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Preface

In the second part of the eighteenth century, carbon was identified as an element for 
the first time. “A.L. Lavoisier” introduced the name carbon in 1789 and derived from 
the Latin word “carbo” which signified “charcoal (or ember)” to the Romans. After 
hydrogen, oxygen, and helium, Carbon is 4th frequent element in our solar system 
(sun, stars, comets, and planets’ atmospheres), the 6th most abundant prevalent 
element in the universe and in earth’s crust, it is the 17th most extensive element. It 
is primarily found in hydrocarbons and other chemicals. Surprisingly after oxygen, 
carbon is found as 2nd abundant mineral in the human natural body, accounting for 
around 18% of a person’s total weight. Although, carbon is in short supply on the 
earth’s surface, with hardly 0.2% makes of the planet’s whole mass. In spite of that, 
its function is extremely vital because it has the ability to establish links with other 
atomic nuclei and with itself. As a result, carbon’s ability to catenation cleared the 
path for the advancement of chemistry (basis of organic chemistry), the rich diversity 
of structural forms of solid carbon, and biology, allowing for the emergence of life’s 
marvels. Advanced carbon-based materials are considered the backbone of the com-
ing generations’ technological and scientific era especially in the divisions of mate-
rials-based industry, and nanotechnology, respectively. In recent times, advanced 
carbon-based materials are of significant highlight. Owing to efficient physical 
properties, from a technological perspective, it has been employed in the environ-
ment, energy, electronic and thermal applications, respectively. Due to the wide field 
of applications, twenty-first century is named as “Century of graphene”. Graphene is 
considered an outstanding form of carbon owing to good electrical conductivity, suit-
able strength and efficient permeable properties. In the following chapters, we will 
review the basic forms, properties and significant structures of allotropes of carbon 
which will be beneficial from a technological perspective.

Because of its versatile chemical, physical, and electrical properties, graphene as well 
as its nanocomposites are regarded as the backbone of engineering and scientific 
innovation. Different physical and chemical methods are used to create sustain-
able carbon materials. Furthermore, fabrication methods are employed in order 
to produce the composites, which are of constituents with desirable properties. 
Because of their biocompatibility, graphene nanomaterials have enormous potential 
for improving biology and drug delivery. The proposed book provides a variety of 
fabrication methods for sustainable graphene composites and highlights various 
applications of graphene. Furthermore, graphene nanocomposites are promising 
multifunctional materials with improved tensile strength and elastic modulus. 
Despite some challenges and the fact that carbon nanotube/polymer composites are 
sometimes better in some specific performance, graphene nanocomposites may have 
a wide range of potential applications due to their outstanding properties and the 
low cost of graphene. Because these graphene composites have a controllable porous 
structure, a large surface area, high conductivity, high-temperature stability, excellent 
anti-corrosion properties, and composite compatibility, they can be used in energy 
storage as electrocatalysts, electro-conductive additives, intercalation hosts, and an 
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ideal substrate for active materials. Meanwhile, the book summarizes the graphene 
nanocomposite requirements, computational and physical properties studies for 
technological innovation and scientific applied research.

Mujtaba Ikram
Institute of Chemical Engineering and Technology, 

University of the Punjab, 
Lahore, Pakistan

Asghari Maqsood
Department of Physics, 

Air University, 
Islamabad, Pakistan

Aneeqa Bashir
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Chapter 1

Introductory Chapter: Brief 
Scientific Description to Carbon 
Allotropes – Technological 
Perspective
Sara Baig, Muazzam Ahmed, Amna Batool, Aneeqa Bashir, 
Saadia Mumtaz, Muhammad Ikram, Mohsin Saeed, 
Khurram Shahzad, Muhammad Umer Farooq, 
Asghari Maqsood and Mujtaba Ikram

1. Introduction to carbon

In the second part of the eighteenth century, carbon was identified as an element 
for the first time. “A.L. Lavoisier” introduced the name carbon in 1789 and derived 
from the Latin word “carbo” which signified “charcoal (or ember)” to the Romans. 
After hydrogen, oxygen, and helium, Carbon is 4th frequent element in our solar 
system(sun, stars, comets, and planets’ atmospheres), the 6th abundant prevalent 
element in universe and in earth’s crust, it is 17th most extensive elemen [1]. It is 
primarily found as hydrocarbons and other chemicals [2, 3]. Surprisingly after 
oxygen, carbon is found as 2nd abundant mineral in the human natural body [4], 
accounting for around 18% of a person’s total weight. Although, carbon is in short 
supply on earth’s surface, with hardly 0.2% makes of planet’s whole mass [1, 3, 5]. In 
spite of that, its function is extremely vital because it has the ability to establish links 
with other atomic nuclei and with itself. As a result, carbon’s ability of catenation 
cleared the path for the advancement of chemistry (basis of organic chemistry) [6], 
the rich diversity of structural forms of solid carbon [7], and biology, allowing for 
the emergence of life’s marvels [4, 8]. Advanced carbon based material are considered 
backbone in coming generation technological scientific era especially in the divisions 
of materials based industry, and nanotechnology, respectively. During recent times, 
advanced carbon based materials are of significant highlight. Owing of efficient 
physical properties, from technological perspective, it has been employed in the envi-
ronmnet, energy, electronic and thermal applications, respectively. Due to wide field 
of applications, twenty-first century is named as “Century of graphene”. Graphene is 
considered as outstanding form of carbon owing to good electrical conductivity, suit-
able strength and efficient permeabile properties. In following chapter, we will review 
basics forms, properties and significant Structures of allotropes of carbon which will 
be beneficial from technological perspective.

XII



1

Chapter 1

Introductory Chapter: Brief 
Scientific Description to Carbon 
Allotropes – Technological 
Perspective
Sara Baig, Muazzam Ahmed, Amna Batool, Aneeqa Bashir, 
Saadia Mumtaz, Muhammad Ikram, Mohsin Saeed, 
Khurram Shahzad, Muhammad Umer Farooq, 
Asghari Maqsood and Mujtaba Ikram

1. Introduction to carbon

In the second part of the eighteenth century, carbon was identified as an element 
for the first time. “A.L. Lavoisier” introduced the name carbon in 1789 and derived 
from the Latin word “carbo” which signified “charcoal (or ember)” to the Romans. 
After hydrogen, oxygen, and helium, Carbon is 4th frequent element in our solar 
system(sun, stars, comets, and planets’ atmospheres), the 6th abundant prevalent 
element in universe and in earth’s crust, it is 17th most extensive elemen [1]. It is 
primarily found as hydrocarbons and other chemicals [2, 3]. Surprisingly after 
oxygen, carbon is found as 2nd abundant mineral in the human natural body [4], 
accounting for around 18% of a person’s total weight. Although, carbon is in short 
supply on earth’s surface, with hardly 0.2% makes of planet’s whole mass [1, 3, 5]. In 
spite of that, its function is extremely vital because it has the ability to establish links 
with other atomic nuclei and with itself. As a result, carbon’s ability of catenation 
cleared the path for the advancement of chemistry (basis of organic chemistry) [6], 
the rich diversity of structural forms of solid carbon [7], and biology, allowing for 
the emergence of life’s marvels [4, 8]. Advanced carbon based material are considered 
backbone in coming generation technological scientific era especially in the divisions 
of materials based industry, and nanotechnology, respectively. During recent times, 
advanced carbon based materials are of significant highlight. Owing of efficient 
physical properties, from technological perspective, it has been employed in the envi-
ronmnet, energy, electronic and thermal applications, respectively. Due to wide field 
of applications, twenty-first century is named as “Century of graphene”. Graphene is 
considered as outstanding form of carbon owing to good electrical conductivity, suit-
able strength and efficient permeabile properties. In following chapter, we will review 
basics forms, properties and significant Structures of allotropes of carbon which will 
be beneficial from technological perspective.
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2. Basic structure of carbon

Carbon is foremost exciting element in periodic table to chemists because of its 
electrical structure and atomic size [6].

2.1 Electronic and nuclei configuration of the carbon atom

Carbon’s symbol is C, and its atomic number (Z) is 6, indicating that the neutral 
carbon atom (C-12 isotope) contains six protons and six neutrons in its nucleus and 
likewise, six electrons in its electronic shells. 1s2 2s2 2p2 is the electron configuration 
or the electronic arrangement in each orbital [2].

2.2 Atomic mass (atomic weight) of carbon

The basis for establishing the atomic mass unit is the element carbon. By defini-
tion, an atomic mass unit is 1/12th of the atomic mass of the (C-12) isotope. The 
“International Union of Pure and Applied Chemistry approved” this concept in 1961. 
The atomic mass unit is absolutely, incredibly small in comparison to the traditional 
definition of a mass: one gram requires 0.6022 × 1024 amu (also known as Avogadro’s 
number or NA). Natural carbon has 98.89 percent 12C and only 1.11 percent of 13C. 
Consequently, the average carbon atom’s atomic mass is 12.01115 amu.

2.3 Carbon’s radius

Carbon’s atomic radius is half the gap between two carbon atoms in a planar 
graphite lattice. When compared to other elements (H, Li, He, B, Be, O, N, F), carbon 
has one of the shortest radii. Carbon has seven different isotopes out of which three 
isotopes have been identified (12C, 13C, 14C). The isotope 12C, which possesses six 
neutrons, is by far the most abundant. There are four to ten neutrons in the others 
(10C to 16C). C-12 and C-13 are the most stable isotopes of carbon, meaning they 
do not dissolve or change structure spontaneously. The other five-carbon nuclei 
are radioactive, which means they decay naturally by emitting particles, which are 
maybe an electron (β−) or a positron (β+) and are formed by neutron splitting [2]. 
In the study of organic reactions, the radioactive isotope 14C is used as a tracer. The 
magnetic moment (spin V2) of 13C makes it an appropriate probe for NMR research. 
For the atomic mass unit, 12C is utilized as the reference definition because of its 
enormous abundance and an emerging power. It is defined as having the Relative 
Atomic Mass of 12 precisely. This definition now governs all other nuclei and molecu-
lar masses [9].

3. Carbon allotropes

Allotropy is the property of an element that allows it to exist in multiple physical 
states. Carbon can be divided mainly into two types of allotropes which are as shown 
in the Figure 1:

• Crystalline Carbon Allotropes

• Amorphous Carbon Allotropes
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Carbon is not the only element that has the ability to mix its atoms to produce 
allotropes. Silicon, germanium, and tin, all of which are found in the 4th column of 
the periodic table, share this property. Carbon, on the other hand, is distinctive in 
terms of its amount and allotrope’s variety that it contains, due to its propensity to 
have variable oxidation states and coordination numbers [2].

3.1 Crystalline carbon allotropes

Carbon has been thought to have life, in mainly two crystalline allotropic forms for a 
long period of time: graphite and diamond, which are consist of extensive networks of 
sp3 and sp2 hybridized carbon atoms, respectively. As a result, we can say that diamond 
as well as graphite are the two most frequent allotropic forms of carbon. Both kinds have 
unique physical characteristics. In spite of that, the chemical composition of these two 
compounds differs significantly in terms of crystal shapes and characteristics [10–14]. 
Many other types of carbon allotropes may be produced chemically because of valence 
shell of the carbon atoms [15], which are chemically identical (same building block) 
but have dramatically different physical properties, such as buckminsterfullerene [16], 
also known as “Bucky-balls” [2, 17] carbon nanotubes [18], graphene [19, 20], and so on 
[8]. The discovery of fullerenes by “Harold W. Kroto “in 1985 signaled the start of an era 
of artificial carbon allotropes that included, in 1991 the production of (CNTs) and in 
2004 again the discovery of graphene [20]. Therefore nowadays, carbon is significantly 
more than charcoal, because it produces the strongest fibers, most excellent lubricants 
(graphite), the strongest crystal and hardest substance (diamond), optimal gas absorb-
ers (charcoal-gray), and perfect helium gas barriers [2].

3.2 Amorphous carbon allotropes

Amorphous carbons and carbons with mixed phases exist alongside to crystal-
line carbon allotropes [17]. Carbon without crystalline structure is referred to as 

Figure 1. 
Flow chart of allotropes of carbon.
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amorphous form of carbon. Like all other glassy materials, some (specific short-range 
patterns) may be seen but not any (specific long-range pattern) of the atomic posi-
tions are observed. The majority of amorphous carbon is made up of tiny lattices of 
either graphite or diamond like carbon. This Non-crystalline carbon refers to coal, 
soot, or carbon black colloquially [17].

4. Overview of graphite and diamond

At the mesoscopic scale, a material’s properties are dictated not only by its chemi-
cal bonding but also by its dimensions and structure. This is especially true in the case 
of carbon-based substances. Carbon is abundant in nature, with most of it in the form 
of composite. Most of them are natural chemicals that are needed to make artificial 
carbon and carbon-based products. Natural graphite and diamond are the only two 
allotropes of carbon found as minerals on Earth [2]. Despite the fact that both mate-
rials are relatively inert at normal temperatures and pressures, they can transition 
into one another when subjected to certain conditions [19, 21]. In the lowest energy 
state, carbon possesses four electrons in its valence shell, two in the 2 s sub-shell and 
two in the 2p sub-shell. The development of three types of sp. composite orbitals 
(sp, sp2, and sp3) depends on the amount of p orbitals (1 to 3) mingling with the s 
orbital. The bases of graphite and diamond are formed by carbon atoms with (sp2 and 
sp)3 composite orbitals, which may make 3 and 4 bonds with nearby carbon atoms, 
sequentially [17].

4.1 Graphite overview

Graphite was proposed by “Werner and D.L.G. Harsten”, who derived it from the 
specific Greek ‘γράφειν’ (Graphein), which means “to write,” and it was first used 
in pencils in 1594. “Abraham Gottlob Werner “was the first to name it in 1789 and is 
made up of large flat networks of carbon atoms layered on top of one another [17]. 
This carbon allotrope has a honeycomb layered structure and is made of flat two-
dimensional layers of carbon atoms (sp2 hybridized). Each layer is specifically consist 
of the carbon atoms arranged in planar hexagonal rings with a carbon–carbon bond 
length of 141.5 pico-meters. A C∙C covalent bond connects each C atom in each layer 
to three other C atoms [22].

5. Graphite is of two forms: α and ß.

• In α form, the layers are organized in ABAB… order, with the third layer directly 
above the first. Each layer, on average, divides two levels that are identically 
orientated. Within a layer, all carbon∙carbon bonds are identical (a finding that 
is explained in terms of total pi-bonding).

• The ß form, on the other hand in nature, a less prevalent form of graphite 
is organized in ABCABCA… stacking, in which every 4th layer is identical. 
Microcrystalline graphite forms the basis for non-crystalline carbon variations.

• Three of the four carbon atoms create sigma bonds, while the fourth form a pi-
bond. Graphite is extremely flexible but non-elastic because of the delocalization 
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of the π –electrons [22]. It is also a conductor [19] in the basal plane and an 
insulator normal to the basal plane, with strong thermal and chemical inert 
characteristics [23].

• On the contrary, van der Waals forces slackly link the layers side by side. The lay-
ers are proficient to skate past each other because of inter-layer frailty generated 
by the attractive force of van der Waals interactions. This is the explanation, for 
graphite’s soft and skiddy physical qualities, which make it excellent lubricant in 
generator and electric motors [8].

• The mineral (graphite) has a lustrous black color that is shiny and impenetrable 
(that is, it reflects light evenly without glitter or sparkle) [22].

• Carbon in the form of graphite is the most stable. Although, Graphite is difficult 
to melt. The strong molecular bonds that hold the carbon atoms together require 
a lot of energy to break [22]. As a result, in thermochemistry, it is utilized to 
define the heat of production of carbon composites as the standard state [2, 17].

5.1 Diamond overview

Foremost well-known allotropes of carbon is diamond. Diamond is a Greek word 
that means “transparent” and “invincible.” The layer organization sequence in dia-
mond is ABCABCA… There are four spatial orientations of carbon atoms due to the 
direction and perception of the tetrahedral axis, resulting in two tetrahedral and two 
octahedral (eight-faced) forms of diamond [17]. Each carbon atom in diamond is sp3 
hybridized, forming covalent connections (bond lengths equal to 1.54 Å) with four 
additional carbon atoms in the tetrahedral structure’s corners. Diamond’s strength 
comes from its steady network of covalent connections and hexagonal rings [2].

• Diamond is unable to conduct any electricity owing to the limited mobility of 
electrons in the lattice pattern [24], but it exhibits maximum thermal conductiv-
ity [25] of roughly 2200 W/(mK), which is way five times higher as of copper 
[26, 27]. Diamond is commonly utilized, in the semiconductor technology to 
avert silicon and all other related semiconductors from overheating [13, 28] due 
to its excellent thermal conductivity [29]. The average electric breakdown of the 
diamond is fifteen times that of typical semiconductors, while the average holes 
mobility is five times that of common semiconductors [2].

However, it has a dielectric constant half that of silicon, and when tested, it is 
likely to exhibit ‘negative electron affinity’. According to many studies, it is a 5.5 eV 
[30] broad bandgap semiconductor when doped to (n or p types).

• A diamond is a massive carbon atom molecule. It has unusual optical quali-
ties. Because it is tied genetically to carbon family [31], it is considered also as 
biocompatible inside a live organism. Diamonds are transparent and colorless 
(transmitting light from the far-infrared to the ultraviolet). They are classified 
as glossy because they shimmer and reflect light. These characteristics make 
them desirable in jewelry. It is particularly neutron radiation resistant and has 
an extraordinarily high refractive index. The scientific uses include an optical 
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sensor component, diamond anvil cells, and so on. it has a natural lubricity in the 
air that is comparable to Teflon [8].

• Diamond is supposed the hardest natural mineral ever known to human and It is 
insoluble in water. It has a somewhat high melting point. As a result, it’s ideal for 
cutting tools. This makes it a great abrasive with outstanding polish and luster 
retention. No known naturally occurring chemical has the ability to cut (or even 
scratch) [17]. Any electronics device built of the diamond should be able to oper-
ate in harsh situations [32] due to its physicochemical features (rugged and ‘hard’). 
All of the features listed above are natural outcomes of the crystal structure.

6. Detailed overview of graphene

“Graphene” [20] is just a single thin layer of carbon atoms separated from the 
overall graphite structure. In the ideal scenario, graphene is an perfect (2D) material 
because it is an atomically thick and thermodynamically stable monatomic sheet of 
carbon atoms organized in a honeycomb structure [33]. “Hanns-Peter Boehm” was 
the first to create the name “graphene” in 1962. The idea of graphite layers had been 
investigated before to this date [32]. In 1947, Wallace exploring the graphite layers 
which proves as a beginning point for better understanding the physical properties of 
the three-dimensional graphite. Several papers were published during the next few 
decades in an attempt to isolate or grow graphene. In 2004, “Andre Geim and Kostya 
Novoselov” have been succeeded in isolating a single sheet of 2-D graphene from the 
raw graphite [19, 20, 34]. Single layers can be separated from graphite and produced 
using traditional CVD or micromechanical cleavage techniques [17, 19]. Recently, 
Single graphene layers have been successfully generated utilizing a basic mechanical 
exfoliation of graphite using Scotch tape [20].

In Graphene, only the layer extensions and characteristics of edges might be 
different, making it the most fundamentally uniform material [20]. In other words, 
graphene is a fundamental basis [35] for all fullerene allotropic dimensionalities, 
and it tends to evolve into different sorts of structures with greater structural stabil-
ity. It can be rolled into (0-D)fullerenes [36], wrapped into (1-D) carbon nanotubes 
(CNTS), and layered into (3-D) graphite (with 3.37Ao separation distance) [37] and 
derivatives between layers [17, 34, 35]. Single-layer graphene (SLG) [38], Graphene 
Nano-platelets (GNPs) 100 nm to 100 μm [37], Graphene oxide (GO) (single-layer 
material with a high oxygen concentration), Reduced graphene oxide (RGO) (mono-
layer form), and functionalized/chemically modified graphene are all examples 
of graphene. All of them are graphene-related compounds and can be classified as 
graphene family materials (GFMs) [39].

6.1 Brief lattice structure of 2-D graphene

Graphene is consist of two interpenetrating Bravais sub-lattices, which allows us to 
define a primitive unit cell, which is the simplest building block from which the 
graphene lattice may be constructed. Due to the hexagonal shape, the primordial cell 
encompassed by the two lattice vectors below includes two atoms as shown in Figure 2, 
one of type A and the other of type B, which represent the two triangular lattices. The 
size of the graphite primitive unit cell is determined by how individual graphene layers 
stack together to form the graphite crystal [40]. The lattice positions (



R ) are filled 
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with Type (A) atoms and the type (B) atoms are shifted with respect to the A atoms in 
each primitive cell by ( )τ = +

 

1 2 /3a a  [17].

  
 

= −  
 



1
3 3,
2 2o oa a a , 

 
=   
 



2
3 3,
2 2o oa a a , = +



 

1 2R ma na .

Here, = 0.142oa nm  is the bond length of carbon. Where m and n are integers.

6.2 Morphology of graphene

AFM, TEM, and FESEM can be used to study the morphology of graphene. AFM 
has measured the accurate thickness of single sheet of graphene to be (0.34–1.2 nm), 
and determining these thicknesses is crucial. Graphene has a higher thickness (2 nm) 
and the mean thickness of hydrazine-reduced GO, on the other hand, is only 0.8 nm, 
indicating the creation of single-layer graphene. The ‘TEM and high-resolution 
TEM (HR-TEM)’ are highly useful for detecting the number of layers in transparent 
graphene layers with crumples. The researchers looked into the microstructure varia-
tions between graphite and graphene and they found that Graphite layers are darker, 
thicker, and longer than graphene layers [41].

6.3 Physical properties of graphene

Graphene has attracted a lot of attention as a rising star in material science, solid-
state physics, chemistry, and technology research because of its unique features, such 
as the quantum Hall effect, extraordinarily high (elasticity and tension), and optical 
transparency [17]. The 2p orbitals are responsible for graphene’s amazing properties, 
as they cause the p bands to travel over the carbon sheets that make up the graphene. 
Graphene has a spectrum of remarkable features that other metals and semiconduc-
tors lack due to its unique lattice structure, shape, and surface morphology [17]. The 
material graphene is semimetal. Its zero bandgaps [37, 42], linear energy spectrum, 
excellent carrier mobility, frequency-independent absorption, and long spin dif-
fusion length make it a popular material for electrical, photonic, and spintronic 
devices. Researchers discovered that graphene is highly rigid and extraordinarily 

Figure 2. 
Single layer graphene lattice with two lattice vectors.
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good conductors of electricity and heat in the free-state, but are unstable at finite 
temperatures in the free-state [40], and is impermeable to gases especially [43]. 
Graphene is a semimetal with zero bandgap due to its Fermi level, which is located at 
the exact intersection of “conduction and valence bands” in pure substance and may 
be changed to make it (either N-Type or P-Type) by chemical modifications or more 
readily, by an electric field [44]. The inability to analyze the mechanical properties 
of single layer graphene is hampered by the fact that (SLG) is thermodynamically 
unstable and that an X-ray diffraction experiment on an (SLG) is not conceivable, 
owing to graphene’s smallest size and outstanding surface-area-to-volume ratio. The 
tensile and compressive forces applied to the graphene lattice are tiny—around 1%. 
It’s impossible to apply a substantially higher compressive strain without the sample 
slipping off the substrate (in the case of graphene). This can be accomplished by 
creating a monolayer graphene sample on a substrate having an aperture and pressing 
down on the graphene sample [40] with an (AFM) tip over the aperture. Graphene 
has been shown to endure a tensile strain of up to 20% using this method which will 
be beneficial from technological perspective.

7. Overview of carbon nanotubes (CNTS)

With its discovery in 1991, CNTS are carbon tubes (nanometer diameters 
range) also termed as “bucky-tubes”, are significant contribution in technological 
nanosciences. CNTS are distinguished in “multi-walled CNTs (MW-CNT)” and 
“single-walled CNTS (SW-CNT), respectively. CNTS are synthesized using thermal 
decomposition, catalytic growth, and arc-ablation, respectively. Structure of graphite 
(crystalline) need to be well understood to visualize single walled carbon nanotubes. 
As graphite contains stacked-layers of hexagonally-arranged C-atoms with sp2-con-
figuration. Owing to inter-molecular forces, stcking layer give us single layer which is 
graphene. Single nanotube consist of C-atoms (millions) but thickness of tube is ~1 
atom which may prove benefucial from technological perspective. The structures of 
SW-CNTS and MW-CNTS are shown in the Figure 3.

