Chapter 1
Functionalization of Graphene
and Applications

Abstract Graphene is a new member of the nanocarbon family that has revolu-
tionized the field of materials science and has attracted much attention due to its
exceptional properties. Recent progress has shown that graphene-based nanocom-
posites can be used in nanoelectronics, touch screens, optics, catalysis, superca-
pacitors, fuel cell transistors, flexible electronics, H, storage, and polymer
nanocomposites. The functionalization is a surface modification much used to
reduce the cohesive force between the graphene sheets and also to manipulate the
physical and chemical properties. The aim of this book was to provide a compre-
hensive scientific progress of graphene, containing topics such as synthesis, char-
acterization, and application of functionalized graphene. The characterization of the
functionalized graphene is extremely important for determining the physicochem-
ical properties of the material obtained after the functionalization treatments.
However, this characterization is rarely addressed in books or in review articles.
Generally, the functionalization reviews are too wide-ranging, discussing the
functionalization of various materials (e.g., nanomaterials) or too specific, analyz-
ing only one functionalization agent (with some specific chemical group, for
example). This book, however, proposes to discuss the functionalization of one of
the most widely used nanomaterials in recent years: graphene. Thus, the reader will
find information on graphene functionalization, using several functionalization
agents, in the same book.

Keywords Graphene - Synthesis - Characterization - Application
Functionalization

1.1 Graphene

1.1.1 Introduction

Over the last few years, materials have played a key role in various industrial
sectors of technology, such as aerospace, aeronautical, automotive, medical, and
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sensors. Therefore, understanding the relationship between structures and material
properties has become increasingly important to develop novel materials with
improved properties in order to meet these needs (Mittal et al. 2015). In this
context, nanotechnology and nanoscience have shown great development, and as a
result, many knowledge fields based on the macromaterials are currently exploited
and manipulated at nanoscale (Ferreira et al. 2015). As a result, several nanoma-
terials with different sizes and shapes have appeared during the past few decades
(Wang et al. 2015a).

A new member of the nanocarbon family has revolutionized the field of mate-
rials science: graphene. Graphene is the mother element of some carbon allotropes
(Fig. 1.1), including graphite, carbon nanotubes, and fullerenes (Geim and
Novoselov 2007; Chia et al. 2015; Li et al. 2015; Kim et al. 2010; Kuila et al.
2012). Graphene was theoretically established in 1940 (Wallace 1947), while
Boehm and coworkers, in 1962, separated thin carbon layers from graphite oxide
(Boehm et al. 1962; Rohini et al. 2015). In 2010, the Nobel Prize in Physics was
awarded to Andre Geim and Konstantin Novoselov for the successful preparation
and isolation of graphene samples of highly oriented pyrolytic graphite (Novoselov
et al. 2004; Rohini et al. 2015; Sanchez et al. 2012; Mao et al. 2013). Graphene is
an atomically thick 2D planar sheet of carbon atoms arranged in a sp>-hybridized
configuration and densely packed in a honeycomb structure (Liu et al. 2015b;
Suggs et al. 2011; Allen et al. 2010). These sp>-hybridized carbon bonds contain
in-plane ¢ bonds and out-of-plane ® bonds (Mao et al. 2013).

Fig. 1.1 Graphene is the basis of all graphitic forms, and it is a 2D building material for carbon
materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D
nanotubes, or stacked into 3D graphite (Geim and Novoselov 2007)
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Graphene is relatively new and the “thinnest” known material. The enormous
amount of interest worldwide is due to its extraordinary properties: thermal con-
ductivity (as high as 3000 Wm™! K_l) (Compton et al. 2011), electrical conduc-
tivity of 2 X 10* S cm™" (Rohini et al. 2015), excellent optical transparency
(~97.7 %) (Liao et al. 2014), mechanical stiffness (>1000 GPa) (Rohini et al.
2015), Young’s modulus of 1 TPa (Wang et al. 2012b), high charge mobility
(>200,000 cm? V™! s7!) (Liu et al. 2009), high surface area (2630 m? g~ ') (Liu
et al. 2015b), and high thermal stability up to approximately 600 °C (Rohini et al.
2015), as well as (Liao et al. 2014). These properties make them viable candidates
for a wide variety of potential applications, such as transparent conductive elec-
trodes (Wang et al. 2015a), energy storage devices (Lv et al. 2015), drug delivery
(Pinto et al. 2013), composite material (Rohini et al. 2015), and tissue engineering
(Goenka et al. 2014), as well as (Liu et al. 2015b; Rohini et al. 2015; Kuila et al.
2012).

Graphene in general is expensive when compared to other carbon-based nano-
fillers, such as carbon nanotubes. However, some graphene derivatives, such as
graphene oxide (GO), are inexpensive (Rohini et al. 2015). GO is a graphene analog
with many functional groups that make the physical and chemical properties of GO
largely different from those of graphene (Toda et al. 2015).

1.1.2  Synthesis

The large-scale production of graphene with high-quality sheets and defect free has
become an urgent challenge as well as a labor-intensive task (Kuila et al. 2012;
Mittal et al. 2015). In this context, to meet the demanding requirements, extensive
research efforts have focused on developing large-scale methods of graphene
synthesis (Green and Hersam 2009; Jayasena and Melkote 2015). Numerous gra-
phene synthesis routes have been reported in the literature, but only six will be
discussed here: mechanical exfoliation, chemical vapor deposition (CVD), reduc-
tion of graphite oxide, epitaxial growth on SiC, electrochemical exfoliation, and
carbon nanotube unzipping. Figure 1.2 illustrates some types of graphene synthesis
routes, outlining the general real-life applications (Mittal et al. 2015).

The advantages and disadvantages of each method are summarized in Table 1.1.

1.1.2.1 Mechanical Exfoliation

Mechanical exfoliation is the first method used for graphene preparation
(Novoselov et al. 2004; Mittal et al. 2015; Rohini et al. 2015). This method is a
simple peeling process where mechanical energy is primarily used to exfoliate
graphite and to separate the stable graphene sheets (Fig. 1.3) (Yang et al. 2013;
Singh et al. 2011). However, the yield obtained through mechanical exfoliation is
not suitable for large-scale production of graphene (Jayasena and Melkote 2015).
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Fig. 1.2 Scheme depicting various conventional synthesis methods of graphene along with their
important features, and their current and potential applications (Mittal et al. 2015)

Therefore, an alternative to this is to produce large quantities of graphene via
chemical vapor deposition.

