is covered by multiple
graphene nanosheets (Fig. 4b). Graphene encapsulated and wrapped structures have
advantages compared to bare NPs, including reduced NP agglomeration, as well as
increased electrical, electrochemical, and optical properties. Encapsulating NPs with
graphene increases the surface-to-volume ratio that is available for sensing [58].

Furthermore, the presence of graphene results in extremely high carrier mobility,
high carrier density, and low intrinsic noise for better detection by virtue of the high
signal-to-noise ratio. In the anchored structure, electroactive NPs are anchored on
the graphene nanosheets (Fig. 4c) [59] and in the mixed structure the graphene and

Fig. 4 Schematic presentation of methods used for the formation of graphene–nanoparticles
(NPs) composites and different structures of a graphene-encapsulated NPs, b graphene-wrapped
NPs, c NPs anchored to graphene nanosheets, d mixed graphene–NP structures, e graphene–NP
sandwich structures, and f graphene–NP layered
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NPs are synthesized separately and mixed mechanically for application needs in
various fields (Fig. 4d) (though mainly used for electrode preparation in Li-ion
battery applications). In the sandwich structure, graphene was used as a template to
generate the active NP/graphene sandwich structure (Fig. 4e) [60] and in the layer
structure, graphene and NPs (Fig. 4f) were alternated. The most research effort has
been directed towards the quality improvement of RGO in order to ameliorate the
properties of graphene.

2.3 Synthesis of Metal/Metal Oxide NPs on Reduced
Graphene Oxide

In this section, the synthetic methods of preparing metal and metal oxide NPs on
graphene are classified according to the overall strategy and the frequency of their
use in the literature (Fig. 5), namely in situ (chemical reduction, hydrothermal and
electrochemical methods) and ex situ methods (e.g., physical mixing
pre-synthesized NPs with graphene derivatives). Ex situ method involves mixing of

Fig. 5 Schematic illustration of the binding mechanisms of nanoparticles (NPs) onto HRG sheets.
The NPs can be loaded onto HRG sheets in two different ways by in situ or ex situ binding. A high
density of NPs can be achieved via in situ binding. Both HRG sheets and NPs can be
functionalized either via non-covalent p–p stacking or covalent C–C coupling reactions [10]
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separate solutions of graphene nanosheets and pre-synthesized NPs. Prior to mix-
ing, the NPs and/or graphene sheets are surface functionalized to enhance the
processability of the resulting products. The conjugated graphene sheets can be
readily functionalized by non-covalent p–p stacking or covalent C–C coupling
reactions. The functionalization of graphene and/or NPs significantly enhances their
solubility and hence broadens the opportunities for the preparation of
graphene-based composites. However, the ex situ method may suffer from low
density and non-uniform coverage of nanostructures by graphene sheets. Therefore,
the in situ methods for the preparation of metal and metal oxide decorated
graphene-based nanocomposites will be discussed in some detail. In the following
paragraphs, we describe the most recent methods for the synthesis of
graphene-based metal and metal oxide nanocomposites by in situ methods, i.e. by
the simultaneous reduction of graphite oxide or graphene oxide and the respective
metal salts.

2.3.1 In Situ Method

Wet-Chemical Method

The chemical reduction method is probably used most frequently because this easy
and straightforward method can generate the graphene-based metal and metal oxide
nanocomposites [61–63]. In a typical synthesis, the metal precursor (e.g., HAuCl4,
K2PdCl4 or H2PtCl6) is mixed with the graphene compounds in an aqueous solution
under a given condition and the reductant (e.g. NaBH4) is then added.

During the synthesis, the metal precursor is reduced to its metallic form, where
there are three primary steps: reduction, nucleation, and NP growth, and meanwhile
the graphene derivative are also reduced. In this method, GO is the most frequently
used graphene compound because the surface functional groups of GO not only
afford solubility in water [64–66], but also they stabilize NPs. In a typical case,
Hutchings’ group adopted this method for preparing GO-stabilized Au–Pd NPs
(AuPd–GO) using a “ligand-free” chemical reduction method [67]. GO was
introduced into a mixed aqueous solution of HAuCl4 and PdCl2 and the metal
precursors were reduced using NaBH4, without the addition of a surfactant, to form
AuPd NPs stabilized solely by GO (AuPd–GO) (Fig. 6). Due to the broad AuPd NP
size distribution (1–7 nm) and GO stacking, however, AuPd NPs/GO exhibited
worse conversion even than PVA-stabilized AuPd/GO counterpart in the
solvent-free oxidation of alcohols with molecular oxygen. In order to overcome
these problems, the authors then immobilized the TiO2 NPs, which efficiently
inhibited stacking of GO layers, promoted the diffusion of alcohols and oxygen
molecules between adjacent GO sheets, and therefore improved the surface catalytic
active sites exposure and significantly enhanced the catalytic activity.
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Microwave-Irradiation (MWI) Method

MWI is also widely applied for the synthesis of graphene-based nanocomposites.
Particularly, the preparation of graphene/metal nanoparticle (NP) composites by
simultaneous (in situ) reduction of various metal salts and GO is highly effective. In
the case of microwave-assisted reduction to prepare metal-metal oxide/graphene
composites, the microwaves caused local dielectric heating of a metal salt solution,
thereby resulting in the reduction. The advantage of microwave irradiation-assisted
reduction is the uniform and rapid heating that reduces the barriers to the reduction,
nucleation, ion incorporation, and NP growth [68, 69]. Thus, in this way, the NPs
are obtained with ultrafine NP size and narrow size distribution. For instance,
Chen’s group reported the microwave-assisted synthesis of CuNPs/GO in the
presence of EG (Fig. 7), yielding GO-decorated CuNPs with a 4.1–5.4 nm size that
depends on the Cu contents [69]. MWI has attracted much attention due to its ease
of processing and scalable production. Moreover, owing to the rapid and uniform
heating, MWI prevents the aggregation of graphene layers. A major drawback is the
difficulty in controlling the size, uniformity, and surface distribution of NPs on
RGO surfaces.

Fig. 6 Preparation of GO-stabilized Au–Pd NPs on TiO2 (AuPd–GO/TiO2) using “ligand-free”
co-reduction and subsequent sol-immobilization method [67]
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Hydrothermal Method

Hydrothermal and solvothermal reduction processes have been applied for the
synthesis of graphene-based metal and metal oxide nanocomposites. It is a
low-cost, facile, and template less approach. It generally involves a chemical
reaction occurring in a solvent at high temperature above the solvent boiling point
and under high pressure in the presence or absence of reducing agent. The NP size,
morphology, and crystallinity are tuned upon by adjusting the temperature, pres-
sure, nature of the solvent, and eventually the presence and nature of the reducing
agent. Meanwhile, the graphene derivative may also undergo a reduction process to
RGO. Moreover, in most of the case, this method allows the synthesis of metal and
metal oxide/graphene nanohybrids in one-step. Hydrothermal reactions are some-
times carried out in the absence of reducing agent, but a solvent such as water [70]
is necessary. This method is eventually associated with the subsequent annealing
treatment to modify the NP morphology. On the other hand, the solvent (EG [71,
72], formic acid [73], EtOH, or DMF) also serves as the reducing agent.

In a typical synthesis procedure [71], the pre-synthesized 3D graphene (3DG)
was mixed with Pd(acac)2 and Co(acac)2 in the presence of EG under stirring. The
mixed solution was placed in a Teflon-sealed autoclave and maintained at 260 °C
for 10 h under high-purity argon protection followed by centrifugation, washing,
and oven-drying at 70 °C to obtain the Pd6Co/3DG catalyst. The resulting Pd6Co/
3DG has a narrow size of Pd6Co NPs of 5.2 nm that was uniformly distributed on
the 3DG, showing a much higher formic acid electro-oxidation activity, the larger
peak current density and better stability than Pd/3DG, Pd/C and commercial Pd–C
counterparts (Fig. 8). Similarly, Zhang and co-workers reported a facile and
cost-effective strategy to synthesize ultrafine Pd NPs supported on N and S
dual-doped graphene (NS-G) nanosheets for both direct formic acid fuel cell and
direct methanol fuel cell [72]. The NS-G was first prepared by the incorporation of
N and S atoms into graphene frameworks via a thermal treatment process, followed

Fig. 7 Microwave synthesis process for GO hybrids decorated with CuNPs [69]
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by the controlled growth of PdNPs on it through a hydrothermal process. The Pd
NPs were obtained with an ultrasmall size of 4.6 nm benefiting from the
pre-synthesized NS-G sheets that provided sufficient anchoring sites.

Sonochemical Method

The ultrasonic wave irradiation method provides a remarkably facile and versatile
route to fabricate various metal nano-architectures in a very short period of time, in
which the ultrasonic wave produces various distinctive properties by acoustic
cavitation, such as bubbles formation, growth, and implosive the collapse of bub-
bles in the liquid, which can be well utilized to achieve excellent quality of novel
metal nano dendrites with narrower size distribution, larger surface area, and a
much smaller size [74]. Nevertheless, limited articles are available on the devel-
opment of novel metal nano dendrite structures by ultrasonic irradiation for the use
as in DEFC. Herein, we have reported a facile one-pot synthesis of Au nano
dendrites with branched architectures of RGO nanosheets by sonochemical irradi-
ation method (Fig. 9). The important advantages of this novel method to synthesize
Au nano dendrites on RGO nanosheets consist of the following: (1) the Au nano
seeds are formed at very short interval of ultrasonic wave irradiation, which can be
either act as a catalyst to further growth of Au nano dendrites structures, (2) the size
and shape of Au nano dendrites can be easily controlled by ultrasonic irradiation
time, concentration of surfactant and reducing agent, and (3) the as obtained Au

Fig. 8 One-pot hydrothermal process synthesis of a Pd6Co/3DG catalyst and its application in
formic acid oxidation [71]
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nano dendrites with “clean” surfaces on RGO nanosheets can be directly utilized as
the electrocatalyst towards ethanol oxidation and oxygen reduction in alkaline
medium without further pretreatment.

In a typical preparation of Au-RGO nano dendrites (Fig. 9), firstly 80 mg of
graphene oxide (GO) was dispersed in 40 ml DI water (2 mg mL−1) for 10 min by
ultrasonication and centrifuged at 10,000 rpm for 15 min. The dispersion and
ultrasonication followed by centrifugation of this step repeated 4 times to endorse
the discard of unwanted impurities from graphene oxide nanosheets and the final
precipitate of graphene oxide nanosheets was dissolved in 20 mL DI waters for
further use. Secondly, the fabrication of Au nano dendrites on RGO nanosheets was
done by ultrasonic irradiation method (Ti-horn, 20 kHz, and 100 W cm−2) in Ar
atmosphere for 45 min (55 s on, 5 s off mode) (synthesis scheme as shown in
Fig. 8). The aqueous solution containing 40 mL of 0.2 M CTAB, 1.92 mL of
3.0 mM AgNO3, 40 mL of 1 mM HAuCl4 (Au(III)), and 1 mL of 0.1 M ascorbic
acid with 10 min of vigorous stirring and keep aside at room temperature for 7 h
without disturbing. After 7 h, the resultant solution mixture followed by adding
10 mL GO suspension was purged with 60 mL min−1 Ar for 20 min and then
irradiated with the ultrasonic horn for 45 min (ultrasonic bath maintained at 25 °C
by a water circulating system). The final product of Au-RGO nano dendrites was
collected carefully and washed with absolute ethanol and water by several cycles
for the removal of unreacted substrates. Finally, the composite was dried in vacuum
air at 60 °C for 24 h.

Fig. 9 Sonochemical method for synthesis of an Au/RGO catalyst and its application in
electrocatalytic ethanol oxidation fuel cells [75]
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Electrochemical Deposition Method

Chemical synthesis methods have been widely applied for the fabrication of
flower-like PtPd nanostructures. However, these methods suffer from some obsta-
cles, which make the procedure complicated and limit the pervasive application.
For example, nanoflowers adhesion on the substrate normally restricted to weak
physical or chemical interaction and the surfactants and organic compounds, which
usually used in chemical methods, can inhibit the catalytic activity of the resulted
nanostructures [76]. However, the electrodeposition method is attractive for
achieving high-quality films because of its simple operation, no additional purifi-
cation step, implementation in low cost, operation in ambient temperature, and no
need to various chemical reagents [77]. Besides, the size, morphology, and dis-
persion of the resulted catalyst nanostructures can be controlled to some extent by
the selection of precursor concentration, additives, potential or current density, and
so on. In this method, a simple and one-step procedure is employed by keeping the
electrode potential at −0.20 V within 300 s at the room temperature to generate the
PtPd with a nanoflower structure. In the next step, the modified electrode was
removed and rinsed with double distilled water. The prepared electrode in this step
is notified as PtPd-NFs/Cu2O-NSs/RGO. In the following, for comparison the
conventional PtPd-NPs deposited on Cu2O-NPs/RGO were prepared by a similar
method as stated above in a solution consisting of 0.002 M of PtCl2 and PdCl2 (1:1
ratio) and 0.1 M KCl. After that, the electrode was taken out and again rinsed
thoroughly with double distilled water. The prepared electrode in this step is
notified as PtPd-NPs/Cu2O-NPs/rGO. To better illustrate the electrode modification
process, basic steps in electrochemical deposition procedure of Cu2O and PtPd with
different structures are schematically shown in Fig. 10.

3 Application of RGO-Based Metal/Metal Oxide
Nanocomposites

The development of alternative strategies for the production of clean energy is one
of the biggest challenges for the scientific community. Due to the increasing global
warming, air pollution, and growing environmental concerns, the efforts directing
toward the development of energy storage and energy conversion devices with high
energy densities and power densities have increased tremendously. Graphene-based
metallic nanocomposites have gained immense popularity in the field of electro-
chemical energy storage and conversion [79]. Because of their physicochemical
properties, such as high thermal and chemical stability, large surface area, excellent
electrical conductivity, and superior thermal and mechanical properties,
graphene-based materials have been exploited as electrode materials in electrical
energy storage devices. Additionally, their broad potential range and rich surface
chemistry have allowed customizing the properties of storage/conversion devices
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[80–82]. Therefore, graphene-based metallic, bimetallic, and metal oxide
nanocomposites have found wide applications in the field of electrochemistry (fuel
cells, supercapacitors), photochemistry, and organochemistry (Fig. 11). The most
distinguished applications of graphene-based metal/metal oxides in electrochem-
istry have a long reputation in this area [83]. Indeed excellent electrochemical
properties have been disclosed for graphene and its derivatives [84, 85]. The
deposition of inorganic nanomaterials, especially metal/metal oxides, onto graphene
form interesting metal/metal oxides-graphene nanohybrids, which are expected to
present new and intriguing electrochemical properties due to the excellent catalytic
activities of metal/metal oxides nanoparticles.

3.1 Electrocatalyst

Electrocatalysis is a special field in electrochemistry that speeds up the rate of an
electrochemical reaction occurring on electrode surfaces or at liquid/solid inter-
faces. There are various types of electrochemical reactions involved in different

(a)

(b) (c)

Fig. 10 Electrochemical deposition method for synthesis of a PtPd-NFs/Cu2O-NSs/RGO catalyst
and its application in electrocatalytic methanol oxidation fuel cells [78]
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electrocatalytic applications, such as fuel cells, batteries, organic electrosynthesis,
and electrode sensor related fields. Among the various electrocatalysts, metal-metal
oxide based nanocomposites have received much attention in research owing to
their high catalytic activity, stability, selectivity, and tunable properties. Therefore,
the novel catalytic and optoelectronic properties of graphene nanocomposites based
on the hybridization with nanoparticles are of great significance for the commer-
cialization of electrocatalytic-system-based energy devices. Normally, noble
metal-metal oxides are dispersed on catalyst supports for fuel-cell and superca-
pacitors application. To date, various carbon support nanomaterials have been
developed, such as carbon nanotubes, carbon nano horns, and carbon black was
incorporated into the hybrids to construct novel noble metal-based nanocomposites.
Remarkably, reduced graphene oxide has been extensively used in electrochemistry
because of its low price, suitable electrocatalytic activity for a variety of redox
reactions, broad potential window, and relatively inert electrochemistry. In this
section, we present some examples for the application of reduced graphene oxide
(RGO)/metal-metal oxides nanocomposites for different kinds of electrocatalytic
reactions

3.1.1 Anodic Oxidation Reaction (AOR)

AOR by RGO Supported Metal-Metal Oxide Nanocomposites

The ever-increasing use of fossil fuels and the increasing concerns of environ-
mentally friendly and sustainable development have pushed direct alcohol fuel cells
(DAFCs) to be considered as an excellent candidate because of easy handling,

Fig. 11 Schematic illustration of graphene-based metal/metal oxide nanoparticles towards the
applications in electrochemistry, organochemistry, and photochemistry
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high-energy conversion efficiency, low pollutant emission, and low operating
temperatures. Despite their great potential as an efficient device to convert chemical
energy into electrical energy, DAFCs do have their own serious limitations that
prevent them from being scaled-up for commercial applications. To date, Pt-based
materials have been extensively used as the most effective catalysts for fuel cells,
mainly because of their advantages, such as specific activity, high stability, and
durability [86]. Unfortunately, high cost, limited resource, and poisoning effect of
COads-like intermediates on Pt are critical problems, which limited its practical
applications [87]. Therefore, the development of new anodic catalysts with low cost
and better activity towards fuel oxidation is an urgent need.

In order to surmount these obstacles, two main strategies can be used to reduce
the mass of Pt per surface during the fabrication. One strategy is to combine Pt with
a cheaper metal to fabricate a bimetallic catalyst. For example, PtPd bimetallic
catalysts have captured the interest because of unique characteristics in contrast to
their individual counterparts. Also, relatively more abundance of Pd in nature and a
lower cost for it, as well as similar catalytic performance with unique tolerance
against poisoning effect, have raised more interests for PtPd. Moreover, another
strategy to decrease the loading of Pt is to manipulate the shape, size, composition,
and structure of the deposited catalyst. In this way, more efforts were devoted to the
fabrication of new and unique structures with more active sites, such as edges,
corners, steps or more active facets [88]. From this prospect, up to now PtPd
catalysts with various structures have been designed, such as cubes [10], dendritic
structures [89], nanowires [90], nanotube [91], nanorod [92], and nanoflowers [93].
However, there are some essential drawbacks, such as slow kinetics of methanol
electro-oxidation and vulnerability toward intermediate poisoning effects. To
overcome these challenges, transition metal oxides as a suitable supporting material
can be considered as an appropriate way to enhance the electrocatalytic activity and
stability of catalysts [94]. The improved performance as mentioned before can be
explained based on the synergetic effects between metal catalysts and transition
metal oxides, increasing of the catalyst utilization and excellent proton conduc-
tivity. Also, metal oxides increase the superficial hydroxides on catalyst because of
spillover of the primary oxide and the partial electron transfer [95]. Among various
metal oxides, Cu2O can be considered as one of the promising candidates given its
low-cost, low toxicity, good electrochemical behavior, and high CO tolerance [96].

Based on the above considerations, the aim of the study is to improve the
catalytic electro-oxidation of methanol by using a metal oxide (Cu2O), bimetallic
(PtPd) catalyst, and a suitable carbon (RGO) nanomaterial (Fig. 12a, which rep-
resents a mechanism of electro-oxidation of methanol over a surface of PtPd NFs/
Cu2O Ns/RGO catalysts). Cyclic voltammetry was used to investigate the elec-
trochemical behavior of the prepared electrocatalysts. Figure 12b depicts the cyclic
voltammograms (CVs) of PtPd-NPs/RGO (a), PtPd-NFs/RGO (b), PtPd-NPs/
Cu2O-NPs/RGO (c), and PtPd-NFs/Cu2O-NSs/RGO (d), where those were recor-
ded in a potential window of −0.25 to 1.3 V in 0.5 M H2SO4 for the solution at a
scan rate of 50 mVs−1. It can be noted that the prepared nanocomposites essentially
have the same voltammetric features, containing hydrogen adsorption/desorption
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and PtPd oxide formation/reduction regions. The nanocomposite containing
Cu2O-NSs and PtPd-NFs nanostructures shows higher current densities, reflecting
the greater electrochemical active surface areas (EASA). This result can be attrib-
uted to the fact that the introduction of Cu2O into the as-prepared nanocomposites is
in favor of the intimate combination of PtPd, Cu2O, and RGO. Further investiga-
tions were carried out to explore and compare the electrocatalytic properties of the
prepared nanocomposites towards the methanol oxidation reaction (MOR) by
measuring the CV response in 0.5 M H2SO4 and 0.5 M methanol solution, as
presented in Fig. 12c. It can be seen that anodic peak current densities increase in
the order of PtPd-NFs/Cu2O-NSs/RGO > PtPd-NPs/Cu2O-NPs/RGO > PtPd-NFs/
RGO > PtPd-NPs/RGO. According to the above-mentioned experimental facts,
several factors may be considered to explain the mostly enhanced MOR on
PtPd-NFs/Cu2O-NSs/RGO. The probable reasons for this trend are summarized as
follows: Firstly, Cu2O-NSs/rGO provides more active sites and expands the fine
dispersion of PtPd catalysts. This result clearly shows that shape and morphology of
the Cu2O and PtPd has a notable impact on the electrocatalytic activity. Thus,
unique nanostructures with the larger surface area could provide a high population
of the active sites for electrocatalytic applications. Also, Cu2O nanosheets and RGO

Fig. 12 a Electrochemical deposition method for synthesis of a PtPd NFs/Cu2O Ns/RGO catalyst
and its application in electrocatalytic methanol oxidation fuel cells. b, c Cyclic voltammetry is
used to investigate the electrochemical behavior of the prepared electrocatalysts [78]
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as suitable support can prevent the unfavorable agglomeration of the catalyst active
sites [97]. Furthermore, interconnected nanosheets with porous shapes can improve
the transfer electron process, which is also beneficial for the development of
electrocatalysts [98]. Secondly, enhancement in the performance of the methanol
oxidation can be explained by the co-action and synergistic effect among PtPd,
Cu2O, and rGO [99]. Moreover, the oxophilic nature of the Cu2O facilitates the
formation of OHads and spillover to PtPd surface [96]. These OHads can react
effectively with carbonaceous intermediate species to produce CO2, releasing the
active sites on PtPd for continuing the electrochemical reaction. In addition, the
electronic structure modification due to the partial electron transfer from RGO and
Cu2O to PtPd improves the electrocatalytic capability. The same phenomenon has
been reported successfully in the case of CeO2, MnO2, and NiO [100]. Relevant
reactions can be expressed as the following:

Cu2OþOH� ! Cu2O� OHads þ e� ð1Þ

PtPd � ðCH3OHadsÞþ 4OH� ! PtPd � COads þ 4H2Oþ 4e� ð2Þ

PtPd � COads þCu2O� OHads þOH� ! PtPdþCu2OþCO2 þH2Oþ e� ð3Þ

AOR by RGO Supported Noble Metal Nanocomposites

The improvement on more efficient electrocatalyst for the direct ethanol fuel cell
(DEFC) is one of the important steps in achieving outstanding efficiency. At present
time, the noble metals, such as platinum group metals, have been extensively used
as electrocatalysts for DEFC. However, the major problem associated with Pt and
Pt group metals has been easily poisoned by strongly chemisorbed non-reactive
intermediate species, especially CO [101–103]. To overcome the problem of
CO-poisoning, the highly effective Au and Au-based functional electrocatalyst may
potentially explore an as promising alternative to electrochemical oxidation of
ethanol in DEFC. The fabrication of Au nanostructures with controlling morphol-
ogy has acknowledged considerable attention because of their fascinating physic-
ochemical properties and multi-functional application in catalysis [104, 105].

Generally, a detailed reaction mechanism of ethanol oxidation reaction
(EOR) and in particular the rate-limiting steps remain unclear or even contradictory,
which produces a variety of intermediate product, such as CH3CHO, CH3COOH,
and CO. The possible reactive intermediate pathway for ethanol electrooxidation in
alkaline condition is: A proposed mechanism of ethanol electrooxidation reaction
on Au surface in alkaline aqueous solution at the low potential window (−1.0 to
0.8 V) is described by the following equation as shown in Fig. 13. The earlier
research articles by Guo et al. [106] and Rodriguez et al. [107] reported that ethanol
electrooxidation on Au electrode mainly yields CH3CHO (acetaldehyde) and
CH3COOH acetic acid, which means no C–C bond cleavage happens on Au sur-
face. Furthermore, Tateishi et al. [108] confirmed that CH3CHO (acetaldehyde)
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could be oxidized on Au electrode surface in alkaline medium. Inspired by this, we
have ever used the same electrochemical method and the experimental results
showed ethanol electrooxidation on Au and Au/RGO nano dendrites possibly
through dual pathway mechanism as shown in Fig. 13. The electrocatalytic activity
of as prepared electrocatalysts towards the oxidation of ethanol has been evaluated
in 1 M KOH + 1 M CH3CH2OH with the potential range from −1.0 to 0.8 V at the
scan rate of 50 mVs−1. The mass current density of ethanol oxidation was nor-
malized by loading amount of Au nano dendrites on GCE (glassy carbon electrode).
For comparison, the CV plots (Fig. 13c) for ethanol electrooxidation of Au and
Au-RGO nano dendrites exhibited two strong oxidation peaks in both positive and
negative scans. Herein, the peak current density and onset potential for the anodic
scan have the two essential limitations to estimate the virtual electrocatalytic per-
formances of the electrocatalyst [109]. During the anodic scan, the current increases

-1.0 -0.8 -0.6 -0.4
E/V vs Ag/AgCl

-0.2 0.0 0.2 0.4 0.6 0.8

-   300

-   600

-   900

0

300

600

900

1200

1500(c)

(a) (b)

M
as

s 
cu

rre
nt

 d
en

sit
y (

m
A 

cm
- 2  m

g 
 )

-1 Au

 Au nanodendrites
 Au-                                                                         RGO nanodendrites

Fig. 13 TEM images of as-prepared freestanding Au nano dendrites and Au-RGO (a, b) and the
corresponding cyclic voltammetry analysis of as-prepared electrocatalysts (c) [75]
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until the peak seen at about 0.061 V, which is owing to the direct electrooxidation
of newly chemisorbed species coming from ethanol adsorption. When the potential
scan is negative, the reversed peak at about −0.186 V is corresponding to the
removal of poisonous species, which are incompletely oxidized in the anodic scan.
It is worth noting that the Au-RGO nano dendrites show much higher catalytic
activity towards ethanol electrooxidation compared than that of pure Au nano
dendrites (Fig. 14).

3.1.2 Oxygen Reduction Reaction (ORR)

In fuel cells, the ORR at the cathode plays a critical role in determining the energy
conversion efficiency of a fuel cell, although the kinetics of the ORR is sluggish,
and therefore limits practical applications. The mechanism of the electrochemical
ORR is also complicated, which depends on the electrocatalysts, electrode material,
and reaction medium, and a variety of reaction intermediates that may be formed
during the ORR processes. In brief, the ORR occurs mainly through two pathways:
one is the ORR that proceeds either through a four-electron reduction process of O2

to directly produce H2O as the final product (i.e., O2 + 4H+ + 4e− ! 2H2O) and
the other is the pathway involving two steps of two-electron reduction, which
generates H2O2 as an intermediate product (i.e., O2 + 4H+ + 2e− ! H2O2 +
2H+ + 2e− ! 2H2O). According to these pathways, it is obvious that the electro-
catalysts catalyze the ORR according to the direct four-electron pathway which is
highly favored.

To reduce the usage of noble metals and thus the cost of electrocatalysts,
graphene-supported noble-metal single-atom catalysts have also been developed for
the ORR in recent years. Different from conventional nanoparticle-based catalysts,
single atom catalysts not only dramatically increased interactions with their support,
but also reduced the metal–metal coordination effect. These have offered flexibility
to tune the catalytic activity and chemoselectivity. Recently, Choi et al. prepared an
atomically dispersed Pt catalyst on a sulfur-doped zeolite-templated carbon via the

Fig. 14 Scheme for the ethanol electrooxidation reaction pathway of Au electrode in alkaline
medium [75]

22 L. Karuppasamy et al.



wet-impregnation method [110]. In the ORR, the as-prepared catalyst did not fol-
low the direct four-electron pathway to produce H2O. Instead, it followed the
two-electron pathway to generate H2O2 with nearly 95% selectivity catalyzed by
the Pt–S4 centers. Figure 15 shows the proposed reaction mechanism, which
includes the following steps: Fig. 15a shows Pt center was activated by substituting
two S atoms of the Pt–S4 complex with two O atoms of H2O molecules. Figure 15b
appears the first reduction of an O2 via proton-coupled electron transfer (PCET),
forming OOH intermediates. Figure 15c exhibits a two-electron pathway, i.e., the
formation of H2O2 via the second PCET and the subsequent substitution of an H2O2

molecule with an H2O molecule, recovering the initial state, where Pt is complexed
with two thiolates and two H2O molecules. Figure 15d gives a four-electron
pathway, i.e., the formation of H2O via the second PCET involving O–O bond
dissociation. Figure 15e follows a four-electron pathway, i.e., the formation of OH
intermediates via the third PCET onto the O atom. Figure 15f demonstrates the
fourth PCET to the OH intermediates forms an H2O, recovering the initial activated

Fig. 15 Proposed ORR mechanism over the single-atom Pt/S-doped zeolite-templated carbon
nanocatalyst [110]
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state of the Pt–S4 complex. The blue, red, yellow, and purple balls in the scheme
represent H, O, S, and Pt atoms, respectively. Reduced graphene oxide/noble
metal-metal oxide based multicomponent hybrids have received considerable
interest, which not only avoids the stacking of RGO, but also provides functional
electrocatalysts for ORR. Inspired by this, Dai et al. [111] synthesized a novel
MnCo2O4/N-doped reduced graphene oxide (N-RGO) sheet hybrid as a highly
efficient electrocatalyst for the ORR in KOH aqueous solution by taking advantage
of the high electrocatalytic activity of MnCo2O4 compared to pure Co3O4 and the
strong coupling with N-RGO. The nucleation and growth method results in cova-
lent interaction between MnCo2O4 NPs and N-RGO sheets, giving a rise to much
higher activity and durability than the simple physical mixture of MnCo2O4 NPs
and N-RGO (Fig. 16a and b). Moreover, the Mn substitution mediates the size and
phase of MnCo2O4 and increases the activity of catalytic sites of the hybrid
materials, which eventually boosts the ORR activity compared with the pure
Co3O4/N-RGO hybrid.

With the same mass loading, the MnCo2O4/N-RGO hybrid can even outperform
Pt/C in ORR. The current density at the potential of <0.75 V (vs. RHE) with
stability superior to Pt/C as shown in Fig. 16c. More importantly, the rotating disk
electrode measurements indicate that the ORR catalyzed by MnCo2O4/N-RGO is
mainly through the four-electron pathway.

3.2 Supercapacitor

In the 21st century, energy is one of the most important topics, but the availability of
traditional energy-related resources decreases owing to their serious global climate
change and more utilization by the rapid growth of the human population [112].

Fig. 16 a Representation of the structure of MnCo2O4/N-RGO hybrid; b comparative rotating
ring-disk electrode voltammograms of MnCo2O4/N-RGO hybrid and other electrocatalysts in O2−

saturated 1 M KOH at 5 mVs−1 at 1600 rpm [111]
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Therefore, considerable attention has been focused seriously on the environmental
friendly renewable and sustainable energy materials for effective conversion of
energy and storage device, particularly supercapacitor. Supercapacitor is also called
electrochemical capacitor, as a kind of energy storage devices, which fulfill the gap
between batteries and conventional capacitor owing to their agreeable performance
of higher power density and better cycling lifespan over batteries and higher energy
density than conventional capacitor [113]. Electrochemical supercapacitors (ES),
also called supercapacitors or ultra-capacitors, have been explored as advanced
energy storage devices for decades [114]. The energy storage in ES arises from an
electrochemical double-layer or reversible redox reaction at the electrode/electrolyte
interface [115]. ES could achieve high power density with a combination of porous
electrodes and active electrolyte. Compared to batteries, the electrode of ES remains
relatively unchanged during charge/discharge cycles, which gives ES excellent cycle
stability. The capacitive performance of an ES device is determined by the electrode,
electrolyte, and cell configuration [116]. In general, the application of supercapacitor
was assembled using two electrodes (cathode and anode), current collector, elec-
trolyte, and separator. A supercapacitor can be further classified as electrical double
layer capacitor and the pseudocapacitor according to the different charge storage
mechanisms.

3.2.1 Energy Storage Mechanism

Generally, ES can be classified into two types, (i) electrochemical double-layer
capacitors (EDLCs, non-Faradaic) and (ii) pseudocapacitors (or) redox-based
electrochemical capacitors (Faradaic). In addition, hybrid systems were developed,
which combined Faradaic and non-Faradaic process for the charge storage.

Electrochemical Double-Layer Capacitors (EDLCs)

Electrochemical double-layer capacitors (EDLCs) have a similar structure to that of
conventional electrostatic capacitors, which store the charge by a non-Faradaic
process. Due to the non-Faradaic character, there is no limitation caused by elec-
trochemical kinetics. Therefore, the EDLCs have a higher power density than
pseudocapacitors and higher energy density than electrostatic capacitors. In EDLCs,
the dielectric is replaced by the electrolyte and the charge does not accumulate on
two conductors. Instead, the charge accumulates at the interface between the surface
of the conductor and electrolyte as shown in Fig. 17. The accumulated charge
hence forms an electric double-layer, the separation of each layer being of the order
of a few Angstroms [20]. The obtained capacitance corresponds to the double-layer
model was proposed by Helmholtz, in which the double-layer consisted of charged
electrode and ions in the electrolyte. The specific capacitance of the Helmholtz
model depends on the surface area, the dielectric constant, and thickness of the
double-layer. During the charging process, the electrons travel from the negative
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electrode to the positive electrode by the applied potential window. Within the
electrolyte, cations move towards the negative electrode while anions move towards
the positive electrode [117]. The EDLC of the carbon electrode is made of high
surface-area materials, such as porous carbon or carbon aerogels. The porous car-
bon electrodes provide the greatest surface area and exhibit a very short distance
between electrode and electrolyte. The large surface-areas of porous carbon elec-
trodes have been reported to be as 1000–2000 m2/g in recent studies.

Pseudocapacitor

Redox pseudocapacitive behavior occurs when ions are electrochemically adsorbed
onto the surface or near the surface of a material with a concomitant faradaic
charge-transfer. Metal oxides, such as Bi2O3, NiO, Co3O4 and MnO2 as well as
conducting polymers (Polypyrrole and polyaniline), are classic examples of redox
pseudocapacitive materials, which are currently under extensive research.
Intercalation pseudocapacitance is a result of ion intercalation into tunnels or layers
of a redox-active material, accompanied with faradaic charge transfer process but
with no crystallographic phase change [118]. A redox-based electrochemical
capacitor is called as pseudocapacitor, of which capacitance arises at electrode
surfaces where a completely different mechanism is recognized from the other
charge storage mechanism. It is not just an accumulation (or deficiency) of

Fig. 17 Schematics diagram of energy storage mechanisms
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electrostatic charge at the interfaces of two electrodes as the double-layer type of
capacitor. When an external potential is applied to a pseudocapacitor, a fast and
reversible redox reaction occurs on the electrode. It involves the passage of charge
between electrode and electrolyte. The mechanisms of charge and discharge of a
pseudocapacitor are similar to what occurs in batteries (Table 2).

3.2.2 Electrolyte

The electrolyte, which exists in between the two electrodes and the separator, is also
one of the most important components in ES. The electric conductance of the
electrolyte reflects the equivalent series resistance (ESR) of the device and thus its
power output characteristics. The requirements for the selection of an electrolyte in
ES include good electric conductance, high ionic concentration, wide voltage
window, high electrochemical stability, low toxicity, and low-cost as well as high
purity [119]. The two principal factors involved in conductance of the electrolyte
are the concentration of free charge carriers and the ionic mobility, which are in turn
determined by the solubility of the salt in the solvent and the degree of dissociation
of dissolved salts. Three stages of ion pairing depend on the extent of retention of
solvation. Hydration shell contact provides a high fraction of salts as free charge
carriers of electric current. The distance of the solvated ions could be significantly
reduced when their solvation shells become shared. In poorly solvating solvents, the
plus (+) and minus (−) ions come into a contact situation [120]. The conventional
liquid electrolytes are used in an ES and they can be classified into three types:
(1) aqueous electrolyte, (2) organic electrolyte, and (3) gel electrolyte (or) polymer
electrolyte in Fig. 18. Recently, the solid electrolyte or gel electrolyte was obtained
from the proton-conducting polymer, which attracted a great attention for the
fabrication of solid state of ES.

Table 2 Comparison of EDLCs and pseudocapacitor

Double-layer capacitors (EDLCs) Pseudocapacitor

Non-Faradaic process Faradaic process

20–50 lF cm−2 2000 lF cm−2 for single-electron transferred
process; 200–500 mF cm−2 for multi-electrons
transferred process

Capacitance is fairly constant with potential,
except for the point of zero charges (PZC)

Some single-state materials exhibit marked
maximum capacitance

Highly reversible charging/discharging Quite reversible but has intrinsic electrode
kinetic rate limitation

High power compared to pseudocapacitor High energy compared to EDLCs
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Aqueous Electrolyte

The aqueous electrolytes, such as H2SO4, KOH, KCl, and Na2SO4, have advan-
tages of low resistance and high ionic concentrations in comparison with organic
electrolytes. ES fabricated by the aqueous electrolyte could provide higher power
than organic electrolytes due to high conductivity. Furthermore, the aqueous
electrolyte can be prepared and utilized without stringently controlling the prepa-
ration conditions, while the organic electrolytes need strict processes to obtain an
ultra-pure electrolyte. However, the limitation of the aqueous electrolyte is the
small voltage window. To improve the voltage window of ES, many efforts have
been made to investigate environmentally friendly and cost-effective natural
aqueous electrolyte. The results showed that the enlarged voltage window of 1.8–
2.2 V was obtained [122, 123].

Organic Electrolyte

The main advantage of organic electrolytes over aqueous electrolyte is large voltage
window as high as 3.5 V. Higher voltage window can increase the energy density
because the energy density is proportional to the square of voltage. Nevertheless,

Fig. 18 Schematic diagram of different types of electrolyte [121]
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most organic electrolytes have the drawbacks of high electric resistance, small
power capability, and complex production conditions. Among organic electrolyte,
acetonitrile and propylene carbonate (PC), triethylmethylammonium tetrafluorob-
orate (TEMABF4) are most commonly used solvents. Studies have been made to
investigate the relationship between nano-structured activated carbon and the
capacitive performance in different electrolytes. As a result, the capacitance of
activated carbon compared in aqueous electrolytes (100–300 Fg−1) and organic
electrolytes (50–150 Fg−1). Since the effective size of the electrolyte ions of organic
solutions is much larger compared with those in water, the number of pores
increases in organic electrolytes that are smaller than the ions and decreases the
number of pores not contributing to the charge storage. Moreover, the wettability of
the electrode belongs to the chemical affinity occurring between the organic elec-
trolyte and electrode surface [124].

Gel Electrolyte or Polymer Electrolyte

The conventional ES consists of two electrodes with a separator between them in an
aqueous or organic electrolyte. However, the liquid electrolytes suffer two major
drawbacks for practical applications. Firstly, the electrolyte leakage may lead to a
reduction in specific capacitance, degradation of electrochemical performance, and
even contamination to nearby circuits. Secondly, ES in such configuration is not an
integrated one and not able to move relative to each other under strong flexibility.
Therefore, all-solid-state ES prepared by the incorporation of gel electrolyte was
proposed to provide safe operations for printable, flexible, and wearable devices
applications. Commonly, an effective way towards gel electrolyte is to add a
polymer, such as polyvinyl alcohol (PVA), polyethylene glycol (PEO), and
polyvinylpyrrolidone (PVP), into a proton conducting aqueous solutions, which fix
water molecules via the formation of 3-D hydrophilic polymer networks.
Significant efforts have been dedicated to developing all-solid-state flexible ES,
including film, paper, textile, woven cotton, and fabrics. The increase of proton
conductivity for all-solid-state ES is of significance for the development of
high-performance ES. The high proton conductivity of polymer electrolyte could be
achieved by the fabrication of the thin film with a high degree hydration. Many
efforts have been made to improve the water retention capability and reduce the
sensitivity to the environment of polymer electrolyte [125].

3.2.3 Metal Oxide on RGO for Supercapacitors Applications

The RGO electrode materials succeeded greatly in both academic and industrial
research work for the manufacturing of energy storage devices. The RGO nanos-
tructures were prepared by the lamellar microstructure for the restacked layer of
graphene materials. The electrochemical reaction substantially improves the RGO
NPs due to numerous conductivity paths of graphene morphology and greater
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surface areas with mesoporous architecture. Therefore, the most favorable for
interfacial charge transfer is enhanced in between the electrolyte and graphene
materials [126, 127]. The pseudocapacitive performance of metal oxide NPs
appears with sufficient amount improved by the multiple-pore channel and sufficient
surface activities present in the RGO morphology. Thus, both capacity and cyclic
stability can be enhanced at high charge/discharge rates. The RGO nanoarchitecture
is suitable to support redox species of metal oxide NPs, and this type of integrated
anode architectures are promising candidates for a novel pathway to the fabrication
for future electrode materials of supercapacitor application [128]. The positive
charge of nanosized metal oxide nanoparticle is dispersed on negatively charging
with RGO nanostructures framework. Therefore, this kind of hybrid materials has
shown ultimate performance for the technology of electrochemical capacitive
devices. Furthermore, preventing the agglomeration of metal oxide NPs can afford
to increase specific surface area (SSA) and the benefit of their superior interfacial
contact with the electrolyte solution will allow the fast ion and electron transport.
Inspired this, the most common strategy for that construction of metal oxide sup-
ported carbon skeleton nanocomposites have more advantages for synergic effect
on the electrodes for supercapacitor application [129, 130].

The RGO materials (EDLCs) were employed for both anode and cathode
electrode materials in supercapacitors. The ASC technology hindered by the low
specific capacitance and electrical conductivity, charging/discharging rate, decrea-
ses electrochemical kinetics and the energy density [131, 132]. These drawbacks
have been overcome by using inexpensive transition metals oxides, such as Bi2O3,
MoO3, MnO2, Co3O4, and so forth, and those exhibit the highest specific capaci-
tance (SC), multiple oxidation states, and excellent reversibility [133, 134]. The
above benefits were made via the metal oxide supported RGO nanocomposites by
the guest materials (organic or inorganic species) combined/incorporated into the
RGO surface or either throughout the RGO framework. Thus, the metal to carbon
(M–C) bond formed by the ‘P’ orbitals of RGO could overlap with the vacant
hybridized orbitals (sp, sp2, and sp3) of metal oxide. On the other hand, the overall
capacitive performance has been considerably improved by the nano size of the
metal oxide particles with excellent surface areas of RGO nanosheets.

Bi2O3 on Reduced Graphene Oxide

The Bi2O3 nanoparticles dispersed on RGO nanosheets were synthesized by the
solvothermal method and followed via different calcination temperatures.
Furthermore, the electrochemical performance of Bi2O3/RGO nanoelectrode was
used in an electrochemical workstation. The reduced size of the Bi2O3 nanoparticles
have well-defined crystallinity as shown in SEM images of Fig. 19a, b and those
are uniformly dispersed on RGO nanosheets by suitable calcination temperature of
350 °C. At this temperature, the perfect morphology of Bi2O3/RGO electrode
materials is measured in 6 M KOH electrolyte solution for a suitable potential
window. The Bi2O3/RGO anode materials can achieve the specific capacitance of
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617 Fg−1 at a current density of 1 Ag−1, which indicated that the Bi2O3/RGO
nanoelectrode could be greatly used for supercapacitor materials as shown in
Fig. 19c, d [135].

The positive electrode of Ni(OH)2/GS and negative electrode materials of Bi2O3/
GS were prepared by a chemical bath deposition method. As a result, the Ni/Bi
battery exhibited a high discharge capacity and excellent rate capability. Asymmetric
battery achieved with the high energy and power density of 83.2 Wh kg−1 at a
143 W kg−1 can remain 60.1 Wh kg−1 at a 2609 W kg−1, which is demonstrated as
promising candidates for energy storage devices [136]. A novel and facile route of
Bi2O3 nanoparticles supported RGO nano composites were prepared by solvother-
mal method as displayed in Fig. 20. As prepared electrode materials were obtained
from the negative charging of RGO NPs dissolved in N, N-dimethyl formamide
(DMF) solution and positive charge of Bi-Cations present in 180 °C. After that, the
final product of Bi2O3 nanoparticles supported RGO NPs image of Fig. 20a–b was
involved in electrochemical measurements. The GCD and cycle life results show the

Fig. 19 a, b is an SEM image and c, d is a CV and GCD test of Bi2O3/RGO anode materials
[135]
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specific capacitance of 255 Fg−1 and 65% capacitance retentions after 1000 cycles at
1 Ag−1, which can compare with the pure graphene of 71 Fg−1 as presented in
Fig. 20c–d. The loaded Bi2O3 nanoparticles can achieve the specific capacitance of
757 Fg−1 at 10 Ag−1 [137].

Co3O4 on Reduced Graphene Oxide

The Co3O4 nano hexagons derived from the metal-organic framework (MOF) were
incorporated into the RGO nanosheets through the hydrothermal route as shown in
Fig. 21. The Co3O4 hexagons were located uniformly on the RGO nanosheets to
help the electron accessibility of the electroactive materials. The as-synthesized

Fig. 20 The low and high magnification of the TEM image shown in a–b, c is a specific
capacitance (Fg−1) versus current density (Ag−1), and d cycle number versus specific capacitance
of Bi2O3/RGO nanosheets [137]
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electrode materials can achieve the specific capacitance of 1300 Fg−1 at a current
density of 4 Ag−1 using in 0.1 M KI electrolyte solution. The asymmetric super-
capacitor also exhibited the high energy and power density of 65.8 Wh kg−1 and
2048 W kg−1, respectively. The 80.5% capacitance retention was exhibited even
after 5000 cycles at a current density of 4 Ag−1 [138]. The graphene wrapped cobalt
oxide-intercalated (GWCI) hybrid structure was synthesized in Fig. 22 using
microwave irradiation for supercapacitor applicaiton. The GWCI nanostructure was
used to prevent the agglomeration of metal oxide nanoparticles on the RGO sur-
faces. Additionally, the GWCI electrode materials displayed remarkable cyclic
stability over 1000 cycles and greatest rate capability. Besides, the corresponding
hybrid materials exhibited high energy and power density of 986.32 W/kg and
52.84 Wh/kg, respectively [139].

Fig. 21 A schematic diagram of the preparation process of RGO-Co3O4 for high-performance
supercapacitor applications and inset comparison study of GCD curve [138]
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Furthermore, the Co3O4 nanocube supported RGO nanocomposite was prepared
by the hydrothermal method and the FE-SEM images are shown in Fig. 23. This
study was to investigate different molar concentration of cobalt precursor solution
for supercapacitor application. The as-prepared electrode of Co3O4 nanoparticles
exhibited an average crystallite size of 45 nm and excellent interaction of RGO
nanosheets as revealed in Fig. 23a–b. Moreover, the electrochemical performance
of Co3O4 nanocube/RGO was examined by electrochemical workstations. The
maximum specific capacitance 278 Fg−1 was obtained at 200 mAg−1. The excellent
long-term cyclic stability was exhibited after 2000 cycles, which demonstrates the
capacitance retention of 91.6% and have the excellent rate capability as presented in
Fig. 23c–d. These results suggested that the Co3O4 nanocube intercalated RGO
matrix play a good role in improved energy storage capability [140].

The porous Co3O4 nanoparticles intercalation of layer-by-layer on RGO
nanosheets under vacuum filtration with the subsequent thermal annealing is shown
in Fig. 24. The resulting electrode materials were presented in high structural
integrity for employing a self-electrode. The porous Co3O4/RGO is promising
electrode materials for electrochemical performances due to highly conductive
nature of RGO nanosheets, short ion diffusion path of porous Co3O4, strong
electrostatic force interaction occurring in between the two layers, and greater
ion-accessible areas. The Co3O4/RGO electrode exhibited the maximum specific
capacitance of 623.8 Fg−1 at a scan rate of 5 mVs−1. After that, the capacitance
retention remains 87% after 1000 cycles at 20 mVs−1 due to their excellent cyclic
stability and reversibility [141].

Fig. 22 Schematic illustration of the three-step process for the formation of graphene wrapped
Co3O4 monohybrid for supercapacitor application [139]
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MnO2 on Reduced Graphene Oxide

The MnO2 nanosheets dispersed on RGO nanocomposites electrode was prepared
by the co-precipitation method. Due to the surface charges exchange, RGO
nanosheets was used to poly (diallyldimethylammonium chloride (PDDA)) with a
negative charge of MnO2 nanosheets. However, the composite materials exhibited
an excellent capacitive performance than pure electrode materials. Obviously,
Fig. 25d shows the 89% of original capacitance retention was retained after 1000
cycles due to the good cyclic stability. As shown in Fig. 25a, the CV curves of
MnO2/RGO exhibited rectangular shape of RGO curves and combined with the
small redox peak of MnO2. Based on CV curves, we can see that the MnO2/RGO
exhibited the highest specific capacitance than pure RGO and MnO2. Furthermore,
the triangle shape of the charge/discharge curves were obtained in Fig. 25b and
lower resistance values of impedance spectrum indicated the higher electrical
conductivity of MnO2/RGO composite presented in Fig. 25c [142]. The novel
graphene wrapped (GW) MnO2 hybrid materials was synthesized by the
honeycomb-like MnO2 nanospheres associated with the graphene nanosheets
through the electrostatic co-precipitation methods. Furthermore, the GW-MnO2
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Fig. 23 a CV, b GCD results and c–d FE-SEM images for lower/higher magnification of Co3O4

nanoparticles dispersed on RGO nanosheets [140]
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hybrid materials exhibited the maximum specific capacitance for 210 Fg−1 at
0.5 Ag−1 due to the pseudocapacitive properties associated with the excellent
electrical conductivity of the electrical double layer (EDL) properties. These hybrid
materials exhibited the 82.4% capacitance retention after 1000 charge-discharge
cycles [143]. The positive electrode of RGO/MnO2 and the negative electrode of
RGO/MoO3 in the aqueous electrolyte of 1 M Na2SO4 were fabricated as an
asymmetric supercapacitor.

The maximum operating voltage was obtained due to the synergetic effect on
highly conductive RGO-Ns and pseudocapacitive nature of metal oxides nanoparti-
cles. The hybrid nanostructure of RGO/MnO2//RGO/MoO3 achieved the operating
voltage window 2.0 V, which displayed the energy and power density of
42.6 Wh Kg−1 at 276 W Kg−1 andmaximum specific capacitances 307 Fg−1. Owing
to the micro-porous nanostructure, better charge transport enhanced the capacitive
performance. This study demonstrated that hybrid materials follow promising route
for next-generation supercapacitors with high energy and high power densities [144].
The needle-like MnO2 supported graphene nanomaterial has been synthesized
through the simple route of water-isopropyl system. Moreover, the as-prepared
nanomaterials were found with the excellent electrochemical performances due to the
respectable chemical interaction between the GO and MnO2. The as-prepared elec-
trode materials achieved the specific capacitances of 216 Fg−1 at 150 mAg−1 and
84.1% capacitance retention remains after 1000 cycles in 1 M Na2SO4 [145].

Fig. 24 Synthesis procedure of the bioinspired Co3O4 nanoparticles dispersed on RGO layered
composite films [141]
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MoO3 on Reduced Graphene Oxide

The porous-RGO/MoO3 nanocomposites were prepared by the scalable and con-
venient methods using MOF as a precursor. The obtained RGO/MoO3 nanocom-
posites were employed in supercapacitor application. Furthermore, the specific
capacitance can achieve 617 Fg−1 at 1 Ag−1 and 87.5% capacitance retention after
6000 cycles at 6 Ag−1 due to the more active surface area for the redox reaction,
leading to an enhanced electrochemical performance. Therefore, this nanocom-
posite can be used for excellent cyclic stability, rate capability, and a long cycle of
supercapacitor for practical application of energy storage devices [146]. The RGO/
MoO3 hybrid nanomaterials exhibited the high specific capacitance 724 Fg−1 at
1 Ag−1 using 12 wt% of RGO. The density functional theory has demonstrated that
RGO-Ns (Cpz) sub-orbitals can reach the near Fermi-level via the introduction of

Fig. 25 a CV, b GCD, c EIS, and d cycle life of FRGO-p-MnO2 [142]
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RGO in MoO3, which is responsible for the enhanced capacitance on RGO/MoO3

hybrid electrode materials [147]. The transition metal oxide nanorods/RGO hybrid
materials were prepared by the scalable wet-spinning method. Moreover, the neg-
ative electrode of RGO/MoO3 materials might be employed as an asymmetric
supercapacitor. Then, the optimized asymmetric supercapacitor exhibited the
potential window of 1.6 V and delivered the high energy and power density of
18.2 mWh cm−3 at a 76.4 mW cm−3 [148]. The asymmetric supercapacitor
exhibited the remarkable cyclic, flexibility, and mechanical stability.

The morphological details were further analyzed in HRTEM images, which
displayed the MoO3 nanocrystals strongly anchored on RGO nanosheets. As shown
in Fig. 26a–b, those have demonstrated that the hybrid MoO3/RGO displayed a
highly wrinkled surface and well-defined lattice fringes for 0.38 nm, which is
consistent with the (110) crystalline planes of MoO3 perpendicular to the RGO
nanosheets as shown in Fig. 25c. The crystalline planes of MoO3 [010] direction
are anisotropically grown on RGO nanosheets as seen in Fig. 26e–f. The octahedra
crystalline structure of MoO3 was formed by the van der Waals forces involved in
the bilayer sheets as shown in Fig. 26d [149] (Table 3).

Fig. 26 The low and high-resolution TEM images of MoO3/RGO nanosheets for a–b, c STEM
image of MoO3/RGO nanosheets, d schematic of MoO3 self-assembled on RGO nanosheets, e and
f schematic diagrams of MoO3 bonding with RGO nanosheets [149]
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4 Conclusion and Perspectives

The recent development of reduced graphene oxide (RGO)-based metal/metal oxide
nanocomposites for energy conversion, storage, and various electrochemical
applications has been significantly driven by their unique structural features, unu-
sual physicochemical properties, high stability, and low cost. Moreover, the
bottom-up strategies can yield a single layer, defect-free graphene, though they are
not suitable presently for bulk synthesis of RGO generally required for large-scale
production of RGO-based materials. Therefore, considering the great demand for
the bulk production of RGO, top-down approaches have gained much attention.
Various types of RGO-based metal/metal oxide nanocomposites are synthesized

Table 3 Literature survey for a comparative study of the metal oxide nanostructure supported
graphene hybrid materials for supercapacitor applications [CR-capacitance retention]

Electrode Electrolyte Specific
capacitance

Cyclic stability Rate
capability

Ref.

Bi2O3/GS 6 M KOH
(−1.0 to
−0.2)

617 Fg−1 at
1 Ag−1

30% CR after 1000
cycles at 5 Ag−1

419 Fg−1 at
10 Ag−1

[135]

Bi2O3/GS 6 M KOH
(−1.0 to 0)

272 Fg−1 at
0.5 Ag−1

– 220 Fg−1 at
20 Ag−1

[136]

Bi2O3/RGO 6MKOH
(−0.9 to 0)

255 Fg−1 at
1 Ag−1

65% CR after 1000
cycles at 20 mVs−1

198 Fg−1 at
10 Ag−1

[137]

Co3O4/
RGO

0.1 M KOH
(−0.1 to 0.4)

1300 Fg−1 at
4 Ag−1

80.5% CR after 5000
cycles at 4 Ag−1

130 Fg−1 at
8 Ag−1

[138]

Co3O4/
RGO

0.5 M
BMIM-BF4/
CH3CN
(0 to 1.4)

712 Fg−1 at
1 Ag−1

55% CR after 10,000
cycles at 7 Ag−1

590 Fg−1 at
1 Ag−1

[139]

Co3O4/
RGO

1 M KOH
(0 to 0.6)

278 Fg−1 at
200 mAg−1

91.6% CR after 2000
cycles at 3 Ag−1

145 Fg−1 at
300 mAg−1

[140]

Co3O4/
RGO

2 M KOH
(0 to 0.6)

623.8 Fg−1 at
5 mVs−1

87% CR after 1000
cycles at 20 mVs−1

440.4 Fg−1

at 20 mVs−1
[141]

MnO2/RGO 1 M Na2SO4

(0 to 1 V)
188 Fg−1 at
0.25 Ag−1

89% CR after 1000
cycles at 4 Ag−1

130 Fg−1 at
4 Ag−1

[142]

MnO2/RGO 1 M Na2SO4

(0 to 1 V)
210 Fg−1 at
0.5 Ag−1

82.4% CR after 1000
cycles at 10 mVs−1

147 Fg−1 at
5 Ag−1

[143]

MnO2/RGO 1 M Na2SO4

(−0.2 to 1 V)
350 Fg−1 at
200 mAg−1

– 162 Fg−1 at
10 Ag−1

[144]

MoO3/RGO 1 M H2SO4

(0 to 0.8 V)
617 Fg−1 at
1 Ag−1

87.5% CR after 6000
cycles at 6 Ag−1

374 Fg−1 at
10 Ag−1

[146]

MoO3/RGO 3 M KOH
(0 to 0.6)

724 Fg−1 at
1 Ag−1

87% CR after 800
cycles at 1 Ag−1

498 Fg−1 at
6 Ag−1

[147]

MoO3/RGO 1 M H2SO4

(−0.8 to 0 V)
321.8 F cm−3

at 2 mVs−1
97.6% CR after 5000
cycles at 1 A cm−3

130 F cm−3

at 50 mVs−1
[148]
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with a special focus using a top-down approach and the properties are characterized
by various techniques as discussed in details. Although a great progress has been
made in the synthesis and electrochemical applications of RGO-based metal/metal
oxide nanocomposites, problem and challenges are still remaining in the research
field. First, the well-defined precise noble metal nanostructure with small size,
abundant structural characteristics, and good dispersion on the RGO surface are
greatly desirable for applications. However, the controlled synthesis of noble metals
with novel nanostructures remains a big challenge. Second, the exact mechanism of
how RGO composite is prepared, as a synthetic template for the direct growth of
well-defined metal/metal oxide architectures on the RGO surface, is still unclear.
An unambiguous understanding of such a mechanism will significantly contribute
to the rational design and synthesis of high-performance electrocatalysts and stor-
age materials. Last but not least, the state of the art for the synthesis of novel
RGO-based noble metal/metal oxide nanocomposites has only been realized on the
small scale. Developing new methods to produce both RGO nanosheets and metal/
metal oxide nanostructures in a low-cost, large-scale, and environmentally friendly
manner is extremely important toward the practical implementation of these elec-
trocatalysts and energy storage materials. In this chapter, we have discussed the
current development of RGO-supported transition metal/metal oxide nanocom-
posite materials for their electrocatalysts and supercapacitor applications, including
their synthesis, key properties, and major applications. Therefore, reduced graphene
oxide-based metal and metal oxide composites with anchored, encapsulated,
wrapped, layered, and mixed structures have an enormous potential for many
industrial applications and they are commercially feasible compared with
nanocomposites using other carbonaceous materials. Overall, developments in the
quality of reduced graphene oxide will ultimately lead to the synthesis of uniform
nanocomposites, which can be fine-tuned for various potential applications, such as
electrochemical energy storage/conversion, electrochemical sensors, and so on.
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Functionalized Graphene-Metal
Nanoparticles Nanohybrids
as Electrochemical Sensors

Ankita Sinha, Dhanjai, Jiping Chen and Rajeev Jain

Abstract Graphene (GR) and its derivatives are highly interesting carbon nano-
forms which possess layered morphology and unique structural/chemical/physical
features. These extraordinary properties make GR materials highly applicable for
multiple scientific applications, however, zero band gap, hydrophobic nature are
among few limitations which make its functionalization a mandatory step to expand
its practical applications. To achieve the best out of GR materials, different covalent
and noncovalent functionalization schemes have been proposed governed by dis-
ruption of sp2 lattice in case of covalent scheme and retention of its structural
integrity in case of noncovalent functionalization. The chapter addresses a brief
discussion on different GR functionalization schemes. Moreover, it focuses on
noncovalently functionalized GR nanohybrids with metal based nanoparticles
(MNPs) as electrochemical sensors taking some relevant examples. Synergistic
effects of GR materials and MNPs enhance the electro-activity of nanohybrids for
electrochemical detection of different targets.
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1 Introduction

Graphene (GR) is interestingly one of the most popular carbon allotropes arranged in
a honeycomb pattern. It is two-dimensional sp2 hybridized sheet of carbon atoms
which has been extensively studied and experimented since its discovery in 2004.
GR is considered highly promising for multiple scientific applications with unique
layered morphology and superior chemical/thermal/mechanical properties [1, 2]. GR
is commonly prepared using top down (e.g. chemical vapor deposition) and bottom
up (e.g. micromechanical exfoliation) approaches [3, 4]. In top-down approach, the
stacked 3D graphite layers are exfoliated by physical/chemical/thermal treatments
and are able to produce large quantities of GR. However, it is difficult to produce
single-layered GR through these methods. In contrast, bottom up approaches can
produce GR sheets of better quality and larger surface areas by growth on suitable
substrates. However, in these methods, GR is subjected to high temperature and
pressure under suitable experimental conditions. There have been various reports
available discussing different synthetic approaches for GR production. Graphene
oxide (GO) is the oxidized form of GR in which oxygen atoms are bound with the
carbon scaffold (Fig. 1a). Interestingly GR is considered to be hydrophobic while
GO is hydrophilic in nature. Notably, it is the basic difference between GR and GO,
however, GO possesses both sp2 (aromatic) and sp3 (aliphatic) domains [5].
Graphene oxide (GO) has been also used as a precursor to prepare GR. In general,
GO is obtained by the Hummers and Offeman method [2]. 3D graphite layers which
possess various hydroxyl, epoxy and carboxylic groups at basal and edges planes,
can be easily converted into graphite oxides by chemical treatments. The hydrophilic
graphite oxides are then subjected to thermal exfoliation/sonication in water fol-
lowed by the reduction of the GO generating reduced form of GO (rGO). A multi
layer GR material contains about 5–10 stacking layers. GO is single-layered with
high oxygen functional groups classified by carbon-oxygen (C/O) atom ratio which
is less than 3.0 and close to 2.0 whereas rGO shows higher C/O ratio than GO [3].
Both GR and GO materials are highly applicable to multiple applications such as
catalysis, energy, flexible electronics, sensors etc. due to their superior ion transport
properties, mechanical/thermal strength and high surface-to volume ratio. Recent
studies suggest superior catalytic activities of GR materials over other carbon
nanoforms [1]. Owing to their high surface area, GR/GO provides an excellent
interface for immobilization of highly dispersed nanomaterials for the fabrication of
variety of transducing interfaces in sensing devices [3]. However, zero band gap and
hydrophobic nature of GR weaken the competitive strength of GR for their appli-
cation as sensors [4]. Further, it is easy for pristine GR to aggregate due to delo-
calized p electron system and large surface area making it difficult to be dispersed.
Therefore, band gap opening and avoiding aggregation of GR is necessary for
expanding their potential utilization in sensing and biosensing applications.
Moreover, GO is an insulator due to the disruption of the p-orbital structure during
oxidation reactions and thus is not suitable for electronic applications. This enables
the production of rGO highly important for fabricating GO based electronics.
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Therefore, functionalization and dispersion of GR materials are of critical impor-
tance for their potential practical applications. This can be done by suitable func-
tionalization strategies which include various covalent and noncovalent schemes
which can be very effective to achieve best performances out of GR/GO materials
[3–5]. Different functionalized GR hybrid materials with metal/carbon/polymer/
quantum dots/magnetic nanomaterials have been fabricated to improve their phys-
ical and chemical properties. However, the present chapter emphasizes on func-
tionalized GR hybrids with metal based nanomaterials for electrochemical sensing
applications taking some relevant examples. The following sections provide brief
discussion of different functionalization methods (covalent and noncovalent) of GR
materials and their modification modes.

Fig. 1 a Graphene oxidation to graphene oxide, b (i) p–p interactions face to face (ii) slipped
interactions, (iii) C-H-p interactions in benzyl molecules (black balls represent carbon atoms while
orange balls represent hydrogen atoms), c presentation of p–p stacking and hydrophobic
interactions in GO [5]. Reprinted with permission from Ref. [5]
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1.1 Covalent Modifications of GR/GO

There has been massive literature survey for emerging applications of GR and GO
surfaces modified through covalent bonds and noncovalent interactions [3–5].
Covalent functionalization disturbs the sp2 domain of GR lattices and results in the
formation of defects and loss of electronic properties. Covalent functionalization
generally includes addition of free radicals or dienophiles to the sp2 lattice of GR
materials. GR functionalization by free radical addition usually involves thermal and
photochemical treatments. The addition reaction converts carbon atoms of GR from
sp2 to sp3 hybridization form and changes their electronic conductivity by disrupting
their aromaticity. Lomeda et al. [6] reported addition reactions of aryl diazonium
salts into GR lattice to produce covalently functionalized GR materials. Further,
cyclo-addition reactions of GR with dienophiles such as aziridine [7], azomethine
ylide [8], carbene and aryne [9] have been successfully applied to produce covalently
functionalized GR materials. During cyclo-addition reactions, bond breakage and
bond formation processes occur simultaneously through pericyclic reactions which
significantly widen the band gap and improve the solubility of GR in aqueous/
organic solvents for practical applications. Commonly, [2 + 1] cyclo-addition of
carbenes and aziridines, [2 + 2] cyclo-addition of arynes, [3 + 2] cyclo-addition of
azomethine ylide and [4 + 2] Diels-Alder reaction are used for GR functionalization
[2]. Moreover, covalent linkage of functionalities such as chromophore, polymers
and other organic molecules to GO has been also reported [4]. Oxygen moieties such
as carboxylic (–COOH), hydroxyl (–OH) and epoxide groups at GO surface and
edges of GR can form covalent bonds with amino groups of different biomolecules
through carbodiimide reaction with 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC) or N,N-dicyclohexyl-carbodiimide (DCC) in the presence of N-
hydroxysuccinimide (NHS). The produced active esters can react with the amine
groups of biomolecules such as poly-L-lysine [10], DNA [6], proteins [9],
aminocyclodextrin [11] to form amide bonds and to develop GR functionalized
novel electronic sensing interfaces. Covalent attachments of hydrogen or halogen to
GR derivatives such as graphene/flourographene have been also reported to produce
functionalized GR materials [4].

1.2 Noncovalent Modifications of GR/GO

Noncovalent functionalization schemes of GR introduce new chemical groups on
its surfaces without compromising its sp2 lattice and electronic properties. These
schemes lead to enhanced dispersibility and electro-catalytic reactivity of GR for
redox applications. The noncovalent functionalization of GR/GO is generally based
on p–p or van der Waals interactions with organic molecules/polymers. While p–p
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interactions are more common between GR/GO and molecules with similar p
systems, the van der Waals interactions occur between GR/GO and molecules of
high hydrophobic character [5]. The p–p interactions in GR are seen in the
face-to-face and edge-to-face arrangement of the electron-rich and electron-poor
regions as shown in Fig. 1b. These interactions can further influence the func-
tionalization of GR with other small molecules (e.g. drugs, biomolecules, polymers)
or nanomaterials. Apart from p–p interactions, it is reported that there is also
possibility of CH-p interactions occurring at edges planes of GR. Similar kind of p
interactions are supposed to occur in GO however unlike GR, additional interac-
tions (e.g. ionic, hydrogen bonding) are also reported due to the addition of
hydrogen bond donors-acceptor species from different functional groups (e.g.
epoxides, ethers, alcohols, carboxylate, carboxylic). Figure 1c shows the presence
of oxygen functional groups at the edges that can help in additional binding.