8. Conclusion

In the second part of the 18th century, carbon was identified as an element for 
the first time. “A.L. Lavoisier” introduced the name carbon in 1789 and derived from 
the Latin word “carbo” which signified “charcoal (or ember)” to the Romans. After 
hydrogen, oxygen, and helium, Carbon is one of abundant element in earth’s crust, 

Figure 3. 
(a) SW-NT [8] and (b) MW-NTs [15].
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solar system, and universe. The chapter sums up basics properties of various allo-
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technology due to their outstanding structures and physical properties. Advanced 
carbon materials will be future of next scientific revolution in electronics, bio medi-
cal, energy and electrical engineering from technological perspective.
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Abstract

Because of the versatile chemical, physical, and electrical properties, graphene as 
well as its nanocomposites are regarded as the backbone of engineering and scientific 
innovation. Different physical and chemical methods are used to create sustainable 
carbon materials. Furthermore, fabrication methods are employed in order to produce 
the composites, which are of constituents with desirable properties. Because of their 
biocompatibility, graphene nanomaterials have enormous potential for improving 
biology and drug delivery. The proposed chapter provides a variety of fabrication 
methods for sustainable graphene composites and highlights various applications of 
graphene. Furthermore, graphene nanocomposites are promising multifunctional 
materials with improved tensile strength and elastic modulus. Despite some chal-
lenges and the fact that carbon nanotube/polymer composites are sometimes better 
in some specific performance, graphene nanocomposites may have a wide range 
of potential applications due to their outstanding properties and the low cost of 
graphene. Because these graphene composites have a controllable porous structure, 
a large surface area, high conductivity, high temperature stability, excellent anti-
corrosion properties, and composite compatibility, they can be used in energy storage 
as electrocatalysts, electro-conductive additives, intercalation hosts, and an ideal 
substrate for active materials. Meanwhile, the chapter summaries the graphene nano-
composites requirements for technological innovation and scientific applied research.

Keywords: graphene, physical properties, polymers, ceramics, technological 
applications

1. Introduction to graphene/polymer nanocomposites

Graphene, as well as its, distinguish variants, possess excellent characteristics. A 
remarkable achievement for them, because of these traits is their utility as fillers in 
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the fabrication of composites. There are various factors that impart critically in the 
properties of graphene-polymer composites. They include dispersity of fillers, bond-
ing between matrix and filler, the ratio of graphene filler to the polymer matrix, and 
quality. However, there are several fabrication approaches for undergoing modifica-
tion in these factors in order to acquire desirable properties. In general, graphene 
comprises a very high aspect ratio, therefore it is capable of doing several modifica-
tions in properties of composites even at a very low percolation limit.

1.1 Fabrication of graphene/polymer composites

The most widely used methods for the incorporation of graphene into polymer 
matrices are, in situ polymerization, melt intercalation, and solution mixing. These 
three schemes are having schematic format as shown in Figure 1.

1.1.1 In-situ polymerization

Here the scheme, constitutes the mixing of a monomer and graphene fillers, 
particularly in the presence of a catalyst (s). The stage is then generally followed by 
polymerization initiation through heat or radiation [1]. The utility of epoxy in in-situ 
polymerization is an excellent example [2]. However, fabrication done by this scheme 
yields some polymer/graphene composites like graphene/polystyrene (PS) [1], 
graphene/polyaniline (PANI) composite [3], and graphene/silicone composites [4]. 
Significance of this method is the strong interaction between the filler and the polymer 
matrix. This leads to a rapid stress transfer, enabling a quick formation of the homo-
geneous dispersion. In addition, fillers constitute homogeneity in their distribution. 
High filler loading in polymer matrices is also achieved through In-situ polymerization. 
Meanwhile, the mixture becomes more viscous during polymerization, and the ongo-
ing process suffers difficulties, causing ultimate hindrance for the loading fraction [5]. 
Usually solvent is the prime option in the current method most of time in some cases, 
but it extensively raises the need for the removal of solvent [6].

Figure 1. 
General fabrication routes for graphene polymer hybrids (GCHs).
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1.1.2 Melt intercalation technique

Melt intercalation method incorporates designing of graphene in the molten state 
with the polymer matrix, thereby eliminating the need of solvent. High shear mixing 
with accelerated temperature results in the homogeneity of polymers and graphitic 
materials mixing. Thermoplastic composites are the most manufactured yield of 
this method. This method carries some of the graphene/polymer composites includ-
ing exfoliated graphite/polypropylene nanocomposites [7], polystyrene/graphite 
nanosheet composites [8], polyethylene terephthalate (PET)/graphene nanocom-
posites [9], etc. On the contrary, this scheme has some discrepancies too, like poor 
dispersity and fillers distribution, than rest of methods. In addition, possibilities for 
breakage of graphene sheets and defects are comparatively much higher than rest of 
methods [10].

1.1.3 Solution mixing

Fabrication of Polymer composites through solution mixing is the most 
frequent method. Potentially applicable on a bigger scale, simplicity and the 
demand of equipment with not much specifications are the main reasons for the 
common utility of this method. In this method graphene undergoes swelling as if 
s suited solvent refers solubilization of a polymer. This results in ultimate rise for 
the curvature of a surface. One of the most demanding parameter is graphene’s 
dispersity and solubility as well. So, the need is functionalizing graphene sheets 
in a way ensuring ease for dispersion in various solvents. Some composites were having 
much higher solubility, that results in convenient fabrication like Poly(vinyl 
alcohol) (PVOH)/graphene oxide (GO) [11]. Sonication or shear mixing generally 
leads to a homogeneous mixture in many cases, as if the solvent is organic. There 
must be some definite schemes that alleviates aggregation while graphene sheets 
are functionalized [12].

1.2 Physical properties of graphene/polymer composites

Exfoliated carbon sheets are usually obtained through rapid pyrolysis or chemical 
reduction of graphene oxide. However, there are some ways that creates variation in 
the properties of these carbon sheets. In the following section, we would reveal some 
of the physical properties of graphene/polymer nanocomposites.

1.2.1 Thermal properties of graphene/polymer composites

Vibrating lattice is the key upon which material’s thermal conductivity depends 
on. Graphene ensures a material to be thermally conductive and stable, because it 
exhibits excellent thermal conductivity at room temperature ( − −∼ 1 13000Wm K ). 
Therefore it imparts substantially in the improvement of thermal properties. 
Thermally less interface resistance, stiffness and the planar geometry of graphene 
are the major factors yielding remarkable thermal properties (1266 Epoxy/
Graphite). Graphene’s utility as transparent conductors attributes to its peculiar 
characteristics like higher conductivity, and incorporation towards ceramics and 
polymers [13]. On the contrary, thermal properties are suffered by graphene’s 
orientation and aspect ratio.
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1.2.2 Mechanical properties of graphene/polymer composites

Recent discoveries introduced fascinating insights of material science as graphene 
proved experimentally as nanomaterial. Graphene constitutes remarkable elastic 
modulus (125 GPa) and intrinsic strength ( ∼1.0TPa ). Scientists after having a 
comprehensive overview of all intrinsic properties of graphene, are now able to 
manufacture graphene-filled led polymer composites with desired properties. 
However, other milestones for the betterment include reinforcement phase aspect 
ratio, distribution in the host matrix, interface bonding, and the reinforcement phase 
concentration. Noticeable thing is that the increment in properties of polymer matrix 
attains at low filler loading [14].

1.2.3 Electrical properties of graphene/polymer composites

Electrical conductivity for graphene is its notable attribute, among all physical 
properties. Conductive graphene itself raises the possibility for elevation in electrical 
conductivity, when it comes to be utilized as fillers along with insulating polymer 
matrix. When loading fraction touches certain limit, particularly at a stage of percola-
tion threshold, electrical conductivity increases rapidly right after the formation of 
network by filler. Electrical conductivity influences by the concentration of fillers 
as well as by percolation threshold. Conduction takes place through tunneling in 
polymer layers, so there is no such need for the filler to be in contact with the current 
flow directly. The limiting factor in thermal conductivity for polymer composites 
is ultimately the tunneling resistance [15]. Graphene in its other variant generally 
named as pristine graphene have much higher electrical conductivity, yet mechanical 
exfoliation scheme for its production on a bigger scale reduces its utility [16].

2. Introduction to graphene/semiconductor hybrids

Graphene semiconductor hybrids as well as composites prove to be more fasci-
nated substitute for manufacturing comparatively much lighter, compact as well as 
effective batteries. If for instance, the concern is to alleviate various issues directing 
from synthesis routes to the recreatability of a homogeneous component, then the 
ultimate consequence would be the commercialization of products. Agglomeration 
rate of graphene matters too. Electrochemical sensors along with biosensors have 
upgraded their work by these hybrids. These sensors consider to be the best regarding 
detection of bacteria, viruses etc. [17].

2.1 Fabrication of graphene/semiconductor hybrids

ZnO combination with graphene reveals its speciality for better as well as 
increased performances. Fabrication of graphene semiconductor hybrids can be done 
by number of ways, like solvothermal method, ultrasonic spray pyrolysis, microwave-
assisted zinc ions reduction with graphene as shown in Figure 2.

All these techniques possess limited utility because of some issues being unad-
dressed. These includes cumbersome procedure, equipment’s sophistication and eco-
nomically low feasibility. However, need is to adopt a method having no such issues. 
Therefore, In situ thermally decomposed zinc dihydrazinate complex on graphene’s 
surface at comparatively moderate temperature is the best choice. Prime leverages for 
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this new method are its simplistic behavior, uniformity in size of particles, high end 
product with no much residual impurities [18].

2.1.1 In-Situ thermal decomposition

At first, aqueous solution of zinc (II) nitrate hexahydrate and hydrazinium benzo-
ate undergoes through in situ mixing, thereby yielding a precursor complex. However, 
molar concentration of these two chemicals is 0.01 mol and 0.02 mol respectively. 
Both of them should be stirred consistently. However, the final mixture exhibits 
concentrated product comprising an alleviation in its volume. Then, all constituents 
should be subjected to drying after cooling, and cleaning process. Now take 1 mg of 
graphene and disperse it into 5 ml of ethanol, allowing it for stirring of 1 h, similarly 
10 mg complex precursor of zinc benzoate dihydrazinate is to add up and repeat 
sonication process. The decomposition of complex into nanoparticles of ZnO results 
in their coating on graphene sheets as the transfer of contents to a fine silica pot, 
undergoes an environment of 200°C temperature for 2 h.

2.2 Physical properties of graphene/semiconductor hybrids

Graphene as well as Zinc oxide exhibits discrepancies up to some extent when 
considered separately. Therefore, the prime role of this combination mainly leads to 
the compensation of these flaws. This synergistic combination has been undergone 
comprehensive investigation, as it proves to be an excellent candidate of future 
devices, because of the enhancement in most of the properties like chemical stability, 
electrical etc. [19].

2.2.1 Photocatalytic properties

The interaction of graphene along with ZnO semiconductor, is ultimately vigor-
ous. Therefore, it results in quickest movement of photo-generate negatively charged 
particles from Zinc oxide to graphene. Yet, another notable activity is the alleviation, 

Figure 2. 
General fabrication routes for graphene semiconductor hybrids (GSH).
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for recombination process of these electrons. In general, activity of the photocatalytic 
process rises, thereby imparting a constructive role in these properties [19].

2.2.2 Electrical properties

Another big advantage of graphene semiconductor hybrids is particularly its 
improvement of the electrode materials for supercapacitors. This renovation arises 
because of the various factors like specific surface area enhancement, outstanding 
cyclical stability, elevation in energy as well as power density, better ionic and electri-
cal conduction performance. ZnO particles as well as graphene enclosed porous car-
bon have much improved conductivity of electrode entirely due to their combination. 
In addition, electron’s movement from ZnO to the layer of graphene is the manifesta-
tion to the alleviation of defect emission. On the contrary, movement of charge from 
graphene to defect state of the given semiconductor causes an enhancement of defect 
levels contribution [19].

3. Introduction to graphene ceramic composites

Graphene is an excellent alternative ensuring the availability of composites having 
remarkable traits. Primarily its exceptional mechanical strength, results in potentially 
favorable supporting constituents for ceramic composites. Graphene is fascinatedly 
electrically conductive and this proves its versatility for various applications. Prime 
challenge for graphene’s utility lies in its homogenous implantation into the ceramic 
matrices. Therefore, to address such challenges major milestone is its processing 
scheme. Herein the following sections will reveal number of processing schemes as 
shown in Figure 3 for graphene based ceramic composites [20].

3.1 Fabrication of graphene/polymer composites

There are various segments upon the peculiar characteristic of these composites 
rely on. These includes fine particulates, equiaxed shape ensuring better packing, 
and homogeneous graphene’s distribution into the ceramic matrix. However, another 
big challenge during investigation of toughening process, has been the fabrication of 
composites having well supervised micro/nano-structures [21]. Nowadays, appre-
ciations for the sophisticated fabrication process are far more than conventionally 
adopted powder processing methods. These complex processing techniques comprise, 
colloidal processing scheme, sol–gel method, and polymer derived ceramic method as 
shown in Figure 3.

3.1.1 Colloidal processing method

Colloidal processing method exhibits intimate spread of ceramic as well as gra-
phene matrix forming composites. These composites comprise microstructure that 
are homogenized and having properties ultimately controlled by colloidal chemis-
try. In colloidal processing technique, graphene is normally covered with ceramic 
fragments by the colloidal suspensions. This alters its surface chemistry, thereby 
alleviates repulsion between graphene, causing homogenous spread of graphene into 
ceramic grains. However, variation in surface chemistry consequences homogenous 
dispersion, that preserves itself even after sintering. Generally, for the demand of 
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homogenous spread, both these materials should be dissolved into the same kind of 
solvent. Although magnetic stirring is another key factor that causes slow mixing and 
imparts positively for the uniformity in spread of constituents [20].

3.1.2 Sol: gel method

Sol–gel method comprises a substitute for the supply of dispersion of ceramic 
as well as graphene composites. Herein, graphene undergoes dispersion through a 
suitable molecular precursor ((TMOS) tetra methyl ortho-silicate), thereby leading to 
a condensation process for reinforcement. Homogeneous sol is readily available as the 
suspension of both the molecular precursor as well as graphene encounters sonica-
tion. In general, the method mainly ensures availability of nanocomposites of silica. 
Although, the technique suits well for fine spread, aggregation for precursor limits its 
utility [22]. However, sol–gel method need liquid precursors only, thereby providing 
ease for the processing of well-dispersed composites [23].

3.1.3 Molecular level mixing method

Molecular level mixing scheme encapsulates another way for the production of 
ceramic and graphene composites. In this method, ceramic salt as well as functional-
ized graphene is combined in a suitable solvent. This then subjects its conversion to 
ceramic constituents via proper heat, thereby results in molecular level coating [24]. 
However, peculiar characteristic of this method includes excellent interface bonding 
between graphene and ceramic at molecular state. As a result of this strong bonding, 
a substantial enhance in the properties of the resulting composites becomes easier. 
Traditional methods of processing graphene-ceramic composites result in fall of 
mechanical properties. This occurs specifically owing to the effect of aggregation, 
caused by intermolecular forces [25]. Although, sol–gel method proves to be an excel-
lent candidate for the homogenous dispersion of graphene into the ceramic matrix, 
however interfacial bonding between graphene and ceramic lacks stability [26].

Figure 3. 
General fabrication routes for graphene ceramic composites (GCCs).
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3.2 Physical properties of graphene ceramic composite

Combination of graphene along with ceramic to form composites yields excellent 
physical properties, like mechanical, electrical and thermal.

3.2.1 Mechanical properties

Ceramic graphene composites believe to be mechanically strong, when subjects to 
certain appropriate conditions. Yao et al. [27] analyzed that size of grains and fracture 
toughness are interconnected by each other. Their idea was that increasing the size 
more than 0.5 µm  predominately effects fracture toughness. Therefore, alleviation in 
fracture toughness of composites like AWTG2 as well as AWTG3 can be elaborated on 
the basis of the elevated growth in ceramic grains. Low concentration of ceramic 
composites results in number of pores, that results in substantial reduction of the 
interfacial bonding between graphene and ceramic grains [28]. However, graphene 
tends to pull-out because of this weak interfacial bonding, thereby enhances fracture 
toughness. This proves to be the ultimate cause for better fracture toughness of 
AWTG4 clears in (Table 1) [29].

3.2.2 Thermal properties

Thermal conductivity suffers by various factors, and sintering at different 
 pressure is one of them. At low temperature, thermal conductivity is proportional 
to the square of the temperature, reflecting amorphous like character. This happens 
because of various scattering phenomenon, especially phonons scattering by pores 
[30]. On the contrary, at high temperature conductivity rises at different rates, lightly 
for samples pressed by pressure of 5 GPa, while strongly for pressed at 4 GPa. For a 
high temperature range with increasing pressure, there is an unusual decrease in the 
value of thermal conductivity. Porosity as well as quality of graphene and ceramic 
composites are the of the main concern [31].

3.2.3 Electrical properties

Electrical properties of graphene ceramic composites can be revealed on the 
basis of percolation theory as shown in Figure 4. Generally, in this theory threshold 
in percolation magnitude attributes to critical filler constituents, where increase in 
electrical conductivity results because of the presence of several conducting paths for 
electrons. These conducting paths of electrons do not stand if percolation magnitude 
lacks certain transition limit. Therefore, in order to ensure the availability of conduct-
ing chains in ceramics, percolation threshold must be much higher than threshold 

Sintered samples of (graphene-ceramic composites) Fracture toughness

AWTG2 5.24 ± 0.17

AWTG3 5.64 ± 0.21

AWTG4 5.95 ± 0.23

Table 1. 
Sintered composites vs. fracture toughness.
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value. Hence, number of these electron paths causes an elevation in electrical conduc-
tivity of graphene ceramic composites [20].

4. Application of graphene

Comprehensive research in graphene’s physical as well as chemical properties, 
has created a revolutionary in fields of electronics, energy storage devices, corrosion 
coating, etc. [32].

4.1 Drug delivery

Exploring various domains of graphene like biological one for enhancing its utility 
in biomedical field results as scientist’s consistent effort in recent years. Free drugs 
leave defects intrinsically that comprises burst discharge, low blood circulatory span, 
irrelevant targeting. Therefore, it causes low therapeutic efficiency, lesser feasibility 
and variety of complexities [33]. Drug delivery server (DDS) is the ultimate need for 
alleviating these drawbacks. These DDS’s have been used in various versions for last 
several decades as shown in Figure 5.

It simply encapsulates drug and commutes it to the desired destination, results as a 
controllable therapeutist [32].

Figure 4. 
Electrical conductivity and percolation phenomenon as a function of filler volume fraction in graphene based 
ceramic composites.

Figure 5. 
Traditionally used DDS vehicles from several decades.
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4.2 Electronics

Graphene’s utmost demand for electronics results owing to its hike in the physical 
properties. High current capacity of transportation and various experimentally ana-
lyzed properties having numerical values are shown in Figure 6 [34].

Radio-frequency transistors and analog electronics are ultimately the very fin-
est tasks driven by graphene. It is because graphene comprises exceptional rise in its 
trans-conductance, material’s stability and thinness. In addition, there is no need of 
switching off the devices entirely irrespective of its capability to do so, in radio-frequency 
transistors. For instance, in the process of signal’s amplification in a single amplifier,the 
transistor is usually remains in the on condition [35]. Electro-absorption modulator 
is another utility as gate field intrinsically adjust graphene’s Fermi level [36]. On-chip 
optical interconnections demand ultimately a very high bandwidth modulator, large 
speed and tiny footprints. Graphene having single layer causes slight light’s absorption as 
the interaction of graphene with light is substantially rigorous. This problem is generally 
resolved by the coupling of graphene with a silicon waveguide. It creates an elevation by 
0.1 dB μm–1 of 1.35–1.60 μm at frequencies greater than 1 GHz [36]. The notable benefit of 
graphene-based modulators is its sustainability in integrated form along with Si-CMOS 
electronics. One of the most dominant edge of graphene is its saturated absorption, that 
reveals particularly decrease of absorption light as a function of increase in light intensity. 
Saturable absorbers therefore, helps to turn continuous wave output into ultrashort light 
pulses. Picosecond laser pulses can be generated by graphene due to its peculiar traits like 
higher stability, quick decay and a broad absorption range [37].

4.3 Flexible and stretchable display

Flexible and stretchable display is the utmost need of the future electronics, and 
graphene is doing its job elegantly in this domain [38]. Beside remarkable properties, 
mineral resources consider so far unsuccessful for rigid components, and this limits 
their utility. On the contrary graphene and its variants are emerging candidates in 
flexible as well as in stretchable electronics [39]. Various distinguished traits ensures 
its availability in modern devices like LEDs and for conversion and in energy storage 
devices as well as shown in Figure 7.

Figure 7. 
Excellent characteristic for flexible and stretchable displays.

Figure 6. 
Fascinating characteristic of graphene in electronics.
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On the contrary, most utilized material like Indium tin oxide, exhibits wide range 
of discrepancies such as high corrosion rate, much higher refractive index, and less 
economic feasibility etc. [40].

4.4 Energy storage devices

Application for energy storage devices also attributes to graphene. This is due to 
the Ultimate reduction in restacking of graphene sheets specifically when interact-
ing with metal oxides. The prime logic for graphene’s utility in this arena of energy 
storage devices is its highly conductive nature, especially when it comes to interlinked 
network. Mechanically as well as electrochemically stable along with porosity in the 
structure all proves its significance in this current domain of application. Photovoltaic 
cells, batteries and fuel cells entirely rely on energy storage devices. For supercapaci-
tors, ensuring material for electrode is graphene’s job. The process of dysenetization 
can also be performed by these electrode material [41].

4.5 Corrosion coating

Graphene inherently behaves as a corrosion resistant, whenever coated. 
Penetration power constitutes a substantial increase in polymer coating. However, 
graphene enters along thickness of coating into the medium, and anti-corrosion 
process initiates right after the entrance of graphene to the interface. Carbon 
atoms in graphene exhibits sp2-hybridization, comprising high electron density, 
that renders all incoming corrosion molecules [22]. Hence, such kind of fascinat-
ing structure in graphene leads to its durability. In addition, graphene holds an 
excellent protection shield in the infiltration stage due to its capability of prolong-
ing the path. Therefore, durability as well as corrosion resistance can be enhanced 
remarkably.

5. Applications of graphene based hybrids

Graphene based hybrids have a major role in food microbiology, where the 
microbes are applied on the Nano-scale level to prevent the packaged food from being 
rotten and it gives the food a long lifetime. Graphene based hybrids have been used 
in nano robotics. Nano-robotics is an emerging technology that creates machines or 
robots whose components are at or near the scale of a nanometer. Moreover, graphene 
based hybrids have been extensively used in drug delivery, food sciences, nano-optics, 
nano-energy, photo-voltaic, nano-chips, light-weight mechanical and electron-
ics applications. Recently, Billions of dollars are being spent to research the use of 
nano-materials for the detection and treatment of diseases like chemotherapy and the 
manufacturing of minuscule sensors. Miniscule sensors can be injected into our body 
which can monitor our vitals even more closely than a doctor. Graphene based sensors 
are one of prominent addition in recent times for detections of diseases. Graphene 
based hybrid sensors can be manufactured in large quantities at a very low cost. These 
sensors are used to monitor the health of frameworks such as bridges and nuclear 
reactors as well as in the industries.

In addition, graphene-polymers based materials are trying to replace con-
ventional materials in food packaging. And Nano-sensors are also developed to 
detect the presence of contaminants and dirt in the food particles respectively. 
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Nanotechnology provides a range of options to improve food quality and helps in 
improving food quality taste. Nano-encapsulation techniques have been used to 
improve the flavor of food.

6. Conclusion

Because of the unique mechanical, thermal, chemical, optical, and electrical prop-
erties, graphene and its nanocomposites have gotten a lot of attention in scientific 
research in recent years. Graphene with its nanomaterial, such as graphene polymer 
composites, graphene semiconductor composites and graphene ceramic composites 
are regarded as the foundation of material science and technological innovation. 
These nanomaterials are created using various physical and chemical methods to 
produce high-quality materials with excellent properties. Graphene nanomaterials 
are also used in electronics, organic photovoltaics, energy conservation technology, 
and drug delivery, among other things. In the future, these advanced materials could 
be used to create a variety of materials with various applications. A great deal of 
research is being conducted in order to produce these materials on an industrial scale. 
Because of their ability to store energy on a large scale, these materials are the future 
of sustainable energy production and storage devices. Fuel cells are also expected to 
replace battery-powered energy systems in the near future. Graphene sheets have the 
potential to revolutionize microelectronics. The demand for graphene nanocompos-
ites will continue to rise as a result of technological advancement.

Acknowledgements

The authors are gratified to University of the Punjab through Punjab University 
Research grant/Mujtaba Ikram for fiscal year 2022-2023.