1.1.2.2 Chemical Vapor Deposition (CVD)

The production of graphene by chemical vapor deposition was first reported in 2006
by Somani’s group (Somani et al. 2006) and is today one of the most promising
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Table 1.1 Advantages and disadvantages of several methods used in the synthesis of graphene

Method Advantage Disadvantage References
Mechanical High quality, low | Tens of microns | Chatterjee et al. (2015), Kim et al.
exfoliation cost, poor control | in size, (2010), Jayasena and Melkote
small-scale (2015)
production
Chemical vapor | High quality, High cost, Chatterjee et al. (2015), Frank and
deposition large-scale hazardous Kalbac (2014), Kim et al. (2010),
(CVD) production, good | chemicals Singh et al. (2011)
control
GO reduction Cheap, large-scale | Hazardous Chatterjee et al. (2015), Kim et al.
production, chemicals, poor (2010), Singh et al. (2011)

moderate control | quality
Epitaxial growth | High quality, good | Very small-scale, | Chatterjee et al. (2015); Kim et al.

on SiC control, large area | high-temperature | (2010), Kumar et al. (2016),

of graphene process Zhang et al. (2015a)
Electrochemical | Good control Poor quality Kim et al. (2010), Yu et al.
exfoliation (2015), Parvez et al. (2015)
Carbon Good control High cost, very Chatterjee et al. (2015), Kim et al.
nanotube small-scale (2010), Hirsch (2009)
unzipping production

Fig. 1.3 Scotch tape method
of graphene synthesis from
highly oriented pyrolytic
graphite (HOPG) block
(Mittal et al. 2015)

techniques for large-scale production of graphene (Singh et al. 2011). Somani’s
group synthesized few-layer graphene films using camphor as precursor and Ni
foils as catalyst (Mittal et al. 2015; Singh et al. 2011). Later on, several new
advances in this synthesis procedure were reported using different metal substrates,
e.g., Cu (Liu et al. 2015e), Pt (Karamat et al. 2015), Mo (Grachova et al. 2014), Ir
(Coraux et al. 2008), or Au (Oznuluer et al. 2011). Several metals can be used as
catalyst in CVD graphene growth, but Cu and Ni are most widely used for scale-up
graphene production (Frank and Kalbac 2014; Mittal et al. 2015).
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Fig. 1.4 a Schematic diagram of graphene formation on Ni. b Schematic diagram of graphene
atoms (smaller atoms) on Ni (111) lattice (larger atoms). (Adapted from Zhang et al. 2013)

In general, CVD of graphene is performed in a gas phase where a precursor
(usually a small hydrocarbon) reacts with a catalyst in a reaction chamber at a high
temperature (range from several hundred degrees Celsius up to the melting point of
the catalyst metal). Thus, the graphene is formed on the catalyst surface (Frank and
Kalbac 2014). When nickel is used as a catalyst, a Ni substrate is placed in a CVD
chamber at a vacuum and temperature below 1000 °C in an atmosphere of diluted
hydrocarbon gas. The deposition process starts when carbon deposits on a Ni
surface after the cooling process (Mittal et al. 2015). The thickness and crystalline
ordering of the precipitated carbon (graphene layers) are controlled by the cooling
rate and the concentration of carbon dissolved in the nickel (Singh et al. 2011).
Figure 1.4 shows the graphene formation by chemical vapor deposition using Ni as
substrate.

1.1.2.3 Reduction of Graphite Oxide

Another promising alternative to produce large quantities of graphene is the
reduction of the graphene oxide (GO) produced by Hummers’ method, which is
illustrated in Fig. 1.5 (Hummers and Offeman 1958). The reduction process can be
performed thermally (Ho and Wang 2015; Compton et al. 2011) or chemically
(Yuan et al. 2016; Mittal et al. 2015; Rohini et al. 2015). GO is synthesized by
Hummers’ method through a graphite oxidation using strong oxidizing agents
(Singh et al. 2011). The thermal reduction of graphene from GO can be achieved
using a microwave. In this method, GO is dispersed in water and then sonicated
with N,N-dimethylacetamide (DMAc). Next, GO suspensions are subjected to

Chemical reduction or
Z.%.% thermal treatment

Graphite

Fig. 1.5 Oxidation of graphite to graphene oxide (GO) and reduction to reduced graphene oxide
(rGO). (Adapted from Toda et al. 2015)
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different microwave exposure time intervals (Rohini et al. 2015). Chemical
reduction of GO sheets may be obtained using several reducing agents (Stankovich
et al. 2007; Shin et al. 2009). However, hydrazine hydrate is one of the most
commonly used reagents to produce very thin graphene sheets (Singh et al. 2011;
Rohini et al. 2015).

1.1.2.4 Epitaxial Growth on SiC

The epitaxial growth of graphene is based on the sublimation of Si from a surface of
a single-crystalline SiC, leaving a face rich in carbon that forms graphene (Zhang
et al. 2015a). This method is very promising due to the production of large size
graphene sheets, elevated purity, and uniform properties (Kumar et al. 2016).
Furthermore, graphene produced by epitaxial growth is almost defect free (Liu et al.
2015e).

Several works in recent years have demonstrated the possibility of growing
perfectly controlled layers of graphene on SiC using several procedures, such as
under ultra-high vacuum (UHV) conditions, under Ar and N, atmosphere (Kumar
et al. 2016; Celebi et al. 2012; Zarotti et al. 2016; Zhang et al. 2013). However,
high temperatures (about 1500 °C) hamper the large-scale production of graphene
(Mittal et al. 2015; Kim et al. 2010) due to the quick diffusion of silicon from the
SiC surface at high temperatures, under non-equilibrium conditions (Zarotti et al.
2016).