For a noticeable p–p interactions between GR/GO and organic molecules, their
planarity play a significant role. For example, pristine GR monolayer which has a
rich extended aromatic p system and planar geometry, interact firmly with small
aromatic molecules. GO is considered as a nonaromatic surface with sp3 carbon
atoms with sp2 domains while rGO possess aromatic character to some extent.
Existence of the sp3 carbon atoms of GO allows it to deviate from the planarity and
its ability to interact with aromatic species. However, interactions of GR with p
systems vary greatly depending upon the substituents of aromatic molecules, their
electron donating/withdrawing ability, size and planarity. Apart from p–p interac-
tions, noncovalent functionalization of GR materials include van der Waals forces
towards hydrophobic molecules (e.g. surfactants, ionic liquids, macromolecules)
which help to produce GR hybrid materials soluble in aqueous or organic solvents.
The similar behavior is not supposed to occur in GO (as it is hydrophilic) but likely
to occur in rGO which possess some aromatic character and hydrophobicity.
Furthermore, as discussed earlier, GO contains oxygen moieties (mainly carboxy-
late and hydroxylate) at the edges which take part in ionic/hydrogen bonding with
ionic molecules or macromolecules. To some extent this behavior is also noticed in
rGO. The hydrophobic interactions (van der Waals) of GR or rGO with the aliphatic
part of surfactants results in enhanced stability in aqueous medium. However,
interaction of an amphiphilic molecule with GR materials is characterized by ionic
interactions where the hydrophobic part enhances their stability in organic solvents.
For example, interaction of GO/rGO with quaternary ammonium salts has been
demonstrated where polar heads were attached with carboxylate and hydroxylate
moieties of GO/rGO and aliphatic part stabilized their solubility and stability of
organic medium [4]. In past years, different noncovalent interaction modes of GR
materials with organic molecules/macromolecules (e.g. polymers, biomolecules,
carbon allotropes, metal based nanoparticles, magnetic nanoparticles, quantum dots,
2D GR analogues) have been justified to produce various GR/GO/rGO hybrid
materials for various practical applications [4].
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2 Functionalized Graphene-Metal Nanohybrids
as Electrochemical Sensors

Graphene based nanohybrids can be obtained through various synthetic methods
[12] such as electrospinning [13], chemical reduction [14], electrodeposition [15],
electrochemical doping [16], electrochemical polymerization [17], self-assembly
[18], in situ polymerization [19] etc. Synergetic effects of GR nanohybrids exert
enhanced surface area, high electronic and chemical properties making them suit-
able candidate for fabricating detection platforms. In this section, we discuss some
relevant examples of non-covalently functionalized GR nanohybrids with metal
based nanoparticles (MNPs) for fabricating electrochemical sensing interfaces.

Metal nanoparticles such as Au, Ag, Pt, Fe etc. are well known to exert high
electronic conductivity due to quantum effects. Noncovalent functionalization of
GR materials with such highly conductive MNPs significantly enhances their sta-
bility, dispersibility and redox activity than those of individual GR materials.
Preparation of GR-MNPs nanohybrids can be achieved by different strategies. For
example, one strategy involves firstly the production of GO nanosheets followed by
modification with MNPs and finally reduction of GO [20] while other strategy
involves reduction of GO and metallic ions in only one system [21]. However, both
strategies of preparing GR-MNPs hybrids involve highly complicated processes
(e.g. vacuum filtration, spray deposition, spin-coating, chemical vapor deposition)
and hazardous reducing agents (e.g. hydrazine hydrate, sodium borohydride) which
make the fabrication of GR-MNPs hybrids very difficult. To resolve this, a green
synthesis strategy was proposed in which glucose was used to reduce GO and
HAuCl4 in one liquid system to prepare rGO-AuNPs hybrid membranes on poly-
ethylene terephthalate (PET) substrate [22]. Formation of self assembled
rGO-AuNPs nanohybrid was mainly governed by the Brownian motion and elec-
trostatic interaction between rGO and AuNPs. It was observed that encapsulation of
AuNPs in the hybrid membrane could be tuned by changing concentration of
HAuCl4. Prepared rGO-AuNP hybrid membranes were found to be very stable in
various organic solvents and were used as nonenzymatic biosensor for ampero-
metric detection of hydrogen peroxide (H2O2). The rGO-AuNPs nanohybrid
biosensor showed high sensing performances for H2O2 detection within a wide
linear range from 0.25–22.5 mM with detection limit as low as 6.2 mM, high
selectivity and stability. Using similar self-assembly approach, rGO-AuNPs
nanohybrid was fabricated at liquid-air interface using sodium citrate and ammo-
nia to reduce GO and HAuCl4 simultaneously (Fig. 2) [23]. The prepared
rGO-AuNPs film was coated onto glass carbon electrode (GCE) and silicon wafer
which were utilized as nonenzymatic amperometric H2O2 biosensor. The detection
limit towards H2O2 at rGO-AuNP-GCE sensor was obtained as 1.7 lM in the
concentration range of 10–200 lM.

Furthermore, AgNPs have been also used for preparing various GR/GO
nanohybrids [24–26]. In a typical example, electrospinning technique was used to
fabricate polyvinyl alcohol (PVA) and GR nanohybrid membrane doped with
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highly dispersed AgNPs [25]. The PVA-GR-AgNP nanohybrid membrane was
directly electrospun onto the surface of GCE for nonenzymatic amperometric
detection of H2O2. In prepared GR-AgNPs hybrids, the GR sheets were firmly
decorated with AgNPs and well dispersed in the PVA nanofibers. This helped to
facilitate the electron transfer reaction at the electrode surface towards H2O2

detection in the linear detection range from 0.005–47 � 10−3 M to obtain a
detection limit of 0.56 � 10−3 M. In another study, rGO-AgNPs nanohybrid was
synthesized using microwave-assisted approach and utilized to modify GCE for the
sensitive and selective voltammetric detection of nitrite (Fig. 3a) [26]. The study
revealed that the rGO sheets were uniformly decorated with AgNPs all over its
surface (Fig. 3b, c) and showed high electroactivity towards nitrite. The sensor
showed high differential pulse voltammetric (DPV) response towards nitrite
detection with detection limit of 0.012 lM within the linear concentration range of
0.1–120 lM (Fig. 3d). Various other MNPs doped GR/GO interfaces have been
also applied for nitrite detection in past few years [27–36]. For example, nanohy-
brids of Co3O4 nanospindles doped rGO-GCE [27], AuNPs dispersed halloysite
nanotubes (HNTs) composites of rGO-GCE [28], dual metallic nanoparticles
Au-PdNPs doped rGO-GCE [29], Cu metal-organic frameworks (MOFs) based
CuMOF-rGO-GCE [30], PdNPs-rGO-GCE [31, 32], Cu nanodendrites-rGO-GCE
[33], Fe2O3-rGO-GCE [34, 35], and flower-like ZnO-rGO-GCE [36] based sensors
were successfully applied for electrochemical detection of nitrite using amperom-
etry [27–31, 33, 34, 36] and DPV [32, 34, 35].

In another gentle approach, a ferritin mediated biomimetic synthesis of FePt
nanoparticles on GR sheets was carried out in which GR sheets were modified with

Fig. 2 Systematic presentation of preparation of rGO-AuNPs nanohybrid [23]. Reprinted with
permission from Ref. [23]
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Fig. 3 a (i) Microwave assisted synthesis of AgNPs-rGO nanohybrid (ii) preparation of GCE
modified sensor for nitrite detection, b, c SEM of AgNPs-rGO nanohybrid, d (i) DPV of
AgNPs-rGO-GCE for nitrite detection (ii) calibration curve: current vs nitrite conc. [26]. Reprinted
with permission from Ref. [26]
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1-pyrenebutyric acid N-hydroxysuccinimide ester for efficient binding with ferritin
molecules [37]. The FePtNPs were synthesized by chemical reduction of metallic
Fe2+ and PtCl6

2− and utilized as modified GCE interface for ethanol and methanol
oxidation.

In addition, using hydrothermal approach, zinc oxide (ZnO) nanocrystals based
rGO nanohybrid was prepared for amperometric detection of hydrazine (N2H4) [38].
The size and shape of ZnO nanospindles on rGO surface was controlled by adjusting
the mass ratio of Zn2+ to rGO. The ZnO-rGO nanohybrid modified GCE sensor
showed improved sensing abilities towards N2H4 determination compared to pristine
ZnO sensor [39–42] suggesting synergistic effects of enhanced conductivity,
electro-catalytic activity of ZnO and rGO. The fabricated ZnO-rGO-GCE sensor
exhibited a rapid amperometric response to N2H4 in a linear detection range of 1.0–
33.5 mM with a detection limit of 0.8 mM. Further, a preparation scheme for
ZnO-rGOnanohybridwas reported by in situ thermal decompositionmethod inwhich
zinc benzoate dihydrazinate was used as precursor which was thermally decomposed
at the surface of rGO for voltammetric detection of glucose [43]. Moreover, cuprous
oxide (Cu2O) microspheres were successfully grown on the surface of rGO by
reducing Cu2+ and GO simultaneously in the presence of sodium ascorbate and
sodium hydroxide [44]. The size of the microspheres was controlled by tuning the
mass ratio of rGO and copper sulphate. The fabricated Cu2O-rGO-GCE sensor
exhibited high amperometric response to H2O2 in the linear detection range from
0.005 to 2.775 mMwith a detection limit of 0.0108 mM. Further, the sensor showed a
detection limit of 7.288 � 10−4mM for glucose detection in the linear detection range
from 0.001 to 0.419 mM. The sensor showed excellent detection performances
compared to other pristine Cu2O and Cu2O-GR nanohybrid sensors towards H2O2

[45–48] and glucose [46, 48] detection. Moreover, a novel nanohybrid of yttrium
oxide (Y2O3) and GO was used to modify GCE by drop casting technique for elec-
trochemical detection of L-3,4-dihydroxyphenylalanine (L-DOPA) [49]. Aqueous
solution of GOwas dispersed in pre-prepared nafion solution in ethanol by sonication
followed by addition of Y2O3 NPs and further sonication. The addition of Y2O3 NPs
increased the electroactive surface area by inhibiting the aggregation of GO layers and
resulted in the enhanced voltammetric performance for detection of L-DOPA with
detection limit of 0.05 mM in the linear dynamic range of 0.5–350 mM. Scanning
electron microscopic (SEM) image and detection scheme of L-DOPA at Y2O3–GO
sensor has been shown in Fig. 4a, b respectively. In another example, TiO2–Mn2O3

composites prepared by sol-gel method were decorated on the pristine GR to make
TiO2–Mn2O3–GR nanohybrid modified GCE sensor for dopamine (DA) [50]. The
pristine GR encapsulated the metal oxides anchoring the metal oxide nanoparticles at
the edges planes indicated by the dot and rice pellet structures on GR in transmission
electron microscopic (TEM) images (Fig. 5a–d). The prepared TiO2–Mn2O3–GR–
GCE sensor exhibited DPV detection limit for DA as low as 0.026 nM within the
linear range 0.02–100 nM.
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3 Conclusion

Graphene and its derivatives possess excellent physical and chemical properties
which make them attractive candidates as sensors. However, various functional-
ization schemes have been proposed to improve their sensing performances which
include covalent and noncovalent interactions. Various GR nanohybrids have been
prepared with different MNPs, polymers, carbon nanoforms, biomolecules etc. The
GR-MNPs nanohybrids provide high electrocatalytic activity owing to the syner-
gistic effects of constituting composites. This provides great advantages for GR
based nanohybrids such as enhanced surface area, electronic conductivity, less
aggregation, high dispersibility in different solvent systems and improved redox
activities which are considered highly applicable for electrochemical sensing
applications. The defects present at the surface of GR materials (e.g. vacancies,
dislocations, grain boundary etc.) helps in the gentle functionalization of GR sur-
faces. Furthermore, strong p–p stacking and hydrophobic interactions govern the

Fig. 4 SEM images of a Y2O3-GO nanohybrid, b detection scheme of L-DOPA at Y2O3-GO
nanohybrid GCE sensor [49]. Reprinted with permission from Ref. [49]
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noncovalent functionalization of GR materials and stabilize the dispersion of GR in
aqueous/organic media. The synergistic effects of GR-metal nanohybrids enhance
the effective surface area when immobilized at the transducing surfaces and increase
electron transfer rate in the nanohybrids. However, observation of interactions,
conformation change and attachment of different nanomaterials/biomolecules onto
GR materials is a big challenge to efficiently draw the functionalization mecha-
nisms. Further, production of high quality single layered GR materials by the
chemical exfoliation of graphite in various solvent systems is a concerned issue.

Fig. 5 TEM images of a GR, b TiO2-GR, c Mn2O3-GR, d TiO2-Mn2O3-GR nanohybrids [50].
Reprinted with permission from Ref. [50]
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Ultrasound-Assisted Synthesis,
Exfoliation and Functionalisation
of Graphene Derivatives

Dipanwita Majumdar

Abstract For the last two decades, application of ultrasound in materials synthesis
has been a very promising topic especially for the fabrication or modification of
various nanomaterials. Simplicity, high efficacy, short reaction tenure along with
power saving features are responsible for the popularization of sonochemistry. The
physical phenomenon essential for sonochemical process is largely accepted owing
to acoustic cavitation, involving formation, growth, and implosive collapse of the
micro-bubbles inside liquid. The resulting hot spots/microjets generate very high
temperatures *5000 K and high pressure *150 MPa due to collapsing bubbles
within a nanosecond, with high cooling rates exceeding 1011 Ks−1 at the local
reaction centre, providing necessary activation for faster kinetics. These extreme
reaction conditions are not typically attainable through conventional synthesis
techniques, generating smarter systems with unique properties. Subsequently,
ultrasound techniques have been massively employed in graphene preparation
along with its dispersion in various solvents which otherwise requires several days
with poor yield using conventional techniques. Graphene has been the material of
the millennium owing to its unique large surface area, high charge transport features
and mechanical properties and widely employed in nearly every aspects of modern
technology. Ultrasonic irradiation offers tuning of graphene layer thickness also.
Even oxidation to graphene oxide and subsequent reduction to reduced-graphene
oxide at faster kinetics are possible without the use of any external redox agents.
Besides, thin-layered functionalized graphenes has been achieved by sonochem-
istry. Ultrasonic treatment provides scope for direct exfoliation of graphite to
graphene layers in presence of suitable intercalating/stabilizing agents with sub-
stantial dispersion stability. In addition, various geometries such as scrolled gra-
phene, ribbon or foam graphenes can be purposefully designed. Even smooth and
rough edged graphenes have displayed unique implications in energy storage,
catalysis, biomedical and other technological fields. Ultrasonic-assisted synthesis of
various graphene based composites lead to more homogeneous with diversified
nanostructures formation like core-shell, nano-discs, nano-platelets, etc. along with
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specific deposition at the graphene edges have become feasible. This chapter pro-
vides comprehensive fundamental concepts of sonochemistry with first hand outline
on the sonochemical/ultrasound assisted synthesis of graphene and its various
derivatives. Moreover, the ultrasound assisted-dispersion, exfoliation of graphenes
and formation of various graphene-based nanocomposites has been emphasized.
Important tuneable sonochemical parameters including ultrasound frequency, input
power, sonication time, type of sonication probes, etc. have been highlighted to
provide an overview of the topic.

Keywords Graphene � Sonochemistry � Ultrasound � Derivatives �
Nanocomposites � Functionalisation � Intercalation � Dispersion

1 Introduction

1.1 Ultrasound Energy and Sonochemical Synthesis

Most of the scientific developments deal with expensive instrumentations or spe-
cialized appliance usage as well as require substantial extent of expertization for
in-depth study of each field. What makes “sonochemistry” a very interesting and
exciting branch of science is that it urges quite reasonably priced device to start
with and also shows considerable exciting results for certain chemical reactions
which otherwise are very complicated to achieve by conventional chemical syn-
thesis techniques.

1.1.1 Definition of Ultrasound

Ultrasound is defined as sound of frequency range of 20–3000 kHz that lies outside
the audible range of human perception (i.e. frequency range 16 Hz–16 kHz). It has
been applied to a variety of applications in engineering, science, and medicinal
fields but its implication in chemistry have emerged recently and accordingly, have
been coined the term “sonochemistry”. On the basis of frequency range, ultrasound
has three categories, i.e. power ultrasound (20–100 kHz), high frequency ultra-
sound (100 kHz–1 MHz), and diagnostic ultrasound (1–500 MHz) respectively.
Among them, power ultrasound is generally employed in sonochemistry [1, 2].
Scheme 1 displays the frequency range of sound waves, different types of ultra-
sounds and their uses as well as summarizing the various applications of ultrasound
[3–6].

When a solution is exposed to ultrasound energy, alternate compression and
rarefaction of the medium leads to formation of micro-bubbles. Generally, pure
liquids have high tensile strengths and thus, are incapable to producing cavitation
on ultrasound exposure. However, majority of the liquids are generally impure and
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possess low tensile strength due to the presence of impurities such as various small
particles, pre-existing dissolved solids, and other contaminants. These impurities in
the liquid are sources of nucleation of cavitation bubbles [7, 8].

Two plausible mechanisms exist for bubble formation [9]. The first mechanism
proposes the pre-existence of micro-bubbles within the liquid owing to the presence
of contaminants or impurities in the medium as well as in the interface of the liquid
vessel. The second mechanism which is more popularly accepted considers exis-
tence of gas trapped solid particles in the liquid that leads to nucleation. The tiny
crevices in the walls of the vessel or containers can also trap gases. Due to pressure
difference outside and inside a gas crevice, gases diffuse into the gas pocket,
causing it to grow until it reaches a critical size known as its resonance size. The
resonance size of a bubble is dependent upon the magnitude of applied ultrasound
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frequency. The bubbles reach their resonance size by processes called rectified
diffusion or coalescence, when one of the two events possibly may occur. The
bubble may become unstable and collapse, often violently, within a single acoustic
cycle or over a small number of cycles. This phenomenon is termed transient
cavitation. The other possibility is that the bubble oscillates at, or near, the reso-
nance size for large number of cycles, leading to stable cavitation.

The imploding/collapsing bubbles generate high local turbulence in the form of
shock wave emissions with the release of tremendous energy that can cause sudden
increase of temperature to several thousand degrees Kelvin and pressure up to
several hundred atmospheres. These extreme effects have been utilized in variety of
beneficial applications, especially in chemistry [10]. Figure 1 displays the forma-
tion, growth and collapse of micro-bubble over several acoustic cycles of com-
pressions and rarefactions.

Elevated temperatures in the vicinity of collapsing bubble generate “hot spots”
that can trigger free radicals formation, mixing and shearing (sonoprocessing),
accelerate dissolution or aid the reformation/deposition at the surface of a solid
reactant (sonochemistry). Thus, these hot spots can efficiently serve as
micro-reactors (primary sonochemistry) or trigger formation of active species that
subsequently undergo spontaneous chemical reactions (secondary sonochemistry).
Such effects have been employed in various practical application including waste
water management, food and beverages processing, protein micro-bubbles gener-
ation for image contrast agents, drug delivery mechanisms, electrochemistry, etc.
[13–21].

1.1.2 Consequences of Acoustic Cavitations

As discussed in the earlier section, exposure of ultrasound energy to a liquid
medium cause the dissolved gases to grow due to rectified diffusion to attain
resonance size, mostly followed by bubble coalescence, resulting from primary and
secondary Bjerknes forces, due to applied ultrasound as well as so-formed acoustic
waves radiated by neighbouring bubbles respectively [22]. During such acoustic
cavitation, tremendous condition of high pressures and temperatures results, that
triggers several physical and chemical effects inside solution. The Rayleigh-Plesset
equation is one of the well-accepted theoretical models for describing bubble
dynamics and the calculated localized temperature and pressure was expected to
reach up to 5000 K and 150 MPa, respectively [23].

The physical effects are intimately associated to momentum variations from
bubble oscillation and its collapse. Again, radial fluctuation of these bubbles leads
to restricted liquid flow surrounding them, called micro-streaming. As the bubble
starts to implode, two consequent effects can occur. When a bubble undergoes a
symmetrical collapse, high pressure shock waves propagate across the liquid
medium with tremendous velocity gradient of the order of 100 ms−1 [24]. However,
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Fig. 1 a Schematic representation of ultrasound mediated micro-bubble formation, showing
oscillating sound waves propagating—contracting during compression and expanding during
rarefactions, during its growth process and ultimately collapsing/imploding after several acoustic
cycles [9]. b Plot of varying micro-bubble radius in the course of hot spot formation [11]. c Types
of sonochemistry derived from reactions within the hot spot generated by the collapsing bubble
[12]. Reproduced on permission
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if there exists an interface in the vicinity (e.g., solid, immiscible liquid or gas
phase), an asymmetrical collapse results with the formation of a “micro-liquid jet”,
as shown in Fig. 2, penetrating through the bubble and striking the interface with
high pace and pressure [25].

Such a fast and drastic impact of the microjets on the striking point of the matter
elevate the localized temperature to reach >109 Ks−1. Faster cooling rates at this
micro-scale regime, initiate significant morphological transformations, variations in
intermolecular hydrophobic/hydrophilic interactions, endorse mass transfer and
modify interfacial characteristics, promoting controllable colloidal engineering [10,
26]. These cumulative physical effects from the localized environment produces
strong mechanical shear forces in the bulk that promote ultrasonic emulsification,
extraction, crystallization, surface modification, and sonogelation processes, etc.
[27–29].

The general relationship between the bubble resonance radius and ultrasound
frequency applied as displayed in Eq. (1), indicates that increase in ultrasound
frequency (f) leads to decrease in the resonance radius of cavitation bubbles (R),
resulting in less violent bubble collapse. Thus, it is important to note that the above
discussed physical effects become more insignificant with high range ultrasound
frequency.

f � R� constant ð1Þ

The chemical effects of collapsing bubble lead to radical generation, which is the
source of chemical reactions in ultrasonic systems i.e. sonochemistry. Such extreme
temperature at the time of bubble collapse caused cleavage of O–H bond in water
molecules, thereby producing hydrogen and hydroxyl radicals, shown inReaction (a):

H� O � H )ÞÞÞðultrasoundÞ ) H� þOH� ðaÞ

where, hydrogen radicals and hydroxyl radicals act as the primary reducing and
oxidising agents, respectively and “)))” represents ultrasound energy respectively.

There exist four theories to explain sonochemical effects: (1) hot-spot theory;
(2) “electrical” theory; (3) “plasma discharge” theory, and (4) supercritical theory.
The detailed discussions of these theories are at present beyond the scope of this

Fig. 2 Microjet formation
when a bubble collapses near
a solid surface [2].
Reproduced on copyright
permission
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chapter. However, among them, the hot-spot theory is commonly accepted in
explanation of sonochemical reactions especially in environmental field [30].
According to this theory, each micro-bubble is considered as a “micro-reactor” that
generates different reactive species and tremendous thermal energy during its
collapse/implosion [31].

The rate of sonochemical reactions in aqueous media depend massively on the
yield of these primary radicals (H∙ and OH∙) which is again strongly dictated by
ultrasound frequency and cavitation intensity. The yield is again dependent on the
cumulative influence of bubble radius, collapse temperature, bubble population and
their life time, operating parameters (i.e. ultrasound frequency and power input),
organic additives present (sources of secondary radicals), nature of gas within the
bubble, etc. Maximum yield of radical production has been observed in the fre-
quency range 200–600 kHz, with checked rate around 20 kHz and above 1 MHz
respectively [32].

1.1.3 Brief History of Cavitation and Sonochemistry

The development of sonochemistry embraces three types of transducers used for
producing ultrasound in the late 19th century, namely, (i) gas-driven transducers
that transform high velocity gas flow into ultrasound: Galton Whistle (1883).
(ii) liquid-driven transducers (iii) electromechanical transducers converting elec-
trical energy into sound energy based on piezoelectric effect was discovered by the
Curies in 1889. The latter one has been modified with years. Meanwhile,
Thornycroft and Barnaby carried out pioneer works on “Cavitation” in 1895 when
they investigated the cause of pitted and eroded propellers in their submarines. Such
process was a consequence of collapsing bubbles formed due to hydrodynamic
cavitation that generated intense pressure and temperature gradients in the local
vicinity of the propellers. This phenomenon was extrapolated for micro-bubbles.
Shortly, Lord Rayleigh in 1917, mathematical modelled a cavitation event in an
incompressible fluid. In the same year, Paul Langevin investigated transmission of
sound waves in sea water and suggested use of ultrasound for determining the depth
of sea. In 1927, Loomis described the first chemical and biological effects of
ultrasound, and highlighted the fact that cavitation could be an essential tool in
certain chemical processes [33, 34]. One of such premier applications involved
cavitation induced degradation of a biological polymer. Besides ultrasound assisted
rate enhancement of chemical reactions, oil emulsification, pollutant degradation,
etc. have subsequently emerged. The advantage of employing acoustic cavitation
for these applications is that it involves milder operating conditions compared to
conventional techniques bypassing the requirements of toxic reagents or intensive
reaction conditions. In the late 1960s, use of ultrasound in metallurgy was noticed.
Biologists started practising cell rupturing process using ultrasound in the 1970s
[35]. Subsequently, with the detection of nano-dimensions, different research
groups started working on sonochemical synthesis of various nanomaterials, fol-
lowed by sono-processing, sono-gelation and sono-catalysis procedures emerging

Ultrasound-Assisted Synthesis, Exfoliation … 69



only in recent times [36, 37]. As an example, the recent discovery of a simple
sonochemical synthesis of amorphous iron helped settle the long-standing contro-
versy over its magnetic properties [38, 39]. Furthermore, ultrasound has proved
extremely useful in the synthesis of a wide range of nanostructured materials,
including high-surface-area transition metals, alloys, carbides, oxides, and colloids
[40, 41]. Sonochemical decomposition of volatile organometallic precursors in
high-boiling solvents produces nanostructured materials in various forms with high
catalytic activities. Nanometer colloids; nanoporous high-surface-area aggregates;
nanostructured carbides, sulphides, and oxides; and supported heterogeneous cat-
alysts can all be prepared by this general route [42]. The above features developed
the idea of sonochemical synthesis of high quality graphene systems that otherwise
requires severe conditions, generally not accessible in the conventional synthesis
methods [43, 44].

1.1.4 Common Ultrasound Energy Generating Devices

A variety of ultrasonic devices can be employed for carrying out sonochemistry.
However, mainly three designs have maximum usage at present in the literature,
namely, the ultrasonic cleaning bath, immersion ultrasonic horn, and flow reactors
as displayed in Fig. 3a–c. Ultrasound is commonly generated from a piezo-ceramic
material which on subjecting to high AC voltage produces the desirable ultrasound
frequency (*15–50 kHz). The vibrating source, depending on the device design, is
attached to the wall of a cleaning bath, or to an amplifying horn, or to the outer
surfaces of a flow-through tube or diaphragm. Ultrasonic cleaning bath is the
cheapest, readily accessible ultrasound source for laboratory usage for executing a
variety of sonochemical studies. However, it has limited capability, especially in
terms of intensity and frequency generation.

Ultrasonic horns, on the other hand, generate highly intense and serve as con-
sistent ultrasound source of power density (50–500 Wcm−2), which can be
employed for various purposes especially under different experimental setups
including inert/reactive atmospheres or high/low pressure conditions. These devices
are available from several manufacturers at reasonable cost [45].

Ultrasonic Flow reactors enable sonication in a closed system—either in
flow-through operation mode or simply enclosed chamber sonication. It is mainly
opted for large scale sonochemical applications and for vicious material sonication.
Continuous flow ultrasonic system has several merits such as (i) higher processing
quality and capacity (ii) high processing uniformity (iii) temperature control
(iv) safety, etc. [46, 47].

1.1.5 Sonochemical Synthesis—Uniqueness

Sonochemistry, on the basis of the nature of the cavitation event, can be categorized
as: homogeneous sonochemistry of liquids, heterogeneous sonochemistry involving
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biphasic systems such as liquid–liquid or liquid–solid systems, and thirdly, sono-
catalysis (embracing the two categories). Ultrasound assisted reactions involving
solid or gas systems are rare as cavitation can primarily occur only in liquids.
Ultrasonic irradiation varies largely from traditional energy sources such as thermal,
light, or ionizing radiation considerably in terms of time interval, pressure, and
energy per molecule. The tremendous localized temperatures and pressures con-
ditions with ultrafast heating and cooling rates from collapsing cavitation bubble or
at micro-jet points assures unusual mechanistic approach for high-energy chemistry.
Similar to photochemical reactions, here, very large amounts of energy are intro-
duced in a short period of time. However, control of sonochemical reaction con-
ditions is subject to the similar limitations to that of thermal process at present,
although technological innovations are already in the process to resolve the issue at
the earliest. Nonetheless, frequency tuning, is equally more important at least within
the range where cavitation can occur (a few hertz to a few megahertz), although
there have been few detailed studies regarding its important role in the recent past
[48, 49].

Sonochemistry is intimately related with green chemistry [50, 51]. Shortly after
the fabrication of the famous twelve principles of green chemistry by Paul T. Anastas
and John C. Warner in 1998, Jean-Louis Luche in no time (1999) connected
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Fig. 3 Diagrams showing various ultrasound generating devices employed for sonochemistry
a ultrasonic cleaning bath, b Immersion ultrasonic horn and c flow sono-reactors respectively
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sonochemistry and green chemistry [52] with the merits of sonochemical approach.
He highlighted that: (a) novel selectivity (reduced wastages) in various reactions via
sonochemical switching; (b) improved reaction rates (energy savings), and yields;
(c) use of nontrivial eco-compatible reagents in aqueous media (considering safety,
energy savings) [53]. In recent times, Timothy J. Mason highlighted the ‘‘green link”
of sonochemistry, fields of environmental protection and process technology at large
production scale [54].

2 Ultrasound-Assisted Synthesis of Graphene and Its
Derivatives

2.1 Unique Features of Graphene and Its Derivatives

Graphene, monolayer of sp2 hybridized carbon forming the basis of
two-dimensional honeycomb lattice, has been the subject of utmost scientific
importance since the last decade [55]. It is considered to be the building block of
graphitic materials for all dimensions, starting from wrapped-0D-fullerene, rolled –

up-1D nanotube to 2D-nanographites or 3D-stacked graphite as shown in Fig. 4
[56–58].

Fig. 4 Carbon-based nanomaterials derived from graphene. Ref. [58], reproduced on permission
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The unique structural features befits graphene with versatile and superior
properties, such as excellent thermal conductivity (5300 W(mK)−1), mechanical
flexibility (Young’s modulus *1100 GPa), electrical charge transport character-
istics (*2000 Scm−1), specific magnetism and large surface area (*2630 m2g−1)
that have dictated its immense potential applications in several technological fields
of photovoltaics, transparent electrodes, sensors and catalysts, supercapacitors,
batteries, fuel cells and allied energy storages, transistors and in various opto-
electronic devices [59–68].

Based on the number of stacked layers, graphenes have been categorized as:
mono-layered, few-layered (2–10 layers), and multi-layered systems. It was initially
considered that few-layered morphology would be ideal for preserving the dis-
tinctive features of the graphene. For example, few-layered graphenes illustrated
excellent potential abilities in flexible photovoltaic applications [69]. Nonetheless,
some of the beneficial properties can still be retained in thin graphite-form as well
[70, 71]. Recently, comparative studies of mono-, few- and multi-layered graphenes
for enzyme-immobilization and bio-sensing applications were employed. It was
observed that the electrochemical response during the electro-analysis was inde-
pendent of the number of layers stacked within the graphene [72]. More applica-
tions such as electromagnetic shielding/absorbers show impressive results with
multilayered graphenes compared to single-sheets [73].

Furthermore, an additional benefit lies in the fact that its chemical functional-
ization do not significantly alter the basic features such as electronic charge
transport which can be tuned accordingly with functionality; rather it enhances its
processability for commercialization. The principal method of graphene production
involves micromechanical cleavage of graphite layers [74, 75]. However, it is too
hard to control and standardize for industrial level. Single-layered graphene has also
been synthesized via epitaxial growth on silicon carbide using CVD but requires
expensive instrumentations. Further, the so-obtained graphenes are difficult to
transfer from the silicon carbide substrate [70]. An alternative, less expensive and
more acceptable route is chemical oxidation of graphite to obtain graphene oxide
with subsequent reduction to obtain graphene systems [76, 77].

Graphene oxide (GO) is as stated, the commonest form of oxygen-containing
functionalized graphenes that include carboxyl, hydroxyl, and epoxide functional
moities on the surface of exfoliated graphene layers [78, 43]. It contains both
localized sp3 defects and sp2-bonded carbon atoms in a hexagonal lattice with
two-dimensional planar sheets. Presence of these oxygen functional groups makes
GO considerably befitting in fabricating various nanocomposites [79, 80]. Its’
admirable aqueous processability, remarkable amphiphilicity, facile surface modi-
fication capability have opened up many novel diversified applications [81]. Again
functional groups on GO can be proportionately tuned or controlled to reduced
graphene oxide or graphene employing various chemical, photochemical,
photo-thermal, and sonochemical reduction methods[58, 82, 83] (Fig. 5).
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2.2 Why Sonochemical Synthesis of Graphene?

Sonochemistry has achieved immense attention in the preparation of graphene
systems. Sonochemical intervention has eliminated the requirement of elevated
temperature, high pressure, long reaction tenures and laborious reaction steps of
conventional chemical techniques, thus making the synthetic methodology more
environment-friendly and cost-effective. Exfoliation of the layered-graphitic mate-
rials as well as its functionalisation including oxidation, reduction, dispersion and
modification with various chemical functional groups are sonochemically feasible
[84]. Even covalent functionalisation has been found to be successful employing
short exposure to ultrasonication using the aids of sono-derived ‘hot spots’/“high
velocity liquid microjets” that generate excited state species or even meta-stable
molecular ions for successful graphene functionalisation [85, 86]. Besides, these
high velocity micro-liquid jets and acoustic vibrations create shock waves that have
manifold effects—considerably damage graphene surfaces; causes peeling off the
stacked graphenes into monolayer sheets; homogeneous fragmentation to small
dimensional sheets resulting in graphene exfoliation [87]. Collectively, this tech-
nique makes dispersion and chemical functionalization of graphene—facile, uni-
form, more effective and much faster in various media using suitable
surface-functionalisation species, surfactants or polymers.

Studies on relative stable dispersions of graphenes prepared from other tech-
niques such as thermal, hydrothermal, etc. were carried out with three different
types of ultrasound devices: sonication bath (200 W, 35 kHz), ultrasound horn

Fig. 5 Structures of various graphene family nanosystems Ref. [58], reproduced on permission
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(750 W, 20 kHz) and high-power micro-tip sonication (1000 W, 20 kHz) respec-
tively [88]. Interestingly, horn sonication produced the most stable RGO dispersion
that remained unchanged up to 2 years. On the other hand, both high power based
micro-tip-horn and sonication-bath failed to yield stable dispersion, owing to failure
of supplying the optimum power intensity required for producing stable dispersion.

Ultrasonication also serves an effective tool for obtaining reduced-graphene
oxide (rGO) from graphite. Figure 6 delineates the synthetic strategy, highlighting
the roles of microjets and hot spots in the process of graphite exfoliation [89]. Even,
reduction of GO, to form reduced graphene oxide (rGO), that mainly contains
hydroxyl (–OH) functionalities on graphene sheets. The proposed mechanism is
based on the theory that demonstrates that the bulk solution containing large GO
sheets when subjected to ultrasound irradiation, the resultant large acoustic-
generated shearing force and fast streaming solvent jets emanate intense shock
waves that promote bond cleavage at the defect sites (originated from functional-
isation) and rupture them into smaller moieties, besides functionalizing them too
[85, 90, 91]. Various reactions activated by these surface hydroxyl and carboxyl
functional groups on graphene under sonocatalysis have been reported in the recent
past [92]. Even, ultrasonic can help in modifying the graphene properties too. Few
year ago, Saha group fabricated ultrasound assisted-graphene quantum sheets with
zigzag edge states that exhibited room temperature ferromagnetism, with out-
standing magneto-resistance response, ideally-suited for organic spintronic devices
[93]. Similarly, ultrasound assisted graphene quantum dots were obtained for
versatile applications [94, 95].

Fig. 6 Production of graphene oxide and reduced graphene oxide from pristine graphite via
ultrasonication technique. Reprinted with permission from Ref. [89]
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2.3 Controlling Parameters for Sonochemical Synthesis
of Graphene Materials

A variety of parameters are involved in sonochemical synthesis of graphene
materials. Firstly, the choice of precursor or the starting material is crucial for
determining the resulting morphology of produced graphene system. For instance,
poorly crystalline and low dimensional artificial graphite leads to single layered
graphenes whereas highly-oriented pyrolytic graphite (HOPG), natural flake gra-
phite, Kish graphite and flake graphite powder etc. leads to multilayered large
dimensional sheets [96, 97]. The instrumental parameters such as sonication
duration, applied ultrasound frequency and power input are essential to tune the
resultant sizes of the graphitic materials [98, 99]. Generally, horn (probe)/
sonotrode-based ultrasonication are employed for high-power exfoliation of a
multi-layered material such as raw graphite while for a mild exfoliation as well as
homogenization of a solution sonication baths are very effective. The sonotrode
systems are found to generate about 10-fold high power to that of a bath sonicator,
yielding a more efficient synthesis within shorter reaction period [100].
Homogeneous stable suspensions of graphenes can be obtained by deploying
optimum sonication time and intensity. Reports display that extended graphene
nanoribbons (GNRs) formation requires shorter sonication time (*1 h) while
longer sonication, leads to short ribbons [97].

Dual frequency application is often effective especially for proficient reduction
as well as dispersion of graphene derivatives. Low frequency sonication generates
strong shear forces that tears and fractures the sheets while at high frequency
sonication generates large concentration of radicals, initiating redox reactions. Even
a range of different graphene shapes like nano-ribbons, nano-scrolls can be
achieved using ultrasonic aid [101–108]. In addition, simultaneous low and high
frequencies not only enhance the reduction rate of metals but also trigger their
higher and homogeneous loading on GO surfaces, especially effective in the syn-
thesis of graphene composites [109]. Again homogeneous size distribution of
graphene sheets results on extending sonication time rather than increasing power.
Such evidences are obtained when chitosan-GO sonicated for 30 min under 120 W
power resulted in wide range of 500–1500 nm sheets while on increasing the
sonication time to 1 h at the same power led to homogeneous GO suspension
(*500 nm). This phenomenon is termed as “debris grinding effects”. The effect of
ultrasound power that provides necessary reaction activation energy was also
effective for amidation of graphene composites [110]. However, increased power to
240 W for 1 h sonication yielded homogeneous but smaller sized chitosan-GO
sheets (*400 nm). Thus, it is evident that tuning of the above parameters is
essential for tailoring desired dimensions of graphenes for appropriate applications
and undoubtedly, their information ought to be reported.
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2.4 Large Scale Production of Graphene and Its Derivatives
Applying Sonochemistry

Large scale production of graphene and its derivatives is very crucial especially to
bring down the overall materials’ production cost for various technological appli-
cations. Various ultrasound mediated techniques have been employed for the
purpose. Initially, large graphene dispersion to *1 mg mL−1 was achieved by
ultrasonication for <40 min through hydrazine reduction of graphene oxide [111].
Again, good-quality flat graphene sheets with *4 nm thickness and <5 layers were
obtained from simple bath sonication at 65 °C that showed stable dispersion for
40 days owing to effective inhibition of intermediates (commonly formed in GO
chemical reduction) that accelerate sheets agglomeration during conventional
mechanical stirring. Furthermore, repeated sonication coupled with low heating
resulted in tunable graphene sheets [112]. Short period ultrasound application
within pressurized batch reactor resulted in large graphene sheets as well as its
inorganic analogues such as boron nitrides, hexagonal-boron-carbon nitrides, and
graphitic-carbon nitrides with uniform thickness in good scalable quantities [113].
Also large quantities of less-defects content few-layered graphenes were produced
from graphite exfoliation in aqueous medium mixed with liquid hand soap and PVP
as bio-compatible stabilizers, employing high intensity sonication probe [114].
Graphene quantum dots (GQDs) were recently obtained using ultrasonic-assisted
liquid-phase exfoliation technique turned out to be an effective, environmental
friendly, rapid scalable procedure. The sizes and defects of these GQDs can be
tuned using suitable precursors and their optical and luminescence properties can be
desirably varied accordingly as shown in Fig. 7 [115].

Again, ultrasound in presence of supercritical fluids (SFs) promotes successful
intercalation process and such procedure enhances the exfoliation efficiency con-
siderably as depicted in Fig. 8 [116]. Besides, eco-compatible nature, the free
energy barrier in supercritical CO2 prevents graphene aggregation to large extent.
Adjustment of processing parameters assisted in tuning the layer- numbers and
lateral dimension of graphene sheets. Graphene sheets of *0.5–5.0 lm
with *16.7 wt% yield resulted under optimum conditions that could be enhanced
to 40–50 wt% by repetitive sediment exfoliations. The resultant pristine graphene
films exhibited high electrical conductivity of 2.8 � 107 Sm−1 [116]. High-velocity
liquid microjets, generated from the collapse of cavitation bubbles continuously
strike bulk graphite surface to create gaps and break way the layers during SFs
intercalation in between the layers to exfoliate them [117]. Even large scale
massive-graphene oxide sheets could be obtained using shearing-ultrasound tech-
nique. The shearing force is effective in de-laminating the layers without small
fragmentation assisted by the ultrasonic cavitation that promotes their exfoliation
[118]. Very recently, biodegradable and renewable solvent “Cyrene” exhibited
higher defect-free graphene dispersion compared to other organic solvents within
short time period of ultrasonication. Such a time saving procedure would be
extremely helpful in industrial scale-up reactions [119].
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3 Graphene Exfoliation via Ultrasound Assisted
Intercalation Process

Earlier studies revealed that graphene oxide has been the commonest derivative of
graphite that has been subsequently reduced to obtain graphene. However, such
chemical reduction process remains incomplete simply by adding reductants and
therefore, supplementary heating is essentially required for the elimination of all the
functionalities to reach graphene [120]. Preliminary works on exfoliation involved
functionalisation of graphitic oxide with isocyanate in organic solvents [121]. The
foremost successful chemically unmodified, large-sized, conducting graphene
(*28% monolayer yield and rest <6 layers thick) was obtained via
ultrasound-based graphite exfoliation in N-methyl-2-pyrrolidone (NMP). However,
the solubility was low *0.01 mg mL−1 with low reproducibility [122]. Subsequent
works on graphite exfoliation in various other solvents by varying the sonication
time and intensity such as dimethylformamide (DMF), water, poly
(tert-butylacrylate), ortho-dichlorobenzene, pentafluorobenzonitrile, benzylamine,
etc. were carried out that yielded different dispersive abilities but agglomeration
occurred on standing after few days [123–126]. Thus, more effective methods are in

Fig. 7 Outline of ultrasound-assisted preparation of Graphene Quantum dots from graphitic
carbon precursors in organic solvents. Ref. [115], reproduced on permission
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continuous search. Again, due to strong interlayer interactions in graphite, direct
exfoliation is very difficult and thus it necessitates the use of intercalating agents to
facilitate exfoliation [127]. Such a proposition has been outlined in Fig. 9.

Again, hydrophobic graphenes tend to agglomerate in polar solvents and so
suitable stabilizing agents are certainly essential for its stability. Lotya and
co-workers reported the earliest surfactant based sono-assisted graphite exfoliation
in aqueous medium. They employed surfactant sodium dodecyl benzene sulfonate
(SDBS) for the purpose, but the dispersion was relatively <0.01 mg mL−1 [128].
Additionally, the obtained graphenes were low conducting due to surface adsorp-
tion of surfactants. Low power sonication for longer periods slightly improved the
results [129]. Various other surfactants including cationic surfactants like
cetyltrimethylammonium bromide (CTAB), natural surfactants such as sodium
cholate and sodium deoxycholate obtained as bile salts, and a bolaamphiphile that
have hydrophilic terminals and long chain hydrophobic chain, etc. have been
deployed, some of the performances of which has been illustrated in Fig. 10
[130–135].

Fig. 8 Schematic illustration of graphene exfoliation using supercritical CO2 assisted ultrason-
ication technique: a layered graphite b layered graphite introduced in supercritical CO2 fluid
c Intercalation of CO2 molecules within graphite interlayers d formation of single- or few-layered
graphene sheets e dispersion of as-obtained graphene sheets in 40% ethanol aqueous medium. Ref.
[116], reproduced on permission
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Detailed investigation sonication-based exfoliation and dispersion of graphene
with range of ionic and non-ionic surfactants in aqueous medium was explored
[135]. Most of the non-ionic surfactants exhibited better results than their ionic
counterparts. The most successful result was observed for triblock copolymer
Pluronic® P-123 that dispersed *1 mg mL−1 graphene within two hours of soni-
cation only with considerable improvement in yield *1.5 mg mL−1, in 5 h soni-
cation. Further, the ionic surfactants get adsorbed on graphene surface making them
charged and thus, electrostatic repulsion prevent aggregation of these functionalized-
graphenes. Again, the long and bulky hydrophobic tail along with functional moi-
eties of the non-ionic surfactants sterically stabilized graphene segregation [136].

Another class of compounds called Ionic liquids, which are basically semi-organic
salts existing as liquids below 100 °C, having comparable surface energies with gra-
phene, emerged as capable solvating agents for ultrasound-based graphite exfoliation.
The ionic liquid 1-butyl-3-methylimidazolium bis(trifluoro-methane-sulfonyl)imide
provided stable dispersion of *0.95 mg mL−1 with large and thin graphenes only
within one hour of sonication [137]. Recently, grinding graphite with
1-hexyl-3-methylimidazolium hexafluorophosphate followed by ultrasonication for
24 h yielded large-sized 4–6 layered graphenes with stable dispersions
at *5.33 mg mL−1 [138]. The results till date are acceptable although challenges still
remain regarding their production of large scale mono-layered graphenes.

Recently an alternative cost-effective, scalable technique involving bromine
intercalation that considerably reduced the cohesive forces between the layers
followed by mild sonication that further imposed additive effect resulting in severe
delamination of the graphite layers [139]. Often ultrasonication has been used as a
hyphenated technique during preparation of exfoliated graphites. For example,
tetraethylammonium intercalated graphite prepared by high-power tip-sonication on
exposure to microwave irradiation produced highly exfoliated graphite, easily
dispersible in various organic solvents on mild sonication [140]. In another
approach, oxidants such as CrO3/H2O2 followed by HCl lead to production of
di-oxygen gas that intercalates the graphite sheets and later on facilitates their
exfoliation on ultrasound exposure. The method is advantageous as it can be carried
out under ambient conditions and resultant graphenes have fairly high surface area
similar to that of the 3-layered graphenes [141].

In the recent past, efforts for controlling the intercalation of graphite layers were
tried out electrochemically with sonochemical assistance that gained significant
success in regulating the graphene stacked-layer numbers with minimum surface
defects. Ultrasound aid helped in de-intercalation of intercalated graphitic structure
obtained via electrochemical Li-ion conversion reaction. The van der Waals forces
of adjacent graphene sheets were destroyed by ultrasonication that ultimately led
graphene exfoliation [142].

Nonetheless, substantial effort has been devoted for improving the quality and
quantity of graphene exfoliation, although scientists are non-stopping seeking out
for more effective procedures with higher reproducibility, especially with green and
eco-friendly solvents and surfactants/stabilizing agents for the scalable production
of varying-layered graphenes.
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4 Ultrasound-Assisted Exfoliation and Dispersion
of Graphene Composites

Recently, decoration of functionalized graphene surface with various
nano-materials have drawn immense interests since this new class of hybrid
materials have exhibited superior properties compared to their individual compo-
nents. The nano-morphology (such as metal nano-structures, metal chalogenides/
pnictonides based 0-D, 1-D or 2-D-quantized systems) that when introduced
in-between the layers of graphene sheets prevents restacking of graphene sheets and
exposes high active surface area by making both sides of these sheets accessible to
external reagents. Fabrication of such smart materials is still a great challenge as
majority nano-composites obtained from existing preparation methods lack
homogeneity and reproducibility. However, such constraints in graphene based
nano-composites have been largely overcome in the recent times using sono-
chemical or ultrasound assisted synthetic approach, some of which have been
highlighted in the discussion in the following sub-sections.

4.1 Metal Nanoparticles Decorated Functionalized
Graphenes

Metal nanoparticles decorated graphene composites are very valuable systems with
various technological applications especially in the areas of fuel cells, catalysis,
energy storages sensors. Different morphologies of metal nano-systems on gra-
phene substrates exhibited active surface areas for catalysis as well as promoted
faster electron transfer channels for rapid, sensing responses. However, in situ
reduction of metallic salts on preformed graphene sheets or their anchoring onto
pre-synthesized graphene sheets and vice versa are very complex and less repro-
ducible. Furthermore, resultant composites are highly susceptible to aggregation
and so a one-pot synthetic route for such nanocomposite to obtain well-dispersed
materials with high applicability is exceedingly required.

Based on this objective, Sun et al. designed a simple, less expensive environ-
mentally benign ultrasound assisted one-pot synthesis route of Ag nanoparticles/
graphene nanocomposites with the use of tannic acid as reductant. The resultant
composite with thin-layered, surface-enhanced morphology exhibited excellent
SERS activity and also catalyzed peroxide decomposition, and more importantly
acted as glucose sensor in blood serum successfully [143].

In the recent past, graphene-Au-nano-hexagons prepared from in situ sonication
technique manifested enhanced surface enhanced Raman spectroscopy (SERS)
effectively employed for the detection of breast cancer and its stem cells was
reported. The chemical mechanism for SERS intensity enhancement is greatly
influenced by the number of graphene layers present. It has been reported that
few-layered graphenes decorated Au-nanosystems owing to overlapping of surface
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plasmon resonance of Au with p-electron clouds of graphene extends lifetime of
transitory vibration states of various bonds leading to intensifying SERS
signal. Schematic representation of two-stepped-in situ ultrasound assisted prepara-
tion of graphene-Au-nano-hexagons nanocomposite has been shown in Fig. 11 [144].

Lately, sonochemically prepared Sn nanoparticles anchored reduced graphene
oxide nano-discs in polyol medium were communicated with potential optoelec-
tronic applications. Ultrasound played crucial role in the formation of these
nano-discs. It was presumed that acoustic cavitation produced shear forces that
cleaved the nanosheets (functionalized with polyols especially at the edges) into
nano-discs to lower surface energy. Further, anchoring of Sn nanoparticles on the
graphene impart stability to these nano-discs [145]. Even thermodynamically driven
bimetallic alloys formation graphene substrates have been achieved by overcoming
the kinetic barriers as a result of aid of ultrasound energy; successfully applied for
various biomedical applications [146]. Based on similar strategies, several reports
exists on sonochemically synthesized graphene-metal derivatives that have been
employed in diversified applications, some of which have been summarized in
Table 1 [147].

(a)

(b)

Fig. 11 Schematic representation of two-stepped-in situ ultrasound assisted preparation of
graphene-Au-nano-hexagons nanocomposite for enhanced surface enhanced Raman spectroscopy
(SERS). Ref. [144], reproduced on permission
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4.2 Metal Oxide Based Functionalized Graphene-
Nanocomposites

Metal oxide based graphene or graphene oxide (GO) nanocomposites have been of
immense interest to the scientific community since last decade as these systems
display unique physico-chemical features such as optical and electronic properties
considerably with tuned particle size and structural modifications. Their anchoring
on functionalized graphene oxide sheets prevents both agglomerations of the metal
oxide nanosystems as well restacking of graphene layers owing to strong Van der
Waals interactions between themselves, thus improving the stability of the indi-
vidual components [154]. Moreover, the properties of the versatile and tailored
quantum dots could be improved on 2D-graphene substrates because of the syn-
ergetic effect between them [155]. These nanocomposites have showed great results
in different technological fields such as in photovoltaic devices, photo-catalysis as
well as in various energy-devices starting from its harvesting, conversion and
storage, etc. With this view, huge efforts have been made in assembling a large
number of transition metal oxide nanosystems that includes TiO2, ZnO, SnO2,
MnO2, Co3O4, Fe3O4, Fe2O3, NiO, CuO etc. fabricating graphene hybrids since last
decade [156–158].

Table 1 Ultrasound assisted graphene-metal nanocomposite synthesis and their applications

Graphene-metal
nanocomposite

Sonication parameters Applications Refs.

GO–Au Horn sonication 20 kHz Cholesterol sensing [148]

RGO–Au Probe sonication 120 min, 20 kHz,
750 W, 80% amplitude, RT

NO detection [149]

GO–Ag–Au Bath sonication Ag NPs: 120 min,
42 kHz, Au NPs: 360 min, RT

Anticancer activity [150]

GO–Au–Ag Dual frequency, bath and horn
sonication 9 min, 213 kHz, 110–125
mW/mL, 20 kHz, 390 mW/mL, 10 mm
(dia), 1 min (0.5 s on and 0.5 s off), 3 h,
28 °C

Bimetallic catalyst for
the reduction of organic
compound

[151]

RGO–Pt–Pd Dual frequency, bath and horn
sonication
High: 211 kHz, 110–125 mW/mL,
9 min, 28 °C
Low: 20 kHz, 390 mW/mL, 10 mm (tip
dia), 1 min (0.5 s on and 0.5 s off)

High electrocatalytic
activity for methanol
oxidation

[109]

GO decorated
with Ag and Au
NPs

Bath sonication, high frequency
(*213 kHz) and then horn sonication,
low frequency (20 kHz) for 3 h

Catalytic reduction of
4-aminophenol

[152]

Reduced
graphene oxide/
Pt/Sn

Horn sonicator (20 kHz), *3 h under
argon atmosphere

Electrocatalytic
methanol oxidation

[153]
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Although many synthetic approaches have been adopted to prepare various
nanocomposites based on the desired mode of applications, some of the common
features that are urged for superior properties include large active-surface area,
porosity, utilization of active material, faster charge transport features leading to
high conductivity. For this, good exfoliation of the graphene sheets, uniform dis-
tribution of the nanomaterials on the sheets, optimum size formation of both the
nano-metal oxides as well as the graphene sheets are necessary. Such features are
very much obtainable with ultrasound energy assisted synthesis adopting optimum
sonochemical parameters. Ultrasonic irradiations improve dispersion procedure and
assist in achieving uniform loading of nanoparticles on functionalized graphene
nanosheets, increasing the surface properties of the resultant product. Such an
improvisation in synthetic methodology provides smarter materials with superior
properties. Recently, Majumdar et al. explored two back-to-back hybrid systems—
ultrasound-assisted rGO/CuO nanocomposites and MnO2/hydroxyl-functionalized
graphene systems with improved electrochemical energy storage behavior. Better
interfacing characteristics were achieved due to in situ formation of nano-metal
oxides over functionalized graphene surfaces under the aid of ultrasonication. The
outline of synthetic procedure of ultrasound assisted-MnO2/hydroxy-graphene
composite has been displayed in Fig. 12 [159, 160].

Microjets formation due to cavitation effects improves the nanoparticle nucle-
ation rates to obtain uniformly, distributed, oxides nanoparticles and considerably
resolves the problem of agglomeration during synthesis to obtain intelligent
materials. Sonochemical synthetic approach has been applied for obtaining various
metal oxide-graphene composite used for various scientific applications some of

Fig. 12 Outline of synthesis procedure of ultrasound assisted-MnO2/hydroxy-graphene compos-
ite and its supercapacitor characteristics. Ref. [160], reproduced on permission
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which are summarized in Fig. 13. Moreover, the sonochemical technique is par-
ticularly important for resolving aggregation effects and limiting the size of
2D-graphene systems [161, 162]. Hence, in recent investigations, ultrasound
techniques are employed in assisted/hyphenated mode for obtaining desired mor-
phologies such as nanotubes, rods or even 2D plates [163–165]. The ultrasonication
aid in these cases is indispensable and play important role in achieving homoge-
neous dispersion of GO so that maximum extent of the surfaces get exposure to the
precursor materials for metal oxide formation can easily nucleate on its surface.

4.3 Polymer Based Functionalized Graphene-
Nanocomposites

As discussed earlier, ultrasonic irradiation generates acoustic cavitation that also
initiates polymer degradation in addition to morphological alterations. The strategy
has been deliberately employed in obtaining various polymer nanostructures too
[166]. The polymer chains when exposed to the vicinity of the collapsing bubbles
experience high-gradient shear field that results in their segregation as well as lead
to breakage of macromolecular C–C bonds. Such effects result in the formation of
long chain radicals as detected for poly(methyl methacrylate), polystyrene, and poly
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(vinyl alcohol) (PVA) by means of ESR spectroscopy [167, 168]. The approach has
been applied to obtain a larger number of polymer functionalized graphene systems
for different practical utilities. For instance, polystyrene functionalized graphenes
obtained by mixing styrene with natural graphite flakes using horn sonication-probe
of 20 kHz frequency, power density 50 Wcm−2 at 0 °C for 2 h under Argon
atmosphere yielded the polystyrene-functionalized graphenes. 3D graphene-foam
was obtained by initially functionalizing GO with polystyrene followed by its
removal. These materials easily get dispersed in different common organic solvents
and formed stable dispersions in them, which promotes their easy processibility for
various applications [169]. Similarly, Poly(vinylalcohol)-functionalized graphene
was prepared using sonochemical technique yielded the composite with higher
tensile strength and improvement Young’s modulus values for various potential
uses [170]. Copolymer-based graphene nanoplatelets using ultrasound assisted
synthesis showed unique characteristics with less agglomeration rate with good
processibility in wide range of polar and non-polar solvents [171]. In many cases,
the viscous nature of polymers are reduced by segregation of polymer chains by
applying ultrasound frequency of 10–50 kHz and this pre-treatment is essential for
integration and graphene dispersion in polymer [172]. Such reports were made by
Bian group and Ma group while fabricating poly(propylene carbonate)/modified
graphite oxide nanocomposites and elastomeric composites respectively using
solution intercalation technique [173–175].

The ultrasound assisted graphene oxide/PVA composites were found to exhibit
highly sensitivity to ultrasound exposure (or energy input). Ultrasonication for short
time period leads to poor exfoliation of GO sheets and thus a partial strengthening
effect is achieved. However, long time ultrasonication often causes reduction in GO
sheet sizes, obstructing the mechanical improvement. Thus, an optimized ultra-
sound energy input *15 W hL−1 is ideal for the preparation of such composites
[176]. Lately, graphene oxide was used as epoxy curing agents where cross-linking
in epoxy resinwas induced by GO. Combination of covalent and p–p interactions
promoted excellent dispersibility of the GO within polymeric matrix. The material
with excellent adhesion and structural flexibility displayed potential capabilities to
resist corrosion on a steel surface [177].

Ultrasound-synthesized graphene based-polymer nanocomposites have wide
range of potential applications. Majumdar and co-researchers also fabricated single
crystalline, epitaxial polyaniline (PANI) films on graphene sheets using sono-
chemical- assisted in situ polymerization technique with high quality P–N junction
displaying excellent diode-like characteristics. The local cavitation energy supplied
necessary activation for homolytic cleavage of the strained epoxy groups on GO
sheets for in situ oxidation of aniline to polyaniline as depicted in Fig. 14 [178].
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4.4 Other Graphene/Nano-Carbon Based Derivatives

Nano-porous carbons based on CNTs, Carbon nanofibers, etc. offer huge oppor-
tunity of straightforward tuning of their texture and surface chemistry thereby
introducing novel effects derived from confinement, doping effects, and electron
transfer features. Blending of these nano carbons with graphene and its derivatives
reinforce each of the components shortcomings leading to reformed characteristics.
The aid of ultrasound lead to intimate blending instigated by synergism, many such

Fig. 14 Mechanism of oxidation-reduction process and preferential growth of PANI-chains on
r-GO super-lattice in aid of ultrasound energy. Ref. [178], reproduced on permission
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instances are available in the literature. For example, ultrasound-mediated prepa-
ration of electrospun carbon nanofiber/graphene nanocomposite was employed for
energy storage applications [179]. The resultant composite electrode showed
improved conductivity, reduced agglomeration effects. Its novel structure and
synergism of the components contributed to a specific capacitance of 183 Fg−1

much higher than pristine nanofibers, with good rate capability and galvanostatic
charging/discharging cycle efficiency. Graphene-carbon nanotube hybrids designed
for facilitating direct electron transfer of glucose oxidase and promoting glucose
bio-sensing were achieved by sonochemical route. The well-dispersed, large
area-based, highly conducting composite with interconnected network channels
assist faster electron transport for sensing applications [180]. Ultrasound—assisted
physical blending of pristine-graphene and pristine-fullerenes were employed for
various applications that include solar cells, catalysis, bio-sensing, etc. [181–187].
Even, ultrasound-assisted pulse electrodeposition technique was successfully used
to fabricate the GO-hydroxyapatite composite with better mechanical properties.
Hydroxyapatite (calcium phosphate) which is analogous to similar to the human
hard tissues in morphology and composition, blending with GO sheets have
increased its hardness to large extent. Studies revealed that during sonolysis of
water, the auto-generated, highly reactive hydroxy radicals along with GO had a
constructive influence on the mineralization of the hydroxyapatite phase. The
resultant material has high implication in biomedical fields [188, 189].

5 Sonochemically Synthesized Graphene Ternary
Composites

A ternary composite is aimed to utilize the full benefits of each of the three com-
ponents to yield a smarter material with improved characteristics in comparison to
the binary composites. Ternary hybrids assist in resolving technological hurdles
associated with agglomeration, interfacial chemistry, electronic, chemical and
mechanical stability and flexibility issues. Various scientific landmarks have been
achieved through usage of ternary composites especially in the fields of energy
storage, photo-catalysis, metal ion detoxification water treatment, etc. [190–192].

Ultrasound assisted fabrication of ternary composites are rapidly emerging in the
recent past. Scalable, homogeneous and densely dispersed core-double–shell
cobalt/graphene//polystyrene high magnetization nanocomposites were designed by
“in situ-sonochemical polymerization” technique that exhibited higher thermal
stability with significant increase in glass transition temperature compared to
pristine-polymer. The technique offered opportunity to produce covalent bonding
between polymer and the graphene shell, using by two surface reactions: “grafting
from” as the pre-immobilized monomer on graphene surface grows to polymer,
while the “grafting to” occurs when pre-synthesized polymer is immobilized on
graphene surface respectively [193]. Few years ago, ternary self-assembled
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free-standing and flexible alternating layers of metal oxide andgraphene
nanocomposites electrodes with graphene as fundamental building blocks designed
for Li-ion batteries should high charge storage capacity with minimum charge/
discharge loss. The surfactants in aid with ultrasound energy uniformly intercalated
into graphene and homogenously distributed the nucleation sites for metal oxide
formation with desired morphology on the graphene surface via solvothermal
method [194]. Lately, ternary composites based on Pd nanoparticles immobilized
on Fe3O4/amine-functionalized GO using sonochemical method without additional
reducing agents that exhibited improved catalytic efficiency in Sonogashira
cross-coupling reactions. Adoption of sonochemical reduction strategy generated
mono-dispersed Pd nanoparticles on the binary composite surface that favoured
cross-coupling reaction with high turnover frequency [195]. Similarly, ultrasonic
assisted uniformly dispersed nano-sized Co2SnO4/graphene for electrochemical
hydrogen storage application was reported shortly. The group studied different
parameters such as duration of ultrasonic irradiation, solvent nature and basic
reagent required to attain optimum size and morphology conditions [196]. Very
recently, sonochemical strategy as adopted to prepare CoSe2/Graphene/TiO2 tern-
ary nanocomposites exhibited appreciable photo-catalytic degradation of water
soluble dye. Here also, the ultrasound technique promotes uniform dispersion
strong anchoring as well as effective active mass utilization of the photo-catalyst on
graphene surface [197].

6 Toxicity Issues

Rapid progress in graphenes applications has triggered spontaneous risks of inad-
vertent occupational and environmental exposures [198]. Comprehensive studies
and their reviews highlighting their exclusive biocompatible properties for potential
biomedical applications including drug encapsulation and release, gene delivery,
biosensors, tissue engineering, neurosurgery, etc. are available in the literature
[199–204]. Even they have been applied for water purification and treatments too.
However, acute and chronic effects of different graphene systems obtained from
different techniques including sonochemistry, should be taken into account from the
point of environmental issues. For innumerous occasions, sonochemical methods of
preparation of graphenes have been adopted for obtaining their optimal dimensions
for the aforesaid versatile implications. As sonochemical technique is extremely
handful in minimizing dimensions and functionalizing graphenes for desired
morphology, while working with such strategy, strict safety measures should be
availed so as to avoid the probable toxicities induced by graphenes. Besides, tox-
icity of the various nano-composites so obtained from ultrasound-assisted tech-
niques should also be carefully looked into and studied in detail, in view of overall
well-being and safety of the entire ecosystem.

Very recently, investigation on graphene exposure showed that its occupational
contact have probable toxicity to the workers and researchers [205]. Besides, the
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graphene impact on the air, soil and water environments were explored too [206,
207]. These nanomaterials get introduced into living bodies by intra-tracheal
instillation, oral administration, intra-venous/intra-peritoneal/subcutaneous injec-
tion procedures [208], etc. Both acute and chronic tissue injuries through blood
contamination can cause their accumulation within the vital organs. For instance,
graphene aerosols on inhalation get substantially deposited in the human respiratory
tract through the trachea-bronchial and lower lung airways resulting in the subse-
quent formation of granulomas, lung fibrosis and other possible adverse health
effects on exposure. In vivo and in vitro studies on toxicity of graphenes and
derivatives, their entry-paths, mechanism of toxicities were explored too on mice to
simulate the impact on humans [209, 210].

Low doses of graphene systems contamination are less risky but on exposure to
large concentrations leads to deposition of the same in vital internal organs such as
lungs, spleen, liver, kidney, etc. High GO concentrations percolate cell membranes
to invade lysosomes, mitochondria, endoplasm, even cell nucleus [211]. Several
records inform that rGO caused apoptosis (a genetically controlled cell
self-destruction process) mediated cell death even at a lower dose but that necrosis
(disease induced cell death) was common with the increasing dose/duration of
exposure. Even, the lateral dimension of graphene is crucial as the diameter
between 100 and 500 nm may promote severe toxicity, while smaller diame-
ters <40 nm are assigned to be comparatively safe. Besides, surface charge, func-
tionalisation, composite components, etc. are important factors that should be taken
into compulsory consideration during fabrication of graphene systems.

Thus, the author narrates here this section especially bearing in mind the fact that
the present chapter would definitely increase the awareness of the beginners to this
field of research in the near future, which may largely assist in their scientific
planning.

7 Conclusion and Upcoming Perspectives

The present chapter emphasizes on the fundamentals aspects of ultrasound energy
employed for sonochemical synthesis of graphenes and its derivatives. The para-
metric studies and subsequent challenges depicted during the sonochemical
preparation of graphenes and its composites have been delineated here. Rigorous
studies reveal that ultrasound assisted synthesis easily resolves the frequently-faced
issues such as rapid agglomeration and non-uniform, irregular morphology-based
graphene sheets, experienced on mechanical stirring commonly adopted during
wet-chemical synthesis of graphene. The ultrasound- assisted exfoliation of gra-
phene minimizes the reaction time considerably, thereby lowering the production
cost as well as allows fabrication of more homogeneously sized graphene sheets
with the flexibility of tuning the dimension and morphology according to techno-
logical demands. It has been observed that high power ultrasound generally yields
thin and single-layered graphene sheets whereas low-power ultrasound such as bath
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sonication leads to multi-layered, less damaged sheets with roughened surfaces and
edges. Hence, as per requirement of graphene sheet morphology, ultrasonication
probe (such as ultrasonic bath, horn, microtip, etc.) are employed with optimized
sonication time. The ultrasound intensity, power and frequency are crucial for
tuning the sizes of the formed graphenes. In addition to this, ultrasound also ini-
tiates functionalisation of graphene sheets by the chemical activation of surface
functional group such as carboxyl, epoxy and hydroxyl groups with suitable
components such as metal ions/organic monomers to form various graphene-metal
or graphene-metal oxide nanocomposites or graphene-bio-molecule compounds
respectively. Even ternary composites are also effective with suitable choice of
components for achieving smarter materials. The ultrasound generated local hot
spots and microjets provide such an intensive environment that makes sonochem-
ical reactions spontaneously viable without the need of external catalyst or pro-
moters. In a nutshell, sonochemistry provides a scalable, greener, cost-effective and
proficient approach for advanced exploration of graphene.