Graphene Based Functional Hybrids: Design and Technological Applications
DOI: http://dx.doi.org/10.5772/intechopen.108791

25

Author details

Hamza Asghar1, Sara Baig2, Mahnoor Naeem2, Shamim Aslam1, Aneeqa Bashir1, 
Saadia Mumtaz2, Muhammad Ikram3, Mohsin Saeed1, Khurram Shahzad2, 
Muhammad Umer Farooq4, Asghari Maqsood5 and Mujtaba Ikram2*

1 Department of Physics, University of the Punjab, Lahore, Pakistan

2 Institute of Chemical Engineering and Technology (ICET), University of the 
Punjab, Lahore, Pakistan

3 Department of Physics, Government College University, Lahore, Pakistan

4 Department of Physics, Division of Science and Technology, University of 
Education, Lahore, Pakistan

5 Nanoscale Laboratory, Department of Physics, Air University, Islamabad, Pakistan

*Address all correspondence to: mujtaba.icet@pu.edu.pk

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Graphene - A Wonder Material for Scientists and Engineers

26

References

[1] Zheng W, Lu X, Wong SC. Electrical 
and mechanical properties of expanded 
graphite-reinforced high-density 
polyethylene. Journal of Applied Polymer 
Science. 2004;91(5):2781-2788

[2] Ramanathan T et al. Graphitic 
nanofillers in PMMA nanocomposites—
An investigation of particle size and 
dispersion and their influence on 
nanocomposite properties. Journal of 
Polymer Science Part B: Polymer Physics. 
2007;45(15):2097-2112

[3] Wang D-W et al. Fabrication of 
graphene/polyaniline composite paper 
via in situ anodic electropolymerization 
for high-performance flexible electrode. 
ACS Nano. 2009;3(7):1745-1752

[4] Verdejo R, Barroso-Bujans F, 
Rodriguez-Perez MA, De Saja JA, 
Lopez-Manchado MA. Functionalized 
graphene sheet filled silicone foam 
nanocomposites. Journal of Materials 
Chemistry. 2008;18(19):2221-2226

[5] Verdejo R, Bernal MM, Romasanta LJ, 
Lopez-Manchado MA. Graphene filled 
polymer nanocomposites. Journal 
of Materials Chemistry. 
2011;21(10):3301-3310

[6] Du J, Cheng HM. The fabrication, 
properties, and uses of graphene/
polymer composites. Macromolecular 
Chemistry and Physics. 
2012;213(10-11):1060-1077

[7] Kalaitzidou K, Fukushima H, 
Drzal LT. A new compounding method 
for exfoliated graphite–polypropylene 
nanocomposites with enhanced flexural 
properties and lower percolation 
threshold. Composites Science and 
Technology. 2007;67(10):2045-2051

[8] Chen G, Wu C, Weng W, Wu D, 
Yan W. Preparation of polystyrene/
graphite nanosheet composite. Polymer. 
2003;44(6):1781-1784

[9] Zhang H-B et al. Electrically 
conductive polyethylene terephthalate/
graphene nanocomposites prepared 
by melt compounding. Polymer. 
2010;51(5):1191-1196

[10] Dasari A, Yu Z-Z, Mai Y-W. 
Electrically conductive and super-tough 
polyamide-based nanocomposites. 
Polymer. 2009;50(16):4112-4121

[11] Xu Y, Hong W, Bai H, Li C, Shi G. 
Strong and ductile poly (vinyl alcohol)/
graphene oxide composite films 
with a layered structure. Carbon. 
2009;47(15):3538-3543

[12] Phiri J, Gane P, Maloney TC. General 
overview of graphene: Production, 
properties and application in polymer 
composites. Materials Science and 
Engineering: B. 2017;215:9-28

[13] Potts JR, Dreyer DR, 
Bielawski CW, Ruoff RS. Graphene-
based polymer nanocomposites. Polymer. 
2011;52(1):5-25

[14] Huang X, Qi X, Boey F, Zhang H. 
Graphene-based composites. Chemical 
Society Reviews. 2012;41(2):666-686

[15] Lv C, Xue Q , Xia D, Ma M. Effect 
of chemisorption structure on the 
interfacial bonding characteristics of 
graphene–polymer composites. Applied 
Surface Science. 2012;258(6):2077-2082

[16] Verma D, Gope P, Shandilya A, 
Gupta A. Mechanical-thermal-electrical 
and morphological properties of 
graphene reinforced polymer composites: 



Graphene Based Functional Hybrids: Design and Technological Applications
DOI: http://dx.doi.org/10.5772/intechopen.108791

27

A review. Transactions of the Indian 
Institute of Metals. 2014;67(6):803-816

[17] Ramírez C, Belmonte M, Miranzo P, 
Osendi MI. Applications of ceramic/
graphene composites and hybrids. 
Materials. 2021;14(8):2071

[18] Kavitha T, Gopalan AI, Lee K-P, Park 
S-Y. Glucose sensing, photocatalytic and 
antibacterial properties of graphene–
ZnO nanoparticle hybrids. Carbon. 
2012;50(8):2994-3000

[19] Jana A, Scheer E. Study of optical 
and magnetic properties of graphene-
wrapped ZnO nanoparticle hybrids. 
Langmuir. 2018;34(4):1497-1505

[20] Markandan K, Chin JK, Tan MT. 
Recent progress in graphene based 
ceramic composites: A review. Journal of 
Materials Research. 2017;32(1):84-106

[21] Wu Y, Kim G-Y. Carbon nanotube 
reinforced aluminum composite fabricated 
by semi-solid powder processing. Journal 
of Materials Processing Technology. 
2011;211(8):1341-1347

[22] Cho J, Boccaccini AR, Shaffer MS. 
Ceramic matrix composites containing 
carbon nanotubes. Journal of Materials 
Science. 2009;44(8):1934-1951

[23] Zheng C, Feng M, Zhen X, 
Huang J, Zhan H. Materials investigation 
of multi-walled carbon nanotubes 
doped silica gel glass composites. 
Journal of Non-Crystalline Solids. 
2008;354(12-13):1327-1330

[24] Hwang J et al. Enhanced mechanical 
properties of graphene/copper 
nanocomposites using a molecular-level 
mixing process. Advanced Materials. 
2013;25(46):6724-6729

[25] Wang K, Wang Y, Fan Z, Yan J, Wei T. 
Preparation of graphene nanosheet/

alumina composites by spark plasma 
sintering. Materials Research Bulletin. 
2011;46(2):315-318

[26] DiMaio J et al. Transparent silica 
glasses containing single walled carbon 
nanotubes. Information Sciences. 
2003;149(1-3):69-73

[27] Yao W et al. Grain size dependence 
of fracture toughness for fine 
grained alumina. Scripta Materialia. 
2011;65(2):143-146

[28] Bódis E et al. Toughening of silicon 
nitride ceramics by addition of multilayer 
graphene. Ceramics International. 
2019;45(4):4810-4816

[29] Wang X, Zhao J, Cui E, Liu H, 
Dong Y, Sun Z. Effects of sintering 
parameters on microstructure, graphene 
structure stability and mechanical 
properties of graphene reinforced 
Al2O3-based composite ceramic tool 
material. Ceramics International. 
2019;45(17):23384-23392

[30] Stephens R. Low-temperature 
specific heat and thermal conductivity of 
noncrystalline dielectric solids. Physical 
Review B. 1973;8(6):2896

[31] Głuchowski P et al. Preparation 
and physical characteristics of 
graphene ceramics. Scientific Reports. 
2020;10(1):1-10

[32] Song S et al. Biomedical application 
of graphene: From drug delivery, 
tumor therapy, to theranostics. 
Colloids and Surfaces B: Biointerfaces. 
2020;185:110596

[33] Wang L, Zheng M, Xie Z. Nanoscale 
metal–organic frameworks for drug 
delivery: A conventional platform with 
new promise. Journal of Materials 
Chemistry B. 2018;6(5):707-717



Graphene - A Wonder Material for Scientists and Engineers

28

[34] Liu G, Rumyantsev S, Shur M, 
Balandin AA. Graphene thickness-
graded transistors with reduced 
electronic noise. Applied Physics Letters. 
2012;100(3):033103

[35] Avouris P, Xia F. Graphene 
applications in electronics and photonics. 
MRS Bulletin. 2012;37(12):1225-1234

[36] Liu M et al. A graphene-based 
broadband optical modulator. Nature. 
2011;474(7349):64-67

[37] Zhang H, Bao Q , Tang D, Zhao L, 
Loh K. Large energy soliton erbium-
doped fiber laser with a graphene-
polymer composite mode locker. Applied 
Physics Letters. 2009;95(14):141103

[38] Han T-H, Kim H, Kwon S-J, Lee T-W.  
Graphene-based flexible electronic 
devices. Materials Science and 
Engineering: R: Reports. 2017;118:1-43

[39] Kim SJ, Choi K, Lee B, 
Kim Y, Hong BH. Materials for flexible, 
stretchable electronics: Graphene and 2D 
materials. Annual Review of Materials 
Research. 2015;45(1):63-84

[40] Bonaccorso F, Sun Z, Hasan T,  
Ferrari A. Graphene photonics and 
optoelectronics. Nature Photonics. 
2010;4(9):611-622

[41] Olabi AG, Abdelkareem MA, 
Wilberforce T, Sayed ET. Application of 
graphene in energy storage device – A 
review. Renewable and Sustainable 
Energy Reviews. 2021;135:110026



Chapter 3

Graphene Reinforced Polymer
Matrix Nanocomposites: Fabrication
Method, Properties and Applications
Haia Aldosari

Abstract

Graphene has exceptional mechanical capabilities, making it a potential
reinforcement material for polymer composites. It also has unique electrical and thermal
properties, making it an appealing filler for multifunctional composites, particularly
polymer matrix composites, due to its vitality and superior mechanical qualities. This
chapter thoroughly examines current graphene research trends, focusing on graphene-
based polymer nanocomposites, manufacturing, characteristics and applications.
Graphene-based materials are single- or multi-layer platelets that may be mass produced
using chemical, physical and mechanical processes. A range of technologies for produc-
ing graphene-based materials, as well as methods for dispersing these nanoparticles in
different polymer matrices, are being examined. The electrical, mechanical and thermal
properties of these nanocomposites are also discussed, as well as how each of these
features is influenced by the inherent properties of graphene-based materials and their
state of dispersion in the matrix. It follows with a review of graphene’s effect on
composites and the difficulty of satisfying future industrial requirements.

Keywords: composites, graphene oxide, reduced graphene oxide, pristine graphene,
polyethylene, polypropylene, thermal stability

1. Introduction

Graphene-reinforced polymer is classified as a multiphase material containing a
single type of polymer, copolymer or a blend of polymers with nanofillers or
nanoparticles (with dimensions of 1–50 nm) incorporated into the polymer matrix.
This considerably affects the different physical, chemical and mechanical properties.

The plurality of the study has concentrated on polymer nanocomposites based on
nanofillers: pristine graphene (G), reduce graphene oxide (rGO) and graphene oxide
(GO), intending to improve the polymer’s electrical, mechanical, thermal and gas barrier
properties [1, 2]. Recently, graphene has shown the greatest promise as a nanofiller due
to its superior exceptional physical properties. This has created a novel category of
polymeric nanocomposites. Graphene, a novel type of carbon, is a one-atom thick plane
in a two-dimensional sheet formed of sp2 hybridized carbon atoms arranged in a hexag-
onal crystalline structure. It is the thinnest recognized material at present [3, 4]. In
addition, it is one of the distinct allotropes of carbon that is the basic block to building all
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graphitic derivative forms shown in Figure 1. Graphene can be arranged and stacked in
each layer into graphite with three dimensions (3D), rolled into carbon nanotubes with
one dimension (1D) and wrapped into fullerene with zero dimensions (0D). Graphene
with two dimensions (2D) has distinct physical, chemical and engineering properties,
with a large surface area, high thermal stability, electrical and thermal conductivity and
high stiffness. These unique features make graphene a promising nanofiller in the field of
polymer nanocomposites. As well it exhibits great potential for many applications in
different fields such as electronic, medical and engineering [6–10]. Polyolefin (PO)
nanocomposites based on nanofillers offer many opportunities to improve and develop
the POs, with just small loud amounts of nanofillers. Recently, graphene has been
explored for use as a promising nanofiller for POs. Many published articles demonstrate
that graphene can be used for the reinforcement of polyolefins due to its exceptional
physical andmechanical characteristics [11, 12]. The polyolefin/graphene nanocomposite
is still in the early steps of development and improvement. However, the enormous
possibilities of this material have become obvious in different research fields including
automotive, electronics, and recently, gas and water barrier applications. The main
challenge to completely exploiting graphene/polyolefin composites is to achieve a high
level of homogeneous dispersion of graphene for the maximum benefit [13].

2. Introduction to graphene-reinforced polymer nanocomposites

Nanotechnology is used in many fields with applications ranging widely from
medical to construction. The unique feature of this technology is its size. Materials

Figure 1.
Source of all graphitic forms. Graphene is a 2D building material for carbon materials of all other
dimensionalities. It can be made into Buckyballs, 1D nanotubes or to 3D graphite [5].
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with nano size have distinct characteristics such as a high surface area with low
surface defects, which impacts significantly upon the characteristics of the consequent
material. To illustrate, in nanotechnology, composites can be used as materials filler
to decrease the weight of composite and increase the composite stiffness and fire
resistance.

Nanocomposites are extensively used in different applications, e.g. solar cells,
transport, construction and several other new implementations because of their
unusual properties. They present superior mechanical and thermal properties, whilst
being lightweight, characteristics which are complicated to obtain separately from the
parent components. Nanocomposites, compared to classic composites, have a
nanosize dimension and an exclusive set of characteristics because of their nano size.
Consequently, this modern type of material presents progressive technological oppor-
tunities. Recently, a significant research body has focused on polymer nanocomposites
both in the engineering and scientific fields to explore the distinctive properties of the
nanosize system. It offers a sustainable alternative to classical loaded polymers, by
adding nanofillers that have a high surface area to a polymer host matrices substance.
The poor performance of most polymers can be enhanced to meet the needs and
requirements of a wide range of scientific and engineering applications. In polymer
nanocomposites, various categories of polymers, such as thermoplastics, thermosets
and elastomers can be used as materials matrices. However, thermoplastic-based
nanocomposites are attracting the most attention from both academic and industrial
sources, due to their potential to be recyclable. The thermomechanical recycling
procedure is the most cost-effective process for large scales of polymers. Throughout
the thermomechanical recycling process, polymers undergo several kinds of thermal
and mechanical processes that could change the polymer molecular structure, conse-
quently changing the polymer performance. Recycled polymers usually have lower
performance compared to original polymers, especially in applications that require
low-strength polymers. The added nanofillers such as graphene have the potential to
improve the properties of the polymer even after recycling [14].

2.1 Nanotechnology

Nanotechnology refers to materials and devices with design, characterization,
production and application at a nanometer scale. Nano is a Greek word that means
dwarf, indicating a decrease of size or time, 10�9 fold, that is smaller than a micron by
1000 times. One cubic nanometer (nm3) is approximately 20 times the volume of an
individual atom. A nanoelement’s size relative to a basketball is the same as a basket-
ball’s size compared to the earth. These nanoscale materials display at least one unique
feature because of their nanoscale size. A high-surface area and quantum effects from
the nanosize material contribute to improving the materials by reinforcing their
reactivity, and thermal, electrical and mechanical properties. Nanoscience studies the
structure and properties of materials at atomic and molecular levels, based on the
dimensions of the materials [15].

2.2 Nanoparticles

Particles with one dimension at least, that is around 1000 nm (1 micron) and less,
and possibly as atomic size and molecular length scales (�0.2 nm), are termed
nanoparticles. Nanoparticles can take both crystalline and amorphous forms and have
a high-surface area per unit of volume. That unique property offers greater chemical
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reactivity than any other particles with a larger size, even with the same surface. To a
certain degree, nanoparticulate material should be considered a featured state of the
material, in addition to solid, liquid, gas and plasma states, because of its unique
features with a large surface area. Typical nanoparticle crystalline forms are fullerenes
and carbon nanotubes, while conventional crystalline forms are graphite and dia-
mond. The materials formed from nanoparticles offer unfamiliar characteristics com-
pared to conventional bulk materials. Many researchers limit the size of nanomaterials
to around 50 nm [16] or 100 nm [17]. This maximum limit is justified by the actuality
that some physical properties of nanoparticles equal those of bulk particles when their
size reaches these values. However, a fair definition extends this upper limit, so that
many particles up to 1 micron are classified as nanoparticles [18].

2.3 Nanomaterials

Materials that contain structural building blocks of less than 1 μm and at least zero
dimensions are known as nanomaterials. However, bulk crystals with nanometer
lattice spacing but macroscopic dimensions overall are generally eliminated.

2.3.1 Nanomaterials classification

Nanomaterials are categorized based on many features such as nanoparticle geom-
etry, morphology, composition, uniformity and agglomeration. This research uses a
rating based on nanoparticle dimensions, whereas nanomaterials are classified as 0D,
1D, 2D and 3D [19].

• Zero dimensional (0D): this type of nanomaterial has nano size in all three
dimensions. Metal nanoparticles such as gold and silver nanoparticles are a good
example of this type of 0D nanoparticles. The majority of these nanoparticle
types are spherical and the particle diameters are in the 1–50 nm range.

• One dimensional (1D): this type of nanostructure has one dimension, not at the
nanometer range. These include nanowires and nanotubes. These materials are
long a (few micrometers in length), while the diameter is just a few nanometers.
Nanotubes materials are a good example of this type of nanomaterial.

• Two dimensional (2D): this type of nanomaterial has two dimensions that are not
in the nanometer range. These include many different types of nanomaterials and
the best example is graphene. The area of this type of nanomaterials may be in
the range of a square micrometer, but the thickness remains in the nanoscale size.

• Three dimensional (3D): in this type of nanomaterial all the dimensions are not in
the nanometer range. These include bulk materials such as graphite [20, 21].

This review is interested in the most recent type of nanomaterial, which is
graphene.

2.4 Graphene

The study of graphene is one of the most interesting areas in condensed matter and
materials science physics [22]. Moreover, graphene has the potential for many
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applications in several fields [23, 24]. The plurality of the original research into
graphene has focused on its thermal and mechanical properties and analyzed its use in
manufacturing applications [25, 26]. A hexagonal ring structure of graphene is formed
by a single-atomic layer of sp2 hybridized carbon atoms organized in hexagonal
honeycomb structures that are chemically linked to three others with a carbon–carbon
bond length of 0.142 nm. Graphite, a 3D layered crystal lattice structure, is formed by
stacking parallel 2D graphene sheets. In graphite, weak van der Waals forces hold
neighboring graphene sheets together, with a separation distance of 0.335 nm as
shown in Figure 2. Graphene research has now extended significantly, amidst grow-
ing recognition that graphene could have exciting and interesting physical behavior
and features such as high stiffness and strength, thermal and electrical conductivity
and impermeability to gases (helium, oxygen, nitrogen, etc.). For applications in the
nanocomposites field [28, 29], researchers looking at other nanocomposite forms have
recently refocused their efforts on graphene nanocomposites. Furthermore, there was
pre-existing expertise in graphite exfoliation and the preparation of graphene oxide
from graphite oxide. Graphene oxide is related to reduced graphene oxide and pristine
graphene by chemical modification [30].

2.4.1 Synthesis of graphene

The first successful attempts to create a single sheet of graphene using mechanical
exfoliation are referred to as the ‘scotch tape method’. However, the scotch tape
method produces quantities suitable for laboratory research but insufficient volumes
for applications as nanocomposites. Much effort is necessary to produce single sheets
of graphene. It is necessary to synthesize the monolayer graphene by using procedures
like chemical vapor deposition (CVD), epitaxial growth on silicon carbide, molecular
beam epitaxy, etc. This approach is known as ‘bottom-up’ and is not relevant to the

Figure 2.
The layered structure of graphite shows the sp2 hybridized carbon atoms bonded in hexagonal rings [27].
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current project. The other method involves breaking graphite down into graphene
sheets using the mechanical cleavage or liquid phase exfoliation known as ‘top-down’
[31]. In top-down processes, graphene is synthesized in several ways, such as:

• Micromechanical exfoliation of graphite

• Direct sonication of graphite

• Chemical reduction of organically treated graphite oxide (GO)

• Thermal exfoliation/reduction of GO

The graphene used in this project is synthesized using thermal exfoliation and
reduction. GO is synthesized by oxidizing the graphite nanoparticles with a mixture of
sulfuric acid, sodium nitrate, potassium permanganate and flake graphite. Flake
graphite is the most popular source used for graphite oxidation. This certainly creates
a form of graphite purified to eliminate heteroatom infection and includes several
localized defects to resource the oxidation process. Due to the chemical complexity of
flake graphite and the flaws that are present as a result of its natural source, clarifying
the specific oxidation mechanism remains difficult. A chemical or a thermal reduction
technique can be used to reduce GO levels. Several reducing chemicals, including
hydrazine and sodium borohydride, are used to chemically reduce GO sheets. Thermal
reduction is a method of removing oxygen functional groups from GO surfaces using
heat, this is known as ‘the Hummers method’ (Figure 3) [33, 34].

2.4.2 Graphene properties and applications

Graphene is known as one of the most favorable nanomaterials because of its
unparalleled group of excellent properties. This provides opportunities for its utiliza-
tion in a wide variety of applications that can benefit from superior electrical, optical,
chemical, thermal and mechanical properties. Electronics, semiconductors, gas
absorbers, sensors, solar cells, fuel cells, optic devices and composites can all benefit
from graphene. The material’s transparency and extremely high conductivity are key
features in the most promising graphene applications. Single-layer graphene has a
unique electrical structure and capabilities, including a zero bandgap and excellent
charge carrier mobility as a result. The material displays transport and conductivity at
room temperature. Single-layer graphene also displays room temperature bipolar
features, or the quantum Hall effect [35]. Graphene’s remarkable characteristics make
it ideal for electrical applications. The remarkable electrical properties of graphene,
along with its 2D structure and large specific surface area (estimated value of
2630 m2g�1), make it a good gas absorber for next-generation sensors. Due to the
existence of sp3 hybridized carbon clusters, the high density of electronegative oxygen
atoms bound to carbon, and other imperfections, GO sheets are naturally insulating,
with electrical resistance values of roughly 1012/sq. or more. GO can be made electri-
cally conductive through chemical or thermal reduction. The oxygen functions of GO
are reduced and the sp2 carbon clusters are restored after heat treatment. This
increases electrical conductivity while decreasing electrical resistance [36]. The con-
centrations of sp3 and sp2 in fully reduced GO are 8% and 80%, respectively. The
presence of residual oxygen has been found to significantly inhibit carrier charge
(electrons or holes) movement. Furthermore, investigations have revealed that
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hopping and tunneling among the sp2 clusters dominate transport in the early stages
of reduction, percolation in the latter stages of reduction, and percolation as original
sp2 clusters are connected by newly generated tiny domains [37]. Using
nanoindentation in AFM, Young’s modulus and tensile strength of free-standing
monolayer graphene were measured to be 1.0 TPa and 130 GPa, respectively. The
mechanical characteristics of GO sheets were investigated using AFM in another study
[38], and the effective elastic modulus of monolayer GO (thickness of 0.7 nm) was
determined to be 207 �23 GPa. When oxygen functional groups are attached to
graphene, the ideal 2D structure is disrupted, resulting in a considerably weaker GO
sheet than pristine graphene. The elastic modulus of GO is greatly influenced by the
degree of functionalization and the molecular structure of the functional groups,
according to molecular simulation studies [3, 39, 40]. However, graphene exhibits
high thermal stability up to 2600 K, dependent on the C/O ratio [41]. Graphene has
become a multi-functional reinforcement for polymers due to its unique combination
of high electrical, thermal and mechanical properties, which has created new possi-
bilities for developing and enhancing high strength and lightweight polymer compos-
ites for the vehicle and space industry, as well as gas barriers for food packaging. To
feat graphene’s superior properties in such applications, it is necessary to mix it with

Figure 3.
Synthesis schemes of GO from graphene and rGO from GO [32].
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other materials (such as a polymer) to make stronger and tougher composites known
as nanocomposites.

2.5 Nanocomposites

Nanocomposites are a combination of two or more distinct materials, in which one
is known as the reinforcing phase, which may be in the form of sheets or particles
dispersed in the other material known as the matrix phase. The materials are expected
to display features, as a result of the combined features of each parent component,
that are greater than those of single components. Typically, the host matrix material is
improved with just small concentrations of reinforcing materials. For example, if the
nanocomposite is designed and fabricated correctly, it may gain reinforcement
strength whilst retaining the matrix toughness, thereby exhibiting a combination of
desirable properties which are not available in single components [42]. An advantage
of nanocomposites, compared to traditional composites, is that such reinforcement
should be achieved with the addition of a small percentage of nanoparticulate to the
host matrix material. Consequently, the nanocomposites are much lighter weight than
traditional composites, but only if the density of the nanoparticle is greater than that
of the matrix. Due to that, nanocomposites are a potentially revolutionary alternative
to classical composites for many possible applications [43].