1.1.2.5 Electrochemical Exfoliation

The electrochemical exfoliation is a green method of graphene production and was
first reported in 1976 (Besenhard 1976; Parvez et al. 2015; Bose et al. 2014). In this
method, graphite is oxidized in a mixture of sulfuric and nitric acid (Mittal et al.
2015) and then exfoliated in an electrochemical device (Mittal et al. 2015; Yu et al.
2015). Figure 1.6 shows the electrochemical experimental setup.

The electrochemical method offers some advantages over the other methods,
such as the simple one-step operation and control of the synthesis, functionaliza-
tion, and exfoliation process (Parvez et al. 2015). However, the graphene produced
by the electrochemical method presents a number of defects, which modify the
electronic properties of graphene (Mittal et al. 2015; Kim et al. 2010).

1.1.2.6 Carbon Nanotube Unzipping

Carbon nanotubes are considered graphene sheets rolled up in seamless tubes (Jiao
et al. 2009). Therefore, it would seem natural that CNTs can be unzipped to obtain
graphene (Terrones et al. 2010). The first method to obtain graphitic nanoribbons
from CNT unzipping was published by Marquez and coworkers (Marquez et al.
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Fig. 1.6 Schematic DC bias
illustration of a typical setup I .

for the electrochemical L’
exfoliation of graphite.

(Adapted from Yu et al. 2015)
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2009). In this method, carbon nanotubes were opened longitudinally by intercala-
tion of lithium and ammonia followed by exfoliation. Two other new methods
appeared two weeks later: solution-based oxidative (Kosynkin et al. 2009) and Ar
plasma etching (Jiao et al. 2009). Since then, various other methods have been
successfully applied to produce graphene from the CNT opening (Elias et al. 2010;
Terrones et al. 2010). Figure 1.7 shows different methods to unzip carbon nan-
otubes (Terrones et al. 2010).

b) chemical e) physico-chemical

H:S0+KMnO.
%%ﬂMHve etching
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Fig. 1.7 Schematics and representative images of several methods for unzipping CNTs into
graphene nanoribbons (Terrones et al. 2010)
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Carbon nanotube unzipping methods are very appealing, since they are simple
and lead to well-defined shaped graphene (Kim et al. 2010; Hirsch 2009). However,
these methods are not suitable for mass production of graphene (Chatterjee et al.
2015). Moreover, starting materials are expensive (Kim et al. 2010).

1.1.3 Graphene Functionalization

As summarized above, the properties and applications of graphene can be controlled
by synthetic conditions. Each preparation method not only has advantages and
drawbacks over the other methods, but also provides flexible graphene for various
applications (Mittal et al. 2015; Liu et al. 2015e). Furthermore, the properties and
applications of graphene can also be adjusted by other parameters, such as number of
layers, dimensions, and in particular surface modification (Liu et al. 2015b).

Surface modification is one of the main methods used to reduce the cohesive
force between the graphene sheets and also to manipulate the physical and chemical
properties of graphene (Layek and Nandi 2013; Boukhvalov and Katsnelson 2009).
It provides numerous additional functions to graphene sheets, hence playing a
crucial role in their potential commercial applications in band gap engineering, gas
sensing, spintronics, and so on (Chia et al. 2015; Sayin et al. 2015; Liu et al. 2015d;
Chatterjee et al. 2015; Singh et al. 2011; Han et al. 2007).

Generally speaking, surface functionalization could be summarized as two main
approaches: covalent functionalization, which is related to covalent bond forma-
tions, and non-covalent functionalization, which is associated with van der Waals
forces (Boukhvalov and Katsnelson 2009). The works in the literature are often
related to covalent functionalization because it forms a stronger modification of
geometric and electronic properties of graphene (Boukhvalov and Katsnelson 2009).

1.1.3.1 Covalent Functionalization

Covalent modification offers great potential to develop new functional materials,
structures, and devices for interesting and promising applications (Kim and
Grossman 2015). The covalent linkage between unsaturated © bonds of carbon and
other functional groups is the base of a covalent functionalization (Mittal et al.
2015). The functionalization occurs by the reaction of & orbitals transforming sp”
bonds into sp3 (Liu et al. 2015b; Haldar et al. 2012; Niyogi et al. 2010). Therefore,
graphene is able to covalently bond with other species since it is chemically
unsaturated (Mao et al. 2013). However, this functionalization may be accompanied
by a deterioration of the electron transport due to the conversion of sp® into sp’
carbon (Layek and Nandi 2013; Sayin et al. 2015). Figure 1.8 shows a schematic
illustration of graphene covalent functionalization.

Within the last few years, graphene covalent functionalization has been inten-
sively investigated theoretically (Suggs et al. 2011). For instance, Li et al. (2011)
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Fig. 1.8 Schematic illustration of covalent functionalization of graphene. (Adapted from Mao
et al. 2013)

studied the graphene functionalization by first-principle calculations. The authors
considered functionalization only on one side with F (F-graphene), O (O-graphene),
and OH (OH-graphene) and on both sides with F and H (F-graphene-H), O, and H
(O-graphene-H). The results demonstrated that the functionalized graphenes allow
much larger spin current density with lower fabrication requirements, when com-
pared with ultra-narrow graphene nanoribbon spintronics devices. Using classical
and quantum mechanical calculations, Kim and Grossman (2015) showed that
chemical functionalization of graphene can improve the electronic properties
(thermoelectric power factor, PF = $?c) compared to pristine graphene.

Using molecular and lattice dynamics simulations in another work, Kim et al.
(2012) investigated the effects of graphene functional groups on thermal transport.
Graphene was functionalized with H atoms and hydrocarbon chains (pentane
CsH,,) on both sides in an alternating manner. The simulation results demonstrated
that the chemical functionalization plays a significant role in the thermal transport
of 2D materials. The 2D periodic patterns of a graphene sheet suppress the thermal
conductivity as all atoms can be functionalized in the 2D system. In contrast to a 3D
structure where only surface atoms can be functionalized, consequently, a minor
influence on thermal transport is observed.