In recent times, ultrasonication treatment supplements other preparation methods
such as solvothermal, sol-gel, precipitation, etc. to obtain desired morphology based
nanocomposites. Further, recent investigations urge bulk exfoliation of graphite to
graphene for many applications that necessities large scale production of func-
tionalized graphenes with controlled properties. Such requirements are well
addressed by sonochemical synthesis of graphenes. Extensive efforts have been
dedicated using ultrasound for improving the yield and degree of exfoliation of
graphenes, taking into count the bio-compatibility of solvents, and intercalating/
stabilizing agents but the adequate yield of single-layered graphene still remains a
great challenge. A better understanding of graphene colloidal dispersion of gra-
phene in various solvents with higher concentrations urges further explorations.

It is important to note that mechanical exfoliation of both graphite oxide and
graphite has become one of the major techniques for the preparation of desired
graphene-based composites for various technological applications. However, sys-
tematic studies on tuning of several controlling factors including heat intensity
control by acoustic cavitation, physical parameters such as thermal conductivity of
dissolved gases, solvent vapour pressure within micro-bubbles, ambient pressure,
nature of dissolved impurities within solvents, etc. needs further detailed explo-
ration for achieving better sonochemical yield of graphenes with better properties.
Such challenges are certainly opening up vast and novel prospects on sonochemical
synthesis of graphenes and related composites for the near-future technologies. It is
no far way when sonochemical synthetic approach would become the pioneering
mode for scalable graphene production for commercial applications.
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Sonochemically Covalent Functionalized
Graphene Oxide Towards
Photoluminescence
and Nanocytotoxicity Activities

Gopal Avashthi, Shrikant S. Maktedar and Man Singh

Abstract The greener mechanistic cavitation method has been applied for
synthesis of graphene oxide (GrO) based functionalized materials. The GrO func-
tionalization with various amine substituted heterocyclic moieties (ASHM) have an
emerging technology towards biomedical processing of graphene. Hence, an
ultrasound energy has been applied for GrO functionalization with 2-Amino-
1,3,4-thidiazole (ATDZ) to synthesize Covalent functionalized product f-(ATDZ)
GrO. Structural investigations have confirmed the covalent functionalization
(CF) of GrO to synthesize f-(ATDZ)GrO. The structure of f-(ATDZ)GrO has
confirmed with Fourier-transform infrared spectroscopy (FTIR), ultraviolet–visible
spectroscopy (UV), RAMAN, X-ray diffraction (XRD), thermogravimetric analysis
(TGA)/differential thermal analysis (DTA)/Differential thermal Gravimetry (DTG),
Dynamic Light Scattering (DLS), high-resolution transmission electron microscopy
(HRTEM), selected area electron diffraction (SAED), atomic force microscopy
(AFM), scanning electron microscopy (SEM). The structural insights provide a
mechanistic understanding of functional expression, through the contribution of
atomic domains (CAD). TGA of f-(ATDZ)GrO validates total percentage weight
loss of 95.5% at 198.17 °C. Thermal stability of f-(ATDZ)GrO as temperature
aspects also certified an exothermic curve obtained with DTA. The calculated PL
band gap of 3.87 eV in noncompatible f-(ATDZ)GrO is indicating towards
biosensing applications. In extension of functionalization series of GrO with
heterocyclic derivative, the cytotoxicity of f-(ATDZ)GrO has evaluated with
Sulforhodamine B (SRB) assay to living cells, HaCaT and Vero cell lines. The
average estimated cell viabilities have observed *91.575% with HaCaT cell
lines over a wide concentration range of 10–80 lg mL−1. The high cytocompati-
bility of f-(ATDZ)GrO has further extent with Vero cell lines of *36.825%
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biocompatibility. However, the morphological effect on HaCaT cell line and some
extinct significant with Vero have evidently confirmed that higher cytocompatibility
of f-(ATDZ)GrO can be explore for the cytocompatibility as Nanotoxicity aspects.
Therefore, f-(ATDZ)GrO appeared as an advanced material which can be further
used for development of various biomedical applications.

Keywords Graphene oxide � Covalent functionalization �
2-Amino-1,3,4-thidiazole � HaCaT and vero � Cytocompatibility �
Photoluminescence activity

1 Introduction

Recently, the processability of GrO based materials are a challenge in biological
field due to its solubility and stability. But the unique properties of 21st century
materials, have been opened the door for designing functional nanomaterials for
biomedical applications. Several potential properties like high surface area, light
weight, thinnest material, high mechanical strength [1–7] graphene is not easy to
apply for biomedical applications due to its high thermal stability and poor pro-
cessability. Therefore, development of GrO based advanced functional material has
emerged as a decisive solution for biomedical applications of graphene [8–21].
Although, there are lot of parameters like degree of oxidation, electronic con-
stituents of functionalized GrO, dosage, size and time of exposure consider for the
nanotoxicity of the graphene-based materials [22–24]. The flexibility of the gra-
phene and graphene oxide are expected to rise and develop in various form of its
derivatives and can be explore in biomedical tissue engineering field in future. In
previous few years the Scientific community proves the strength of graphene in
biomedical applications but lot of studies are necessary to reach at much more
efficient level [25–27]. The enhanced dispersibility of functional graphene materials
facilitates its smooth processability in various organic solvents. However, water
assisted formulation of the graphene-based nanomaterials enhance the physiological
stability, solubility and to act as an efficient chemotherapeutic agent [28]. Therefore,
surface modification of graphene is essentially required for biomedical applications
[29–36]. Even, the electrochemical based synthesized highly featured oxygen and
nitrogen doped graphene quantum dots explored for the various potential applica-
tions for the cytotoxicity investigation [37]. The hetero atomic domains like oxygen
and nitrogen over graphene surface, cause mechanistic structural changes of the
cells and revealing its potency in biological applications and thermally stable
nanocomposite synthesis [38–41].

The conventional wet functionalization of graphene has been extensively known
for enhancing functionality of graphene-based materials [42–44]. A cost-effective
graphite (Gt) has been used as starting material for chemical twisting of graphene
edges, with same problem of stability and solvent processability. Therefore, Gt is
chemically modified into graphite oxide (GtO) and then an ultrasound irradiation

106 G. Avashthi et al.



facilitates the process of exfoliation for the preparation of GrO. The surplus oxygen
containing functionalities confirms the suitability of GrO for chemical functional-
ization and used as a precursor for graphene functionalization [45–47]. The surface
functionalization of GrO completely avoided the use of the hazardous acylating and
coupling reagents. However, several efforts have been effectively known for bio-
logical applications of GrO based materials including in vitro cytotoxicity [48–55].
Therefore, the present studies have successfully reported the formation of f-(ATDZ)
GrO through robust sonochemical approach. The as-prepared f-(ATDZ)GrO was
further evaluated towards biomedical applications through cytotoxicity profile at
nano level. The higher cell viabilities have confirmed the lower toxicity and hence
an excellent cytocompatibility of f-(ATDZ)GrO. The thermal studies have con-
firmed, stability of f-(ATDZ)GrO w.r.t. to temperature (T) as compared to GrO, due
to the presence of a surplus oxygen containing functionalities and destabilizing
structural electronic domains. However, f-(ATDZ)GrO has shown an enhanced
thermal stability w.r.t to T due to covalent attachment of ATDZ over GrO surface.
Therefore, the suitability of f-(ATDZ)GrO has confirmed for thermally stable
biocompatible coatings. The synergistic impact of various functionalities over
f-(ATDZ)GrO surface, have mechanistically confirmed through the contribution of
atomic domains (CAD). Hence, f-(ATDZ)GrO is truly emerging as an advanced
functional material for biomedical applications.

2 Experimental Section

2.1 Materials

Graphite (Gt) flakes, conc. sulphuric acid (97%), phosphoric acid (>85 wt% in
H2O), concentrated hydrogen chloride, 2-Amino-1,3,4-thidiazole (97%), were
purchased from Sigma-Aldrich Co. 30% hydrogen peroxide was procured from S.D
Fine chemicals. Analytical grade potassium permanganate was purchased from
Rankem. Absolute alcohol was procured from Scvuksmandli Ltd. India. All
chemicals were used without further purification.

2.2 Synthesis of GrO

The GtO has been efficiently prepared with certain modifications by improved
oxidation process [45]. Gt flakes have oxidized by using mixture of concentrated
H2SO4/H3PO4 in 9:1 ratio (180:20 mL), was poured into 500 mL RB flask con-
taining a mixture of graphite flakes (1.5 g) and KMnO4 (9.0 g), producing a slight
exotherm to up to 40 °C. The exotherm heat was controlled and cooled to RT. The
oil bath setup was heated to 50 °C on magnetic hot plate stirrer. The reaction was
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performed by keeping the RB flask with reaction mixture, inside oil bath and heated
and reflux at 50 °C with constantly 12 h stirring. After completion of the reaction,
the reaction mixture was cooled to RT and mixed onto ice water (*200 mL) with
H2O2 (1.5 mL). The washing of reaction mixture was performed for removal of
impurities by centrifugation at 8000 rpm for 15 min each. Stepwise washing, to
separate solid sediments of reacted materials and supernatant possess inorganic
salts, were decanted away from the sediment. The complete washing of solid
sediment is accomplished by repeating two times and each wash is completed by
successively with 200 mL of distilled water to remove the water-soluble compo-
nent, 150 mL HCl to remove the minerals, and 100 mL ethanol to remove the
organic soluble components. The sediments were centrifuged at 8000 rpm for
15 min for each wash and supernatant was decanted away. Hence, complete
washed materials were obtained after multiple washing. The solid cake like
brownish purified material was coagulated in 100 mL of ether and poured in Petri
dish and vacuum-dried for 12 h at 50 °C. The synthesized brown colored solid GtO
is generally known for precursor of well-oxidized exfoliated GrO [45–47] 180 min
intense ultrasound irradiation has been applied for the exfoliation of GtO into GrO.
Hence, the homogeneously dispersed GrO solution was directly used as a precursor
for chemical functionalization with ATDZ under ultrasound irradiation.

2.3 Synthesis of f-(ATDZ)GrO

In continuation of synthesizing series of f-GrO with metal free ASHM, and further
these were explored for the cytocompatibility study [53, 54]. The as-prepared GrO
is directly used for chemical functionalization. The kinetically active homogeneous
dispersion of GrO facilitates the enhance kinetic energy to lowered the activation
energy in process of direct chemical functionalization through physical and
chemical effects of an ultrasound irradiation. To obtain homogenous dispersion of
GrO, 1 mg/mL conc. in ethanol is used for exfoliation. The 0.04 g GtO in 40 mL
ethanol was subjected to intense ultrasonic treatment with Oscar ultrasonic
(Microclean-103) for 3 h. The ultrasound energy reinforces the dispersion of GtO
into homogenize GrO. The mechanochemical energy enhances the chemical reac-
tivity of GrO and develops light brown colored dispersion. The 0.2 g ATDZ is
added directly to the reaction mixture, which are set under the ultrasound bath. The
reaction takes place in 15 min. After addition of ATDZ to GrO indicates a for-
mation of the dark brown colored agglomerate. The f-(ATDZ)GrO was washed
batch wise thrice with 20 mL of ethanol and centrifuged at 8000 rpm for 15 min.
for each wash. The obtained functionalized material was dried at 50 °C under
vacuum for 24 h. The structural investigations have confirmed the covalent
attachment of ATDZ over GrO surface.
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2.4 Nanocytotoxicity Evaluation

Nanocytotoxicity evaluation was completed with cell line study by growing in
RPMI 1640 medium with fetal bovine serum (10%) and L-glutamine (2 mM). For
initial screening, the inoculated cells into 96 microtiter plates of 100 µL coating
densities were studied, as contingent on repetition of distinct cell lines. After cell
inoculation, the microtiter plates were incubated at 37 °C, 5% CO2, 95% air and
100% comparative humidity for 24 h before to addition of experimental drugs.
Experimental drugs were initially solubilized in dimethyl Sulfoxide (DMSO) at
100 mg/ml and diluted to 1 mg/mL using water and kept ice-covered prior to
practice. During drug addition, an aliquot of ice-freeze concentrate (1 mg/mL) was
liquified and diluted up to 100, 200, 400 and 800 lg/mL in whole medium, con-
taining test sample. The microtiter wells were added by a portion of 10 µL of
dissimilar drug dilutions which, already containing 90 µL in medium, resulting in
the required final drug concentrations i.e. 10, 20, 40 and 80 lg/mL. After the
addition of compound, plates were incubated at normal lab condition for 48 h and
the assay was terminated by the addition of cold trichloroacetic acid (TCA). Cells
were secure in situ by the moderate addition of 50 µL of cold 30% (w/v) TCA (final
conc., 10% TCA) and incubated for 1 h at 4 °C. The supernatant was decanted
away and plates were cleaned several times with water, followed by air drying.
Sulforhodamine B (SRB) solution (50 µL) at 0.4% (w/v) in 1% acetic acid has
supplied to each well, and plates were incubated for 20 min. at room temperature.
After completion of staining, unstained dye was isolated and the residual dye was
removed by washing five times with 1% acetic acid. Further, the plates were air
dried. 10 mM trizma base was used to eluate the bound stain successively and
absorbance (A) was distinguished on a plate scale at 540 nm with 690 nm reference
wavelength. Percent growth (PG) was analyzed on a plate-by-plate serial basis for
wells testing relative to control wells. PG was stated as the proportion of average A
of test well to the average A of control wells *100. Using six A measurements
[control growth (CG), test growth (TG) and time zero (TZ) in occurrence of article
drug at four concentration dose (Ti)], the PG was observed at each drug concen-
tration levels. The PG inhibition was calculated as:

Ti=C½ � � 100%

2.5 Characterization Techniques

The synthesis of GrO and f-(ATDZ)GrO were carried out with REMI 1MLH
magnetic stirrer with a hot plate and Oscar ultrasonic sonicator (Microclean-103).
The purification was carried with Eltek centrifuge, MP 400. The various functional
groups over GrO and f-(ATDZ)GrO were identified with Perkin Elmer Spectrum 65
FTIR. The surface morphology and electronic diffraction pattern was observed with
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HRTEM (FEI Model Tecnai G2 S Twin) and SAED patterns which is supported by
UV/Vis spectrophotometer (Spectro 2060 plus model). The Raman spectra of
samples were recorded with Horiba HR 800 instrument with 480 nm Ar laser. The
thermal properties were carried out under N2 ambient, measured with EXSTAR
TG/DTA 7300 analyzer. The X-ray diffraction spectra were recorded in the range of
5°–80° on D8 Advance instrument. The topographical analyses were carried out
with AFM in non-contact mode. The SEM analysis was performed on Carl-Zeiss
Evo-18 instrument. The particle size and homogenous dispersion were investigated
by Dynamic Light Scattering (DLS, Microtrac, Zetatrac, U2771). The all charac-
teristics investigations were carried out with reference to GrO [39].

3 Results and Discussion

The ultrasound assisted functionalization of GrO is explored to develop advanced
materials in various challenging technological field. Hence, the amine substituted
organic moieties have many advantage in biological field. The functionalization of
GrO with ASHM can be explore for the enhance their activity due to synergistic
impact by involvement of extra electronic domains as a whole. The amide bond
formation is stabilized the carboxyl functionality over GrO surface after function-
alization, and functionalized product is more stabilized as whole, which is more
applicable to show their activity against the thermophile organism. But sometimes,
the electronic strain of organic frame also plays a contrary role as a stabilization
perspective. In this contest, ultrasound energy is used a greener route to func-
tionalize GrO with ATDZ into f-(ATDZ)GrO. The f-(ATDZ)GrO possesses amide
bond in functionalization with GrO through in situ ester mechanism (Scheme 1),
which is further explored for their structural investigation, thermal stability
behavior than GrO and their biological activity.

3.1 Structural Investigation

The covalent attachment of ATDZ on GrO surface has been confirmed with FTIR
spectroscopy (Fig. 1). The FTIR spectra of f-(ATDZ)GrO comprises with a char-
acteristic peak for amide at *1640 cm−1 with *80% transmittance, which is
absent in GrO [39], confirms the formation of covalent functionalized amide bond
on GrO surface. However, FTIR spectrum of f-(ATDZ)GrO shows multifunctional
groups besides the amide bond. The characteristic peaks for these functionalities are
observed at 3352 cm−1 (–OH), 1072 cm−1 (C–O–C), and 1736 cm−1 (C = O).

The UV-Vis absorbance spectrum of ATDZ and f-(ATDZ)GrO is shown in
Fig. 2. The spectrum of GrO shows two types of transitions, a sharp transition peak
at 230 nm, was attributed to p ! p* transition of C=C bond. The second broad
peak at 300 nm corresponds to n ! p* transition of C=O bond [39]. These
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Scheme 1 Functionalization of GrO with ATDZ through in-situ esterification mechanism

Fig. 1 FTIR spectrum of f-
(ATDZ)GrO
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investigations suggest the higher degree of oxidation and presence of oxygen
functionality over the graphene surface. Further, UV-Vis absorbance spectrum of f-
(ATDZ)GrO is observed broad peak at 245 nm, which has similarity like pure
ATDZ and another broad hump like peak at 295 nm. The bathochromic shift at
245 nm confirms the enhancing the conjugation and restoration of p electron due to
covalent functionalization of GrO with ATDZ. Therefore, UV-Vis spectrum of f-
(ATDZ)GrO has confirmed the covalent bond formation of ATDZ onto the surface
of GrO via amide bond.

Structural defects of GrO and f-(ATDZ)GrO were analyzed with Raman spec-
troscopy. The characteristic D and G peaks in Raman spectra of GrO is observed at
1359 and 1596 Cm−1 respectively with D/G ratio 0.85, which confirms the larger
defects in crystal lattice [39]. The distinctive D peak is observed for sp3 hybridized
carbon, which agrees to A1g symmetry and G peak corresponds to the graphitic
carbon of E2g symmetry. The D and G peak in f-(ATDZ)GrO is observed at 1367
and 1581 Cm−1 respectively (Fig. 3). The calculated D/G ratio is equal to 0.86,
which shows more defects in f-(ATDZ)GrO than GrO. Hence, the presence of
wider peak and larger defects in D peak at 1367 is supported for the covalent
functionalization of ATDZ with GrO into a defective f-(ATDZ)GrO. To break up
the thermal stability of the f-(ATDZ)GrO must have low enthalpy and it was
confirmed by DTA as an exothermic reaction.

The powder XRD were examined with Cu Ka radiations k = 1.54 A° run with
40 kV voltage and 30 mA cathodic current. The spectra have taken in range of 5°–
80° at 0.01 degree/s scan rate. The hexagonal Gt flakes PDF 00-025-0284 is used as
precursor for the synthesis of GrO followed by its functionalization with ATDZ.
A sharp 2h peak at 26.28 corresponding to (002) plane having interlayer spacing
3.38 A° is observed. The Powder XRD pattern of GrO is observed of (002) plane at
2h of 10.54 A° with interlayer spacing 8.38 A° [39]. The XRD of f-(ATDZ)GrO
(Fig. 4) validates two diffraction peak at 10.1132 and 24.0075 with their relative

Fig. 2 Comparative
spectrum of pure ATDZ and
f-(ATDZ)GrO
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intensity 100 and 34.02% respectively (Table 1). A diffraction peak at 10.1132 in
XRD pattern of f-(ATDZ)GrO is observed due to reflection from (002) plane. The
shift in the position of diffraction peak as compared to starting materials infers the
formation of f-(ATDZ)GrO. However, the d-spacing of f-(ATDZ)GrO is found to
be 8.73949 and 3.70379 A° for both peak respectively. The enhanced value of

Fig. 3 Raman spectrum of f-(ATDZ)GrO

Fig. 4 Powder XRD of f-
(ATDZ)GrO
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d-spacing as compared to GrO infers the covalent functionalization of ATDZ on
GrO surface. The FWHM of f-(ATDZ)GrO was 3.5255 and 4.0000 for both peaks
respectively. Therefore, the formation of f-(ATDZ)GrO has confirmed with XRD.

The thermal profile of f-(ATDZ)GrO has been studied with TGA, DTA and
DTG. The investigations of mass loss as a function of temperature infers the
thermal decomposition and its stability. Nitrogen (Industrial grade) at a 100 mL/
min has been used for the measurements with a slow ramp of 10 °C/min in range of
50–600 °C. TGA comparison of f-(ATDZ)GrO is depicted in Fig. 5a. Almost a
complete single stage mass loss *95.50% has been observed at near 198.17 °C for
f-(ATDZ)GrO. While GrO shows single stage decomposition 88.51% at 197.7 °C
with significant mass loss due to labile oxygen functionality over the GrO surface
[39]. TGA curve specifies rapid mass loss start just above room temperature (RT).
The effective mass loss for f-(ATDZ)GrO was found near 198.17 °C and total %
wt. loss was *95.50%, due to the elimination of thermally labile oxygen con-
taining groups along with the highly strained amine substituted heterocyclic based
organic based moieties functionalized with the GrO. 95.5% wt. loss of f-(ATDZ)
GrO infers its little significant higher thermal stability at 198.17 °C than GrO at
197.7 °C. The higher mass loss of f-(ATDZ)GrO at 198.17 °C with generation of
highly strain and destabilized electronic environment of functionalized product as a
whole. The DTA curve at 198.17 °C confirms the exothermic behavior of the f-
(ATDZ)GrO and it support for the thermodynamically feasibility for the decom-
position of the highly strained f-(SA)GrO at 198.17 °C (Fig. 5b). Hence, f-(ATDZ)
GrO shows an intense exothermic peak at 198.17 °C. The lack of endothermic peak
in f-(ATDZ)GrO infers nonspontaneous reaction. The DTA describes exothermic
performance with higher heat holding the capacity of f-(ATDZ)GrO and hence its
thermal stability. The exothermic behavior indicates greater heat holding capacity
(q) of f-(ATDZ)GrO and hence its thermal stability. The DTG peaks shows the
95.50% single decomposition of f-(ATDZ)GrO at 198.17 °C (Fig. 5c).

The average size and Polydispersity Index (PDI) of GrO, ATDZ and f-(ATDZ)
GrO was analyzed with DLS (Fig. 6). The dispersed GrO in EtOH with average
diameter size of 3380 nm and PDI 0.10 is observed (Fig. 6a), while the pure ATDZ
is measured with average diameter size of 547 nm and PDI 0.26 (Fig. 6b). But
dispersed f-(ATDZ)GrO with PDI 0.19 is reduced the average diameter size of
12.18 nm (Fig. 6c). The reduction in size f-(ATDZ)GrO is confirms involvement of
electronic covalent bonding and conjugation in new functionalities of substituted
moieties with GrO which after functionalization leads to strong effective

Table 1 XRD analysis of f-(ATDZ)GrO

Sample No. of
peak

Position
(2h°)

d-spacing
(A°)

Relative
intensity
(%)

FWHM
(2h°)

Area
(cts.
**2h°)

Height
(cts.)

f-(ATDZ)
GrO

1 10.1132 8.73949 100.00 3.5255 1001.66 336.64

2 24.0075 3.70379 34.02 4.0000 385.80 114.51
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Fig. 5 Thermal analysis of f-(ATDZ)GrO, a TGA, b DTA, c DTG

Fig. 6 DLS analysis of a GrO, b pure ATDZ, c f-(ATDZ)GrO
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confinement effect subjected for development of nanomaterials. The PDI less than
1, confirms that functionalized product uniformly dispersed of same size in med-
ium. The lower PDI of f-(ATDZ)GrO implies the higher kinetically active domains
towards the functionality due to the hydrophilicities and higher intramolecular
entropies, which confirms the functionalization. Hence, the nano-functionalization
of GrO into f-(ATDZ)GrO is confirmed with reduction of size and their uniform
polydispersity index.

The TEM morphological investigation and their high-resolution images were
collected by Tecnai G2 S Twin gun operated at 200 kV. Samples were dispersed in
ethanol and sonicated for 1 h. The 5 lL of GrO and f-(ATDZ)GrO were uniformly
dispersed over 200 mesh holey carbon-coated copper grid with syringe and des-
iccated in a packed petri dish for 6 h to avoid the contamination from dust particles.
The TEM, high resolution phase contrast images and SAED patterns of f-(ATDZ)
GrO are compared with GrO. The images of GrO is confirmed sheet like mor-
phology [39] but after bonding of ATDZ onto GrO surface, the highly dense sheet
like morphology with some appearance of tunnel edges, confirms the more elec-
tronic density which is also confirmed by the broad peak in UV-vis spectropho-
tometer at 245 and 295 nm. The phase contrast images of f-(ATDZ)GrO shows a
regular physical uniformity of lattice fringes (Fig. 7b). The crystalline morphology
of GrO and f-(ATDZ)GrO have further investigated from the corresponding SAED
patterns (Fig. 7c). The crystalline pattern of GrO confirms its ordered arrangement.
The well-resolved hexagonal concentric rings and intense spots in SAED pattern of
GrO clearly confirms the formation of crystalline GrO multiple layers [39]. The
hexagonal pattern in diffraction of GrO is corresponds with its consistent lattice
(a = b 6¼ c, a = b = 90° and c = 120°), confirms the restoration of ordered graphitic
AB stacking in lattice even after the higher degree of oxidation. The interlayer
spacing (1/R nm) for first ring is 0.20 nm, which corresponds to more intense
hexagonal spot in GrO due to restoration of the ordered Gt lattice. The second less
intense spots of GrO with interlayer spacing 0.12 nm infers the disordered domains
due to generate the oxygen functionality over GrO surface. Thus, the GrO surface
consists of sp2 and sp3 hybridized carbon atoms [39].

The SAED pattern of f-(ATDZ)GrO shows the dispersed dark spot along with
interlayer spacing 0.196 and 0.116 nm for first and second electronic diffraction
ring respectively (Fig. 7c). The change in the interlayer spacing of the SAED
patterns confirms covalent attachment of ATDZ on GrO surface. On moving
towards the successive rings, fading of hexagonal spots observed which validates
for the capturing of the intense activated domains by ATDZ. Therefore, the pres-
ence of thick and dispersed crystalline spots of electronic domains in f-(ATDZ)GrO
clearly reveals the covalent bonding of ATDZ on GrO surface.

The AFM data (Fig. 8) was collected in non-contact mode. Before analysis, the
samples were mounted on freshly cleaved mica sheet. The dispersions of
as-prepared f-(ATDZ)GrO were filtered with 0.45 lm PTFE membranes. The
collected filtrate was again sonicated for 90 min and by using micropipette a dis-
persed solution was mounted over the mica sheet and small clumps were cleaned
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with ethanol. The ethanol was evaporated at RT and sample was dried by using a
hair drier. The same procedure is repeated for the second sample. The
6.0 � 6.0 lm2 area was scanned to view 2D and 3D topography of GrO sheet. The
total region surface roughness is 10.898 nm of GrO validates by 2D and 3D
topography view [39]. The 3-D image of GrO surface confirmed the more surface
roughness than f-(ATDZ)GrO. Moreover, a 4.2 � 4.2 lm2 area was scanned to
generate a 2D and 3D topographical view of f-(ATDZ)GrO (Fig. 8a, b). The 3-D
image of f-(ATDZ)GrO has confirmed the surface roughness of 2.958 nm with
larger peak valley values (Table 2). The sheet like topography in 2D topography
view and more smoothened surface in 3D view were observed. The histogram
shows in scanning area 4.2 � 4.2 lm2, the maximum numbers of frequent atomic
domains nearly 700 (Fig. 8c) are in evaluated range of size 225.4 nm (Fig. 8a). The
distance between maximum point height to the lowest point of peak is observed as
Rt of 9.244 nm. The root mean square of average height of peak (Rq) at in marked

Fig. 7 TEM of f-(ATDZ)GrO a morphological Investigation, b high resolution analysis, c SAED
pattern
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length of 225.4 nm, is observed of 3.263 nm. The offset height graph is shown in
Fig. 8d. Hence, the more smoothness of functionalized product with the increasing
the numbers of electronic domains in evaluated length scale, confirms the
involvement of the ATDZ with GrO into f-(ATDZ)GrO formation.

The morphological investigations were conducted with SEM (Fig. 9). The stub
is used for sample preparation, covered with carbon tape. The powdered samples
were adhered on carbon tape, which is mounted on stub, exposed for plasma
sputtering inside the coater chamber for purpose of gold and palladium surface
coating in 80:20 ratios. After coating, 7 kV beam voltage was applied to provide an
energy to excite secondary electrons from GrO and f-(ATDZ)GrO surface. The

Fig. 8 AFM investigation of f-(ATDZ)GrO a 2D view, b 3D view, c histogram, d height
measurement

Table 2 AFM analysis of f-(ATDZ)GrO

Sample X (µm) Y (µm) Rt (nm) Rq (nm) Ra (nm)

f-(ATDZ)GrO 4.2 4.2 9.244 3.263 2.958
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20 lm area is selected for SEM images of GrO [39]. The morphological images of
GrO and f-(ATDZ)GrO display a very close resemblance to roughness data,
obtained from atomic force microscopy.

The 100 µm SEM micrograph of the f-(ATDZ)GrO is examined with more d
spacing further increased due to functionalization of ATDZ with GrO through
amide bond, which is also supported by the XRD (Fig. 4) and HRTEM (Fig. 7).
The SEM Image of f-(ATDZ)GrO shows flake-like morphology with the enhanced
the thickness, agglomeration and crumpled on edge of GrO sheet. The number of
smaller sheet like structure on the surface of functionalized graphene oxide mate-
rials evidences of ATDZ occurrence on the GrO sheets. Hence, morphological
characterization indicates the formation of the rough surface of GrO than f-(ATDZ)
GrO.

3.2 Photoluminescence Activity of f-(ATDZ)GrO

The extensive structural investigation with various techniques confirms the
involvement of amine substituted heteroatomic domains as a covalent bond for-
mation with GrO via amide bond. The two N and one S atoms in ring of ATDZ play
an important role to electronic stabilization of functionalized product and enhanced
the electronic transition from the conduction band (CB) to valence band
(VB) (Scheme 1). The more electronegative oxygen atoms of carboxyl group of

Fig. 9 SEM morphological analysis of f-(ATDZ)GrO
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GrO inhibits the electronic transiton as contray to role of N in fucntionalization
through amide bond. The small organic moities as an substituents, creates strain
which reinforce destabilization of f-(ATDZ)GrO, but the functionalization leads to
strengthen electronic conjugation in f-(ATDZ)GrO through amide bond and as
resultant the whole systems little be stabilized (Fig. 5). The Photoluminescence
emission spectra of f-(ATDZ)GrO shows two peaks (Fig. 10), one sharp peak at
320.93 and another broad peak at 617.96 nm at exciton 280 nm. One spikes is seen
due to instrumentation error. The strong photoluminescence emission peak at
320.93 nm is defined the electronic transition between two fixed energy well due to
quantum structural confinement. Besides these, the generation of defects by Raman
spectrum in the f-(ATDZ)GrO also validates for broadening of emission peak at
617.96 nm due to convolution of multiple electronic transition at various energy
levels of surface. However, the calculated band gap energy of f-(ATDZ)GrO is
3.87 eV (Scheme 1). Hence, the f-(ATDZ)GrO also can be explored for energetics
materials instead of biomedical applications and also for the biosensing
applications.

3.3 Cytotoxicity Behavior

The previous documented cytotoxicity study of O-doped graphene [39], and
functionalized graphene oxide with ASHM had investigated on MCF-7 and Vero
cell lines as a highly cytocompatibility of materials [39]. In this contest, also In
vitro cytotoxicity have been screened on human skin keratinocytes HaCaT and
monkey kidney cell lines i.e. Vero for f-(ATDZ)GrO (Fig. 10a, b). The SRB assay
has been used for an estimation of cell growth. Adriamycin (ADR) is used as a
positive control in experiments in range of 10–80 µg mL−1 of doses in DMSO. The

Fig. 10 PL Spectra of f-
(ATDZ)GrO
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repetition of experiment nearly thrice and data mean is measured to plot evaluation
growth curve between % control growth (CG) versus conc. The GI50 (conc. of drug
that produces 50% inhibition of the cells), TGI (conc. of drug that produces the total
inhibition of cells) and LC50 (conc. of drug that kills 50% of cells) have been
screened from a mean growth curve. The f-(ATDZ)GrO (Fig. 10a) is identified
against cell line HaCaT. The *91.575% GI50 value, is confirmed the least cyto-
toxicity and extraordinary cytocompatibility. Hence, the observed least cytotoxicity
of f-(ATDZ)GrO is explored to investigate its healthy impact on the cellular
morphology.

In continuation of studied with next cell lines, f-(ATDZ)GrO further is examined
against Vero cell line of monkey *36.825% GI50 (Fig. 10b). The f-(ATDZ)GrO
shows the higher cytocompatibility on Vero at lower conc. 10 and 20 µg mL−1

(Fig. 10b), but from higher conc. i.e. 40 µg mL−1 nearly equal toxicity with ref-
erence ADR. Therefore, f-(ATDZ)GrO has been exposed as excellent cytocom-
patible material for HaCaT and some extent significant with Vero at lower conc.
The morphological effect on HaCaT and Vero cell lines are designated the cyto-
compatibility of f-(ATDZ)GrO (Fig. 11). The Fig. 11a is shown restoration of
maximum tubular morphology of HaCaT, while Fig. 11b showed some tubular
morphology has been damage of Vero cells by applying testing sample. The
maximum cells are restored their morphology appearance on of f-(ATDZ)GrO. So,
the cellular morphological impact obviously has established a cytocompatibility of
f-(ATDZ)GrO. The GrO is showed more cytocompatibility for Vero [39] than f-
(ATDZ)GrO, due to the presence of more reactive oxygen species (ROS). But
because of thermal instability, the GrO has less applicability. However, f-(ATDZ)
GrO has revealed as an excellent cytocompatible material due to least toxicity and
enhanced thermal stability. Therefore, f-(ATDZ)GrO can be used as biomaterial
development in thermally stable tissue engineering and heat resistant biocompatible
coating. Also, due to, large surface area, thermal stability and cytocompatibility of
f-(ATDZ)GrO, it may be suitable for other biomedical applications (Fig. 12).

Fig. 11 In vitro SRB assay for the cytotoxicity evaluation on a HaCaT, b vero cell lines
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3.4 Contribution of Hetero Atomic Domains (CAD)

The different states of carbon, oxygen nitrogen and sulphur have synergistically
played role towards the cytocompatibility behaviour of f-(ATDZ)GrO. The CF of
GrO is accountable for the formation of thermally stable f-(ATDZ)GrO w.r.t to T.
An enhanced thermal stability of f-(ATDZ)GrO as compared to GrO has confirmed
the contribution of various atomic domains in form of electronic functionalities.
Therefore, f-(ATDZ)GrO has practically advanced towards thermally stable bio-
compatible coatings as compared to GrO. The impact of various hetero atoms in
different states has confirmed the significance of f-(ATDZ)GrO towards biomedical
applications. The FTIR have confirmed the presence of characteristics functional-
ities like alcohol, carbonyl, carboxyl, amide and epoxy in f-(ATDZ)GrO. The
synergistic impact of these different states of various electronic domains has sig-
nificantly contributed towards biomedical applications of graphene and show their
activity against the thermophile microorganism. In vitro cytocompatibility profile
on HaCaT *91.575% and on Vero cell lines *36.825% cell viabilities is con-
firmed. The enhanced cytocompatibility with HaCaT and Vero cell lines at lower
conc. have confirmed the reduced cytotoxicity and excellent cytocompatibility.
Therefore, the involvement of hetero atoms like N and S are play an important role
for identifying the Nanocytotoxicity performance of f-(ATDZ)GrO.

4 Conclusions

The greener sonochemical methods for synthesis of covalent functionalized GrO
has been developed. This protocol is helpful to make the healthy environment by
avoiding hazardous chemicals during functionalization of GrO. The cost effective

Fig. 12 Morphological impact of f-(ATDZ)GrO on at magnification 20 X a HaCaT, b vero cell
lines
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and healthy methods have been completely avoided the use of harmful reactive
reagents and reduced the time of reaction within to 15 min. The newly prepared
material has been characterized with high-end analytical techniques to ensure a
formation of f-(ATDZ)GrO. The crystalline behaviour has been analysed with XRD
spectrum to show 2h peak at 10.1132 and 24.0075 with d-spacing 8.73949 and
3.70379 respectively, which is differ as reference with GrO. The defects in crys-
talline lattice of f-(ATDZ)GrO has been calculated with Raman spectrum value of
0.86 D/G ratio. The reduced size of f-(ATDZ)GrO has been analysed with DLS in
support for Nano-functionalization. SAED pattern with the less interlayer spacing
with 0.196 and 0.116 for first and second diffraction ring respectively, confirms the
f-(ATDZ)GrO formation. The more smoothened topography view as compared to
GrO is confirmed a bonding of ATDZ with GrO surface. The f-(ATDZ)GrO is also
explored for the energetics application by calculating the band gap value of 3.87 eV
with PL. The influence of f-(ATDZ)GrO is explored with thermal and cytotoxicity
profile as a cytotoxicity. The total % wt. loss of f-(ATDZ)GrO is 95.5% at 198.17 °
C that inferred its higher decomposition w.r.t. T than GrO. The f-(ATDZ)GrO is
showed *91.575% GI50 value for HaCaT and *36.825 Vero cell line which
confirmed a excellent cytocompatibility with HaCaT and some extent significant
cytocompatibility with Vero at lower conc., which can be further optimized. The
results have cross confirmed with morphological effect. Thus, f-(ATDZ)GrO can be
developed as a precursor in thermal resistant tissue engineering field efficiently.
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Functionalized Graphene/Polymer
Nanofiber Composites and Their
Functional Applications

Hanan Abdali and Abdellah Ajji

Abstract Nanofiber composites materials produced by electrospinning may have a
very high specific surface area owing to their small diameters, and nanofiber mats
can be highly porous with excellent pore interconnection. However, applications
using nanofiber composites also require specific properties such as good electrical
conductivity, are flame retardant, anti-static and anti-radiative as well. Over the past
few decades, the carbon nanomaterial, graphene has been researched widely owing
to its intrinsic properties such as large surface area, excellent thermal, electrical, and
optical properties in addition to superior chemical and mechanical characteristics
needed in specific applications. The chemical functionalization of graphene
nanosheet improved its dispersibility in common organic solvents, which is
important when developing novel graphene-based nanocomposites. Moreover,
graphene may also be functionalized in order to modify its intrinsic characteristics,
for example, its electronic properties can be modified to control the conductivity
and band gap in nano-electronic devices. Functionalized graphene-based polymer
nanofiber composites exhibit a variety of improved, or even new properties such as
adsorption performance, anti-bacterial, hydrophobicity and conductivity valued
across a wide range of applications in sensors, biosensors, transparent conductive
films, high-frequency circuits, toxic material removal, capacitors, spintronic devi-
ces, fuel cells, touch screens, flexible electronics and batteries. This book chapter
summarizes the recent progress in functionalized graphene-based polymer nanofi-
bers composites, with an emphasis on their applications.
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1 Introduction

Materials with nanoscale dimensions, occur in zero, one, two or three dimensions.
One dimensional (1D) fibrous nanostructures can be fabricated by various methods
such as self-assembly [1, 2], template synthesis [3], phase separation [4], and
electrospinning [5–7] (see Fig. 1). Among these methods, electrospinning is a
cost-effective, user-friendly and extremely versatile technique, allowing the man-
ufacture of macro/nanofibers in a continuous process and at longer-length scales.
There are three phases in the electrospinning process: jet initiation, jet elongation
with or without branching, and/or splitting, followed by the solidification of the jet
solution into nanofibers [6–8]. Hitherto, more than 100 polymers and numerous
inorganic materials haven been electrospun into nanofibers. The flexible nature of
the electrospinning process allows for easily modifying hierarchical features such
as; nonwoven, aligned or patterned fibers, nanoribbons, nanorods, random
three-dimensional structures, sub-micron spring and convoluted fibers with con-
trolled diameters when preparing complex nanostructures by changing the solution
and processing parameters [6–9] and/or set-up geometries [10–12]. Moreover,

Fig. 1 Various methods for preparation of nanofibers. With permission from [6]. Copyright ©
2017, Elsevier B.V. All rights reserved
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electrospinning nanofibers of mixed polymers and carbon particles enhance the
mechanical properties of the resultant nanofiber mats and presents structural
advantages as it constitutes a nonwoven mesh characterized by large surface area,
unit mass and interconnected porosity [13–15]. In particular, graphene is composed
of single layers of aromatic carbons and is considered a suitable prospect in the
production of functionalized electrospun fibers owing to its remarkable physical and
chemical properties, including high fracture strength (*125 GPa), high Young’s
modulus (*1100 thermal conductivity (*5000 W/mK), rapid mobility of charge
carriers (*200,000 cm2/Vs GPa), excellent electrical (*106 S/cm) and large
specific surface area (theoretically calculated value, 2630 m2/g) [13–16]. The
unique features of graphene surfaces enable easy suspension and mixture with the
polymers in powder form for electrospinning solutions. These composites are
suitable for producing architectured, nanofiber materials for tissue engineering,
drug release, sensors, biosensors, batteries and supercapacitors, dye-sensitised solar
cells, fuel cells, catalysts, filters, memory devices, and in food applications [14–17].
However, graphene’s low dispersibility in common organic and inorganic solutions
necessary in such applications, poses a significant challenge that needs to be
addressed. In particular, a proficient dispersion of graphene in common solvents is
key toward forming homogeneous nanocomposites. Therefore, modifying graphene
by tailoring its solubility remains crucial in a multitude of commercial applications.
Covalent and noncovalent methods are usually used to modify the surface of gra-
phene. Often, these modification techniques were commonly performed to enhance
the dispersion of graphene in a polymer matrix to attain the greatest impact on the
fiber materials and correlate the introduced graphene properties to enrich the per-
formance of fibers [13, 18].

In this chapter, the preparation of nanofibers with functionalized graphene and
the corresponding effects on the nanofiber composites, while exploring recent
research in relevant applications is also discussed. The strategies to functionalize
graphene surfaces are also briefly highlighted.

2 Chemical Functionalization of Graphene

Graphene, consisting of a single-layer sp2-hybridized carbon atom network, is the
most intensively studied material in nanotechnology owing to its properties and
features. This single-atom-thick sheet of carbon atoms arranged in a honeycomb
pattern is the world’s thinnest, strongest, and stiffest material, also boasts excellent
conductivity, thus graphene is being studied in almost all fields of science, medicine
and engineering [19–21]. Despite its potential in various applications, it is also
noteworthy that graphene itself possesses a zero band gap including inertness to
reaction, that weakens its competitiveness in the field of semiconductors and sen-
sors. Consequently, this remains a significant reason for research in this material
paying special attention to its functionalization, reaction with organic and inorganic
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substances, as well as the chemical modifications of graphene surfaces including the
intensity of covalent and noncovalent interactions with graphene [18–23].

As, the most current and lucrative method for large scale production of
graphene-based materials is centered around the oxidation of graphite to graphene
oxide (GO) and then reducing the GO to graphene by either thermal, chemical, or
electrochemical methods [18, 20] (see Fig. 2). The GO surfaces are highly oxy-
genated, and carboxyl, diol, ketone, epoxide, and hydroxyl functional groups can
alter the van der Waals interactions significantly and enable greater solubility in
water and some organic solvents. Yet, owing to the presence of the oxygen func-
tional groups in its structure, GO is electronically insulating and thermally unstable
as it undergoes pyrolysis at elevated temperatures [19–21]. Therefore, reducing GO
removes most but not all of the hydroxyl, carboxylic acid and epoxy functional
groups [19–21].

Usually variations on the Staudenmaier [24] or Hummers [25] methods are used
to obtain GO in which graphite is oxidized using strong oxidants such as KMnO4,
KClO3, and NaNO2 in the presence of nitric acid or its mixture with sulfuric acid

Fig. 2 Schematic of the production of CMGs from graphite. Graphite was first oxidized to
graphite oxide. Thermal reduction and exfoliation (a) of graphite oxide led directly to TR-GO.
Graphite oxide was ultrasonicated (b) to generate graphene oxide, following which the chemical
reduction (c) of graphene oxide yielded CR-GO. Alternatively, graphene oxide was electrochem-
ically reduced (d) to afford ER-GO. With permission from [20]. Copyright © 2012, Royal Society
of Chemistry
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[25]. Gao et al. [26] used a K2FeO4-based oxidation approach instead of KMnO4 to
obtained a single-layer GO at room temperature. Recently, using the Hummers
method, Yu et al. [27] have obtained GO that is free of NaNO3 by partly replacing
KMnO4 with K2FeO4 and controlling the amount of concentrated sulfuric acid. The
chemical reduction of GO by using reducing agents for example; hydrazine [28,
29], sodium borohydride followed by hydrazine [30], hydroquinone [31],
dimethylhydrazine [32], and ascorbic acid [33], etc., provides a streamlined tech-
nique for the production of graphene, nevertheless, the cost and hazardous nature of
these chemicals utilized during the reduction may limit its application [34].
Conversely, thermally reducing graphene oxide (RGO) is produced by heating dry
GO under inert gas and high temperature [34–37], for instance, heating GO in an
inert environment at 1000 °C for 30 s results in the reduction and exfoliation of GO
generating RGO layers. As such, the thermal reduction produces chemically
modified graphene layers without the need for dispersion in a solvent compared
with other chemical reduction methods [34]. Accordingly, to obtain functionalized
graphene, the chemical modification of graphene oxide followed by reduction was
used. It has been demonstrated that both modification techniques are excellent for
the preparation of processable graphene, preventing agglomeration and enabling the
formation of stable dispersions and was utilized for the fabrication of polymer
nanofiber composites in numerous applications [13, 18, 37].

2.1 Non-covalent Functionalization

The non-covalent functionalization, which relies on the van der Waals force,
electrostatic interaction or p-p stacking [38, 39], is easier to undertake without
changing the chemical structure of the graphene sheets. Consequently, this is the
most effective way of customizing the electronic/optical property and solubility of
the nanosheets [40], because, without affecting the electronic network, it offers the
possibility of attaching functional groups to graphene [41, 42]. Noncovalent
modification is attained by the interaction with polymers, such as poly
(3-hexylthiophene) (P3HT), porphyrin, pyren, cellulose derivatives, polyaniline
(PANi), poly(sodium 4-styrenesulfonate) (PSS), and porphyrins or biomolecules
such as deoxyribonucleic acid (DNA) and peptides, as well as adsorption of sur-
factants or small aromatic molecules. The first example of non-covalent function-
alization of graphene nanosheets using PSS was published by Stankovich et al.
[39]. It was found that exfoliation and in situ reduction of GO in the presence of
PSS could form non-covalently-functionalized graphitic nanosheets that were
extremely stable and dispersible in water (1 mg/ml). It is possible to achieve a
stable dispersion of reduced graphene in different organic solvents with
amine-terminated polymers through non-covalent functionalization [43]. In this
technique, the reduction of GO is first undertaken in an aqueous medium using an
ammonia-hydrazine mixture, this is then followed by washing and the removal of
aggregated graphene sheets. The amine-terminated polymer is dissolved in organic
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solvents for non-covalent functionalization of RGO. Next, the aqueous dispersion
of RGO is added to the organic polymer solution. The phial including
phase-separated organic and aqueous phases then undergoes a 5 h sonication for the
non-covalent functionalization of graphene. Here, the functionalized graphene can
easily be dispersed in a variety of solvents and is shown to exhibit electrical
conductivity [43]. Liu et al. [44] have successfully functionalized the graphene
surfaces with a pyrene-terminated positive charged polymer, poly(2-N,N′-(dimethyl
amino ethyl acrylate)) (PDMAEA), and a negatively charged polymer, polyacrylic
acid (PAA) via p-p stacking. The functionalized graphene polymer composites
indicated that the phase transfer behavior between aqueous and organic media
occurs at different pH values. The remarkable electrical conductivity of graphene
with an extremely high surface area (theoretically 2630 m2/g), is combined with the
graphene nanosheets is used to construct nanodevices specifically when developing
high capacity cathode materials for Li-ion batteries [44]. In other research, gold
nanoparticles were deposited on DNA-functionalized graphene presented by Liu
et al. [45] (see Fig. 3), where thiolated DNA oligonucleotides were prepared to
adsorb on to the GO nanosheets resulting in the DNA-coated GO being reduced by
hydrazine to DNA-RGO. Gold nanoparticles were then mixed in aqueous solutions
of DNA-RGO and DNA-GO composites respectively. These gold-arrayed
DNA-functionalized graphene nanosheets have considerable potential not only in
the field of bio detection but also for use in optoelectronics, battery materials,
magnetism catalysis, field effect devices [45]. In a subsequent study, Choi et al. [46]
have described the functionalization of graphene through self-assembly of a
hydrophobic backbone of Nafion (see Fig. 4). The result indicated that the graphene
nanosheets were easily dispersible and presented with biosensing properties of good
conductivity and electrochemical characteristics for organophosphates.

Functionalization can be used to maximally retain the natural structure of gra-
phene, yet, it must be also be noted that interactions between functionalities and
graphene surfaces remain weak and therefore unsuitable applications requiring
strong interactions.

2.2 Covalent Functionalization

Reaction between the functional groups of the molecules and the oxygenated
groups on GO or reduced GO (RGO) surfaces is the foundation for covalent
functionalization of graphene [47, 48], for example, carboxyls on the edges with
epoxides and hydroxyls on their basal planes [49]. The abundant surface chemistry
of GO/RGO enables a myriad of possibilities during the covalent functionalization
of graphene-based sheets when compared with non-covalent functionalization.
Covalent techniques are employed to generate composites that have strong inter-
actions between graphene and the modifier [49]. GO or RGO can be grafted onto
polymeric chains that have reactive groups like hydroxyls and amines, such as, poly
(ethylene glycol), polylysine, polyallylamine, and poly(vinyl alcohol). These
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materials are combined together and promise the desired properties of their indi-
vidual parts, for example; the polymeric part offers dispersibility in certain solvents,
mechanical strengthening, and many morphological properties, while the graphene
nanosheets exhibits characteristics such as chemical reactivity, electrical conduc-
tivity, and reinforcement of the mechanical properties. The poly-L-lysine
(PLL) was covalently grafted to RGO through the reaction of epoxy groups on
graphene oxides and amino groups on PLL in the presence of potassium hydroxide
(KOH) [50] (see Fig. 5). PLL-functionalized graphene is water-soluble and bio-
compatible, which makes it a novel material promising in biological applications. In
an analogous approach, Salavagione et al. [47] successfully prepared the PVA
covalently grafted onto GO nanosheets via ester bonds between the carboxylic
groups of GO and the hydroxyl groups of PVA. These chemical bonds can be
created either by direct formation or after the transformation of carboxylates to the
more reactive acyl chlorides. It was shown that the PVA/RGO composite was

Fig. 3 DNA coating and aqueous dispersion of GO and RGO, which were then used as
two-dimensional bio-nano-interfaces for homogeneous assembly of metal carbon heteronanos-
tructures. With permission from [45]. Copyright © 2010, Royal Society Chemistry
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generated after partial reduction by hydrazine [47]. Lee et al. [51] have also pre-
sented an easily obtained method for covalent attachment of polymer brushes to GO
surface utilizing initiated atom transfer radical polymerization (ATRP). The
hydroxyl groups formed on the surface of GO were initially functionalized with a
common ATRP initiator (a-bromoisobutyryl bromide), and next polymers of styr-
ene, butyl acrylate, or methyl methacrylate were grown directly through a
surface-initiated polymerization (SIP).

Moreover, Lee et al. [51] presented two primary conclusions in their investi-
gation of polystyrene (PS). First, it was suggested that by altering the ratio of
initiator modified GO and monomer it was possible to adjust the polymer chain
length. Second, it was discovered that the monomer loading changes the molecular
weight of the grafted PS, this was produced by gel permeation chromatography
(GPC) after detaching by saponification, and it was noted that the polydispersity
was low. As such, the authors suggest that the polymerization proceeded in a
controlled way. Furthermore, the PS-functionalized GO was shown to increase the
solubility in N,N-dimethylformamide (DMF), toluene, chloroform, and dichlor-
omethane significantly, further enhancing the processing capacity of
PS-functionalized GO for applications in polymer-based composites [51]. It was
found that heating a diazonium salt, resulted in an extremely reactive free radical,
which attacks the sp2 carbon atoms of graphene forming a covalent bond. This
reaction has been applied by Niyogi et al. [52] the covalent attachment of

Fig. 4 Illustration of a procedure to design RGON hybrids and the RGON platform used as an
electrochemical biosensor. With permission from [46]. Copyright © 2010, American Chemical
Society
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nitrophenyls to graphene sheets introduces a band gap, which can be controlled,
making the functionalized graphene potentially useful as semiconducting nano-
materials. Furthermore, the addition of an alternative free radical includes the
reaction of benzoyl peroxide with graphene sheets [53]. In another study,
Vadukumpully et al. [54] developed a basic yet flexible method for the covalent
functionalization of graphene with alkylazides, where the alkyl chains incorporated
various functional groups such as hydroxylundecanyl, dodecyl, hexyl and
carboxy-undecanyl resulting in improved dispersibility that helped facilitate com-
posite fabrication. This strategy provides a useful platform for the synthesis of
functional graphene nanocomposites using gold nanoparticles (the carboxyl groups
can trap and immobilize the gold nanoparticles in a selective manner). Moreover,
GO could be used as a support for enzyme immobilization in the preparation of
biosensing devices. The immobilization of glucose oxidase (GOx) onto GO
nanosheets was attained via amide bonding [55].

Fig. 5 Schematic diagram of graphene-PLL synthesis and assembly process of graphene-PLL and
HRP at a gold electrode. With permission from [50]. Copyright © 2009, American Chemical
Society
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3 Preparation of Functionalized Graphene Based Polymer

3.1 Nanofiber Composites

Graphene’s unique electronic, mechanical and thermal properties [14, 15] ensure its
role as a promising filling agent for nanofibers composite applications [14].
Graphene has the ability to function as a nanofiller that can potentially enhance the
characteristics of polymer-based nanofiber composites at a very low loading.
However, several factors can control the characteristics and uses of graphene/
polymer nanofiber composites such as the type of graphene utilized, its inherent
properties, the manner of dispersion of graphene in the polymeric matrix, its
interfacial interaction, the state of wrinkling in the graphene, and the structure of its
network in the matrix [13, 56]. Therefore, the functionalization of graphene by
covalent and non-covalent modifications promotes the dispersion of graphene in
various organic solvents, and this aqueous dispersibility is greatly beneficial for
producing graphene sheets, films, fibers composites, etc. Hence, many studies have
shown that the chemical modification of graphene alters the graphene microstruc-
ture, producing graphene with various functional groups, electrical conductivity,
carbon to oxygen atomic ratio (C/O ratio), and solubility in solvents, etc. [13, 43,
57–59]. He and Gao reported a simple and efficient strategy for grafting different
functional groups or polymeric chains onto graphene nanosheets using nitrene
cycloaddition. This method produced single-layered, functionalized graphene with
a variety of functional groups (e.g., hydroxyl, carboxyl, amino, bromine, long alkyl
chain, etc.) or polymers (e.g., poly(ethylene glycol), polystyrene) to covalently
attach onto the graphene, in a one-step reaction (see Fig. 6) [58]. The modified
graphene nanosheets produced are electrically conductive, and have good dis-
persibility and processability in organic solvents, which advocates their properties
as potential contenders not only in future modifications but also in various appli-
cations of polymer nanofiber composites. Similarly, Moayeri and Ajji [60] have
successfully fabricated a conductive polymer nanofiber composite of
1-pyrenebutanoic acid, succinimidyl ester functionalized graphene/polyaniline/poly
(ethylene oxide) (G-PBASE/PANi/PEO). This unique nanostructured composite of
PANi/PEO/G-PBASE with small loading of G-PBASE (5 wt% relative to PANi)
exhibited increased improvement in the electrical conductivity and good thermal
stability in comparison to PANi/PEO nanofibers owing to the homogenous distri-
bution of the functionalized graphene in the polymeric matrix [60]. Moreover,
Rafiee et al. [61] have reported that the modified graphene nanosheets are notably
effective at intensifying the energy, fracture toughness, fatigue resistance, strength,
and stiffness of epoxy polymers at significantly lower loading fractions upon
comparison with other additives such as nanoclay, carbon nanotubes (CNTs), and
nanoparticles additives. At 0.125% weight of functionalized graphene sheets was
remarked to have improved the fracture toughness �65% and the fracture energy
by �115% [61].
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The composite fibers are prepared using the two main processes of mixing and
spinning. The modified graphene sheets can be dispersed and incorporated in the
mixing process in three different ways: melt blending, in situ polymerization, or
solution mixing (see Fig. 7). Moreover, other research has coated functionalized
graphene onto the fiber surface after spinning [13, 56].

Melt blending uses a twin-screw extruder to produce fibers via melt-spinning
under specific conditions after the direct addition of the functionalized graphene
into the melted polymer in a Brabender mixing chamber, for example; screw speed,
temperature and time. This method is commercially preferred to the two others due
to its versatility, environmentally friendly nature, economic suitability in mass
production [14]. However, in melt processing, dispersing the graphene in the

Fig. 6 a General strategy for the preparation of functionalized Graphene Nanosheets (f-GNs) by
Nitrene Chemistry and the further chemical modificationsa. b Photographs of f-GNs dispersion in
solvents after sonication: G–N–OH in water (1) and DMF (2), G–N–COOH in water (3) and DMF
(4), G–N–PEG1900 in water (5) and DMF (6), G–N–C16 in chloroform (7) and toluene (8), G–N–
PS in chloroform (9) and toluene (10), G–N–NH2 in water/chloroform (11), G–N–NH2-g-C16 in
water/chloroform (12), GO in chloroform (13), and reduced GO in DMF (14). c Photographs of
10 wt% f-GNs/polyurethane composites: (1) G–N–OH, (2) G–N–COOH, (3) G–N–NH2, (4) G–
N–Br, (5) reduced GO, (6) G–N–OH, and (7) G–N–COOH. With permission from [58]. Copyright
© 2010, American Chemical Society
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polymer matrix remains a considerable challenge as it does in both in situ poly-
merization and solvent processing [62]. Chatterjee et al. [63] have studied the
influence of graphene nanosheets on the structure and mechanical properties of
polyamide 12 (PA12) fibers. The PA12 and graphene composite fibers that were
fabricated via melt processing were found to help in breaking the agglomerates
present in the PA12 and graphene composite fibers during the melt compounding in
the micro extruder due to the shear high forces. Although the composite fibers
exhibited improved elasticity, yield and tensile strength, the melt spinning process
also revealed that there is a high risk of agglomeration [63].

In situ polymerization provides strong interaction between the functionalized
graphene and the polymeric matrix and enables an outstanding, homogeneous
dispersion. Generally, functionalized graphene is mixed with prepolymers or

Fig. 7 Schematic illustration of the methods for preparation of fiber composite materials. With
permission from [13]. Copyright © 2016, Elsevier Ltd. All rights reserved
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monomers where heat or radiation is then used to initiate the polymerization pro-
cess [64]. As functionalized graphene can be further functionalized by grafting
polymer chains through atom transfer radical polymerization (ATRP) resulting in
covalent bonding. Generally, for in situ polymerized nanocomposites, melt spin-
ning which is conducted in a piston spinning machine and hot-roller drawing
machine, is commonly used. The research on in situ polymerization of nanocom-
posites studies not only the effect of the nanofillers on the morphology of the
polymer matrix and its final characteristics but also includes the polymerization
reaction. Hou et al. [65] successfully prepared nanocomposites of functionalized
graphene grafted by polyamide 6 (PA6) by in situ polycondensation of caprolactam
(CPL), using the melt spinning and drawing process to produce the nanocomposite
fibers. It was established that due to the good distribution of functionalized gra-
phene (0.1 wt%) in the PA6 matrix, the tensile strength of the fibers increased
dramatically. Yet, when the functionalized graphene is 0.5 wt% or higher, the
graphene agglomerates in the nanocomposite fibers resulting in a reduced tensile
strength (see Fig. 8) [65].

Solution processing is widely used to produce polymer nanofiber composites with
uniform graphene dispersion effectively. In this method, functionalized graphene is
mixed with a polymer solution after first dispersing in a solvent by using techniques
such as magnetic agitation, mechanical mixing, or high-energy sonication [56]. Next,
by vaporizing the solvent a composite is produced.Many types of polymer nanofibers
have been reinforced by graphene, for instance poly(vinyl alcohol) (PVA) [66–68],
polystyrene (PS) [32], Polyethylene (PE) [69], polyvinyl fluoride (PVF) [70], poly-
methyl methacrylate (PMMA) [57, 60, 71], nylon 6 [72], and chitosan [73–75], etc.
However, the specific surface area of the 2D fillers could decrease considerably due to
the re-stacking, aggregation and folding techniques of the graphene-basednanosheets.
As such, surface functionalization of graphene-based fillers before solution mixing is
undertaken to overcome this problem.

Usually, there are three types of spinning techniques to fabricate modified
graphene-based polymer nanofiber composites: melt-spinning, wet-spinning and
electrospinning. We mainly discuss below the electrospinning technique to fabri-
cate functionalized graphene-based polymer nanofiber composites.

4 Principle of Electrospinning

Recently, interest in nanoscale properties and technologies have increased the use
of electrospinning technology, owing to its efficient, relatively simple and
cost-effective process for producing ultrafine nanofibers or fibrous structures of
many polymers with a range of diameters from sub-microns to nanometers [7, 76,
77]. The nanofibers structures obtained using this process result in unique advan-
tages for example, the flexible porosity of the electrospun structure, high surface to
volume ration and the ability to spin into different shapes and sizes. These
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characteristics exemplified by the nanofibers qualifies their candidacy for applica-
tions in filtrations, tissue engineering scaffolds, wound healing, energy storage,
sensors, catalyst and enzyme carriers [7]. Technically, electrospinning is a method
that employs a strong electric field to draw liquid polymer into fine filaments
[12, 78, 79]. The simple electrospinning apparatus made up of a micro-syringe with
a needle of small diameter, a nozzle, a high voltage supplier, and an electrode
collector, (see Fig. 9) The collector can be fashioned into any shape according to

Fig. 8 a Melt spinning apparatus used for preparing nanocomposite fibers. b Photographs of neat
PA6 and 0.1 NG fibers. c Tensile strength of NG nanocomposite fibers with different loadings of
graphene. With permission from [65]. Copyright © 2014, The Royal Society of Chemistry
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the specified product requirements for example; a flat plate, rotating drum, or
patterned collector. In most cases, the collector is simply grounded. When a high
voltage solution is charged, and the repulsive force within the charged solution is
larger than its surface tension and a jet erupts from the tip of the spinneret. This
electrified jet then moves counterclockwise towards the electrode, forming a long
and thin thread. Subsequently, as the liquid jet is continuously elongated and the
solvent is evaporated, randomly oriented, nonwoven mat nanofibers with small
diameters (micro to nanometers) are deposited on the collector [12, 78, 79].

Electrospinning deals with several conditions that can influence the transfor-
mation of polymer solutions into nanofibers through its process. These include;
(i) the intrinsic properties of the solution, such as viscosity, elasticity, conductivity,
and surface tension, (ii) the processing parameters for example; the electric
potential at the needle, the feeding rate for the polymer solution, and the distance
between the syringe and the collector screen [78, 79], (iii) ambient conditions such
as temperature, humidity and air velocity in the electrospinning chamber [78, 79].
Proper control of these parameters can be tailored to fiber morphologies and
diameters of the electrospun fibers. However, researchers usually elect to keep
ambient conditions constant in their research.

Zong et al. [80] studied the effects of varying the processing parameters and
solution properties on the structure and morphology of the electrospun fibers. It was
discovered that the effect of solution conductivity on the fiber diameter are inversely
related, for example, the lower solution conductivity resulted in a larger fiber
diameter. Zong et al. reported that the addition of different salts to the polymer
spinning solutions, resulted in a higher charge density on the surface of the ejected
jet exhibiting more electric charges carried by the jet [80]. The results also
demonstrated that salts with smaller ionic radii formed fibers with smaller diameters
and vice versa. Mainly, it indicated that greater charge densities led to greater
mobility of ions with smaller radii which generated increased elongation forces

Fig. 9 Schematic illustration of the electrospinning setup. With permission from [57]. Copyright
© 2017, Polymers
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exerted on the polymer jet creating a smaller fiber (see Fig. 10) [80]. Moreover,
they reported that different fiber morphologies can also be obtained by altering the
solution feed rate at a given electric field. They concluded that the droplet sus-
pension at the end of the spinneret is larger with a higher feed rate so the jet of the
solution could carry the fluid away at faster velocity. Therefore, this can lead to
large beaded fibers as the polymer is not completely dry upon reaching the collector
(see Fig. 11) [80]. Additionally, it was demonstrated that higher concentrations and
the corresponding higher charge densities of the solution produced uniform fibers
with no bead-like textures.

In another study, Ramazani and Karimi investigated the presence of varying
amounts of graphene oxide (GO) with different oxidation levels on the morpho-
logical appearance, fiber diameter, and structure of poly(e-caprolactone)
(PCL) nanofibers fabricated by the electrospinning method [81]. It was observed
that parameters such as GO dispersibility, charge relaxation time, polarity and
wettability all of which are used to measure the fiber diameter, improves with
oxidation. The surface tension of PCL solution is unchangeable in the presence of
GO with different loading and level of oxidation, resulting in diameter variations in

Fig. 10 SEM images of PDLA membranes fabricated by electrospinning of a 30 wt% solution at
voltage of 20 kV, feeding rate of 20 ml/min and with 1 wt% of a KH2PO4; b NaH2PO4 and
c NaCl. With permission from [80]. Copyright © 2002 Elsevier Science Ltd. All rights reserved
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the electrospun fibers. Moreover, they reported that the average fiber diameter
decreases in the presence of GO with different loading, owing to the reduction of
solution viscosity and increase in the conductivity [81]. Accordingly, researchers
have also shown that after GO surfaces were functionalized with poly(ethylene
glycol) (PEG), the poly(lactic acid) (PLA)/GO-g-PEG nanocomposite nanofibers
exhibited a decrease in diameters when comparing with pure PLA [82]. The
plasticizing effect of the grafted PEG molecules on the surface of GO attributed to
the decrease in viscosity for PLA/GO-g-PEG electrospinning suspensions, indi-
cating strong interfacial adhesion between GO-g-PEG and PLA and was respon-
sible for the reduction in the average diameter from PLA to PLA/GO-g-PEG [82].
Das et al. [83] indicated that the addition of non-covalently functionalized graphene
to the PVA fibers increased the effective fluid charge density, therefore it was
necessary to change the flow rate from 0.3 to 15 ml/h. It was shown that a reduction
in bead formation resulted with an increase in applied voltage from 10 to 15 kV. An
increase in voltage is necessary as the conductivity of the graphene increases the
surface charge of the fiber, perpetuating natural bead formation. Furthermore, a
higher voltage is required as the elasticity of the jet is increased due to the addition
of graphene when compared with the baseline experiment. Increasing the voltage
amplifies the repulsive electrostatic force and favors the formation of fibers with
smaller diameters [83].