2.6 Graphene-based polymer nanocomposites

In general, nanocomposites are classified based on the host matrix materials type
and type of reinforcement nanoparticles. According to the matrix material type,
nanocomposites are classified into three types:

• Polymer matrix-based nanocomposites

• Ceramic matrix-based nanocomposites

• Metal matrix-based nanocomposites [44]

The most common is polymer matrix-based nanocomposites because most poly-
mers display lightweight and high toughness, are easy to process and have high
chemical resistance, flexibility and low charge. However, compared to other materials
such as metals and ceramics, polymers have comparatively poor mechanical behavior,
thermal stability and electrical conductivity. Polymers have as well poor gas barrier
and heat resistance properties. The most obvious differentiator of polymers compared
with ceramic and metal is weight, due to their lower density. They have low mass
atoms of carbon and hydrogen as a backbone, making them suitable for use as light-
weight structural components and construction materials. Polymer nanocomposites
(PNCs) have been widely studied in industrial and academic fields to identify the
unique features of nanosized particles. PNCs have different structures, which can
impact the interactions between the polymer and the nanoparticles as filler. Further-
more, composite structures are governed by the type of nanoparticles and the polymer
used. The polymers are classified into three different categories: thermoplastic, elas-
tomers and thermosets. These classifications are based on the molecular structure of
the polymer. Thermoplastics are often referred to just as plastics, which are linear or
branched polymers. They can be molded and remolded many times into different
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shapes. However, this type of polymer does not easily crystallize on cooling to a solid
state, a process that requires the huge organization of the highly coiled and entangled
macromolecules present in the liquid state. Thermoplastic polymers cannot fully
crystallize because of their inherent structure. The chemical structure of PE and PP
polymers supports some degree of crystallization. In many circumstances, crystalliza-
tion is influenced by experimental factors such as cooling rate and time (in the case of
isothermal experiments). When these polymers are cooled from the melt, they are
unable to complete crystallization and reach 100% crystallinity. As a result, one
component is amorphous and begins to flow at Tg (glass transition temperature),
while the crystalline part melts at Tm (melting temperature), creating semi-crystalline
polymers. Accordingly, the crystalline phases are characterized by their Tm. When a
polymer reaches the melting temperature Tm, the polymer chains lose their ordered
arrangement and move around freely. However, many thermoplastics are completely
amorphous, even upon annealing. Amorphous polymers are characterized by the Tg,
above that, the materials are rubbery or fluid, and below it they are rigid. Semi-
crystallinity is a desirable characteristic due to imparting the strength and flexibility of
crystalline and amorphous areas, respectively. Consequently, these types of polymers
can be rigid with the ability to twist or bend without fracturing. Crystal lamellar is
obtained through crystallization from a dilute solution. When crystals are formed
from the melt, chain entanglements are quite important. In this case, the solid is more
irregular, with polymer chains weaving in and out of crystalline portions. The lamellae
are the crystalline part while the amorphous part is the part outside the lamellae. The
crystal regions are linked to the amorphous regions by polymer chains. There may be
no clear edge limits between those two regions. However, in some polymers, like
polyvinyl alcohol, there is notable separation between the crystalline and amorphous
regions, though in other polymers, like PE, the structure basically is crystalline with
imperfections that are the amorphous regions. The short branches in LDPE interfere
with the packing of molecules, so they cannot form a fully ordered structure. The
lower density and stiffness make it appropriate for use as films in food packaging and
carrier bags [45].

Regarding the structure and properties of the polymer, the nanoparticles and the
preparation method, there are three major structural types of composites based on
how the filler is dispersed in the polymer. Figure 4 shows (a) phase-separated micro
composites, where the polymer interacts only with the exterior surface of the layered
filler, (b) intercalated nanocomposites, in which the layers of filler are sufficiently
separated to allow for the polymer to cover each layer and (c) exfoliated
nanocomposites, where the layers are separated entirely and dispersed throughout the

Figure 4.
Filler dispersion in graphene-based nanocomposites: (a) separated, (b) intercalated and (c) exfoliated phases [42].
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polymer phase. Moreover, the PNCs’ properties can be enhanced by blending more
than one polymer [42].

2.7 Preparation methods of polymer nanocomposites

Polymer nanocomposites can be made using chemical, physical and mechanical
procedures. One of the major difficulties in polymer nanocomposites fabrication is the
good dispersion and distribution of nanofiller into the polymer matrix. Due to the high
surface energy of the nanoparticles, they tend to aggregate into micron-sized clusters
of filler, which restricts the dispersion and distribution of nanoparticles. Considerable
effort has been made to disperse and distribute nanofillers equally into the matrix,
regularly assisted by modification of the nanofiller surface, chemical reactions or
polymerization reactions which makes them unsuitable for large-scale production
[46]. Many preparation methods have been used to prepare graphene nanofiller-
reinforced polymer nanocomposites. However, there are three main methods for
incorporating the filler into the host polymer matrix [47, 48].

2.7.1 In-situ polymerization

In-situ polymerization methods for polymer nanocomposites fabrication usually
include blending the filler in pure monomer, or monomer solution [49], and then the
resulting blend is polymerized using polymerization methods such as radiation, heat,
initiator diffusion or an organic initiator. The monomer polymerizes between inter-
layers, creating either exfoliated or intercalated nanocomposites to improve and
develop the dispersion between the two phases. The drawback to this method is that
the high-temperature synthesis causes the decomposition of the polymer. Moreover,
this process requires the organic modification of the particle surface and employs
complex chemical reactions and polymerization reactions [13].

2.7.2 Solvent blending

Solvent blending or solution method is the most commonly used technique for
fabricating the PNCs, specifically with higher molecular weight polymers. It involves
blending nanoparticles and polymer solutions in a suitable temperature and solvent.
Typically, the solution method incorporates three preparation stages: sonicate the
nanoparticles in a suitable solvent for the dispersion process, blend it with the poly-
mer solution through simple stirring or shear mixing (at room temperature or higher
temperature) and recover the nanocomposite by precipitating or casting the solution
mixture as a film. The solution method considerably improves the distribution and
dispersion of nanoparticles in the polymer matrix. It offers the advantage of lower
viscosity, facilitating regular mixing and good dispersion of the nanoparticles. One of
the main drawbacks of this preparation method is the use of large solvents volumes,
whose evaporation can impact negatively the environment [11].

2.7.3 Melt blending

Melt compounding is the most common and favorable method used in industry.
This method includes blending the nanofillers into the polymer host matrix at a high
melting temperature. During the process, the internal shear stress is dissipated in the
matrix by viscous drag. That shear stress is applied to break down the nanofiller
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aggregation and enhance regular and good dispersion of nanofiller in the polymer host
matrix. This method is appropriate for present industrial procedures, like extrusion
and injection molding. Melt compounding includes melting the polymer powder or
pellets to create a viscous solution and the nanofillers are added to the polymer
solution at high temperature and high shear. The final form of the components can be
produced using compression molding or injection molding. Compared with solution
mixing, melt mixing is considered to be more economical and environmentally
friendly with no solvent waste and is more effective in the industry due to large
production volumes [13, 50]. The polymer matrix nanocomposites can include more
than one polymer, which provides opportunities to improve the polymer matrix
nanocomposite properties.

2.8 The importance of blending polymers

A polymer blend (PB) is a mixture of two or more polymers or copolymers.
Blending is a method of obtaining new polymer materials. A mixture of two polymers
is referred to as a ‘polymer blend’, ‘poly blends’ or simply ‘blends’. The polymer blend
is produced by physical mixing with or without new chemical bonding between the
parent components. They are prepared to produce a new material with different
physical behavior from the parent polymers. The objective of polymer blending is to
achieve sustainable products that either have exclusive properties or lower costs than
single polymers. Homogeneous blends are molecular mixed. Heterogeneous blends are
thermodynamically immiscible in some concentration ranges. Some blends are pre-
pared for economic reasons, while others are created to improve some properties in
the blend. Approximately 10% of all thermoplastics and 75% of all elastomers are poly
blends. Only a few commercial blends of two thermoplastics are single-phase blends.
All single-phase blends possess negative or slightly positive interaction parameters.
They are amorphous blends; their glass temperature varies monotonically with com-
position. Blends can be compatible but not thermodynamically miscible. Many blends
are created from amorphous and (or) semi-crystalline polymers. The majority of these
blends are compatible. Blends of two semi-crystalline polymers are rarely used. The
components of these blends are usually of a very similar structure. Blending also offers
many possibilities for recycling polymer for reuse [51].

2.9 Polymer blend methods

The properties of polymer blends depend on the preparation technique. There are
many methods used to prepare the polymer blends. The following are the most
important and commonly used.

2.9.1 Mechanical-melt mixing

This is the most important and cheapest method by which to prepare
industrial polymer blends. The simplest process for making a polymer blend from
thermoplastic is to blend the polymers in a melted condition in suitable devices such
as rollers and extruders. Under appropriate conditions, chemical reactions such as
chain scissions and cross-linking can take place in the polymer melt. A grafting
reaction can also be caused by adding appropriate monomers to polymer melts in
extruders [52, 53].
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2.9.2 Solution cast techniques

Solution casting is an important method employed to make thin layered films. The
solution cast process involves placing the solution of the film component in a suitable
common solvent, which is subsequently dried so that the solvent evaporates. The
resultant film is then removed from the substrate. A solution casting method is more
advantageous than the melting process, as it results in a higher quality film with
uniform thickness, high clarity and pure films without residuals and pinholes. It is also
possible to produce patterned films [54].

2.9.3 Latex blending

Latex is a colloidal dispersion of a polymer substance in an aqueous medium. Latex
blends are prepared by blending two polymers where each polymer is present in the
form of polymeric microspheres dispersed in a fluid medium [55]. Blends prepared
with this method are expected to have a very high interfacial area. The early emulsion
polymerization of rubbers and thermoplastic acrylates provided raw components for
latex blending. Latex blends were used either directly as paints, adhesives and sealants
or they were pelletized or spray dried [56].

2.9.4 Spray or freeze drying

During spray drying, the fluid of blend materials is transformed into dried partic-
ulate form by spraying the fluid into a hot substrate. This is an ideal process used
when the end products require precise quality and no remaining moisture content. In
freeze drying, the polymers are first heated above the glass transition to form a
solution, then the polymer solution is frozen to achieve solid polymer [57].

2.9.5 Fine powder mixing

In this technique, mixtures of polymer powders are mixed at higher temperatures
using ball milling. The temperatures used are above the glass transition temperature
(Tg) of constituent polymers [58].

2.9.6 In-situ polymerization

The polymerization of one polymer is conducted in the presence of another poly-
mer resulting in interpenetrating polymer networks. Polymer electrolytes are pre-
pared using this technique [59]. The preparation method of the blend polymer can
impact the miscibility between two or more polymers than their properties.

2.10 Properties of polymer blends

Generally, a PB has been prepared to create polymeric materials that can perform
under demanding mechanical, chemical, thermal and electrical conditions. They must
also be capable of performing in complex atmospheric conditions. All of these factors
highlight the necessity of studying the structure, behavior and performance of the PB.
The main study for assessing a polymer blend performance is to assess the structure of
the blend first since this impacts the material’s mechanical, chemical, thermal, flame
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inhibition, electrical and optical properties. Polymer blends offer excellent advantages
such as better processing, superior mechanical (creep, impact, stiffness, strength,
modulus and hardness) performance, better heat resistance, lighter weight, gas and
water barrier, chemical resistance, optical and electrical properties and low-cost pro-
duction. PB enables the development and improvement of modified polymers without
new polymerization steps [60].

Due to their high molar mass, the mixing entropy of polymers is relatively low and
consequently, particularly favorable interactions are necessary to obtain miscible or
homogeneous blends on a molecular scale [61]. The overall physical and mechanical
behavior depends on the miscibility of the blends, which can be determined by
studying the structure of the blend, such as its crystallinity degree, melting and
crystallization behavior and phase separation [62–65].

2.11 Theory of miscibility

Polymer blends are created when two or more polymers are physically mixed,
either in a molten or dissolved state in a suitable solvent. Polymer blends created by
the mixing of polymers can be miscible, partially miscible and immiscible. Blends can
be also considered compatible or incompatible.

Immiscible blends with separate phases commonly have poor mechanical behavior.
Miscible blends with a single phase have various components that are not in a separate
phase. That type of polymer blend displays greater mechanical behavior than the
parent polymers. However, incompatible (immiscible) blends are more common than
compatible (miscible) polymer blends [66, 67].

The most influential factor for obtaining a miscible polymer blend is the low-
molecular-weight polymers which have a large combinatorial entropy contribution
compared with high-molecular-weight polymers [68].

Whether a polymer blend is miscible, partially miscible or immiscible is deter-
mined by the thermodynamics of interaction between the blend components. To
obtain spontaneous single-phase blending, the most important factor controlling mix-
tures of dissimilar components is the Gibbs free energy of mixing (ΔGm), which
should be negative (Eq. (1)).

ΔGm ¼ ΔHm–TΔSm ≤0 (1)

where ΔHm and ΔSm are the enthalpy and entropy of mixing, respectively, and T is
temperature. This is, however, a necessity but not a sufficient condition. Furthermore,
a second condition should also be fulfilled for each blend composite to attain a single-
phase binationry polymer mixture (Eq. (2)).

∂
2Gm

∂φi
2

� �
>0 (2)

where φi is a volume fraction of the component. If ΔGm is negative and Eq. (2) is
not fulfilled, the polymer blend will separate into two phases. Figure 4 shows a
generic phase diagram for polymer blend systems. The spinodal curve is related to the
condition (Eq. (3)).

∂
2Gm

∂φi
2

� �

T,P
¼ 0 (3)
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Within these curves, the polymer mixture is unstable and will undergo spinodal
decomposition. External to the spinodal curve lay the stable and metastable regions.
The transition between these two regions is the binodal curve, which is where
ΔGm = 0. Blends in the metastable region will spontaneously nucleate due to compo-
sition fluctuations and separate into continuous and dispersed phases. Blends in the
stable region will undergo spontaneous mixing and exhibit a single, homogenous
phase [69, 70].

For low molecular weight materials, an increased temperature mostly leads to
greater miscibility as the TΔSm term increases, thus driving ΔGm to more negative
values. For higher molecular weight components, the TΔSm term is small and other
factors (such as non-combinatorial entropy contributions and temperature dependant
ΔHm values) can dominate and lead to the reverse behavior, namely, decreasing
miscibility with increasing temperature.

Solvent blends that are borderline in miscibility normally show upper critical
solution temperatures (UCST) and polymer-polymer mixtures normally show lower
critical solution temperatures (LCST) [71, 72]. This behavior is shown in Figure 5.

The simplest theory to calculate ΔGm for a component of two polymers blends is
the Flory-Huggins expression. That theory for the free energy of mixing of polymer-
solvent systems has been extended to include polymer-polymer mixtures (Eq. (4)).

ΔGm

VRT
¼ φ1

υ1N1
lnφ1 þ

φ2

υ2 N2

lnφ2 þ φ1φ2
χ

υ
(4)

Figure 5.
Phase diagram showing LCST and UCST behavior for polymer blends [73].
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where V is the total volume of specimen, T is absolute temperature, υi is the molar
component volume of component i, Ni is the degree of component i
polymerization, φi is the component i volume fraction, υ is a reference volume and χ
is the Flory-Huggins interaction parameter. The first two terms on the right-hand side
of Eq. (4) account for the TΔSm term in Eq. (1) and are the entropic contribution of
each component to mixing. The final term on the right describes the enthalpic mixing
contribution to ΔGm.

For large-size components Ni > 1000ð Þ, the respective entropic term becomes
negligible. A critical spontaneous mixing interaction parameter χc can be defined
when ΔGm¼ 0 and ∂

2Gm
∂φ2

i
= 0 which leads to Eq. (5).

χc ¼
υ

2
1ffiffiffiffiffiffiffiffiffiffi
υ1N1

p þ 1ffiffiffiffiffiffiffiffiffiffi
υ2N2

p
� �2

(5)

Eq. (5) can be simplified further when both components have equal degrees of
polymerization N1 ¼ N2ð Þ and molecular volumes (υ1 = υ2), yielding (Eq. (6)).

χcN ¼ 2 (6)

Comparing the χ N values for different blend systems to this critical χc N value
allows for a first-order determination of whether a polymer blend is miscible, partially
miscible or immiscible leading to a more complex two-phase system [74].

2.12 The classification of the polymer blend

Polymer blends are classified into the following types: miscible polymer blends,
partially miscible polymer blends and immiscible polymer blends [73].

2.12.1 Miscible polymer blends

Compatible blends are characterized by a χN < 2 and can create a single phase or
homogeneous phase due to short chain lengths or suitable enthalpies ΔHm of blending.
Complementary intermolecular forces between side groups, such as acid–base inter-
actions, hydrogen bonds, dipoles, ionic groups and π-orbital complexes, frequently
induce negative ΔHm values. Polystyrene and poly (2, 6-dimethylphenylene oxide)
(PS/PPO), for example, are miscible due to the interaction of styrene groups. These
blends have improved physical properties and a single-glass transition temperature,
indicating that just one phase exists [75].

2.12.2 Partially miscible polymer blends

Binary blends of polymer that have a χN value of ≈2 can be classified as partially
miscible. These blends show two distinct phases with a quite broad interface region
separating them. Moreover, there are sufficient concentrations of minority compo-
nents in both phases to modify the bulk properties. The mixture of polystyrene and
acrylonitrile butadiene styrene (PS/ABS) belongs to this type. Blends show two glass
transition temperatures (Tg), with the Tg of each component shifting slightly toward
the other compared to pure polymer transitions. The separated phases limit the
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deformation mechanisms of the blend, which promotes irreversible micro crazing
[76]. This blending regime can be referred to as ‘compatible blends’.

2.12.3 Immiscible polymer blends

Polymer blends with χN > 2 are referred to as immiscible (incompatible) polymer
blends. The notable feature of this blend is two distinct phases separated by a sharp
interface. The interfaces have minor interaction between the two phases and as a
result show very poor cohesion. Therefore, the physical properties of immiscible
blends are almost poorer than either of the parent polymers alone. When a blend
solidifies, the minor, dispersed phase, thermodynamically favors specific geometries
depending on the blend composition [77].

2.13 Compatibilization of immiscible blends

Due to the positive Gibbs energy of mixing, most polymers are immiscible,
resulting in severe phase separation, poor adhesion at surfaces and decreased final
characteristics. Many strategies have recently been employed to generate and
improve interactions in immiscible polymer blends’ interfacial regions. Using proper
compatibilizers is the simplest and most successful way to make immiscible polymers
compatible. Compatibilization is the process of adding appropriate copolymers to
an immiscible polymer blend to increase its stability. In most polymer mixes, the
phase morphologies are unstable, resulting in poor mechanical characteristics.
Compatibilizing the system leads to a stable and better-mixed phase morphology by
generating interaction between the two immiscible polymers [78]. There are many
different types of compatibilizers such as graft or block copolymers [79] and
nanofillers such as clay or layered silicates [80], carbon nanotubes [81] and graphene
oxide (GO) or its derivatives [82, 83].

2.13.1 Compatibilization using Ziegler-Natta catalyzed copolymers

Ziegler-Natta catalysts are the most common catalysts used in polymerization
manufacturing for the production of PE and PP [84]. Based on solubility, the
Ziegler-Natta catalyst can have categorized as either:

• Heterogeneous catalysts: These catalysts are usually in combination compounds,
such as poly (ethylene-co-glycidyl methacrylate) (PE-co-GMA) for PE and PP
blend co-catalyst [85, 86].

• Homogeneous catalysts: random copolymers of ethylene-α-olefin and
metallocene linear low-density polyethylene (PE) are obtained using metallocene
catalyst [87, 88].

As compatibilizing agents, graft or block copolymers are frequently utilized. Two
polymers in an immiscible blend are used in the copolymers used for that purpose.
The appropriate components of the copolymer can interact with the blend’s two
phases to help maintain the phase morphology’s stability [89, 90]. The increase in
stability is attributable to a reduction in the phase separation size of the polymers in
the blend. The lower interfacial tension caused by the accumulation of block copoly-
mers at the interfaces of the two polymers results in a smaller size. In the melt phase,
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this allows the immiscible mixes to break up into smaller particles. Because the
interfacial tension is now significantly lower, these phase-separated particles will be
less likely to proliferate. This stabilizes the polymer blend, allowing it to be used in a
product [91]. Ethylene/propylene copolymers are an example of this. Polypropylene
and low-density polyethylene blends benefit from compatibilizing polymers like
these. In this situation, a copolymer with a longer ethylene series is favored. This is
because co-crystallization is a factor in this situation, and the longer ethylene series
will maintain some crystallinity [92, 93]. Due to their low molecular weights com-
pared to that of the bulk polymer, copolymers often bring minor benefits to the
polymer blend’s strength and stiffness. Furthermore, copolymers with certain struc-
tures are frequently difficult to synthesize, making them expensive to produce. As a
result, another effective and low-cost compatibilization technique is required [94–96].

2.13.2 Graphene compatibilization

Inorganic nanofillers are promising for compatibilizing immiscible polymer blends
because of their good performance and inexpensive cost. GO is a result of oxidative
exfoliation of natural graphite that consists of multilayers of sp2-hybridized carbon
atoms on the basal plane and edges with a variety of carboxyl, hydroxyl and epoxy
functional groups [85, 97–100]. The polar groups of GO layers can create hydrogen
bonds with polar polymers [101]. Some polymers’ π-π stacking phenomena between
GO and aromatic rings could be used to improve interfacial interaction, resulting in
improved compatibility and mechanical strength [102]. Due to their high modulus,
GO and its derivatives may not only operate as a compatibilizer in polymer blends but
also as reinforcing fillers, making GO and its derivatives superior to a traditional
copolymer compatibilizer. The processing technique allows for the required improve-
ment in characteristics and structure in addition to the surface modification of the
filler and the use of a suitable compatibilizer. Because nanofillers have a strong
tendency to clump and agglomerate due to their high surface energy, the processing
system’s efficiency in dispersing the fillers becomes crucial [103].

2.14 Properties of graphene/based polymer nanocomposites

In general, nanocomposites need to be thermally stable for many applications, such
as in the aerospace industry. However, most polymer nanocomposites suffer from
low-temperature degradation, which limits their use in many possible applications.
Graphene, which is one sheet of graphite, has unique features such as high conduc-
tivity, strength and thermal stability. This exceptional material can be incorporated
into the polymer composites as nanofillers to enhance properties.

As a result of the fact that graphene/polymer nanocomposites are a relatively
recent development, the literature is still in its early stages but is developing rapidly.
Already surprising developments and enhancements in mechanical, electrical and
thermal properties and water and gas barriers of these materials have been achieved at
very low concentrations of graphene nanoparticles in the polymer host matrix.

2.14.1 The mechanical properties

Graphene is considered a strong material that offers the possibility to make refine-
ments in the mechanical behaviors of polymeric materials at low concentrations, in
particular enhancing the tensile strength and Young’s modulus as shown in Figure 6.
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However, the mechanical properties of PNCs depend on the dispersion and distribu-
tion of graphene flakes into the polymer matrix and the degree of interfacial bonding
between the nanofiller and the matrix. Generally, to develop and improve the
mechanical behavior of graphene/polymer nanocomposites, GO is typically used due
to its outstanding mechanical behavior and the presence of chemical groups to assist in
strong interfacial interaction [105]. Although pure graphene is incompatible with
polymers and will aggregate, through layer-by-layer stacking, GO, which contains
hydroxyl and epoxy groups on the plane of the sheet and carbonyl and carboxyl
groups at the edges, interacts more strongly with polymers. Its surface is compara-
tively easy to modify through the presence of amines, esters, aromatics and isocyanate
functionalities that stabilize dispersions; thereby facilitating treating the composite
[106]. However, the graphene nanoparticles could improve another important feature
in polymer/graphene nanocomposites which is the hardness. Figure 7 shows a signif-
icant improvement in hardness observed with the addition of graphene. The neat

Figure 6.
Mechanical properties of epoxy/graphene nanocomposites: (a) tensile properties and (b) flexural properties [104].

Figure 7.
The effect of graphene content on the hardness of the graphene/epoxy nanocomposites [107].
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epoxy samples exhibit a hardness of 26.56 kgf/mm2, which increases to 28.90 (8.83%),
31.59 (19%), 33.37 (26%), 35.02 (32%) and 39.89 (50%) with the addition of 0.5 1, 2.5,
5 and 10 wt % graphene nanoparticles, respectively. This increment in hardness is due
to a good dispersion and interfacial bonding between graphene and the epoxy polymer
matrix [107].

2.14.2 Electrical properties

Electrical behavior is one of the most interesting features of graphene/polymer
nanocomposites, enabling them to be employed in electronics applications because of
their low electrical resistance and high electrical conductivity. When used as filler,
graphene might raise the material conductivity of an insulator polymer, such as poly
(vinyl alcohol) in Table 1. To make the nanocomposites conductive, the percentage of
the conducting filler should be above the electrical percolation threshold where a
conductive network of nanoparticles filler is formed. However, GO is an insulator and
not an ideal filler for producing electrically conducting composites. Another method
involves GO surface modification, reduction to recover, at least partially, the electrical
and thermal conductivity through restoring the graphitic network of the sp2 hybrid-
ized carbon by reducing the carbon–oxygen function to have reduced graphene oxide
or even pristine graphene [104, 109–111].

2.14.3 Thermal stability

When graphene/polymer nanocomposites are prepared through the solvent
method, a well-dispersed system is created maximizing the graphene surface area,
which will contribute to superb material thermal stability [112, 113]. Covalent modi-
fications can be used to improve the graphene dispersion and distribution into the
polymer matrix to attain the most significant effect. The modification could also
change the microstructure of graphene, resulting in graphene with a high carbon-to-
oxygen atom ratio (C/O ratio). This may increase thermal stability, through a decrease
in the oxygen functional group content and an increase in the C/O ratio as shown in
Figure 8 and Table 2 [115, 116]. In general, a tiny loaded amount of graphene can
notably enhance the thermal stability of polymer materials [117, 118].