Covalent functionalization of graphene has also been investigated experimen-
tally. In the experimental study, graphene oxide (GO) is synthesized by the
Hummers’ method and subsequently functionalized. The Hummers’ method
introduces some oxygenated species (carboxyl, epoxy, and hydroxyl groups) during
the graphite oxidation processes (Mao et al. 2013). Therefore, the presence of these
functional groups facilitates the covalent molecular functionalization of graphene
(Hossain et al. 2012).

Maktedar et al. (2014) studied the antibacterial activity of modified graphene
oxide. Sonochemical waves were employed to exfoliate GO. After that, GO was
functionalized with 6-aminoindazole forming f-(6-AIND) GO. The results showed
that f~(6-AIND) GO is an antibacterial and antifungal agent.
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Lin et al. (2011) studied the capacitance of the functionalized graphene prepared
by controlled reduction of graphene oxide. GO was synthesized using the
Hummers’ method, and GO was functionalized using dimethylformamide (DMF) in
a solvothermal method. The functionalized graphene showed the specific capaci-
tance up to 276 F/g, which is much higher than the benchmark materials.

Mohanty and Berry (2008) reported the fabrication of chemically modified
graphenes (CMGs) in a single-bacterium biodevice. CMGs were synthesized using
GO and plasma-modified graphene-amine (PGA) on a silica substrate. GOs were
synthesized from graphite flakes by the modified Hummers’ method. PGA was
synthesized either by exposing the graphite flakes to ammonia (or nitrogen plasma)
followed by exfoliation. Initially, the substrate was exposed to oxygen plasma and
then functionalized with a monolayer of (3-aminopropyl) triethoxysilane to make
the silica surface positively charged with tethered amine groups. Choi et al. (2010)
created sulfonate (—SOj3) groups in the graphene surface using microwave-assisted
sulfonation.

Xue et al. (2015) investigated the catalytic performance of GO functionalized
with ethylenediamine (N-GO) in the Knoevenagel condensation reactions.
According to the results, pure GO showed almost no catalytic activity for the
Knoevenagel condensation reactions of benzaldehyde. On the other hand, after
functionalization, the conversion of benzaldehyde into N-GO samples significantly
increased.

Although the electronic and chemical properties of graphene can be effectively
tailored by covalent functionalizations, the properties related to the transport of
electrons or phonons may be disrupted (Layek and Nandi 2013; Mao et al. 2013).
An alternative to overcome this drawback is to use non-covalent functionalizations
since they cause less perturbation to the graphene n-conjugated structure (Mao et al.
2013).

1.1.3.2 Non-covalent Functionalization

In summary, surface modification of graphene is a versatile method to manipulate
its physical and chemical properties, essential condition to expand their potential
commercial applications (Layek and Nandi 2013). The native electronic structure
and physical properties of graphene can be effectively modified by covalent
functionalization. However, this functionalization may be accompanied by some
damage on the graphene electron conjugation (Sayin et al. 2015; Kuila et al. 2012).
Non-covalent functionalizations of graphene are nondestructive methods, since the
electronic, chemical, physical, and mechanical properties of the pristine graphene
are preserved after the modification (Mao et al. 2013). However, the efficiency of
load transfer and force between the wrapping molecules is weaker than the covalent
functionalization (Layek and Nandi 2013). Therefore, the type of functionalization
of graphene should be carefully selected based on the specific performances.
Non-covalent functionalizations with different organic compounds have become
very attractive to make graphene soluble in different solvents, obtaining high
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dispersion. Non-covalent functionalizations are based on m interaction, attaching
functional groups without disturbing the electronic network. Many = interactions
can be developed as follows:

(1) Nonpolar gas-m interaction: In this, the functionalizing molecule is a gas. The
gas—graphene chemical bonding is based on both electrostatic and dispersion
energies.

(2) n—m interaction: Because graphene and the functionalizing agent have similar
electron densities, the interaction is predominated by dispersion or induction.

(3) Cation-mt interaction: Because functionalizing agent is a metallic cation, the
interaction is based on the induction energies.

(4) Anion-r interaction: The contribution of the dispersion energies is substantial
in the anion-mt complexes.

The different types of non-covalent functionalization should be carefully selected
based on the specific performances (Jo et al. 2015; Georgakilas et al. 2012).

1.1.3.3 Other Methods of Graphene Functionalization

Besides the covalent and non-covalent functionalizations, other methods of gra-
phene functionalization have received considerable attention due to their wide range
of applications (Liu et al. 2015b). For example, Chen et al. (2015) studied the
electrochemical performance of functionalizing graphene oxide with Co,SnOy4
(Co,Sn04/G). GO was synthesized from natural graphite by a modified Hummers’
method. Co,Sn04/G nanocomposites were synthesized using the hydrothermal
method. The nanocomposites exhibited an improved electrochemical performance,
such as high reversible capacities, good cycling stability, and excellent performance
rate compared to pure Co,SnO,4 nanoparticles. Cai et al. (2015) prepared the
nanocomposite of SnO, dodecahedral nanocrystals (DNCs) anchored on graphene
sheets (GS) as an advanced anode for high-performance lithium-ion batteries.
Graphene oxide was prepared from graphite powder via modified Hummers’
method. The composite of SnO, DNCs anchored on GS was synthesized by a facile
hydrothermal method. The SnO, DNCs-GS nanocomposite exhibited a significant
Li battery performance compared with pure SnO, DNCs. Wang et al. (2015b)
functionalized two-dimensional reduced graphene oxide (2D rGO) with MnO,
(MnO,/rGO) by the hydrothermal method and studied their activity in a catalytic
ozonation. The results showed that the catalytic efficiency of MnO,/rGO was
superior to either MnO, or rGO in the catalytic ozonation of 4-nitrophenol. This
method was employed by other authors for graphene functionalization with Co3;0,4
(Dong et al. 2012) and Co(OH), (Wang et al. 2012a).

Furthermore, other methods are used to prepare the functionalized graphene:
Hassan et al. (2015) reported the microwave-assisted synthesis of metal nanopar-
ticles (Pd, Cu, and PdCu) dispersed on the graphene sheets. The method allows the
simultaneous reduction of GO and various metal salts. Using this method, many
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types of metallic and bimetallic nanoparticles can be dispersed on graphene sheets
to create novel nanocatalysts supported on the large surface area of the thermally
stable 2D graphene (Liu et al. 2015b). Song et al. (2012) prepared Fe;0,—GO
nanocomposites by a chemical coprecipitation method. The results show that the
nanocomposites exhibited a good activity for the electrooxidation of cysteine and
N-acetyl cysteine in 0.1 M NaOH.