Overall, it was considered that preparing an optimized suspension of function-
alized graphene in the solution improved the applicability of the resulting nanofi-
bers. Therefore, many experiments are still needed to produce electrospun
functionalized graphene/polymer nanofibers for morphological modification, nec-
essary to meet specific requirements for applications.

Fig. 11 SEM images showing the variation of beaded fibers at different feeding rates: a 20 ml/
min; b 75 ml/min. The applied voltage was 20 kV and concentration was 25 wt% with 1 wt%
KH2PO4. With permission from [80]. Copyright © 2002 Elsevier Science Ltd. All rights reserved
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5 Properties of Functionalized Graphene Based Polymer

5.1 Nanofibers Composite

Surface functionalization of graphene showed significant improvement in
dispersibility/processability in solvents, as well as in polymer matrices [49, 56, 84].
These in turn, exhibit excellent enhancement in mechanical, electrical, optical and
thermal properties of host polymers at very low loading levels. Numerous studies
on the properties of functionalized graphene based polymer nanofiber composites
have been reported [14, 56, 84]. For instance, Young’s modulus, tensile strength,
thermal stability, conductivity, and hydrophobicity. Hsiao et al. [85] advocated a
basic yet effective method to decorate silver nanoparticles (AgNPs) and RGO on
the surface of polyurethane (PU) fibers to fabricate AgNP@RGO/PU fiber com-
posites. This technique provided an effective way of producing lightweight, highly
flexible electronic products that have excellent electrical properties. The surface of
PU fiber mat was decorated with GO by dipping the PU fiber mats into the GO
aqueous solution (GO/PU) and then the GO/PU fiber composite was reduced in
hydriodic acid (HI). After that, the AgNPs were deposited on RGO/PU to fabricate
AgNP@RGO/PU fiber composites (see Fig. 12a) [85]. They found that the deco-
rated AgNP@RGO restricts the PU fiber mat from thermal decomposition resulting
in a notable improvement in thermal stability of composite (see Fig. 7b). Moreover,
the AgNP@RGO/PU fiber composites showed superior improvement in electrical
properties (<10 U/sq), because the deposited m-AgNPs effectively facilitate the
charge transfer ability of RGO [85].

Chee et al. [86] reported a new, non-covalent surface functionalization technique of
GO via a UV-sensitive initiator embedded via p-p interactions on the graphene
nanosheets, followed by the polymerization of hydrophobic polymeric chains along
the surface of the graphene. Thereafter, the functionalized GO/Polyacrylonitrile
(PAN) nanofibers were produced by the electrospinning technique and then the
nanofibers underwent thermal treatments that converted the polymeric chains into a
CNF structure as shown in Fig. 13a. The results revealed that functionalized GO was
readily dispersed in different solvents, and in the hydrophobic polymeric solution.
Furthermore, the functionalized GO-reinforced CNF (CNF/fGO) exhibited an
extraordinary ability by showing a specific capacitance of 140.10 F/g, approximately
three times higher than that of neat CNF, coupled with a high stability capacitance
retention of 96.2% after 1000 times of charge/discharge cycles at 1 A/g (see Fig. 13b
and c) [86]. In a further study, Moayeri and Ajji [87, 44] have produced core-shell
structured CNF embedded with non-covalently modified graphene by single-
nozzle electrospinning setup utilizing phase separated solutions of PAN and
polyvinylpyrrolidone (PVP) in DMF solution, followed by the calcination and car-
bonization processes. Electrochemical assessment of CNF/graphene (G) nanofibers
revealed a maximum specific capacitance of 265 F/g after addition of 10 wt% gra-
phene nanosheets. Furthermore, based on the Brunauer-Emmett-Teller (BET) results,
the specific surface area and pore volume were increased, directly proportional from
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CNF/G0 to CNF/G10 samples and then showed a decreased amount for CNF/G15
sample,which further supports the outcomes generated from the electrochemical tests.
The larger pore volume and surface area can be attributed for affecting ion diffusion
with high speed at high loading current density and allows formore efficient utilization
of specific surface area [87].

Scaffaro et al. [88] investigated the reaction of GO-g-PEG on the mechanical and
wettability characteristics of polycaprolactone (PCL) electrospun scaffolds. The
contact water angle measurements of PCL/GO-g-PEG composite nanofiber showed
better performance with lower water contact angles. The Young moduli of the
composite nanofiber mats were significantly improved by adding a low concen-
tration of GO-g-PEG, owing to the grafted PEG chains, which enhanced the filler
dispersion. Additionally, the primary proliferation rate results were studied, to

Fig. 12 a Schematic representation of the procedure for preparing the AgNP@RGO/WPU
composites; b The TGA curves for PU, RGO/PU and AgNP@RGO/PU. With permission from
[85]. Copyright © 2015, Elsevier Ltd. All rights reserved
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examine the capability of MC3T3-E1 osteoblastic cells to proliferate on the surfaces
of PCL and PCL/GO-g-PEG nanocomposite scaffolds. The preliminary biological
assay indicated that PCL/GO-g-PEG improved the ability of cell growth and
attachment, owing to the increased hydrophilicity and the resulting degree of cell
affinity for the substrate, when compared with the electrospun PCL scaffold [88].
Other research showed significant improvements in thermal, mechanical, and
wettability properties of PLA electrospun nanofibers upon addition of GO-g-PEG
was published [82]. These studies found that the PLA/GO-g-PEG demonstrated
better wettability with lower water contact angles than PLA and PLA/GO as well as
the TGA results, that exhibited the GO-g-PEG had a prominent influence than GO
in enhancing the thermal stability of PLA electrospun nanofibers. Besides, a sig-
nificant enhancement of tensile strength of PLA/GO-g-PEG composite nanofibers
was reported [82]. In addition, the initial tests of cytocompatibility with Swiss
mouse NIH 3T3 cells of PLA, PLA/GO, and PLA/GO-g-PEG nanofibers, were
examined. The results indicated the PLA/GO and PLA/GO-g-PEG composite
nanofiber scaffolds were non-toxic to NIH 3T3 cells and able to support cell
attachment and growth [82, 88].

Fig. 13 a Schematic diagram illustrates the synthesis of functionalized CNF/fGO for electro-
chemical measurement in a two-electrode configuration; b Nyquist plots of pure (i) CNF, (ii) CNF/
fGO-1, and (iii) CNF/fGO-2. The inset magnified the high frequency region of the spectra;
c capacitance retention and voltage drop of CNF/fGO-2 as the function of continuous charge/
discharge cycles. With permission from [86]. Copyright © 2017, Science Press and Dalian
Institute of Chemical Physics, Chinese Academy of Sciences. Published by Elsevier B.V. and
Science Press. All rights reserved
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It can be generally regarded that these electrospun functionalized graphene/
polymer nanofibers are capable of supporting various applications in different fields
such as sensors, biosensors, electrodes, energy storage or conversion (superca-
pacitors, fuel cells, solar cells, and batteries), conductive wires, and biomedical
materials.

6 Application of Functionalized Graphene-Based Polymer

6.1 Nanofiber Composites

Various applications can be designed using functionalized graphene/polymer
composite nanofibers. For instance, the produced polymer/GO-g-PEG composite
nanofiber scaffolds have good cytocompatibility, noncytotoxicity characteristics,
superior mechanical, thermal, and electrical properties, which have broad applica-
tions in tissue engineering [82, 88]. It was observed that a small amount of
GO-g-PEG did not prevent the proliferation and viability of cells, which indicates
the high cell affinity of GO-g-PEG. It is expected that the cells will spread on the
composite scaffolds and in some cases improve cell growth by having similar rate
of cell proliferation to that of tissue culture plates [82, 88].

Advances in sensor technology are in constant demand because of their wide use
in various industries, environmental monitoring, space exploration, biomedicine,
and pharmaceutics. Therefore, improving Gas/chemical sensors and biosensors with
faster response times, higher accuracies, increased sensitivities and other properties
is an important area of research.

The desired features of sensors include small sizes, quicker response times, small
sample volumes, selectivity or specificity, stability, longevity, and low costs.
Therefore, owing to the unique electronic structures, remarkable mechanical, optical,
electrochemical, thermal, magnetic properties, and ease of functionalization with
antibodies and other bioreceptors, functionalized graphene has been extensively
used in ultrasensitive sensors and biosensor applications [89, 90]. Abideen et al. [91]
examined the gas sensing characteristics of gold (Au) or palladium (Pd)
functionalized RGO-loaded ZnO nanofibers. The gas sensing tests were carried out
at varying temperatures and in the presence of varying concentrations of specific
gases (see Fig. 14). It was found that the Au-functionalized RGO-loaded ZnO
nanofibers showed higher sensitivity toward 1 ppm of carbon monoxide (CO) gas in
the air, while the Pd-functionalized sensors exhibited good performance for 1 ppm
of benzene (C6H6) gas. The high sensing properties of the Au or Pd functionalized
RGO loaded ZnO nanofibers was attributed to the RGO/ZnO heterointerfaces, the
catalytic effect of Au and Pd nanoparticles, and the large surface area of nanofibers
[91]. Li et al. [92] developed a sensor of N-doped, graphene quantum dots decorated
with N-doped, carbon nanofibers (NGQDs@NCNFs) composites. The electro-
chemical sensors for the detection of nitrites found in sausage, pickle, lake water and
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Fig. 14 a Schematic illustration of the synthesis procedure for Au- or Pd-functionalized
rGO-loaded ZnO NF; b Dynamic normalized resistances of the Au-functionalized rGO-loaded
ZnO NFs sensor to 5 ppm CO gas at different temperatures and dynamic normalized resistances of
the Pd-functionalized rGO-loaded ZnO NFs sensor to 5 ppm C6H6 gas at different temperatures;
c Temperature dependence of the response of the Au-functionalized rGO-loaded ZnO NF sensor
and the Pd-functionalized rGO-loaded ZnO NFs sensor to CO and C6H6 gases; d Dynamic
normalized resistances of the Au-functionalized rGO-loaded ZnO NFs sensor to different
concentrations of CO, C6H6 and C7H8 gases; e Corresponding calibration curves; f Dynamic
normalized resistances of the Pd-functionalized rGO-loaded ZnO NFs sensor to different
concentrations of CO, C6H6 and C7H8 gases; g Corresponding calibration curves. With permission
from [91]. Copyright © 2018, Elsevier B.V. All rights reserved
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tap water showed wide linear ranges (5–300 µM, R2 = 0.999; 400–3000 µM,
R2 = 0.997), low detection limit (3 µM), superior reproducibility and selectivity,
and good testing recoveries. In another work, Ali et al. [93] reported the fabrication
of a microfluidic electrochemical sensor for the detection and immunodiagnosis of
breast cancer biomarkers using a new three-dimensional (3D) immunoelectrodes
produced by hierarchical graphene foam (GF) functionalized with electrospun
carbon-doped titanium dioxide nanofibers (nTiO2) and anti-ErbB2 molecules (see
Fig. 15). Blending GF with functional nTiO2 yields high charge transfer resistance,
high surface area, and absorption to the sensor’s surface by the analyte, resulting in
sensor with remarkable detection of breast cancer biomarkers.

Moreover, functionalized graphene nanosheets are a promising material for
flexible, transparent, conductive, thin films, and electronic devices, such as tran-
sistors [94], solar cells [95], and field emission displays [96], due to their
remarkable, mechanical strength and flexibility. Huang et al. [97] presented a
simple yet effective technique to synthesize large silver nanoparticles (AgNps)-
graphene nanosheet (GNS) films onto a polyethylene terephthalate (PET), a flexible
substrate, by decorating AgNps on GNS surface and enhancing self-assembly of
AgNps-GNSs onto the surface of PU nanofibers. They found that the AgNp-GNS
(5:1)/PU thin film revealed a considerable rising in transmittance after melting,
resulting in a thin film with surface resistance of 150 Ώ/sq and transmittance of
85% at 550 nm [97]. It has been also reported that the decoration of TiO2 with
metals such as Pd, Nickel (Ni) and Au with graphene, improve the catalytic and
photocatalytic characteristics of TiO2 [98–100]. The fabrication of Pd-
functionalized graphene nanoparticles merged with TiO2 composite nanofibers
displayed good photocatalysis to methylene blue [101].

Graphene quantum dots (GQDs) have extraordinary electrical conductivity,
good dispersion in various solvents, tunable photoluminescence, high specific
surface area, and exhibit low toxicity and good biocompatibility, thus having
contributed to energy storage devices applications [102]. For example, the elec-
tropolymerization of poly(3,4-ethylenedioxythiophene) (PEDOT) onto polyvinyl
alcohol-graphene quantum dot-cobalt oxide (PVA-GQD-Co3O4), (PVA-GQD-
Co3O4/PEDOT) nanofiber composite showed a specific capacitance of 361.97 F/g,
low equivalent series resistance (ESR) and good stability with retention of 96%
after 1000 cycles. The results also inducted a high specific energy and exceptional
power ranging from 16.51 to 19.98 W/kg and 496.10 to 2396.99 W/kg, as the
current density increased from 1.0 to 5.0 A/g [102]. In another example, GQD/
PANi (GQDP) nanofiber exhibited an excellent specific capacitance value
of � 1044 F/g at a current density of 1 A/g as well as moderate cyclic stability with
a retention of life time of 80.1% after 3000 cycles [103].

Contaminants such as dyes that contribute to water pollution crisis that has
affected agriculture, industries and inevitably economic growth has generated
interest in solving this problem. Consequently, the process of adsorption is a
commonly used technique owing to its relative easy operation, good performance
and cost effectiveness when compared with other approaches. Water-dispersible
amine-functionalized graphene (G-NH2) nanosheets, were blended directly into the
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Fig. 15 a Functionalization of anti-ErbB2 molecules on the surface of GF and GF − nTiO2

electrodes using EDC-NHS chemistry followed by oxygen plasma treatment; b Schematic of the
microfluidic immunosensor with 3D porous GF electrode modified with carbon-doped TiO2

nanofibers for the detection of breast cancer biomarkers; c Schematic representation of the
fabrication of the microfluidic sensor; d Photo of two microfluidic immunosensors. With
permission from [93]. Copyright © 2016, American Chemical Society
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PVA/glutaraldehyde (GA) aqueous solution for crystal violet (CV) adsorption,
deemed hazardous to cells and tissues of living organisms and could possibly be
cancer-causing upon prolonged exposure in concentrated amounts [68]. The study
indicated that the G-NH2 is a desirable reinforcing filler to promote higher
adsorption sites for the PVA fibers, and by that means an greater adsorption of the
CV dye from water in composite mats (removal efficiency of 80.85% compared to
66.24% for crosslinked PVA/GA mats) [68].

Additionally, several other studies have concentrated on the application in areas
such as antimicrobial agents in food applications, dentistry, drug release, catalysts,
recovery of metal ions, medical implants and enzyme carriers [72, 104–106].
Current research and focus on functionalized graphene/polymer nanofiber com-
posites seem to indicate that their use in a variety of industries will be proliferate
and long lasting.

7 Conclusions and Future Scope

The functionalization of graphene by covalent and non-covalent methods has been
discussed briefly in this chapter. The electrospinning process to prepare modified,
graphene based polymer nanofiber composites, their properties and applications
were also discussed. It has been proven that these modification techniques are
extremely successful when preparing processable graphene. However, it must be
remarked that a suitable technique for mass producing functionalized graphene has
not yet been discovered. In conclusion, it is important that future research in this
field concentrate on realizing grand-scale production of functionalized graphene if
science and technology in this area remain relevant when concerning environmental
safety and security standards, health, and energy production. Numerous researchers
have indicated that the functionalized graphene is a suitable and desirable choice as
multifunctional nanofiller, which will encourage many industry developments and
forge our steps into a new energy and material world. The use of electrospinning to
develop functionalized graphene polymer nanofiber composites is an effective
choice when obtaining high specific surface area and fibers at a nanoscale level.
Moreover, this method offers appreciable improvements in maximizing specific
properties out of the electrospun composites. However, research towards com-
mercializing functionalized graphene polymer electrospun nanofibers in applica-
tions as well as the refinement of electrospinning machines needs to be further
investigated, so that their advantages can be fully realized to a greater extent.
Finally, further investigation on fundamental issues such as the homogeneous
distribution of individual functionalized graphene nanofillers, their orientation,
connectivity, and interface bonding with the polymer matrix are required.
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Graphene Functionalization
and Nanopolymers

Martin Kássio Leme Silva and Ivana Cesarino

Abstract This chapter focuses on the functionalization of graphene, mainly in
graphene oxide (GO) and reduced graphene oxide (rGO). In this sense the main
syntheses for obtaining GO and rGO, as well as their characterizations and appli-
cations, were described. To evaluate the electrochemical, spectrophotometric and
morphological properties of functionalized graphene, the GO obtained commer-
cially and the rGO synthesized by the chemical method using sodium borohydride
were characterized by scanning electron microscopy, Raman, UV-vis, cyclic
voltammetry and electrochemical impedance spectroscopy. Through these charac-
terizations it is possible to comprehend the differences between GO and rGO. After
that, the importance of the graphene functionalized in the development of elec-
trochemical biosensors and sensors are presented.

Keywords Graphene oxide � Reduced graphene oxide � Characterization �
Electroanalysis

1 Introduction

Carbon based materials comprises a large variety of applications in electroanalysis.
The physical properties of these materials have drawn the attention of many
researchers in the field of sensors for monitoring applications. Graphene is a 2D
allotrope of carbon, which normally forms an atomic monolayer sheet. Linus
Pauling proposed the first structure of graphene in 1972, but only in 2004,
Novoselov and co-works presented a new approach for graphene due to its inter-
esting optical, mechanical, thermal and electronic properties. Graphene usually
refers to a single layer of sp2 bonded carbon atoms, also known as pristine gra-
phene. IUPAC describes graphene as a single carbon layer of the graphite struc-
ture, describing its nature by analogy to a polycyclic aromatic hydrocarbon of
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quasi-infinite size [1]. However, the high cost of fabrication and the deficiency of
manufacturing in large scale makes graphene a complicated material for application
in electroanalytical sensors. Therefore, another forms of graphene, such as graphene
oxide (GO) and reduced graphene oxide (rGO) are employed instead [2, 3].

Graphene oxide is another form of graphene, also known as chemically modified
graphene, which is prepared by oxidation and exfoliation of graphite oxide. These
processes lead to an extensive modification of the basal plane of graphene. Another
singularity of GO is the oxygen content, usually characterized by a C/O ratio less
than 3:1 and typically closer to 2:1 [3]. GO can also be characterized as a single
monomolecular layer of graphite with various oxygen containing functionalities
such as epoxide, carbonyl, carboxyl and hydroxyl groups [2].

The reduction of GO forms a new material known as reduced graphene oxide
(rGO). This reduced form of GO (rGO) sheets are usually considered as one kind of
chemically derived graphene. The main goal of GO reduction is to produce a
graphene-like material, with the same structure and properties of pristine graphene.
There are several protocols for GO reduction, such as, hydrothermal, chemical,
microwave and thermal [4]. Those methodologies will further be investigated in the
next section. The reduction processes from GO to rGO diminishes the oxygen
content in the material and cause several structural defects on rGO surface. The C/O
ratio is not zero like pristine graphene, however the reduced amount of functional
groups based on C–O bonds influences on the electroanalytical response for several
analytical targets [5, 6].

GO and rGO have come to the forefront of electroanalytical applications in past
few years. Versatility, easy manipulation, modification and good stability make
these materials gain great attention in the field of electroanalysis. The modification
of working electrodes such as glassy carbon (GC), boron-doped diamond (BDD),
and screen-printed electrodes is the common approach for GO and rGO for sensing
applications [7].

Enzymatic biosensors, immunosensors and modification with metallic nanoparti-
cles for contaminants determination are some examples of GO and rGO applications.
In biosensing, these functionalized graphene proved to be promising materials for
immobilizing enzymes and enhance detection of different targets by the effect of
enzyme activity [8–10]. The main applications in biosensors include detection of
glucose, cholesterol, phenol, catechol, neurotransmitters and carbaryl [11].

In the field of immunosensing, the measuring of the antibody-antigen specific
conjugation is the target of this type of electroanalytical sensors. Hence, GO and
rGO are interesting platforms for antibody or antigen immobilization. Several
protocols for these biomolecules have been extensively investigated. The use of
nanopolymers, bioconjugation agents, metallic nanoparticles are some successful
examples in this field [12, 13].

As highlighted above, GO and rGO hold interesting properties and applications
of great interest in electroanalysis. However, the main point of this chapter will be
focused on the fabrication and functionalization of GO and rGO nanomaterials for
different sensing applications. Firstly, we will discuss the various methodologies for
fabrication of these materials and the proper characterization by electrochemical,
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morphological and spectroscopy techniques. Then, recent strategies and function-
alization methodologies will be covered in the next section. Finally, the recent
applications for targeting hazardous pollutants using graphene modified with
metallic nanoparticles (MNPs) will be covered in the last section.

2 Synthesis

The techniques for synthesis of graphene are compressed in several methodologies.
In literature, the most applied methods consists in mechanical or chemical exfoli-
ation of graphite, unrolling of carbon nanotubes (CNTs), chemical vapor deposition
(CVD) or epitaxial growth, reduction of GO and several others organic synthetic
protocols [14, 15]. However, in this chapter we will focus on the synthesis of GO
and rGO materials and its applications.

2.1 Synthesis of Graphene Oxide

The main objective of graphite oxidation to obtain GO was actually to prepare
graphene at large-scale. Therefore, several methodologies for production of GO in
large-scale starting from graphite was intensively reviewed and optimized through
years. Brodie developed the first methodology for obtaining GO in 1860. Precisely,
graphite is oxidized to graphite oxide using fumaric nitric acid and potassium
chlorate under controlled temperature, and then the material obtained is reduced to
graphene oxide by thermal exfoliation/reduction processes [16]. Staudenmaier in
1898, Hofmann in 1937, Hummers in 1958 and the novel tour method in 2010 are
some examples of improvement of GO fabrication [17]. All methodologies cited
above make use of strong oxidants and consequent thermal exfoliation and
reduction by thermal shock to produce GO [18].

The most common methodology for synthesis of GO is based on the work
presented by Hummers and Offeman in 1958. Briefly, the graphite is oxidized to
graphite oxide by treatment with a solution containing sulfuric acid, potassium
permanganate and sodium nitrate (water-free solution) [4, 19].

However, GO itself has several functional groups and a high oxigen content.
Hence, another step of reduction of the material is required for obtaining a
graphene-like material.

2.2 Synthesis of Reduced Graphene Oxide

The reduced form of GO produces a graphene-like material, known as rGO. The
common techniques for production of rGO are chemical, thermal and
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electrochemical reduction. Variations and modifications will also be covered in the
subsequent topics.

2.2.1 Chemical Reduction

Chemical reduction of GO to rGO does not require expensive equipment and the
environment is not as critical as other synthesis routes. These characteristics make
chemical reduction the most common methodology for reduction of GO. Through
years, several reducing agents have been applied for synthesis of rGO. Hydrazine
hydrate, sodium borohydride (NaBH4) accompanied or not with dodecyl sodium
phosphate (SDS), vitamin C, pyrogallol and potassium hydroxide (KOH) are some
of the most common reductant agents for rGO synthesis. However, some reagents,
such as, hydrazine and its by-products are environmentally hazardous and can affect
human health. The search for greener reducing agents is the main goal in rGO
synthesis. Organic acids, microorganisms, sugars, extract from plants, protein and
amino acids, antioxidants are some examples of green reductants used for synthesis
of rGO. Table 1 summarizes the most common reductant agents for rGO synthesis.

2.2.2 Thermal Reduction

The reduction of GO by thermal methodology is composed mainly in two tech-
niques: Thermal annealing and microwave/photo reduction. Briefly, thermal
annealing is the rapid heating of GO. Usually, thermal annealing uses thermal
irradiation for reducing GO. Several authors reports thermal annealing a two-hand
technique. In one side the C/O ratio of rGO is close to graphene, in the other hand
this procedure is found only to produce small size and wrinkled graphene sheets. In
addition the electrical conductivity is much lower than pristine graphene.

Another route for thermal reduction of GO can accomplished using electro-
magnetic irradiation; the mainly two approaches are microwave and photo reduc-
tion. Using microwave irradiation, which heats substances uniformly and rapidly,

Table 1 Comparison of different reductant agents in rGO synthesis

Reductant agent Application Conductivity
r (S/cm)

C/O
ratio

References

NaBH4/SDS Detection of estriol – – [26]

NaBH4 only Electrical conductance 0.045 8.6 [59]

Hydrazine hydrate 10.3 2 [60]

Glucose sugar Detection of catecholamine – – [20]

Ascorbic acid (AA) Various applications 980 5.15 [61]

Shewanella Bioremediation of bacteria – – [62]

Yeast – 43 5.9 [63]

hydrohalic acids – 298 >14.9 [64]
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rGO can be produced up to 1 min using graphite powders and a commercial
microwave system [20, 21]. Using photo reduction, the sample is irradiated by a
laser beam for instance. Zhang et al. reported an obtained rGO films with an
electrical conductivity of 256 S/cm, proving that a laser-based reduction is efficient.

2.2.3 Electrochemical Reduction

Electrochemical removal of oxygen functionalities of GO sheets to produce rGO is
a promise method holding easy preparation and application. Normally carried in
3-electrode conventional cell the reduction of GO takes place on the surface of the
working electrode (WE) as shown in Fig. 1. A thin film of GO is casted o the
surface of the WE (GC, ITO, etc.).

Unnikrishnan et al. reported the reduction of GO to rGO by performing con-
tinuous cyclic voltammetry (15 cycles) ranging from 0 to −1.5 V at a scan rate of
50 mV s−1 in a phosphate buffer solution [22]. Several combinations of electrolytes
(KNO3, PBS, aqueous electrolyte, etc.) and electrochemical techniques (cyclic,
electrophoretic deposition, chronoamperometry, etc.) have been reported in this
methodology.

2.2.4 Microwave-Assisted Hydrothermal Reduction

The microwave-assisted hydrothermal (MAH), also known as microwave-
solvothermal, is a methodology for synthesis rGO using unique properties of

Fig. 1 Electrochemical reduction of rGO
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solvents under hydrothermal conditions, which can change drastically properties of
vapor pressure, surface tension, viscosity and density of the solvent. Combined with
application of microwave, which is an electromagnetic wave with a frequency
between 300 MHz and 300 GHz and the wavelength ranging from 1 m to 1 mm,
gives the MAH methodology. The advantages of MAH method lies on the
preparation of nanoscale materials, also energy saving conditions and eco-friendly
advantages make this technique an interesting route for rGO and rGO-MNPs
synthesis [23]. MAH applications varies from metal oxides and hydroxides, gas
sensor, catalytic, electrochemical, solar cells and optical applications.

In electroanalysis, [24] reported the synthesis of rGO-gold nanoparticles
(rGO-AuNPs) composite for the detection of sulfamethazine antibiotic [24]. The
obtained composite showed nanoparticles ranging from 5 to 30 nm. [25] reported
another interesting application of graphene-wrapped with copper oxide synthesized
using MAH methodology for lithium ion batteries [25].

As described above, there are several methodologies for reducing GO into rGO.
Table 2 summarizes the electrochemical conductivity of the obtained materials in
correlation with the corresponding methodology. In the next section, we will cover
the characterization of GO and rGO composites by electrochemical, spectroscopy
and spectrophotometric techniques.

3 Characterization of Functionalized Graphene:
GO and RGO

To evaluate the electrochemical, spectroscopic and morphological properties of GO
and rGO, the materials were characterized by scanning electron microscopy,
Raman, UV-vis, cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS). For this purpose, the GO obtained from Sigma-Aldrich (4 mg/mL)
and the rGO synthesized from GO by sodium borohydride chemical method were
studied. Figure 2 presented the SEM micrographs of the GO and rGO. Figure 2a
displays typical images of GO where the material consists of a mixture of single

Table 2 Comparison of properties of rGO by different methods

Reduction method Application Conductivity r
(S/cm)

C/O
ratio

References

Chemical Various applications 980 5.15 [61]

Thermal annealing Synthesis 2000 15–18 [65]

Photo reduction Synthesis 256 – [40, 41]

Electrochemical
reduction

Detection of
catecholamine

85 23.9 [66]

MHA Determination of
sulfamethazine

– – [24]
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layers and multi-layer graphene sheets. Figure 2b presents the images of func-
tionalized GO, in which the graphitic material displayed a typical wrinkled structure
with plenty of corrugations. The reduction of GO causes the unstacking of sheets
and, consequently, the unblocking of active sites [8, 26]. This profile was also
observed in other studies, in which the GO was chemically synthesized from
Natural Flake Graphite (NFG) or via the Hummers and Offeman [19] method and
the reduction was performed using hydrazine [27, 28].

Raman spectroscopy is considered to be a popular technique for characterization
of the structural and electronic properties of graphene, including disorder and defect
structures [20, 21]. Thus, the spectroscopic characterizations of the materials were
performed by Raman and UV-vis as shown in Fig. 3. Figure 3a presents Raman
spectra for the GO and the chemical functionalized GO. It was observed that the

Fig. 2 SEM micrographs for: a GO and b rGO

Fig. 3 Spectroscopic characterizations of the functionalized graphene: a Raman spectra and
b UV-vis for the GO and rGO
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synthesized GO and rGO presented two characteristic absorption bands in its
Raman spectrum: the G band at around 1585 cm−1 and the D band at 1355 cm−1.
The G band corresponds to bond stretching of sp2 carbon pairs. The D band is
associated with the breathing mode of aromatic rings with dangling bond in-plane
terminations [26]. The relationship between the intensity of the D band (ID) and G
band (IG) is usually employed to evaluate the size of the in-plane sp2 domains for
carbon materials. The obtained values for the ID/IG ratio was 0.96 and 1.10 for GO
and rGO, respectively. The higher magnitude of the D band for the functionalized
GO suggests the increase in disorder and confirms the occurrence of reduced
graphene oxide. Also, the increase of the ratio from GO to rGO indicated that
during the reduction of GO, most of oxygenated functional groups were removed,
resulting in a decrease in the average size of the sp2 domains [29]. This same
behaviour was observed in several works of the literature, in which GO and
functionalized GO were obtained by different methodologies [30–33]. The char-
acterization of the materials by UV-vis spectroscopy is shown in Fig. 3b. As
observed in others works [30, 34, 35] the UV-vis spectrum of GO showed 2
maximum bands at 225 and 300 nm, which are due to the p ! p* transition of
aromatic C–C bonds and n ! p* transition of C=O. However, rGO presented only
one maximum band at 240 nm. This results were expected since rGO has a higher
C/O coefficient due to removal of oxygen functionalities and establishment of C=C
conjugated graphene structures as observed by Raman spectroscopy.

The electrochemical characterizations of the materials were performed by CV
and EIS as presents in Fig. 4. For this purpose, the GO and rGO was dispersed in
ultrapure water at a concentration of 0.3 mg/mL. After that, 10 lL of these sus-
pensions were dropped in the cleaned GC electrodes. Figure 4a showed the cyclic
voltammograms of the GC/GO and GC/rGO electrodes in 0.2 mol L−1 phosphate
buffer solution (PBS) pH 7.4, 0.1 mol L−1 KCl containing 5.0 mmol L−1 of the
redox couple [Fe(CN6)]

3−/4− with a scan rate of 50 mV s−1. The voltammetric

Fig. 4 Electrochemical characterizations of the functionalized graphene: a Cyclic voltammo-
grams and b Nyquist diagram for GC/GO and GC/rGO electrodes. Inset: electrical equivalent
circuit
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profiles show well-defined oxidation and reduction peaks for the GC/GO and GC/
rGO electrodes due to the Fe3+/Fe2+ redox couple in identical potentials of
approximately +0.40 and +0.35 V versus Ag/AgCl/KCl (3 mol L−1), respectively.
However, the GC/rGO electrode (curve b) showed a 1.6-fold increase in the peak
current compared to the GC/GO electrode (curve a). This increase is due to the
presence of defects introduced in its structure, as well less oxygen atoms increase
the electron transport [8]. The electrochemical properties of GO and rGO were also
analyzed using EIS in order to quantify the charge transfer resistance values for the
GC/GO and GC/rGO electrodes as presented in Fig. 4b. Nyquist plots were used to
analyze EIS data and presented with the equivalent circuit inset, as shown in
Fig. 4b. The EIS plots exhibited Rs for GC/GO about 49.3 X, which was larger than
GC/rGO (46.9 X). The fitted value of Rct obtained for GC/GO and GC/rGO was
1.52 and 2.84 X, respectively. The lower value of Rct for rGO was also observed in
recent publications [36, 37], indicating the improvement in electron transfer of this
material. This behaviour is in agreement with CV experiments that rGO has a
higher peak current response for the redox couple.

A visual characterization of the GO and rGO is presented in Fig. 5. Different
colours can be seen for the GO and functionalized GO suspensions. The charac-
teristic colour of GO suspension is yellowish, while after reduction the GO presents
a darker colour. This is a way of differentiating GO from rGO.

Fig. 5 Image of the
functionalized graphene
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4 Functionalization of Graphene for Electroanalytical
Applications

Electrochemical biosensors hold the interesting properties of specific biological
recognition processes with the analytical versatility of electrochemical techniques.
The main goal of biosensors is to produce a correlation between the concentration
of the analyte target and an electrochemical measurement. Usually, the biological
component (enzymes, DNA probes, cells and antibodies) is immobilized on the
surface of the WE, also known as the transduction component. The electrode
converts the biochemical reactions within into quantitative or semi-quantitative
electroanalytical response. The immobilization strategy on the electrode is extre-
mely vital for success. The use of nanopolymers, metallic nanoparticles and the
functionalities of GO and rGO themselves are some common approaches for bio-
logic component immobilization. In the subsequent topics, we will discuss recent
strategies for construction of biosensors. For better understanding purposes, the
biosensors will be separated by recognition component.

4.1 Functionalized Graphene for Enzymatic Biosensors

Enzymatic biosensors make use of enzymes, which are proteins that catalyze bio-
chemical reactions in living organisms. Enzymes proved to be very efficient
recognition elements and easy handling. A simple scheme of an electrochemical
biosensor and the recognition of the electron transfer between enzyme and electrode
surface is shown in Fig. 6.

For the last 20 years intensive studies have been made on the immobilization of
enzymes on the sensors surfaces, due to the difficulty of this immobilization on the

Fig. 6 Enzymatic biosensor based on direct electron transfer between enzyme and electrode
surface
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bare electrodes surfaces. Enzymes usually have short life times and lose their
activities at bare electrodes. Also, there are mass transport problems associated with
long paths between the sites of enzyme and the electrode. To overcome such
limitations, studies have been focused on different strategies for enzymes immo-
bilization on the electrode surface [38, 39]. There are two categories of immobi-
lization procedures, namely, reversible and irreversible immobilization. The
reversible immobilization methods include metal chelation, disulfide bounds for-
mation and adsorption, while the irreversible immobilization methods comprise
covalent bonding, cross-linking, entrapment and encapsulation. The covalent
bonding represents one of the most frequently used methods for enzyme immobi-
lization, due the stable nature of the bonds formed between functional groups of the
enzyme and functional groups present on the support. In these sense, the func-
tionalized graphene, GO and rGO, are presented as an excellent support to be used
in the covalent immobilization of enzymes.

Carbonyl groups of GO can immobilize enzymes by a simple binding reaction
with free amino groups of enzymes through covalent linkage, as reported by
Unnikrishnan et al. In the work of Zhang et al. [40, 41] the GO prepared by the
modified Hummers method was investigated as a matrix for enzyme immobilization,
using horseradish peroxidase and lysozyme, as model enzymes. The immobilization
of the enzymes in the GO was observed using AFM and the authors observed that the
catalytic performance of the immobilized enzymes is determined by the interaction
of enzyme molecules with the functional groups of the GO, but the enzyme specific
activity is not influenced by the enzyme loading as far as the substrate surface was
not fully covered by the enzyme. The use of chemical linkers are also very common
in biosensor manufacturing. Cysteamine and 6-mercaptohexanoic acid (6-MHA) can
be used to produce NH2-functionalites on MoS2 nanoparticles, and therefore
immobilize enzymes by electrostatic bonding [42].

Using rGO as platform for enzymes immobilization, two different effects are
highlighted for biosensors construction. Structural defects and residual oxygen func-
tional groups in rGO surface can contribute for enzyme immobilization. Ting et al.
[43] used the electrochemically reduced graphene oxide in the immobilization of the
catalase enzyme for detection of H2O2. The fabricated biosensor exhibited quick
response (5 s), excellent electrocatalytic activity towards H2O2 in the linear concen-
tration range from 0.05 to 1.91 mM with a sensitivity of 7.76 µA mM−1 cm−2.

Vijayaraj et al. [44] proposed a glucose biosensor based on rGO and glucose
oxidase (GOx) modified a pencil graphite electrode. The efficient immobilization of
GOx on rGO surface was confirmed by electrochemical, spectroscopic and mor-
phological measurements. The determination of glucose was performed indirectly
by O2 reduction, which showed high sensitivity, selectivity, reproducibility and
stability without a redox mediator. The sensor exhibited a linear current response
for a wide range of glucose concentrations between 1.0 � 10−5 and 1.0 � 10−3 M
with a detection limit of 5.8 lM.

When the immobilization of enzyme is performed using functionalized graphene
as support none bi-functional groups or spacers such as glutaraldehyde and
aminopropyltriethoxysilanes is necessary. This constitutes a real contribution from
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the biocomposite surface to the efficiency of the biosensor since the cross-linking
agents frequently bond themselves to the active sites of enzymes, thus inhibiting
their activity.

Some studies compare the properties of the functionalized graphene in the
immobilization of enzymes for the construction of electrochemical biosensors. The
work developed by Kohori et al. evaluated the GO and rGO in the immobilization
of laccase enzyme and its application in the determination of dopamine. The authors
observed that the structural defects of rGO facilitate the immobilization of the
laccase as a covalent attachment. On the other hand, the laccase is immobilized in
the GO by physical adsorption by the interactions of p–p stacking between the rings
of GO and those of any aromatic amino acids exposed on the surface of the protein.
This immobilization relies on weak physical forces, which can affect the stability of
the enzyme. When the rGO-laccase biosensor is compared with the GO-laccase
biosensor in the determination of dopamine, the second biosensor showed a lowest
cathodic current for the dopamine reduction. This is due to the absence of structural
defects on GO sheets which can interfere in the laccase efficiently immobilization.
Also, GO has more oxygen atoms than rGO and actually has more functional
groups that decrease the electron transport. Thus, the authors concluded that rGO
was more efficient in the immobilization of the laccase enzyme.

Modification of rGO with nanopolymers are another example of physical
entrapment. Enzymes are adsorbed into the new composite, and the synergistic
effect of rGO associated with the thermal stability of nanopolymers provides a
stable environment for enzyme encapsulation [45–47].

Reports on enzyme immobilization based rGO-MNPs and rGO-polymer-MNPs
electrodes, generally needs a cross-linking agent such as glutaraldehyde for func-
tional groups linking bond [48–51]. Table 3 summarizes the most common
approaches for enzyme immobilization on GO and rGO composites.

4.2 Functionalized Graphene for Immunosensors
Construction

Electrochemical immunosensors are affinity biosensors with high selectiveness for
the target analyte. In recent years, the field of electrochemical immunosensors has
grown tremendously. These affinity sensors have a large variety of applications:
food safety, quality control, and biomedicine, blood testing, environmental and
agricultural. The correct immobilization of antibodies is the most important step for
immunosensors. An antibody molecule is usually composed by two main struc-
tures: the Fab-fragment, antigen binding and Fc-fragment parts, as simplified shown
in Fig. 7.

The antibody immobilization can happen by random and site-directed tech-
niques. The random immobilization is the easiest way to immobilize an antibody; it
does not require bioconjugation agents or other materials to create functional
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groups on the sensor surface. However, denaturation of proteins, low specificity and
random orientation are some examples of this technique disadvantages.

In the other hand, site-direct immobilization is more efficient. The focus of this
methodology is to immobilize the Fc segment of antibody on the sensor and leave
the Fab segment free for antigen binding. The Fc segment is rich in carboxylic
groups, therefore can bind to the electrode surface modified with an amine group.

Hu and co-workers reported the functionalization of GO with an
amino-terminated perylene derivative (PTCNH2) for the detection of tumor necrosis
factor-alpha (TNF-a). Giving the NH2 functionalized surface, the anti-TNF- a was
successfully immobilized. The linear region for the analyte target ranging from
10 pg/mL to 100 ng/mL with a detection limit of 3.33 pg/mL. The sensor is
promising for application in clinical diagnosis [52].

Table 3 Functionalized graphene and its modifications for enzyme immobilization

Functionalization Sensor Enzyme/protein Target
analyte

References

GO-NPs MoS2/GO/Mb Myoglobin Nitric oxide [42]

ChOx/ZnO/Ag/GO Cholesterol oxidase Cholesterol [46]

rGO only Lac/rGO Laccase Dopamine [8]

AChE/rGO Acetylcholinesterase Carbaryl [9, 10]

GOX/rGO Glucose oxidase Glucose [22]

TRGO/FDH D-fructose
dehydrogenase

D-fructose [67]

rGO-polymer ChOx/PSS/PILs–GP Cholesterol oxidase Cholesterol [46]

rGO/PPy/NR Nitrate reductase Nitrate [45]

rGO-NPs HRP/CeO2-rGO horseradish
peroxidase

H2O2 [51]

Lac-rGO/RhNPs Laccase 17b-estradiol [50]

Lac/rGO/Sb2O5 Laccase Estriol [48]

rGO-polymer-NPs NA/Ag@rGO-NH2/
AChE

Acetylcholinesterase Pesticides [49]

Fig. 7 General structure of
an antibody
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Gold nanoparticles (AuNPs) also hold interesting properties for antibody
immobilization. Gold electrodes have been extensively applied in immunosensors
fabrication due to self-assembled monolayers (SAM) technique. AuNPs can be
functionalized with amine groups by different reagents, such as cystamine,
4-Aminothiophenol and lipoic acid. The thiol part of these reagents binds sponta-
neously with the AuNPs due to Au-S affinity [53]. In that way, modification of
graphene-based materials with terminal amino groups is the main route for antibody
conjugation. Table 4 shows some examples of functionalized graphene for
immunosensor preparation and Fig. 8 summarizes some bioconjugation routes of
antibody for immunosensing application.

4.3 Functionalized Graphene Using Nanopolymers

Functionalization of graphene using conducting nanostructured polymers have
several applications, as highlighted above. Poly (3,4-ethylene-dioxythiophene)
(PEDOT), polypyrrole (PPy), chitosan (Cs), nafion (NA) and poly(sodium-p-
styrenesulfonate) (PSS) are common polymers applied in electroanalysis due to their
high conductivity, high biocompatibility and thermal stability [45–47, 49, 54, 55].

Afkhami and co-workers prepared a chitosan/graphene nanostructure by con-
tinues stirring for 2 h of a Cs solution (0.50 wt%) and 5.0 mg of graphene to obtain
a Cs-graphene nanocomposite for immunosensing.

Table 4 Functionalized graphene for immunosensors construction

Functionalization Sensor Antibody Target Analyte References

GO-bioconjugation
agent

GO/PTCNH2 anti-TNF-a TNF-a [52]

GO-NPs-functionalized Au@APTES-GS Anti-CEA Carcinoembryonic
antigen (CEA)

[68]

rGO-bioconjugation
agent

rGO-EDC/NHS Anti-H1N1 H1N1 viruses [69]

rGO-TEPA-PTC-NH2 Anti-Vangl1 human vang-like
protein (Vangl1)

[70]

rGO-EDC/NHS Anti-HCT SKBR-3 breast
cancer cell

[77]

rGO-NPs Ag/MoS2/rGO Anti-CEA carcinoembryonic
antigen (CEA)

[68]

rGO-AuNPS anti-PCT Procalcitonin (PCT) [71]

rGO-polymer-NPs AuNPs-PEDOT/
PB-rGO

Anti-AFP a-fetoprotein [55]

AuNPs/Cs/Gr Anti-BoNT/
A

botulinum
neurotoxin serotype
A

[54]
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Besides the preparation of polymers-graphene composites, another approach can
be used for modifying the WE with nanopolymers. The electropolymerization pro-
cedure involves the formation of polymeric products by electrochemical oxidation of
their monomers, which is a versatile technique for synthesizing hybrid conduction
polymers. Bo et al. [56] electropolymerized polyaniline (PANI) nanowires on gra-
phene using a three-step electrochemical deposition procedure for construction of a
DNA biosensor. The DNA sensor showed a sensitive and selective DNA detection
with a detection limit of 3.25 mol L−1 of the complementary oligonucleotide. Huang
et al. [57] performed cyclic voltammetry experiments (15 cycles) in an acetate buffer
solution (0.1 mol L−1, pH = 6.0) for direct electropolymerization of poly (thionine)
on a modified graphene-Au nanorods electrode for DNA sensing of papillomavirus
(HPV). Table 5 summarizes the different monomers and electropolymerization
approaches for graphene modification and their applications. Electropolymerization
offers some advantages in comparison with other synthesis approaches, such as:
directly deposition of the nanopolymers, formation of thin films and possibility of
thickness and conductivity control. In the other hand, it is an expensive method and
only films can be formed [58]. As highlighted above, cyclic voltammetry (CV) is the
most common electrochemical technique for monomers polymerization on electrodes
surface, and it is essential for the characterization of the electrochemical properties of
conducting nanopolymers. As theCV is performed, the thickness of the PPy film
increases and so does current response. Figure 9 shows a typical CV experiment of

Fig. 8 Common approaches for antibody conjugation in electrodes for immunosensing
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polypyrrole deposition on a WE. The CV ranged from −0.2 to 0.8 V in a
0.1 mol L−1 NaCl solution.

5 Functionalized Graphene with Metallic Nanoparticles
for Electrochemical Sensors

Reduced graphene oxide plays an important role in electroanalysis nowadays. Due
to its easy fabrication and low cost, rGO is frequently used in electrochemical
sensors and other associated applications [3]. Silva et al. [9, 10] compared the
performance of rGO modified with antimony (Sb) and copper (Cu) nanoparticles

Table 5 Functionalized graphene with nanopolymers

Nanopolymers/
composite

Application Synthesis Conditions References

PANI-graphene DNA sensor Three-step
electropolymerization

– [56]

Poly (thionine)–
Graphene–Au nanorods

DNA sensor Cyclic voltammetry
(15 cycles)

acetate buffer
(pH = 6.0)

[57]

PANI-rGO

PANI-graphene – Chronoamperometry
(0.75 V)

0.5 M
H2SO4

[72]

Polycarbazole-graphene Detection of
4-nitropenol

Cyclic voltammetry
(8 cycles)

BFEE
solution

[73]

PEDOT-graphene Supercapacitor Chronoamperometry
(1.8 V)

EDOT water
solution

[74]

Fig. 9 Typical experiment of
polypyrrole
electropolymerization by
cyclic voltammetry
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for electrochemical detection of levofloxacin. The rGO-CuNPs composite showed a
detection limit of 1.73 � 10−8 mol L−1 in levofloxacin detection and the proposed
composite was applied for drug pharmaceutical detection with promising results. In
recent years, rGO has been modified with various metallic nanoparticles. Silver,
gold, antimony, copper, bismuth and palladium are some examples of metallic
nanoparticles for modification of rGO towards pollutants detection as presented in
Table 6.

6 Conclusion

An overview of the functionalization of graphene in GO and rGO has been pre-
sented in this chapter. The main syntheses to obtain GO and rGO were reported and
for a better understanding of their properties, these materials were characterized
morphologically, structurally and electrochemically. It was possible to observe that
the C/O ratio varies from GO to rGO, generating structural defects in the sheet and
different electronic properties for the two materials since less oxygen atoms increase
the electron transport in the rGO. The applications of the functionalized graphene
were highlighted in the electrochemical area. Thus, the use of GO and rGO as
platforms for the construction of a wide range of electrochemical biosensors and
sensors was showed which presented an improvement of the analytical behavior.
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Electrochemical Detection of Dopamine
in the Presence of Uric Acid Using
Graphene Oxide Modified Electrode as
Highly Sensitive and Selective Sensors

Buse Demirkan, Hasan Ay, Sümeyye Karakuş, Gülseren Uzun,
Anish Khan and Fatih Şen

Abstract Graphene is a very advantageous material with its excellent electronic
properties as well as its physical properties. The use of graphene and its derivatives
in addition to polymers is very suitable for applications such as flexible devices,
functional nanocomposites, and sensors. Graphene with a 2D network has been an
important material due to its excellent physicochemical values (excellent conduc-
tivity, functionalization, mass production ease, high surface area, and high
mechanical strength). In this study, graphene oxide based glassy carbon electrode
(GO/GCE) was used for the simultaneous detection of dopamine (DA) and uric acid
(UA) in the presence of chemically synthesized the graphene oxide (GO). To define
the uric acid (UA) and dopamine (DA) levels simultaneously and separately,
measurements were obtained by cyclic voltammetry (CV). Accordingly, it has been
found that dopamine and uric acid can be measured simultaneously with these
sensors in biological samples and are hoped to be used in future applications.

Keywords Dopamine � Electrode � Graphene oxide � Sensors � Uric acid

1 Introduction

Dopamine (DA), one of the essential neurotransmitters, plays a vital role in the
function of the central nervous, kidney, hormonal, and cardiovascular system [1].
Abnormal DA levels may result in Parkinsonism, Schizophrenia, Huntington, HIV,
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and similar diseases [2]. For these types of problems, research in the field of
neurotransmitters like dopamine electrochemistry has been very important at
understanding the functions within and within the human body [3]. Recently, too
many electrochemical systems have been designed and implemented for the anal-
ysis of dopamine in real body fluid. Modification and development of voltammetric
sensors for the detection of many components in the extracellular fluid in the living
body have recently attracted much attention [4–6]. Another common biological
molecule with higher concentrations of DA in biological samples is uric acid.
Ascorbic acid (AA) is widely used as an antioxidant in food, animal feed, phar-
maceutical formulations, and cosmetic applications and is usually found in bio-
logical samples with DA. It is also essential that ascorbic acid has a biologically
important task in many processes, such as collecting radicals in the system,
strengthening the immune system, reducing the possibility of cancer, and pre-
venting diseases such as AIDS [7–9]. Unfortunately, AA is always present in
organisms with DA and shares a similar oxidation potential in electrochemical
detection. The electrochemical techniques for the detection of these biomolecules in
the extracellular fluid have attracted considerable attention in recent years. The most
significant obstacle for electrochemical detection of dopamine is that it is dominant
due to the presence of uric acid in the same environment. In addition to this
problem, the product resulting from the oxidation of dopamine can catalyze the
oxidation of the uric acid by causing the electrode to be contaminated by low
discrimination and repetition of measurements [10–15]. Therefore, the relative
importance of Dopamine in the presence of uric acid has been the most critical
problem and aim of the research in this area. In the metabolism of uric acid, which
is one of the leading products in the metabolic system, gut, hyperuricemia, pneu-
monia, and Lesch Nyan syndrome occur depending upon its concentration [16–22].
Therefore, the identification of these molecules is not only crucial in the field of
biomedical chemistry and neurochemistry, but also in diagnostic and pathological
research. Over the last decade, more and more methods have been explored and
developed for the analysis and measurement of these molecules. Various methods
have been developed for the determination of DA and UA, such as chemilumi-
nescence, high-performance liquid chromatography, electrochemical process,
ultraviolet spectroscopy, and capillary electrophoresis.

Among these methods, the electrochemical method has attracted considerable
interest because of its ease of use, fast, high precision, excellent stability, and low
cost to determine electrochemical behaviour of DA and UA components [23, 24].
For this reason, it is essential to modify the sensors that work very sensitive and
relative to the simultaneous detection of UA and DA in the analytical and diag-
nostic studies of applications [25]. Accordingly, in the case of relevant and sensitive
analysis of dopamine and uric acid is still experiencing problems in its biological
analysis. To eliminate this problem, experiments were carried out by experimenting
with many materials, such as monolayer, carbon-based nanotubes, and other similar
components which were spontaneously incorporated into the system as the
nanoparticle [26–36], and the agents to reduce the organic bonds [23, 25, 37, 38].
On the other hand, they were used as a modification added to develop a relative and
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sensitive dopamine biosensor. The development of electrodes arranged by the use
of so many different materials sheds light on a huge future in the field of biosensors
and electroanalytical chemistry. Accordingly, the results of the studies with
unmodified electrodes are not satisfactory, as the electrochemical reactions in the
detection of the components are not reproducible, and the products resulting from
the oxidation of the surfaces of the measuring electrodes contaminate them [18].
For this reason, cyclic voltammetry was used to investigate the electrochemical
behavior of UA and DA. A precise and relative method for simultaneous detection
of UA and DA in the body fluid was achieved. To improve the detection of DA and
UA, glassy carbon (GC) electrodes were used. Porous structural materials were also
investigated. Due to the presence of uniaxial (1D) carbon-based nano-sized tubes,
these materials have been put into use as supporting materials for sensors in
dopamine and uric acid analysis due to their excellent electronic properties and
conductivity. Graphene, a two-dimensional single layer of graphite, has attracted
considerable attention recently due to its extraordinary features. The application of
graphene in the sensor field is also critical. It has perfect properties like graphite,
such as good electrical conductivity and rapid non-uniform electron transfer for
applications in electrochemical devices. Huge specific surface and better biocom-
patibility ratio at the edges of the graphene layer and basal plane defect areas are
also other desirable properties.

Graphene structured carbon based electrode, surface film modified electrode and
micro/nanoelectrodes were investigated to analyze various types of glucose, dopa-
mine, UA, DNA, hydrogen peroxide, and nicotinamide adenine dinucleotide. For
this purpose, various carbon materials [39–46] were used as electrode components,
including carbon nanotubes [12], boron-reinforced diamonds [10], graphite [15], and
nanofibers [11]. To this end, various materials, such as organic reducing media
additives, polymers, nanoparticles, self-integrating monolayers, and carbon nan-
otubes have been used in the development of electrodes. Graphene, having a 2D
structure and having a single layer structure with a tight structure of carbon atoms,
similar to a honeycomb, has recently become popular in many applications in the
scientific field. Thanks to its very ideal electronic properties due to the fact that
electrons are collected in a large area depending on their structure in two dimensions,
it has the potential to apply in different fields such as electromechanical resonators,
field effect transistors, and gas sensors and has a significant advantage in this regard.
GO is more ideal than graphene for biosensor studies because of its excellent
surface-to-surface properties and unique interaction with biological components.
Graphene is already a widely used material in many sectors and areas due to its wide
surface area, rapid heterogeneous electron transfer, high electrical conductivity, and
excellent mechanical properties. We produce graphene modified electrodes in the
current communication and report their applications for dopamine detection. The
electrochemical changes of UA and DA with this electrode were investigated, and it
was seen that the reduction signal of dopamine was found to be better in GO layer
electrodes. The graphene oxide used in this study was obtained by hummers method
which is one of the well-known techniques. Electrochemical analysis of the glassy
carbon electrode developed by GO was measured using (CV) cycle voltammetry.
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Based on this behavior, the fixed electrode was applied as an excellent biosensor to
detect dopamine in the presence of uric acid. The results show that the electro-
chemical responses of graphene to the target molecules originate from the planar
geometric structure and the special electronic character of the graphene. For this
reason, graphene is considered to be a good candidate for advanced electrode
materials with forward-looking applications in electrochemistry [47–51]. The study
of graphene is expected to provide a fundamental perspective to all carbon materials
[30, 32, 35, 52–57]. Compared to carbon nanotubes, graphene offers potential
advantages regarding low cost, high surface area, ease of operation, and safety.
Graphene is expected to compete gradually with carbon nanotubes in many appli-
cations [47, 50]. As a summary, the resulting GO/GCE electrode was applied to the
simultaneous determination of DA and UA. In addition, they exhibited low detection
limits for DA and UA. The resulting GO/GCE electrode was applied to the simul-
taneous determination of DA and UA. Furthermore, the electrochemical data of
dopamine with the GO/GCE and the reaction modified sensors were analyzed in
detail in this study. Compared to the dopamine biosensors of chemically GO-based
materials, the modified sensor shows better relative separation and precision with a
much simpler system [13, 58] (Scheme 1).

2 Experimental Sections

2.1 Material and Method

Graphite powder (<20 lm), hydrogen peroxide (H2O2), and sulfuric acid (H2SO4)
were obtained from Sigma Aldrich; sodium nitrate (NaNO3) and potassium per-
manganate (KMnO4) were obtained from Merck. The transparent structures of GO
are defined by SEM images. Based on the results of the SEM analysis, it was found
that the carbon ratio was about 90%. As a result of FT-IR analysis, graphene oxide
was found to be suitable for epoxy, hydroxyl, alkoxy, and carbonyl bonds.

Scheme 1 Illustration of preparations of GO sensors for simultaneous determination of DA, and
UA
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2.2 Synthesis of Graphene Oxide

In the first stage of the synthesis process, 2.5 g of graphite powder, 1.25 g of
sodium nitrate (NaNO3), and 57.5 mL of 96.4% sulfuric acid (H2SO4) in ice bath
were added and stirred for 1 h. 8 g of potassium permanganate (KMnO4) was
added slowly to the mixture in the prepared bath. During this process, the tem-
perature was below 5 °C. The mixture was removed from the ice bath and stirred
for 2 h while the mixture temperature was in the range of 30–40 °C [59, 60]. In the
second stage of the synthesis process, 500 mL of deionized water was added slowly
to the mixture, and stirring continued for 1 h. 6 mL hydrogen peroxide (35.7%),
was added to the mixture, the mixture temperature was not above 40 °C, and stirred
for 2 h. At this step, the color of the mixture changed from black to brown. The
mixture was then washed with deionized water to pH = 7 and filtered. After the
filtration, the remaining material was dried at 50 °C for 24 h in the oven and GO in
powder form [25].

3 Results and Discussion

3.1 Characterization of Graphene Oxide

After GO synthesis, FTIR, Raman, XRD, and XPS were characterized using var-
ious analytical techniques. In order to determine the functional groups within the
GO structure, Perkin Elmer Spectrum 2 device was used for FT-IR analysis in the
range of 500–4000 cm−1. Raman spectroscopy analysis was performed using
Raman microprobe (Renishaw Instruments) with 514 nm laser stimulation to
examine the regular and irregular structures in the transition from graphite structure
to GO structure. Ultima-theta-theta high-resolution goniometer and X-ray generator
(Cu K radiation, k = 1.54056) with working conditions in mA were obtained using
a Panalytical Empyrean diffractometer. XPS measurements were performed with a
Specs spectrometer using the K lines Mg (1253.6 eV, 10 mA). The reference point
was determined as C 1 s line at 284.6 eV, and the insertion of XPS peaks was
performed using a Gaussian function.

3.2 Fourier Transform Infrared Spectroscopy (FTIR)
Spectra of Prepared Material

FTIR spectra were obtained on a Perkin Elmer Spectrum 2. FT-IR spectra of the
GO sample and the hydroxyl bond (OH−) was at 3116 cm−1 in accordance with the
literature, the carbonyl bond was at 1713 cm−1 (C=O), the aromatic bond was at
1613 cm−1, Epoxy bond (CO) was at 1215 cm−1, and alkoxy bond (CO) was at
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1042 cm−1 [60–63] as illustrated in Fig. 1. In the FT-IR analysis, the stresses of
3427 cm−1 (OH−) and 1624 cm−1 (C=C) are seen in the GO structure, and the
functional groups and bond structures of GO are not recognized. It is understood
that the bond structures in the GO structure are degraded by the reduction reactions
and the (OH−) and (O2−) groups are removed. Compared with those of pristine
graphite, these new peaks suggested that graphite had been successfully oxidized to
generate GO [64, 65].

3.3 SEM Analysis of Prepared Materials

Images of GO were obtained with the SEM device (Fig. 2). From the SEM images,
it is understood that the GO structure is ideally synthesized as a result of the
Hummers method [64, 66, 67]; Images of GO show thin layers with crumpled
surfaces similar to each other.

3.4 Raman Analysis of Prepared Materials

Raman spectroscopy is the technique used to detect and analyze crystal morphology
and electronic properties of carbon-based materials. Raman spectra of GO are given
in Fig. 3.

Generally, graphene oxide was synthesized by a modified Hummers method for
Raman spectroscopy. In the Raman spectrum, the G (sp2) band expresses the
regular/aromatic structures while the D (sp3) band shows the irregularities,

Fig. 1 FT-IR spectra of
graphite and GO
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amorphous structures, and structures that deteriorate as a result of oxidation [62, 63,
68]. In the Raman spectrum, the D (sp3) peak of GO was 1330 cm−1 and G (sp2)
peak was 1601 cm−1, respectively, consistent with the literature [67, 69]. The ID/IG
ratio of the graphite structure was 0.08, and the ID/IG ratio of the GO structure was
determined as 0.91 [48, 63].

Fig. 2 SEM images of GO

Fig. 3 Raman spectra for
graphite and GO
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3.5 XRD Analysis of Prepared Materials

In XRD analysis, the prepared GO were analyzed in detail. As a result of XRD
spectroscopy analysis, 2h = 10.5524° peak was determined for GO [70–72].
In XRD analysis, the crystalline structures in prepared materials were found in the
plane of (002) [13, 63, 73–75] (Fig. 4).

3.6 Electrochemical Activity of the Fabricated GO/GCE

In the determination of DA and UA, the CVs were examined in a solution of 0.1 M
PBS (pH = 7.0). The potential range was set to −0.2 to 0.8 V and cyclic voltam-
metry measurements were obtained. In Fig. 5, a concentration study in pH of 7 for
DA and UA was carried out in PBS. Here, the concentrations of the DA and UA
biomolecules were increased in a certain range. Then, the sensing potential of the
prepared material was monitored. A significant anodic peak current of DA can be
observed in Fig. 5a, showing the outstanding electrochemical activity of GO/GCE.
Besides, the oxidation peak current in the GO/GCE reaches 757.1 µA in Fig. 5b for
UA. The results show that the GO catalyst has a very good electrocatalytic activity
to determine the DA and UA. Further, the CVs with the simultaneous addition of
DA and UA are shown in Fig. 5c. From these figures, it can be concluded that both
simultaneous and separate detection of DA and UA were performed with the help of
prepared nanosensor. In general, the GO modified electrode provided excellent
electrocatalytic activity for the determination of DA and UA. These results can be
attributed to the increasing electron transfer with the help of GO.

Fig. 4 XRD of GO
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4 Conclusions

In this study, the graphene oxide electrodes was obtained by a covalently bonded
and modified interface to the glassy carbon electrode for the detection of both
dopamine and uric acid. The electrochemical experiments and the obtained data
showed that dopamine and uric acid had a different effect on a graphene oxide film.
According to the measurements made with graphene oxide electrodes, better signals
and peaks were obtained. Also, based on the results of dopamine and uric acid with
a modified electrode, it was applied as a biosensor to detect dopamine in the
presence of uric acid. The results showed that the presence of uric acid in the
environment did not affect the detection of dopamine. This allows the modified
electrode to be able to analyze and measure these components simultaneously
without interfering of each other. To date, many electrode studies have been
reported with graphene and its composites [9, 13, 21, 76, 77], but the modified
electrode mentioned here is a very quickly prepared, environmentally compatible,
much better sensitive biosensor compared to the others.

Fig. 5 Cyclic voltammetry measurements of GO/GCE in 0.1 M PBS (pH = 7.0) containing
a dopamine (0.1–1.0 mM) and b uric acid (0.2–1.2 mM) c (0.1–1.0 mM) DA + (0.2–1.2 mM)
UA, scan rate: 50 mV/s
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Cyclodextrin Functionalized Graphene
and Its Applications

Li Fu

Abstract Cyclodextrin (CD) is the general name for a series of cyclic oligosac-
charides produced via glucotransferase by Bacillus. The inner cavity of cyclodex-
trin is hydrophobic, while the outer cavity is hydrophilic, which enables interactions
with many organic or inorganic molecules through van der Waals forces and
hydrophobic interactions. In this chapter, we summarized the incorporation of
graphene with CD through different strategies and the resulting applications.
Surface functionalization processes, including covalent interactions and noncova-
lent interactions, were discussed in detail. Then, the applications of
surface-CD-functionalized graphene in drug delivery, chiral recognition, electro-
chemical sensing, and pollutant removal were summarized.

Keywords Cyclodextrin � Graphene � Surface functionalization � Electrochemical
sensor � Drug delivery

1 Introduction

Graphene is considered the most promising substitute for silicon in electronic
components. Since its discovery in 2004, due to its excellent electrochemical,
thermal and mechanical properties, it has been destined to encompass a class of
“star materials” and has attracted a great deal of attention [16, 26]. As a structure
made of carbon, graphene is very thin while having a very high strength, and like
copper, it has a good electrical conductivity, which is better than those of all other
known materials in the field of heat conduction [30, 60, 72, 73]. In addition,
graphene is almost completely transparent, but its atoms are tightly arranged; even
helium molecules cannot penetrate it. Graphene is also known as “single-layer
graphite”, but because of its p-p stacking tends to accumulate via self-assembly,
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many excellent properties of graphene can only be displayed in a single layer with
two-dimensional structure, which makes it important to prevent the aggregation of
graphene [27, 55, 80].

Cyclodextrins (CDs) are a family of compounds made of sugar molecules bound
together in a ring [2, 23, 61]. CDs are composed of 5 or more a-D-glucopyranoside
units linked 1 ! 4, as in amylose. Figure 1 shows the chemical structures of a-CD,
b-CD and c-CD. CD is a typical “bottomless” cone-like molecule. Because of their
unique structure, CDs can identify and bind a number of substrates in aqueous
solution [22, 31]. CD is made of glucose units, making it an important principal
molecule in supramolecular chemistry that is cheap and easy to obtain and has good
biocompatibility. It is widely used in the fields of catalysis, self-assembly,
molecular recognition and drug transportation [17, 54, 91]. If CDs and graphene are
combined, the excellent molecular properties of the CDs can enhance the water
solubility of graphene and prevent its aggregation. In this chapter, the surface
functionalization of graphene and its derivatives is introduced first. Then, the
applications of CD-functionalized graphene are examined.

2 Functionalization of Graphene and Its Derivatives
by CD

Covalently bonded CD-graphene supramolecular systems have strong chemical
stability and a relatively straightforward chemical composition. The main approach
of CD-graphene supramolecular-system synthesis is covalent-bond coupling
between graphene oxide and modified CDs.

Graphene itself is a high-surface-area and flexible two-dimensional material that
has the potential to construct gel systems. In addition to improving water solubility,
it is possible to expand the application scope by using two-dimensional graphene as
a gel to build a three-dimensional grid system. For example, Liu and coworkers
demonstrated that graphene sheets could serve as a desirable inorganic constituent
in constructing hybrid polymeric hydrogels via supramolecular routes [35]. More

Fig. 1 Chemical structures of a-CD, b-CD and c-CD

194 L. Fu



specifically, as shown in Fig. 2, graphene oxide (GO) nanosheets were modified by
grafting b-CD first, leading to chemically converted graphene, and then noncova-
lently functionalized by the block copolymer AZO-PDMA-b-PNIPAM via inclu-
sion complexation. The oxygen-containing functional groups on the GO surface
could covalently bond CD by a simple mixing process. To accelerate this process, a
microwave catalytic approach can be introduced. Xu and coworkers prepared
hydroxypropyl-b-CD-modified graphene nanosheets using a facile and rapid
method assisted by microwave irradiation in water [77]. In this system, b-CD and
graphene are connected through ester bonds. The obtained supramolecular system
has a high specific surface area and molecular recognition ability.