2.14.4 Thermal conductivity

All electronic units produce excessive heat and thus demand thermal management
to prevent premature failure. Thermal management is crucial for the efficiency of

Composites Length
(m)

Width
(m)

Area
(m2)

Resistance
(Ω)

Resistivity
(Ωm)

Conductivity
(Ωm�1)

PVA 0.01 0.008 0.00008 2398 19 0.05

PVA/GO 0.01 0.008 0.00008 1644 13 0.073

PVA/RGO 0.01 0.008 0.00008 199 1.6 0.625

PVA, Poly(vinyl alcohol); PVA/GO, poly(vinyl alcohol)/graphene oxide; PVA/RGO, poly(vinyl alcohol)-reduced
graphene oxide.

Table 1.
Resistance, resistivity and conductivity of the nanocomposites [108].
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advanced integrated circuits (ICs) and high-frequency high-power density communi-
cation devices. Recently, the use of high-conductivity materials is suggested for elec-
tronic cooling and for improving the heat dissipated from chips. The cost of high-
conductivity materials is of major concern. Therefore, there is a real need for low-cost
high-thermal conductivity materials and efficient design to integrate these materials
into electronic devices. Graphene has drawn tremendous attention for heat dissipation
due to its extraordinarily high in-plane thermal conductivity (2000–4000 Wm�1K�1)
compared to copper (400 Wm�1K�1). The thermal conductivity of graphene has
become an important research topic and is attracting tremendous interest in the area
of thermoelectric waste heat recovery. The thermal conductivity of graphene is
related to its low mass and the strong bond of carbon atoms [119].

2.14.5 Gas barrier

Graphene and its derivatives have been considered promising nanoscale fillers in
the gas barrier application of polymer nanocomposites (PNCs). The breakthrough of
gas into polymer films has limited their performance. The barrier properties of poly-
mers can be greatly improved by loading impermeable lamellar fillers with a high
aspect ratio to change the diffusion path of gas-penetrant molecules, such as graphene.

Figure 8.
Thermal degradation temperatures PP/GO nanocomposites [114].

Specimens ID GO (wt%) Tonset (°C) T50% (°C) T95% (°C)

PP 0.00 276 � 3 303 � 3 344 � 3

PP/GO.25 0.25 440 � 3 472 � 3 494 � 3

PP/GO.5 0.50 452 � 3 473 � 3 496 � 3

PP/GO1 1.00 409 � 3 443 � 3 481 � 3

PP/GO2 2.00 445 � 3 470 � 3 494 � 3

PP/GO4 4.00 453 � 3 473 � 3 497 � 3

PP, polypropylene; PP/GO, polypropylene/graphene oxide.

Table 2.
Thermal degradation temperatures PP/GO nanocomposites [114].
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As a result of the nanofillers, diffusing molecules take longer and more tortuous paths
to pass through the nanocomposite film, resulting in a considerable decrease in per-
meability as shown in Figure 9. The gas barrier performance of PNCs is determined
by mainly three factors: filler properties (resistance to gas diffusion, aspect ratio and
volume fraction), the intrinsic barrier property of the polymer matrix, and the ‘qual-
ity’ of dispersion (agglomeration/specific interface, free volume generated by medio-
cre interface management and the texture/orientation of filler platelets). The levels of
exfoliation of the layered nanofillers in the polymer matrix are crucial to the success-
ful development of PNCs [121].

3. Conclusions

Since its inception, graphene has drawn worldwide interest due to its high quality
and amount of work. The technology and applications of graphene-reinforced poly-
mer matrix nanocomposites are showing significant development. However, various
challenges in concerns of synthesis methods, costs, quantity qualities and applications
must be addressed and resolved to fully realize the potential of graphene
nanocomposites. For illustration, if we consider physical synthesis methods for
graphene such as sonication, exfoliation and cleaving, the end product (graphene) can
have a reduced aspect ratio, which can drastically degrade the reinforcement, and
binding interactions, and thermal and electrical properties of both graphene and
nanocomposites. Both graphene and its derivatives have proved their promise as
prospective choices as reinforcements for high-performance nanocomposites, as
shown in this review. The effects of reduced loadings of graphene and its derivatives,
which result in high levels of strength and stiffness and superior mechanical proper-
ties, have been described in many studies. The high dispersion quality of graphene and
its derivatives in various host matrices has also been discussed in many types of
research. As previously stated, several challenges must be overcome in achieving
large-scale, defect-free graphene exfoliation with high quality and good characteris-
tics. Since graphene tops the charts with its exceptional properties, the graphene-
based product highlights itself in various applications. Dispersion and distribution of
graphene into polyolefin are very important to develop and improve the electrical and
thermal conductivity, mechanical properties and gas barriers of the polymers. To

Figure 9.
Illustration of the ‘tortuous pathway’ (a) In a polymer matrix before adding graphene nanoparticles (b) In
nanocomposite after adding the graphene nanoparticles [120].

49

Graphene Reinforced Polymer Matrix Nanocomposites: Fabrication Method…
DOI: http://dx.doi.org/10.5772/intechopen.108125



attain most of these characteristics, it is necessary to have exfoliation, an
interconnected graphene network.

However, dispersions and distribution of graphene in polymers are challenging.
Partially get good dispersion by sonicating graphene into a co-solvent with the poly-
mer before co-precipitation or drying to a film, or by scattering graphene in a mono-
mer and polymerizing in situ to make a composite. In the right circumstances,
solvent-processed composites lock the graphene into a well-dispersed state in the
solvent; nevertheless, to improve dispersibility and interaction with the polymer
matrix, the graphene must usually be modified. In-situ polymerization can produce
better outcomes, which could be because graphene is involved in the polymerization
process, or because polymer chains are grafted onto graphene sheets.
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Abstract

Chemical vapor deposition (CVD) represents a viable synthesis route to produce 
good-quality, large-area graphene films. In simple words, the technique relies on the 
thermal decomposition of a carbon-rich source and the further deposition of carbon 
atoms in a honeycomb pattern on top of a metallic catalyst film. Due to the versatility 
of the method, many alternatives have been explored for the synthesis of this amazing 
carbon 2D nanomaterial: low pressure, atmospheric pressure, roll-to-roll. Different 
catalysts have been explored as well; however, copper (Cu) represents the prime 
choice, being micrometer-thick foils the most commonly used form in CVD experi-
ments. This chapter focuses on the production of graphene via the CVD method using 
copper foils, and it commences by explaining the generalities of the technique and 
its variants; next, a description of the method for the production of graphene using 
copper is included as well as the different precursors (gas, liquid, solid) that have 
been reported for its synthesis; we continue explaining the importance of the other 
gases involved in the synthesis and the efforts toward production of large-size single 
crystals; the obliged transfer process is reviewed, and we conclude by analyzing the 
advantages and the challenges of the technique.

Keywords: CVD, graphene, polycrystalline, copper foil, precursor

1. Introduction

Graphene belongs to the extensive realm of nanostructured allotropes of carbon. 
It is a 2D nanomaterial conformed of sp2-bonded carbon atoms arranged in a hex-
agonal pattern, each carbon atom bonds in the plane to other three atoms, forming a 
chicken-wire network only one-atom thick. This amazing nanomaterial was isolated 
in 2004 by Novoselov and Geim [1], who later, in 2010, were awarded the Nobel Prize 
in Physics. Perhaps the most natural way to obtain graphene is by exfoliating a layer 
from graphite, such was the method used by Novoselov and Geim. This method, 
however, poses intrinsic disadvantages such as the low yield, the time required to 
find monocrystals, and the irreproducibility of the shapes of the crystals. Scientists 
realized that a method to produce graphene in a more controlled, reproducible, and 
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scalable way was necessary. Among the many techniques available to produce nano-
materials, the chemical vapor deposition (CVD) method has proven to be advanta-
geous for the production of carbon nanostructures, it has been used to produce 
carbon nanotubes, carbon nanospheres, nanoribbons, fullerenes, and in 2009, the 
production of multilayer graphene (MLG) was reported on top of nickel (Ni) films 
[2, 3]. Later the same year, the synthesis of large-area graphene films was reported 
using Cu foils by the group of R.S. Ruoff [4], ever since, most CVD-graphene reports 
use copper foils as catalysts. The basics of the technique, the roles of the precursor, the 
catalysts, and the synthesis gases are reviewed in detail in the following paragraphs.

Early reports of CVD-graphene accounted for continuous films with regions 
of single-layer, bilayer, and few-layer graphene (SLG, BLG, FLG, respectively). 
Characterization of these films revealed that the BLG and FLG do not respect an AB 
stacking of the layers, the stacking from highly oriented pyrolytic graphite (HOPG); the 
orientation between adjacent layers is random in CVD-grown films. Another peculiarity 
of these graphene films is their polycrystallinity, as will be described below in detail.

2. Chemical vapor deposition

The chemical vapor deposition technique is based on the chemical thermal decom-
position of a precursor (the compound that provides the feedstock for the production 
of the desired material), so their individual constituents can build up a solid film or 
nanostructure into a specified substrate. In general, a common CVD equipment is 
composed of three main modules: 1) a precursor injection module, 2) the reaction 
site or chamber, and 3) the gas ejection module [5]. Although these three modules can 
be arranged either vertically or horizontally, the horizontal configuration is the most 
widely used. The reaction site consists of a region subjected to high temperatures 
where the thermal decomposition of the precursor can be triggered. A very common 
setup consists of a tubular furnace with a borosilicate/quartz/alumina tube inside 
serving as reaction chamber, see Figure 1, the nature of the tube would depend on 
the temperature conditions used in the process. If the process requires a catalyst, it 
can be placed inside the reaction chamber, such is the case for the CVD synthesis of 
graphene as will be reviewed in detail below. Depending on the mechanism used for 
the delivery and the type of precursor, the pressure conditions employed, different 
CVD configurations can be considered [5]. Each one of these alternatives can undergo 
the same tasks, but each will use a different approach to fulfill it. In the following 
sections, some of the most common and popular configurations will be exposed.

2.1 APCVD

The atmospheric pressure chemical vapor deposition (APCVD) is one of the simplest 
configurations found for a CVD system since it operates in normal conditions (atmo-
spheric pressure), making this option more affordable and easier to implement at labora-
tories. However, due to these conditions, problems related to the dispersion of the gases 
within the chamber have been considered as one of its major disadvantages, because the 
decomposed particles will not cover the substrate homogeneously as expected [6, 7].

For this approach, different precursors can be used. In the case of liquids or solids 
dissolved in solution, a bubbler or an evaporation system will be required to stimulate 
the particles to be expulsed and consequently be transferred into the chamber by the 
action of a carrier gas, provoking its decomposition in the reaction site [6].
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2.2 LPCVD

The low-pressure chemical vapor deposition (LPCVD) is based on the use of 
vacuum for the outgassing of the system to achieve low pressures throughout the 
deposition process. In comparison with the last approach, with this technique, the 
dispersion and the deposition are enhanced, making it possible to obtain better 
coverage within the substrates and a higher quality. The pressures commonly used are 
between 10−1 and 10−2 torr and are reached with the use of mechanical and molecular 
vacuum pumps connected to the gas ejection module [6].

2.3 AACVD

The aerosol-assisted chemical vapor deposition (AACVD) is characterized for 
using fine sub-micrometer-sized aerosol droplets of precursor dispersed throughout 
a gaseous medium, which eventually are transported into the reaction zone to be 
decomposed and deposited in the target substrate. The atomization of the liquid 
precursor can be achieved by different routes, as it could be the use of an ultrasonic 
aerosol generation, a pneumatic aerosol jet, or via an electrostatic atomization. The 
AACVD possesses the advantage that thermally unstable and nonvolatile precursors 
can be employed for the synthesis of CVD products at lower cost. In addition, this 
variant is considered a more flexible option since it can be carried out under low pres-
sure, atmospheric pressure, and in open atmosphere [8].

2.4 Roll-to-roll CVD

Roll-to-roll CVD is one of the most recent approaches developed, and it consists of 
a continuous process that can carry out the deposition of the material on a substrate 
and its withdrawal or a sequential process such as a further transference into another 

Figure 1. 
Schematic representation of a horizontal CVD setup, specifying the three constituent modules (top) and diagram 
of an LPCVD setup for the synthesis of graphene on copper foil and methane as precursor (bottom), dashed 
rectangles highlight the corresponding modules.
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suitable substrate (in some cases it is required). This CVD variant is equipped with 
conveyor belts that are in charge of the transport of the substrates into the reaction 
site, where a continuous inlet of gases throughout the chamber leads to a constant 
deposit built up in the incoming substrate without interruption. Subsequently, the 
conveyor belts either introduce the material into a second stage, where a transfer 
procedure can be done automatically, or take the substrate out of the system. This 
CVD configuration can be developed for different process conditions, such as ambi-
ent pressure, low pressure, or a plasma-enhanced CVD [9, 10].

2.5 Other configurations of CVD (PECVD, UHV-CVD, CW-CVD)

One of the great advantages of using a CVD system is the wide variety of possible 
configurations. Above, we have described the most popular ones, but there is still a 
large catalogue of variants, among which are worth mentioning the plasma-enhanced 
chemical vapor deposition (PECVD), the ultrahigh-vacuum chemical vapor deposi-
tion (UHV-CVD), and the cold-wall chemical vapor deposition (CW-CVD), these 
alternatives will be briefly discussed in the following lines.

The PECVD variant uses plasma to improve the decomposition of the precursor 
and its deposition, allowing a reduction in the temperature and the possibility of 
avoiding the use of a catalytic substrate for the deposit [11]. The UHV-CVD is char-
acterized by the use of more extreme low-pressure conditions (~10−7 torr) to avoid 
the oxidation of the deposit and to enhance the decomposition of the precursor [12]. 
Finally, the CW-CVD owes its name to the lack of a heating furnace, and it relies on 
a Joule heating approach for the decomposition of the precursor, achieving a more 
selective and controllable reaction site, by locally heating the substrate [13, 14].

3. Synthesis of graphene via CVD

Chemical vapor deposition has proven to be a very efficient method for graphene film 
synthesis [15]. It is possible to obtain films with few defects, good uniformity, and good 
control in the number of layers, acquiring films between one and few layers [16, 17].

Regardless of the CVD equipment configuration, almost all graphene synthesis 
procedures share the following requirements: a transition metal sheet that acts as a 
catalyst for carbon dissociation and as a substrate for graphene growth, which is placed 
inside the reaction chamber; a carbon-based precursor material [18]; temperatures 
around 1,000°C capable of decomposing the precursor material and dissociating the 
carbon [19, 20], at such temperatures a borosilicate tube is not convenient, the regular 
choice is a quartz tube, its transparency allows direct monitoring of the interior of 
the reaction chamber; a flow of hydrogen (H2) that provides a reducing atmosphere 
and influences growth behavior; and a flow of inert or carrier gas, argon (Ar) being 
the privileged option [18]. A diagram of a typical LPCVD setup for the synthesis of 
graphene is depicted in Figure 1. A characteristic of CVD-produced graphene films is 
the polycrystalline nature of the atom-thick membrane, as will be detailed below.

3.1 Copper foils as substrates

Although the deposition of graphene on metal substrates by CVD was reported for 
the first time on other metals such as Ni and platinum (Pt), Cu is currently the most 
widely used metal as a catalyst substrate for the growth of graphene by CVD [16].
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This preference can be explained by the growth mechanism of graphene on these 
substrates. The difference in mechanisms was elucidated by the group of R.S. Ruoff 
in 2009 [21] using carbon isotope labeling and Raman spectroscopy mapping of 
graphene films grown on Ni and Cu. The difference is due to the carbon solubility of 
each metal. For metals with high solubility (9,000 ppm at 900°C in Ni, and 11,000 
ppm at 1,000°C in Pt) [22], carbon atoms infiltrate the metal matrix at high tem-
peratures, and this solubility tends to increase with temperature. When the tempera-
ture drops, the solute is precipitated from the matrix, leading to the formation of 
graphene. This saturation and precipitation process results in the formation of MLG 
regions [17, 22]. In contrast, for metals with low carbon solubility (7.4 ppm at 1,020°C 
in Cu) [22], the solubility is relatively low despite high temperatures. Therefore, the 
process of carbon saturation and precipitation does not occur. Graphene is formed 
on the surface of Cu, limited to it; hence, the size of the graphene films will be 
correlated with the copper films in the reaction chamber. This process promotes the 
formation of SLG [17, 22]. Common Cu foil thicknesses for the growth of graphene 
films are 25 and 50 micrometers; moreover, the purity of the foil varies among com-
mercial suppliers.

3.1.1 Growth mechanism

In general, the growth mechanism of graphene by CVD on a copper substrate 
can be divided into three stages: (1) The precursor molecules collide with the 
surface of the Cu substrate. As a result, they can be absorbed on the surface, 
disperse back to the gas phase, or go to the next reaction step. (2) The molecules 
dehydrogenate totally or partially, or eliminate any element other than carbon 
(denitrogenation, deoxygenation), and active carbon species are formed. (3) The 
active species diffuse over the surface, cluster, generate nucleation sites, and begin 
to grow on graphene islands on the Cu substrate [15, 23]. These graphene islands 
are grains of honeycomb arranged carbons, they possess a particular orientation 
with respect to each other, when the grains are large enough and meet carbon 
atoms from a nearby grain, they coalesce, forming a grain boundary where the 
mismatch orientation is overcome by the presence of 5-, 6-, 7-, and 8-membered 
rings [24].

3.1.2 Annealing

An important step prior to the CVD synthesis of graphene is the thermal treat-
ment of the micrometer-thick Cu foils. Cu substrates undergo an annealing process 
that consists of heating them at high temperatures close to the Cu melting point, 
but lower than it (<1,085°C) for a certain period of time [25]. The surface of copper 
has some roughness, grain boundaries, surface defects, and impurity particles. This 
process is carried out in order to smooth the copper surface, reduce surface oxides, 
remove volatile impurities and surface contaminants, and favor the formation of 
graphene on the surface [26]. In addition, a reorganization of the copper atoms on the 
surface is promoted, which produces a release of internal stresses and an increase in 
the size of the Cu microcrystalline structure [25].

Regarding graphene nucleation, flat Cu regions, or terraces, favor the growth of 
SLG or BLG domains. In contrast, slope regions on the Cu surface, or ledges, promote 
MLG growth. Additionally, grain boundaries, impurities, and surface defects contrib-
ute to the formation of MLG domains [26].
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3.2 Precursors

The synthesis of graphene using the CVD technique can be carried out with a 
large catalogue of carbon-based compounds used as precursors. These precursors 
can be categorized by their physical state or by their chemical structure. By physical 
state, they can be classified as gaseous, liquid, and solid. While based on its chemi-
cal structure, they are separated as aliphatic and aromatic compounds. The use of 
an appropriate precursor with the right conditions can improve the efficiency of the 
production process and the quality of the final product [15].

3.2.1 Gases

Gaseous carbon precursors are the main source used for graphene synthesis by 
CVD. The most used are hydrocarbons such as methane (CH4) and acetylene (C2H2), 
followed by ethylene (C2H4) [27–29]. A gaseous precursor occupies less space than a 
liquid or solid one, because they can be stored in certain specialized containers. Some 
precursors are produced as a by-product of industrial processes, such as biogas, which 
is constituted essentially of methane and carbon dioxide [15].

3.2.2 Liquids

Liquid carbon precursors are less commonly used in CVD methods. The most 
common precursors used in CVD are hexane (C6H14), ethanol (C2H5OH), and ben-
zene (C6H6) [30–32]. These liquid carbon precursors are easy to use and relatively 
inexpensive compared with gaseous ones [15, 32].

In contrast to the use of gaseous materials, when the precursor used is in a liquid 
state, a previous stage is needed to transform the precursor from its liquid form to a 
vapor in order to be deposited on the metal substrate. Various CVD configurations 
have been used to work with liquid precursors. An approach constitutes the use of an 
external source of heat to vaporize liquids with high boiling points. Ultrasonic baths can 
be used to form aerosols from the liquids [15]. Unlike gaseous precursors that have a cer-
tain flow, an external constant gas flow is needed to carry the post-treatment precursor 
to the reaction chamber [15, 16]. Some of these precursors could be harmful to human 
health, since some may be volatile organic compounds or carcinogenic in nature [15].

3.2.3 Solids

Solid carbon precursors are equally rarely used. They are more complex in terms of 
chemical and biological structure. Any organic material that works as a carbon source 
can be used, including plant waste, plastics, animal waste, insect parts, even food. 
Therefore, solid precursors occupy more space in the reaction chamber than gaseous 
or liquid precursors [15, 33].

As with liquid precursors, prior to the synthesis process, an extra step is required 
to convert the solid material into a gas phase before acting on the metal catalyst. More 
energy is required to carry out the process, which can increase costs. Solid carbon 
precursors can be placed directly on top of the catalyst metal so that graphene forms 
on the back of the catalyst. Polymers have been spin coated directly on copper foils 
and used as carbon precursor [34]. Most of the precursors used are solid wastes 
or biomass; using these products to form graphene would positively impact waste 
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recycling for the production of a high-value product and may reduce the overall cost 
of synthesis [15].

Table 1 presents different carbon precursors that have been used for the synthesis 
of graphene, divided by their previously discussed physical states, along with a 
detailed example of the synthesis process using one of those precursors.

3.2.4 Aliphatic compounds

To decompose aliphatic precursors, high temperatures are needed to promote the 
partial or total dehydrogenation of carbon compounds, as well as the removal of other 
elements that could be previously linked to the chains, such as nitrogen and oxygen. 
Subsequently, it is necessary to promote the breaking of the carbon-carbon bonds 
between the chains. This favors the deposition of active carbon species on the metal 
substrate, the subsequent formation of graphene growth nuclei in sp2 formation, and 
the capture of active carbon for the growth of the graphene islands [15].

3.2.5 Aromatic compounds

Aromatic compounds require a lower growth temperature, and graphene growth 
using benzene at around 300°C has been reported by Jang and coworkers [43]. 
Processes of dehydrogenation and possible denitrogenation and deoxygenation of 
the aromatic species take place at lower temperatures. Active aromatic ring species 
are deposited on the substrate forming graphene growth nuclei and capture the 
active carbon species for island growth. The low energy needed is related to the basic 
structure of aromatic compounds, which is analogous to the hexagonal honeycomb 
packaging of graphene [15].

3.2.6 Greener options

In order to develop ecological and environmentally friendly CVD methods, green and 
bio-renewable carbon sources that are easily obtained at low cost are sought [40, 42, 44]. 

Physical 
state

Compounds Example

Gas Methane [27], acetylene [28], ethylene 
[29], propene [35], biogas [36]

Acetylene was used as a precursor gas in a LPCVD 
to fabricate SLG and BLG at 1,035°C with a flow 
of H2 [28].

Liquid Ethanol [32], hexane [30], benzene [31], 
methanol [37], pyridine [38], 1-propanol 
[37], 2-phenylethanol [39], palm oil [40]

SLG, BLG and tri-layer graphene (TLG) was 
synthesized with APCVD using two alcohols as 
precursors: 2-phenylethanol and ethanol at 980 or 
990°C using a Ar-H2 mixture [32].

Solid PMMA [34], hexabenzocoronene [39], 
highly oriented pyrolytic graphite [41], 
cookie [33], cockroach leg [33], grass 
[33], camphor [42]

APCVD was used to produce SLG and BLG 
graphene sheets with solid camphor that was 
evaporated in a first furnace at 200°C, and 
pyrolyzed in a second furnace at 1,020°C using H2 
as carrier gas [42].

Table 1. 
Carbon precursors used for the synthesis of graphene organized by their physical state. An example of the synthesis 
performed is shown in each case.
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With the implementation of these precursors, it is attempted to reduce the use of green-
house gases, the exploitation of toxic materials, and the development of ecological and 
sustainable technologies [44].

It has been possible to synthesize graphene using various ecological precursors 
such as foods, for example, cookies, chocolate, honey, sugar, butter, milk, cheese; 
waste such as plastics, grass, bones, eggshells, dog and cow feces, wood, leaf, bagasse, 
fruit, tea tree extracts; and derivatives of insects [44].

In particular, the use of solid botanical camphor (C10H16O) for the synthesis of 
SLG and BLG graphene sheets has been studied. Camphor is a natural solid botanical 
hydrocarbon source, which is regenerative, low-cost, and environmentally friendly 
[42]. Similarly, the use of palm oil as a carbon precursor for the synthesis of MLG has 
been studied. Palm oil is a natural oil source that has a unique chemical composition 
with long-chain carbon. It has high potential as a green and renewable carbon precur-
sor in the large-scale production of graphene [40].

3.3 Gases

Molecular hydrogen has a fundamental role in the synthesis of graphene by CVD 
since it acts as an activating gas. It acts by cleaning the surface of the substrate, reduc-
ing impurities and defects during the annealing process, as well as reducing surface 
oxides [17, 23]. It behaves as a co-catalyst, along with the substrate, promoting the 
growth of graphene, as well as an etchant to control the growth and its properties  
[23, 45]. It controls the adsorption, stability, thickness or number of layers, the popu-
lation on the catalyst surface, the configuration of the edges, and the morphology of 
the domains of the grown graphene [17, 23, 45].