In addition, functionalization with Fe;O, was also reported in other works (Wu
et al. 2012). Renteria and coworkers used Fe;0O4 nanoparticles for the functional-
ization of graphene (2015). Graphene nanocomposites were synthesized by a
scalable technique based on liquid-phase exfoliation. The authors showed that
Fe;0,4 nanoparticles aligned the graphene fillers under an external magnetic field.
The graphene filler alignment resulted in a strong increase in the thermal conduc-
tivity of the composites.

1.1.4 Graphene Applications

Graphene has attracted much attention due to its exceptional properties, especially
in electronics, making this material an attractive candidate for future nanoelec-
tronics (Xia et al. 2010; Georgakilas et al. 2012). Currently, graphene-based
nanocomposites are studied to be used in nanoelectronics, touch screens, optics,
catalysis, supercapacitors, fuel cell transistors, flexible electronics, H, storage, and
polymer nanocomposites (Sayin et al. 2015; Kuila et al. 2012).

In the following paragraphs, some graphene applications will be discussed in
more detail.

1.1.4.1 Graphene/Polymer Matrix Composites

Graphene plays an important role in the development of nanocomposites due to its
high specific surface area, unique graphitized plane structure, and excellent
mechanical, electrical, magnetic, and thermal properties. Graphene and polymer
composites have a wide range of exciting applications. However, as mentioned
earlier, chemical functionalizations are essential to achieve a high performance of
the nanocomposite, due to a uniform dispersion and enhanced compatibility with
the matrix (Liu et al. 2015c).

1.1.4.2 Mechanical Applications
The main objective of a high-performance polymer composite for mechanic

application is the balance between strength and toughness, and graphene improves
these two mechanical properties when it is added into a polymer. These properties
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together with the large specific surface area make graphene excellent reinforcing
nanofillers (Zhang et al. 2015b).

Yadav and Cho (2013) studied the properties of nanocomposites of graphene
nanoplatelets and polyurethane (PU) by the incorporation of the functionalized
graphene nanoplatelets into a polyurethane (PU) followed by an “in situ” poly-
merization. Graphene was functionalized by a coupling reaction with
4-aminophenethyl alcohol. Their results showed a formation of chemical bonding
between the hydroxyl groups of graphene with polyurethane. These nanocompos-
ites exhibited enhanced mechanical and thermal properties, in addition to good
shape recovery in relation to the neat polymer. The addition of 2 wt% of the
functionalized graphene nanoplatelets showed that the Young’s modulus and the
thermal stability (at 30 °C) were ten times higher compared to a pure PU.

Graphene can be produced by unzipping multi-walled carbon nanotubes
(MWCNT), which is called graphene nanoribbons (GNRs) (Lian et al. 2014). Lian
et al. (2014) prepared GNRs by the CNT unzipping method, which were func-
tionalized with non-covalent groups. These nanoparticles were used as reinforce-
ment nanofillers for poly(vinyl chloride) (PVC) and poly(methyl methacrylate)
(PMMA). GNRs were better dispersed in the PVC and PMMA matrices after the
surface modification and exhibited strong interaction with matrices. The mechanical
properties of both PVC and PMMA were enhanced. The effect of the addition of
functionalized GNRs is most often superior to the addition of pure GNRs, or of
functionalized carbon nanotubes or even of pure carbon nanotubes.

1.1.4.3 Electrical Applications

Some studies on graphene are related to mechanical reinforcement. However, the
great majority of graphene composite applications are in the field of nanoelec-
tronics. Despite all the exceptional properties mentioned in the previous chapters,
graphene possesses zero band gap and chemical inertia. This characteristic limits
the graphene applications as semiconductors and sensors. The surface modification
by functionalization, both covalent and non-covalent, can modify the electronic
properties of graphene by opening the energy gap, making possible nanoelectronic
device applications (Georgakilas et al. 2012; Boukhvalov and Katsnelson 2009).
The creation of this bang gap has driven many researches and has generated
innovative applications in digital electronics, infrared nanophotonics, pseudospin-
tronics, and terahertz technology (Xia et al. 2010).

Nowadays, new methods of energy conversion and storage have been devel-
oped, but the low efficient of these methods is an issue to be overcome. Therefore,
much attention is given to the development of supercapacitors. Supercapacitors are
energy storage devices capable of providing high power density by electrochemical
systems. The energy conversion/storage capacity is dependent on the electrostatic
forces between the electrode/electrolyte interface (Huang et al. 2013; Yu et al.
2014). Ren et al. (2015) functionalized rGO with methyl green (MG), obtaining a
non-covalent functionalization and enhancing the supercapacitive performance. The
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mass ratio of 5:4 for the composite (rGO:MG) achieved a specific capacitance as
high as 341 F g~ ' at Ag™ in the potential range of —0.25 to 0.75 V. The func-
tionalization of rGO with MG provided an enhancement of 180 % in the specific
capacitance when compared with pure RGO. These results showed that the func-
tionalization of GO is an effective way to make new electrode materials, especially
for supercapacitor systems.

When it comes to new technologies for energy generation and storage, many
studies have also focused on the functionalized graphene applied in photovoltaic
devices, such as solar cells. Graphene has been used in the development of organic
solar cells, quantum dot solar cells (Chen et al. 2011), and dye-sensitized solar cells,
among others (Wan et al. 2011), due to its favorable properties, such as high
transparency in the visible spectrum and weak changes in electrical conductance
(Lim et al. 2015; Wan et al. 2011; Liu et al. 2008).