Noncovalent interactions between CD and graphene can also be used for syn-
thesizing supramolecular systems. For example, a CD-graphene supramolecular
system was fabricated through noncovalent interactions using a folic acid-modified
b-CD acting as a target unit, an adamantanyl porphyrin acting as a linker unit, and
GO acting as a carrier unit [81]. Ogoshi et al. [47] reported a per-6-amino-
b‐CD-functionalized GO using the ionic interaction between the GO carboxylic
acid and b-CD amino moieties. This ionic interaction is a very simple approach but
may affect the electrochemical properties of graphene. An indirect modification
process was proposed to overcome this problem [94]. Triblock copolymers
(PEO-b-PPOb-PEO) were employed as the solubilizing agent for chemically
exfoliated graphite oxide, and graphene was formed through in situ reduction by
hydrazine. The formation of the stable aqueous copolymer-coated graphene solu-
tion was due to the noncovalent interaction between the hydrophobic PPO segments

Fig. 2 Synthetic route of CD-G and the corresponding photos of aqueous solutions of GO and
CD-G. Reprinted from Ref. [18], Copyright 2018 with permission from ACS Publications
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of the triblock copolymer and the hydrophobic graphene surface, whereas the
hydrophilic PEO chains extended into the water. Then, a supramolecular hydrogel
with a-CD was formed through the penetration of PEO chains into the CD cavities.
A more universal method was proposed by Guo et al. [20] using a simple
wet-chemical strategy for the preparation of CD-graphene organic–inorganic hybrid
nanosheets (Fig. 3). In a typical synthesis of a CD-graphene hybrid nanosheet, the
homogeneous GO dispersion was mixed with CD aqueous solution, ammonia, and
hydrazine solution. After the mixture was stirred for a few minutes and kept at
60 °C in a water bath for more than 3.5 h, a stable black dispersion of CD-graphene
was obtained.

In addition to wet chemical synthesis methods, electrochemically based methods
have been successfully used for CD-graphene supramolecular-system preparation.
Wu et al. [76] reported the preparation of a CD-graphene supramolecular system on
a glassy carbon electrode by electrochemical reduction. More specifically, under
ultrasonic conditions, GO and b-CD were dispersed into the water system and then
dropped onto the glassy carbon electrode. Electrochemical reduction was carried out

Fig. 3 Illustration of the procedure for preparing CD-graphene organic–inorganic hybrid
nanosheets and GNs, and sensing the guest molecules by an electrochemical strategy. Reprinted
from Ref. [18], Copyright 2018 with permission from ACS Publications
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in a pH = 7.0 PBS buffer solution with a potential of −1.2 to +1.2 V and a scanning
rate of 100 mV/s. The glassy carbon electrode was modified by CD, and the gra-
phene supramolecular system was obtained after washing and drying with N2.

3 Cyclodextrin-Functionalized Graphene for Drug
Delivery

Drug delivery is a way to transport medicine molecules through a carrier to a
specific part of the body or animal to maximize their specific efficacy.
A nano-drug-loading system is a drug-carrier-complex system that is loaded on a
nanomaterial carrier by physical or chemical methods to form a drug carrier system
between 10 and 1000 nm. Many studies have confirmed that CD or its derivatives
can transport drugs by forming physical complexes or bonds with drug molecules
(including therapeutic genes) and can significantly improve the solubility and sta-
bility of the drugs and enhance their bioactivity [4, 5, 21, 46, 51]. In addition, CDs
can also be used to reduce the irritation of drugs to the body and improve the
dosage of drugs. The application of CDs in the field of drug delivery can be traced
back to the 1980s [62]. In recent years, with the rapid development of medicine,
polymers, materials and nanotechnology, nanomaterials containing CDs have been
widely used in controlled drug delivery and gene therapy.

Graphene-based nanocarriers for drug transportation were first reported in 2008.
Dai et al. [39] reported a PEG-modified GO and used it for carrying SN38 mole-
cules. SN38 is a derivative of camptothecin, a water-soluble aromatic drug mole-
cule, which blocks the growth of cells by blocking the synthesis of topoisomerase I.
SN38 can be adsorbed on the PEG GO surface by p-p stacking interactions.
Although SN38 is not water soluble, the GO-PEG/SN38 complex is not only
soluble in water but can also be dispersed in physiological solution after loading on
the surface of GO. Compared with water-insoluble SN38, GO-PEG/SN38 has
stronger toxicity against human colon cancer HCTll6 cells. Since then, many
graphene-based carriers have been reported to transport other drug molecules.

In recent years, studies on the preparation of nanosized drug carriers by graphene
or graphene oxide with CDs have been published. For example, Dong et al. [8]
synthesized CD-functionalized graphene nanosheets. The material is highly stable
in the biological environment and can selectively load various biological and
functional agents. He et al. [24] reported gelatin- and HP-b-CD-functionalized GO
nanospheres prepared via an electrospray technology. The interaction of HP-b-CD
and the carboxyl group on the GO surface was used for the transport of Taxol.
Similar work has been reported using HP-b-CD-modified carboxylated GO (Fig. 4)
to incorporate the anticancer drug paclitaxel [63]. Table 1 summarizes the recently
reported CD-graphene supermolecular systems for drug transportation applications.
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4 Cyclodextrin Functionalized Graphene for Chiral
Recognition

In stereochemistry, the characteristic that a substance cannot be superimposed upon
its mirror image is called chirality. Chirality is ubiquitous in nature. It is one of the
most basic characteristics of life processes. Most drugs used by humans are also
composed of chiral molecules. The mirror images of a chiral molecule are called
enantiomers. Most of the organic compounds that constitute the living body, such
as proteins, polysaccharides and nucleic acids, are chiral molecules. Among them,
the basic unit amino acids that constitute proteins are L-amino acids, except for
glycine, and the ribose in polysaccharides and nucleic acids is D-monosaccharide.
When there are two enantiomers of chiral drugs, often only one of them has a
therapeutic effect, and the other may be ineffective or even have toxic side effects.

Fig. 4 Schematic illustration of drug-loaded GO-COO-HP-b-CD nanosphere formation.
Reprinted from Ref. [34], Copyright 2018 with permission from Elsevier

Table 1 Recent reported works regard to the drug delivery based on CDs-graphene supermolec-
ular system

CDs-graphene based carrier Drug molecules References

b-CD-graphene-dendrimer Doxorubicin, camptothecin,
photosensitizer

Siriviriyanun et al.
[56]

HP-b-CD-GO-COOH Paclitaxel Tan et al. [63]

b-CD-graphene-MGC
nanocomposite

Doxorubicin Wang et al. [67]

C6H4-
CO-NH-PEI-NH-CO-CD-Biotin

Doxorubicin Wei et al. [74]

PEO-PPO-PEO-graphene-a-CD Fluorescein Quinn et al. [50]

CD-GO-Fe3O4 SN38 Einafshar et al.
[10]

b-CD/GO Camptothecin Zhang et al. [88]
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Enantiomers can be identified only in a chiral environment. Chiral selectors form
unstable stereoisomeric complexes by stereospecific interaction with enantiomers.
When the equilibrium constants of the formation and dissociation of these two
stereoisomeric complexes do not reach the recognition effect at the same time, the
interaction is called chiral recognition.

Chiral recognition is the most basic process in nature and is also very important
to life. Chiral recognition is of great value in many fields, such as medicine, life
science, food science and material science. At present, there are many methods of
chiral recognition that have been developed and have achieved certain results; these
approaches are mainly divided into spectroscopic, chromatographic and
sensor-based methods. With the development of chromatographic technology,
enantiomeric separation methods based on CDs have become standardized. In
high-performance liquid chromatography, CDs have good optical purity and do not
interfere with detection, so they can be directly added to the mobile phase or
anchored to a suitable carrier for the preparation of a chiral stationary phase [34, 53,
82, 92]. Compared with high-performance liquid chromatography, the application
of CDs in capillary-zone electrophoresis is concerned with the type and structure of
chiral agents [43, 44, 52]. The applications of natural CDs are limited due to poor
water solubility, so various neutral and ionic derivatives have been developed.

Chiral recognition can be achieved by using a combination of chiral chro-
matography and chiral spectrometry. However, the specific operating process still
retains disadvantages, such as a long detection time, sample damage or pollution
resulting from the test itself, and the high price of the instruments and equipment.
The use of various chemical organic reagents also pollutes the environment.
Therefore, developing new chiral recognition methods is of great practical signif-
icance. Sensors are widely used in compound recognition because of their advan-
tages, such as simplicity and speed. Chiral sensors are mainly divided into
fluorescent chiral sensors and electrochemical chiral sensors. Fluorescent chiral
sensors are based on the formation of different complexes of chiral selectors and
enantiomers, causing different changes in the fluorescence of chiral selectors.
Electrochemical chiral sensors are based on the differences among the effects of
chiral selectors and enantiomers (such as hydrogen bonds, dipole interactions,
charge transfer effects, coordination effects, and hydrophobic interactions), and
these differences can be identified by conversion of the redox probe into electrical
signals.

Graphene has a high surface area, high intrinsic mobility and good electrical
conductivity and has been applied to the detection of biomolecules. The combi-
nation of CD and graphene is a new type of sensor for chiral recognition. Feng et al.
[13] reported a simple b-CD-graphene-modified glassy carbon electrode for the
chiral recognition of tryptophan in the presence of Cu(II). Ou et al. [48] reported a
graphene quantum dot (GQD)/b-CD nanocomposite. The GQD/b-CD nanocom-
posites combine the advantages of GQDs (highly negatively charged) and b-CD
(chiral microenvironment). They found that although tapered hydrophobic cavities
in b-CD that are capable of including various guest molecules exist, the enan-
tiorecognition efficiency of pure b-CD-modified GCE was dramatically inferior to
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that of GQD/b-CD-modified GCE (Fig. 5). Table 2 summarizes the recently
reported CD-graphene supermolecular systems for chiral recognition applications.

5 Cyclodextrin-Functionalized Graphene
for Electrochemical Detection

5.1 Drug Molecule Detection

With the development of modern medicine, chemical composition analysis tech-
nology is playing an increasingly important role in research, production and clinical
use. Electrochemical analysis has the advantages of a low loss of equipment,
reduced sample quantity, rapid operation and low detection limit. Graphene
nanosheets have a larger specific surface area than other commonly used

Fig. 5 Schematic illustrating the preparation of GQDs/b-CD and the recognition of Trp isomers
by the nanocomposites. Reprinted from Ref. [49], Copyright 2018 with permission from Elsevier

Table 2 Recent reported works regard to the chiral recognition based on CDs-graphene
supermplecular system

CDs-graphene based composite Enantiomers References

b‐CD-Pt NPsNPs/graphene Tryptophan Xu et al. [78]

GQDs/b‐CD Tryptophan Ou et al. [48]

b-CD/Cu(II)/graphene Tryptophan Feng et al. [13]

b-CD/graphene Moxifloxacin hydrochloride Upadhyay et al. [66]

b-CD/RGO Phenylalanine Zaidi [85]

b-CD/graphene DOPA Ates et al. [3]

b-CDs-GQDs Tyrosine Dong et al. [9]

rGO/b-CD Cystine Zor et al. [93]

Amino-modified b-CD/graphene Tryptophan Song et al. [57]
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nanomaterials and can form strong p-p conjugation interactions with many drug
molecules. Therefore, graphene nanomaterials are ideal candidates for fabricating
electrochemical biosensors to detect drugs. This area has become an important
research direction in the field of biomedicine. If graphene is modified by b-CD, the
unique properties of both graphene and b-CD can be improved, and consequently,
these materials may be applied to the fields of sensors and electrocatalysis. The
author and coworkers reported a b-CD/RGO formed using a simple wet chemical
method (Fig. 6) [15]. The b-CD/RGO nanohybrid-modified GCE was employed for
the sensitive electrochemical determination of paracetamol. Cyclic voltammetry
measurements indicated that b-CD could significantly enhance the electrochemical
response of paracetamol due to the outstanding electronic properties of RGO sheets
and the high supramolecular recognition and enrichment capability of b-CD. Under
optimized conditions, the amperometric oxidation currents of paracetamol were
linearly proportional to concentrations in the range of 0.01–0.8 mM, with a
detection limit of 2.3 lM.

Molecularly imprinted polymer is a synthetic artificial receptor that has a cavity
that matches the shape of the substrate and has a specific functional group that can
be identified by the substrate molecules. The prominent feature of molecularly

Fig. 6 Schematic diagram of the formation of b-CD/RGO which was used for sensing
paracetamol molecules via host–guest interaction. Reprinted from Ref. [57], Copyright 2018
with permission from Royal Society of Chemistry
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imprinted polymer is its high selectivity for the target analyte compared with that
obtained using the conventional and traditional separation and analysis approach.
Wang and coworkers reported a molecularly imprinted electrochemical sensor
based on magnetic GO/b-CD@Au NPs for chrysoidine analysis [71]. After the
MGO/b-CD@AuNPs were modified on the surface of the GCE and dried at room
temperature, the modified GCE was placed into a mixed solution containing
chrysoidine, pyrrole and KCl. Then, the electrodes were swept for fifteen cycles of
CV to form molecularly imprinted polymer films. Table 3 summarizes the recently
reported CD-graphene electrochemical sensors for drug-molecule detection.

5.2 Biomolecule Detection

Using sensor technology to acquire biological information is very important for
bioinformatics development. Electrochemical biosensors mainly consist of two
parts: biomolecular recognition and information conversion. When the analyte is
specifically combined with the molecular recognition element, the generated com-
plex produces a signal that can be output through a signal converter, thus achieving
the purpose of analysis and detection. Electrochemical biosensors can be divided
into enzyme sensors, microbiological sensors, immune sensors and DNA sensors.

In 2010, Tan and coworkers demonstrated a simple b-CD-functionalized gra-
phene sheet for dopamine detection [64]. Since then, many b-CD/graphene com-
posites have been used for biomolecule detection. Tian et al. [65] reported the
simultaneous determination of L-ascorbic acid, dopamine and uric acid based on a
Au NP–b-CD–graphene-modified electrode. Zhang et al. [89] further incorporated
multiwalled carbon nanotubes into a b-CD–graphene composite and applied the
material in the simultaneous voltammetric determination of ascorbic acid, dopamine
and NO�

2 .

Table 3 Recent reported works regard to the drug molecule detection based on CDs-graphene
constructed sensors

Sensor Analyte LDR LOD References

b-CD@RGO/
Nafion

Rutin 6 nM–10 lM 2 nM Liu et al.
[37]

b-CD/RGO Diethylstilbestrol 0.01–13 lM 4 nM Lu et al.
[41]

b-CD/RGO Doxorubicin,
methotrexate

10 nM–0.2 µM and
0.1–1.0 µM

0.1 and
20 nM

Guo et al.
[18]

b-CD/RGO Quercetin 0.005–20 µM 0.001 µM Zhang
et al. [90]

DM-b-CD/
RGO

Isoquercitrin,
baicalin

10 nM–3.0 lM and
0.04–3.0 lM

4 and
10 nM

Liu et al.
[40]

MGO/
b-CD@AuNPs

Chrysoidine 50 nM–5 lM 17 nM Wang et al.
[71]
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b-CD/graphene composites

Electrochemical immunosensors are an important application in the field of elec-
troanalysis. b-CD/graphene composites can be used in the design of electrochem-
ical immunosensors due to their outstanding electrochemical properties. Gao and
coworkers prepared a b-CD/graphene-Cu@Ag core-shell NP composite for carci-
noembryonic antigen (CEA) detection.

Aptamers, synthetic oligonucleotides also known as “artificial antibodies”, offer
great potential as a bio-recognition element in biosensors. Xue et al. [79] demon-
strated an electrochemical thrombin aptasensor based on SH-b-CD-graphene/
AuNPs. The proposed biosensor exhibits a wide linear range for thrombin and a
very low limit of detection.

In addition to the electrochemical approach, b-CD/graphene composites have
also been applied for the fluorescent detection of biomolecules. Mondai and Jana
reported a b-cyclodextrin-functionalized graphene for the fluorescent detection of
cholesterol [45]. The b-CD component offers detection selectivity via selective
host-guest interactions, and graphene efficiently translates this interaction into an
optical signal, which allows the sensor to detect cholesterol in the nanomolar range.
Table 4 summarizes the recently reported CD-graphene electrochemical sensors for
biomolecule detection.

5.3 Pollutant Detection

Environmental disputes are becoming a key focus of political and scientific atten-
tion because of the growing global population; intensification of agricultural and
industrial activities; contamination of air, soils and aquatic ecosystems; and global
climate change. Therefore, the detection of environmental pollutants has aroused
widespread concern around the world and has received increasing attention from
various environmental protection departments. Graphene is an ideal candidate for
pollutant detection due to its high surface area and excellent conductivity. The
incorporation of graphene with CD could further enhance its dispersibility and
adsorption properties.

The author and coworkers reported a b-CD/RGO electrochemical sensor for the
sensitive measurement of carbendazim [49], which is one of the effective benz-
imidazole fungicides commonly used in agriculture. The b-CD-RGO nanocom-
posites were synthesized using hydrazine as the reducing agent at room temperature
(Fig. 7). The nanocomposites, with a combination of the physicochemical prop-
erties of RGO and the high molecular-recognition capability of b-CD, were used to
modify the surface of a glassy carbon electrode for the electrochemical determi-
nation of the drug carbendazim using cyclic voltammetry and differential pulse
voltammetry (DPV). DPV is a highly sensitive electrochemical technique that has
been applied to determine trace amounts of carbendazim under optimum conditions.
Figure 8 shows the DPV responses of different concentrations of carbendazim with
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b-CD–RGO/GCE at an incubation time of 10 min. The peak current response
increased when the concentration of carbendazim changed from 100 nM to 40 lM.
The detection limit using DPV was measured to be 18.6 nM. Similar work has been
reported by Guo and coworkers [19].

Xu et al. [77] synthesized HP-b-CD-modified graphene nanosheets via microwave
irradiation in water. The as-prepared HP-b-CD-RGO nanocomposites possessed the
unique properties of a high surface area and host–guest recognition and were thus
applied in the electrochemical determination of several phenolic organic pollutants,
including o-nitrophenol, 2,4,6-trichlorophenol, o-aminophenol, catechol, o-cresol
and o-chlorophenol. An acetylcholinesterase biosensor was fabricated using a
RGO-Au NPs-b-CD/Prussian blue-chitosan nanocomposite [91]. Based on the
inhibition of organophosphorus pesticides as detected by acetylcholinesterase
activity, the sensor is highly sensitive towards malathion and carbaryl. Table 5
summarizes the recently reported CD-graphene electrochemical sensors for pollutant
detection.

Table 5 summarized the recently reported CDs-graphene electrochemical sen-
sors for pollutants detection.

Table 4 Recent reported works regard to the biomolecules detection based on CDs-graphene
constructed sensors

Sensor Analyte LDR LOD References

b-CD/graphene Dopamine 0.9–200 lM – Tan et al.
[64]

Au NPs–b-CD–
graphene

Ascorbic acid/
dopamine/uric
acid

30–2000 lM, 0.5–
150 lM and 0.5–
60 lM

10, 0.15
and
0.21 lM

Tian et al.
[65]

Graphene/poly-CD/
MWCNTs

Ascorbic acid/
dopamine/NO�

2

5 lM–0.48 mM, 0.15–
21.65 lM and 5 lM–

6.75 mM

1.65,
0.05 and
1.65 lM

Zhang
et al. [89]

b-CD/graphene Cholesterol – – Mondal
and Jana
[45]

b-CD/
graphene-Cu@Ag
core–shell NPs

CEA 0.0001–20 ng/mL 20 fg/mL Gao et al.
[17]

b-CD-PDDA-graphene Sunset yellow,
tartrazine

50 nM–20 lM 12.5 and
14.3 nM

Ye et al.
[83]

b-CD/graphene Cholesterol 0.001–0.1 mM – Agnihotri
et al. [1]

SH-b-CD-graphene/
AuNPs

Thrombin 0.016–8 fM 5.2 aM Xue et al.
[79]

Pt-MSC/
b-CD-graphene

Alpha-fetoprotein 2.0 pg/mL–10.0 ng/
mL

1.5 pg/
mL

Zeng et al.
[86]

Py-CD/RGO Dopamine – – Fritea
et al. [14]

204 L. Fu



Fig. 7 The schematic diagram of b-CD–RGO nanocomposite fabrication process. Reprinted from
Ref. [74], Copyright 2018 with permission from Springer Nature

Fig. 8 The DPV responses
of the different concentrations
of carbendazim (0.1, 2, 9, 16,
23, 30, 40 lM) in pH 7.0 PBS
at b-CD–RGO/GCE. The
pulse period 0.2 s, amplitude
50 mV, incubation time
10 min. Inset: the calibration
curve of carbendazim.
Reprinted from Ref. [74],
Copyright 2018 with
permission from Springer
Nature
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6 Other Applications

6.1 Pollutant Removal

Graphene has a high specific surface area, which makes it an excellent absorbent
material for water-pollution treatment. Li et al. [28] reported a magnetic b-CD–
chitosan/GO composite for Cr(VI) adsorption. The results indicate that the pro-
posed magnetic b-CD–chitosan/GO composite has an excellent adsorption capacity
and chemical stability for the adsorption of metal ions. Similar work has been
reported by Fan and coworkers [11, 12]. They reported a b-CD–chitosan/GO
composite for dye and Cr(VI) removal. Wang et al. [68] reported a similar com-
posite for malachite green removal. Other targets of pollutant removal include
uranium, Cu(II), Co(II), p-phenylenediamine, Hg(II), methylene blue, hydro-
quinone, safranine T, and humic acid [7, 25, 36, 58, 59, 69, 70].

6.2 Stationary Phase

Enantioselective open-tubular capillary electrochromatography (OT-CEC), in
which the chiral selector is coated onto the inner wall of the capillary as a stationary
phase, has been used in many studies to achieve enantioseparation using various
enantioselective OT columns. Liang and coworkers reported a b-CD-functionalized
GO-magnetic nanocomposite as a tunable stationary phase with excellent solubility
and high dispersibility [29, 33].

6.3 Methanol Oxidation

Direct methanol fuel cells (DMFCs) are a class of proton-exchange membrane fuel
cells (PEMFCs). The direct use of methanol-water solution or steam methanol is the
source of fuel, instead of using hydrogen production from methanol, gasoline and
natural gas for power generation. Graphene is the most promising candidate as a
support material to load catalysts. b-CD has been used for surface functionalization
in order to prevent irreversible aggregation. Li and coworkers reported a b-CD–
graphene as a supporting material to construct nanodendritic hydrangea-like Pt NPs
[32]. b-CD on graphene surfaces has been used to guide the final morphology of Pt
NPs without additional capping agents and seeds. The Pt/graphene-CD hybrid
exhibited much higher catalytic activity and stability than Pt/graphene and Pt/
Vulcan X72R towards methanol oxidation.
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7 Conclusion

Recent advances in CD-functionalized graphene were reviewed in the present
chapter. CDs can be covalently and noncovalently formed on the graphene surface.
Graphene oxide has been widely used as a precursor for composite formation and
then reduced via chemical means. In addition to wet chemical synthesis methods,
electrochemically based methods have been successfully used for the preparation of
CD-graphene supramolecular systems. This chapter also summarized the applica-
tions of the prepared CD-graphene, including drug delivery, chiral recognition,
electrochemical sensing, pollutant removal, stationary phases and methanol
oxidation.
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Simulation Paths of Anticancer Drugs
on a Graphene Oxide Surface

Miroslava Nedyalkova, Julia Romanova, Joanna Stoycheva
and Sergio Madurga

Abstract Graphene derivatives have occurred as central materials in the devel-
opment of anticancer drug delivery systems. Graphene, graphene oxide and gra-
phene quantum dots have been used for the effective delivery of different anticancer
drugs. Graphene oxide (GO) nanomaterials have drew wide attention due to their
surface properties. The oxygen-containing functional groups on the surface provide
it modification by functionalization with molecules with focus to enlarge the range
of biological applications with the impact on reduce toxicity effect. In this chapter,
the properties of GO as a nanocarrier to load drug molecules and improve the
solubility of carrier-drug systems effectively when functionalized with various
hydrophilic molecules or polymers, implying potential applications in clinical
treatments is performed in the frame of density functional theory (DFT) and
molecular dynamics (MD) calculations.

Keywords Graphene � Molecular dynamic � DFT � Graphene oxide

Recently, more and more researchers have marked that to treatment of the illnesses
such as cancer is an interdisciplinary approach. The role of mathematical models
and computer simulations allow deeply to evaluate the experimental and statistical
data accumulation and to attain supplementary qualitative and quantitative data.

The implementation in clinical practice various effective hydrophobic molecules,
the majority of which are aromatic, is often hampered by low their water solubility
and unfortunately the same trend for the biocompatibility. Drug carriers based on
nanomaterial have become in a last years an important division of research and the
interface between nanotechnology and biomedicine. The ability capacity of the
nanocarriers for loadings, targeted delivery, and controlled release of drugs.
Graphene has occurred as a two-dimensional (2D) honeycomb lattice with physical
properties since it was synthesized in 2004 [1]. Graphite oxide, also known as
graphene oxide (GO), has a similar structure to graphite, but the formed plane by
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carbon atoms in graphite oxide is covered by oxygen-containing groups; such as the
hydroxyl (–OH) and epoxide (–O–) groups on the basal plane, and carboxyl
(–COOH), carboxylic anhydride, lactones, phenols, lactols, pyrones and ketones
groups at the sheet edges [2–4]. The reactive oxygen functional groups of GO can
help GO exfoliated in various solvents to produce homogeneous colloidal sus-
pensions. The basal plane of GO encloses free p electrons localized on the surface
from unchanged areas of Graphene, which are hydrophobic and accomplished of
p–p interactions for drug loading and functionalization based on non-covalent
interactions [5–7].

The biocompatibility and low toxicity make GO as a hopeful material for drug
carrier substances [8–11]. Based on the information in several reports [12, 13] about
in vivo toxicity of GO, no obvious toxicity was observed after the exposure to
multiple-low-dose small size GO. In the macrophage nodules GO accumulates, by
the use of Raman mapping this behavior was verified. These findings will benefit
the applications of GO in the future, especially in biomedical fields and anti-cancer
therapies. Graphene nanocomposites have occurred as a promising tool to address
these drawbacks.

Liang et al. [14] evaluated the potential cytotoxicity of different size graphene
quantum dots by molecular dynamics simulations of their translocation through a
lipid membrane composed by palmitoyl-2-oleoyl-phosphatidylcholine (POPC).
Graphene quantum dots with 0.375 nm (GQDs7), 0.618 nm (GQDs19), 1.08 nm
(GQDs61), 1.65 nm (GQDs151) and 2.05 nm radius were considered (GQDs275).
The CHARMM27 and TIP3 force fields were applied for the membrane-graphene
systems and water, respectively. In order to study the effect of the concentration, the
ratio quantum dots: POPC molecules was varied as 1:256 (GQDs7), 12:256
(GQDs7-H1), 24:256 (GQDs7-H2), 26:256 (GQDs7-H3) and 12:256 (GQDs7-H4).
Based on these results the authors concluded that the size of the quantum dot does
not affect the absorption time but has a great effect on the permeation process—the
bigger the quantum dot, the bigger the damage of the lipid membrane. The cal-
culations demonstrated (Fig. 1) that graphene quantum dots with radius up to
1.08 nm can penetrate the membrane, while absorption is observed for the dots with
larger radius. It was shown that at high concentration the GQDs7 molecules
aggregate quickly in water and disaggregate in a mono-dispersed manner when
entering the membrane interior. In addition, the simulations revealed that the high

Fig. 1 GQDs permeation into the lipid membrane in a vertical way
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concentration of GQDs7 molecules has influence on the lipid bilayer properties and
an impact on the structure and diffusion properties of the membrane, which suggest
also their effect on the cell signal transduction. Although, the mechanical damage of
the membrane by the small size GQDs7 molecules was not observed. The final
conclusion of the work is that graphene quantum dots with small size are the best
candidates for the design of biomedical materials.

By using large-scale all-atom molecular dynamics simulations Luan et al. [15]
explored the potential toxicity of graphene to cell functions. In particular, the
authors investigated the C-terminal DNA-binding domain of human immunovirus-1
integrase that can form a dimer in solution with a well-defined hydrophobic
interface. The simulations were performed with the CHARMM force field for the
protein, the standard force field for NaCl, the TIP3P model for water and the force
field for graphene was taken from the literature. The theoretical results demon-
strated that the graphene nanosheet can interrupt the hydrophobic protein-protein
interaction responsible for the biological functions. It was observed that the gra-
phene nanosheet enters preferably in the hydrophobic interface between two con-
tacting functional proteins, such as dimer (Fig. 2). As a result of such forced
protein-protein separation negative impact on the cell’s metabolism and even cell’s
mortality can be expected.

By using coarse-grained molecular dynamics approach and dissipative particle
dynamics, Guo et al. [16] investigated the translocation of a graphene nanosheet
across a lipid bilayer membrane. The study also explored the role of size and edge
(square and circular) of the graphene nanosheet. It was found that small graphene
nanosheets can enter cells through direct penetration, while for the larger ones the
translocation undergoes vesiculation process with the formation of hemisphere lipid
vesicles. The simulations indicated that such formation of vesicles disturbs the local
bilayer structure and the larger the nanosheet size, the higher the cytotoxicity
relationship is predicted. It was demonstrated that the smooth circular graphene
nanosheet edge facilitates the translocation process, as well as that the graphene
nanosheets with square and circular edge have similar translocation mechanism.

Fig. 2 Dynamic of the insertion of a graphene sheets into the dimer
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Tu et al. [17] reported theoretical and experimental investigation on graphene’s
antibacterial activity towards Escherichia coli. The experimental approach com-
prises transmission electron microscopy (TEM). The molecular dynamics approach
and the Berger lipid force field were applied for the theoretical modeling of the
problem. The outer membrane of the Gram-negative bacteria (Escherichia coli) was
modelled by pure palmitoyloleoylphosphati-dylethanolamine and the inner mem-
brane by a mixture of palmitoyloleoylphosphati-dylethanolamine and
palmitoylo-leoylphosphatidylglycerol phospholipids in 3:1 ratio. It was found that
the graphene-induced cytotoxicity toward Escherichia coli results from strong
dispersion interactions and occurs by two type of mechanisms. One of the mech-
anisms is severe insertion and cutting, while the other represents destructive
extraction of lipid molecules from the cell membrane. This graphene-induced
cytotoxicity between graphene and lipid molecules. TEM images confirmed the
molecular dynamics observations of a direct extraction of phospholipids from lipid
membranes. It was demonstrated that both severe insertion and destructive lipid
extraction can lead to a loss of cell membrane integrity and significantly reduce
bacteria viability. In addition, it was observed that the antibacterial activity
increases with increasing graphene lateral size and concentration. The evidence for
a destructive extraction of phospholipids by graphene is reported for the first time in
the work of Tu et al. Due to the detection of bacterial killing mechanism by
‘physical damage’, the authors envisioned that graphene may represent a new type
of ‘green’ antibacterial material with little bacterial resistance.

The work of Chong et al. [18] aimed to clarify the interaction mechanisms
between serum proteins and graphene-based nanomaterials (Fig. 3). Such interac-
tions are important because blood is one of the first biological environments that
these nanomaterials meet when entering the living organism. In particular, the
authors investigated the adsorption of four blood proteins (bovine fibrinogen, BFG;
immunoglobulin, Ig; transferrin, Tf; and bovine serum albumin, BSA) onto
graphene oxide and reduced graphene oxide. The adsorption process is explored
theoretically by applying the molecular dynamics approach with the TIP3P model
for water and the CHARMM27 force field. The systems were also characterized
experimentally by using the atomic forced microscopy, fluorescence spectroscopy
and surface plasmon resonance affinity measurements. The molecular dynamics
results predicted that the binding affinities follow the rank order BFG > Ig >
Tf > BSA and this finding was in agreement with the experimental measurements.
The calculations indicated that the hydrophobic interactions and in particular the
p–p stacking interactions with the aromatic residues are responsible for the strong
protein adsorption on the graphene oxide surface. It was shown that the graphene
oxide possesses higher adsorption capacity for proteins than single wall carbon
nanotubes. Moreover, it was observed that the coating of the graphene oxide with
proteins decreases substantially the cytotoxicity with respect to pristine and protein
coated single wall carbon nanotubes. Finally, due to its planarity and therefore
highly accessible surface for p–p stacking interactions, the graphene oxide was
suggested as a promising material for biomedical applications.
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Fig. 3 Molecular dynamics snapshots of the absorption of BFG onto the graphene surface.
Cartoon representations of the full protein are depicted in yellow, and hydrophobic Tyr (purple),
Phe (orange), and Trp (blue) within 0.5 nm distance of the graphene surface are represented as
vdW spheres. Atoms corresponding to the graphene sheet are colored in gray
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Mao et al. [19] performed large-scale computer simulations in order to study the
interaction of graphene nanosheets with different size and oxidization degree with
lipid bilayer membrane. Such interaction is directly related to the cytotoxicity and
antibacterial activity of these nanomaterials. The translocation of graphene-based
materials across a 56 � 56 nm2 membrane were simulated by using the
coarse-grained approach and dissipative particle dynamics. The theoretical results
are discussed with respect to experimental observations reported previously in the
literature. As a function of the degree of oxidation four typical states of graphene-
membrane interactions were predicted theoretically: graphene-sandwiched super-
structure, graphene adhering to the membrane, graphene lying across the membrane
and hemisphere vesicle structures. The evidences for the existence of the four states
can be found among the already published experimental results. Based on the
theoretical results the authors presented a two-dimensional phase diagram
explaining the interrelated effects of graphene size and oxidization degree on the
equilibrium states of the graphene nanosheets interacting with the lipid bilayer
membrane. It was found that the graphene nanosheets with a higher oxidization
degree causes stronger perturbation in the membrane and destroy its integrity. In
addition, it was shown that the perturbation degree increases in line with the edge
length of nanosheet. The theoretical analysis revealed that the cellular endocytosis
is more likely to occur for the hemisphere vesicle structures and less likely to occur
in the case of graphene-sandwiched superstructures.

The modified GO were used as nanocarriers to load two types of anticancer drugs
(DOX and SN38) for targeted drug delivery. Other groups have used a series of
macromolecular polymers to modify graphene oxide by covalent chemical reactions,
including polyethyleneimine (PEI), chitosan (CS), poval (PVA), poly(N-isopropyl
acrylamide) (PNIPAM), and amine-modified dextran (DEX). These researches
demonstrate that graphene can be used as a nanocarrier to load drug molecules and
improve the solubility of carrier-drug systems effectively when functionalized with
various hydrophilicmolecules or polymers, implying potential applications in clinical
treatments. The theoreticalworks on such a topic comprise the study of the interactions
between biomolecules and graphene: Qin et al. [20] by performed density functional
theory (DFT) and molecular dynamics (MD) calculations to explore the interaction
between graphene and L-leucine, showing that van derWaals interactions between the
L-leucine and graphene play a central role in the absorption process. By the use of
molecular dynamics method to study the interaction between graphene and drug
molecules focusing on the various sizes of graphene sheets as well as the types,
numbers, and loading modes of drugs. Four types of anticancer drug molecules (CE6,
DOX,MTX, and SN38) absorbed onto graphene sheets with various sizes (10, 20, 30,
40, and 50 Å finite and periodic graphene sheets) and graphene oxide functionalized
with amine-modified polyethylene glycol (GO-PEG) [21].

MD Simulations scheme was used to investigate the dynamic process of drug
molecules on the graphene. On the basis of the geometry optimization first was to
carry out the simulations at the constant volume and constant temperature
(NVT) ensembles. A total computation time of 1 ns and a time step of 1 fs were
used to integrate Newton’s equation of motion. The focus in the research article is
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on the influences of the size of graphene sheets, the number and types of drug
molecules, and the loading modes. The simulations find outs shows that the binding
strength of graphene-drug complex is mainly determined by the deformation of
sheets. When the areas that drug molecules occupy have comparable sizes as
graphene sheets, the distortion of graphene sheets is reduced, and the graphene-drug
bindings are the strongest. The average binding strength per molecule fluctuates
between 10 and 70 kcal/mol that is not sensitive to the number and kind of drug
molecule as well as their loading modes. If the density of drug coverage is low and
graphene sheets are relatively large, the binding strength is mainly determined by
the interaction of graphene-drug. The limited sizes of graphene sheets restrict the
movement of drug molecules. Multiple drug molecules may form clusters that slow
down the diffusion on graphene sheets. Diffusion in the double-side loading mode is
often slower than that in the single-side loading mode. Compared with pristine
graphene sheets, graphene oxide functionalized with PEG chains has stronger
bindings with drug molecules so that the drug molecules are essentially immobi-
lized. These results give physical insights into the stability and dynamics of
graphene-drug complexes, helpful for designing novel graphene-based drug
delivery systems.

In the work of Safdari et al. [22] the central point is focused on interaction of
5-fluorouracil (5-FU) anticancer drug with graphene oxide nanosheet (GONS)
using density functional theory and molecular dynamics simulation. The molecular
dynamics simulation based on the interaction between drug molecules and the
surface of GO have been studied at four various temperatures. Four simulation
boxes have been defined. The GO has been located in the center of boxes; then, ten
drug molecules have been added. Next, the temperature of the system increased
from 250, 300, 350 and 400 K in order of from the first to fourth boxes, respec-
tively. Before running the molecular dynamics for relaxing solvent molecules, all
systems have been equilibrated with position restraints on the drug molecules and
GONS. The TIP3P water model has been used. The charge of the system is zero and
its dynamics is simulated for 5000 ps. All MD simulations are performed using
Gromacs package with CHARRM27 force field. The MD calculations are analyzed
to provide insights into the drug adsorption behavior on the GONS. The set of
properties are investigated and summarized for 5-FU adsorption on the GONS are
performed using the DFT computations. The results obtained MD results elucidate
that the rise of simulation temperature up to 400 K promotes the formation of
hydrogen bonds including functional groups on GO and 5-FU molecules.

In a very recent paper, Shariatinia and Mazloom-Jalali [23] investigated
nanocomposites between chitosan and graphene-based nanoparticles as delivery
systems of the anticancer drug ifosfamide. The nanocomposites were modeled by
means of molecular dynamics simulations and COMPASS force field. The drug
delivery model systems consist of one graphene based nanoparticle as a filler, five
chitosan chains (each having twenty repeating units) representing the polymer
matrix and three ifosfamide molecules. Three types of graphene based nanoparticles
were studied (pure graphene, N-doped graphene and P-doped graphene) in order to
investigate the effect of the filler on the capacity of the nanocomposite to deliver the
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drug molecules. The temperature effects were also taken into account by running
simulations at 298.15, 308.15, 318.15 and 328.15 K. As criteria for the drug
delivery capacity, the authors estimated the free volume, fractional free volume and
diffusion coefficient for the nanocomposites. It was concluded that the free volume
and fractional free volume increase by raising the temperature. The drug delivery
system containing N-doped graphene filler showed greatest free volume and frac-
tional free volume values, followed by P-doped graphene and pure graphene
nanoparticles. The simulations at 328.15 K revealed that the interchain distances
are smallest for the nanocomposite with the N-doped graphene filler. This was
explained by the formation of hydrogen bonds network and strong intermolecular
interaction among ifosfamide, N-doped graphene nanoparticle and chitosan chains.
The lowest diffusion coefficient was observed for the case with the N-doped gra-
phene filler, followed by P-doped and pure graphene analogues. This result
demonstrates that in the drug delivery system containing N-doped graphene the
diffusion of ifosfamide molecules occurs in a most controlled manner. Finally, it
was concluded that the most efficient ifosfamide delivery is expected for the
nanocomposite containing chitosan and N-doped graphene filler.

The interaction between ellipticine anticancer drug and graphene oxide
nanosheet (Fig. 4) was investigated by Hasanzade and Raissi [24] By using DFT
the authors studied the effect of the solvent on the molecular and electronic structure
of the ellipticine drug. The DFT calculations were performed with the wB97XD
functional and 6-31G** basis set. The solvent effects were taken into account by
using polarizable continuum model (PCM) and three different polar solvents—
water, dimethyl sulfoxide and ethanol. The DFT results demonstrated that the
adsorption of ellipticine on graphene oxide nanosheet is an exothermic process and
that the non-covalent interactions, as well as the highly polar aqueous environment
stabilize the intermolecular complex. In addition to the DFT calculations, MD
simulations were performed in order to explore the pH effect on the loading and
release of ellipticine molecules on graphene oxide nanosheet. The model system

Fig. 4 Density functional theory calculations and molecular dynamics simulations of the
adsorption of ellipticine anticancer drug on graphene oxide surface in aqueous medium as well as
under controlled pH conditions
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was composed by 24 drug molecules, graphene oxide nanosheet with dimensions of
20 � 20 Å2, TIP3P water molecules and Na+ ions for charge neutralization.
The MD results indicated that the ellipticine molecules load on the graphene oxide
nanosheet at pH = 7 (blood environment) and release at pH = 5 (cancerous tumor
environment). The graphene oxide was suggested as a promising candidate for pH
controlled drug delivery system for anticancer applications.

The same authors, Hasanzade and Raissi [25] reported DFT and MD study on
the adsorption of the anticancer drug thioguanine on graphene oxide surface. The
focus of this investigation was the solvent/co-solvent effect on the electronic
structure and adsorption mechanism. Three different solvents are taken into account
—water, ethanol and nicotine. The DFT calculations were performed with two
different functionals—M06-2X and wB97X-D, 6-31G** basis set and PCM model
for the solvent effect. The results from the quantum-chemical simulations revealed
that the adsorption is governed by hydrogen bonds formation between the
thioguanine and graphene oxide surface. The MD calculations were performed with
the CHARRM27 force field and TIP3P water molecules. The nanosheet is modeled
by graphene oxide with dimensions of 4.67 � 1.97 nm. The results of RDF pat-
terns and the van der Waals energy calculations showed that in aqueous environ-
ment the interaction between graphene oxide and thioguanine is strongest compared
to other solvents. In addition, it was demonstrated that the addition of nicotine and
ethanol hinder the drug adsorption. It was concluded that in aqueous solution
graphene oxide can be used as a delivery system of the thioguanine anticancer drug.

Mahdavi et al. [26] investigated the interaction between doxorubicin anticancer
drug and graphene-based nanocarriers in an aqueous environment as a function of
pH. Several types of drug delivery systems were investigated, namely, pristine
graphene and graphene oxide with different surface oxygen densities. The calcu-
lations were performed by using molecular dynamics and the COMPASS II force
field. The size of the noncarrier was 20 � 20 Å2 and 44 � 41 Å2 in the model
systems with one and multiple drug molecules, respectively. It was found that the
interaction between the doxorubicin drug and nanocarrier become stronger when
the surface oxygen density increases. The results for the model systems with one
drug molecule demonstrated that pH has negligible effect on the doxorubicin
absorption on the graphene oxide nanocarrier at pH = 7 (blood environment) and
pH (tumor environment) levels. It was shown that the interaction with one drug
molecule decreases in the order: graphene oxide with low O/C ratio 1:6, pristine
graphene and graphene oxide with high O/C ratio 1:3. This result was explained by
preferential adsorption of doxorubicin on the edges of the nanosheets with 1:3 O/C
ratio, while adsorption on the surface was observed for the cases of pristine gra-
phene and nanosheet with 1/6 O/C ratio. The simulations for the model systems
with 24 doxorubicin molecules and graphene oxide with low 1:6 O/C ratio con-
firmed that the drug load at neutral pH and release at pH = 5. The results indicated
that at pH = 7 the number of the H-bonds between the doxorubicin molecules is
higher and that they tend to aggregate around the edges of the nanosheet. At pH = 5
the number of H-bonds between the drug molecules and the nanocarrier increased,
the interaction among the doxorubicin molecules weakened and they are more
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adsorbed more evenly on the graphene oxide surface. This investigation shade light
on the mechanism of the doxorubicin adsorption on graphene-based nanocarriers,
which is of primary importance for the design of better drug delivery systems for
targeting applications.

Saika and Deka [27] reported DFT and molecular docking investigation on the
non-covalent interaction between the anticancer camptothecin drug and different
graphene based nanocarriers. In particular, boron nitride nanosheets, BN-graphene
hybrid nanomaterials and graphene oxide were considered as nanocarriers. Two
types of DFT methods have been applied - PBE functional with double numerical
basis set with polarization functions and wB97XD with 6–31G(d,p) basis set and
dispersion correction. It was demonstrated that in the case of boron nitride
nanosheets and BN-graphene hybrid nanomaterials the drug interact via p–p
stacking, while in the case of graphene oxide the H-bonding dominates in the
adsorption process. The molecular docking results indicated that the
camptothecin-graphene and camptothecin-graphene oxide systems bind topoiso-
merase I trough p–p stacking interaction of the drug with the adenine and cytosine
bases of DNA. In addition, it was shown that the DNA bases preferentially gets
bound to the basal plane of graphene and GO rather than the edges. The results
reported by Saika et al. are another proof for the high potential of graphene based
nanocarriers in cancer therapy.

In their recent work, Mirhosseini et al. [28] studied the interaction between the
doxorubicin anticancer drug and functionalized graphene by using molecular
dynamics simulations. The COMPASS force field was applied. Several types of
chemical groups for graphene functionalization were explored—hydroxyl, car-
boxyl, methyl and amine. Among all the most effective adsorption was reported for
the case of graphene functionalized with COOH groups. It was observed that in all
cases of functionalized graphene the drug adsorption is realized via H-bonds for-
mation. Therefore, it was concluded for functionalized graphenes the hydrogen
bonding plays a significant role in the doxorubicin loading process. The authors
investigated also the effect of the temperature and porosity. The results indicated
that the optimal temperature for doxorubicin adsorption on COOH-graphene is
35 °C. In addition, good adsorption behavior is observed when the nanoporous
graphene surface is with pore diameter nearly the diameter of the drug molecule.

Tonel et al. [29] reported DFT and ab initio molecular dynamics results on the
structural and electronic properties of pristine graphene interacting with doxoru-
bicin. In order to model the graphene-drug interaction, the authors applied periodic
boundary conditions, PBE functional and double-f plus polarization function basis
set. The physical sorption of the drug was confirmed by relatively low bonding
energy and minor changes in the band structures of the pristine graphene due to the
doxorubicin loading. Moreover, the ab initio molecular dynamics simulations
revealed that an increase in the temperature weaken the interaction between the
graphene and the anticancer drug, which suggest the possibility for temperature
control of the drug releasing process.

Using both experimental and theoretical approaches Vovusha et al. [30] studied
the adsorption of doxorubicin on graphene monolayer and graphene oxide. The
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experimental characterization was done by fluorescence, Raman and X-ray pho-
toelectron spectroscopy, as well as by scanning electron microscopy. The theo-
retical modeling was carried out in the DFT framework by using the projector
augmented wave method, plane wave basis set and the PBE functional with D2
dispersion correction. The calculations showed that the doxorubicin-graphene
interactions are with p–p and CH-p origin, while hydrogen bonding and p–p
intermolecular contacts are present in the doxorubicin-graphene oxide system. The
theoretical simulations revealed that the binding of doxorubicin to graphene is more
favored than to graphene oxide due to the domination of p–p interactions. This
result is in agreement with the fluorescence spectroscopy measurements.

Duverger et al. [30] proposed to use a graphene nanoflake as a carrier of
phtalocyanine (ZnPc) in order to increase the targeting in the photodynamic therapy
treatment. The proposition is based on promising results obtained by DFT/TD-DFT
and molecular dynamics simulations. The DFT calculations were performed with
the projector augmented wave method, PBE functional and D3 dispersion correc-
tion. The TD-DFT modeling of the optical properties was done in vacuum, as well
as in water environment by using the PCM method. The molecular dynamics
simulations were conducted with the CHARMM36 force field and by building a the
ZnPc molecular force field. The MD model system was composed by ZnPc,
graphene nanoflakes, NaCl, water molecules and 656 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) lipid molecules representing the membrane
cell (Fig. 5). The TD-DFT calculations demonstrated that the noncovalent inter-
action with the graphene nanoflake does not cause a change in the optical properties
of ZnPc, which indicates that the photodynamic response is not perturbed by the
carrier. The molecular dynamics simulations revealed that the use of graphene as a

Fig. 5 Snapshots of the MD simulations of a a graphene nanoflake and b a ZnPc/graphene
nanoflake near a POPC membrane in a biological solution from t = 0 to 200 ns. Water is not
shown for convenience
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carrier improves the stability of the ZnPc-nanoflake system at the proximity of the
cell membrane, which was not possible when using ZnPc alone. These results are
very promising and indicates that one can obtain a higher PDT yield near the cell
membrane with less ZnPc molecules. Moreover, it was suggested that the graphene
nanoflake carrier may be combined with other promising photosensitizers in pho-
todynamic therapy, such as SiPc or naphthalocyanine molecules. The work of
Duverger et al. is a good example how the multiscale molecular modelling
approach can be applied for improvement of the anticancer treatment and in par-
ticular of the photodynamic therapy.

The theoretical work of Armaković et al. [31] demonstrates that the graphene
nanosheet represents a promising candidate for detection, delivery or removal of
ephedrine from the environment. The ephedrine was chosen as the most frequently
used active component in sport supplements and one of the overused pharmaceu-
tical contaminants in the environment. In order to study the adsorption of the
ephedrine on graphene nanosheets, a variety of computational approaches were
applied—DFT [B3LYP-D3/6-31G(d)], TD-DFT [CAM-B3LYP/6-31G(d,p)], DFT
with periodic boundary conditions (dispersion corrected PBE with ultrasoft pseu-
dopotentials) and molecular dynamics (OPLS3 force field). The results for the
density of states and charge distribution revealed that the ephedrine loading process
has physisorption nature. The IR frequency calculations showed that several new
normal modes in the 750 cm−1 regions arise from of ephedrine-graphene interac-
tion. Three characteristic normal modes of ephedrine (including the OH stretching
at 3600 cm−1) change their intensity and/or frequency as a result of the drug
loading process. The simulated UV-vis spectra indicated small effect of the drug
adsorption on the optical properties of graphene sheet.

Wu et al. made a revision of computer simulation studies related to the gener-
ation of graphene nanostructures by particle beam irradiation. Using atomistic
computer simulations based on analytical potentials and density-functional theory
were able to identify the mechanism of doping, joining and nanopore formation of
graphene structures under particle beam irradiation. From these studies, four dif-
ferent phenomena could be described during ion bombardment: ion beam trans-
mission, ion beam reflection, ion beam embedded within graphene and ion beam
adsorption on graphene surface. There different cases could be differentiated
depending on the energy of the incident beam. At low energy, incident ions will
tend to adsorb on the surface of graphene. In the range of several tens of eV to
several hundred of eV, some carbon atoms are ejected from the surface. The
incident ions could replace the ejected atoms (substitution doping), or remain
adsorbed on the surface, or cross the graphene surface. At higher incident energy,
all carbon atoms are ejected. And at a very high incident energy, ions will cross
through the graphene surface without inducing any elimination of surface carbon
atoms. If an electron beam is also applied to the system, the irradiation process is
usually described in the simulations by the Primary Knock-On Atoms (PKAs)
methodology [32].
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Graphene-Based Nanomaterials
for Hydrogen Storage

Ayşenur Aygün, Esra Atalay, Shukria Yassin, Anish Khan
and Fatih Şen

Abstract Graphene, which was discovered in the last ten years, has attracted consid-
erable attention in the field of material science and has been one of the most important
materials. Graphene has a two-dimensional structure, and this structure gives the
structural, electronic, and optical properties characteristic of the graphene. Thanks to
these characteristics, many graphene-based materials have been synthesized for use in
many potential applications, such as electronics, energy storage, catalysis, gas absorp-
tion, separation, and detection. The function, surface area and porosity, adjustable for
energy-basedmaterials and stable graphene are of great importance to these applications.
The most important feature that makes the graphene a very useful nanoparticle is its
electronic feature. Also, graphene is used as an electrode in solar cells with unprece-
dented transparency and conductivity.Moreover, a certain amount of graphene can store
energy. In this chapter, we outline the structure, properties of graphene, and develop-
ments in energy storage systems, and graphene-based hydrogen storage systems.

Keywords Graphene � Graphene oxide � Synthesis � Hydrogen storage �
Gas storage

1 Introduction

Today, the studies on production, storage, and consumption of renewable energy
are of great importance. Because in the near future there is a danger of the depletion
of fossil fuels that the scientist currently are seeking new sources for energy pro-
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duction. The aim of these studies is to find recyclable and sustainable energy
sources and to use the energy efficiently in the required fields. There are many types
of materials for energy storage [1–167]. But, when we calculate the ratio of energy/
weight and material cost into consideration, the range of material selection becomes
narrower. Carbon is the lightest element used in energy storage, which can be
configured in diversified forms to provide elevated surface field and energy. In
recent years, carbon nanotubes (CNTs) have attracted great attention in the mate-
rials produced for the storage of energy [78, 144]. Carbon nanotubes are lightweight
and have many advantages. Specifically, single-walled carbon nanotubes with a
large surface area (up to 1315 m2/g) can be produced in large quantities [138].
However, carbon nanotubes exhibit some of the disadvantageous, such as
remaining toxic metal dirtiness, which is hard to remove [92, 93], and high pro-
duction costs. Graphene, another carbon derivative, has attracted attention as an
alternative energy storage material due to its superior properties [92, 93]. Graphene
is a carbon sheet attached to a two-dimensional (2D) sp2 orbital with hexagonal
honeycomb shape [33, 38, 85, 91]. In other words, graphene is a two-dimensional
(2D) material composed of stacked graphite layers. Graphite layers forming the
graphene are bound by weak van der Waals forces (vdW). Graphene is also unique
in that it has properties such as a thin membrane, a high coefficient, and a strong
thermal and electrical conductivity [1, 85, 100]. Graphene also has a large surface
area of approximately 2600 m2/g−1 and created a wealthy platform for surface
chemistry [29–31, 52, 62, 64, 73, 136, 145]. Physical and chemical properties of
graphene led to intensive research in the fields of nanoparticles, superconductors,
photovoltaic cells, fuel cells, catalysis, batteries, gas absorption, separation, storage,
and detection [17, 19, 32, 62–64, 70, 81, 82, 99, 131, 132, 146, 148, 151, 163, 164].
There are so many methods for the preparation of these types of materials that can
be listed as: (a) the thermal decomposition of the graphite oxide and subsequent
reduction of the graphene oxide to the graphene [22, 161] (b) Chemical vapor
deposition technique [130]; (c) mechanical separation of graphite (original
Scotch-tape method) [86]; (d) removal of carbon nanotubes [67, 72], and (e) elec-
trochemical separation of graphite. The properties of graphene may vary depending
on the structural state and number of layers [85, 134, 166]. Therefore, in order to
benefit from the majority of proposed applications, the pathways and conditions of
installation are important in modifying the structure and properties of graphene.
Many studies have been performed in the literature in order to use the optical and
electronic properties of graphene in the field of photomicrography and electro-
chemical applications [12, 13, 29–31, 41, 80, 83, 95, 139, 141, 162, 167]. However,
their significant molecular interactions (e.g. molecular adsorption and storage) have
not been taken into account [50]. Graphene is also one of the most essential
nanomaterials since it has excellent physical and chemical properties [39, 130].
Table 1 shows some features of graphite. Figure 1 also shows hexagonal honey-
comb graphene.
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2 Gas Adsorption and Storage

The absorption, separation, and storage of carbon-structured materials depend on
physical adsorption on surfaces. Primarily, it depends on electrostatic reactions and
dispersion (e.g., VdW). The stability of the reaction is determined without limiting
the properties of the carbon-structure materials and the target absorption molecules.
The size and shape of adhesion molecules, in addition to polarity, magnetic sus-
ceptibility, and bipolar hardness, also affect the strength of the reaction [50]. Many
gaseous or vapor adsorbents did not give the physical parameters associated with
adsorption. Table 2 shows the parameters of N2, H2, SO2, CO, H2S, NH3, CO2, and
CH4 [76].

For instance, the adsorbent having a specific surface area is a suitable nominee
for absorbing a high polar but non-polar molecule. Adsorbents with high polarity
surfaces are characterized by high torque adsorption particles. Typically, the linking
or adsorption power with a carbon nanostructure is comparatively low in order to
H2 and N2; Intermediate for CO2, CO, and CH4; and H2S are comparatively loud

Table 1 Some of the
graphite properties [150]

Physical properties Value

Young’s modulus 1.0 TPa [20, 75]

C–C bond length 1.42 Å [84, 96, 133]

Thermal conductivity 5300 W mK−1 [14]

Specific surface 2600 m2 g−1 [28]

Electron mobility 15,000 cm2 V−1 s−1 at 300 K [51]

Fermi velocity, mF 106 m s−1 [66, 84, 87, 96, 135]

Lattice constant 2046 Å [74, 101]

Specific capacitance 100 F g−1 [137]

Intrinsic mobility 2000 cm2 V−1 s−1 [18, 40]

Fig. 1 Hexagonal
honeycomb graphene [150]
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for NH3 and H2O. Hence, surface modifications, like vaccination, functions, the
development of pore structure and surface field specific to nanoparticles, are
essential for increasing gas adsorption. In order to this aim, graphene provides a
large area for carbon-specific adsorbents [50].

3 Electrochemical Storage of Hydrogen

Hydrogen is one of the best remarkable energy sources among these clean fuels.
The hydrogen may be stored under pressure on a fluid, pressurized gas or a sub-
strate (absorbent material). Research on the storage of hydrogen in liquid form has
been studied under NASA’s Apollo program for many years. Unfortunately, the
technology developed as a result of these studies is not suitable for use in daily life.
The US Department of Energy’s (DOE) goal of using hydrogen to store energy in
mobile applications, according to the Office of Fuel Cell Technologies, is 6.5% of
the hydrogen in a dense sorbent of 62 kg H2/m

3 at ambient temperature. Given that
the stoichiometric C–H rate has a hydrogen weight of 7.7%, this high capacity is
difficult to obtain. In order to store the hydrogen, storage of molecular hydrogen or
atomic hydrogen deposition methods based on hydrogen emissions can be used.

3.1 Storage of Hydrogen in the Form of Molecular
Hydrogen

Hydrogen is a non-polar molecule, and its connections with graphene-content
agents are based on induced dipole-dipole called London dispersion forces. There
are many theoretical studies in the literature aiming to explain the mechanism of H2

adsorption of graphene-based materials and advance to further the experiments on
H2 adsorption [89]. In the H2-graphene system at room temperature, there is a
slightly attractive force of −1.2 kJ mol−1 [90]. This force corresponds to the
equilibrium constant of the free energy of the physical adsorption, which means that
a single graphene layer at room temperature only raises the amount of hydrogen by
about 60%. Theoretical studies show that for a graphene layer separated by a
distance of 6 Å, a single H2 layer can be placed in the integrated structure (2–3% by
weight of storage at 5 MPa). This storage capacity is quite good, however never-
theless under the target of DOE. For storing the two-layer hydrogen molecule in a
single graphene-graphene intermediate layer; two graphene layers separated by 8
must be obtained, and this leads to the gravimetric storage capacity of 5.0–6.5% H2

which can be obtained under technologically acceptable conditions (Fig. 2). The
interaction between the H2 molecules and the transition metal and metal nanopar-
ticles are powerful enough to obtained important capacity [160]. Also, metal
nanoparticles themselves form clusters, thus reducing their accessibility [69]. The
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use of graphene oxide with functional groups to stabilize metals is very functional.
For example, in Fig. 3 it is shown that the titanium metal is firmly bonded to the
oxygen groups of the graphene oxide layers [142]. Since each Ti atom can be
associated with several H2 molecules, the theoretical capacity of this
light-metal-graphene is 4.9% by weight and 64 g by L−1. Several theoretical studies
have shown that the doped graphene, in particular, boron [165] or aluminum [8],
demonstrates a significantly improved bonding capacity for adsorption of H2.
Calcium-enriched graphene has a storage capacity of 5% by weight [11]. Ca

Fig. 3 Location of H2 between graphene layers with a rational range [94]

Fig. 2 Use of graphene-containing nanomaterials in hydrogen storage [94]
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preferably adsorbed at the 10 Ca–Ca distance on the distorted edge of the gra-
phene; each Ca atom may adsorb the 6 H2 molecules. Hornekaer described the
structure-adsorbed hydrogen on graphene with STM [11]. It has been found that in
the low coverage area, preferably hydrogen dimers are formed on the specific
regions (Fig. 4). It is necessary to have an excellent technique to investigate the
surface area and hydrogen storage capacity of nanostructured carbon materials [7].
Characterization of carbon-containing materials such as graphene and carbon
nanotube can be performed by Nuclear Magnetic Resonance (NMR) technique etc.

Fig. 4 a Scanning tunneling microscopy image of the hydrogenated graphene. (A) Ortho-dimers,
(B) para-dimers, (C) elongated dimers, as shown in the image, belong to atomic hydrogen
adsorbate structures, defined as D-monomers. The (A) image indicates a ortho- and b para-dimer
configuration on the graphical lattice. b It is the same as the image in (a) by an inverse color
scheme, giving importance to preferential hydrogen adsorption. c STM image of the graphene
surface after expansion with hydrogen exposure. Bright projections in the image are defined as
clusters of atomic hydrogen. d Image of the vast graphene region recovered from hydrogenation
by annealing to 800 °C [94]
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Characterization results by NMR indicate that hydrogen can be stored in porous
nanotubes and then produced by carbon crystallization [79].

3.2 Hydrogen Storage in 3D Graphene-Based Materials
(GBMs)

The demand for renewable and sustainable energy sources is increasing due to the
depletion of fossil fuels used for energy production and the harm to the environment
[149]. Hydrogen is an alternative source of fuel because of the lack of environ-
mental pollution, clean combustion, and fantastic energy intensity [61, 143, 147].
However, the use of hydrogen energy in daily life is limited due to the complicated
production and storage of hydrogen [147]. Thanks to its large surface area and pore
volume, high chemical stability and specially designed pores, porous carbon
materials have attracted considerable attention in the storage of hydrogen [23]. The
3D network nanostructured GBMs have been certified to have excellent hydrogen
storage capacity based on theoretical estimates and test consequences [6, 61, 147].
The hydrogen molecule has an nonpolar structure, and its interactions with
graphene-based materials are formed by induced dipole-dipole forces. Micro and
mesoporous metallomacrocycle-graphene frameworks (MGFs) were gradually
formed using two separate structure blocks: GO and metallomacrocyclics. This
hybrid showed an adsorption capacity of 1 bar at 77 K and 1.54% by weight and a
significant delay. MGF’s storage capacity was increased by three factors with
significantly reduced GO’s pores, (i) high-value of mineral centres (ii) open as
strong acidic regions of Lewis (iii) the microporous nature of the MGFs may be
particularly suitable for H2 absorption [140]. Graphene Oxide (GO) and Carbon
Nanotubes were brought together, and the product with the 3D structure was
obtained. The obtained hydrogen content of this material at room temperature was
found to be higher than the GO, multi-walled carbon nanotubes (MWCNTs),
reduced graphene oxide-MWCNT (rGO-MWCNT) used in hydrogen storage [6].
The GO structure with structurally less error and proportional intermediate layer
spacing may have higher hydrogen storage capacity. Furthermore, they examined
molecular hydrogen adsorption on a 3D column grouping in various environments
[61]. While the large gap between low temperatures, high pressure, and graphene
layers increases the hydrogen absorption capacity, only a slight improvement is
achieved by increasing the CNT diameter. One of the other methods for storing
hydrogen is the storage of atomic hydrogen. Here the hydrogen emission is caused
by the chemical decomposition of hydrogen on metal nanoparticles. The hydrogen
or H atom produced from the activator is then transported to the material by surface
diffusion: 3-dimensional graphene-supported nickel (0.83% by weight) and boron
(1.09% by weight) metal combination having shown hydrogen storage capacity of
4.4 at 77 K and 106 kPa. This value is higher than previously tested graphene and
all carbon-based materials [143]. The Ni–B metal alloy in 3-D graphite showed a
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critical effect in the chemical decomposition of hydrogen molecules by diffusion.
The presence of this Ni–B metal alloy provides a high hydrogen storage capacity.
By the Ni–B alloy in nanoscale, the hydrogen molecules are separated into
hydrogen atoms and then spread to the graphene regions to form a C–H bond [140].

4 Conclusions

Briefly, high temperature and chemical stability, adjustable surface area/pore
structure, porous molecular structure of the graphene-based materials have been
used in many sectors. High capacity energy storage with graphene relates to the fact
that separate graphene layers have appropriately aligned error-free and comparable
properties. Hence, hydrogen storage with graphene-containing materials can be a
promising research subject, even though it is a complicated process.
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Functionalized Graphene for Drug
Delivery Applications

T. K. Henna, K. P. Nivitha, V. R. Raphey, Chinnu Sabu
and K. Pramod

Abstract The unique characteristics of functionalized graphene make it a multi-
faceted molecule having crucial therapeutic as well as medical significance. Different
aspects of functionalized graphene are being discussed here. Functionalization of
graphene could even scale up its importance. Functionalization can be done by
different methods namely covalent functionalization, covalent functionalization with
reaction intermediates, functionalization with nanoparticles, multi-functionalization,
substitutional doping. These functionalization strategies mainly aim at reducing the
in vivo and in vitro toxicity and agglomeration, moreover the main goal of func-
tionalization is to disperse or solubilize it in different solvents. An Improvised drug
and gene targeting nanocarrier system with unique properties have become possible
with this graphene functionalization. The anticancer and antibacterial effect and
several other applications of functionalized graphene are also being discussed.
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1 Introduction

Graphene is a crystalline two-dimensional allotropic form of carbon, consisting of a
single layer of sp2 hybridized carbon atoms and they are arranged in a hexagonal
lattice. Even though they are of single atom scale thickness, they are the hardest
material ever known. Thus, they can be processed into thin sheets. They draw
attention due to their unique features like high surface area, high strength, high
thermal conductivity, electrical conductivity, the excellent transmittance of light,
lower toxicity, and low cost [1]. Graphene family of nanomaterials includes
single-layer graphene, bilayer graphene, multilayer graphene, Graphene oxide,
reduced graphene, and chemically modified graphene. This classification is based
on a number of layers, oxygen content, surface chemistry, purity, and their com-
position. Since graphene doesn’t contain any oxygen groups, it possesses high
electrical and optical conductivity [2]. Graphene forms stable colloid in various
solvents [3]. But graphene oxide have oxygen-containing functional groups, thus
they have relatively poor electrical and optical conductivity. Graphene is
hydrophobic and poorly dispersible in water. Thus, its biomedical application is
limited. It is overcome by converting graphene to graphene oxide. Graphene oxide
is hydrophilic in nature, but it is toxic [2]. Functionalization with biocompatible
polymers such as PEG reduces the in vivo and in vitro toxicity of graphene oxide
[4]. To improve the electrical conductivity of functionalized graphene oxide, it is
converted to functionalized graphene by reduction. Hydrazine monohydrate,
sodium borohydride, p-phenylenediamine, hydroquinone, and sodium hydrosulfite
are used as reducing agents. Since they are hazardous, some other reducing agents
are also employed. Acetic acid and HCl act as good reducing agents and they are
used as an alternative to hydrazine monohydrate [4].

Reduced graphene possess high conductivity than GO, but less than graphene.
And reduced graphene oxide also exhibits high solubility than graphene, but less
than graphene oxide. The oxygen-containing functional group is higher in graphene
oxide than reduced graphene oxide. The differences in their physicochemical
properties are represented in Fig. 1. Crystal structure of reduced graphene oxide is
better than graphene oxide [2].