The flow of H2 has been considered as an important factor for the quality of 
graphene during synthesis. By using a gaseous precursor, the radius of H2 with respect 
to the precursor gas can be studied [17]. It has been observed that when the H2/CH4 
volume ratio in a process is greater than 0.5, the graphene remains in small separate 
islands and does not coalesce to form a large film. This may happen because excess H2 
can limit graphene growth by removing weak carbon-carbon bonds despite acting as 
a co-catalyst [46]. If the ratio of H2 to CH4 is too high, the etching of carbon species 
becomes much faster than the formation of graphene layers [47], destroying the 
integrity of the network and reducing the quality of graphene [17].

Regarding the flow of the precursor gas, it has been reported that, for methane, 
the number of layers does not depend on the CH4 flow rate, although an increase in 
defects was observed with the increase in flow [17].

Similarly, the use of an inert gas can help the synthesis process. The inert gas 
can be used to dilute the carbon feedstock to achieve high H2 to precursor ratios, to 
increase the total pressure of the reaction chamber, or to dilute flammable or explo-
sive material below its lower explosive limit [18, 46]. The concentration of each gas 
can range between 0 and 100%. The explosive limits of H2 in air range between 18 and 
60%, and the flammable limits between 4 and 75%. Pure H2 and H2 mixture beyond 
the flammable limit are dangerous [46]. Furthermore, it can be used as a carrier gas 
for precursor molecules in certain cases [16]. Gases such as Ar and nitrogen (N2) have 
been used to fulfill this function [16, 18, 46]. Ar is chemically inert under the condi-
tions used during the synthesis [18, 46]. N2 is inert as well, although more abundant 
and cheaper than Ar. Since it exists as a diatomic molecule, there is a risk that N2 will 
dissociate during synthesis. The dissociation product could act as a substituent in the 
graphene film, causing a doping or interruption of the network. However, the triple 
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bond present has a very large binding energy, so the rate of N2 dissociation should be 
extremely small at the temperatures used. Furthermore, Cu is an inefficient catalyst 
for the dissociation of N2 [18].

4. Large-area single-crystal graphene

Using a CVD system, large-area SLG can be synthesized with high yields; how-
ever, its crystallinity can represent an important disadvantage for its application. The 
polycrystalline nature of the Cu substrate and the presence of impurities within its 
surface lead to a high density of nucleation sites and adlayers, resulting in a polycrys-
talline material that will present diminished mechanical and electrical properties than 
the ideal product.

For this reason, in recent years, different alternatives have been proposed to solve 
this important factor. Li et al. and Yang et al. presented a methodology to reduce the 
nucleation sites during the growth, based on the use of Cu foil enclosures (folded 
as little pockets) that have the purpose to reduce the partial pressure of the precur-
sor and undesired species inside the cavity of the enclosure, such as SiO2 particles 
proceeding from the decomposition of the quartz reaction tube, commonly found as 
contaminants in the graphene surface [48, 49], achieving single crystals in the size 
range of several hundreds of microns. On the other hand, other research groups have 
used other alternatives, such as Weatherup et al. and Huang et al. employed metal 
catalyst alloys (e.g., Au, Cu/Ni(III)) to grow high-quality single-crystal graphene, also 
by reducing the nucleation density [50, 51]. In addition, the action of oxygen (O2) as 
a reducer of nucleation has been also studied. Hao and coworkers found in 2013 that 
O2 can act as a passivation agent for the nucleation sites, reducing in consequence the 
density of the adlayers produced. They also concluded that O2 can be provided by an 
external source or even by segregation within the Cu substrate, such as a Cu oxide 
[52]. Now, millimeter-sized single crystals have been achieved [53], this holds promise 
for the scalable and affordable production of graphene for electronic devices.

5. Transfer procedures

Once graphene has been synthesized on Cu foils, its transfer to more suitable sub-
strates for its study or to be used in different applications is necessary. There are several 
procedures that have been developed for this transfer step, having as purposes: a) to 
separate the graphene film from the original metal substrate where it was deposited and 
b) to protect the graphene after the transference [54]. In general, these procedures can 
be classified in two groups, the wet chemical methods and the dry chemical methods.

5.1 Wet chemical methods

These methods are based generally on the coating of a protective polymeric layer 
over the graphene film (e.g., PDMS or PMMA), followed by the immerse in an etching 
solvent (e.g., FeCl3, HCl, HNO3, Fe(NO3)3, CuCl2) to remove the metal substrate, so the 
graphene can be positioned then in another substrate (e.g., SiO2) [55]. Figure 2 depicts 
a flowchart of the transfer process using PMMA. Despite the good results that could be 
obtained with this general technique, in recent years, new variants have been devel-
oped to overcome its disadvantages (i.e., the presence of impurities and the formation 
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of cracks in the material). Such is the case of An and collaborators, who developed a 
reverse transfer technique by locating the graphene/PMMA bilayer into a flexible sub-
strate (e.g., PET), reducing the density of cracks and the presence of impurities [56]. 
Lin and coworkers found a way to avoid the use of the polymeric layer, achieving better 
quality of transferred graphene (free of organic residues). They used isopropyl alcohol 
(IPA) and ammonium persulfate solution ((NH4)2S2O8) as the etchant agent, which 
was later substituted with DI water and IPA to reduce the surface tension and ease the 
transference to the desired substrate [57]. Furthermore, the need of the etching step 
has been also avoided in some techniques, such as Chandrashekar et al. reported a 
method to separate the Cu foil by oxidizing it in hot water, modifying its nature from 
hydrophobic to hydrophilic, easing its delamination from graphene [58].

5.2 Dry chemical methods

The dry chemical methods are based on the same principle as the wet ones, but 
with the difference that these ones are performed under dry conditions. Several 
methodologies have been proposed as well, such as Yang et al. reported an electro-
chemical procedure for the etching of the Cu substrate to reduce the contamination in 
graphene [59]. Martins´ group developed a transference methodology via lamination 
into flexible substrates, using a direct transfer procedure without intermediates [60].

6. Conclusions

The chemical vapor deposition method provides graphene films of good qual-
ity and large area, the many variants of the method allow versatility in a number of 
parameters such as: precursor used, temperature, and pressure. From its first reports 
more than 10 years ago, CVD has remained as reliable technique to produce graphene 
films, many advances have been reported since, and understanding of the role of 
every parameter in the synthesis has been achieved. CVD graphene is polycrystalline 
by nature, and when more than one layer is produced, the mismatch or stacking of 
layers is not controlled, and these characteristics might condition its performance at 
the mechanical and electrical level. Applications that require continuous, conductive, 
transparent films can be tackled using CVD graphene; however, the transfer process 
remains a challenge to overcome.

Figure 2. 
Schematic representation of the wet transfer process using spin-coated PMMA.
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Chapter 5

A DFT Investigation on Different
Graphene Based Substrates on
SERS: A Case Study of TiO2
Adsorbed Gold/Graphene
Hosein Hasan Bouzari, Rasoul Malekfar
and Laleh Farhang Matin

Abstract

In this study, the Raman and the surface-enhanced Raman scattering (SERS)
spectra of TiO2 adsorbed on gold/graphene cluster is explained by density functional
theory (DFT) calculations. we concentrated on the interaction between TiO2, Au, and
graphene, in which graphene is presented as a substrate component in SERS. Results
indicate that changing graphene type including pure graphene and B/N-doped
graphene enables modifications of interaction between molecule, gold, and graphene
cluster. The Raman and SERS spectra of compounds are compared considering the
intensity of spectra, which demonstrate the intensity dependence on graphene type
which is due to the effects of chemical and electromagnetic properties.

Keywords: TiO2, DFT, gold, graphene, SERS

1. Introduction

Graphene-enhanced Raman scattering (GERS) and graphene- mediated SERS
(G-SERS) have been known for molecular trace detection in the nanomaterial
substrate surface [1, 2].

In SERS, the Raman scattering intensity is related to laser intensity IL and
polarizability tensor α by the expression [3]:

I ¼ 8π ω� ωI0Ið Þ4IL
P

α2σρ
9C4

Where ω is the frequency of incident laser and ωI’I is the molecular transition
frequency between states I and I0.

Electromagnetic effect leads to amplification of laser and scattering intensity.
Chemical effects, including static chemical enhancement, molecular resonance, and
charge-transfer effect, contribute to the change in polarizability derivatives with
respect to internal coordinates.
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Graphene is used as part of SERS substrates to prepare additional chemical
enhancement also as an assistant for “hot spots, which effectively amend the spectral
enhancement result. The Raman spectra amplification of the molecules that were
attracted to the graphene substrate occurred due to charge transfer [4, 5].

So far, few studies based on quantum chemical calculations for GERS and G-SERS
process have been presented, due to the great challenges in modeling the graphene-
molecule structure (including cluster model and periodic model) and the related
charge transfer effect during the SERS process [6].

For gold component, SERS mechanisms involve off-resonance chemical effect
(static chemical enhancement), on-resonance chemical effect) molecular resonance
and charge-transfer resonance (and electromagnetic effect (surface plasmon reso-
nance). DFT calculations take into account the effect of molecule-metal interaction
and changes in electronic structure for both off- and on-resonance chemical enhance-
ment. Molecular resonance is not considered due to absence of excitation in visible
region.

Titanium dioxides (TiO2) due to its interesting general properties including
photocatalysis, catalysis, antibacterial effects, and in civic as self-cleaning that affect
the quality of life are taken into consideration [7, 8]. The attractive physical and
chemical features of TiO2 depend on the crystal phase, size, and form of particles. For
example, varying phases of crystalline TiO2 have different band gaps of the rutile
phase of 3.0 eV and anatase phase of 3.2 eV; defining the photocatalytic efficiency of
TiO2 [9].

Titanium dioxide nanoparticles with a high refractive index (n = 2.4) are appro-
priate for toothpaste, pharmaceuticals, coatings, papers, inks, plastics, food products,
cosmetics, and the textile industry [10].

One of the best materials used in the above cases is TiO2 doped with noble metals
such as gold [11]. TiO2 between B/N-doped graphene and Au clusters as electrodes,
enhanced charge transport properties shows.

In this work, we concentrated on the interaction between TiO2, Au, and graphene,
in which graphene is presented as a substrate component in SERS.

For investigation of the chemical enhancement mechanism related to graphene -
based SERS, we used density functional theory (DFT) on the TiO2 /gold complexes
with pure graphene, and B/N doped graphene.

2. Results and discussion

Gaussian 09 packages were applied for Theoretical calculations and Hyperchem
software for drawn molecules. By B3LYP functional, Molecules and compounds were
optimized and calculated. The basis sets for graphene, B/N doped graphene were
described using basis sets of 3–21 + G (d, p) and the basis sets for Au atoms were used
LANL2DZ.

Excitation spectra were calculated using DFT-optimized configurations with the
CAM-B3LYP (long-range corrected effect) functional and the same basis sets [12, 13].

As shown in Figure 1, geometric optimization was applied on different compounds
including TiO2/Au-graphene, and TiO2/Au-graphene-Au with complete graphene
cluster, TiO2/graphene (internal), TiO2/Au-GN (N-doped graphene), and TiO2/Au-GB

(B-doped graphene).
Calculated Raman spectra of TiO2/gold/graphene compounds were shown in

Figures 2 and 3. The (a) in Figure 2 corresponds to the Raman spectrum of TiO2
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molecule, the (b) in Figure 2 is the calculated Raman spectrum of the TiO2/Au-G
complex, and the (c) in Figure 2 is the calculated Raman spectrum of the TiO2/Au-G-
Au complex based on pure graphene cluster.

The major characteristic Raman peaks of TiO2 molecule are located at 420 cm�1,
490 cm�1, 650 cm�1, and 760 cm�1. In the Raman spectrum of the TiO2/Au- graphene
composite, the major characteristic Raman peaks at 490 cm�1 and 760 cm�1 red-
shifted to 470 cm�1 and 755 cm�1, respectively. In the Raman spectrum of the TiO2/
Au- graphene -Au composite, the major characteristic Raman peaks at 470 cm�1 and
755 cm�1 red-shifted to 440 cm�1 and 750 cm�1, respectively. The red-shift of Raman
peaks is related to changes in the linked bond distances. For instance, longer Ti-O
bond distance caused by Ti-Au binding leads to smaller wavenumber (lower force
constants) of Ti-O stretching vibration mode.

We have compared the Raman intensities of TiO2/gold/graphene compounds. As
shown in Figure 2, we can see that the Raman intensity of TiO2/Au- graphene -Au is
larger than that of TiO2 molecule. For Raman peaks position at 490 cm�1and 760 cm�1

Figure 1.
Geometric optimization of TiO2/gold/graphene compounds: (a) pure graphene (b) B-doped graphene (c) N-doped
graphene (d) TiO2/ graphene (internal) (e) TiO2/graphene (external) (f) TiO2/Au-graphene (g) TiO2/3Au-
graphene (h) TiO2/Au-GB (B-doped graphene) (i) TiO2/Au-GN (N-doped graphene).
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(TiO2), the Raman intensities are about 60 (a.u.) and 50 (a.u.), respectively and for
TiO2/Au- graphene -Au are about 200 (a.u.) and 220 (a.u.), respectively. The reason
can be considered due to the intensity enhancement by Au atoms.

Figure 2.
Raman spectra of TiO2/gold/graphene compounds, (a) TiO2 molecule (b) TiO2/Au-graphene (c) TiO2/Au-
graphene-Au.
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The SERS enhancement factor (EF) has been defined: EF ¼ ISERS
INormal

where ISERS and
INormal are the peak intensity on TiO2/Au- graphene -Au and TiO2, respectively. For
peaks position at 490 cm�1and 760 cm�1, the EF is: [14]

Figure 3.
Raman spectra of (a) TiO2/graphene (b) TiO2/GB (c) TiO2/GB-Au.
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EFð Þ490 ¼ ISERS
INormal

¼ 200
60

¼ 3:3

EFð Þ760 ¼ ISERS
INormal

¼ 220
50

¼ 4:4

The intensity of the SERS signals is enhanced by up to 3 fold. The Raman spectra
amplification of the molecules can be related to the due to charge transfer between
TiO2 molecule and Au atoms.

The (a) in Figure 3 corresponds to the Raman spectrum of TiO2/G complex, the
(b) in Figure 3 is the calculated Raman spectrum of the TiO2/ GB (boron doped)
complex, and the (c) in Figure 3 is the calculated Raman spectrum of the TiO2/GB-Au
complex.

In the Raman spectrum of (a) the TiO2/graphene composite, the major character-
istic Raman peaks of TiO2 at 470 cm�1 and 730 cm�1 and the Raman peaks of
graphene at 1330 cm�1, 1410 cm�1 and 1546 cm�1. In the Raman spectrum of (b) the
TiO2/ GB composite, the major characteristic Raman peaks red-shifted 470 cm�1,
670 cm�1, 1270 cm�1, 1360 cm�1 and 1546 cm�1, respectively. In the Raman spectrum
of (c) the TiO2/GB-Au composite, the major characteristic Raman peaks red-shifted
458 cm�1, 580 cm�1, 1265 cm�1, 1370 cm�1 and 1525 cm�1, respectively. The red-shift
of Raman peaks is related to changes in the linked bond distances.

The intensities of all particular Raman peaks were significantly improved under
the Presence of gold atoms (Figure 3c). Whereas, with the presence of boron atom,
the intensity of the Raman peaks decreases and the perturbations increases
(Figure 3b), which show the presence of impurities in the graphene.

As shown in Figure 4, we have compared the Raman intensities of TiO2/ GB and
TiO2/ GN compounds. We can see that the Raman intensity of TiO2/ GN (Figure 4b) is
lower than of TiO2/ GB (Figure 4a) composite and the Raman peaks were shifted to
smaller wavenumber (lower force constants). This could be due to the weaker bands
of TiO2/ GN composite than the TiO2/GB composite.

We have compared the HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) of TiO2/gold/graphene compounds. The
energy difference between the HOMO and LUMO is named the HOMO–LUMO gap
[15]. The difference in energy between these two frontier orbitals can be used to
estimate the strength and stability of complexes [16]. The higher of the gap’s energy,
the molecule will be more stable and the harder to excite.

As shown in Figure 5, we have compared the HOMO and LUMO of TiO2/ GB,
TiO2/ GN TiO2/ GB-Au and TiO2/GN-Au composites.

ΔEð ÞTiO2=GB
¼ �0:03858� �0:17867ð Þ ¼ 0:14009 Hartree

ΔEð ÞTiO2=GN
¼ 0:01502� �0:11311ð Þ ¼ 0:12813 Hartree

ΔEð ÞTiO2=GB�Au ¼ �0:08651� �0:24520ð Þ ¼ 0:15869 Hartree

ΔEð ÞTiO2=GN�Au ¼ �0:08106� �0:22632ð Þ ¼ 0:14526 Hartree

The HOMO and LUMO energy of the compounds is calculated above. The largest
energy difference is related to the composite of TiO2/GB-Au with the value of 0.15869
Hartree.
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Figure 4.
Raman spectra of (a) TiO2/ GB (b) TiO2/GN.

Figure 5.
The HOMO and LUMO of (a) TiO2/ GB (b) TiO2/ GN (c) TiO2/ GB-Au (d) TiO2/GN-Au composites.
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3. Conclusion

In summary, a DFT study is introduced on the SERS of TiO2 adsorbed Gold/
Graphene by different Graphene based Substrates. Different types of graphene sub-
strate cluster (perfect graphene, graphene with B- and N-doped graphene) were
included to check the influence of graphene surface on spectral and energy properties.
TiO2/ GB-Au complex exhibited the largest chemical enhancement in calculated static
Raman spectrum. The excitation properties including the transition states and pre-
resonance Raman spectra were calculated, which shows the effect of the transition
state on the resonance chemical enhancement as well as the relationship between the
excitation energy and the non-resonant chemical enhancement. The HOMO and
LUMO energy of TiO2/GB-Au complex was the largest energy (0.15869) which indi-
cated the greater stability of the molecule. The knowledge profited from this study is
expected to be help to both graphenebased SERS study and ultrasensitive spectro-
scopic techniques.
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Chapter 6

Structural, Electronic, and Optical
Properties of Mono- and Co-Doped
Graphene with Ti and Ru
Lutendo Phuthu, Nnditshedzeni Eric Maluta
and Rapela Regina Maphanga

Abstract

Due to its properties, graphene is considered a revolutionary material for the
future, and as a two-dimensional material it has received a lot of research attention
over the last two decades. For graphene to be used in different technologies such as
solar cells, much more work needs to be done to understand its properties and engi-
neer its properties by combining it with other materials such as semiconductors. This
research work reports computational investigation of the electronic and optical prop-
erties of Ti and Ru mono-doped and co-doped graphene. Geometry optimizations for
the electronic and optical properties were performed by first-principles calculations
based on density functional theory. Various supercells of graphene were modeled and
optimized, and their properties were calculated. The results show that different
graphene supercells have different electronic and optical properties. The energy
bandgap of pure graphene is zero, and after doping with Ti and Ru it increases to
0.550 eV, and 0.786 eV, respectively. The co-doped graphene bandgap is 0.272 eV.
The calculated optical properties showed that doping graphene with Ti and Ru shifts
the absorption from the visible to the near-infrared region, and these results open
possibilities of using doped graphene as a semiconductor material.

Keywords: graphene, density functional theory, bandgap, doping, optical properties

1. Introduction

Graphene has sparked great interest in recent decades due to its remarkable elec-
trical and optical capabilities, as demonstrated by a groundbreaking experiment in
graphene research in 2004 [1]. Graphene is a honeycomb-shaped two-dimensional
sheet crystalline structure of atomically thick sp2-hybridized carbon (each carbon
fortifies covalently with three other carbon atoms) [2–5]. It serves as a building block
for various carbon dimensionalities, such as zero-dimensional Buckyball, one-
dimensional nanotube, and three-dimensional graphite [2]. A pristine graphene has
zero bandgap, because its conduction and valence bands meet at a single location at
the Dirac points [6–12]. Graphene is considerably stable due to the tight packing of
carbon atoms and hybridization of sp2, but only when the graphene size is smaller
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than 20 nm; otherwise, it is thermodynamically unstable [13, 14]. The classification of
graphene as a metal, nonmetal, or semimetal is still up for discussion [13].

The properties of graphene depend on the number of graphene layers. A pristine
graphene, for example, has a theoretical surface area of 2630 m2g�1, which is more
than the surface area of carbon nanotubes (100–1000 m2g�1) [15, 16]. Furthermore,
as compared to graphene with a few layers, a single-layer graphene has a higher
surface area [14]. According to numerous studies, graphene has a high charge carrier
mobility of 250,000 cm2v�2 s�1 at room temperature [5, 17, 18]. Furthermore, each
layer of graphene absorbs up to 2.3% of the incident light with a reflectance of less
than 0.1% [6]. As a result, it has a very high optical transparency of 97.7% as well as a
high degree of flexibility [6, 19]. At room temperature, a single-layer graphene has a
high thermal conductivity of 3000–5000Wm�1 K�1 [20]. Other properties include an
electrical conductivity of 6000 S cm�1 [21] and a Young’s modulus of 1.0 TPa [22].

Graphene offers potential application in areas such as high-speed electronics, data
storage, liquid crystal display (LCD) smartwindows, organic light emitting diode (OLED),
supercapacitors, solar cells, and electrochemical sensing [19, 23]. The combination of high
electrical conductivity, chemical and thermal stability, and outstanding stretchability pro-
vides significant benefits for employing graphene as a transparent conductor in organic
electronic devices. It is mostly used as a hybrid with othermaterials to enhance the
properties of othermaterials making them stronger, valuable, and light weight [24–28].
Studies have shown that the number of graphene layers, defects in graphene layers, various
concentrations of graphene, and different sizes of graphene have impact on properties of
graphene [28–32]. Graphene has beenmodified in various ways to broaden its application
in a variety of fields. Onemethod tomodify graphene is to introduce foreign elements into
it to tempt its electronic properties. Mukherjee and Kaloni investigated the effect of boron
and nitrogen doping on graphene. Their calculations showed that N-doped graphene had a
Dirac point shift below the Fermi level andB-doped graphene had aDirac point shift above
the Fermi level, resulting in a bandgap opening. The opening of the bandgap appears at the
Fermi level for co-doped graphene [33]. Sara Varghese et al. investigated the structural,
energetic, and electronic properties of graphene dopedwith boron and nitrogen atoms at
different doping concentrations. They observed that doping increases the bandgap and
decreases the energetic stability [34]. Olaniyan et al. conducted a systematic study of the
stability, electronic, and optical properties ofmono- and co-doped graphenewith beryl-
lium and nitrogen. Be-Nwas found to bemore stable than Be-doped graphene. The study
also shows thatwhengraphene is dopedwithBe andN, it transforms from semi-metallicity
to semi-conductivity [35]. Despite the substantial amount of work that has been put into
the theory and experimentation of dopedgraphene, there are still a greatmany applications
that have not been fulfilled. As a result, research into doped graphene systemswith
superior performance continues to be pushed forward.

First-principle calculations are used in this study to evaluate several graphene
supercells and examine the effects of those supercells on the electrical and optical
properties of graphene material. In addition, it investigates how the electrical and
optical properties of graphene change when doped with titanium or ruthenium and a
combination thereof.

2. Computational details

Geometry optimizations for the electronic and optical properties were performed
by the first-principle calculations based on DFT implemented in the Material Studio
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CASTEP code, using the generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE), norm-conserving pseudopotential, periodic
boundary conditions, and space group of P6/mmm. The k point was set at 6x6x1 with
a cutoff energy of 350 eV and energy tolerance of 1.0x10–6 eV. The force tolerance
was set at 0.03 eV, the displacement tolerance 0.0001 Å, and convergence threshold
of 1.0x10�6 eV/atoms.

3. Results and discussion

3.1 Structural properties of graphene supercells

A graphene unit cell of two carbons was constructed with a 1.42 Å C-C bond
lengths, 120 bond angles, and the lattice parameters a = b = 2.46 Å and c = 6.8 Å (see
Figure 1a). The unit cell was then extended to construct n � n supercells (where n is
an integer number). A total of seven graphene supercells were constructed. A 4x4
supercell is shown in Figure 1b. A space group of P6/mmmwas used for all supercells.
The constructed supercells are listed in Table 1.

3.2 Electronic properties of graphene supercells

Table 1 shows all the possible combinations of n x n graphene supercells
constructed in this work along with the number of carbons of that supercell. We use
C# to denote the number of carbons of an n � n supercell, where # is an integer
number representing the number of carbons. The calculated band structures are
shown in Figures 2 and 3. The Fermi level was set to zero and is indicated by the red
dashed lines.

The band structures of the supercells studied show Fermi levels at the Dirac points,
showing a bandgap of zero, which agrees with other literature [6–12]. It is observed

Figure 1.
A four-atom unit cell of graphene.
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that the bandgap energy of graphene is not affected when the size of the supercells is
changed.