Organic photovoltaic (OPV) cells produced with conjugated polymers have the
advantages of low cost, solution-based processing, and fabrication on a flexible
substrate. Due to these advantages, OPV cells have attracted much interest in solar
cells technology. One of the goals in the field of solar cells is to increase significantly
the power conversion efficiency (PCE). New processing techniques and new
materials must be developed to achieve this objective. Graphene has demonstrated
many advantages when compared with traditional transparent electrodes, thanks to
its exceptional electrical properties, high mobility, and facility to change the surface
by functionalization treatments (Wan et al. 2011; Liu et al. 2008; Yu et al. 2011).
Lim et al. (2015) investigated the effects of surface-treated graphene thin films on the
performance of organic solar cells for different surface treatments: (i) annealing in
argon ambient, (ii) dipping in acetone, (iii) ultraviolet irradiation, and (iv) nitrogen
plasma treatment. Organic solar cells were made with graphene and indium/tin oxide
electrodes. The results showed that the device made with graphene and treated with
acetone presented the best performance, including a better PCE value when com-
pared with solar cell without graphene and cell with another surface-treated gra-
phene. The authors concluded that the addition of acetone-modified graphene is very
simple and can be used for other types of solar cells.

Graphene is an exceptional material for the detection of gases, ions, and bio-
molecules. Therefore, the functionalized graphene is the most promising nanoma-
terial for sensor fabrication. Besides the high surface area, graphene can also change
its conductance due to molecule adsorption on its surface. This property makes
graphene sensitive to many different molecules. For the most part, graphene is
widely used in sensing applications in the biotechnology field, especially for the
detection of diseases and biomolecules. Many researchers found that the func-
tionalized graphene combined with single-stranded DNA and fluorescent molecules
can diagnose several diseases. Fluorescent molecules are attached to the DNA, and
then, they attached to graphene. This system is capable of detecting glucose,
NADH, cholesterol, hydrogen peroxide, and others (Kuila et al. 2012). One
example of this application is shown by Yang et al. (2015). They prepared a
versatile nanocomposite with B-cyclodextrin functionalized graphene (CD-GR)
with grafted fragments of DNA on the CD-GR surface to create a modified
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electrode which worked as a DNA biosensor. Due to the high surface area of
graphene and the multi-site characteristic of CD, they concluded that the
hybridization kinetics and biosensor efficiency were improved: The biosensor
demonstrated a low background response and extremely high sensitivity for target
DNA.

Du et al. (2015) also developed a biosensor based on the functionalized gra-
phene. They deposited gold nanostructure on reduced graphene oxide that was
functionalized for glucose sensing. The functionalization was made with
B-lactoglobulin. The biosensor exhibits remarkable sensitivity and rapid response
time, showing that the performance of the fabricated sensor is suitable for quanti-
tative detection of glucose. Shen et al. (2015) synthesized a new
aldehyde-functionalized graphene nanocomposite with poly-(epichlorohydrin) and
4-pyridinecarboxaldehydea for electrochemical immunosensor for identifying
cancer. The aldehyde—functionalized graphene nanocomposite provided a promis-
ing method to immobilize and capture the antibodies on the electrode surface.

1.1.4.4 Anti-corrosion Applications

In addition to the electrical and mechanical applications, graphene is also being
used to enhance the tribological and anti-corrosion properties of polymers, since it
can inhibit corrosion and increase the polymer resistance.

Liu et al. (2015d) produced nanocomposites with two different fillers, func-
tionalized fullerene Cgo (FCgp) and functionalized graphene (FG) using a polymer
matrix of epoxy coating, and studied the tribological and anti-corrosion perfor-
mances of these materials. They showed that the addition of FCgy and FG into
epoxy matrix greatly improved the tribological and anti-corrosion properties when
compared to the pure epoxy, which occurs due to the lubrication and barrier
properties of nanofillers. The difference between the structure of fullerene and
graphene results in their unique tribological properties. FC¢ presented better tri-
bological and scratch resistance, while FG showed better anti-corrosion perfor-
mance. The authors concluded that the properties of epoxy nanocomposite
depended on the nanofillers shape, and they also concluded that the functionalized
graphene can be used for anti-corrosion applications.

Tribological and anti-corrosion properties have been studied not only with epoxy
nanocomposites, but also with other polymer matrices as well. Mo et al. (2015)
functionalized graphene (graphene named FG) and graphene oxide (graphene
named FGO) with 3-aminopropyltriethoxysilane (APTES), and fabricated a series of
polyurethane (PU)-based nanocomposites reinforced with different contents of FG
and FGO. The tribological and anti-corrosion mechanisms of polyurethane
nanocomposite were analyzed. They observed better dispersion and compatibility
after the functionalization. Both FG and FGO addition enhanced the tribological and
anti-corrosion properties, due to the lubrication and barrier properties provided by the
addition. When the authors compared FG/PU with FGO/PU nanocomposites, FGO
exhibited better tribological property but FG presented a better anti-corrosion
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property. As in the work cited in the previous paragraph, in this case, the addition of
graphene in a polymer matrix was also able to improve the corrosion resistance of the
material.

The functionalized graphenes have been extensively used in different areas of
science. Many researches have conducted studies that incorporate the functionalized
graphene in nanoelectronic devices, and biosensor systems, such as mechanical and
anti-corrosion reinforcement, among other areas. Due to its exceptional properties,
many other applications have been developed. It is necessary to innovate in order to
achieve the best qualities of the material for the most promising applications.

1.1.5 Characterization of Functionalized Graphene

1.1.5.1 Raman Spectroscopy

Raman spectroscopy is a technique used to analyze geometric structure and chemical
bonding of molecules. This aspect makes Raman spectroscopy extremely useful in
studies of different allotropes of carbon, such as diamond, fullerenes, carbon nan-
otubes, graphene, and functionalized graphene. A typical Raman spectrum of carbon
materials, including graphene, shows the presence of two prominent peaks, known
as D and G bands. The G band is located at 1500—1590 cm™ " and is associated with
disordered samples or edges (sp> carbon domains). The D band is at 1290-
1350 cm™" and corresponds to graphitic domain (sp> carbon domains). Graphene
has an additional peak around 2700 cm !, which is known as G', sometimes referred
as an overtone of the D band. This band is used to determine the graphene layer
thickness (Zhang et al. 2012a; Xue et al. 2015; Lin et al. 2015) (Fig. 1.9).