2 Structure

Graphene is a unique single-layered carbon foil having two-dimensional structures.
The term graphene originates as a coalition of graphite and the suffix-ene [5].
Usually, graphene consists of six atoms which look like one atom thickness hon-
eycomb network with sp2 hybridization. The C–C bond length is 1.42 A and bond
angle 120°. The structure of graphene is somewhat similar to that of benzene
especially the bonding arrangement. Hence graphene can be considered as an
enormous polycyclic aromatic hydrocarbon (PAH) [6]. When considering the
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microscopical structure of graphene flakes; one edge is highly dominated by the
zig-zag edges and the other side has armchair orientation. It has several functional
groups on the surface, such as epoxy, carboxyl, and hydroxyl. The peripheral
carboxylate group is responsible for colloidal stability and pH-dependent negative
surface charge. Epoxide and hydroxyl groups are uncharged but polar. Thus it
allows weak interactions, hydrogen bonding and other surface reactions [7].

3 Synthesis

Pristine graphene is hydrophobic, and its biomedical applications are comparatively
limited. Thus an alternative graphene form is discovered [8]. For the synthesis of
processable graphene, graphene oxide (GO) has been commonly used as starting
material. There are plenty of methods proposed by several researchers about the
preparation of reduced graphene oxide (RGO). Graphene can be produced from

Fig. 1 Schematic representation of the synthesis and physicochemical properties of graphene
oxide and reduced graphene oxide. Reprinted from [32], © 2018, with permission from Elsevier
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graphite and non-graphite sources. The synthesis of graphene can be done by two
methods namely top-down and bottom-up. The top-down methods include
mechanical cleavage, redox method, and arc discharge. While the bottom-up
method includes chemical vapor deposition and organic synthesis [6].

Graphene was first exfoliated mechanically from graphite in 2004 [9]. In redox
method, graphite is first treated with an oxidizing agent to change the crystalline
shape and structure of graphite and then treated with strong acid to form graphene
oxide. This GO is reduced to graphene [6]. In 1859, the first chemical exfoliation of
graphite was performed by extensive oxidation of graphite by exposing to a mixture
of fuming nitric acid, potassium chlorate for few days [10]. In 1898, this method is
modified by exchanging 2/3rd of fuming nitric acid to sulphuric acid and used
multiple aliquots of potassium chlorate. This addition of potassium chlorate leads to
explosion [11]. Thus, this is again modified in 1958 by reacting graphite powder
(100 g) with a mixture of sodium nitrate (50 g), sulphuric acid (2.3 L) and
potassium permanganate (300 g) [12]. Hummer’s method is the most commonly
used method for graphene oxide synthesis in laboratory scale. The drawback of this
method is that it produces toxic gases like NO2 and N2O4 and can’t be synthesized
in large scale [13]. Arc discharge method was used in large-scale preparation, in this
method electric current is passed between two electrodes made of graphite at a
particular pressure. During this process, the anode will be consumed and the pro-
duct graphene is obtained on the cathode. Graphene obtained by this method
exhibits better electrical conductivity, high crystallization, and thermal stability [6].
Chemical vapour deposition method is the most promising method. It is also known
as surface segregation method on a solid surface. The principle involved is that,
when hydrocarbon (usually methane CH4) exposed to heated metal surfaces like
nickel and copper under vacuum, a carbon film with single crystal size was formed.
The metal leads to the loss of hydrogen and dissolves the carbon to form a metal
carbide layer. As the temperature decreases, saturation of metal carbide surface
layer occurs which leads to precipitation of graphite carbon from carbide sol [14].
Diluted methane gas (CH4) is used as a carbon precursor and produced a
single-layered graphene. Copper can control the layer formation because of its
lowest carbon solubility, thus it is used to prepare large sheet (75 cm) of
single-layered graphene. Nickel can’t control the number of layers, but the alloy
form of nickel gives a better result. Cu–Ni alloy can be used to prepare
single-layered graphene [15]. The thickness and width of graphene nanoribbon can
be adjusted by changing annealing temperature, time of exposure and nature of
substrate metal [16].

4 Functionalization

Since graphene is hydrophobic, it aggregates in an aqueous medium such as pro-
teins, salts, buffer or cell medium, which may be lead to toxicity. This is due to the
electrostatic interactions and non-specific interactions between charged graphene

250 T. K. Henna et al.



and proteins. So the surface of graphene should be functionalized or modified
chemically [2]. Suitable chemical functionalization protects graphene from
agglomeration and maintains its inherent properties. Graphene oxide exhibits tox-
icity. Functionalization with biocompatible polymers such as PEG reduces in vivo
and in vitro toxicity. The main purpose of functionalization is to dissolve or sol-
ubilize them in a variety of solvents such as water, DMF, chloroform, THF etc. [4].
Graphene can be functionalized via covalent and non-covalent methods by using
poly ethylene glycol (PEG), poly ethylene imine, gelatin, chitosan or sulfonic acid
groups. When GO is functionalized with polar polymers such as chitosan, poly-
ethylene glycol and polyethyleneimine (PEI), their half-life in systemic circulation
is increased and identification by the reticuloendothelial system may be decreased
[17]. Functionalization can be performed by two methods, covalent and
non-covalent modifications.

4.1 Covalent Modification

To improve the stability of graphene oxide or reduced graphene oxide in a phys-
iological medium, some organic molecules are covalently attached to their surface.
Biocompatible PEG was the first molecule attached covalently [2]. Covalent
functionalization of graphene solves the issue of poor dispersibility in certain sol-
vents [18]. The mechanism of covalent bond formation involves, (a) Covalent bond
formation between free radicals or compounds that readily reacts with dienes and
C=C bonds present in graphene or (b) Formation of a covalent bond between
organic functional groups and oxygen groups present in GO [19]. GO can be
functionalized with D-mannose using mannosylated ethylenediamine. This reduces
toxicity to red cells [20]. The covalent modification can be achieved by four
methods, nucleophilic substitution, electrophilic substitution, condensation, and
addition.

Nucleophilic substitution

The reactive site for the nucleophilic substitution is mainly epoxide groups on
the GO. The modifying agent used is amine terminal groups such as amino acids or
alkyl amines. The lone pair electron present on the amine (–NH2) group of modifier
attacks the epoxy group of GO. Nucleophilic substitution methods are commonly
used functionalization techniques because it is very simple, it can be performed in
room temperature. This method is employed as large-scale production of GO.

Amines and amino acids are used for functionalization of graphene. Function-
alization by small chain primary amines was carried out at room temperature and
long-chain aliphatic amines by heating the reactionmixture and refluxed for 24 h [21].
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Electrophilic substitution

In this reaction, the hydrogen atom is displaced by an electrophile. Consider,
spontaneous grafting of diazonium salt of p-nitro aniline to graphene surface.

Condensation reaction

In the condensation reaction, two molecules combine together to form a single
molecule with a loss of small molecules. Through amide and carbamide ester
linkages condensation reaction occurs by agents such as isocyanate, diisocyanate,
and amines.

Addition reaction

In an addition reaction, two or more molecules combine to form a large mole-
cule. Maleic anhydride can be added to graphene surface in the presence of free
radicals. They are highly soluble in THF and are more stable [4].

4.2 Non-covalent Modification

The non-covalent modification is the physical adsorption of certain molecules on
graphene surface through p–p stacking interaction, hydrophobic, van der Waals,
and electrostatic forces. It is performed through polymer wrapping, adsorption of
surfactant or small aromatic molecules and interaction with porphyrins, DNA or
peptides. First non-covalent functionalization of graphene nanosheets was per-
formed by using poly (sodium 4-styrene sulfonate). It is prepared by exfoliation and
simultaneous reduction of GO using PSS and the obtained product was found to be
highly dispersible in water [22]. Sodium deoxycholate, protein, DNA, tween can
also be used for non-covalent modification [2]. Nafion graphene nanocomposite
was prepared by dispersing nafion in an aqueous solution of graphene and it is
reduced by hydrazine. This exhibits excellent electrical conductivity [23].
Non-covalent functionalization has several advantages such as it minimizes the
chemical reaction, reduces purification step and it retains the physical properties of
GO. Additionally, non-covalent functionalized graphene oxide can work as both a
stabilizer for preventing aggregation and as a targeting agent [24]. But the disad-
vantage is that non-covalent functionalization is not as strong as covalent and it may
undergo some variations in the external environment. It may lead to less stable drug
delivery. And the drug loading capacity of non-covalent functionalized graphene
oxide is less. It is experimentally proved by using covalent and non-covalent
modified PEI-GO. The results show that non-covalent modified PEI-GO was less
stable [2].
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4.3 Covalent Functionalization with Reaction Intermediates

Free radicals, nitrenes, and carbenes are major reaction intermediates. Free radicals
are most commonly used for graphene functionalization and are produced from
diazonium salt and benzoyl peroxide. During the reaction, electron transfer occurs
from graphene to aryl diazonium ion to form aryl radicals that are added to gra-
phene to form covalent adducts. Nitrenes are another reaction intermediates, used
for graphene functionalization, formed by thermal or photochemical activation of
organic azides. Carbenes undergo CH insertion and C=C cycloaddition reactions
with graphene, but they are less frequently used than nitrenes [25].

4.4 Functionalization with Nanoparticles

Graphene is also functionalized with metal nanoparticles, metal oxide nanoparticles,
quantum dots, and some other nanoparticles. Noble metals such as Pt, Au, Rh, Pd are
used for the functionalization of graphene. Gold nanoparticles on graphene sheets
are synthesized by direct reduction of AuCl4 by NaBH4 in a suspension of GO THF.
It is found that Pd has a greater affinity towards graphene than Au; the reason
suggested is partial covalent binding between Pd and graphene. Metal oxides such as
Tin oxide (SnO2), manganese oxide (Mn3O4), cobalt oxide (Co3O4) and titanium
oxide (TiO2) nanocrystals are also deposited on graphene surface and are used as
anodes in Li-ion batteries. Graphene quantum dots are formed when quantum dots
deposit on graphene surface and they have wide range of applications in drug
delivery, biological labelling and can be used solar cells and LED preparation [19].

4.5 Substitutional Doping

sp2 hybridized carbon atoms of graphene lattice can be substituted by nitrogen or
boron atoms. By controlling the degree of doping, the electrical properties of
graphene can be adjusted. In nitrogen doping, the lone pair of nitrogen atoms
conjugates with p system of graphene. N-doped graphene sheets are electron rich,
thus n-type semiconducting behavior is expected. Wang et al. performed N-doping
of graphene nanoribbons by using high power electrical joule heating in ammonia
gas. They also conducted N-doping and simultaneous reduction of GO during
annealing in Ammonia. GO was heated from 300 to 500 °C and small amounts of
N-doped GO was produced by this method. The efficiency of N-doping depends
upon the number of oxygen groups at the edge sites of GO [19]. Functionalization
of graphene is very essential to prevent aggregation, but it reduces the electrical
conductivity. But, the separation of the excess chemical modifying agent from the
functionalized graphene is difficult [20].
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4.6 Multi Functionalization

Graphene can also be functionalized by two or more molecules. PEG and PEI were
covalently conjugated to graphene oxide through amide bonds. It gives physio-
logically stable ultra small size conjugate [26]. Multi-functionalized graphene oxide
has several advantages and is extensively used in targeted drug delivery. They are
described in the application section of this paper.

5 Properties of Functionalized Graphene

Graphene is a compound possessing honeycomb shaped crystal lattice and is highly
bonded to each other via sp2 bonds. Studies have shown that it is the strongest
material that has ever tested i.e. 200 times stronger than steel. Graphene is a
semiconductor with zero band gaps. Other dominant characters include high ther-
mal conductivity *(4.84 ± 0.44) * 103 to (5.30 ± 0.48) * 103 Wm K−1. The
boundary molecular electrons of different organic molecules interact with the p
electrons in the graphene molecule which becomes the main reason of preferring
electrophilic substitution over nucleophilic substitution. And other reactions include
cyclo-additions, click reactions, carbene-insertion reactions [4]. Focusing on to the
mechanical properties, graphene has high Young’s modulus. The effect of tem-
perature on mechanical strength was studied, and the research shows that temper-
ature decreases the mechanical strength. They also concluded that functionalization
of graphene with certain groups have a negative effect on mechanical strength.
Young’s modulus decreases by adding certain groups. It is in the order of Y
(NH2) > Y (C6H5) > Y (OH) > Y (CH3). Physicochemical properties such as large
specific surface area, unique 2D structure, and p electron cloud make graphene
suitable for interaction with a different organic molecule and thereby proving that it
has wide application in different drug delivery systems [27].

Another excellent property of Graphene is its optical characteristics. It was found
that single-layer graphene transmits 97.7% of the total incident light and also the
light absorption capacity increase as the number of layers increases. By using this
unique property it has been widely used in different electro-optical devices like
tunable IR detectors, modulators and emitters by electrical gating and charge
injection. Other optical properties include great light transmittance, photolumi-
nescence, and better charge mobility make graphene a significant biomedical tool
and can take part in different imaging techniques like magnetic resonance imaging
(MRI) and biomedical imaging [7].
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6 Characterization of Functionalized Graphene

Focusing on the characterization of single-layered graphene that exhibits unique
features when compared with double or multi-layered graphene is considered more
relevant in an application level [4]. Various methods that prevail for the charac-
terization of functionalized graphene are discussed in this section.

X-ray diffraction

Graphene oxide is having a broad peak at 10.9°, whereas the pure graphite
powder is exhibiting a peak at 26° [28]. Although X-ray diffraction is informative,
these studies are limited in the identification of single-layered graphene. The similar
X-ray diffraction pattern is exhibited by single-layered graphene oxide as well as
the single-layered graphene [4]. Exfoliation of graphite oxide into single-layer
graphene oxide gives a straight line in the X-ray diffraction pattern with no
diffraction peak.

UV-visible spectroscopy

UV-visible spectroscopic methods are successful in providing information
regarding the number of layers and the graphene formation. An absorption peak at
262 nm is exhibited by 2-dimensional graphene and a peak at 230 nm by
single-layered graphene oxide in the UV-visible spectrum. And this peak is due to
the p–p* transition of the aromatic C–C bonds. At a wavelength of the 550 nm
monolayer, graphene nanosheets are having a transmittance of 97.1% [4].

Transmission electron microscopy

Transmission electron microscopy gives an accurate idea regarding the thickness
and the number of layers present in the graphene sample. An analysis of the TEM
images (Fig. 2) obtained by keeping the folded graphene sheets parallel to the
electron beam will provide information about the number of layers present in gra-
phene. The small area electron diffraction (SAED) ensures more accurate data [4].

Raman spectroscopy

Raman spectroscopy is the most effective and fast approachable method for the
determination of the quality of exfoliated graphene and serves as a characterization
tool for the analysis of graphene-based materials. The method is used to analyze the
molecular functionalization, doping effects, oxidation and number of layers on
graphene. For this purpose, Raman spectroscopy uses its most significant indicators
namely-D, G and 2D modes [29]. The vibration of the sp2 bonded carbon atoms in
the two-dimensional hexagonal lattice a peak at 1576 cm−1 is exhibited by
chemically reduced graphene. The peak obtained at 1326 cm−1 is the result of the
defects and disorders chemically reduced graphene. Raman spectroscopy is highly
efficient in distinguishing single layered, double layered and other multilayered
graphene sheets. A G band and the 2D band are given by graphene at 1580 and
2700 cm−1 respectively in the Raman spectra [4].
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Fourier transforms infrared spectroscopy (FTIR)

The Fourier transform infrared spectroscopic method provides all the informa-
tion regarding the functionalities of graphene oxide. In FTIR spectra of graphene
oxide, it exhibits a peak at 3400 and 1620 cm−1 because of the stretching vibration
of OH groups and the skeletal vibration of graphene oxide sheets respectively [30].

7 Applications

7.1 Functionalized Graphene in Drug Delivery

The two dimensional sp2 hybridized carbon network of graphene has a tremendous
range of applications in drug delivery, biosensors, nanoelectronics, and polymer
nanocomposites. Aggregation and processing problems of pure graphene can be
overcome by using functionalized graphene which will pay a huge path in the
research field as well as in the therapeutic field. Graphene oxide is the derivative of
graphene-based materials, which have the good biocompatibility, hypotoxicity, so
many functional groups on the surface (epoxide, hydroxyl and carboxyl groups),
high strength, surface area, electrical and thermal conductivity, flexibility,

Fig. 2 TEM and HR-TEM of Graphene. Reprinted from [4], © 2012 with permission from
Elsevier
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transparency and low cost [31]. Functionalization of graphene facilitate easy
delivery of different drug molecules and other nanomaterial’s and help to cross
different biological barriers which enable an efficient and site-specific accumulation
at tumor cells as shown in Fig. 3 [32].

Moreover the toxicity studies of pristine graphene and carboxylated graphene
(COOH–GO) in monkey kidney cell. It is noticed that pristine graphene was
accumulated in the cell membrane and leads to destabilization of F-actin alignment
and COOH–GO internalized by the cells and accumulated in the perinuclear region
without causing any membrane destabilization even at higher concentration [33].
Pristine graphene generates intracellular reactive oxygen species and it causes
damage to DNA and protein and finally leads to cell death via apoptosis or necrosis.

Fig. 3 Schematic representation of the different barriers and barrier crossing by functionalized
graphene in order to accumulate in the tumor cells and internalized by cancer cells. Reprinted from
[32], © 2018, with permission from Elsevier
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Sharp edges of graphene may cause membrane destabilization and loss of cell
integrity when they become direct contact with the cell surface. Adsorption of GO
on the surface of RBC causes loss of cell membrane and leads to hemolysis [34].
Immunotoxicity study of GO and PVP functionalized GO against human immune
cells such as T-lymphocyte, dendritic cell and macrophages were performed. The
result shows that PVP functionalized GO have lower immunogenicity than pristine
graphene oxide [35]. These studies reveal that functionalization reduces the toxicity
of graphene. For the researchers in the pharmaceutical field, graphene opens a new
world of drug delivery. Their high dispensability in polar solvents, ability to
undergo chemical modifications and excellent loading ability for aromatic drugs,
functionalized graphene is recognized as the ideal candidate for drug delivery [36].

Recently, the graphene oxide based targeted drug delivery has become a great
interest of topic for many researchers. Drug or gene can be loaded to modified
graphene-based nanomaterials by hydrophobic interactions, p–p stacking, and
electrostatic interactions. Carriers are made to respond to internal stimuli such as
body temperature, pH, specific chemical reaction or external stimuli such as light,
field, and ultrasound. The pH of a tumor micro environment, intracellular lyso-
somes and endosomes are acidic. Thus, pH responsive graphene-based nanocarriers
are developed for cancer therapy. For achieving targeted therapy, targeting mole-
cules like folic acid, antibody, carbohydrate, peptide, protein, and aptamers are
coupled on the surface of graphene oxide. The Photosensitizer can be loaded on the
graphene-based material surface to use in photodynamic therapy. Chemotherapic
agent, 1,3-bis (2-chloroethyl)-1-nitrosourea was loaded into PAA-GO via ester
linkage for malignant brain tumor therapy. It improves the thermal stability and
half-life of the loaded drug. The drug release is controlled by the hydrolysis of ester
linkage [2]. Studies on aptamer-conjugated magnetic graphene oxide nanocarriers
for specifically targeting the tumor cells loaded with an anticancer agent has pro-
vided an entrapment efficiency of 95.75% and good release percentage also [37].

A novel advancement in graphene-based drug delivery is the approach to
develop a dual faced graphene oxide by simultaneous grafting of different polymers
with different hydro-affinity. This dual drug loaded graphene-based system is a
promising approach for combination therapy, that could completely circumvent
chemotherapeutic drug resistance in cancer therapy [38]. With the idea of devel-
oping a pH sensitive drug carrier, carboxy methylcellulose modified graphene oxide
has been developed that could provide a controlled and sustained drug release with
small side effects and improved drug bioavailability [39]. In order to overcome the
compromised biocompatibility of graphene oxide hyperbranched polyglycerol
conjugated graphene oxide has been synthesized. The chemotherapeutic effect was
evaluated after loading an antitumor drug to the surface modified graphene oxide,
the carrier [40]. Rivastigmine loaded hydrogel beads based on ion-crosslinked gum
tragacanth and graphene oxide was prepared. In this preparation, the use of GO
increased swelling capacity, entrapment efficiency and controlled release [41].
Since fluorinated graphene is hydrophobic, a nanosized water-soluble fluorinated
graphene oxide (FGO) sheets were developed, which shows bright fluorescence
used for controlled and targeted drug delivery. FGO can be modified with folic acid
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for targeted cancer therapy. The small size enables them to easily endocytosed into
cells. They also possess photothermal effects, thus doxorubicin loaded FGO shows
synergistic chemo-photo thermal effects in cancer therapy. Their study concluded
that FGO can be used as a drug carrier and photothermal agent and it can overcome
the systemic drug-related toxicity [42]. Graphene can be surface functionalized by
different functionalizing agents like hydroxyl (OH), carboxyl (COOH), methyl
(CH3) and amine (NH2) groups. A comparison study reveals that G–COOH is
considered as strongest. The study was conducted by using doxorubicin as a drug
model and the studies have shown that G–COOH adsorbs DOX more effectively
because of its high surface binding energy [43]. Zwitter ion modified graphene
oxide was developed by using a kind of zwitterion based saline, 3-(dimethyl(3-
(trimethoxysilyl)propyl)-amino)propane-1-sulfonate (SBS). They exhibit more
stability in both sera free and serum containing solution. Drug-loaded SBS-GO
shows thermosensitivity and sustained release nature. Doxorubicin-loaded SBS-GO
can be easily internalized by HepG2 cells and exhibits remarkable cytotoxicity [44].
Functionalization of graphene with sulfonate groups and grafting with polyurethane
yields polymer with improved properties. It shows high corrosion resistance and is
used as filler. It releases cancer drug in a sustained manner [45].

Graphene oxide–galic acid nano-delivery system can release anticancer agent
galic acid in a sustained manner. It is effective against liver cancer cells (HepG2)
[46]. Dopamine (DA) functionalized graphene oxide nanocarriers are developed
and loaded anticancer methotrexate. This is effective against DA receptor-positive
human breast cancer adenocarcinoma cell line. Since it is dopamine functionalized,
it can be easily targeted to the cell [47]. Considering the high potential of graphene
oxide, especially when conjugated with polyethyleneimine for stem cell-induced
osteogenesis during fracture healing and tissue engineering also the ability of
graphene oxide for promoting the efficient loading and controlled release of aspirin
from titanium implants, the surface modification of titanium with graphene oxide
could lead a path for the improved success rate of titanium implants in patients [48].

A synergistic anticancer activity was developed by combining the therapeutic
actions of curcumin and graphene oxide. The curcumin uptake was found to be
improved with the number of oxygen functional groups [49]. Another highly potent
nanocomposite of curcumin, paclitaxel and graphene oxide of size 140 nm was
synthesized to get synergistic action towards lung and breast carcinoma cells. The
higher curcumin load was an advantage of using graphene oxide as the nanocarrier
it also can improve the bioavailability of the curcumin-paclitaxel drug complex.
The reduced graphene oxide carrier was further improvised with an amphiphilic
polymer P-127 [50]. The protein delivery in various genetic and refractory diseases
has been compromised due to the proteolytic cleavage resulting in short half-life
and instability. A new protein nanocarrier was developed combining graphene
oxide with chitosan that could avoid the proteolytic cleavage. Studies were con-
ducted by loading the novel protein nanocarrier with bovine serum albumin and this
could provide protection against proteolytic cleavage. Thus this chitosan modified
graphene oxide nanocarrier was proven as the effective platform for protein delivery
[51]. A new hypothesis has been improvised for targeting the lung carcinoma cells

Functionalized Graphene for Drug Delivery Applications 259



by synthesizing the molybdenum disulfide conjugated graphene oxide. This
molybdenum disulfide-graphene oxide nanocomposite is exhibiting an excellent
tumor targeting action along with a high drug loading capability. Additional
advantages of good biocompatibility and aqueous dispersibility have been obtained
with these nanocarriers [52]. Sodium alginate was covalently linked to graphene
oxide with the help of adipic acid dihydride, and doxorubicin was loaded to this. pH
responsive release of DOX is achieved at a faster rate. It has a cytotoxic effect
against HeLa cells. This nanocarrier enters into the cell by receptor-mediated
endocytosis [53].

Graphene functionalization for the development of stimuli-responsive nanocar-
riers in order to achieve the goal of nuclei based targeted drug delivery is one of the
most researched areas. Extensive studies have been conducted by utilizing acidic
pH, high intracellular levels of glutathione and near-infrared for the cytosolic
delivery of DOX. Doxorubicin-loaded graphene oxide has been developed as a
solution for the cancer drug resistance in DOX-resistant MCF-7/ADR cells. And
this strategy of DOX delivery by graphene oxide surface loading could satisfac-
torily improve the cytotoxic effect. The surface functionalization of graphene with
natural biopolymers like gelatin and chitosan is useful in reducing the toxic effects
of graphene and enhancing the drug loading capacity of graphene. Studies on the
development of DOX-loaded GO-folic acid b-cyclodextrin complex, the
co-delivery of multiple drugs using graphene oxide and enabling the controlled
release of various kinds of drugs from chitosan-GO complex itself explains the
significance of graphene as a drug delivery system or the drug carrier [7].

Numerous studies are still going on in the cancer treatment. The great challenge
existing is, to target the drug to the affected tissues or cells specifically and to
protect normal cells from the damage. The study of the anticancer activity of
graphene nanosheets was done by exfoliating graphene sheets by using polyvinyl
pyrrolidone which is having an average particle size of 42 nm. The study was
performed on various cells like HCT-116, HeLa, SCC-9, NIH-3T, and HEK-293.
Researchers have shown that the combination of graphene–polyvinyl pyrrolidone
nanoparticle have anticancer activity and act as a pH-sensitive drug carrier for
certain anticancer drugs like doxorubicin, as shown in Fig. 4. The graphene-PVP
complex loaded with drug by tip ultrasonication thereby forming a stable complex.

Doxorubicin release from the complex in a sustained fashion about 2–3 days in
normal as well as in acidic pH It has been found that an anticancer drug-loaded
graphene-PVP complex is found to be a most innovative method to treat cancer
even though long-term exposure (48–72 h) to graphene-PVP cause mitochondrial
toxicity in normal cells. Exfoliated graphene nanosheets based drug carriers will
make a revolution in the field of future oncology studies and other drug delivery
systems [54]. A schematic representation of the mechanism of graphene-PVP-NP
induced cytotoxicity in cancer cells is shown in Fig. 5.

In an earlier study, it was shown that b-cyclodextrin is not considered as a
suitable carrier for the poorly water-soluble anticancer drug. But it can be combined
with a magnetic compound to produce b-cyclodextrin (b-CD) grafted magnetic
graphene oxide nanocarrier and used for the delivery of both hydrophilic and
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hydrophobic drugs. MG can be prepared by inverse chemical co-precipitation iron
on GO [55]. Chemical co-precipitation of Fe3O4 magnetic particles on the surface
of GO nanoplatelet leads to the formation of magnetic graphene oxide (MGO). It is
then modified with chitosan and MPEG via a covalent linkage to form MgoC-PEG.
The anticancer Irinotecan or doxorubicin can be successfully loaded to this mag-
netic carrier system and are effectively targeted magnetically to U87 cells. PEG
enhances the circulation time and decreases the reticuloendothelial system uptake

Fig. 4 a Loading of doxorubicin in the graphene-PVP complex; b release of drug from the
complex at low pH and low oxygen concentration which is corresponding to the environment in
tumor cells; c reduction in the cancer cell growth. Reprinted from [54], © 2017, with permission
from Elsevier

Fig. 5 Schematic representation of the mechanism of graphene-PVP-NP induced cytotoxicity in
cancer cells. Reprinted from [54], © 2017, with permission from Elsevier
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[56]. Similarly, another magnetic nanocarrier was developed by mounting supra
magnetic iron oxide nanoparticle on graphene oxide and then coating PVA. To this
carrier system, 5-fluoro uracil was loaded, which releases the drug in controlled
release at acidic pH 5.8. PVA increases the circulation time of the drug. This system
acts as both imaging and drug delivery system.

Change in pH is a marker of tumor environment, thus a pH sensitive PAA
functionalized graphene oxide is used to carry gemcitabine, an analog of deoxy-
cytidine nucleoside for the treatment of ovarian and metastatic breast cancer [57].
Hypericin, a natural photosensitizer, isolated from Hypericum perforatum can act as
a ligand to target mitochondria. It can penetrate the mitochondrial double mem-
brane. Hypericin-functionalized graphene oxide loaded with doxorubicin gives
synergistic anti-tumor effect [58]. Similarly, synergistic chemo and phototherapy by
formulating polylysine functionalized graphene were also demonstrated. The pho-
tosensitizing agent Zn (II)-phthalocyanine and chemotherapeutic agent doxorubicin
was loaded to biocompatible poly-L-lysin functionalized graphene. This nano
complex shows high solubility and stability in biological solutions [59]. Pirfenidone
is a drug used for the treatment of subarachnoid hemorrhage. It prevents secondary
bleeding and cerebral infarction. This activity of Pirfenidone can be improved by
loading into a functionalized graphene. Graphene oxide is first treated with tran-
scription activator peptide (Tat) and then functionalized with methoxy Polyethylene
glycol and then Pirfenidone was loaded. This carrier system can easily penetrate the
blood-brain barrier (BBB) due to the presence of transcription activator peptide. It
has a good loading capacity and a fast release at lower pH. Pirfenidone loaded to
functionalized graphene oxide shows better activity than single pirfenidone [60].

Aptamer coated dextran functionalized graphene oxide was developed for the
targeted drug delivery in cancer therapy. Dextran (DEX) was covalently bonded to
graphene oxide nanosheet surface. Then AS1411 aptamer was linked to the
hydroxyl group of dextran. To this nanocarrier system, curcumin (CUR), a
hydrophobic natural anticancer agent was loaded by p–p stacking interactions. The
AS1411 aptamer is a nucleolin recognizer. Thus GO-DEX-Apt-CUR nanosystem
having less than 200 nm size can effectively enter into 4T1 and MCF-7 nucleolin
overexpressed cancer cells [61].

Doxorubicin acts only after reaching to the nucleus of the cell. pH-responsive
charge reversed polyelectrolyte and integrin avb3 monoantibody functionalized
graphene oxide was used to deliver anticancer doxorubicin. DOX released to the
cytoplasm of the cancer cell and then moves to the nucleus [62]. Carboxymethyl
chitosan functionalized graphene conjugated with hyaluronic acid (HA) and then
fluorescein isothiocyanate (FI) can be used to load doxorubicin. The drug encap-
sulation efficiency was found to be 95%. It can target HeLa cells overexpressing
CD44 receptors and suppress their growth. GO-CMC-FI-HA-DOX can release the
drug in controlled rate in lower pH tumor cell microenvironment [63]. Graphene
functionalized with a polyoxyethylene bi amine and is used to carry silver
nanoparticles to form GO-PEG-AgNPs. It is active against E. coli and
Staphylococcus aureus. And it is more effective than silver nanoparticles alone
[64]. Carboxylated GO functionalized with b-cyclodextrin by covalent bonds via
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esterification. This is used as a drug carrier due to its higher dispersibility in water
and is stable for 12 months [65]. Antibodies can be used as targeting ligands.
A targeting system was developed by the conjugating monoclonal antibody on
graphene, which acts against the follicle stimulating hormone receptor. This system
is a best tumor targeting agent because of its higher stability, specificity towards
FSHR and rapid tumor uptake. Since graphene has a large surface area, they are
used for multifunctional drug delivery system. Chemo-photothermal targeted
therapy of glioma cells are successfully developed by using IL-13 as targeting
ligand, since IL-13 is overexpressed in malignant tumors. And GO is used to absorb
NIR lasers because of its good heat transfer for photothermal therapy. It gives a
higher effect than single chemotherapy [6]. Certain drugs and polymers have the
ability to respond to specific pH of the tumor microenvironment. These drugs or
polymers are conjugated to graphene to form a pH targeted system. Gelatine
functionalized graphene nanosheets are loaded with methotrexate, which shows
pH-dependent release. The drug is released in acidic pH than neutral [66].

Multifunctional targeted drug delivery system can be developed by using a
bio-targeting ligand and a superparamagnetic iron oxide for magnetic targeted
delivery. Lactoferrin functionalized graphene oxide iron oxide is effective for
glioma targeting. Here, lactoferrin is the bio-targeting material; it is an iron trans-
porting serum glycoprotein, which binds to receptors overexpressed at glioma cell
surface and brain tumor. When doxorubicin loaded to this system, it effectively
delivers the drug to the tumor cells [67].

Graphene was functionalized with heparin (Hep) via a linker, adipic dihydrazide
(ADH). It is then loaded with doxorubicin to form GO-ADH-Hep-DOX
nanocomposite; it provides pH sensitive sustained release. It is non-toxic, stable,
blood compatible and biocompatible [68]. The hybrid molecule obtained when the
thiolated graphene covalently functionalized with luminescent, subnanometer
clusters of silver protected by glutathione is having a wide possibility in targeted
drug delivery [69]. Biocompatible polymer poly(2-diethylaminoethyl) methacrylate
is conjugated with graphene oxide via in situ atom transfer radical polymerization
reaction and then loaded camptothecin, which is noncytotoxic and good biocom-
patible [70].

7.2 Multi Functionalized Graphene in Drug Delivery

A Novel method of cancer treatment using graphene oxide nanoparticle function-
alized with polyethylene glycol and folic acid using camptothecin as an anticancer
drug. According to the study, functionalizing the Drug-GO-NP complex with PEG
and folic acid will markedly increase the uptake of the drug by cancer cells. The
development of nanoparticle with folic acid is a good candidate for an effective
drug delivery system for cancer therapy. The drug-loaded complex could deliver the
drug in a sustained fashion and also have an advantage of reduced dosing frequency
when considering the therapeutic viewpoint [71]. Another study shows the loading
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capability, drug release and cytotoxic effect of poor water-soluble drug (e.g.
camptothecin) loaded GO-PVP/b-cyclodextrin complex. Among the two complexes
(GO-PVP and GO-b CD), poorly water-soluble drug loaded GO-PVP was found to
be the most guaranteed system for drug delivery and have wide therapeutic
applications mainly in the field of oncology [72]. Hydroxypropyl-b-cyclodextrin
(HP-b-CD) GO conjugates are also used as carriers. Later this carrier was used for
Paclitaxel delivery for ovarian, breast and lung cancer. HP-b-CD chemically bon-
ded onto –COOH group of GO. The paclitaxel-loaded HP-b-CD nanospheres
exhibit excellent stability and sustained release of ant cancer agents [73]. Even
though graphene oxide based drug delivery for cancer therapy found to beneficial
but its action can be modified even more i.e. natural peptide protamine sulfate and
sodium alginate can be used; these are adsorbed on to the GO which will give high
dispensability and stability to the complex [74]. Functionalized graphene oxide is
used as a nanocarrier of new copper (II) complexes for targeted therapy in
nasopharyngeal carcinoma. Folic acid and poly ethylenimine (PEI) functionalized
GO (FA-PEI-GO) used as a carrier for two new copper complexes to folate
receptor-positive nasopharyngeal carcinoma. Folic acid is the ligand interacting
with the folate receptor, which can be easily conjugated with GO. Copper com-
plexes have broad-spectrum anti-cancer activity by cell apoptosis mechanism. Thus,
this FA-PEI-GO therapy with copper complexes is an efficient carrier for targeted
drug delivery [75]. Folic acid—bovine serum albumin (BSA) conjugated GO
nanocomposite is used for the delivery of doxorubicin. Here, FA-BSA acts as both
stabilizing agent and targeting agent. Doxorubicin is targeted to the folate
receptor-rich MCF-7 cell. The clear concept is shown below in Fig. 6. This system
reduces the toxicity of GO, increases stability and biocompatibility in physiological
fluids [24].

In HER 2 overexpressed breast cancer, nuclear accumulation of drug is achieved
by anti-HER 2 antibodies conjugated poly-L-lysine functionalized reduced graphene
oxide. Anti HER 2 antibody was bonded to the amino group of poly-L-lysine via
glutaraldehyde bifunctional linkage. It is reported that this method of drug delivery
shows 7 folds benefit than reduced graphene oxide-PLL nanocarrier delivery.

Fig. 6 Schematic representation of Doxorubicin targeted delivery by FA-BSA-GO carrier.
Reprinted from [24], © 2016, with permission from Elsevier
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It delivers drug rapidly to the nucleus within 4 h by energy-dependent macro-
pinocytic internalization [76]. Phospholipid and PEG-modified graphene nanorib-
bon loaded with Doxorubicin are active against U87 glioma cells. This activity is 6–
7 times higher than free doxorubicin [77]. A detailed study on the functionalization
of graphene oxide (GO), by using lactobionic acid (LA) and carboxymethyl chi-
tosan (CMC) was conducted to achieve targeted drug delivery. Here LA acts as a
carrier for targeting GO on cancer cells mainly on liver cells (SMMC-7721) and can
induce cell death when loaded with drugs like Doxorubicin. In FGO-LA-
CMC-DOX complex, LA allows the selective uptake of cancer cells without dis-
turbing normal cell system [78].

Dual-functionalized graphene oxide is used for better siRNA delivery to breast
cancer cells. Here reduced graphene oxide (rGO) based nanocarrier was dual
functionalized by a phospholipid-based amphiphilic polymer and R8 cell pene-
trating peptide (CPPs) i.e., for improved hydrocolloid stability and better siRNA
transfection ability towards MCF-7 breast cancer cells. By incorporating R8-CPP, it
will provide a high positive surface charge which will facilitate easy loading and
condensation of siRNA, as well as helps in penetration [79].

7.3 Functionalized Graphene; a Vector for Gene Delivery

The utility of graphene in gene delivery is another field that has to be explored
more. Since DNA/RNA are negatively charged, a cationic polymer is used as a
vector. The capacity to deliver the gene effectively and the ability to facilitate the
gene uptake with high transfection efficiency make graphene a satisfactory vector
for the gene delivery and gene-drug co-delivery. The polyethyleneimine, a cationic
polymer functionalized GO-based gene delivery thus enables the gene delivery with
high transfection efficiency and provide reduced toxic effects associated with
polyethylenimine. Graphene oxide surface conjugated with chitosan is another
complex carrier widely accepted for the gene delivery and the gene-drug
co-delivery [7]. The cell penetrating peptide (CPP) has received immense attrac-
tion when conjugated with graphene oxide to generate the CPP-GO complex as the
nanocarrier exhibiting excellent intracellular delivery for genes [80].

Oxidized graphenes are efficient nonviral vectors for genetic materials. They are
easily uptake by HeLa cells and HUVEC cell and released into the cytoplasm and
enter into the nucleus. Graphene oxide functionalized with polyamidoamine
(PAMAM) dendrimer and Oleic acid is used as a biocompatible gene vector. It is
developed by chemical adsorption of oleic acid and covalent linkage of PAMAM to
graphene oxide. GO functionalized with both PAMAM and oleic acid shows higher
transfection capacity than GO functionalized with PAMAM only [2]. PEG func-
tionalized graphene oxide is used to deliver molecular beacon (MB), as a model
oligonucleotide directed to HeLa cells to detect targeted mRNA. PEG also protects
MB from enzymatic cleavage and are less cytotoxic [80].
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7.4 Dual Gene/Drug Delivery by Graphene Nanocarriers

The therapeutic efficiency can be enhanced to a higher extent by co-delivery of
nucleotide-based therapeutic agent and chemical-based drug simultaneously. Since
graphene has a large surface area, both agents are easily loaded to graphene-based
nanocarriers by physical or chemical interactions [80]. Since the drug resistance is a
major challenge in chemotherapy, an effective strategy of co-delivery of the gene,
small interfering RNA(siRNA) along with the drug Doxorubicin using function-
alized graphene as the dual nanocarrier has been developed. This could silence the
expression of efflux transporters and can be a remedy for the drug resistance during
chemotherapy. The folic acid (FA)-conjugated polyethyleneimine-modified
PEGylated nanographene exhibited a high DOX and siRNA loading capability
along with effective intracellular DOX delivery and gene silencing effect [81].
PAMAM dendrimer functionalized graphene oxide is used for co-delivery of
MMP-9 shRNA plasmid and doxorubicin. It increases the efficiency of breast
cancer therapy [82]. A complex of PEI and poly-sodium-4-styrene sulfonate
(PSS) functionalized GO (PPG) is used for co-delivery of doxorubicin and miR-21
targeted siRNA for the treatment of cancer. Here, first doxorubicin is loaded on
PPG by physical mixing and then anti-miRR-21 by electrical adsorption. This
system gives synergistic effect by gene silencing of miR-21 and accumulation of
doxorubicin in tumor cell [83]. PEI grafted graphene oxide nanocarriers are
developed for co-delivery of Bcl2 targeted SiRNA and doxorubicin. It reduces the
cytotoxicity and enhances anticancer effect [80].

7.5 Anticancer Activity of Functionalized Graphene

Functionalized graphene is not only a drug carrier but also exhibits anticancer
activity itself by exerting inhibitory effects on tumor cells [84]. Resveratrol func-
tionalized graphene oxide induces membrane leakage and oxidative stress in
ovarian cancer cells and induces apoptosis [85]. PEG functionalized GO inhibits
breast cancer cell metastasis by downregulating the expression of multiple mito-
chondrial OXPHOS-related proteins and ATP production in cancer cells selectively
[86]. Experiments are conducted with graphene to prove its anticancer effects by
using glioblastoma multiform tumor cells as a model. But pure graphene is known
to have agglomeration and processing problems. In order to increase the anticancer
activity and to overcome the disadvantages, the graphene is functionalized with
arginine. Studies were made on both normal cells and tumor tissues. After the
study, they concluded that both graphenes have anticancer activity and function-
alized graphene shown to have more distributed in tumor cells without any
agglomeration and arginine suppress the tumor invasiveness. Hence, graphene in its
reduced form i.e. rGO-arginine complex is proved to have beneficial against
glioblastoma multiform tumor cells [87].
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The strategy of functionalization of graphene surface with amino acids for
enhancing the surface charge and facilitating the easy uptake by the tumor cells as
these cells are negatively charged could synergize anticancer action of graphene.
The anticancer activity of ginsenoside Rh2–treated graphene oxide (GO-Rh2),
lysine-functionalized highly porous graphene (Gr-Lys), arginine-functionalized
graphene (Gr-Arg), Rh2–treated Gr-Lys (Gr-Lys-Rh2) and Rh2–treated Gr-Arg
(Gr-Arg-Rh2) were subjected to various cytotoxic assays and these nanostructures
were found to be exhibiting satisfactory antitumor activity also these nanostructures
is having effect on blood coagulation system [88]. Silver decorated reduced gra-
phene oxide nanocomposites have apoptosis-inducing ability in A549 lung cancer.
This is prepared by using Pulicaria glutinosa extract (PGE) as reducing agent. The
anticancer activity of PGE-HRG-Ag-2 was studied in 5 human cancer cell lines,
MCF-7 (breast), A549 (lung), HeLa (cervical), DU-145 (prostate) and HepG2
(liver) and tamoxifen were used as standard reference drug. The results show that
PGE-HRG-Ag-2 possesses higher activity than reference tamoxifen against human
lung cancer cell line, A549 [89]. A unique field of therapeutics i.e. photothermal
therapy (PTT) based cancer treatment was developed by using functionalized
graphene as a suitable vehicle. The PTT will produce ablations in the cancer cells,
eventually tumor growth inhibition and cell death. Graphene oxide (GO), reduced
graphene oxide (rGO) and GO-nanocomposites are mainly used. Large specific
surface area, abundant functional groups which are available for bioconjugation,
drug loading, and targeting make them suitable candidates for PTT. There were a
number of comprehensive researches on PTT, and many of them were succeeded
and later concluded that it is a great tool for cancer treatment. The main mechanism
behind PTT is that they utilize an optical absorbing agent along with electromag-
netic radiation for treatment of cancer moreover they induce apoptosis rather than
necrosis so there will not be any inflammatory response [90].

7.6 Antibacterial Activity of Functionalized Graphene

The research works has been shown that graphene possess a broad spectrum of
antibacterial activity and functionalization of graphene with different organic
molecules especially with amine/amide groups which itself having anti-
inflammatory activity are found to be tremendously effective against different
disease-causing bacteria like Gram-positive (E. coli, Pseudomonas aeruginosa) and
gram-positive (Staphylococcus aureus) [91]. Antibacterial activity was found in
graphene oxide functionalized with guanidine polymer i.e. with polyethylene glycol
(PEG) and polyhexamethylene guanidine hydrochloride (PHGC). Here we get a dual
functionalized graphene-GO-PEG-PHGC complex. The complex is incubated with
both Gram-positive and Gram-negative bacteria. The results reveal that the complex
interact with the cell contents and other nanoparticles present in the bacteria causing
greater damage to them leads to cell death. The complex is found to effective against
both gram-positive and gram-negative bacteria. The GO-PEG-PHGC can be used as
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a disinfectant which is capable of inhibiting the bacterial growth and propagation
[92]. Functionalized graphene possesses toxicity against bacterial cell. Thus, they
can be used as effective antibacterial agents. Polyethyleneimine functionalized
reduced GO coated with silver nanoparticles (PEI-rGO-AgNPs) show antibacterial
activity against Escherichia coli and Staphylococcus aureus. It shows >90%
reduction in cell viability. The mechanism involved is that the sharp blade like edges
of GO interacts with bacterial cell wall and is damaged. And then, silver ions interact
with intracellular components. This leads to bacterial death [93]. A similar inves-
tigation was conducted by replacing polyethyleneimine with L-cysteine (L-Cys) and
decorating with silver nanoparticles. The GO-Ag-L-Cys complex has high bacteri-
cidal activity especially against gram-negative bacteria by disrupting the cell wall
integrity while bacteriostatic effect against gram-negative bacteria by inhibiting their
cell division. They are active even at low concentration [94]. Thin film and solution
of poly (N-vinyl carbazole) graphene (PVK-G) have activity against E. coli and
Bacillus subtilis at 1 mg/mL concentration. This shows 80% reduction in bacterial
growth [95]. rGO functionalized with polysulfone (PSU) have activity against
Bacillus subtilis and Escherichia coli. The investigation reveals that this complex
has high antibacterial activity because of the production of reacting oxygen species.
Another advantage is that the presence of shorter polymer chain which allows greater
contact with the bacteria on the surface of graphene [96]. Chlorophyllin and zinc
functionalized graphene oxide also exhibit antimicrobial activity. The incubation of
bacteria with this functionalized graphene oxide causes loss of cellular integrity and
cell death [97].

Amino acid arginine functionalized mono-layer graphene shows excellent
antibacterial activity, and it can overcome the silver nanoparticle-induced toxicity
[98]. Effect of the size of graphene sheets in its antibacterial effect was studied, and
graphene sheets with smaller size show higher antibacterial activity [99].
Noncovalent functionalization of graphene with surfactants shows antibacterial
activity. A study was conducted by using different surfactants such as tween 80,
cetrimide, sodium dodecyl sulfate and reported that cetrimide functionalized gra-
phene possess antibacterial activity. Antibacterial activity of cetrimide functional-
ized graphene against S. aureus has improved 16 and 65 folds against
P. aeroginosa than cetrimide alone [100].

7.7 Other Applications

Graphene-based non-materials have a wide variety of biomedical applications
which is represented in Fig. 7. By bio-functionalization of graphene-based non-
material with various biomolecules, other cells open great field biomedical appli-
cations such as bio-imaging, electronic devices, biological sensing, drug/gene
delivery, a biocompatible scaffold for cell culture; stem cell differentiation e.g.
functionalized graphene is adsorbed with fluorescent-tagged DNA. Both single-
stranded (ss) DNA and double-stranded (ds) DNA are adsorbed. If ssDNA having
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stronger interaction against dsDNA, the fluorescence on the ssDNA darkens more,
thus indicating the bio-sensing capability [101]. Graphene can be made lumines-
cent, and it is the best candidate for bioimaging. Fluorescein functionalized
pegylated graphene oxide is used in intracellular imaging. Here PEG is used to
prevent GO-induced quenching of conjugated fluorescein. Laser irradiation in the
presence of nanographene oxide (NGO) creates micro bubbling, which causes
immediate cell damage at the specific site, thus it offers localized therapy [19].
Functionalized graphene enhances the properties of the polymer-based nanocom-
posite. These nanocomposites are used in electronics and sensors in industries and
pressure sensors in the biomedical field. Incorporation of poly (vinylidene
fluoride-chlorotrifluoroethylene) nanocomposite to hyper branched poly
ethylene-graft-poly (trifluoroethyl methacrylate) copolymer functionalized gra-
phene shows increased dielectric property and high energy density. Thus, it can be
used in electronic devices, sensors and biomedical applications [102]. The func-
tionalization graphene can be done with different polymers. The polymer func-
tionalized graphene may have advantages in different aspects like it improve
mechanical, electronic, optical, thermal and magnetic properties significantly if
used appropriate polymer. Polyaniline, polypyrrole called as conducting polymers
when used to functionalize graphene, the resultant complex can be used as
supercapacitors which have a high capacitance of about 424 F g−1 [103].

Fig. 7 Schematic representation of applications of graphene. Reprinted from [7], © 2013 with
permission from Elsevier
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Graphene has been used for wound healing, regenerative medicine, stem cell,
and tissue engineering. A chitosan-PVA nanofibrous scaffolds containing graphene
is used for wound healing and is proved in mice and rabbit. Functionalization of
graphene with proteins and peptides is used for tissue engineering applications.
Graphene materials have the ability to absorb DNA/proteins due to their large
surface area, thus it is used in many therapeutic applications [7]. Graphene oxide
nanocomposites were developed by functionalizing lactobionic acid and carboxy
methyl chitosan and they are used for doxorubicin delivery. It readily releases at
lower pH cancer cell environment than at general physiological pH. Cancer cells
uptake them and minimal uptake by the non-cancerous cell [78]. A sensing array
system in order to differentiate the cancer cells, circulating tumor cells and different
cell types based on the functionalized graphene elements electrochemical mecha-
nism has been developed. This innovative approach can be considered as a new
pavement in future clinical cancer diagnosis [104]. Encapsulating the MCM-48,
mesoporous molecular sieves with either reduced graphene oxide or graphene oxide
can be used in remediation of caffeine and phenacetin from aqueous solution [105].
A conductive biodegradable scaffold has been generated by modifying the graphene
oxide-gold nanosheets with the natural polymer chitosan. This innovation was
sufficient enough to overcome the abnormal conduction and electrical impulse
propagation in the heart after myocardial infarction [106]. Circulating tumor cells
(CTC) are the main reason for widespread cancer cells. The researchers have
demonstrated the isolation of CTC using functionalized graphene oxide nanosheets
molded in gold plates. This discovery very effective in therapeutically, i.e. early
detection of rare CTC in blood hence spreading of cancer [107]. The chemical
functionalization graphene will cause the destruction of sp2 network and to get
converted to sp3 hybridization. During this conversion the metallic graphene
changes to an insulator. Specifically, graphene on appropriate surface modification
can be converted to a semiconductor which will lead to new novel nanoelectronic
and nanophotonic applications of graphene [4]. Capacitor developed by modifying
3D self-assembled graphene hydrogel by using multi redox anthraquinone deriva-
tive alizarine via noncovalent functionalization [108]. Oxygen functionalized gra-
phene shows higher specific capacitance (up to 189 F g−1) than graphene
(165 F g−1). This is due to additional pseudo capacitance effect of
oxygen-containing functional group, mainly carbonyl and hydroxyl groups. They
show large pseudocapacitance and less aggregation. Heteroatom doping alters the
physical or chemical characteristics of graphene. Nitrogen doping increases the
energy density of graphene supercapacitor in both aqueous and electrolyte solution
[109]. Single or multi hetero atom functionalized graphene is used as charge
extraction materials to improve solar cell performance [110]. Carboxylated gra-
phene is used as a sensitive electrochemical biosensor [111]. Reduced graphene
functionalized with 1,6-diaminohexane and loaded with silver nanoparticles. This is
effective against bacterial coliform infection and thus it is used for water disin-
fection [112].
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8 Conclusion

This chapter mainly emphasizes graphene functionalization and the application of
functionalized graphene in drug delivery. Chemical modification on graphene helps
in enabling additional properties of dispersibility in different solvents, reduced
toxicity of graphene and also prevents agglomeration. Covalent and noncovalent
modification methods of functionalization along with multi-functionalization, sub-
stitutional doping, and nanoparticle functionalization has been described.
Functionalization with multi molecules makes graphene an efficient candidate for
targeted drug delivery. A wide range of applications of functionalized graphene as
carrier for the drug in targeted therapy has been highlighted in this chapter. The
tremendous cell targeting ability and the high drug loading capacity opens a wide
range of application possibilities as a drug carrier for functionalized graphene.
Along with that, the capability of functionalized graphene for gene delivery and for
the co-delivery of both drug and gene, the anticancer effect and antibacterial effect
has also been pointed up.
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Microwave-Assisted Modification
of Graphene and Its Derivatives:
Synthesis, Reduction and Exfoliation

Nitika Devi, Rajesh Kumar and Rajesh K. Singh

Abstract Nowadays, microwave heating to graphene derivatives for carbon based
materials processing (reduction, exfoliation and modifications) is new approach
because strong interaction with microwave radiation, fast and localized heating can
be achieved in a very short time. For graphene derivatives, microwave heating
method is facile, simple, fast, controllable and energy-saving and provides an
effective way to control nanoparticle size distribution on the surfaces. By tuning the
microwave irradiation power, time and temperature different graphene based
morphologies has been studied. For clear understanding, this chapter has been
written basically into two parts. In first part, the literature published on interaction
of microwave with grapheme derivatives and their transformations into reduced
graphene oxide have been surveyed. The oxygen containing functional groups in
different forms on surfaces of graphene derivatives strongly interact with micro-
wave incident photons and easily detached from its surfaces. By microwave heat-
ing, graphite oxide/graphene oxide are easily reduced to very less oxygen
containing graphene and also exfoliate into high surface containing porous gra-
phene. In second part, graphene derivatives have been modified with different kind
of metal/metal oxide for various kinds of applications. It is focused on the latest
developments and the current status of graphene-metal oxide research using
microwave processing. The high power microwave irradiation on graphene
derivatives with metal oxide offers homogenous reaction environment and leads to
controlled shape, size distribution of nanoparticles without any agglomeration.
Detailed overview has been discussed on the possibilities and achievements of
graphene derivatives–metal oxide research using microwave-based heating
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approaches. Microwave-assisted hydrothermal/solvothermal methods have also
been described to synthesize metal oxides loaded graphene derivatives.

Keywords Microwave heating � Graphene derivatives � Metal oxide � Carbon
nanomaterials � Microwave irradiation

1 Introduction

Nowadays, research on the synthesis of graphene (including its derivatives) reveals
great attention due to the exceptional properties of the graphene and its derivatives.
Graphene has exceptional properties like mobility (2.5 � 105 cm−1 V−1 s−1) [1],
carrier density (1012 cm−2) [2], half-integer quantum Hall effect [3], thermal con-
ductivity (300 W m−1 K−1) [4], tensile strength (130 GPa) [5] and high transmit-
tance (97.7%) [6].

The synthesis of the graphene can be done employing number of techniques
such as mechanical exfoliation [7, 8], chemical vapor deposition (CVD) [9–11],
liquid exfoliation of graphite [12], epitaxial growth on the SiC substrate [13],
chemical reduction [14] etc. But the methods like CVD, physical exfoliation and
others are found to have very low yield and CVD, epitaxial growth are also quite
expensive methods. In case of the chemical route, the synthesis process involves
many toxic chemical and time taking process. Thus there is need to develop other
methods which involves simple, fast as well as cost efficient process and provides a
scalable yield [15].

In these days microwave heating/irradiations are applied in various synthesis and
modifications processes. Microwave radiations are the electromagnetic wave which
wavelength appears in the range of 1 m–1 mm and corresponding frequencies in
the region of 0.3–300 GHz. The initial use of microwave radiation is in the com-
munication industry and two most suitable frequencies which are in use are 0.915
and 2.54 GHz. The domestic ovens are operated at 2.54 GHz with k is 12.23 cm.
The microwave heating is different from the conventional heating as in this case
there is no conduction and convection like the conventional heating. In this case the
electromagnetic energy interact with the materials molecules and directly convert it
into the thermal energy. Microwave heating depends upon several factors like types
of subjected material whether it is a metal, dielectric, insulator or semiconductor,
shape and size etc. As shape and size of materials effect the penetration depth of the
employed radiations [16]. This unique microwave heating process gives rise to
many advantages as fast synthesis, selective heating without interaction with sur-
roundings and cost efficient. These advantages are highly applicable in research and
demonstrated the use of microwave heating in the material synthesis processes.
There are several reports in which synthesis/reduction process has been carried out
by using the microwave heating/radiation [17, 18]. The graphene derivatives such
as graphene oxide (GO), reduced graphene oxide (rGO), graphene quantum dots
(g-QDs), graphene nanoribbons (GNRs), graphene platelets and others different
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types of doped graphene materials has been synthesized/reduced by microwave
radiations [55, 62–64, 70–73]. The microwave assisted synthesis/reduced graphene
derivatives materials have different applications and specially it has been frequently
used for energy storage such supercapacitors and batteries etc. [65–69, 99].

2 Microwave Heating

Microwave heating is possible because of the microwave absorption tendency of
the materials. In the microwave oven electromagnetic radiations are obtained by the
device called magnetron. There are cavities in magnetron which size decides the
frequency of the resulting wave. These waves travel through the wave guide to the
chamber of the microwave oven. This enclosed chamber is made up the metal and
reflection of the waves as back and forth until it gets absorbed by the material. The
electric field interacts with the dipoles of the material and tries to flip the dipoles as
fast as the electromagnetic field is changing its phase. The heating mechanisms
behind the process is that in the presence of field dipoles of the molecules start
rotating with field and try to align themselves in direction of the applied field. That
means the microwave heating is the result of the dipolar and ionic polarization and
it provides a volumetric type of heating to the materials as it is arising simulta-
neously in whole part of material. The friction of the flipping dipoles also results
into the heat generation. Also it has been found that the microwave assisted syn-
thesis process can be achieved in one step that means it is simple and fast as
compared to the conventional synthesis methods [16, 18–20].

2.1 Microwave for Materials Processing

Microwave heating plays important role in the material processing and its inter-
actions depends upon the nature of materials (conducting, dielectric or semicon-
ducting). The microwave interactions occur at the molecular level of the materials
and it has been found that polarization plays the crucial role in the heating of the
materials. Mainly dipolar and ionic polarizations are involve in dielectric materials
[21]. Dielectric properties are mainly defined by using the complex permittivity and
loss tangent. Further these properties are dependent on numerous factors including
penetration depth. It is well known that the complex permittivity is defined as the
sum of the dielectric constant that is real part of permittivity and complex part of
permittivity

e� ¼ eþ ie0 ð1Þ

Here real part of the complex permittivity deals with the absorption of the
microwave radiation and imaginary part deals with the losses. Actually the thermal
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losses are the main cause of heating but both parts have some optimized value to
find desirable results. The other quantity is the loss tangent which defines the
dielectric properties.

tan ¼ e0=e ð2Þ

Dipoles of the materials tend to align them self in accordance with the applied
field. But at high frequencies, the flipping of the dipoles cannot match with vari-
ation in applied field and consequently there is a time lag between field and dipole
orientation. This time lag (relaxation) appears as dissipation of energy in form of
materials heating. It has been found that penetration of microwaves inside materials
decreases its energy. Penetration depth is defined as the distance from the surface of
the materials where the value of its energy decreased by 1/e times the starting value.

The expression for the penetration depth is given as

d ¼ ce�

2pf e0
ð3Þ

Here e� is the dielectric constant of free space, c is the capacitance of the material
and f is the frequency of electromagnetic field. It can be clearly seen from Eq. (3)
that penetration depth is directly proportional to the capacitance of the material and
inversely proportional to the frequency of the microwaves [16–19, 22, 23]. So the
uniform heating can only be achieved when the frequency and penetration depth
match with the thickness of the materials. If thicknesses of materials are very large
and frequency is not enough then only surface of the material got heated (not the
entire materials). Figure 1 shows the relation between dielectric loss factor and
power absorbed. Also, it can be seen that the materials with high dielectric loss
factor have penetration depth value approaches to zero. These kinds of materials are
metals which have high conductance but low capacitance (high dielectric loss
factor). These types of materials are actually reflectors of the microwave radiations
due to approximately zero penetration depth. Also materials which have very low
value of the dielectric loss factor have found to be transparent for the microwaves as
because of large penetration depth there is very small absorption of energy [24]. So
best suited materials for microwave heating are those which have dielectric loss
factor are in middle of conductivity range as shown in Fig. 1.

This is the basic assessment of the behavior of some materials because detail
analysis of materials processing is quite complex. Because properties like power
absorption, dielectric loss factors are further dependent on many factors such as
frequency, temp., size of material, mobility of the dipoles etc. so material behavior
can be change depending upon these factors. For example SiC has two different loss
factors at two different temperature (1.71 and 27.99 at room temp. and 695 °C
respectively) subjecting at same frequency 2.45 GHz [25].

In industry the microwave processing is used in many areas such as ceramic,
polymer and their composites processing.
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2.2 Microwave for Ceramic Processing

Microwave processing has extraordinary importance in case of the ceramic pro-
cessing specially in processing like sintering and chemical vapor infiltration
(CVI) because of low thermal conductive nature of these materials. This importance
is because of the fact that in case of conventional heating methods the ceramic
materials required a high temperature treatment to get sintered and for CVI. Due to
this reason, materials have a steep thermal gradient and outcome of this is stress in
the materials which is enough to cause a fracture. The thermal gradient sintering
process becomes tedious as fracture and stress results decrease in the density as well
compactness of the material. But in case of microwave heating, thermal gradient
process occurs in the reverse order (as materials are not heated by the surface) and
direct heating in entire material takes place due to the radiations [26]. Singh et al.
[27] synthesized the CeP2O7-phosphate composite using microwave heating in
5 min at 375 °C. There are considerable differences in the morphology as well;
microwaves prepared products are found to be more dense and compact. There are
other reports in which the microwave sintering results into the significant
improvement in the materials properties such as study of the microwave sintering of
alumina by Janney and Kimrey [28]. The alumina sintered using microwave heating
has a high density value as compared to the conventional heating. This enhanced
sintering capacity by microwave heating called as the “microwave effect”. It has
been found that material like SiC and MgO were also suitable for the microwave
heating but there are others ceramic materials which need a critical temperature for
absorbing the microwave radiations such as Al2O3 and Si3N4 [29]. Like sintering,
CVI are other processes employed in the ceramic-matrix composites processing in
which reactant gases are infiltrates into the preform and these vapors deposited on
the solid phase. Solid phase are deposit in the hotter area rapidly as the vapor
decomposition takes place easier in high temperature areas. This finding

Fig. 1 Relation between
power absorption with the
dielectric loss factor [16]
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demonstrates that non-uniform formation of composite can be avoid in CVI by
microwave heating [26]. The ceramic materials matrix mostly used to form the
composites with help of carbon materials. Morell et al. [30] and Ting et al. [31]
suggested microwave capacity to infiltration of the carbon preform and carbon/
carbon composites by using the microwave pulse power respectively. Ceramic
materials as a matrix element has been used for the sintering the several carbon
material. In composites formation, microwave heating is superior as compared to
conventional sintering because its contains drawback as non-uniform dispersion,
material damage and long duration of the processes [16].

2.3 Microwave for Polymer Processing

Polymer materials have low thermal conductivity so conventional heating cannot
provide the sufficient quality of the product. Dielectric behaviors are different in
both classes of polymers that are thermosetting and thermoplastic polymers. In case
of the thermosets polymers change in the structure cross linking also effect the
dielectric properties. It has been found that cross linking in polymer structure results
in the increase in viscosity and at the same time decrease in the liquid resins [32,
33]. Due to increase in viscosity, less interaction of microwave radiations appears
with the liquid resins affects the movement of dipoles due to decrease in dielectric
losses of the polymers. The dielectric behavior of the thermoplastics is slightly
similar to the ceramic material in which absorption of the microwave radiations
takes place after critical temperature. It has been also described that the thermo-
plastic polymer materials shows very less dielectric loss if it contains crystallinity
� 45% [32–36]. The enhancement in this behavior can be raised by introducing
some conducting filler which helps in improving absorption capacity of materials.
For composites of glass and aramid fibers the dielectric loss factor is strongly
dominated by the matrix material as these fibers have found be very less dielectric
losses. But in case of the carbon fiber composites, it was found that the dielectric
losses were dominated due to the carbon fiber as it has a good absorption capacity
toward microwave radiations [37]. Lee and Springer studied the effect of micro-
wave power on the fiber reinforced composites materials [38, 39].

The effect of microwave radiations in polymer processing are demonstrated by the
different research groups [40–42]. The reported studies reveal a conclusion that there
is significant decrease in the cure time in the polymer processing using the microwave
radiation as compared to the conventional heating. Also there are increases in the
mechanical strength of the material with increase in extent in curing when processed
with microwave radiations. The observation regarding the elastic properties has been
explained by Bai et al. [43] and Jordan et al. [42]. It has been found that carbon fiber
can act as aid to form strong resin composite. Due to high microwave absorption
tendency of carbon fiber it gets heated more readily than surroundings. Then it can
transfer its heat to the resins by conductionwhich leads to formation of the strong bond
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between carbon fiber and resin result into increase in strength of composite material.
Microwave heating have great potential for polymer and polymer composites and also
reduces other difficulties in conventional heating like thermal degradation,
non-uniform cure, stresses induced by process etc. [37, 44, 45].

3 Fundamentals of Microwave-Carbon Interactions

Initially microwave heating of materials was mainly limited to the liquid solutions
but now it has been found that electron rich carbon materials have good microwave
absorption capacity. This behavior is attributed because of the delocalized p elec-
tron from the sp2 hybridization of the carbon atom. Nowadays, microwave heating
is used in the synthesis of the carbon material and their derivatives (carbon nan-
otubes: CNTs, graphite, graphene, GO etc.) [46]. The mechanism behind the
heating of the carbon materials is depends upon the state of the subjected material
that whether it is liquid (dispersion in solvent) or solid. When carbon materials are
with liquid solvent (DMF, ethanol, water etc.), then dipolar and ionic polarizations
are main cause of heating during microwave irradiation. If the carbon materials are
in the solid form then mechanism is entirely different from the polar case as there is
no dipole’s movement which can cause heating of the materials. In case of the solid
carbon materials heating is due to delocalized p electrons which give the semi-
conducting behavior to the most of carbon based materials. When materials have
the charged particles then in the presence of the applied field, the charged particles
gets the kinetic energy and start moving with the applied field. The moving charge
particles have collision and these collision give rise to the heating of the materials.
This effect called as joules heating effect [21, 46, 47]. But in addition to this joules
heating effect in case of materials such as CNTs, graphene etc. have the delocalized
p electron and applied field presence moves the electron in the direction of the
applied field. In case of carbon materials, heating is also describes by interfacial
polarization which is called as Maxwell–Wagner–Sillar (MWS) [48, 49]. This type
of polarization is similar to the formation of the depletion layer in the p-n junction.
The separation of charges takes place at interfaces and boundaries of the material
and produce loss of energy in form of heat. In some cases, electrons get extra
energy and start jumping out of the regular path. Figure 2 shows the complete
mechanism of heating and their dependence on frequency. Figure 2a shows the
interaction mechanism in solution phase with microwaves and Fig. 2b represents
the possible mechanism for solid carbon materials interact with microwaves.
Figure 2c shows the total sum of losses as a function of frequency. In Fig. 2c, the
red line shows the combined loss due to the ionic and dipolar polarization. From
Fig. 2c, it can be seen that this is a type of polarization involves in heating also
dependent on frequency of the applied field. At high frequency the losses are
mainly due to the dipolar loss and at low frequency the loss is due to ionic
mechanism.
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It has been found that the graphene is good absorber of the microwave radiations
due to the presence of the free electrons. There are contradiction for MSW polar-
ization in case of carbon based materials. It was found that the MSW polarization
model is typically for the insulating materials and this type of polarization takes
place at very low frequencies in comparison to the commercial microwave
frequencies.