To investigate the nature of the states that comprise the conduction and valence band
edges, we calculated the contributions of all atomic orbitals in the total density of states
(TDOS) and the unique atomic shells in the partial density of states (PDOS) band edges.
Figures 4 and 5 show the density of states (DOSs), which describes the number of states
per energy interval. The DOS agrees with the calculated band structure. At the Fermi
level, the DOSs are very low, which are consistent with the calculated band structure.

Supercell (n � n) Number of carbons

Unit cell 2 (C2)

2 � 2 8 (C8)

3 � 3 18 (C18)

4 � 4 32 (C32)

5 � 5 50 (C50)

6 � 6 72 (C72)

7 � 7 98 (C98)

Table 1.
Different graphene supercells.

Figure 2.
Calculated band structures of (a) C2, (b) C8, (c) C18 and (d) C32.
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Figure 3.
Calculated band structures of (a) C50, (b) C72, and (c) C98.

Figure 4.
TDOS and PDOS for the (a) C2, (b) C8, (c) C18, and (d) C32 graphene supercells.
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It was found that the electron distribution in graphene is due to the contribution of the s
and p atomic shells, which are responsible for the energy transfer in graphene. The results
show that the s and p states are dominant in both the conduction and valence bands.
However, at the Fermi level or near the Fermi level, only the p state is dominant.

3.3 Optical properties of graphene supercells

To investigate the optical response of graphene, we calculated its absorption,
dielectric function, and refractive index. Figure 6 illustrates the optical absorption
calculations for different supercells. It can be observed that C8, C32, and C50
supercells exhibit strong absorption in the ultraviolet-visible range that extends into
the infrared. The C2 and C18 supercells absorb more light in the UV area and dissipate
in the visible region around the wavelength of 600 nm. C98 enhances the absorption
activity to 700 nm, while C72 enhances it to 900 nm.

Dielectric materials tend to become polarized when exposed to an external electric
field. The term “dielectric function” refers to the property of a substance that deter-
mines its polarization. The dielectric function is defined as follows:

ε ¼ ε1 ωð Þ þ ε2 ωð Þ (1)

where ε1 ωð Þ and ε2 ωð Þ are the real and imaginary parts of the dielectric function.
The real part of the dielectric function is connected to the material’s polarization,
whereas the imaginary part is related to the electronic absorption. Figure 7 shows the
calculated dielectric function of the seven graphene supercells up to a photon energy
of 10 eV. In the limit of zero photon energy, the findings showed dielectric constant ε0
values of 4.97, 6.82, 4.23, 11.92, 7.44, 6.07, and 6. 03 for the supercells C2, C8, C18,
C32, C50, C72, and C98, respectively. The dielectric constant is proportional to the

Figure 5.
TDOS and PDOS for the (a) C50, (b) C72, and (c) C98 graphene supercells.
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electric displacement, which is proportional to the polarization of the material. The
imaginary part of the dielectric function shows that the low-frequency peaks are
located at 1.93 to 3.62 eV.

The real part n(ω) and imaginary part k(ω) (extinction coefficient) of the
refractive index are determined by the dielectric function using the Kramers-Kronig
transformation and are defined as:

n ωð Þ ¼ ∣ε ωð Þ∣þ ε1 ωð Þ
2

� �1
2

(2)

Figure 7.
Calculated dielectric function properties of the graphene supercells.

Figure 6.
Calculated absorption properties of the graphene supercells.
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k ωð Þ ¼ ∣ε ωð Þ∣� ε1 ωð Þ
2

� �1
2

(3)

The extinction coefficient is relative to the amount of light absorbed. Figure 8
shows the calculated refractive index of graphene supercells. The refractive index n0 is
equal to the

ffiffiffiffiffi
ε0

p
in the limit of zero photon energy. These findings reveal refractive

index n0 values of 2.23, 2.61, 2.06, 3.45, 2.73, 2.46, and 2.46 for supercells C2, C8, C18,
C32, C50, C72, and C98, respectively. The extinction coefficient has low-frequency
peaks located from 2.28 to 3.97 eV.

3.4 Electronic properties of doped graphene

According to the findings of research conducted on the optical properties of vari-
ous graphene supercells, the 4x4 graphene supercell demonstrates a superior optical
response compared to other graphene supercells. These results have contributed to the
author’s decision to use the 4x4 graphene supercell and dope it with titanium and
ruthenium atoms to study its electronic and optical properties. In the case of mono-
doped graphene, the doping was accomplished by exchanging one of the graphene’s
carbon atoms for either titanium or ruthenium as shown in Figure 9(a). On the other
hand, in the case of co-doped graphene, two carbon atoms were exchanged for tita-
nium and ruthenium, as illustrated in Figure 9(b).

Figure 10 presents an illustration of the band structure that was computed for the
doped graphene 4x4 super cell. The results show that doping graphene causes an
increase in the bandgap, which can be seen near the Fermi level in Figure 10. While
the energy of the bandgap of Ti-doped graphene is 0.555 eV, the energy of the
bandgap of Ru-doped graphene is 0.786 eV, and the energy of the bandgap of co-
doped graphene is 0.272 eV. As a result of these properties, graphene can now be
categorized as a material that falls into the category of semiconductor. The band

Figure 8.
Calculated refractive index properties of the graphene supercells.
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Figure 9.
Structures of doped graphene: (a) mono-doped and (b) co-doped.

Figure 10.
Calculated band structures of doped graphene with (a) Ti, (b) Ru, and (c) co-doped graphene.
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structures shown in Figure 10a and b both exhibit an indirect bandgap, whereas the
bandgap shown in Figure 10c exhibits a direct bandgap.

Figure 11 shows the contribution made by doping graphene to the atomic shells.
Doping graphene with the selected elements results in the introduction of numerous
minor state density peaks, which can be clearly seen in the Fermi level region, as
shown in Figure 11. This can be clearly observed by comparing Figure 11 with the
density of states of the 4x4 graphene supercell as shown in Figure 5(d). Ru is a
transition metal having a 4d electron configuration, whereas Ti has a 3d electron
configuration. The 3d contribution from Ti is highlighted by the cyan color in
Figure 11a, and the 4d contribution from Ru is highlighted by the cyan color in
Figure 11b. Both of these contributions are in the energy range of �6 eV to 6 eV. In
the vicinity of the Fermi level, the 3d state density has a modest peak, whereas the 4d
state density has obvious peaks.

3.5 Optical absorption of mono and co-doped graphene

The calculated results of the optical absorbance of the doped graphene are illus-
trated in Figure 12. The results demonstrate that, when graphene is doped with
titanium and ruthenium, there is no change in the activity of the absorption in the
ultraviolet area. When Ti and Ru are added to graphene, a blue shift occurs in the

Figure 11.
TDOS and PDOS for the (a) Ti-doped, (b) Ru-doped and co-doped graphene.
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visible area. This blue shift is found for both mono-doped and co-doped graphene.
Graphene with one dopant also exhibits this blue shift. Because of the dopants that
were introduced into graphene, there is a red shift that occurs in the infrared region,
which is located above 800 nm.

4. Conclusion

Using density functional theory as it is embodied in Material Studio, a number of
electrical and optical properties were successfully explored. The results of our research
indicate that the electrical structure of different graphene supercells is the same. The
band structure computations showed that the Fermi level in all graphene supercells is
located at the Dirac point, which indicates that there is no bandgap energy. According
to the results of the density of state calculations, the s and p orbitals predominated in
the valence band as well as the conduction band. According to the findings of the
absorption, certain graphene supercells have minimal activity in the visible region,
but other graphene structures have high absorbance in the visible area reaching all the
way to the infrared sector of the spectrum. The findings suggest that graphene has a
high dielectric constant, which qualifies it as an excellent candidate for application in
various electrical devices. When graphene is mono-doped or co-doped with either
titanium or ruthenium, a bandgap opening occurs. These results demonstrate a change
from semi-metallic to semi-conducting behavior. This paves the way for the explora-
tion of novel applications for graphene as a semiconductor.
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Chapter 7

Anomalous Charge Transport
Properties and Band Flattening in
Graphene: A Quasi-Relativistic
Tight-Binding Study of
Pseudo-Majorana States
Halina V. Grushevskaya and George Krylov

Abstract

Anomalous charge carrier transport in graphene is studied within a topologically
nontrivial quasi-relativistic graphene model. The model predicts additional topologi-
cal contributions, such as the Majorana-like mass-term correction to the ordinary
ohmic component of the current, the spin-orbital-coupling, “Zitterbewegung”-effect
corrections to conductivity in space, and time dispersion regime. The corrections
appear due to non-Abelian quantum statistics for the charge carriers in graphene. The
chiral anomaly of electrophysical and optical properties may emerge due to a
deconfinement of the pseudo-Majorana quasiparticles. It has been shown that phe-
nomena of negative differential conductivity, loss of universal far-infrared optical
conductivity, and nonzero “minimal” direct-current conductivity in graphene occur
due to flattening and vorticity of the pseudo-Majorana model graphene energy bands.

Keywords: graphene, anomalous charge transport, conductivity, chiral anomaly,
quasi-relativistic model, Dirac-Hartree-Fock self-consistent field approximation,
pseudo-Majorana fermion graphene model

1. Introduction

Graphene discovery is the driving force for progress in the current developments
of quantum devices due to fascinating electrical and optical graphene properties.
Graphene is an atomically thin carbon layer, in which valent and conduction bands
touch each other in six points of hexagonal Brillouin zone, called Dirac points
or valleys K,K0 [1]. Graphene belongs to strongly correlated systems, in which
many-body interactions occur. Thanks to the strong electron-hole correlations, the
electrophysical and optical properties of the graphene are very unusual. According to
the linear response theory, the temperature dependence of the Hall conductivity for
Fermi liquid, to which most metals belong, does not depend upon temperature [2].
But, the strongly correlated systems exhibit an anomalous charge magnetotransport
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[3]. A similar situation prevails for universal nonzero direct-current (DC) graphene
minimum conductivity (scale range of 4e2

h [4] – 6e2
h [5, 6] depending on support type)

when the linear response theory predicts vanishing electrical conductivity for direct
current (DC) or 4e2

πh for the low-frequency conductivity in pure graphene [7, 8]. Here,
h is the Planck constant, and e is the electron charge.

The situation with optical conductivity in the far-infrared spectral range of 0:05�
0:5 eV (25 μm–350 μm) turned out to be even more unpredictable. Theoretical
calculations of the far-infrared optical conductivity within a pseudo-Dirac massless
fermion model for graphene predict its universal value, e2

4h, [9], which contradicts
entirely experimental data on the existence of extrema in this spectral range, namely,
an asymmetric peak at 0.15 eV (� 150� 200 cm�1) [10] and a shallow minimum in
the spectral range of � 0:2� 0:3 eV [11, 12] (see Figure 1a and b). Here, ℏ is the
Planck constant divided by 2π. Slowly increasing the optical conductivity approaches
the universal value in the mid-to-near-infrared spectral range of 0:5� 1:2 eV [13]
where optical transitions occur far enough from the valleys K,K0 of the graphene
Brillouin zone. Thus, the applicability of the pseudo-Dirac graphene model is doubtful
in both spectral ranges.

The electron is a complex fermion; thus, if one decomposes its wavefunction into
its real and imaginary parts, which would be Majorana fermions, they are rapidly
remixed by electromagnetic interactions. However, such a decomposition could be
reasonable for graphene because of the effective electrostatic screening. Experimental
signatures of graphene Majorana states in graphene-superconductor junctions without
the need for spin-orbital coupling (SOC) have been established in [14]. An analysis of
Majorana-like graphene models also become relevant in connection with the discovery
of unconventional superconductivity for twisted bilayer graphene at θ≈ 1:05 angle of
rotation of one monoatomic layer (monolayer) relative to another one [15]. A quan-
tum statistics of graphene model with Majorana-like states should be a non-Abelian
one, and the absence of that is the main obstacle to shed light on topologically
nontrivial mechanisms of graphene conductivity. The non-Abelian pseudo-Majorana
statistics of graphene charge carriers, which could clarify the anomalous effects, are
behind several major theoretical approaches to graphene. The approaches are based on
the massless pseudo-Dirac fermion model. The pseudo-Dirac graphene model
Hamiltonian gives predictions that are very different from experimental data for a wide
range of transport phenomena in graphene physics, such as the existence of topological
currents in graphene superlattices [16], a sharp rise of Fermi velocity value vF in
touching valent and conduction bands [17], and a lack of excitonic instability [18].

So, up to now, there is no consistent theory of topologically nontrivial graphene
conductivity.

In this chapter, we show that charge transport coefficients in linear response to
electromagnetic fields contain anomalous contributions arising from strong correla-
tions between graphene charge carriers. The strong temperature dependencies that
are observed in Hall, and optical and electrical conductivities are explained by
non-Abelian statistics of topologically nontrivial graphene charge carriers of
pseudo-Majorana nature within an earlier developed quasi-relativistic self-consistent
Dirac-Hartree-Fock approach in a tight-binding approximation [19–25]. This quasi-
relativistic approach allowed to achieve success in calculations of electronic properties
for quasi-circular graphene p� n n� pð Þ junctions also [26].

Our goal is to study quantum transport of charge carriers with vortex dynamics

within a quasi-relativistic graphene model using a high-energy k
! � p!-Hamiltonian and
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to perform simulations of the complex conductivity of the system in a number of
experimentally interesting cases. The Wilson non-closed loop method will be used to
prove dichroism of the band structure, which leads to valley Hall conductivity.

Figure 1.
Graphene conductivity and transmission spectra [10, 12] in the far-infrared (a) and mid-to-near-infrared (b)
spectral ranges. Graphene conductivity is obtained from transmittance contrast. The normalized change ΔT=TCNP
in transmittance TCNP of the non-dopped graphene is induced by the presence of the graphene sample; TCNP is the
transmittance at the applied voltage for charge-neutral Dirac point. The gate-induced change of transmission in
graphene is obtained for different values of gate voltage. The Drude conductivity fitting is shown. (c) Electron (left)
and hole bands (right) of a quasi-relativistic NF ¼ 3-flavors model graphene that were calculated with a pseudo-
Majorana mass term. (d) The vortex texture in contour plots of electron (left) and hole (right) bands was

calculated with the Majorana-like mass term on momentum scales q=KA ¼ 0:002; q! ¼ k
! � K

!
.
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2. Fundamentals

Quasi-relativistic graphene model has been derived in [19] as a consequent account
of the effect of relativistic exchange interactions, while being grounded on truly
secondary quantized relativistic consideration of the problem within the known
Dirac-Hartree-Fock self-consistent field approximation. In subsequent publications
[23, 27, 28], it has been established that the model admits a form as a Majorana-like
system of equations as well as a two-dimensional Dirac-like equation with an
additional “Majorana-force correction” term [23]. It reads

vF σ
!AB
2D � p!BA � c�1MBA

h i
ψ ∗
BA

�� � ¼ E ψ ∗
BA

�� �
(1)

and the same equation with labels AB,BAð Þ exchanged for another sublattice. Here,
AB,BAð Þ are related to sublattices and refer to the quantities that are obtained by
similar transformations with a relativistic exchange matrix Σx

rel; for example, for the
momentum operator p! one gets p!BA ¼ ΣBA p! Σ�1

BA; vF is the Fermi velocity. The vector
of two-dimensional (2D) Pauli matrixes comprises two matrixes σ2D ¼ σx, σy

� �
. The

termMBA ¼ � 1
cvF

ΣBAΣAB is a Majorana-like mass term, where c is the speed of light. It
turns out to be zero in the Dirac point K K0ð Þ and gives a very small momentum-
dependent correction outside of K K0ð Þ. The relativistic exchange operator for tight-
binding approximation and accounting of nearest lattice neighbors is given by its action
on secondary quantized wave functions on sublattices A Bð Þ of the system [19, 27, 28]

Σx
rel

χ̂�σA†
r!
� �

χ̂†σB r!
� �

0
BB@

1
CCA∣0, � σi∣0, σi

¼
0 ΣAB

ΣBA 0

0
@

1
A

χ̂†�σA
r!
� �

χ̂†σB r!
� �

0
BB@

1
CCA∣0, � σi∣0, σi,

(2)

ΣABχ̂
†
σB

r!
� �

∣0, σi ¼
XNv N

i¼1

ð
d r!iχ̂

†

σiB
r!
� �

∣0, σiΔAB

0,�σi χ̂
†

�σAi
r!i

� �
V r!i � r!
� �

χ̂�σB r!i

� ����
���0,�σi0

D E
,

(3)

ΣBAχ̂�σA† r!
� �

∣0, � σi ¼
XNv N

i0¼1

ð
d r!i0 χ̂�σA

i0 †
r!
� �

∣0, � σiΔBA

0, σi0 χ̂
†

σB
i0

r!i0
� �

V r!i0 � r!
� �

χ̂σA r!i0
� �����

����0, σi
� �

:

(4)

Here, interaction (2� 2)-matrices ΔAB and ΔBA are gauge fields (or components of
a gauge field). Vector-potentials for these gauge fields are introduced by the phases α0
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and α�,k, k ¼ 1, 2, 3 of π pz
� �

-electron wave functions ψ pz
r!
� �

and ψ
pz,�δ

!
k

r!
� �

attributed to a given lattice site and its three nearest neighbors (see details in [28]),

V r!
� �

is the three-dimensional (3D) Coulomb potential, and the summation is

performed on all lattice sites and number of electrons. The introduction of these three
non-Abelian gauge fields was stipulated by a requirement of the reality of eigenvalues
of the Hamiltonian operator as gauge conditions. In this case, the operator of relativ-

istic exchange gains an additional implicit k
!
-dependence upon momentum in the case

of nonzero values of gauge fields.

3. Electronic structure

The band structure of graphene within the quasi-relativistic NF ¼ 3-flavors model
has been calculated (see [25] and references therein) with the Majorana-like mass
term and is presented in Figure 1c. The graphene bands are conical near the Dirac

point at q q0ð Þ ! 0, q ¼ p! � K
!���
��� (q0 ¼ p!

0 � K
!0����
����) where p! p!

0� �
is a momentum of

electron (hole). But, they flatten at large q q0ð Þ. The band structure of graphene within
the quasi-relativistic model with pseudo-Majorana charge carriers hosts vortex and

antivortex whose cores are in the graphene valleys K
!
and K

!0
of the Brillouin zone,

respectively (Figure 1c and d). Touching the Dirac point K K 0ð Þ, the cone-shaped
valence and conduction bands of graphene are flattened at large momenta p of the
graphene charge carriers [23]. It signifies that the Fermi velocity vF diminishes
drastically to very small values at large momenta p. Since eight sub-replicas of the
graphene band near the Dirac point degenerate into the eightfold conic band

Figure 2.
Non-Abelian phases Φ1, … ,Φ4 of the Wilson loop eigenvalues in the units of π at nonzero gauge fields; q! ¼ k

! � K
!
.
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(Figure 1c and d) the pseudo-Majorana fermions forming the eightfold degenerate
vortex are confined by the hexagonal symmetry. In the state of confinement, the
pseudo-Majorana fermions are linked with the formation of electron-hole pairs under
the action of the hexagonal symmetry.

A global characterization of all Dirac touching with non-Abelian Zak phases
Φ1,Φ2,Φ3,Φ4 as arguments of the Wilson loop operator for our model is presented in
Figure 2 [23]. Accordingly, in the case of the nonzero gauge fields, the simulations
predict the homotopy group Z12 with the generator �π=6 in the Dirac points K K0ð Þ
[23]. Figure 1d shows that the proposed model has the nontrivial topological
properties revealing in the dichroism of its band structure. The vorticity of the
band is originated from Majorana-like excitations. It is natural to assume that such
peculiarities would lead also to observable consequences in charge transport in such a
system.

4. Non-Abelian currents in quasi-relativistic graphene model

Conductivity can be considered as a coefficient linking the current density with an
applied electric field in a linear regime of response. To reach the goal, several steps
should be performed. First, one has to subject the system to an electromagnetic
field, and this can be implemented by a standard change to canonical momentum

p! ! p! � e
c A
!
in the Hamiltonian in the following way:

cσ!
BA
2D � p!AB �

e
c
A
!� �

� gΣABΣBA p!AB � eA
!
=c

� �h ideχ†þσB
r!
� �

0�σi ¼ cEqu pð Þdeχ†þσB
r!
� ����

���0, � σi,

gΣABΣBA p!AB � eA
!
=c

� �
¼ gΣABΣBA 0ð Þ þ

X
i

d gΣABΣBA

dp0i
j
p0i¼0

pABi � e
c
Ai

� �

(5)

þ 1
2

X
i, j

d2 gΣABΣBA

dp0idp
0
j

�����
p0i, p0j¼0

pABi � e
c
Ai

� �
pABj � e

c
Aj

� �
þ … : (6)

Here, A
!
is a vector potential of the field. In what follows, we omit the cumbersome

designation “AB” if this does not lead to a lack of sense.
Second, to find the quasi-particle current we use the perturbation theory [29, 30].

Taking into account the expression (6), a potential energy operator V for interaction
between the secondary quantized fermionic field χþσB xð Þ with the electromagnetic
field reads

V ¼

χ†þσB � cσ!BA � e
c
A
! �MBA 0ð Þ �

X
i

dMBA

dp0i
j
p0i¼0

� pABi � e
c
Ai

� �2
4

� 12
X
i, j

d2MBA

dp0idp
0
j
j
p0i, p0j¼0

� pABi � e
c
Ai

� �
pABj � e

c
Aj

� �
þ …

3
5χþσB :

(7)
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Then, one can find a quasi-relativistic current [31] of charge carriers in graphene as:

jSMi ¼ c�1ji � jOi þ jZbi þ jsoi ,

ji ¼ eχ†þσB xþð Þvixþx�χþσB x�ð Þ

� e2Ai

cMAB
χ†þσB xþð ÞχþσB x�ð Þ

þ eℏ
2MAB

∇
! � χ†þσB xþð Þσ!χþσB x�ð Þ
h i

i
, i ¼ 1, 2:

(8)

Here,

x� ¼ x� ε, x ¼ r!, t0
n o

, r! ¼ x, yf g, t0 ¼ 0, ε ! 0; (9)

vixþx� is the velocity operator determined by a derivative of the Hamiltonian (1),
χþσB xþð Þ is the secondary quantized fermion field, the terms jOi , jZbi , jsoi , i ¼ x, y
describe an ohmic contribution that satisfies the Ohm’s law and contributions of the
polarization and magneto-electric effects, respectively.

To perform quantum-statistical averaging for the case of nonzero temperature, we
use a quantum-field method developed in references [32, 33]. After tedious but simple
algebra one can find the conductivity in our model:

σOii ω, kð Þ

¼ ie2β
2

2πcð Þ2 Tr
ð

1�MBA p!
� �

∂
2MBA

∂p2i

� �

� Mv!
i
pð Þ,Nv!

i
pð Þ

� �
dp!,

(10)

σZbll ω, kð Þ ¼ ie2

β
2
2πcð Þ2

�Tr
ðMBA p!

� �

2

X2
i¼1

∂
2MBA

∂p2i
Mv!

i
pð Þ,Nv!

i
pð Þ

� �
dp!,

(11)

σso12 21ð Þ ω, kð Þ ¼ �1ð Þ1 2ð Þ i
2
ie2β2

2πcð Þ2

�Tr
ð
MBA p!

� �
∂
2MBA

∂p1∂p2
Mv!

1 2ð Þ
pð Þ,Nv!

1 2ð Þ
pð Þ

� �
σzdp

!
(12)

for the current jOi , jZbi , jsoi , respectively. Here, matrices M, N are given by the
following expressions:

M ¼ f β H pþð Þ � μð Þ=ℏð Þ� �� f β H† �p�ð Þ � μ=ℏ
� �� �

βz� β H pþð Þ=ℏð Þ þ β H† �p�ð Þ=ℏ� � ,

N ¼ δ ℏωþ μð Þ
ℏzþH pþð Þ �H† �p�ð Þ� �

β
:
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Here, f is the Fermi–Dirac distribution, z ¼ ωþ iε, p!
� ¼ p! � k

!
, ω is a frequency,

μ is a chemical potential, and β is an inverse temperature divided by c.