The D band intensity is higher when the presence of defects and impurities
increases, as observed in Fig. 1.9. Graphene oxides (GO) have some natural
functional groups, showing a more intense D band when compared to graphite and
graphene. The 2D band is highly sensitive to the number of graphene layers. When
few layers of graphene are compared to graphene oxide, the 2D band intensity is
attenuated and its bandwidth is broader. The functional groups in graphene oxide
are able to stack large number of graphene layers (Maktedar et al. 2014; Feng et al.
2012; Kudin et al. 2007).

The intensity ratio of D band over G band (Ip/ls) is usually used to investigate
the amount of structural defect and disorder. Some defects may occur due to the use
of catalysts during its synthesis or due to the attachment of functional groups on the
graphene surface. The Ip/l; ratio is proportional to the number of defects or
changes on graphene layer. Table 1.2 shows Ip/I; of different functionalized gra-
phene forms (Malard et al. 2009; Mhamane et al. 2011; Liu et al. 2014).

Table 1.2 shows that the I/l ratio increases with the graphene functionaliza-
tion when compared to few layers of graphene or graphite. This can be assigned to
the formation of covalent or non-covalent bonds between the functional groups and
the graphene surfaces (Kaur et al. 2015).
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Fig. 1.9 The Raman scattering spectra of few-layer graphene, graphite nanoparticle, graphene oxide
nanoparticle, carbon black nanoparticle, and charcoal nanoparticle. (Adapted from Lin et al. 2015)

Table 1.2 [p/i; ratio of different graphene functionalization

Functionalization Type Ip/lg References

ratio
Few-layer graphene 0.06 Lin et al. (2015)
Graphite nanoparticle 0.08 Lin et al. (2015)
Graphene oxide 0.8-1.018 | Lin et al. (2015), Xue et al. (2015),

Mhamane et al. (2011)

Graphene oxide ethylenediamine 1.10-1.15 | Xue et al. (2015)
Graphene—poly(diallyl 1.057 Kaur et al. (2015)
dimethylammonium) chloride
Fluorinated graphene oxide 0.75-0.85 | Park and Lee (2016)
Graphene—diazonium 1.42 Liu et al. (2014)
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1.1.5.2 X-ray Diffraction (XRD)

X-ray diffraction technique is used to determine the presence of functional groups
on the graphene surface. A typical XRD pattern of graphite shows an intense and
sharp peak at around 20 = 26°, referring to the plane (002) of the graphene sheet.
After a chemical modification of graphite by the Hummers’ method to obtain the
graphene oxide, that peak is shifted to around 10° (20). GO can be reduced by
thermal or chemical treatments to reduced graphene oxide (rGO). The XRD of rGO
shows a narrow peak at around 24° (Fig. 1.10). These peak shifts suggest full
oxidation and efficient formation of well-ordered two-dimensional structures of
graphene sheets after the reduction of GO to rGO (Cui et al. 2011; Park and Lee
2015; Dreyer et al. 2009).

Other expressive changes can be observed in the interlayer distances between the
aromatic rings of graphene sheets. This distance can be determined by the following
expression:

ni
2senl

dioo2) = (1.1)

where n is order of reflection equal to 1, A is the wavelength of cooper irradiation
equal to 0.154 nm, d gy, is the interplanar distance between graphene sheets, and
20 is the diffraction angle. The values of d(y, obtained in Fig. 1.10 were 0.334,
0.86, and 0.368 nm for graphite, graphene oxide, and reduced graphene, respec-
tively. The increase in the d ooz value of graphene oxide is related to the insertion
of functional groups (epoxy, hydroxyl, and carboxyl) between the graphene sheets.
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Fig. 1.10 XRD pattern of graphite (black), graphene (red), and reduced graphene oxide (blue)
(Cui et al. 2011)
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Table 1.3 d ) and 20 values of different graphene functionalizations

1 Functionalization of Graphene and Applications

Functionalization type dooay 20 References
Graphite 0.334 26.7° Cui et al. (2011), Su
et al. (2016)
Graphene 0.368 24.16° Cui et al. (2011)
Graphene oxide 0.856-0.86 10.27-10.32° | Cui et al. (2011), Su
et al. (2016)
Reduced graphene-NH, - 23.05° Su et al. (2016)
Reduced graphene-liquid 1.09-1.18 nm 10.17-7.58° | Ji et al. (2015)
crystalline polymer (LCP)
Reduced Significant <5° Qian et al. (2014)
graphene-amine-terminated enlargement
polyether in interlayer
spacing
Reduced graphene with 0.352 24.8° Lu et al. (2015)
p-phenylenediamine
Graphene oxide with p- 1.348 6.5° Lu et al. (2015)
phenylenediamine
Fluorinated graphene oxide 0.771-0.830 10.65-11.47° | Park and Lee (2016)

After the reduction of graphene oxide, the doz) value is close to that of the
graphite, suggesting an efficient bond removal of the graphene layer. Other shifts in
the d(o2y value can be observed when the graphene is subject to other types of
functionalization agent. Table 1.3 lists the d) and 20 values after graphene
functionalization. The intercalation of different molecules in the graphene sheets
significantly changes these parameters (Ji et al. 2015; Qian et al. 2014).

1.1.5.3 Fourier Transform Infrared Spectroscopy Analysis (FTIR)

Fourier transform infrared spectroscopy is used to study the chemical constituents
of graphene after surface modification. Figure 1.11 shows a typical FTIR spectrum
of graphene oxide obtained by the Hummers’ method.