3.1 Microwave-Assisted Formation of Graphene Derivatives

Graphene is a good absorber of microwave as it has been demonstrated by the
several researchers. Microwave assisted synthesis of graphene give additional
advantages in comparison to conventional synthesis methods. Irradiation of
microwave on graphene derivatives (e.g. GO), removes the oxygen containing
function groups and exfoliates into high surface areas. There are many studies on
various materials synthesis and modifications for example Kong and Cha [51]
reported the microwave induced regeneration of NOx saturated char. The studied
has been performed at an input power of 300 W for 1 min processing time.
Menéndez et al. [52] described use of microwave radiation for the restoration of the
basic properties of activation carbon by the removal of the oxygen functional
groups. These recommend that properties of activated carbon can be changes by
adsorbing and removing of the function groups. Carrott et al. [53] explained the

Fig. 2 a Mechanism for the interaction of solutions with microwave radiation, b mechanism for
the microwave heating of solid carbon materials and c effective loss factor as a function of the
frequency and corresponding involves interaction mechanisms [46, 50]
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effect of temperature on activated carbon composition and texture above 800 °C. It
has been found that there was continuous increase in the carbon content. Dawei
et al. [54] suggested the remediation of the crude oil contaminated soil by using the
carbon fiber as microwave susceptor. Other microwave assisted synthesis has been
used for graphene derivatives such as CNTs, graphite oxide, rGO, g-QDs, graphene
nanoplatelets, GNRs other many type of doped graphene [55, 62–64, 70–73].

GO exfoliation using microwave radiations is very popular approach. It is a very
fast reduction route from GO to rGO and also very inexpensive method as com-
pared to other possible chemical or physical reduction processes. Zhu et al. [55]
used microwave radiations in the synthesis of rGO for the application of the ultra
supercapacitor. In this process, authors have treated GO powder in microwave
cavity in ambient conditions (700 W for 1 min). Considerable expansion in GO
powder has been seen with minimum power required for the synthesis was 280 W
and time can be selected upon mass of sample [55]. Yan et al. [56] obtained
water-soluble glucose rGO by reacting graphite oxide in an alkaline
microwave-assisted environment for several hours. Imholt et al. [57] reported
temperature dependence microwave radiations interaction reaction with CNTs.
HiPco-generated SWCNTs showed strong microwave absorption at microwave
irradiation of 2.45 GHz, 700 W. Lin et al. [58] reported analysis of thermal sta-
bility, mechanical property, and electrical property of CNTs which were treated
under microwave irradiation for 3 min. The structural properties of CNTs
im-proved and it has been confirmed by decreasing the D/G ratio of Raman spectra
for CNTs. There are numerous reports which include the microwave irradiations for
the graphene and CNTs synthesis. Wang et al. [59] reported microwave assisted
synthesis of carbon dots from GO and it was found that microwave assisted syn-
thesis was very suitable as compared to other methods. Table 1 shows the reports
on microwaves assisted synthesis of the graphene derivatives.

3.2 Microwave-Assisted Synthesis: Uniform Formation
of Graphene Derivatives

Due to good microwave absorption capacity of carbon materials [61] researchers
are using this approach to synthesized carbon containing composites materials. The
rGO is found to be a good matrix element for different composite formations. When
rGO are heated with microwaves then due to more microwave absorption its surface
gets more heated in comparison to the surroundings. This leads to heterogeneous
nucleation and consequently composite materials are uniformly distributed on the
surface of rGO [76, 77]. This microwave assisted synthesis method not only gives a
uniform formation but also interaction between the matrix and nanoparticles are
very strong. It is an advantage of microwave assisted synthesis method over the
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conventional synthesis approach in which it is necessary to add a linker chemical
agent for the strong interactions. Park et al. investigated synthesis using microwave
assisted hydrothermal method and find the uniform distribution of the Co3O4 on the
surface of rGO as shown in Fig. 3a [76]. Also, Chen et al. [78] synthesized NiO/
rGO composite using microwave irradiations. Figure 3b shows the HRTEM image
of homogeneous distribution of the NiO nanoparticles on the surface of rGO sheets
and the sized of NiO nanoparticles varying from 20 to 50 nm. Authors have
explained uniform distribution on the basis of defects on graphene sheets due to
thermal treatment of GO for obtaining graphene. These defects can act as a
anchoring sites for Ni+2 results into the uniform attachment of the NiO on the
surface of the graphene sheet [78].

Siamaki et al. [77] reported uniform distribution of the Pd nanoparticles on the
graphene sheets using microwave heating. The phenomenon behind the uniform
distribution of the Pd nanoparticles is heterogeneous nucleation growth. Liao et al.
[79] synthesized uniform distribution of Pt nanoparticles on the rGO sheets.
Authors have studied the effect of the timing of microwave irradiations on the size
and distribution of the nanoparticles. It was found that 5 min irradiations time was
suitable for uniform distribution of the nanoparticles. As the time duration of the
irradiation increases, the nanoparticle size increases to average value of 4.56 nm
and considerable agglomeration of the nanoparticles occurs. Figure 4 showed the
TEM images of Pt/GO at different time duration of microwave heating. It suggest
that time duration of irradiation depends upon desired product features. Li et al. [80]
synthesized the composite of Pt/rGO formed by the microwave assisted synthesis,
which shows uniform distribution of Pt nanoparticles on the graphene sheets.

Fig. 3 a Uniform distribution of the CO3O4 on the surfaces of rGO [76], b HRTEM image of NiO
nanoparticles distribution on the surface of rGO [78]
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Fig. 4 Effect of irradiation timing on the particle size distribution and particle size of Pt/GO
(inserted HRTEM images with 5-nm scale bar); a for 5 min, b 10 min; c 20 min [79]
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4 Microwave-Assisted Modification of Graphene
Derivatives

4.1 Microwave-Assisted Exfoliation: Highly Porous
Structure of Graphene Derivatives

As we know that the graphene derivatives have been used in many application as
supercapacitor, Li-ion batteries, sensors [65–69, 81] and for these applications the
surface area of the materials are very important to enhance their capacity. Porous
structures of the composites have significant contribution to increase the surface
area of material. There are countless reports which show that the microwave
assisted synthesis approach can give rise to the porous surface area of the products.
Amiri et al. [82] fabricated the single or few layer graphene by using microwave
heating (700 W for 20 min). In this work they did the functionalization of graphite
in the ethylene glycol (EG) and then thermally treat it to get the pure graphene.
The BET surface area of the synthesized pure graphene was 1559 m2/g. It has been
found that microwave heating provide the reaction kinetics between the ethylene
glycol EG and graphite layers. In the presence of microwave heating the elec-
trophilic reactions can be carried out more prominently which result into the
functionalized graphite with no aggregation. It has been found that due to complete
removal of functional groups in thermally treated graphene, it has higher adsorption
for N2 which means large surface area. Chemically-assisted Exfoliated graphene
(CE-Gr) have less surface area as shown in Fig. 5 [82].

Li et al. [83] developed the sandwich-like porous Al2O3/rGO nanosheets
anchored with NiO nanoparticles for application of anode materials for lithium-ion
batteries. The material was synthesized using microwave heating at 150 °C for
3 min. N2 adsorption-desorption study showed that the pore nature of material was

Fig. 5 N2-adsorption/desorption of the CE-GR and T-GR [83]
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mesoporous with the average diameter of the pores is 3.806 nm. Porous nature of
the material can also be signifying by the SEM image of the composite as shown in
Fig. 6. Kumar et al. [84] also synthesized palladium nanoparticles intercalated
nitrogen doped rGO (NrGO) using microwave method. This treatment gives rise to
the partial reduction of GO as well as production of N-doped GO. Then doping of
Pd is done by using palladium (II) acetate (Pd(OAc)2). The N-doped rGO and (Pd
(OAc)2) was mixed and mixture is again treated at 900 W for 1 min under
microwave irradiations. The BET surface area of rGO and Pd-NrGO was 439 and
63 m2 g−1 respectively. The pore size distribution of the material is in between
2–20 nm for the rGO and 3–90 nm for the Pd/N-rGO hybrid. This material has
great affinity for the use of electrocatalytic activity in direct-ethanol fuel cells due to
higher active surface area. It suggest that microwave assisted synthesis processes
have potential to develop the porous microstructure of the materials [84].

4.2 Microwave-Assisted Reduction: Easily Removal
of Oxygen Containing Functional Group
from Graphene Derivatives Surfaces

Out of several possible methods of graphene formation the chemical synthesis
method is efficient. But disadvantage of this method is that complete removal of the
functional group is not possible. Nowadays, microwave irradiations are used for
removal of the functional groups from the GO surface. It was found that graphene
obtained by using microwave methods are comparatively pure and not contains
large amount of functional groups. Microwave radiations are capable for producing
the large heat in the layers of the graphite oxide which result into the exfoliation of
layers and functional groups are removed in the form of gases. Voiry et al. [85]
developed the pure graphene from the GO by using the microwave radiations. In
this work GO was synthesized by using the modified Hummer’s method and then

Fig. 6 SEM images of sandwich-like porous NiO-Al2O3/rGO nanocomposites [83]
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treated with microwave radiations for 1–2 min at 1000 W. Figure 7 shows the
Raman spectroscopy and TEM analysis of rGO obtained microwave method Raman
spectroscopy results showed the presence of D band is negligible (Fig. 7a). The
microstructure of the rGO showed that structure of the graphene layers is highly
ordered (Fig. 7b) [85]. There are other reports which shows the successful removal
of the oxygen functional groups from the GO surfaces [86, 87].

5 Quality and Functionality of Graphene Derivatives

Quality of the prepared graphene is very important as it affects the properties of
material such as mobility of charge carrier, conductivity, transparency etc. The use of
low quality graphene shows the degradation of performance in applications. It is well
known that there are various methods for the synthesis of graphene but suitable
synthesis method is CVD. In CVD, the thermal heating induced the defects in the
graphene layers, however microwave heating is found to be suitable to synthesize the
good quality graphene with fewer defects as compared to other methods. Leng et al.
[88] synthesized graphene using expandable graphite by microwave irradiation. The
advantages of this method are the short time process and resulting good quality of
graphene. TheRaman spectroscopy gives the assurance for the quality of the graphene
and the ratio of the intensity of D to G band was about 0.14 which shows good quality
of graphene. Also, there are others research work support the strong evidence that the
microwave irradiation is an efficient method for producing high quality graphene.

Functionalization of graphene with different functional groups is a challenge due
to its low dispersion. It is important to functionalize the graphene for improving its
processability and to make its use in various chemical engineering processes.
Graphite oxide is found to be a good option for obtaining a functionalized gra-
phene. Melucci et al. [89] carried out the covalent functionalizations of the GO by

Fig. 7 a Raman spectrum of the MW-rGO with other graphene sample. The MW-rGO sample
spectrum is showing a close resemblance with the CVD synthesized graphene. b High-resolution
transmission electron microscopy (HR-TEM) of MW-rGO nanosheets (a) blue arrow is showing
presence of oxygen functional group and red arrow is showing presence of hole, (b) trilayer,
(c) highly ordered graphene layers
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employing the microwave irradiations. In this research work, the covalent func-
tionalizations of GO was done with the optically active quaterthiophene molecules
(T4) using microwave radiations in microwave oven for 40 min at 80 °C (100 W).
It was found that the synthesis method is efficient as the graphite oxide microwave
absorption capacity was advantageous for increasing the reaction rates. Sulleiro
et al. produced solvent free and less time consuming method for the functional-
izations of graphene using microwave approach. This work involved the covalent
functionalizations of few layer graphene with arynes by cycloaddition reaction of
the arynes with the few layer graphene. The studied shows that effect of microwave
radiations for 5 cycle addition of 200 W in each cycle to achieve 250 °C. It was
found that 5 cycle method developed the sufficient amount of the functionalized
graphene with adequate value of ID/IG ratio [90]. Phosphate functionalized GO has
been used for the synthesis of DHPM (3,4-dihydropyrimidin-2(1H)-ones) and
DAPM (4,6-diarylpyrimidinones) molecules using microwave radiations in a report
by Achary et al. [91]. It was found that in comparison to the GO and graphite the
phosphate functionalized graphene has a good catalytic activity for the formation of
the DHPM and DAPM with a yield of 94%. Supercapacitors electrode materials can
be efficiently prepared by using the microwave radiation as reported by Huang et al.
[92]. The functionalized graphene on the Ni foam for the supercapacitors electrode
material gives high specific capacitance of 265 Fg−1 at the current density of
1 Ag−1. The modification of graphene with amido group of the chitosan (CS) by
using a microwave irradiation is reported by Hu et al. [93]. It was found that
composite of GNS-CS shows good electrorheological (ER) properties.

6 Modification of Graphene Derivatives with Metal/Metal
Oxide and Semiconducting Oxide for Formation
of Hybrids/Composites

There are many reports on composites formation using graphene and its derivatives
with metal/metal oxides. These composites are being used in different research areas
such as energy storage (lithium ion batteries, supercapacitors), photocatalytic, sen-
sors and many other applications. Here we have described different composite for-
mation with help of graphene and its derivatives with metal/metal oxide which has
been synthesized using microwave irradiations for different application purposes.

6.1 GO/rGO-Co3O4 Composite

The synthesis of composite of rGO and Co3O4 has been reported by several
research groups. Park et al. [76] reported synthesis of Co3O4-rGO nanocomposite
by microwave assisted hydrothermal synthesis. These composites materials have
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been used in Li-ion batteries applications. For the formation of Co3O4-GO
nanocomposite, authors have used Co(C2H3O2)2(H2O)4 as Co3O4 precursor and
GO was simultaneously reduced in the reaction mixture in the presence of NaOH.
The GO and Co(C2H3O2)2(H2O)4 were mixed in 2:1 with varying the concentration
of the Co(C2H3O2)2(H2O)4 in 10 ml of NaOH. Then mixture is kept at 200 °C
under microwave irradiation at a power of 1600 W for 30 min. This method is
comparatively simple and it was found that large microwave absorption capacity of
the carbon materials was also help in the uniform distribution of the nanoparticles
on the surface of the rGO. Variation of discharge capacity of the electrode with
loading content of the Co3O4 nanoparticles has been studied and it shows high
potential application in the Li-ion batteries. Yan et al. [94] suggested microwave
assisted hydrothermal synthesis of graphene-Co3O4 composite for the application of
supercapacitors. The synthesized composite materials contain good cyclic life with
specific capacitance of 243.2 Fg−1 at a scan rate of 10 mVS−1.

6.2 GO/rGO-NiO Composites

Other kinds of composites materials have been also synthesized using rGO with
NiO. Chen et al. [78] reported synthesis of rGO-NiO composites for the application
of the supercapacitor. The used method for composite formation was rGO mixed
with aqueous solution of Ni(NO3)2, loaded into autoclave and heated at 180 °C for
24 h. The product was dried at 30 °C an irradiated with microwave at 1000 W for
2 min in ambient condition. The synthesized rGO-NiO composite retains specific
capacitance of 617 Fg−1 at current density of 1 Ag−1. There is another report by Li
et al. [83] on same material for the use of anode electrode material in lithium-ion
batteries. In this work authors have synthesized sandwich-like porous Al2O3/rGO
nanosheets anchoring NiO nanocomposite. Zito et al. [95] prepared rGO-NiO
composite of different morphology for the use of methanol sensing. The microwave
conditions used in this study were 800 W at 140 °C for 1 h. The morphology study
shows that hierarchical flower-like NiO structure was preserved after the formation
of the assembled composite.

6.3 GO/rGO-CuO Composites

There are many reports on the synthesis of rGO/CuO due to its various applications.
The arises interest is because of the low cost of these transition metal oxide like
CuO, NiO, Co3O4 etc. The main applications of rGO-NiO composite are in the area
of Li ion batteries, supercapacitors and sensing. Ragavan et al. [96] reported
comparison of two different process that were conventional heating and microwave
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heating. Microwave heating shows fast process completed in only 20 min, however
conventional heating takes long time (2 h). This is because of the dielectric heating
in case of microwave irradiations. This composite shows a good peroxidase activity
which results were 12 time increase in the CL (chemiluminescence) signal. Tian
et al. [97] synthesized the composite of the CuO/S-doped graphene and process
followed for the synthesis was microwave assisted solvothermal synthesis method.
In this research work, microwave irradiations also simultaneously used for the
reduction and sulfur doping inside. It was found that sulfur doping (2.17 at.%) was
significant as comparison to others reported works. Wang et al. [98] reported one
pot synthesis of the CuO/rGO composite using microwave assisted hydrothermal
synthesis. The strong coupling of CuO with rGO shows good humidity sensing.
Several research reports has been published on graphene/rGO-CuO/Cu2O com-
posites using microwave irradiation which are listed in Table 2.

Table 2 Formation of graphene/rGO-CuO/Cu2O composites using microwave for different
applications

Materials Composite morphology/
structure

Microwave
conditions

Results and
applications

References

Graphene-CuO Quasi-spherical CuO
nanoparticles embedded
on graphene sheets with
30–50 nm in size

300 W for
20 min

For the detection
of Bisphenol-A

[96]

S-doped
graphene-CuO

CuO uniformally
dispersed on SG
(s-doped graphene)
sheets

800 W for
15 min for SG,
800 W for
10 min CuO/
SG

Nonenzymatic
glucose sensing

[97]

rGO-CuO Urchinlike CuO with
flakes of rGO

150 °C for
30 min

Humidity-sensing [98]

Graphene-CuO/
Cu2O

Hollow nanosphere CuO
and Cu2O decorated on
the graphene sheet

500 W for
10 min

Anode material
for lithium-ion
battery

[99]

Graphene-CuO Leaf like CuO on the
graphene sheet

400 W for
10 min at
100 °C

Lithium ion
batteries

[81]

rGO-CuO Rambutan-like 3D CuO
on the rGO sheets

130 °C for
10 min with
stirring at
1000 ppm

Non-enzymatic
glucose detection

[100]

GQDs-CuO
nanoneedles

GQDs/CuO
nanocomposites has a
spindle-shaped structure
of 80 ± 10 nm in length
and 16 ± 5 nm in width

200 °C for
8 min at
800 W

For the sensing of
the H2O2 and
glucose

[101]
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6.4 GO/rGO-Pd Composites

The GO/rGO-Pd composites are mostly used in the applications of electro-oxidation
of the methanol, ethanol, formic acid and catalyst in the carbon-carbon cross
coupling reactions. Because of these various application areas, researchers are
synthesizing these composites by using different methods. Microwave assisted
synthesis is a promising method for the development of GO/rGO-Pd composites.
Siamaki et al. [77] synthesized Pd nanoparticles supported on graphene surfaces by
using microwave irradiations. Microwave irradiation produces uniform and small
size of the Pd nanoparticles (7–9 nm) on the graphene sheets. Due to this high
degree of dispersion and concentration of Pd nanoparticles on graphene sheets
shows high catalyst reactivity toward Suzuki cross coupling. Zhang et al. [102] also
employed the microwave irradiations for GO/rGO-Pd composite synthesis and used
it for application of the electrocatalytic oxidation of methanol. The loading level
and distribution was controlled by using the choice of initial materials and
microwave irradiation timing. The experimental observation showed that the con-
version of graphite oxide to rGO was possible within 1 min. There are others
reports on Pd-graphene composite and demonstrate the use for the oxidation of the
different acid and alcohol like formic acid [103], ethanol [104], ethanol glycol
[105]. Goswami et al. [106] synthesized rGO decorated by Pt and Pd nanoparticles
by using microwave irradiations. These composites are further used for the appli-
cations in dehalogenation reactions and reduction of Olefins. The nanoparticles
have core shell type of structure for both Pd and Pt nanoparticles. Kumar et al. [84]
demonstrated the use of the Pd nanoparticles composites with the nitrogen doped
rGO for the electrocatalytic activity in direct ethanol fuel cell. In this work pyridine
is used for the nitrogen doping in rGO and structure of the final material was found
to be porous which results into the high surface area. The size of Pd nanoparticles is
mostly less than <200 nm.

6.5 GO/rGO-Pt Composites

The uses of Pt nanoparticles in composite formations are limited due to high cost of
the material. Still there are some research reports on synthesis of Pt composite with
rGO. Liao et al. [79] prepared composite of Pt/graphene using polyol as a solvent
by microwave irradiation. It has been found that the microwave irradiation give rise
to fast growth result and uniform small size distribution of the Pt nanoparticles. This
composite offer a high electrocatalytic activity due to large electrochemical active
surface area (85.71 m2 g−1) and Pt inter connecting clusters. Li et al. [80] have also
used microwave synthesis method to evaluate the product catalytic activity for the
formic acid. The morphological study of the material showed that Pt nano-dendrites
were nearly spherical shape with the size of 5–7 nm. The performance of the
composite materials also depends upon the concentration of the raw material. There
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are other reports which prepared the Pt/rGO composite for the application of the
electrocatalyst for the methanol oxidation [107–109].

6.6 GO/rGO-Ag Composites

The microwave irradiation has been also for synthesis of rGO-Ag composites for
many applications. Liu et al. [110] synthesized rGO-Ag composite using micro-
wave heating for the detection of H2O2 as it has good catalytic activity toward
reduction of H2O2. In this synthesis process, AgNO3 and GO were sonicated
together for two minutes than treated with microwave irradiation (2 min, 750 W).
Response time of the material sensor was found to be very fast and it was less than
2 s with a detection limit of 0.5 lM. Li et al. [111] developed microwave assisted
synthesis for Ag nanoparticles decorated rGO sheets. The reduction of GO takes
place by using the solvent ethanol and morphology study reveals that Ag
nanoparticles are uniformly distributed on the rGO sheets with exhibiting strong
interactions. It was found that photocatalytic activity of rGO-Ag composite was
significantly affected by the microwave cycle time. Hsu et al. [112] reported for-
mation of rGO-Ag composite using microwave heating and L-arginine acting as a
reducing agent. It has been found that size of Ag nanoparticle can be changed by
varying the number of microwave cycle as it was found to increase with increase in
number of cycles. Microwave irradiation cycle was effecting the size of the Ag
nanoparticles. Raman intensity was increases by increasing the size of the Ag
nanoparticles. Meng et al. [113] developed flower like ZnO/rGO/Ag micro/
nano-composite with enhanced photocatalytic properties. The synthesis process was
carried using low power microwave heating (120 W) at 100 °C for 30 min. Ag
nanoparticles and rGO were deposited on ZnO sheets which were main cause of
enhanced catalytic properties because ZnO provide a feasible charge transfer to Ag
and rGO. There are some other reports on the microwave assisted synthesis of
rGO-Ag composite which are used for different applications such as HT22 neuronal
cell [114] and for efficient removal of organic dyes under UV and visible-light
irradiation [115].

6.7 GO/rGO-TiO2 Composites

rGO/TiO2 composite for the application of photocatalytic reduction of the Cr(VI) is
described by Liu et al. [116]. In this work authors have prepared TiO2 separately
using different chemical. And then GO and TiO2 suspension was prepared in the
distilled water and treated with microwave heating (150 W for 10 min). The
structure of TiO2 was spherical nanoparticles and it was decorated on rGO sheets.
The morphological study showed that rGO was providing the connection between
the TiO2 nanoparticles. rGO sheets also increases the distance between the two
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neighboring nanoparticles by intercalation and which result in increased separation
in photogenerated carriers. This separation leads to increase in the photocatalytic
activity. There is another report on the photocatalytic application of rGO-TiO2

composite which is developed by using microwave heating [117]. Kumar et al.
[117] reported an in situ process in which reduction of GO and composite formation
was taking place at same time. Photocatalytic activity of composite was much
greater than the pure TiO2 due to presence of rGO which makes carrier transfer
easy. Liu et al. [118] tried to enhance the photocatalytic property of ZnO/rGO with
composite formation of ZnO/TiO2/rGO. These composites were synthesized by
using microwave heating at 150 °C with microwave irradiation power of 150 W for
10 min. The photocatalytic activity of composite was dependent on the content of
TiO2 as its presence increase the light absorption and reduction of photoelectron-
hole pair recombination in ZnO. These microwave synthesized TiO2/rGO com-
posites are also used in the supercapacitor application. Ramadoss et al. [119]
synthesized hybrid structure of rGO-TiO2 composite for electrochemical
supercapacitors.

6.8 GO/rGO-ZnO Composites

Microwave facile synthesis process also reported for the formation of GO/rGO-ZnO
composites. Lv et al. [120] synthesized ZnO-rGO hybrid composites using
microwave method for the application of photocatalytic degradation of the
methylene blue. The Zn(NO3)2 was used for the ZnO source and reduction of GO
occurs under 30 min autoclave microwave system at 100 °C. The hexagonal ZnO
nanorods were densely distributed on the rGO sheets and synthesized composite
contains 88% degradation efficiency with 1.1 wt% of rGO composition [120]. Lv
et al. [121] also prepared composite of ZnO/rGO/CNTs for the use of degradation
of methylene blue using microwave process and synthesized composite shows 96%
degradation efficiency due to presence of CNTs. The CNTs was incorporated in
between rGO and ZnO hexagonal nanorods and that was the main cause of
increasing efficiency [121]. Herring et al. [122] also synthesized ZnO/rGO com-
posite using microwave radiations with different procedure. The microwave irra-
diations were incident on zinc acetate and GO suspension in the presence of oleic
acid and oleylamine. Work also includes the study of different time duration and
powers of microwave irradiation as it was found to affect the morphology of the
ZnO nanoparticles. ZnO nanoparticles size increased with increase intime of
heating without changing the morphology but power of microwave considerably
effects the morphology. At low power irradiation (below 600 W) flower like ZnO
nanoparticles were formed and at higher power irradiation (1000 W) stable
hexagonal pyramidal shape ZnO nanoparticles were formed. Figure 8 shows the
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effect of microwave power on the structure of the material. These observations
conclude that the degree of heating should be carefully selected for the synthesis.

The enhanced transfer of the photogenerated electrons in the conduction band of
ZnO to graphene is the main reason for good photocatalysts activity for the
degradation of the MG (malachite green) dye in water [122]. There are other
reported works on formation of rGO-ZnO composite using microwave irradiations
which are given in Table 3.

Fig. 8 Effect of microwave power on the structure of the material; a 600 W (209 °C), b 700 W
(220 °C), c 800 W (227 °C), and d 1000 W (250 °C) [122]
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6.9 GO/rGO-MoS2 Composites

GO/rGO-MoS2 composite have different applications like battery, photocatalytic
degradation, hydro desulfurization etc. [127–131]. Firmiano et al. [127] established
a method for crystallization of MoS2 on the surface on GO. The layered structure of
MoS2 on GO was prepared using modification of sol-gel method. The reduction of
GO occurs without using any additional reducing agent and also due to localized
heating effect on GO surface give rise to strong interaction between GO and MoS2.
These 2D materials showed a high potential for hydrogen evolution reaction (HER).
Firmiano et al. [128] used the microwave fabricated 2D composites for the
supercapacitor electrode material. Qin et al. [129] synthesized rGO-MoS2 com-
posite using microwave heating. The microwave heat treatment was done at 160 °C
with microwave irradiation power of 100 W for 10 min. Effect of loading of rGO
with MoS2 on the cycling capacity and performance as an anode material for
sodium ion battery has been studied. Composite exhibited high reversible capacity
that was after 50 cycles still give a performance of 305 mAh g−1 at a current
density of 100 mA g−1. Li et al. [130] prepared rGO/MoS2 composite with same
process and used for the application of visible-light photocatalytic degradation of
methylene blue. It showed 99% degradation rate under visible light for 60 min with
the composition of 5% of rGO. Liu et al. [131] fabricated graphene-MoS2 com-
posites for application of hydrodesulfurization and it was found that the material
has more COS (carbonyl sulfide) hydrogenation capacity than the conventionally
synthesized product. It was found that the MoS2 nanoparticles were uniformly
distributed on the sheets of graphene result into the high active surface area for the
hydrodesulfurization. This uniform formation was due to the unique microwave
absorption of graphene. This reported work showed that graphene can act as good

Table 3 Formation of rGO-ZnO composites using microwave irradiation for different application

Materials Composite structure and
morphology

Microwave
conditions

Results and applications References

rGO-ZnO ZnO nanocrystals are
anchored onto the
wrinkly rGO sheets

300 W for
10 min

Photoactivity for the
decolorization of dyes
under visible light

[123]

rGO-ZnO ZnO nanorods apparently
originate from a centre
forming flower-like
morphologies distributed
on the surface of rGO

Microwave
treatment
for 30 min

Adsorption-photocatalysis [124]

rGO-ZnO Flower like ZnO
nanoparticles are well
decked on graphene/GO
sheet

120 s at
450 W

Photodegradation of dyes [125]

rGO-ZnO Nanowires of ZnO were
decorated/anchored on
the surface of GO

450 W for
5 min

Photo degradation
brilliant blue

[126]
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catalyst for the nanoparticles microwave assisted synthesis. Youn et al. [132]
reported synthesis of rGO-MoS2 composites for the application of anode material in
Li-ion batteries.

7 Conclusions and Future Perspectives

It can be concluded from the above discussion that microwave irradiations play an
important role in many synthesis processes especially in the case of the carbon
based materials. The conclusion of the chapter is that the microwave radiations have
a great potential in the carbon based material synthesis processes. Many microwave
synthesized materials are further successfully implemented for various applications.
The features of the microwave synthesized products are due to its unique heating
principles. The implemented applications areas show that the materials have great
efficiency for the respected used applications. The microwave radiations gives the
advantages like short time processing, uniform heating, simple and solvent free
synthesis. The phenomenon of interacting microwave irradiations with carbon
materials is different from the other materials which contain the polar molecules. In
case of the carbon materials, the p-p electrons are the main cause of heating which
give rise to unique heating effect. This unique heating effect is favorable for the
material processing and functioning. The microwave heating overcome the many
drawbacks of the conventional methods of synthesis such as use of the toxic
materials, long processing time and non uniform heating due to heating phe-
nomenon of thermal conduction by the molecules. As in case of the microwave
heating the electromagnetic energy is directly converted into the heat give rise to the
uniform heating because of volume metric type of heating. In case of the graphene
synthesis this process improves the limitations of the other conventional synthesis
methods such as CVD. Conventionally CVD synthesis method used for the high
quality graphene but it is a high cost process and gives low yield. And other option
for large yield of graphene is chemical synthesis route that is from graphite oxide
which involves the use of the toxic reduction agent, long duration and low quality.
Use of microwave radiations for graphene synthesis play an important role as it is
found that microwave assisted synthesis is cost efficient, inexpensive as well as
maintain the high quality of the graphene. Using microwave assisted synthesis
process, carbon based materials and their composites synthesis can be done in a
single step especially conversion from graphite oxide to graphene and their com-
posites preparation. Also the graphene and its composite can be highly porous
nature which can give rise to enhancement in many properties specially in the
energy storage applications like supercapacitors, Li-ion batteries etc. Using
microwave radiations we can functionalize, modified the graphene with different
functional groups and dispersed it into different solvents due to special effect of
microwave radiations. It is found that functionalities and composite formation with
many nanoparticles appears uniform on the graphene sheet. This uniform distri-
bution is because of the unique heterogeneous reaction effect caused by large
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microwave absorption capacity of carbon based materials. In future, microwave
irradiations assisted synthesis processes must have the prominent role in the
development of the material processes due to its unique heating phenomenon.
Microwave processes provide an efficient way for the synthesis of graphene which
is very favorable for its future applications.
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Graphene Functionalizations on Copper
by Spectroscopic Techniques

Mehmet Gülcan, Ayşenur Aygün, Fatıma Almousa, Hakan Burhan,
Anish Khan and Fatih Şen

Abstract Graphene is a two-dimensional allotrope of the carbon element, which is
one of the most powerful materials of the 21st century. In order to facilitate the
processing of the graphene, solvent-supportedmethods such as rotation coating, layer
by layer assembly, and filtration are used. Single layer graphene prevents agglom-
eration of the material while reducing reactions occur. According to the studies in the
literature, the chemical functionalization of graphene is performed by covalent and
non-covalent modification techniques on substrate like copper. Besides, graphene can
be used in many material production areas, such as polymer nanocomposites, drug
delivery system, supercapacitor devices, solar cells, biosensors, andmemory devices.

Keywords Graphene � Functionalization � Copper � Spectroscopy

1 Introduction

Graphene, known as the most studied material to date, is defined as
two-dimensional sp2-hybridized carbon [1–39]. The carbon atoms of this single
atomic thickness, reminiscent of a honeycomb, have the characteristics of being the

M. Gülcan
Chemistry Department, Faculty of Science, Van Yüzüncü
Yıl University, Zeve Campus, 65080 Van, Turkey
e-mail: mehmetgulcan65@gmail.com

A. Aygün � F. Almousa � H. Burhan � F. Şen (&)
Sen Research Group, Department of Biochemistry, Dumlupinar University,
43100 Kütahya, Turkey
e-mail: fatihsen1980@gmail.com; fatih.sen@dpu.edu.tr

A. Khan
Chemistry Department, Faculty of Science, King Abdulaziz University,
P.O. Box 80203, Jeddah 21589, Saudi Arabia

A. Khan
Center of Excellence for Advanced Materials Research,
King Abdulaziz University, P.O. Box 80203, Jeddah 21589, Saudi Arabia

© Springer Nature Singapore Pte Ltd. 2019
A. Khan et al. (eds.), Graphene Functionalization Strategies,
Carbon Nanostructures, https://doi.org/10.1007/978-981-32-9057-0_13

313

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9057-0_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9057-0_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9057-0_13&amp;domain=pdf
mailto:mehmetgulcan65@gmail.com
mailto:fatihsen1980@gmail.com
mailto:fatih.sen@dpu.edu.tr
https://doi.org/10.1007/978-981-32-9057-0_13


thinnest, most powerful, and hardest material in the world which conducts heat with
electricity perfectly. This two-dimensional material is much more promising in
terms of application than other nanostructured and carbon-based materials [40].
After empirically demonstrating the electronic properties of graphene [41–84],
scientists have focused on the development of effective synthesis pathways of
graphene derivatives [85–148]. For instance, in the photocatalytic reduction of
graphite [74], chemical vapor deposition [9, 58, 71], chemical [94], electrochemical
[122], thermal [149] methods have been used for the preparation of graphene [86,
139, 146]. Single molecule detection and high carrier mobility are also very
important for graphene and its application. [10, 66, 81, 85, 98, 126, 134]. Graphene
and their applications in electronics, optical mechanics is also very important.
Spesifically, the ambipolar field effect [91, 137] includes superior mechanical
strength [21, 140], large surface area [79], high transparency [60, 136], and high
thermal conductivity [91]. Graphene which has exceptional properties, is used in
numerous areas, such as touch screens, batteries, sensors, capacitors, spintronic
devices, transparent conductive films, fuel cells, high-frequency circuits, and the
removal of toxic materials [1, 2, 3, 4, 7, 8, 11, 12, 15, 17, 18, 19, 20, 22, 23, 24, 25,
29, 30, 31, 32, 33, 34, 35, 36, 41, 42, 43, 44, 45, 46, 47, 48, 49, 56, 57, 59, 82, 87,
88, 90, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113,
114, 115, 116, 117, 118, 119, 120, 121, 132, 133, 141, 142, 143, 144, 145]. It has
been observed that graphene-based nanostructures functionalized with biomole-
cules can create new research areas, especially in the field of biotechnology [62, 96,
97]. Due to its ability to resist graphene, organic dye and quantum dot [28], and
rapid DNA sequencing [28, 73], it has a major role in the development of
fluorescent resonance energy transfer (FRET) biosensors. The application potential
has a wide graphene zero band gap and an inert chemical structure. The number of
studies on the functionalization and modification of the surface of graphene and
graphene derivatives with organic and inorganic reactions has increased day by day
[64]. For functional nano-electronic devices, prolonging the graphene band space
with doping, intercalation, and stripping are incredibly useful [55, 92]. The physical
and chemical properties of graphene are described in Sect. 2. In Sect. 3, the basic
approaches for the chemical functionalization of graphene are described in detail.
Finally, graphene on the copper substrate and the spectroscopic methods used for
this purpose are given in Sect. 4.

2 Physical and Chemical Properties of Graphene

Generally, graphene is a two-dimensional carbon allotrope, and each carbon atom is
bonded to another carbon atom by sp2 bonds. Monolayer graphene film thickness
[84] is measured in the range of 1–1.1.6 and 0.33 nm [49]. Graphene is an
incredibly strong material thanks to its 200 times more hardness than steel’s.
Graphene has a linear disintegration relationship at the Dirac point with zero-band
spaced semiconductor whereby essentially zero-effect mass occur [28, 62].
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Graphene has an electrical conductivity at room temperature of 7200 Sm−1

with *200,000 mobility cm2 Vs−1. Thermal conductivity values for single layer
graphene at room temperature were determined as (4.84 ± 0.44) � 103 to
(5.30 ± 0.48) � 103 W mK−1 [10]. Graphene with an aromatic structure with a
high-density electron cloud is easy to interact with spherical p electrons of orbitals
of organic molecules. Nucleophilic substitution is more difficult than [73] elec-
trophilic substitution of graphene. Specific reaction classes in which graphene may
be included are; cyclo-additions, carbene addition reactions and click reactions.
Reactions on graphene surfaces prevent the planar structure of graphene. Disruption
of the structure of sp2 causes loss of electrical conductivity. The chemical activity of
the geometrically stretched graphene lattice regions is explained by the easier
displacement of the electron density, which is higher than the other regions, from
the upper plane of the ring. Furthermore, the arm-chair edges of the graphene have
lower chemical reactivity than the zig-zag edges.

3 Chemical Functionalization of Graphene

The carbon family was limited to diamond and graphite, and nowadays these limits
have been developed by the discovery of materials such as fullerenes, 2D graphics,
and CNTs [92]. Graphene, one of the carbon-based materials, attracts great interest
from researchers due to its tremendous structural properties, morphological prop-
erties and its excellent performance in applications. Graphene surface modification
is a popular research area among scientists. In graphene applications, the func-
tionality and distribution of graphene layers are important. Solvent-assisted tech-
niques, such as rotation coating, layer assembly, and filtration are generally used for
the processing of functionalized graphene. To prevent agglomeration of monolayer
graphite and to reduce solvent phase by chemical functionality of graphene, natural
properties of graphene are preserved. Graphene oxide with the Hummer method is
used as the starting material for graphene synthesis [55, 94]. The surfaces of the
graphene oxide layers may alter the Van der Waals interactions depending on the
functional groups, such as hydroxyl, epoxide, diol, ketone, carboxyl and the like,
which provide solubility in water or other organic solvents [26, 27, 89, 94, 125].
The carboxyl and carbonyl groups are additionally present at the edges of the
graphene layers (Fig. 1) and make the GO layers hydrophilic. This facilitates the
spread of water [39, 69, 83, 128, 129]. Graphene is formed by thermal, chemical,
and photochemical reduction of graphene oxide. The surface modification of the
GO layers is performed covalently or non-covalently causing the process to col-
lapse without the use of any stabilizers [37]. Reduction of the alkylamine modified
graphene oxide in a characteristic organic solvent provides stable dispersions of the
functionalized graphene layers. It is possible to obtain water-dispersible graphene
layers by stimulating the sulfonate or carboxylic groups on the basal planes of the
graphene [14, 63, 124]. Direct expression studies of graphene which can be dis-
persed from natural graphite [51, 72, 77, 148] were carried out. Electrochemically,
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ionic fluid modified graphene is prepared using natural graffiti [74].
High-throughput synthesis methods for non-functional graphene are also reported
in the literature [77].

3.1 Covalent Modification

In covalent functionalization, the structural change is performed at the end and/or
surface of the graphene layers. The functionalization of the graphene surface is
related to the loss of electronic conjugation and redistribution of the carbon atom in
one or several sp2 configurations to the sp3 configuration [55]. Electrophilic addi-
tion, nucleophilic substitution, addition, and condensation are the four main
methods used for covalent modification of graphene. By using different modifying
agents, it is possible to vary the dispersibility and electrical conductivity of gra-
phene in different solvents [92].

3.2 Non-covalent Functionalization

The non-covalent interactions of the physical adsorption of molecules suitable for
the graphene surface require electrostatic forces and Van der Waals forces. Surface

Fig. 1 Variations of the Lerf-Klinowski model, uncertainty about the presence or absence of
carboxylic acids around the basal plane of graphene oxide platelets [27]
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modification of carbon-based nanomaterials is one of the known techniques for
non-covalent functionalization and is common for the surface modification of sp2

networks of carbon nanotubes [148]. According to the researches, the techniques
applied to the graphene can also be applied using different organic modifiers [92].

3.3 Stabilization in an Ionic Medium

The functionalized graphene greatly reduces the electrical conductivity by the use
of foreign stabilizer molecules. In order to prevent and maintain this reduction in
electrical conductivity, it is necessary to reduce the graphene oxide in the ionic
medium. In one study, the aqueous homogeneous suspension from chemically
converted graphene (CCG) with electric conductivity was successfully prepared
[93]. This method is based on dispersing the starting material of GO in water and
then adding the potassium hydroxide solution to the medium. Groups in GO layers,
such as reactive hydroxyl, carboxylic acid, and epoxy, can react with strong bases
such as potassium hydroxide to form a large negative charge. Thus, negative
charges and extensive coverage of the K+ ions and the graphene surface are
achieved. A homogeneous and long-term suspension is achieved by the addition of
hydrazine monohydrate to the potassium hydroxide treated graphene oxide. In a
recent study, stable aqueous colloids of graphene layers have been synthesized by a
research group using electrostatic stabilization of graphene [70]. Hydrazine
monohydrate is used to obtain an aqueous dispersion of graphene oxide. After the
reduction process, 0.5% ammonia solution is used to remove excess hydrazine in
the medium to produce the aqueous graphene dispersion. During this process, some
of the stabilizers such as surfactant and polymeric materials are used.

3.4 Direct Synthesis from Graphite

The synthesis of graphene by chemical methods is more advantageous than highly
oriented pyrolytic graphite (HOPG) and chemical vapor deposition (CVD) [58, 71].
A comparison of the CVD and HOPG processes with the chemical methods indi-
cated a decrease in the surface area of the graphene. However, electronic appli-
cation areas where a wide area of graphene is required should not be ignored.
Therefore, such efforts have been made to synthesize graphene with large areas of
direct graphite [52, 75, 148]. This method eliminates defects that may occur during
oxidation.
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4 Graphene Functionalizations on Copper

Graphene functionalizations on copper is an advantageous approach that can pro-
vide the covalent grafting technique, bandgap modulation, and simultaneous sig-
naling with intermolecular interactions [65, 131, 135]. Chemical vapor deposition
technique (CVD) is used for covalent grafting or functionalization. CVD is a
method for the activation of gaseous reactants containing a chemical reaction and a
stable solid on a substrate. Thermal, plasma-assisted or laser-assisted CVD sources,
such as energy, heat, light, and electrical discharges are required for the chemical
reaction. Precipitation may consist of two types of reactions; the first type of
reaction is homogeneous gas phase reactions occurring in the gas phase, the second
type of reaction is heterogeneous chemical reactions occurring on or near a heated
surface that causes the formation of powders or films. Precipitation may consist of
two types of reactions; the first is the homogeneous gas phase reaction and the
second is the heterogeneous chemical reactions. Figure 2 schematically illustrates
the working principle of CVD [80].

The Copper based CVD technique was used for high-quality graphene on a large
surface area [6, 61]. Transfer of another substrate, such as Si/SiO2 plates, with
copper etching/polymer supported methods [50] is very improtant to perform its
functionality and characterization. By this method, the procedure involves polymer,
active, and reactant residues and contamination due to solvent additives [6, 76,
138]. Fouling inhibits slightly the homogeneous functionalization of the surface or
the presence of high concentrations of contaminants, by preventing reaction on the
graphene surface. It is essential to perform the functionalization reactions directly

Fig. 2 Graphene shape of CH4/H2 mixtures. a Thermal CVD and b Plasma-supported diagrams of
CVD. 1. Transport of convection reactants 2. Thermal a plasma b activation. 3. Powder production
in graphene synthesis, control of kinetic parameters (P, T, n). 4.Adsorption of the reactants onto the
substrate surface. 5. Solubility and physical properties of a substrate by dissolution and bulk
diffusion. 6. The chemical catalytic reaction, surface activation, bonding, and heterogeneous surface
reactions 7. Superficial desorption from by-products. 8. Diffusion transport from the boundary layer
to the main gas flow from the by-products. 9. Carrying by by-products [61]
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on the copper, bypass the polymer-supported transfer, and achieve the synthesis and
functionalization step in the gas phase. A wet process is avoided, and production is
applied to a continuous line operation. Most of the graphene reactions placed on the
metal with CVD are performed on Si/SiO2 substrates which can be identified by
optical imaging and/or spectroscopy. It has been shown that the substrates on the
reactivity of graphene monolayer material have an essential role for covalent
functionalization due to their effect. Good functionalization can be obtained for
specific reaction conditions for a substrate [50].

4.1 Spectroscopic Techniques

Raman spectroscopy, surface-enhanced Raman spectroscopy (SERS), mass spec-
trometry (MS), X-ray diffraction (XRD), transmission electron microscopy (TEM),
X-ray spectroscopy (EDX) with energy distributor, X-ray photoelectron methods,
such as spectroscopy (XPS) and UV-visible spectroscopy are used to study the
functionalization of copper-substrate graphene. Descriptive information on these
methods is briefly described below.

4.1.1 Raman Spectroscopy

Raman spectroscopy analysis provides a structural and qualitative characterization
of graphene quickly and easily. According to the results of Raman analysis, there
are many defects in the graphene synthesized by the chemical oxidation-reduction
method, while the graphite and micromechanical division of graphite prepared by
CVD does not show any defects [92]. For Chemically reduced graphene, the
double-degenerate zone shows an approximate peak of 1576 cm−1 (G band) cor-
responding to the E2g mode. It relates to the vibration of sp2-bound carbon atoms in
a two-dimensional hexagonal cage. The 1326 cm−1 peak, known as the D band, is
characterized by the deterioration and errors of chemically reduced graphene layers.
However, the values of G-band 1580 cm−1 and 2D band 2700 cm−1 in the Raman
spectrum vary due to the fact that graphite and graphene were prepared by different
methods. In the Raman spectrometer of the graphene which has the disturbances,
the second line region border phonon, i.e. 2D band, is not seen [5]. Such phonons
cause a peak of about 1326 cm−1. However, there is no such D-band in the center of
the defect-free graphene. In Raman spectroscopy, the 2D band on the graphite is
composed of two peaks while the monolayer graphite shows only one peak and the
density of the monolayer graphene is lower than the graphene having more than one
layer. A high number of layers of graphene affects the G band density. It is
observed that the graphene with a high number of layers has a wider spaced and
upwardly sloping 2D band than the graphene with a low number of layers. Ferrari
et al. obtained Raman spectra to identify graphene up to five layers in the 514.5 and
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633.0 nm range. It has been shown that Raman results can distinguish graphene
from layers up to 5 layers of graphene [38, 138].

4.1.2 Surface Enhanced Raman Spectroscopy (SERS)

The introduction of Raman spectroscopy dates back 40 years. To date, many
developments were achieved in Raman spectroscopy. Raman analysis is used in
many fields such as electrochemistry, analytical chemistry, chemical physics, solid
state physics, biophysics, and medicine [16]. The Raman analysis using SERS
differs according to the other Raman spectroscopy results. The density of the bands
seen in the Raman analysis decreases with increasing vibration frequency. The C-H
extensions are relatively weak in SERS Raman analysis. Overtones and combina-
tion bands are not common. Selection rules are relaxed resulting in the appearance
of normally forbidden Raman modes in the surface spectra [61]. The products of
chemical derivatives of graphene are shown by SERS analysis. By this analysis
method, chemical functional groups are determined by the fact that the vaccinated
species show their specific bands. Thus, the composition of the monolayer mole-
cules at only one molecule level can be determined exactly. With this situation, the
critical problem of graphene functionalization analysis is solved [54, 61].

4.1.3 Mass Spectrometry (MS)

The mass spectrometry method is widely used to examine other materials including
graphite and graphene. Thermally programmed desorption-electron ionization
(TPD-EI) and superficial laser desorption ionization/flight time analyzer (SELDI)
methods are used. In the study, graphene materials functionalized on copper and Si/
SiO2 substrates were investigated. As a result of the analysis with two different
mass spectrometers, two different mass spectrometers are used to analyze the
functional graphene structure. First, the detection of [M–H]—ions by using SELDI
rather than TPD gives an idea about the non-covalent vaccination to result in
non-covalent adsorption. Second, the overreaction of electron-rich reagents and
diazonium vaccination can be accomplished by single-layer functionalization.
Third, the mass spectra of thermal decomposition products at certain temperatures is
the chemical transformation occurring on the graft surface. Finally, SELDI imaging
is monitored on very large areas that cannot be observed by other methods, typi-
cally in the presence of species [50].

4.1.4 X-Ray Diffraction (XRD)

In the XRD analysis, which is one of the characterization methods used to define
the graphene, graphite 2h = 26.6° (dspacing = 0.335 nm) shows a basal reflection
(002) peak. (dspacing = 0.79 nm) at a lower angle. Depending on functional oxygen
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formation in the interlayer layer of graphite and the intercalation of water mole-
cules, an increase in D spacing is observed. If the graphite oxide is poured into a
single graphene oxide layer, a straight line with no significant breaking peak is
obtained in the XRD pattern (Fig. 3). The XRD image of a single layer of graphene
oxide and monolayer graphene is the same suggesting that the periodic structure of
graphite is removed and passes to completely separate layers [146].

XRD is one of the characterization methods used to describe the graphene.
In XRD analysis, graphite 2h = 26.6° (dspacing = 0.335 nm) shows a basal reflection
(002) peak. The XRD result of the oxidized graphite changes to a lower angle at 002
reflectance peak 2h = 11.2° (dspacing = 0.79 nm) according to the XRD result of
intact graphite. An increase in dspacing was induced due to intercalation of oxygen
and water molecules in the intermediate layer of graphite. At the XRD level, the
formation of a refractive peak was obtained in order to pour the graphite oxide in a
single GO layer (Fig. 3). The XRD image of the single layer graphene is the same as
that of the single layer Graphene Oxide which suggests that the periodic structure of
the graphite has disappeared and passes into completely separate layers [146].

4.1.5 Transmission Electron Microscopy

In order to obtain information about the magnitude of the graphene samples, the
electron microscopy (TEM) was used. Hernandez et al. analyze the statistical data
by analyzing the TEM image of a large number of samples and by making sure that
the samples analyzed are similar. The presence of a single layer graphene structure

Fig. 3 X-ray diffraction patterns of pristine graphite, graphite oxide, and graphene [147]
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was obtained by visualization of transparent and stable graphene layers provided by
TEM analyzes. In order to obtain a cross-sectional view of the image on the
received images, the edges of the suspended image should always be folded
backward (Fig. 4a–f). Images of graphene layers of different sizes with
high-resolution TEM are obtained accurately [53, 95]. A folded graphene sheet is
locally parallel to the electron beam. For monolayer graphene, one layer is seen
only as a dark line [78]. The number of layers in the graph is equal to the number of
dark lines. A more precise definition of graphene can be made using the analysis of
small-area electron diffraction (SAED) models. The SAED pattern of single-layer
and two-layer graphene was successfully defined by Hernandez et al. [95]. TEM
images and SAED models of the monolayer and two-layer graphene are shown in
Fig. 4a–e. The SAED image of monolayer graphene (Fig. 4e) shows characteristic
six-fold graphene symmetry.

4.1.6 X-Ray Photoelectron Spectroscopy (XPS)

Qualitative description of X-ray photoelectron spectroscopy, analytical methods for
surface chemistry, and quantitative definition of the sample can also be made.
Comparison reaction is made by inserting two heteroatoms into the graphene cage:
XeF2 during the nucleophilic exchange of thiophenol and fluorine in the activation
of sulfur. In XPS analysis graphene clears the substrate atoms and spectra of carbon

Fig. 4 a–f TEM and HR-TEM image of graphene [53]

322 M. Gülcan et al.



well, and a more accurate quantitative measurement is made in the analysis of the
complex C1 complex. Approximately 80% of the fluorine with XPS analysis
remains with the used nucleophile. The nucleophile and substrate affect the reac-
tivity. In the thiol series which exhibits a decrease in the thio acetic acid > thio
phenol benzyl thiol sequence, the amount of fluorine is related to the acidity of the
sulfur nucleophile used. Unlike the Si/SiO2 substrate on the copper, the benzylthiol
reacts and proceeds further. Thioacetate substitution on Si/SiO2 causes copper foil
fragmentation and wear of the graphene monolayer. The ability to control the
substrate selection is considered to be an essential component in the adjustment of
the chemical reaction kinetics. Similarly to fluorine or sulfur, nitrogen is visible in
X-ray photoelectron spectroscopy. Diazonium double reactivity is a good example.
Because of the distortion that the substrate can cause in the XPS analysis, a thin
metallic film layer is used which prevents photoelectrons in the support substrate
for the transfer process [50].

4.1.7 UV-Visible Spectroscopy

UV-visible spectroscopy was used as an analytical method to determine graphene
formation and number of layers. Thanks to the UV-visible spectrum, the
two-dimensional graphene oxide layer and the monolayer graphene oxide layer

Fig. 5 UV permeability (T, %) UV visible absorption spectra of monolayer and bilayer graphene
measured at 550 nm; The peaks are matched with the maximum absorption value and the
maximum absorption wavelength [127]
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gave wavelength UV peaks at 262 nm. The transmission of high carbon sp2 carbons
from the chemically reduced graphene results in a decrease in transmittance. In their
study, Sun et al. determined that the monolayer graphene measured at the wave-
length of 550 nm showed 97.1% of transmittance. Linear development in ultravi-
olet absorption, the permeability of bimodal graphite (k = 550 nm) is 94.3%.
(Figure 5). Graphene has six layer thicknesses showing a transmittance of 83% at
the same wavelength [67, 68, 123, 127].

5 Conclusions

Generally, graphene and graphene based materials are the most powerful materials
of the last century and they have been used in many material production areas, such
as polymer nanocomposites, drug delivery system, supercapacitor devices, solar
cells, catalytic applications, biosensors, and memory devices. To facilitate the
processing of the graphene and graphene based materials, covalent and
non-covalent modification techniques have been used and these modifications were
analysed, identified by many spectroscopic techniques such as XRD, XPS, TEM,
TEM-EDX, Raman etc. As a future mark, the importance of the identification and
characterization of the graphene and graphene based materials after modifications
will be increasing day by day due to increasing application areas of them.
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Chemically Functionalized
Penta-Graphene for Electronic Device
Applications: Journey from Theoretical
Prediction to Practical Implementation

Kasturi Ghosh, Hafizur Rahaman and Partha Bhattacharyya

Abstract Penta-Graphene (PG), proposed in 2014 on the basis of theoretical
simulations, is a two dimensional (2D) metastable carbon allotrope composed of
carbon pentagons. PG is proposed to be synthesized by exfoliation from
T12-carbon by hydrogen intercalation. Theoretical calculations confirm that PG is
appreciably stable and can sustain the temperature as high as 1000 K. Unlike
graphene which needs to be functionalized for opening a band gap, PG is itself a
quasi-direct band gap semiconductor having a band gap of *3.25 eV. PG offers an
unusual negative Poisson’s ratio and very high mechanical strength exceeding than
that of graphene. According to prediction, successful synthesis of penta-graphene
may bring forth considerable makeover in future nano-electronics arena. However,
synthesis of PG is still a challenge. It is not only difficult to isolate PG from the
plethora of alternative isomers; it may rapidly restructure itself towards graphene in
the presence of even a trace amount of specific catalytic impurities. Though
unstable in its pure form, theoretical simulation shows suitable chemical func-
tionalization stabilizes the penta-graphene structure by partially releasing the strain,
which paves the path towards successful synthesis of penta-graphene considering
its functionalized state as the precursor. In this book chapter, the strikingly inter-
esting features/properties, procedure for predicting the characteristics through the-
oretical simulations, synthesis process, potential applications and critical
bottlenecks of functionalized penta-graphene have been comprehensively discussed
with special emphasis on its future prospects for next generation electronic device
applications. Mainly three types of chemical functionalizations have been consid-
ered employing (i) hydrogen, (ii) fluorine and (iii) oxygen. Improvement of stability
of functionalized PG, in terms of energy, lattice dynamics, mechanical and thermal
in comparison to that of pristine PG have been discussed. Underlying mechanism
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for the corresponding dramatic improvement in electronic, mechanical and thermal
properties of PG for the above mentioned functionalization(s) have also been dis-
cussed. Hydrogenation and fluorination of PG changes the Poisson’s ratio from
negative to positive and turns the PG from a semiconductor to an insulator. Thermal
conductivity of PG enhances dramatically on full hydrogenation. The three types of
functionalizations mentioned above, improve mechanical strength of PG by
enhancing the value of failure stress and failure strain. Chemical functionalizations
widen the application potentiality of PG. Improvement in thermal conductivity of
PG by partial functionalization facilitates its application in thermoelectric devices.
Band gap tailoring by judicious chemical functionalization lays the foundation
stone for future application of PG in the field of optoelectronic and photovoltaic
devices. Hydrogen adsorption remarkably enhances the magnetic moment of PG
which is useful for potential application in magnetic storage technology and next
generation spintronic nano-devices. However, the practical implementation (syn-
thesis and subsequent technology development to couple it successfully with device
fabrication) is still in nascent stage and the future research endeavor of the
researchers is inclined towards mitigating that bottleneck.

Keywords Penta-graphene � Chemical functionalization � Electronic property �
Mechanical property � Magnetic property � Optical property � Thermal property

1 Introduction

Carbon, the most important and major constituent of the cycles on the Earth, is also
an interesting and versatile element in the periodic table due to its enormous
flexibility in bonding characteristics. The vast and ever expanding family of carbon
allotropes, constructed with sp3, sp2 and sp hybridized orbitals, offer a wide range
of hierarchical nano-structures ranging from three dimensional (3D) to zero
dimensional (0D) variety (such as, diamond (3D), graphene (2D), nanotubes (1D)
and bucky balls (0D)) [1]. Such carbon allotropes are also be characterized with
diversified material properties (viz., the electronic property of Carbon allotropes can
vary drastically over the range; from metal to insulator). Graphene, constructed with
sp2 hybridized carbon atoms arranged in a hexagonal honeycomb lattice (2D), has
initiated a new era in nano-electronics due to its unprecedentedly advantageous
electronic properties. The great success of graphene has triggered the interest of the
researchers across the globe in exploring other 2D nanomaterials specially based on
carbon [2]. Since then, a number of low-dimensional carbon allotropes have been
proposed from theoretical consideration [3–5], among which Penta-Graphene
(PG) is one of the most remarkable one. Zhang et al. first identified penta-graphene
by simulation in 2014 [5]. It is a two dimensional metastable carbon allotrope and is
constructed from a mixture of sp2- and sp3 hybridized carbon atoms arranged in
pentagonal lattice which closely resembles to the well-known Cairo pentagonal
tiling. The key difference between PG and graphene is that graphene is zero band
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gap material whereas penta-graphene is a semiconductor with a finite band gap
of *3.25 eV [5]. Although experimental synthesis of PG is still a crucial chal-
lenge, some of its unique electronic, thermal, mechanical, magnetic and optical
features and their tunability through suitable functionalization (as predicted from
theoretical studies) projected this material as a potential candidate for applications
in nano-electronics and nano-mechanics for the coming era. Like graphene, PG can
also form nanoribbon and nanotube structure which are beyond the scope of this
chapter [6–9].

Prediction of either the existence of a material or the properties of a material
(theoretically proposed or already existing) can be decided from “Density func-
tional theory” (DFT) and “Molecular Dynamics” (MD) based calculations. DFT is
the most successful ab initio/ first principle calculation which is based on the
quantum mechanical description of the material and governed by the laws of
condensed matter physics [10–12]. The underlying principle is that “the total
energy of the system is a unique function of the electron density”. DFT calculations
are based on ‘Kohn–Sham (KS)’ method which is an independent particle method
for many-body electron problem. The framework of DFT is based on computing the
ground state energy and charge density of many body system of electron by solving
a set of Schrödinger like equations representing a fictitious but simplified system of
non-interacting electrons moving in an effective potential [11, 12]. “Effective
potential consists of external potential, Coulomb potential and Exchange-
correlation (XC) potential. The XC potential is a measure of the quantum
mechanical exchange and correlation of the particles” [13]. XC potential plays
critical role in DFT calculation. The ground state energy of the material is identified
from DFT calculation. “Ab initio Molecular Dynamics” (AIMD) simulation cal-
culate the dynamics for systems for which the interatomic forces are derived from
DFT based calculations.

The possibility of existence of penta-graphene and its properties were first
predicted by Zhang et al. with the help of DFT based AIMD simulations performed
using Vienna Ab initio Simulation Package (VASP) [14]. Interactions between ion
cores and valance electrons were treated with “Projector augmented wave”
(PAW) basis set [15]. Proper choice of “exchange-correlation” (XC) potential
function is important for predicting material properties using DFT based calcula-
tions. Zhang et al. [5] used “generalized gradient approximation” (GGA) with
‘Perdew–Burke–Ernzerhof’ XC potential for most of the calculations. Since,
electronic band structure calculations demand high precision, Zhang et al. [5] used
‘hybrid Heyd–Scuseria–Ernzerhof’ (HSE06) XC potential [17] only for calculation
of electronic band structure of penta-graphene. ‘Phonopy package’ was used to
determine phonon properties of PG using finite displacement method.

It is well established that electronic, magnetic, optical and mechanical properties
of graphene can be tuned effectively by chemical functionalization [18, 19]. This
triggered the curiosity among the researchers to find a way of tuning of various
properties of PG through chemical functionalization. Although, penta-graphene is
proposed very recently and its research is in very nascent stage, it is found that
chemical functionalization will significantly widen the application of PG in
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electronic devices. Bonding characteristics (transformation from sp2 to sp3, change
of bond length, angle etc.), electronic and phonon band structure of PG change
upon chemical functionalization which is reflected in electronic, thermal,
mechanical, optical and magnetic properties of the same. Thus, the properties of PG
can be tuned for suitable electronic device application employing judicious
chemical functionalizations. The property of PG can also be changed by doping
which is out of scope of this book chapter [20–22].

2 Structure and Properties of PG

Penta-graphene was first theoretically proposed by Zhang et al. in 2014 by exfo-
liation of single layer from T12-carbon, whose existence is also recently predicted
from DFT based calculations [5]. PG shows tetragonal lattice structure with six
carbon atoms per unit cell having optimized lattice parameters; a = b = 3.64 Å.
The carbon atoms in PG shows two types of hybridization viz. sp3 and sp2 which
are customarily distinguished as C1 and C2, respectively [5].

Figure 1 shows the top and side view of the optimized structure of penta-graphene
along with its the first Brillouin zone in reciprocal lattice space identifying the high
symmetry path C–M–X–C where C = (0, 0, 0)2p/a, M = (1/2, 1/2, 0)2p/a and
X = (0, 1/2, 0)2p/a. From the top view, PG looks like Cairo pentagonal tiling.
Carbon-carbon bond lengths in PG are 1.55 Å (C1–C2) and 1.34 Å (C2–C2) which
show pronounced character of single and double bonds, respectively. However, these
bond lengths differ from the carbon-carbon bond length in diamond and graphite/
graphenewhich are 1.54 and 1.42 Å, respectively. Thus, the bonding characteristics in

Fig. 1 a Top view, unit cell and b front view of the optimized structure of penta-graphene,
Yellow, blue sphere represent C1 and C2 respectively, c first Brillouin zone and high symmetry
points for 2-dimensional tetragonal lattice C = (0, 0, 0)2p/a, X = (0, 1/2, 0)2p/a and M = (1/2, 1/
2, 0)2p/a All the figures are reprinted with permission from the Ref. [23]

338 K. Ghosh et al.



PG are somewhat different than well-known diamond and graphite/graphene struc-
ture. The bond angle (hC2–C1–C2) in PG is 134.2° which also indicate the distorted sp3

character of C1 atoms. Since, sp3 carbon bonds are tetrahedral in nature;
penta-graphene is not truly a planner structure [23]. A buckling of 0.6 Å is observed
from the side view of PG. Thus, PG is a two dimensional sheet having a thickness of
1.2 Å. The structure of PG can be viewed as a “multidecker sandwich”, where the sp3

hybridized C atoms (C1) are sandwiched between the sp2 hybridized C atoms (C2). It
is interesting to note that the structure of PG is similar to experimentally identified
layered silver azide (AgN3) [5].

2.1 Stability Issues

Whenever a material is proposed theoretically, the first question arise regarding the
stability of the material which can also be viewed as the feasibility of practical
existence/synthesis of the material. Study of stability includes identifying ground
state energy from the calculation of total energy by DFT as well as the behavior of
the system in other perturbation like thermal, mechanical etc. Ab initio MD sim-
ulation within the framework of DFT is essential in studying the behavior of the
system in perturbation.

Energetic Stability Thermodynamic stability of penta-graphene has been exam-
ined by means of total energy calculation. PG is identified as metastable in com-
parison to graphene and other two dimensional carbon allotropes due to its violation
of the IPR (isolated pentagon rule) [24]. However, it is more stable than some other
nanostructures of carbon, like, 2D a-graphyne, 3D T-carbon and (3, 12)-carbon
sheet [5].

Figure 2a shows the area dependence of total energy of penta-graphene along
with graphene, graphyne, C20, (3, 12)-carbon sheet, a-graphyne [5]. It can be
envisaged that penta-graphene is energetically stable than some experimentally
synthesized carbon nanostructures such as, the smallest carbon nanotube and C20

(smallest fullerene). This study, therefore, affirmatively, indicates towards possi-
bility of synthesis of the 2D penta-graphene sheet. The structural unit of both of the
carbon allotropes, C20 and penta-graphene is fused pentagons. Since C20 is a highly
curved structure, all carbon atoms in it are in strained condition with distorted sp2

hybridization. On the contrary, in penta-graphene, the curvature is reduced due to
the presence of sp3 hybridized carbon atoms along with sp2 hybridized carbon
atoms and thus the strain is released partially [5].

Dynamic Stability Calculation of lattice vibration gives the phonon dispersion
curve which determines whether a crystalline structure is dynamically stable or not.
For a dynamically stable crystal structure, there should not have any imaginary
frequency in entire Brillouin zone [25]. Phonon band structure and phonon DOS of
PG are shown in Fig. 2b. The dynamic stability of penta-graphene is confirmed
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from the absence of imaginary frequencies in entire Brillouin zone i.e. in all high
symmetry directions. Like graphene, three distinct acoustic modes are observed in
phonon band structure of PG [5].

Thermal Stability To ensure the thermal stability, Zhang et al. performed “Ab
initio molecular dynamics” (AIMD) simulation (using canonical ensemble) of 2D
supercell of penta-graphene [5]. No structural reconstruction is observed for 6 ps
with a time step of 1 fs, at room temperature (300 K). It is revealed, penta-graphene
can sustain temperatures as high as 1000 K. PG is found to be dynamically stable
even in presence of different types of defects like Stone–Wales-like defect, mono
and di-vacancies, edge atoms and adatoms [5].

Mechanical Stability To ensure the feasibility of practical existence of a theoreti-
cally proposed material, it is necessary to know the effect of lattice distortion on
structural stability. The linear elastic constants of a mechanically stable crystal should
follow the “Born–Huang criteria” to guarantee the positive-definiteness of strain
energy caused by lattice distortion.Accordingly, the four nonzero 2D elastic constants
viz., C11, C22, C12 and C66 should satisfy the criteria C11C22 � C2

12 and C66 > 0 in a
mechanically stable 2D sheet [26]. From the calculation of the change of energy due to
the in-plane strain (uniaxial and biaxial), PGwas found to satisfy the above criteria [5].