The peaks at 1740 and 1370 cm™" are due to C=O and C—O stretching vibration,
respectively. Figure 1.11 shows peaks at 1220, 880, and 850 cm™ ' related to the
presence of symmetric stretching, asymmetric stretching, and deformation vibra-
tions of epoxy groups, respectively. Finally, Fig. 1.11 shows the peak at around
3390 cm !, which is related to O-H stretching vibration of adsorbed water mole-
cules (Oh et al. 2010; Lu et al. 2015; Naebe et al. 2014; Marcano et al. 2010).
Table 1.4 shows the appearance of some bands associated with many treatments.
The presence of these chemical groups is able to promote significant improvements
in the graphene properties, such as solubility, thermal, electrical, and mechanical
capacities (Naeimi et al. 2016).
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Fig. 1.11 The FT-IR spectrum of graphene oxide (Oh et al. 2010)

Table 1.4 Peak identification of FTIR spectra of graphenes subject to different treatments

Functionalization method Wavenumber Assignment | References
(em™)
Reduced graphene with Bingel 1731 Cc=0 Naebe et al.
reaction stretch (2014)
Graphene oxide with p- 1265 C-N Lu et al. (2015)
phenylenediamine stretch
810 N-H wag
Reduced graphene with 1515 N-H Lu et al. (2015)
p-phenylenediamine bending
1265 C-N
stretch
810 N-H wag
Graphene oxide with 1564 N-H Qian et al.
amine-terminated polyether stretch
1010 C-0-C
stretch
Reduced graphene with 1380 C-N Liu et al. (2013)
p-phenylenediamine and isoamyl stretch
nitrite
Graphene oxide with fluorine— 1100 C-F stretch Park and Lee
nitrogen gases (2016)
Graphene oxide with 3440 N-H Su et al. (2016)
diethylenetriamine stretch
1201 C-N
stretch
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1.1.5.4 Thermogravimetric Analysis (TGA)

TGA is a valuable and fairly simple method for investigating thermal stability, as
well as for analyzing the presence of functional group in carbonaceous materials.
Large differences related to mass loss can be observed when graphene is compared
with the functionalized graphene. Figure 1.12 shows the TGA of graphene oxide
(GO) and reduced graphene produced via y-ray induced graphene oxide
(rGO) (Zhang et al. 2012b).

The mass loss of GO is 5 % at around 100 °C, which can be assigned to the
removal of water molecules trapped inside the GO structure. At around 200 °C,
with mass loss of 31 %, the pyrolysis of the labile oxygen-containing groups occurs
until the formation of CO, CO,, and steam. The TGA of rGO shows a mass loss
between 130 and 250 °C due to the decomposition of residual oxygen-containing
groups. Therefore, y-ray induced reduction (forming rGO), but also improves the
thermal stability when compared with GO. Maktedar et al. (2014) functionalized
reduced graphene oxide with 6-aminoindazole (6-AIND). The TGA results showed
that graphene oxide presented a total of 82.9 % in mass loss due to the removal of
thermally labile oxygen-containing groups. Meanwhile, reduced graphene oxide—
6-AIND presented a total loss of 40.9 %, suggesting its thermal stability is higher
than graphene oxide. The reduced mass loss of reduced graphene oxide—6-AIND
and the enhanced residues formation depicts the high interaction between graphene
and the new functional groups. Naeimi et al. (2016) prepared sulfonated graphene
and predicted the amount of functional groups per carbon atoms through TGA
analysis. For that purpose, weight loss values were employed together with the
molecular weight of the various groups, according to Eq. (2):

_ R(%) - My (g/mol)
L(%) - 12(g/mol)

X (2)

where X stands for the number of carbon atoms in sulfonated graphene nanosheets
per each covalent functional group, R (%) is the remaining mass in the TGA, L (%)

Fig. 1.12 TGA curves of

graphene oxide (GO) and 100+
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(rGO) (Zhang et al. 2012b)
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is the weight loss range, and molecular weight (M,,) is the weight of the sulfonated
groups. For that study, X was equal to 34 carbon atoms, which represents one
functionalization group for approximately 34 carbon atoms.

1.1.5.5 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is one of the most sensitive and infor-
mative surface analysis techniques available. XPS analysis can be used on graphene
materials to determine the functionalization degree. Marcano et al. (2010) devel-
oped three different graphene oxides using the Hummers’ method (HGO), improved
Hummers’ method (IGO), and modified Hummers’ method (HGO"). The XPS
spectrum was able to determine the relative levels of oxidation (Fig. 1.13).

The spectra of the samples in Fig. 1.13 show that IGO is the most oxidized
material and that IGO has a more organized structure than the other two materials.
Using deconvolution, the peaks of all samples can be split into four peaks that
correspond to the following groups: carbon sp” (C=C, 284.8 eV), epoxy/hydroxyls
(C-0, 286.2 eV), and carboxylates (O-C = O, 289.0 eV). The percentages of
oxidized carbon and graphitic carbon in the IGO sample were 69 and 31 %,
respectively. The HGO™ sample presented 63 and 37 %, while HGO contained 61
and 39 % of oxidized carbon and graphitic carbon, respectively. This suggests that
XPS technique can accurately detect different levels of functionalization on
graphene.

1.1.5.6 Dispersion of Functionalized Graphene in Different Solvents
The processability of aqueous graphene dispersions has attracted significant

attention in various applications, including flexible electronics, batteries, conductive
paper, and wire fabrications. Many studies were developed in order to achieve
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Fig. 1.14 Stability of the graphene oxide dispersions in organic binary solvents: a water/methanol,
b water/dioxane, and c¢—d water/dioxane without and with crossed polarizers. The numbers on the
top denote the concentration of organic solvent (Ahmad et al. 2016)

stable dispersions in various solvents such as water, dimethylformamide, alcohol,
acetone, tetrahydrofuran, glycols, and alkanes (Zhang et al. 2012b; Ahmad et al.
2016). Graphene functionalization is one way of accomplishing successful dis-
persion in different solvents. Ahmad et al. (2016) introduced a new approach to
enhance the graphene oxide dispersity in immiscible solvents. They prepared gra-
phene oxide dispersions by mixing water/methanol and water/dioxane binary sol-
vents. The results showed (Fig. 1.14) that the graphene oxide dispersion in 100 %
methanol and 100 % dioxane exhibited poor stability. However, dispersions in the
binary solvents (water/methanol and water/dioxane) exhibited excellent dispersiv-
ity. In these cases, the graphene oxide dispersity was even better than in pure water
and no sedimentation was observed. Water molecules in these binary dispersions
act like a surfactant. These molecules are located primarily around the graphene
oxide particles, resulting in the separation of the graphene oxide sheets (Konios
et al. 2014; Ahmad et al. 2016). Therefore, the dispersion of graphene in different
solvents can also be used as a characterization method for their functionalization.
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