2.2 Properties of Pristine PG

Confirmation of stability of the material invokes the curiosity regarding the properties
of penta-graphene. Researches are in progress in investigating the electronic, thermal,
mechanical, magnetic, optical properties of penta-graphene [5, 20, 23, 27–30].

Fig. 2 a Area dependence of total energy per atom for some 2D carbon allotropes. The total
energy of the experimentally identified dodecahedral C20 cage is also calculated and plotted here
for comparison. b Phonon band structures and PhDOS of penta-graphene. (Inset) High-symmetric
q-point paths: C (0, 0) ! X (1/2, 0) ! M (1/2, 1/2) ! C (0, 0) All the figures are reprinted with
permission from the Ref. [5]
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Electronic Properties From the computation of band structure using—Scuseria–
Ernzerhof (HSE06) potential functional, penta-graphene is found to be an indirect
band-gap semiconductor with a band gap of *3.25 eV (computed with HSE06
potential function) [5]. Figure 3 shows the electronic band structure of PG com-
puted with hybrid HSE06 potential function (solid lines) and GW correction (dotted
line). It is observed from the electronic band structure that the conduction band
minimum lies on the M–C path whereas the valance band maximum (VBM) is
located on the C–X path. However, there exists a sub-VBM on the M–C path whose
energy value is very close to that of true VBM [5]. Thus, penta-graphene can also
be considered as a “quasi-direct–band-gap” semiconductor. Analysis of partial DOS
reveals that the major contribution of electronic states near the Fermi level is due to
the sp2 hybridized C2 atoms. In penta-graphene, the pz orbitals of sp

2-hybridized
C2 atoms are spatially separated by the sp3-hybridized C1 atoms. Thus, full electron
delocalization is hindered which gives rise to finite band gap. According to Zhang
et al., there is possibility to achieve superconductivity in penta-graphene through
hole doping since there are dispersion-less, partially degenerate valance bands
which leads a high total DOS near the Fermi level [5, 31].

Mechanical Properties The elastic strain per unit area in a 2D material can be
expressed as [5];

U ¼ 1
2
C11e

2
xx þ

1
2
C22e

2
yy þ

1
2
C12e

2
xxe

2
yy þ 2C66e

2
xy ð1Þ

where the constants, C11, C22, C12 and C66 are the components of the elastic
modulus tensor and can be obtained from second order partial derivative of strain
energy as a function of strain. exx, eyy and exy are the components of strain tensor.
C11, C22, C12 and C66 can be obtained by fitting the energy curves as a function of
with uniaxial (eyy ¼ 0) and equi-biaxial strains (exx ¼ eyy).

Young’s modulus of a material is defined as E ¼ C2
11 � C2

12

� �
=C11 [5]. The

value of Young modulus in penta-graphene is found to be 263.8 GPa nm whereas

Fig. 3 Calculated HSE06
(solid lines) and GW0 (dotted
lines) band structures of
monolayer PG. The figures
are reprinted with permission
from the Ref. [43]
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the corresponding value is 345 GPa nm in case of graphene [32]. The value of
Young modulus in penta-graphene is comparable to that of h-BN monolayer [33].

Another important parameter which articulates the mechanical property of a
material is Poisson’s ratio. It is defined as the negative ratio of the transverse strain
to the corresponding axial strain. In case of most of the solids, this ratio is positive
since under a uniaxial compression, solids expand in the transverse direction.
Although the continuum mechanics theory does not discard the possibility of
existence of negative Poisson’s ratio (NPR) in a stable linear elastic material, it is
rarely found in nature. Very few artificial materials are characterized with NPR.
Materials with NPR, known as “auxetic materials”, are of great scientific and
technological interest [34, 35]. The major area of application of “auxetic materials”
are in biomedical field as a material for structure/muscle/alignment anchors, sur-
gical implant, prosthetic materials, dilator to open up blood vessels during heart
surgery etc. Other application field of “auxetic materials” is piezoelectric sensors
and actuators. Auxetic foams and fibers find application in filters and woven
structures. Interestingly, penta-graphene exhibit negative Poisson’s ratio viz.,
m12 = m21 = C12/C11 = − 0.068 since C12 is negative for PG [5].

The NPR characteristics of PG has been testified comprehensively for both of
the cases i.e. the lateral response in the x direction when the tensile strain is applied
in the y direction and vice versa. Penta-graphene as a nano-auxetic material may
have multiple applications in micro-mechanical and micro-electromechanical sys-
tems (MEMS).

In addition to in-plane stiffness, ideal strength (i.e. the maximum stress that a
material can sustain) is also an important mechanical property of a nanomaterial.
Figure 4a shows the stress–strain relationship of penta-graphene under equi-biaxial
tensile strain [5]. It is observed from the curve that the strain at maximum stress is
21% (denoted by red arrow) beyond which the mechanical failure starts. However,
the critical strain is less than 21% for penta-graphene since phonon instability i.e.
phonon softening induced by Kohn anomaly occurs before the stress reaches its
maximum [5, 36]. Figure 4b and c represent Phonon bands at the extreme of
equi-biaxial strain of penta-graphene and graphene, respectively. It is found that in
case of penta-graphene, phonon softening arise when the equi-biaxial strain reaches
17.2% whereas the corresponding value is 14.8% for graphene. Thus, the ideal
strength of PG is higher than that of graphene. At the critical strained condition, the
single bond lengths between C1 and C2 atoms are found to be *1.77 Å, which is
comparable with the experimentally and theoretically reported longest C–C bond
length. Beyond critical strength, the structure fracture starts through breaking of the
bonds between C1 and C2 atoms.

Thermal Property Thermal conductivity is an important physical parameter
which asses heat dissipation ability of a material and high temperature application
possibility. Joule heating is a major problem in electronic devices which affect
performance, reliability and life time of the device. Moreover, lower heat capacity
of nano-electronic devices is a critical issue. Hence, the device material should be
thermally highly conductive so that the generated heat during device operation can
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dissipate fast. On the other hand, thermoelectric devices demands lower thermal
conductivity. Although graphene is characterized with ultrahigh lattice thermal
conductivity (3000–5800 W/mK), the absence of bandgap limits its application in
most of the electronic devices including transistor. From the solution of linearized
phonon “Boltzman transport equation” (BTE) with first principle calculation, lattice
thermal conductivity of PG is found to be 645 W/mK at room temperature which is
significantly lower in comparison to that of graphene. The presence of more scat-
tering channels in buckled penta-graphene structure may be the possible reason
behind significantly lower thermal conductivity of PG in comparison to that of
graphene [27]. It is found that lattice thermal conductivity of stacked PG does not
depend on the number of layers present. This characteristic of PG is also in sharp
contrast to that of graphene. In metals, the thermal conductivity is mainly due to
electrons while in semiconductors and insulators, phonons play a significant role in
determining the resultant thermal conductivity.

Fig. 4 a Stress–strain relationship under equi-biaxial tensile strain. The red arrow denotes the
maximum strain. b Phonon bands of penta-graphene at the extreme of equi-biaxial strain. c Phonon
bands of graphene at the extreme of equi-biaxial strain. Blue lines and red circles represent
phonons before and after the failure, respectively. (Insets) The high-symmetry q-point paths in the
reciprocal space All the figures are reprinted with permission from the Ref. [5]
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From “classical equilibrium molecular dynamics simulations” using the original
“Tersoff interatomic potential”, the intrinsic thermal conductivity of PG is found to
be 167 W/mK [28]. In PG, the acoustic phonon lifetimes are 20 ps and 1–10 ps for
lower (1–5 THz) and higher (5–15 THz) frequency range, respectively which are
comparable to that of the graphene. However, the remarkably lower thermal con-
ductivity of PG, in comparison to graphene, arises from the lower phonon group
velocities and fewer collective phonon excitations in PG.

In penta-graphene, the phonon scattering rate is proportional to temperature and
consequently, the thermal conductivity is inversely proportional to the temperature
[28]. The variation of thermal conductivity of PG as a function of size of the
simulating sample for constant temperature (300 K) is shown in Fig. 5a. Figure 5b
shows the variation of thermal conductivity of PG as a function of temperature for a
fixed size of the simulating sample (60 � 60 unit cell). From non-equilibrium
molecular dynamics (NEMD) simulations using ReaxFF force field, thermal con-
ductivity of infinitely long penta-graphene is found to be 112.35 W/mK [37]. The
cause behind the difference in results is due to the method of simulation and the
type of interatomic force field employed. Researchers are still in search of appro-
priate potential for penta-graphene [3].

Optical Property Although Kohn-Sham DFT estimate ground state energy most
successfully, it cannot assess optical absorption accurately since “Kohn-Sham DFT
eigenvalues” do not consider the electron addition and removal energies. It is
necessary to include the calculation of electron-hole interaction to get information
regarding the optical spectra. GW (G0W0) approximation/correction is a
“many-body perturbation theory” which can successfully predict the optical prop-
erties of the materials. In this method, ground state energy and electronic density are
computed by DFT Kohn-Sham framework and then, G0W0 i.e. the green function G
and dynamically screened interaction W is computed from the obtained Kohn-Sham

Fig. 5 a Thermal conductivity of penta-graphene at 300 K predicted by the Green-Kubo formula
with respect to the size of simulating sample (Ns � Ns unit cells). b Thermal conductivity of
penta-graphene as a function of temperature. The values are from simulations performed on the
simulating sample of 60 � 60 unit cells. The red curve denotes the best-fitting All the figures are
reprinted with permission from the Ref. [28]
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electronic structure. Applying G0W0 correction, the “quasi-direct band gap” of PG
is found to lie in the range of 4.1–4.5 eV which corresponds to ultra-violet region
(wavelength for optical absorption). Since visible light is not absorbed in PG, it is
transparent in nature and photoelectron can’t be produced easily in PG [23].

3 Hydrogen Functionalization of Penta-Graphene

Hydrogen functionalization is the most widely studied functionalization method for
penta-graphene. It is found that hydrogen functionalization not only stabilize the
structure of penta-graphene but also tune its property flexibly.

Among sp3 (i.e. C1 atom) and sp2 (i.e. C2 atom) hybridized carbon atoms in
penta-graphene, only sp2 hybridized carbon atoms are capable of adsorbing
hydrogen. Figure 6 depicts the top and side views of the optimized structures of the
fully hydrogenated penta-graphene. In fully hydrogenated penta-graphene, the ratio
of C:H is 3:2, whereas this ratio is 1:1 in case of fully hydrogenated graphene. Li
et al. [38] studied hydrogen functionalization of penta-graphene with the help of
DFT based AIMD simulations using PAW method. Most of the calculations were
performed using GGA-PBE exchange correlation (XC) potential functional whereas
the hybrid HSE06 was considered for high precision electronic structure calcula-
tions. It is found that crystallographic symmetry of penta-graphene does not change
even with full hydrogenation.

In fully hydrogenated PG, both of the bond lenghts (C1–C2 and C2–C2) are
1.55Å which resembles the single bond character. The bond angles hC2–C1–C2 and
hC1–C2–C1 are 116.9° and 105.9°, respectively, indicating the distorted sp3

hybridization of the carbon atoms [38]. Change of bond length of C2–C2 from 1.34
to 1.55 Å, indicates that the C2–C2 bond transforms from double bond to single

Fig. 6 a Top view of optimized fully hydrogenated penta-graphene. Unit cell is identified by
square marked by red dashed lines and b side views of the optimized fully hydrogenated
penta-graphene. D represent thickness of PG. Yellow, gray and white spheres represent C1, C2 and
Hydrogen, atoms respectively All the figures are reprinted with permission from the Ref. [38]
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bond due to hydrogenation. After hydrogenation of penta-graphene, the thickness
buckling increases. Vertical distance between topmost and bottommost carbon atom
in fully hydrogenated penta-graphene is 1.62 Å whereas the value is 1.20 Å for
pristine penta-graphene.

3.1 Stability Issues

The binding energy of each hydrogen atom in penta-graphene is defined as [38];

Eb ¼ � Etotal � EPG � 4Eadatomð Þ=4 ð2Þ

where, Etotal;EPG; and Eadatom are total energy of the ground state configuration of
the unit cell of fully hydrogenated penta-graphene, pristine penta-graphene, and
isolated hydrogen atom, respectively. There are four adsorbed hydrogen atoms per
unit cell. The calculated binding energy is 3.65 eV whereas the corresponding value
is 2.47 eV for graphene. Thus, adsorption of hydrogen in penta-graphene is ener-
getically favorable over that of graphene. In fully hydrogenated PG, all sp2

hybridized carbon atoms are transformed into sp3 hybridized atoms. C2–C2 bonds
get elongated and bonding characteristic changes from double bond to single bond.
The strain stored in pristine PG is released partially due to such hydrogenation
leading towards more stability of functionalized PG than its pristine counterpart.

Figure 7 shows the variations of total potential energy of fully hydrogenated
penta-graphene during the AIMD simulations for 300 K and 1000 K. It is found
that the structures remain integrated and the average value of the total potential
energies remains nearly constant throughout the simulation time for both the
temperature 300 and 1000 K [38]. Thus, it can be inferred that hydrogenated PG
sheets are not only thermally stable at room temperature, but it can also sustain at a
temperatures as high as 1000 K.

Fig. 7 The variations of total potential energy of full hydrogenated PG during the AIMD
simulations at a 300 K and b 1000 K. The insets are snapshots of the top and side view of the
structures at the end of simulations All the figures are reprinted with permission from the Ref. [38]
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Figure 8 represents phonon band structure of fully hydrogenated PG along the
high symmetric paths (C–X–M–C) in the first Brillouin zone. The dynamic stability
of the hydrogenated penta-graphene is confirmed by the absence of imaginary
frequencies in the entire Brillouin zone. Like penta- graphene, there exist three
distinct acoustic modes and the two-fold degeneracy on the X–M path in hydro-
genated penta-graphene also [38]. A large phonon gap is observed in phonon band
structure of penta-graphene. From the vibrational activity at the C point in the
Brillouin zone, Raman and Infrared (IR) spectra of hydrogenated penta-graphene
can be studied. In hydrogenated penta-graphene, Raman-activity was found at
2945.89, 2911.14, 1267.57, 1179.84, 1115.23, 990.23 and 780.64 cm−1 and
IR-activity was found at 2943.53 and 2911.14 cm−1, respectively.

3.2 Properties of Hydrogenated Penta-Graphene

Electronic Property Like penta-graphene, fully hydrogenated PG is also charac-
terized with indirect band gap since its conduction band minimum (CBM) and
valence band maximum (VBM) are located at different k points in the momentum
space. Figure 9a shows the electronic band structure and atom-decomposed partial
DOS of fully hydrogenated penta-graphene computed with PBE and HSE06
functional. The computed band gap of fully hydrogenated penta-graphene with PBE
and hybrid HSE06 functional are 4.29 and 5.35 eV, respectively. It is well known
that calculation with PBE functional underestimate the bandgap of a material.

Fig. 8 a1 Phonon band structures and corresponding atom-resolved PhDOS of fully hydro-
genated PG. The inset represents the high-symmetric q-point paths: C (0, 0)–X (1/2, 0)–M (1/2, 1/
2)–G (0, 0). a2 Phonon band structures of fully hydrogenated PG in the low frequency region All
the figures are reprinted with permission from the Ref. [38]
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Hydrogen functionalization changes penta-graphene from a semiconductor to an
insulator [38]. Due to hydrogenation, the CBM/VBM of penta-graphene shifts from
the M–C/C–X path to the M–C path. From the analysis of partial DOS of fully
hydrogenated penta graphene, it is found that the electronic states near the Fermi
level are mainly contributed from C1 and C2 atoms.

Mechanical Property Molecular Dynamics simulation confirms that hydrogena-
tion significantly enhance the mechanical strength of penta-graphene [39].
Figure 9b shows stress–strain curves of pristine and hydrogenated PG with four
different hydrogenation coverage of 25, 50, 75, and 100% at 300 K [39]. Stress
increases linearly with the increase of tensile strain and attain a maximum after
which stress drops sharply indicating a material degradation. The strain for which
the stress is the maximum is identified as the failure strain and the corresponding
strain is the failure stress. The simulated failure stress and failure strain value for
pristine penta-graphene are 50.2 GPa and 0.127, respectively which are signifi-
cantly lower than that of graphene (130 GPa and 0.25, found experimentally and
125.2 GPa and 0.191, found by MD simulations) [39]. It is revealed from Fig. 9
that fully hydrogenated PG is characterized with the highest value of failure stress
and strain. This phenomenon is strikingly in contrast with graphene where
hydrogenation (up to 30%) significantly reduces the value of failure stress and
failure strain. For a hydrogenation range of 30–100%, mechanical properties of
graphene are almost insensitive to functionalization [40].

The failure stress and failure strain of pristine and hydrogenated PGs are rep-
resented in the form of a bar diagram summarized in Fig. 10a and b, respectively.
When PG is hydrogenated to 25%, the failure stress and failure strain decrease by
16.9 and 22.8%, respectively than that of pristine PG. With further increase of

Fig. 9 a Electronic band structure and atom-decomposed partial DOS of fully hydrogenated PG.
Blue dashed lines and red solid lines correspond to the PBE and HSE06 results, respectively. [38]
b Stress–strain curves of pristine and hydrogenated PG at different hydrogen coverage [39] All the
figures are reprinted with permission from the Ref. [38, 39]
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hydrogenation, failure stress failure and strain increase monotonically. For 100%
hydrogenated PG, failure stress and failure strain increase by 74.9 and 52.8% with
respect to that of pristine PG.

Structural transformation from pentagon to polygon (6-, 7-, 8-, ormore atom rings)
is the cause behind the failure of pristine aswell as partially hydrogenated PGs beyond
failure strain [39]. For 100% hydrogenated PG, the failure mechanism is entirely
different. Any structural transition induced failure is not observed in fully hydro-
genated PG. In the 100% hydrogenated PG, all the sp2-hybridized carbon atoms
transforms to sp3-hybridized. Thus, fully hydrogenated PG is more stable structure
and is characterizedwith higher value offailure stress and failure strain (87.8 GPa and
0.194). In fully hydrogenated PG, the failure mechanism is initiated (for a strain
0.1944) with C–C bond breaking and a visible crack is formed in the structure [39].
With further increase of strain, the crack rapidly spreads in the direction perpendicular
to the loading direction and causes fully hydrogenated PG to rupture finally [39].

These improvements in the mechanical properties of hydrogenated PG remain
almost unaltered for the temperature range of 200–600 K. Figures 5a and b rep-
resent the failure stress and failure strain as a function of temperature for pristine
and fully hydrogenated PG. It can be observed that with the increase in temperature
from 200 to 600 K, the value of failure stress and failure strain decrease slightly for
pristine as well as fully hydrogenated PGs (Fig. 11).

Fig. 10 a Failure stress and b failure strain of pristine and hydrogenated PGs with different
hydrogenation functionalities All the figures are reprinted with permission from the Ref. [39]

Fig. 11 Effect of temperature on a the failure stress and b the failure strain of pristine PG and
fully hydrogenated PG All the figures are reprinted with permission from the Ref. [39]
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Decrease of failure stress and failure strain with temperature can be caused by the
stronger thermal vibration of atoms at higher temperature which renders the atomic
bonds more likely to reach the critical bond length and subsequently to break. In
spite of the degradation of the mechanical properties with increasing temperature,
the failure stress and failure strain of fully hydrogenated PG are still much higher
(about 71–88% higher) than that of pristine PG [39].

In Edge Hydroxyl, OP: The “in-plane Young’s modulus” reduces to 205.50 GPa
from 263.8 GPa upon full hydrogenation of PG [38]. In contrast to the pristine
penta-graphene (−0.068), Poisson’s ratio of fully hydrogenated PG is found to be
positive (0.243) [38].

Thermal Property From first-principles lattice dynamics and iterative solution of
the phonon “Boltzmann transport equation” (BTE), it is found that thermal con-
ductivity of fully hydrogenated PG is increased by 76% compared to its pristine
counterpart. This is in contrast to hydrogenated graphene which shows a dramatic
decrease in thermal conductivity in comparison to pristine graphene. Figure 12a
shows Variation of thermal conductivity as a function of sample length of
penta-graphene and fully hydrogenated penta-graphene [41].

Another study based on non-equilibrium molecular dynamics simulations using
‘ReaxFF force field’ on hydrogenated penta-graphene at different levels of coverage
shows that initially with increasing coverage (up to 25% hydrogen), thermal con-
ductivity decreases (nearly 57%), but with further increase in the coverage, thermal
conductivity increases [37]. Interestingly, the fully functionalized (100%) PG
shows nearly the same thermal conductivity as that of the pristine one. The result is
depicted in Fig. 20a. The difference in results may arise from the considered size of
the sample for simulation since the results of MD simulations is sensitive to the
model size due to the boundary scattering [42]. For reduced sample length, the
associated phonon-boundary scattering is more which may reduce the simulated

Fig. 12 a Variation of thermal conductivity as a function of length for penta-graphene and fully
hydrogenated penta-graphene. b VPS of carbon atoms in pristine and hydrogenated PG All the
figures are reprinted with permission from the Ref. [37, 41]
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value of thermal conductivity of hydrogenated PG. However, researches are in
progress to optimize the simulation environment to obtain more realistic results.

Figure 12b shows the vibration power spectra (VPS) of carbon atoms in pristine
and hydrogenated (25 and 100%) PG. In pristine graphene, peaks appear in VPS at
low frequency domain. In case of 25% hydrogenated penta-graphene, peaks are
significantly suppressed. Change in VPS leads to a local acoustic mismatch which
leads to phonon scattering [37]. Consequently, thermal conductivity decreases.
Although peaks are suppressed at low frequency in 100% hydrogenated graphene,
there exist peaks at high frequencies (50 and 100 THz). Thus, higher thermal
conductivity in 100% hydrogenated graphene is attributed to high frequency
vibration [37].

Optical Property Like pristine PG, fully hydrogenated PG is also characterized by
indirect band gap with CBM and VBM at M and C point respectively [43]. The
computed band gap of with GW approximation is *5.78 eV. New bands are found
at conduction band edge of fully hydrogenated PG which eventually leads to
possible optical absorption (Fig. 13).

Magnetic Property From spin polarized DFT calculations, it is found that
hydrogen adsorption induce magnetic moment in PG [44]. The magnetic moment of
PG increases 137 times upon hydrogenation. This result indicates the potential
application of PG in magnetic storage and next generation spintronic devices.

4 Fluorine Functionalization of Penta-Graphene

Like hydrogen functionalization, fluorine functionalization was also found to be
very effective in tuning different physio-chemical and electronic properties of
penta-graphene.

Fig. 13 Electronic band
structure and partial densities
of states of fully hydrogenated
PG computed with GW
approximation The figures are
reprinted with permission
from the Ref. [43]
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Figure 14 depicts the top and side views of the optimized structures of fluori-
nated penta-graphene. The structure of fluorinated penta-graphene is similar to that
of hydrogenated PG, where C2-C2 bond changes from double bond to single bond
and thus stabilizes the structure by releasing strain. In fluorinated penta-graphene,
the bond lengths of C1–C2 and C2–C2 are 1.57Å and 1.58Å, respectively. Like
hydrogen, fluorine also gets adsorb on sp2 hybridized carbon atom. The bond angles
hC2–C1–C2 and hC1–C2–C1 are 117.8° and 106.7°, respectively. The vertical distance
between the topmost and the bottommost carbon atom in fully fluorinated PG is
1.6 Å [38].

4.1 Stability Issues

The binding energy of fluorine in fluorinated graphene is 4.22 eV which is higher
than hydrogen functionalized PG [38].

Figure 15 shows the variations of total potential energy of 100% fluorinated
penta-graphene during the AIMD simulations for 300 K and 1000 K, respectively.
The insets are the top and the side view of the structure at the end of the simulation.
The fully fluorinated PG sheet remains integrated and the average value of total
potential energy remains almost constant during the MD simulations for both of the
temperatures (300 and 1000 K). Thus, like 100% hydrogenated PG, fully fluori-
nated PG is also a stable structure and can withstand a temperature as high as
1000 K.

Figure 16a shows the phonon band structures and corresponding atom-resolved
PhDOS of fully fluorinated penta-graphene [38]. Absence of imaginary frequency
in the entire Brillouin zone confirms the dynamical stability of fluorinated
penta-graphene. The phonon gap in fluorinated PG is less in magnitude than that of

Fig. 14 a Top and b side views of the optimized structures of fluorinated penta-graphene. The
square marked by red dashed lines denotes the unit cell. The yellow, gray and cyan spheres
represent the C1, C2 and fluorine C atoms All the figures are reprinted with permission from the
Ref. [38]
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hydrogenated PG. It is observed that high frequency (> 40THz) phonon modes are
absent in fluorinated PG which is in contrast to the hydrogenated PG. The fre-
quencies of pronounced Raman active modes of fluorinated PG are 1219.33,
1077.20, 1012.18 and 491.26 cm−1 while the IR-active modes are 1261.45,
1130.71 and 545.58 cm−1.

Fig. 15 The fluctuations of total potential energy of fully fluorinated penta-graphene during the
AIMD simulations at a 300 K and b 1000 K. The insets are snapshots of the structures at the end
of simulations All the figures are reprinted with permission from the Ref. [38]

Fig. 16 a Phonon band structures and corresponding atom-resolved PhDOS of fully fluorinated
penta-graphene. b Electronic band structure and atom-decomposed partial DOS of fluorinated
penta-graphene. Blue dashed lines and red solid lines correspond to the PBE and HSE06 results,
respectively All the figures are reprinted with permission from the Ref. [38]
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4.2 Properties of Fluorinated Penta-Graphene

Electronic Property
Figure 16b represents the electronic band structure and atom-decomposed partial
DOS of fluorinated penta-graphene [38]. Fluorinated PG is also characterized with
indirect band gap. The computed band gap of fully fluorinated penta-graphene with
PBE and hybrid HSE06 functional are 3.36 and 4.78 eV, respectively. From the
analysis of partial DOS, it is found that, the states near Fermi level is more con-
tributed by fluorine than C1 or C2.

Mechanical Property
Young’s modulus of fluorinated PG is found to be 239.12 GPa which is lower than
that of pristine PG but higher than that of hydrogenated PG. Poisson’s ration of
fluorinated PG is positive (0.236) [38]. Figure 17 represents strain–energy rela-
tionship of the fluorinated and hydrogenated penta-graphene sheets under uniaxial
strain and equi-biaxial strain.

5 Oxygen Functionalization

Two type of oxygen functionalization is studied in penta-graphene viz. function-
alization with epoxy group (–O–) and with hydroxyl group (–OH). Figure 18a and
18b represent top and side view of atomistic configurations of PG fully function-
alized with epoxy (–O–) group and hydroxyl group (–OH), respectively. Hydroxyl
group creates bond with single sp2 hybridized C2 atom(s) whereas epoxy group
creates bond with two C2 atom(s).

Fig. 17 Strain–energy relationship of the hydrogenated and fluorinated penta-graphene sheets
under a uniaxial strain and b equi-biaxial strain All the figures are reprinted with permission from
the Ref. [38]
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5.1 Properties of Oxygenated Penta-Graphene

Mechanical property
Figure 19a depicts the stress-strain curves of fully functionalized PG with epoxy (–
O–) and hydroxyl (–OH) groups alongwith that of pristine and fully hydrogenated PG
for comparison. In terms of failure stress and failure strain, all functionalized PG
structures outperform the pristine PG [39]. Among the three different functional
groups, the fully functionalized PGwith hydroxyl groups possesses the highest failure
stress and failure strain (86.6 and 82.4%), followed by the PG having hydrogen (74.9
and 52.8%) and epoxy groups (49.3 and 45.2%) [39].

The lower failure stress and failure strain value of functionalized PG with epoxy
group may be caused by the bonding characteristics of epoxy group with PG.
Epoxy group is bonded with two carbon atoms in PG. As a result, the local sp3

bonds of PG are distorted and stress is generated. It can be observed from Fig. 18a
that there exists a non-zero initial stress in the stress-strain curve of
epoxide-functionalized PG. It is also notable that beyond the failure stress, in
epoxide-functionalized (100%) and hydroxyl-functionalized PG, the failure mech-
anism starts with bond breaking as in case of 100% hydrogenated PG.

Thermal property
Computation of thermal conductivity of oxygen functionalized PG for different
percentage of coverage (of oxygen) in PG shows that, initially thermal conductivity
decreases with increasing percentage of coverage (up to 25%). Beyond 25%,
thermal conductivity increases with increasing percentage of coverage. Figure 20a

Fig. 18 Top and side view of atomistic configurations of PG fully functionalized with a epoxide
group and b hydroxyl group. Cyan, red and yellow balls are carbon, oxygen and hydrogen atoms
respectively All the figures are reprinted with permission from the Ref. [39]
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shows the normalized thermal conductivity of functionalized PG for different
coverage of hydrogen and oxygen atoms [37]. It is observed that the trends of
variation of thermal conductivity with percentage of coverage are similar for
oxygen and hydrogen functionalization of PG. Thus, fully oxygenated PG is also
characterized with nearly equal thermal conductivity of pristine PG [37].

Figure 20b shows the vibration power spectra (VPS) of carbon atoms in pristine
and oxygenated (25 and 100%) PG. In 25% oxygenated PG, VPS peaks are also
significantly suppressed as in case of hydrogenated PG. In case of 100% oxy-
genated PG, although peaks are suppressed in the lower frequencies (where pristine
PG shows pronounced peaks), the same at higher frequencies is observed to be
dominant [37].

Fig. 19 a Stress-strain curves of pristine and fully functionalized PGs with different functional
groups. b Failure stress and failure strain of pristine and fully functionalized PGs with different
functional groups All the figures are reprinted with permission from the Ref. [39]

Fig. 20 a Normalized thermal conductivity of functionalized PG at different coverage of
hydrogen and oxygen atoms. b VPS of carbon atoms in pristine and oxidized PG All the figures
are reprinted with permission from the Ref. [37]
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6 Challenges in Implementation and Future
Direction of Research

A set of criteria has been put forward by Ewels et al. [45] whether or not the
theoretically proposed penta-graphene can experimentally be synthesized. The
experimental feasibility of synthesis of a theoretically proposed material not only
demands that the energy of the structure should be at a minima on the local
potential energy surface but also its energy should be isolated by high potential
barrier from its related isomers [45]. Accordingly, after synthesis also, PG may
rapidly restructure itself towards graphene in the presence of even a trace amount of
specific catalytic impurities. Some of the researchers considered the growth of
large-area aligned pentagonal graphene domains on Cu foils by chemical vapor
deposition as the first step towards the experimental fabrication of PG [37, 46].
However, there exists lots of confusion/controversy regarding the effectiveness of
this approach. However, theoretical simulation shows suitable chemical function-
alization stabilizes penta-graphene. In most of the functionalizations i.e. hydrogen,
fluorine and hydroxyl, sp2 bonded carbon atoms of penta-graphene transforms to
sp3 bonded ones. Thus, these functionalizations stabilize the penta-graphene
structure by partially releasing strain. The binding energy of hydrogen and fluorine
in PG are also found to be higher than that of graphene. It suggests possible
synthesis of penta-graphene considering its functionalized state as a precursor just
like the case of experimentally synthesized dodecahedral C20 fullerene where
hydrogenated or brominated C20 is considered as the precursor [38].

Guo et al. studied the characteristics of the vdW heterojunction composed of
penta-graphene and graphene to explore the future device applications of PG [47].
For potential device application Hydrogen adsorption capability of PG steers the
application of PG as a substrate for hydrogen spillover or hydrogen storage [48]
where Pt4, Pd4 Ni4, and Ti4 can play the role of a catalyst. The oxygen adsorption
capability of PG indicate the application of it as a potential, metal-free, and low-cost
catalyst for low-temperature CO oxidation where CO transforms to CO2 by the
pre-adsorbed O2 on the PG sheet [49]. This property can further be extended to gas
sensor device development as the basic principle of operation is in line with the
conventional chemi-resistive gas sensors [50–52]. Hydrogenation and fluorination
transforms penta-graphene from semiconductor to insulator. High band gap of
hydrogenated and fluorinated penta-graphene can find their possible application as
dielectric layers in field effect transistors (FETs), relinquishing the requirement of
conventional silicon oxides [38]. Hydrogen adsorbed magnetic penta-graphene
(M–PG) and weakly magnetic penta-graphene (WM–PG) are predicted to be the
most stable state among other hydrogen adsorbed PG. On hydrogen adsorption, the
magnetic moment of the PG increases by 137 times which can be utilized in
magnetic storage technology [44].

Band gap tailoring as well as appearance of new bands due to hydrogen pas-
sivation paves the path for future application of PG in the field of optoelectronic and
photovoltaic devices also [43]. It is observed that CBM and VBM of PG shift along

Chemically Functionalized Penta-Graphene … 357



momentum axis upon chemical functionalization. If indirect band gap PG can be
transformed to direct band gap semiconductor by band tailoring through suitable
chemical functionalization, then it would open new opportunities in the field of
optoelectronic devices.

7 Conclusion

Penta-graphene is a two dimensional carbon allotrope which has been proposed
theoretically very recently. Although, its practical synthesis/implementation is yet a
crucial challenge, some of its unique electrical, thermal, mechanical, magnetic and
optical properties highlighting promising application in nano-electronic devices
have motivated researchers to study the material thoroughly. Zero bandgap char-
acteristic of graphene limits its application in various cases whereas PG is a
quasi-direct band gap semiconductor with a bandgap of *3.25 eV. It can with-
stand a temperature as high as 1000 K. Thermal conductivity of PG is significantly
lower in comparison to graphene which enhances the possibility of using PG in
thermoelectric devices. Mechanical strength of PG also outperforms graphene.
There would have enormous application of PG in biomedical and sensor field as
nano auxetic materials (having negative Poisson’s ratio). However, in spite of such
a wide spectra of interesting properties, practical realization of pristine PG is a
crucial challenge. Judicious chemical functionalization could be possible solutions
for achieving stable PG structure. Functionalized PG (hydrogenated and fluori-
dated) is shown to be (theoretically) more stable than its pristine counterpart sug-
gesting the possibility of synthesis of PG functionalized state as a precursor.
Interestingly, PG was proposed to be synthesized by hydrogen intercalation from
T12-carbon in the pioneer work on PG. Moreover, electronic, mechanical, thermal,
optical and magnetic property of PG can be significantly tailored by judicious
chemical functionalization. Mechanical strength of PG was found to improve sig-
nificantly upon chemical functionalization especially for hydrogen and hydroxyl
groups. Thermal conductivity of PG dramatically increases upon hydrogenation
which is in contrast to the graphene, where hydrogenation reduces thermal con-
ductivity. Possibility of tuning thermal conductivity by varying the percentage of
coverage of functional groups widens the application of PG in thermoelectric
devices. Band gap tailoring of PG is also possible by suitable chemical function-
alization which is of huge interest for nano-electronic devices. Magnetization can
also be induced in PG by hydrogen functionalization which finds application in next
generation spintronic devices. Mainly the effects of three types of functionalizations
(hydrogen, fluorine and oxygen) of PG have been studied so far. There are many
others in the queue (which are found to be effective in other 2D materials) to be
studied. However, successful synthesis of PG, with desired stability and predicted
properties, is still a crucial challenge.
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3D Graphene and Its Nanocomposites:
From Synthesis to Multifunctional
Applications

Xin Tong, G. Zhang, Jai Prakash and Shuhui Sun

Abstract 3D graphene based nanomaterials have been extensively used in various
fields due to their excellent and tunable physio-chemical properties such as elec-
trical conductivity, higher surface area, strength etc. Extensive research has been
achieved for the built of 3 Dimensional graphene and its nanocomposites with
excellent properties for multidisciplinary applications. The applications of these
nanomaterials have been increased dramatically in the energy field for the recent
years and it has become a rapidly developing area. This chapter focuses on the latest
developments of these novel 3D graphene-based nanomaterial and their multi-
functional applications in field of energy i.e. fuel cells and lithium-ion batteries.

1 Introduction

Nowadays 2 Dimensional graphene materials and their composites have been
broadly used in energy field because of tunable and excellent physical, chemical
and surface properties such as higher electrical conductivity, strength, specific
surface area (SSA) and surface chemistry, which have been reviewed previously
[1–4]. Such properties are very important in electrocatalysis processes. In spite of
all these excellent properties of 2D graphene based nanomaterials, aggregation and
restacking of pristine graphene layers diminish their properties affecting the proper
utilization. In addition, pristine graphene has lack of functional edges and is
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unacceptable to deploy them in practical. Therefore, the center and forefront in this
research area have moved into the research of heteroatoms doped or functionalized
graphene materials, dimension-controlled graphene derivatives and the nano-sized
materials supported on graphene composites [4–8].

Graphene is the basic material for building any other graphitic materials such as
graphite, carbon nanotubes (CNTs) and fullerene [9] that results in several differ-
ence in the properties of these materials. Along with this, 2D graphene has also
been shown to form various other nanostructures [10] using several physical and
chemical routes. For example, graphene has been modifying in different structures
and is being used as graphene quantum dots (GQDs), graphene nanoribbons
(GNR) and scaffold into 3D graphene networks (3D-GNs). In these materials with
new structures the intrinsic properties of graphene are maintained. Furthermore,
they show outstanding electrochemical performance to overcome the shortage of
the pristine graphene.

3D-GNs are such 3D structures with interconnected networks constructed by
individual graphene sheets [5, 11–15]. The graphene sheets could be bonded
together to assembly into macroscopic 3D materials. The name such as porous
graphene [16], graphene aerogels [17], graphene sponges [18], graphene hydrogels
[19], and graphene foams [20] are used in previous literatures when refer to these
3D-GNs materials. Although these materials have some slight differences in their
microscopic morphology and performance, they all present similar properties such
as huge SSA, excellent electrical conductivity, high mechanical strengths, rapid
electron and transport kinetics.

The researches about construction of these 3D graphene structures and appli-
cation in energy field has increased dramatically in the past few years and become a
rapidly developing area. The summary on this topic is essential and beneficial to
create significant breakthrough in the future. Although, there are already some
excellent review articles on the syntheses and applications such as energy field,
environmental-related area and biological applications of these new materials
[5, 11–15, 21–27]. In this review, the current research in this rapidly developed
filed are updated and the application of these novel 3 dimensional graphene-based
material in fuel cell and lithium-ion battery are spotlighted.

2 The Fabrication Strategy of 3D Graphene

The fabrication of 3D graphene is carried out mainly by chemical self-assembly,
template assisted chemical and Chemical Vapor Deposition (CVD) methods
(Fig. 1) [12, 14, 15, 22, 24].
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2.1 Chemical Self-assembly Method

The typical process of assembly of graphene oxide (GO) method is as follow.
Firstly, the GO are dispersed in a solution where existing a hydrophilic–hy-
drophobic balance between the electrostatic repulsive force from functional groups
such as hydroxyl, epoxy and carboxyl groups on GO and the attractive van der
Waals force between graphene layers. There are delicate hydrophilic–hydrophobic
balance between graphene sheets. Then a series of procedures (i.e. ultrasonic
treatment, changing the PH or adding surfactant) are held to break down this
balance and then gelation process subsequently occurs. After reduction process,
these routes share a special drying process, to get the macroscopic 3D structure.

The construction of GO or graphene hydrogel is the starting material for gen-
eration 3D-GNs. There are ample techniques such as hydrothermal processes [19],
sol-gel method [17], speed vacuum centrifugation [29], ferrous ion induced
self-assembly method [30], dip coating method [18], chemical reduction [31] and
electrochemical reduction [32] for the treatment of GO dispersion. As shown in
Fig. 2, the graphene hydrogel, which containing 97.4 wt% water (just 2.6 wt%

Fig. 1 Fabrication methods for 3D graphene. Reproduced with permission [28]. Copyright ©
2015, Royal Society of Chemistry
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Fig. 2 a The photos of GO aqueous dispersion before and after hydrothermal process. b–d SEM
images of the 3D graphene structure in different magnifications. e The schematic diagram for the
formation mechanism of graphene hydrogel [19]. Copyright © 2010, American Chemical Society
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graphene), was got by hydrothermal process. In SEM images, the pore sizes of 3D
porous structure range from sub-micrometer to several micrometers. Partially
coalescing or overlapping of the graphene layers may be the main reasons for the
formation of 3D framework. Unlike the randomly dispersion in water of GO, the
combined effects of electrostatic repulsion and van der Waals force caused a 3D
random stacking during the hydrothermal processes.

2.2 Template Assisted Chemical Method

For controlling pore sizes in these materials, the PS beads and Ni foam is generally
used to be as the template to get a controlled porous structure [33, 34]. In the
research of Zhang et al. Ni foam were used as the template to prepare 3D graphene
by a simple solution casting method as shown in Fig. 3. After electrochemical
reduction, the GO can be reduced into 3D graphene structure, and the brown‐
colored GO foam turned into black. Moreover, the MnO2 NPs can be electro-
chemical reduced and electrodeposited simultaneously on the 3D graphene to get
MnO2/3D graphene composite. This method offers several advantages in term of
easy to scale up, simply, low-cost and efficient and the thinness and dimension of
the graphene can be controlled freely to adjust different seized template or different
volume of GO dispersion.

2.3 Chemical Vapor Deposition Method

The direct growth on catalyst supports route could provide a fundamentally dif-
ferent bottom-up method for the fabrication of 3D-GNs. The basic idea of this
methodology is to firstly produce the layer of graphene on catalyst’s surface under
the effect of high temperature and then the catalyst support is removed finally.

The 3D metal catalyst are used as the catalyst and substrate for the assembly of
3D-GNs, while the flat metal substrates are used in conventional CVD method for
graphene growth. In general, Ni has been used for this purpose in several reports
[35–39]. Also, the ZnO [40] pyrolyzed photoresist films [41], anodic aluminum
oxide [42] could also be taken as the scaffold in building the 3D nanostructure. As
shown in Fig. 4 [35], the catalyst was a porous nickel foam and the carbon source
were methane. After the methyl methacrylate (PMMA) coating, Ni etching, PMMA
dissolving and infiltration process, a monolith of graphene 3D network was
obtained. Choosing different Ni foams would be better to control the structure of
3D-GNs. In addition, the Cu catalyst can be used to produce the 3D-GNs with
monolayer graphene. This template-directed CVD technique could be a promising
method for the fabrication of 3D-GNs with excellent properties.
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Fig. 3 a Illustration of the preparation of different foams. SEM images of b, c 3D graphene foam
and d, eMnO2–3D graphene foam composite with different magnification [34]. Copyright © 2014,
John Wiley and Sons
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Fig. 4 a Schematic representation for the produce procedure of GF. b The photos, c SEM image
and d, e TEM images of graphene Foams [35]. Copyright © 2011, Rights Managed by Nature
Publishing Group
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3 3D Graphene for Fuel Cells

Currently, the use of fuel cells is regarded as one of the most promising solutions
for various environmental issues because these are environmentally friendly and
highly efficient [4, 7, 44–46]. A powerful catalyst for facilitating the kinetically
sluggish oxygen reduction reaction (ORR), is crucial to convert chemical energy
directly into electricity in fuel cells. The ORR usually occurs by two distinct
pathways in acid electrolytes: the 2-electron (2e−) step by step reduction of O2 with
H2O2 as an intermediate product and the 4-electron (4e−) directly reduction of O2 to
H2O [47, 48], as shown in Fig. 5. The catalysts based on Pt metal are one of the
promising catalysts which are being used in the industries. It conducts through 4e−

pathway with higher onset potential as well as large current density. The practical
application is still not so viable in the industry because of the higher cost of Pt.
Along with this, there are other issues such as stability. Consequently, finding
another way for commercializing Pt/C catalyst, which is qualified to efficiently
accelerating the ORR, with high stabilities, at low cost, has become into the central
stage of this research topic [3, 49, 50]. In this regard, 3D graphene materials are the
excellent candidate for ORR owing to their supreme properties including excellent
electronic conductivity, huge SSA, as well as supreme thermal, optical and
mechanical strength [51].

With rich interconnected macroporous framework and facilitated ion diffusion in
multidimensional graphene structure are extremely required for facilitating
involvement of catalysts and providing ample active sites for the reaction to pro-
cessed [7, 14, 15, 23, 28, 49, 53, 54]. Moreover, these 3D materials could also be

Fig. 5 The construction and
reaction of PEMFC [43].
Copyright © 2018 MDPI
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doped with other atoms (e.g. N, S, P) that enhance its catalytic efficiency. Qiao et al.
fabricated such a doped 3D graphene i.e. N and S dual-doped mesoporous graphene
(3D-N,S-G) [55]. It exhibited higher activity and number of active sites attributed to
higher ORR catalytic activity and higher reaction current along with more positive
onset potential. Figure 6 shows 3D graphene/pyrrole (Py) nanocomposite. A 3D
graphene framework with high nanohole density and uniform pore size can be
observed in electron microscopy micrographs. It was observed that the reduction
peak of the nanocomposite was at −0.1 V (vs. Ag/AgCl) when reaction was taken
place in the O2-saturated potassium hydroxide solution. The nanocomposite also
showed a high onset potential of about 0.04 V, which was found to be equivalent to
as reported in case of Pt/C (20%) catalysts. The n value was found to be approx-
imately 3.6 which exhibited a dominant 4e− oxygen reduction process. The per-
oxide yield on the doped 3D graphene nanomaterial was found to be less than 15%.
These results were attributed to the unique structure, functional active sites and
multidimensional electron transport path as a result of doping. There are a number
of reports available in the literature based on doped 3D graphene as metal-free
catalysts for ORR.

As discussed above, with the porous structure and non-agglomerated morphol-
ogy, the 3D graphene is an excellent support material to allow the utilization of the
unique features. A great deal of carbon materials and metals or metal oxide
nanoparticles are used to build graphene based 3D structure. For instance, Feng
et al. fabricated a 3D N-doped graphene aerogel supported Fe3O4 nanoparticles (3D
Fe3O4/N-GAs) by a one-pot hydrothermal method for the first time. The Fe3O4

nanoparticles were uniformly deposited on the interconnected macroporous gra-
phene structure enhancing the interface contact and suppressing the agglomeration
along with the dissolution of nanoparticles. The 3D-Fe3O4/N-G exhibited a
remarkable ORR activity associated with a more positive onset potential (−0.19 V
vs. Ag/AgCl), higher electron transfer number, and lower H2O2 yield in alkaline
media. Besides, 3D graphene prepared by CVD are used as supporting material for
the mesoporous NiCo2O4 nanoplate on ORR. The 3D graphene foam was immersed
in the precursor solution and then maintained at 160 °C for 3 h. As show in Fig. 7,
the as-formed NiCo2O4 nanoparticles grown vertically and uniformly covered on
the graphene surface to create a loose porous structure. An obvious reduction peak
at 0.75 V (vs. RHE) occured in the O2-saturated 0.1 M KOH solution. The
3D-NiCo2O4/G material outperformed the commercial Pt/C (20%) in terms of
half-wave potential and limiting current. The n value for GQDs/GNR was found to
be 4.0, exhibiting a dominant 4e− oxygen reduction process. Due to the mor-
phology and structure stability, the 3D-NiCo2O4/G showed better stability than
commercial Pt/C.

In summary, with large porous channel size, huge surface area and high elec-
trical conductivity, the role of the 3D graphene inspires more exciting developments
[12, 52, 56–87].
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Fig. 6 a Steps for the synthesis, b SEM micrograph of N-GMF (nitrogen-doped graphene
nanomeshes foam). c Scanning transmission electron microscopy image of N-GMF. d CV curves
of N-S-GMF (N and S codoped graphene nanomesh foam) and N-S-GF (N and S codoped
graphene foam) in O2-saturated 0.1 M KOH solution. e LSV curves of different electrocatalysts
(1600 rpm). f RDE measurement of N-S-GMF in oxygen saturated 0.1 M KOH with different
rotating speed. The inset shows the K-L plots from LSVs. g The n and HO2

− production of the
N–S-GMF. Reproduced with permission [52]. Copyright © 2014, Royal Society of Chemistry
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4 3D Graphene for Lithium-Ion Battery

Once the lithium-ion battery (LIB) adopted commercially in 1990s [88], it play a
dominant role in portable electronic devices and is considered as one of the effective
power sources. The LIB presents superior performance including high power and
energy density (the weight and volumetric density can reach 130 Wh/kg and
370 Wh/cm3), excellent charge retention capacity (self-discharge <10%/month),
high output voltage, long cycling life and low maintenance [89–95]. As shown in
Fig. 8, during charge and discharge process the lithium-ion can reversibly shuttle
between the anode and the cathode of LIB.

When charging, the Li-ions move form cathode to anode, transforming elec-
tricity energy into chemical energy. While discharge process, supplying power to
external electronic device, the direction of the Li-ions are from anode to cathode.
The chemical energy are thus transformed into electricity energy. Therefore, the
active electrode materials on each sides can mainly affect the performances of LIBs
[96–100]. With the rapid development of portable electric device and commercial
realization of electric vehicles, it puts forward higher requirements on the battery
technology on high energy density, excellent cycling performance, and fast
charging-discharging capacity [99, 101–105]. As a result, research on finding new

Fig. 6 (continued)
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Fig. 7 a SEM images of NiCo2O4/3D-graphene. The inset shows that the as-prepared NPs grow
vertically on the surface of 3D-G. b TEM image of NiCo2O4/3D-G. The inset is the TEM image
with low magnification. c CV curves of NiCo2O4/3D-G in O2- and Ar-saturated 0.1 M KOH
solution. d LSV curves of different electrocatalysts (1600 rpm). f The stability test for NiCo2O4/
3D-G and Pt/C (20%), measured by the current at 0.75 V. The insets are the SEM image of the
a NiCo2O4/3D-G and b Pt/C after the test. Reproduced with permission [56]. Copyright © 2016,
American Chemical Society
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electrode materials and improving the existing materials to provide better electro-
chemical performance while lower cost has always been a hotspot.

Graphite, which possessing laminate structure and could allow the lithium-ion
intercalate and deintercalate reversibly, is definitely the commercialized anode.
However, the theoretical lithium-ion storage of graphite is only 372 mAh/g (cal-
culated as LiC6) and shows low Li-ion transport rate between graphite layers
(10−12–10−14 cm2/s). Hence, there are great needs to exploring alternative anode
materials with higher reversible capacity, energy and power density. Compared
with graphite, graphene shows a series extraordinary performance such as large
specific area, superior electron conductivity, excellent mechanical flexibility and
high lithium-ion storage capacity [106, 107]. Therefore, tremendous efforts applied
the graphene based hybrid materials in lithium-ion battery, not only using in anode
but also as an additive in cathode [93, 94, 108–117]. However, because of strong
Van Der Waals forces between graphene layers, the 2D graphene could easily
restack and aggregate, which significantly diminish the surface area and hinder the
rapid electron transport and ion diffusion. Furthermore, pristine graphene usually
shows limited cross-plane diffusion of ion and electron, which result in fast capacity
fade under high charge/discharge current density. In addition, a limited number of
reactive sites can be found in pristine graphene, which affect the lithium storage
capacity and high-rate discharge performance. The optimal candidate for LIB
materials should have high lithium storage capability and robust structural stability
for charge/discharge cycles. The 3D graphene materials can be used in LIBs due to
their excellent conductivity, high elasticity, mechanical and electrochemical sta-
bility. 3D-GNs can highly improve the electrochemical performance of electrode in
LIBs [12, 14, 15, 22–24, 118, 119].

Fig. 8 The Schematic representation of Lithium-ion battery
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3D GNs-based porous composite have been demonstrated as attractive materials
for high-performance LIBs, both in anode [16, 20, 120–151] and cathode materials
[152]. Firstly, the 3D-GNs show high SSA and supply more lithium-ion store space,
leading to a higher energy density. Besides, the opening porous structures in
3D-GNs could shorten the diffusion distance of Li+ ions and facilitate electron
transportation, thus enhance the fast charging/discharging capacity. Furthermore,
the 3D-GNs could avoid the aggregation and restrain the crumbling and cracking of
active material, which accounts for the long cycling life.

As seen from Fig. 9, SnO2/3D-GNs were fabricated by self-assembly of gra-
phene and SnS2 in a hydrothermal and lyophilization process. During the
hydrothermal process, the built of 3D network architectures and the synthesis of
SnS2 are achieved at the same time. The resultant SnS2/3D-GNs were about
20 mm in height and 15 mm in diameter (the water content is around 94.3 wt%).
The 3D structure was maintained almost the same with the undried one after
lyophilization. As seen from the SEM, the graphene sheets were partial overlap-
ping or coalescing and thus form the 3D network with homogeneously dispersing
the SnS2 nanoparticles. The reversible capacity of the composites is 656 mAh/g at
a current density of 50 mA/g. Even the current density is 1000 mA/g it shows
excellent rate capability (240 mAh/g). It is explained as follows. (i) The 3D-GNs
can supply rich active sites for absorbing Li+ ions. (ii) The pores of the 3D-GNs
can allow effective ion migration to enhance ionic diffusion. (iii) The 3D-GNs can
also serve as buffers for suppress the volume change of SnS2 during Li+ insertion/
extraction process.

In Fig. 10, 3D-G network was synthesized by 3D porous Ni templated CVD
method. The 3D-G materials display high conductivity of � 600 S cm−1 and low
square resistance of 1.6 X sq−1. The 3D graphene network can served as excellent
conducting substrate for electrode materials because of its few defects and grain
boundaries. The SEM showed that the LiFePO4 particles was coated on both out
and inside surface of the 3D graphene interconnected network was generally
maintained during synthesis process. Because 3D graphene network could supply
the tunnel for the electrons cathode to fast transport, the LiFePO4/3D-G shows high
rate charge–discharge capacity, suggesting potential application in high charge–
discharge rate LIBs.

JFig. 9 a The photo of SnS2, SnS2/G-Hs, the SnS2/G-As samples before lyophilization. The inset is
the SnS2/G-As after lyophilization. b TEM image, SEM images on c up-side and d cross section
direction of SnS2/G-As. e Charge–discharge curves and f Cycle and rate performance of SnS2 NPs
(A), SnS2/G-Hs (B) and SnS2/G-As (C). g Schematic diagram of lithium ions storage and electron
transmission in composites [122]. Copyright © 2013 Elsevier B.V. All rights reserved
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5 Conclusions and Future Outlook

Because of the flexible structure and tunable functionalities, graphene can be
considered as a versatile building block to the other dimension materials. The
graphene family materials show some excellent properties, which are assisted of the
excellent intrinsic properties of pristine graphene such as a high surface area and
mechanical strengths. Although, there are various forms in graphene derivatives,
they share something in common. The large specific area, superior electron con-
ductivity and excellent mechanical flexibility of these material are beneficial for the
application in energy filed. The finding of these new structures of graphene can
expand the boundary of graphene material and made the investigation of the
application of these material. Predictably the different structure of these materials
will allow them suitable for various situations.

Fig. 10 a SEM images of (a) as prepared LiFePO4/3D graphene composite. b SEM images of the
surface of LiFePO4/3D graphene electrode. c The charge–discharge curves for LiFePO4/3D
graphene composite at different current densities. d Rate performance of LiFePO4 with and
without 3D graphene. Copyright © 2011 Elsevier B.V. All rights reserved
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Although numerous efforts have been devoted, research about 3D materials
fabrication and their applications in energy field are still in its infancy. The fol-
lowing challenges still remain and need to resolve in the future. Firstly, the elec-
trical conductivity is a key factor applying in the energy filed. The synthesis route
from GO is a simply and widely used to fabricate the 3D graphene material. There
is still no very effective way to deoxidize graphene without breaking the pristine
structure. Furthermore, the structure of graphene derivative material predetermines
its properties. It is urgently need to improve the production route to make more
precise control. For instance, we need to find a proper method to synthesize the
3D-GNs with controlled pore size distribution. Last but not the least, the applica-
tions of these materials can be used in other fields such as environment or biology
area.
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Enhanced Electrocatalytic Activity
and Durability of PtRu Nanoparticles
Decorated on rGO Material for Ethanol
Oxidation Reaction

Esra Kuyuldar, Hakan Burhan, Aysun Şavk, Buse Güven,
Ceren Özdemir, Sultan Şahin, Anish Khan and Fatih Şen

Abstract Direct ethanol fuel cells (DEFCs) use ethanol as a fuel to obtain energy
in a low temperature. This makes them one of the most important among fuel cells.
However, in order to increase the efficiency of these fuel cells, highly effective
catalysts should be developed. These catalysts may be of a wide variety of
nanoparticles like platinum-based nanoparticles as a most efficient fuel cell catalyst.
Generally, the nanoparticles related to the catalyst are obtained using functionalized
carbon derivatives. The catalyst obtained in this study shows a higher electrocat-
alyst activity than the Pt and demonstrates excellent electrocatalytic performance
for ethanol oxidation reaction. In this chapter, the reduced graphene oxide was used
as a support and a composite material was obtained by synthesizing platinum–

ruthenium nanoparticles (PtRu@rGO) with the help of chemical reduction method.
The resultant PtRu@rGO nanoparticles were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), X-ray photoelectron spec-
troscopy (XPS), and Raman spectroscopy. The electrochemical activity of the
catalyst was determined using chronoamperometry (CA) and cyclic voltammetry
(CV) techniques for ethanol oxidation reaction. The results showed that the pre-
pared nanocomposite has a high catalytic activity for alcohol oxidation reaction.
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1 Introduction

In order to solve the problems related to the global warming and environmental
pollution, scientists are now focusing on the development of renewable energy
resources that can be an alternative to fossil fuels. With the increase in environ-
mental problems, it has become imperative to develop renewable, clean, and
environmentally friendly energy resources with low carbon dioxide emissions
[1–47]. Energy production from natural resources in the 21st century is an
important problem [12]. Hydrogen gas is known as an environmentally friendly,
toxic substance-free gas that can carry plenty of energy. However, it is still difficult
to store this gas safely and efficiently [12]. The main reason for this is the long-term
economic disadvantages of hydrogen storage [32]. The interest in this energy has
become a serious necessity by experiencing climatic changes. For this reason, some
of the alternative energy sources have been searching to be able to get a clean
energy. Fuel cells are one of the most important energy sources for these types of
applications. Among the types of fuel cells, direct Alcohol fuel cells are one of the
most important ones. For instance, alcohol can be considered as a convenient
liquids fuel in terms of easy transportability and volumetric density [27]. The aim of
direct alcohol fuel cells that can be defined as electrochemical devices is to convert
the chemical energy stored in liquid alcohol into electrical energy [46]. This energy
transformation is also a potential solution to current problems [27]. Methanol
(MeOH), ethanol (EtOH), ethylene glycol (EgOH), glycerol (GlOH), 1-propanol,
2-propanol, and butanol are also liquid alcohols that are conceivable for alcohol fuel
cells [25, 46]. Direct alcohol fuel cells can be used in mobile sensors, laptops, and
other electronic devices in addition to being used as alcohol sensors [19, 46].
Additionally, if we examine the structure of the alcohol fuel cells, we usually see
the anode, cathode, and ion exchange membrane [41]. Generally, ethanol with high
energy density has become one of the most important renewable energy sources
with its easy transportation and reliability [3]. At the same time, low cost, easy
handling and low toxicity have made ethanol the most attractive alternative to
electrochemical batteries and fossil fuel based engines [22, 38]. However, in order
to increase the efficiency of these fuel cells, highly effective catalysts should be
developed. These catalysts may be of a wide variety of nanoparticles like
platinum-based nanoparticles as a most efficient fuel cell catalyst. The reason why
Platin is a promising catalyst is its positive catalytic properties and high electro-
chemical stability. The formation of platinum-based alloys has become a very
important factor to increase these properties and to change the electronic structure
of the platinum. The reports have proved the positive effects of platinum on some
other metals (Co, Ni, Cu, Fe etc.). However, even small amounts of positive cat-
alytic effects caused by platinum increase orientation [5, 39]. This orientation
results from the use of homogeneously dispersed platinum-containing nanoparticles
[1, 4, 6, 8, 9, 15, 17, 30, 43, 47] directly in alcohol fuel cells because it has a large
specific surface area and a more active center [16]. A strong effort has been made to
strengthen the catalytic performance of platinum-based nanocatalysts. The metal or
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metal oxide-containing design of these platinum nanocatalysts is thought to be a
means for influencing the catalytic performance of the anode catalysts. Platinum
nanocatalyst has been developed with effectively improved catalytic performance of
platinum nanocatalysts with alkali metals, such as Mo, Ir, Ag, Mn, V, Rh, and Pb
[21]. For this aim, in this study, we have prepared reduced graphene oxide sup-
ported Pt–Ru nanoparticles (PtRu@rGO) in a simple way and characterized by
several techniques such as XRD, XPS, TEM, Raman etc. The characterized
nanoparticles have been performed for ethanol oxidation reaction with the help of
electrochemical techniques such as CV (cyclic voltammetry) and CA
(chronoamperometry).

2 Materials and Methods

2.1 The Synthesis of Pt@rGO and PtRu@rGO NPs

For the synthesis of the novel PtRu@rGO nanocatalyst; 30 mg of reduced graphene
oxide (rGO) was added to 30 mL of distilled water and stirred for 1 h. After mixing
of them, 2 mL (0.01 M) of PtCl4 and RuCl3 salts were added to the mixture and the
resulting mixture was allowed to stir for another 30 min. DMAB (148 mg) was
then added to reduce and then allowed to mix in an ultrasonic bath. After that,
reflux was carried out at 90 °C for 12 h to obtain PtRu@rGO nanocatalyst. This
nanocatalyst was washed with a pure water-ethanol mixture and allowed to dry
under vacuum. Pt@rGO catalyst were also prepared by the same way for the
comparison of the catalysts.

3 Results and Discussion

Pt@rGO and PtRu@rGO nanoparticles were prepared by the chemical reduction
method as shown in materials and method section. The characterization of the pre-
pared new nanocatalyst was carried out using spectroscopic techniques, such as
Transmission Electron Microscope (TEM), X-ray Diffraction (XRD), Raman
Spectroscopy, and X-ray Photoelectron Spectroscopy (XPS). The surface mor-
phologies and structures of Pt@rGO and PtRu@rGO nanocomposites were charac-
terized using TEM and High-Resolution TEM (HRTEM). Pt and PtRu nanoparticles
were homogenously distributed over the rGO support material. In the HRTEM
analysis, the mean size of PtRu@rGO nanoparticles was found to be 3.98 nm.

The crystal structure of the prepared catalystswas also analyzed by usingXRD, and
typical peaks are shown in Fig. 1a. The XRD peaks at about 2ϴ = 39.930, 46.800,
67.920, 81.400, and 86.250 that are related to the PtRu (111), (200), (220), (311), and
(222) planes. There is a small shift to higher 2 theta values compared to the
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monometallic Pt nanoparticles which confirm the alloy formation in PtRu nanopar-
ticles. These characteristic diffraction peaks show that PtRu nanoparticles have a
face-centered cubic structure. Furthermore, the Scherrer Formula was used to calcu-
late the PtRu particle size [20, 44, 45]. The average particle size for PtRu@rGO was
found to be 3.87 nm, which is in good agreement with TEM results.

Raman spectroscopy is also a powerful and effective technique to understand the
structural properties, composition, sequential, and irregular carbon structure of
carbonaceous materials [2, 11, 24, 26]. Raman spectroscopic analysis for rGO and
PtRu@rGO was performed as shown in Fig. 2. According to the obtained Raman
spectrum, rGO and PtRu@rGO exhibit two distinct scattering peaks at 1350 and

Fig. 1 XRD pattern of
as-prepared Pt@rGO and
PtRu@rGO catalyst

Fig. 2 Raman analysis of
prepared materials
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1578 cm−1, corresponding to the D band and G band. The ratio of the group D and
the G band for rGO and PtRu@rGO were found to be 0.88 and 0.96, respectively.
The increasing D/G band ratio shows the functionalization of rGO with prepared
nanomaterials [18, 31].

X-ray photoelectron spectroscopy (XPS) was also used to investigate the oxi-
dation state of metals in prepared catalyst. For this aim, the Pt 4f region of the
prepared catalysts were examined in detail [23, 40]. In these measurements, the
Shirley shaped background analysis and the Gaussian-Lorentzian method were used
in order to analyze the spectrum. In these spectrum, Pt 4f and Ru 3p regions were
examined in detail and it was seen that Platinum and Ruthenium are mostly in zero
oxidation state in prepared nanomaterials as shown in our previous publications
[13, 14, 28, 34, 36]. However, there are also some unreduced and/or oxidized
species such as Pt (II), Pt (IV), Ru (IV) etc. in prepared materials as shown in Fig. 3
[7, 29, 33, 35].

After fully characterization of prepared nanomaterials, the electrocatalytic
activity of the prepared catalysts showing ethanol oxidation is indicated in Fig. 4
(in 0.5 M sulfuric acid solution saturated with nitrogen gas containing 0.5 M
ethanol). Two different oxidation peaks were observed in two-way potential scans,
both forward and reverse. The main oxidation peak of ethanol in PtRu@rGO is
about −0.30 V in forward scanning and, the peak current density in the same
potential is 20 mA. The oxidation current on PtRu@ rGO decreased significantly at
about −0.20 V due to the formation of Pt oxides. Because of the removal of
oxidized carbonaceous species formed during further screening electro-oxidation;
the main oxidation peak in reverse scans is about -0.50 V. When the electrocatalytic
performances of the prepared catalysts were compared, it was observed that
PtRu@rGO was approximately 1.53 times more active than Pt@rGO. As a result of
this observation; with the presence of more active sites with second metal and rGO

Fig. 3 a X-ray photoelectron spectra of Pt 4f; b Ru 3p spectrum in prepared nanomaterials
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composites and with the help of these active sites, more alcohol adsorbability on the
surface of PtRu@rGO catalyst is observed for ethanol oxidation.

According to the results, it was determined that PtRu@rGO showed high effi-
ciency in alcohol oxidation reaction. We have also checked the stability of the
prepared materials with the help of chronoamperometry techniques. For this reason,
After obtaining the highest anodic peak potential, chronoamperometry (CA) was
used for the stability tests of prepared catalysts, and the currents between the 1st and
1000th cycles were compared for the long-term stability test by cyclic voltammetry
(Fig. 5). It was investigated that there was sudden drop in the activity and stability
of the prepared structures due to the accumulation of the carbonaceous structures on
the surface of the electrode. However, the use of the second metal prevented the

Fig. 4 Cyclic
voltammograms of
PtRu@rGO and Pt@rGO in
nitrogen saturated solution of
0.5 M KOH containing 0.5 M
C2H5OH (Scan
rate = 50 mV s−1)

Fig. 5 Chronoamperometric
curves of PtRu@rGO and
Pt@rGO, in nitrogen
saturated solution of 0.5 M
KOH containing 0.5 M
C2H5OH at −0.30 V
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poisoning on the surface of the metal in the ethanol oxidation reaction, and the
resulting catalytic activity of bimetallic nanomaterial was higher than the individual
metal-carbon catalysts.

4 Conclusions

In summary, Pt and PtRu based catalysts were synthesized by a facile and efficient
method in the presence of GO. A combination of sonochemical and chemical
reduction methods were used during synthesis as an environmentally friendly
methodology. PtRu@GO exhibits outstanding performance as catalysts for the
electrooxidation of ethanol as compared to Pt@GO. The reason for this is the high
active surface areas, because it contains high amount of Pt (0) compared to the other
one. In addition to providing a large surface area, the synergistic effect of second
metal has significantly increased the catalytic activity. Since the method is easy and
controllable, it can be seen as a highly efficient way to prepare new nanocatalysts
with high catalytic activity, and various applications can be performed directly
using these types of catalysts synthesized by this method.
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