5. Method of conductivity calculation

5.1 Diagonalized representation of the Hamiltonian

We perform the conductivity calculation in a representation where the
Hamiltonian of the graphene model is diagonalized to find the velocity determined in
the following way:

v!AB ≈
∂HAB

∂p!
: (13)

The velocity operator v!AB BAð Þ should be transformed by the transformation of the

form S�1 v!ABS with a matrix S constructed on the eigenvectors χ of the Hamiltonian.
The corresponding matrix S should be constructed on the eigenvectors of the operator
adjoined to the Hamiltonian. In every p-point the particle (hole) Hamiltonian is
represented by 2� 2 matrix, we denote matrix elements of the exchange operator

iΣx
rel

� �
AB BAð Þ formally as ΣAB BAð Þ

ij . Then, the eigenvectors χi, i ¼ 1, 2 of the

Hamiltonian (1) being the rows of the appropriate matrix S can be expressed in an
explicit way:

χ1 ¼
ip sin ϕð Þ ΣAB

11 Σ
AB
21 þ ΣAB

12 Σ
AB
22

� �þ p cos ϕð Þ ΣAB
12 Σ

AB
22 � ΣAB

11 Σ
AB
21

� �� p ΣAB
12 Σ

AB
21 � ΣAB

11 Σ
AB
22

� �

p ΣAB
11

� �2 � ΣAB
12

� �2� �
cos ϕð Þ � i ΣAB

11

� �2 þ ΣAB
12

� �2� �
sin ϕð Þ

� � ,

8<
: 1

9=
;

(14)

χ2 ¼
ip sin ϕð Þ ΣAB

11 Σ
AB
21 þ ΣAB

12 Σ
AB
22

� �þ p cos ϕð Þ ΣAB
12 Σ

AB
22 � ΣAB

11 Σ
AB
21

� �þ p ΣAB
12 Σ

AB
21 � ΣAB

11 Σ
AB
22

� �

p ΣAB
11

� �2 � ΣAB
12

� �2� �
cos ϕð Þ � i ΣAB

11

� �2 þ ΣAB
12

� �2� �
sin ϕð Þ

� � ,

8<
: 1

9=
;

(15)

In this way, we can calculate numerically the velocity operator in every p-point
with subsequent its substitution to the conductivity integral.

5.2 Integral calculations

Contributions to conductivity include 2D integrals over the Brillouin zone (BZ).
For example, the integrals in the ohmic contribution given by formulae (10) have the
following form:

σintraij ω, k
!� �

¼
X
a¼1, 2

ie2v20
π2

ð

BZ

d2p!
viaa p!
� �

vjaa p!
� �h i

f ε1 p! � k
!
=2

� �h i
� f ε1 p! þ k

!
=2

� �h i� �

ε1 p! þ k
!
=2

� �
� ε1 p! � k

!
=2

� �� �
ω� ε1 p! þ k

!
=2

� �
þ ε1 p! � k

!
=2

� �� � ,

(16)
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σinterij ω, k
!� �

¼ 2iωe2v20
π2

ð

BZ

d2p!
vi12 p!
� �

vi21 p!
� �

f ε1 p! � k
!
=2

� �h i
� f ε2 p! þ k

!
=2

� �h i� �

ε2 p! þ k
!
=2

� �
� ε1 p! � k

!
=2

� �� �
ω2 � ε2 p! þ k

!
=2

� �
� ε1 p! � k

!
=2

� �� �2� � :

(17)

Here, the first integral is for the intraband transitions, and the second one is
for the interband ones. Now, we highlight the pole structure for the integrands for

small but finite k
!
, accounting for that ε1 p!

� �
¼ �ε2 p!

� �
. The first integral can be

rewritten as:

σintraij ω, k
!� �

¼
X
a¼1, 2

ie2v20
π2

ð

BZ

d2p! viaa p!
� �

vjaa p!
� �h i df εð Þ

dε

����
ε¼ε1 p!ð Þ

1

ω� k
! � ∇ε1 p!

� �� � ,

(18)

where we have performed the Taylor series expansion on ∣k
!
∣ up to linear terms. In

the second integral, only the second term in the denominator can produce poles, so we

expand it into a power series on ∣k
!
∣, making a change to polar coordinates px, py

� �
!

p,ϕð Þ that results:

σinterij ω, k
!� �

¼ 2iωe2v20
π2

ð

BZ

pdpdϕ
vi12 p!
� �

vi21 p!
� �

f ε1 p! � k
!
=2

� �h i
� f ε2 p! þ k

!
=2

� �h i� �

ε2 p! þ k
!
=2

� �
� ε1 p! � k

!
=2

� �� �
ω2 � 4p2 � k2 sin 2ϕ
� � :

(19)

Pole structure of (18) and (19) is presented in Figure 3. In accordance with Eq. (18)

and Figure 3 at k
! ¼ 0 this integral is a regular one, whereas at finite k there is a line of

poles (dashed lines in the Figure 3). At a finite k the pole structure of σinterij ω, k
!� �

(19) is

an elliptic one that results in the necessity to account for an infinite sum of poles as a

contribution to conductivity: σinterij ω, k
!� �

∝
Ð
dϕ Re s ϕð Þ, where Re s ϕð Þ is a residue in

the pole located at angle ϕ on the poles line. The integral (19) in the case k ¼ 0 holds
poles laying at a circumference that can be effectively reduced to a single one as

σinterij ω, k
!� �

∝2π Re s1, where Re s1 is a residue in arbitrary point of the circumference.

For every oblate ellipse at large wave numbers, k, the main contribution to the integral

(19) gives the only points touching the circumference σinterij ω, k
!� �

� 2 Re s1. Thus, the

value of the optical conductivity decreases with the growth of k.
We define the upper integration limit for the model with linear dispersion in a way

based on reasoning from the energy limit of tight-binding-approximation applicability
(ωmax < 1 eV≈ 104 K). Then, the upper integration limit qmax on momentum is
qmax � ωmax =vF, ωmax < 1 eV, and correspondingly for the massless Dirac fermions

model, the integration should use the range from 0 to ∣q!∣<0:14 ∣K
!

A∣. As the simula-
tion results presented in Figure 4 show the integration within this limit leads to the
conductivity fall in the range ωmax � 4000 K (0.3 eV) at the temperature of 3 K.
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Thus, the range of momenta to predict conductivity in near-infrared and visible
spectral ranges is outside the limits of applicability of the massless pseudo-Dirac
fermion model.

Figure 3.
Sketch of the poles structure of integrands for intra-(dashed lines) and inter-(solid lines) bands contribution to

conductivity. Solid lines parameters at ω ¼ 1 (in units of vF ∣K
!

A∣) are k=∣K
!

A∣ ¼ 0:1 (red), 0:7 (green), 0:9 (blue).

Dashed line parameters at ω ¼ 0:2 (in units of vF ∣K
!

A∣) are k=∣K
!

A∣ ¼ 0:21 (red), 0:4 (green), 0:9 (blue).

Figure 4.
Frequency dependencies of the real and imaginary parts of the massless ohmic term of conductivity at very small
wave number q ¼ 10�8∣K

!
A∣ in relative units of e2=ℏ; a cutting parameter qmax ¼ 0:14 ∣K

!
A∣. The model [9, 32] is

simulated at T = 3 K, chemical potential μ ¼ 135K (red-dashed lines in figures (a–b)) and at T = 200 K, μ ¼ 33
K (red-dashed line in figure (c)). Numerical results for our model are green-solid and black-dashed lines for the
approximation with zero gauge phases at T = 3 K, μ ¼ 135K and T = 200 K, μ ¼ 33K, respectively, and blue line
for the approximation with nonzero gauge phases at T = 3 K, μ ¼ 135K in figures (a–b). (c) Dependence of the
real and imaginary parts of the massless ohmic term of conductivity on the damping γ for the approximation of the
nonzero gauge fields with γ ¼ 0:1 (green curve) and γ ¼ 1 (blue curve) at T = 200 K, μ ¼ 33K.
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According to our calculation presented in Figure 1c, the energy bandstructure is
flattened for the pseudo-Majorana fermion graphene model. It signifies that the Fermi
velocity vM for our model pseudo-Majorana states tends to zero for high wave num-
bers q. Since vM ! 0 for large q the applicability condition vMq<ωmax holds always.

We choose ∣q!∣ ≤0:38∣K
!

A∣ as the limit of integration over momentum ∣q!∣ because it is

in the range of ∣q!∣ from 0:28∣K
!

A∣ to 0:56∣K
!

A∣ appropriate for our model. Such choice
corresponds to ωmax > 7000 K.

In the approximation with zero-phases of the gauge fields, the analytical formulas
for the integrands in the conductivity contribution terms have been used. The inte-
grals have been calculated with adaptive integration steps in both directions (∣k∣,ϕ)
providing high calculation accuracy (not less than 0.01%).

In the approximation with nonzero gauge fields, we have to calculate numerically
by introducing into consideration the small-positive damping constant γ for the states
as a small imaginary contribution to the energies. The values of γ define the extent of
smoothness of the singular behavior of the integrand and does not influence the
general form of the dependency curve in accordance with Figure 4c.

All quantities necessary for the calculation of the complex conductivity have been
calculated on a grid in the space of wave vectors with 200-point discretization in the
angle ϕ for every given wave number q and variable step (a denser grid at small wave

numbers and larger at large ones) to the maximum wave number qmax ¼ 0:38∣K
!

A∣.
The 2D interpolation on this grid has been used for integrands evaluation in the
intermediate points that are necessary for conductivity simulations. An error stipu-
lated by the interpolation from the grid in wave vectors space has been roughly
estimated by interpolation of the conic spectrum of the Dirac pseudo-fermion model
on the same lattice with subsequent usage of the interpolation data for evaluation of
the conductivity. Its value turns out to be less than 10�3%.

Total estimation of the conductivity error has been performed by variation of the
number of points used for interpolation of the energy band spectrum (by diminishing
this number at factor two and subsequent comparison of the simulation results in both
cases). It turns out to be not exceeding 10% in the considered frequency region. It
should be noted that the error bars for values of the Fermi velocity that were mea-
sured by different techniques, including transport experiments (Shubnikov–de Haas
oscillations) [34], infrared measurements of the Pauli blocking in graphene [35],
magneto-optics [36], were also of the order of 10%.

6. Far-infrared optical spectroscopy of graphene

In this section, we study optical transitions in the Majorana-like fermion graphene
model and compare the theoretical predictions with experimental data for the far-
infrared spectral range. The frequency dependencies of the real and imaginary part of

the ohmic optical conductivity ( k
!���
��� ¼ 0) for temperatures T ¼ 3, 200 K are shown in

Figure 5. Chemical potentials, μ, are used to be 135 and 33 K for T ¼ 3 and 200 K,
respectively. For comparison, far-infrared conductivity is shown in the pseudo-Dirac
fermion graphene model [9].

The conductivity in the far-infrared spectral range calculated within the massless
pseudo-Dirac fermion graphene model gains a constant value that contradicts the
experimental data.
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The real part of the ohmic contribution in the optical conductivity for the pseudo-
Majorana fermion graphene model undergoes a steep increase finalizing a much
slower fall in the spectral range of 1000� 2000 K (see Figure 5, left). The maximum
conductivity is at the frequency of� 2000 K (0.13 eV). The predicted presence of the
asymmetric spectral band in the optical conductivity for graphene is confirmed
experimentally that the asymmetric peak is really observed on a frequency of
� 0.15 eV (� 150� 200 cm�1)[10].

The slow decrease of the peak intensity compared to the rise finalizes with steep
achieving the plateau, which in turn ends with a shallow minimum in the remaining
higher-frequency part of the far-infrared spectrum shown in Figure 5, left. Verifying
the prediction of low (antipeak) being on the frequency of � 0:27 eV (3000 K) the
experiment [12] confirms that the experimental antipeak is really indicated in the
spectral range of � 0:2� 0:3 eV.

Figure 5.
Frequency dependencies of real (green and blue solid lines) and imaginary (yellow and magenta solid lines) parts
of ohmic contribution σOxx yyð Þ to the far-infrared conductivity in relative units of e2=ℏ for our model (1) (green and
magenta lines) and for the Dirac massless fermion model [9, 32] (blue and yellow lines). The calculations were
carried out at temperatures T ¼ 3 (a), 200(b) K and chemical potentials μ ¼ 135 (a), 33(b) K for two case:
Taking into account (left) and neglecting (right) the pseudo-Majorana mass term.
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The appearance of the peak is accompanied by the tendency of the imaginary part
of the ohmic contribution in the optical conductivity toward negative values. It tes-
tifies that the position of the peak in the real part correlates with the emergence of
plasmon oscillations. The exclusion of the pseudo-Majorana mass term results in the
loss of the asymmetry of the far-infrared conductivity peak and a shift to the high-
frequency region (see Figure 5, right). It testifies that chiral symmetry is restored, and
correspondingly the anomalous transport disappears. According to results presented
in Figure 5, the far-infrared peak and antipeak exist at both low and high tempera-
tures. The influence of temperature consists in their smoothing, which impedes their
experimental detection.

7. Electronic transport and field effect

In this section, we study essential features of the electric charge transport by
Majorana-like carriers in graphene and compare theoretical predictions with
experimental data.

Total current J
!
in graphene is determined by electron and hole currents of valleys

K,K0 as J
! ¼ J

!
K � J

!
K0 . The two currents flow on non-coinciding paths in the topolog-

ically nontrivial pseudo-Magorana graphene model because the jump of an electron
(hole) from a site of sublattice A (B) to the nearest site of sublattice B (A) is
equivalent to bypassing the lattice site with the acquisition of the carrier wave func-
tion of the phase, being a multiple of the group generator π6 of the homotopy group
Z12 (Figure 2) in addition to 60-degree rotation by virtue of the homotopy group of
graphene Brillouin zone and the hexagonal symmetry. It signifies that at transition
from one trigonal sublattice to another one, the direction of motion of the charge

carrier is rotated at an angle of π
2. As a result, the J

!
K , J

!
K0 are orthogonal.

Let us denote the first and the second terms in the conductivity σOii (see Eq. 10)
through σoii and σaddii , respectively: σOii ¼ σoii þ σaddii . σaddii and σoii depend and do not depend
on the Majorana-like mass termMAB, respectively. Then, taking into account of the
polarization effects (Eq. 11) one can determine the pseudo-Majorana corrections, σtpii ,
i ¼ x, y to the conductivity in the following way: σtpii ¼ σaddii þ σZbii , σ

tp
xx ¼ �σ

tp
yy.

Then, in the absence of theMajorana conductivity corrections, we get theOhm’s law

because of the direction of the sum, J
!o

¼ J
!o

K � J
!o

K0 of the currents, J
!o

K, J
!o

K0 , equal to

ℜe σoiiE
!
i, i ¼ x, y coincides with the direction of an applied electric field E

!
, E
! ¼ E

!
x þ E

!
y

asFigure6 shows.Meanwhile, the directionwhich is orthogonal to E
!
the current is absent.

Taking into account the pseudo-Majorana conductivity corrections, the total current

changes in the followingway: J
!
skew � J

!
K � J

!
K0 ¼ J

!o
þ σ

tp
xxE

!
x � σ

tp
yyE
!
y �P2

i¼1 �1ð Þi�1 σOii þ σZbii
� �

E
!
i. As Figure 6 shows the J

!
skew is rotated in respect to E

!
, and

correspondingly a nonzero component of the current appears in the direction orthogonal

to E
!
. It proves that a topological current can exist in the pseudo-Majorana graphenemodel

and the abnormal transport appears due to the presence of theMajoranamass term.
Figure 7 demonstrates negative differential conductivity for the topological cur-

rent Jtp ¼ ℜeσtpii ωð ÞU assuming the increase of the system energy in a form ℏω � U2,
where U is a bias voltage.
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A total spin-orbital valley current J
!
VHE ¼ σsoxyB

!
y � σsoyxB

!
x is produced under an

action of a magnetic field B
!
∥ parallel to E

!
. One can note that J

!
VHE is always directed

tangentially to the bias E
!
and added to the current J

!tp
. Then, the total current in the

Figure 6.
Sketch of currents in the topologically nontrivial semimetal: Jox yð Þ is a massless ohmic current along the axis X Yð Þ, Jtp is
a sum,

P2
i¼1 σaddii þ σZbii
� �

E
!
i of the polarization and dynamical-mass corrections to Jox yð Þ. E

!
is an applied electric field.

Figure 7.
Dependencies of topological current J on bias voltage U: Simulation results (red solid curve) and their fitting (blue
solid curve) for negative differential conductivity (NDC) in our quasi-relativistic graphene model at temperature
T = 3 K, chemical potential μ ¼ 135 K; black solid and green dashed curves present experimental data and
theoretical calculation for NDC in two graphene flakes twisted approximately at 90° to each other at 1.8°
misalignment angle [37]. The bias voltage U is given in volts “V.”
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direction of the vector E
!
increases. It signifies that a negative magnetoresistance

(NMR) appears at weak magnetic fields parallel to electric ones. NMR is a specific
feature of topological materials and presents a phenomenon of chiral anomaly
[38, 39].

Let us investigate longitudinal conductivity for low frequencies ω ! 0 and non-

vanishing wave vectors k
! ¼ p!=ℏ� K

!
A Bð Þ. The longitudinal conductivity σL ω, k

!� �
is

determined through the conductivity tensor splitting into longitudinal and transversal
terms as [40]

σij ω, k
!� �

¼ δij �
kikj

k
!2

 !
σT ω, k

!� �
þ kikj

k
!2 σL ω, k

!� �
; i, j ¼ x, y: (20)

when choosing k
! ¼ kx, 0ð Þ, k

! ¼ 0, ky
� �

, or kx ¼ ky ¼ k one always has:

σxx ω, k
!� �

¼ σL ω, kð Þ, orσyy ω, k
!� �

¼ σL ω, kð Þ:

Now, let us calculate the low-frequency conductivity σ ω, r!
� �

. To do it, one has to

perform the inverse Fourier transformation.

σ ω, r!
� �

¼ 1

2πð Þ2
ð
σoL ω, kð Þeik

!� r!d2k: (21)

Here, ω is a cyclic frequency. We consider the effects of spatial dispersion on the
real part ℜe σOL ω, kð Þ of the longitudinal complex conductivity at the low frequencies:
ω ¼ 10�10, 0:004, 13.3 K (kelvin) for the massless pseudo-Dirac graphene fermion
model with the number of flavors NF ¼ 2 (pseudospin and spirality) and our
graphene model with the NF ¼ 3 flavors. Conductivity for frequencies in the Hertz
range, for example, 2.08 Hz (ω ¼ 10�10 K), can be considered as a minimum conduc-
tance for direct current. The numerical results are presented in Figure 8.

The function ℜe σoL ω, kð Þ for the massless pseudo-Dirac fermion graphene model
is a positive constant function. The ℜeσoL kð Þ��k!∞ � ℜe σk∞ is the positive constant
(ℜe σk∞ >0) for the all frequencies (it is equal to � 0:004 for ω ¼ 0:004, 10�10 K and
� 0:017 for ω ¼ 13:3 K. The real part of the longitudinal complex conductivity in the
NF ¼ 2-model becomes the very large positive constant, ℜe σoL kð Þ��k!0 � ℜe σk0 �
44:443, at small values of k, k≪ 1 for the frequencies ω ¼ 10�10, 0.004 K. As Figure 8
shows the function ℜe σoL ω, kð Þ in the NF ¼ 2-model sharply increases in a very
narrow range of k=KA. Since ℜe σoL ω, kð Þ is constant almost everywhere for the NF ¼
2-model of graphene does not oscillate and eik

!� r! enters the integrand of the expression

(21), theℜe σ ω, r!
� �

is equal to zero, and correspondingly the minimum conductivity

is equal to zero in this graphene model. But this prediction for the DC case contradicts
the experimental facts that the value of the low-frequency conductivity is in the range
4 e2

h–6
e2
h .

The function ℜe σoL ω, kð Þ for the pseudo-Majorana graphene NF ¼ 3-models both
with and without the pseudo-Majorana mass term is a sign-alternating one at k ! ∞.
It signifies that the plasmon oscillations can emerge in the graphene NF ¼ 3-models.
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Neglecting the pseudo-Majorana mass term the function ℜe σoL ω, kð Þ for the
pseudo-Majorana fermion graphene NF ¼ 3-model is weakly oscillating for all fre-
quencies (see Figure 8). Since ℜe σoL ω, kð Þ for this case is practically constant except

for a very narrow interval, then as well as for the NF ¼ 2 model, the ℜe σ ω, r!
� �

is

equal to zero, and correspondingly the graphene model with the chiral pseudo-
Majorana charge carriers is not semimetal.

Now let us examine the NF ¼ 3 model with the nonzero pseudo-Majorana mass
term. In this case, the ℜe σoL ω, kð Þ strongly oscillates for all frequencies (Figure 8). In
this case for ω ¼ 0:004, 10�10 K, since the ℜe σoL ω, kð Þ has the large maximum
(� 44:55 e2

h), and oscillating tends to zero it behaves like the function

ℜe σkmax

sin k�kmaxð Þ
k�kmaxð Þ . Such sort of functions can be considered as a finite approximation

of the Dirac δ�function in the form of the sinc function lim ε!0þ sin x
εx , and the

coefficient ℜe σkmax is called the intensity or spectral power of the δ�function. In the
DC limit (ω ¼ 10�10 K), the ℜe σoL ω, kð Þ possesses one maximum at k ! 0. Corre-

spondingly, the DC minimum conductivity σdc r!
� �

for the NF ¼ 3 model with the

chiral anomaly may be approximated by the integral with only one Dirac δ-function
entering the integrand:

σdc ω, r!
� �

¼ 1

2πð Þ2
ð
ℜeσoL ω, kð Þeik

!� r!d2k≈
1
2π

ð
ℜeσoL ω, 0ð Þδ kð Þeik

!� r!dk ¼ 7e2

h
, ω ¼ 10�10 K:

(22)

The minimum DC-conductivity of graphene in devices with a large area of a
graphene monolayer on SiO2 turns out to be of 4e2=h [4] at low temperatures (� 1:5
K). The minimum DC-conductivity of suspended graphene [5, 6] and of graphene on
boron nitride substrate [41] is of � 6e2=h at T � 300 K. Since for ω ¼ 0:004 K one
obtains the same value of the conductivity the low-frequency conductivity behaves in

Figure 8.
Real part σoL ω, kð Þ of the longitudinal ohmic contribution to conductivity vs. wave number k, k

! ¼ p! � K
!

A Bð Þ for
our pseudo-Majorana fermion NF ¼ 3-model (1) (solid curves) and for the massless Dirac fermion model [32]
(dashed curves), at the frequencies ω: 13:3 K (0:27 THz, blue color), 0:004 K (83 MHz, green color), 10�10 K
(2:08 Hz, red color). The calculations were carried out at temperatures T ¼ 100 K and chemical potentials μ ¼ 1
K for two case: Taking into account (left) and neglecting (right) the pseudo-Majorana mass term. σoL ω, kð Þ is
measured in the relative units of e2=h and labeled as ℜe σ13:3,ℜe σ0:004 and ℜe σdc for the frequencies 13.3,
0:004, and 10�10 K, respectively.
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a universal manner. Thus, our estimate (22) is in perfect agreement with the
experimental data.

8. Conclusion

To finalize our finding, within the earlier developed quasi-relativistic model of
graphene, the frequency-dependent conductivity of graphene has been investigated
theoretically in a number of experimentally interesting cases. It has been demon-
strated that accounting of exchange interactions in the model which leads to its
topological nontriviality both in electron structure and quasi-particle excitations not
only modifies Ohmic conductivity dependencies both on frequency and temperature
but also adds few contributions to conductivity stipulated by Majorana-like mass term
corrections. Account of these corrections allows one to obtain a fine description of
experimentally observable effects in graphene conductivity dependencies as in
frequency domain as for knows unsolved problem of minimum DC-conductivity.
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Chapter 8

Graphene Exfoliation from HOPG
Using the Difference in Binding
Energy between Graphite,
Graphene and a Substrate
Yannick A.F. Kamta

Abstract

Since its discovery in 2004, the graphene global market had a huge/considerable
growth. Such growth can be explained by the use of graphene in specific or targeted
applications where it has a huge and clear advantage. Although graphene is growing
and has many possible applications, its market fraction is insignificant compared to
the carbon global market. This is simply explained because the industry still has
challenges related to quality, costs, reproducibility and safety. In this chapter, we
propose a new look on the mechanical exfoliation. Basically, based on the difference
in binding energy between graphite, graphene and a substrate we can exfoliate.
The binding energy is the energy between materials at equilibrium. When 3 materials
A-B-C are interacting, if the binding energy between A-B is superior to B-C, then by
moving A in the opposite direction, B will follow. Based on that, we calculated the
interaction potential between graphite, graphene and a substrate using the standard
Lennard-Jones potential. Conventional substrates like silicon and silicon dioxide can-
not exfoliate while gold, silver and copper can at 3.2 to 3.3 Å. This difference may be
because of their higher atomic density and modest lattice parameter compared to
others substrates used in this study.

Keywords: graphite, graphene, binding energy, cohesive energy, exfoliation

1. Introduction

Graphene, the world’s thinnest material, was first introduced theoretically in 1947
by PR Wallace [1] to understand the properties of graphite. From this theoretical
study, many scientific tried to isolate a single layer of graphite without success. It
always resulted in few layers of graphene [2]. Graphene (single layer of graphite)
becomes a reality in 2004 [3] when Andre Geim and Konstantin Novoselov isolated
for the first time graphene using an adhesive scotch tape to exfoliate graphene and test
its properties. The outstanding properties of graphene attracted a lot of interest in the
scientific community and in the industry, opening a large range of opportunities and
applications in electronics, medicine, etc. From 2004, the goal became then to find a
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reliable method to produce graphene layers. Today, we have many synthetics methods
[4] that can be reliable in many aspects such as: Chemical Vapor Deposition (CVD),
Liquid Phase Exfoliation (LPE) and reduction of graphene oxide. These methods
allowed the transition from laboratory to industrial production.

In 2014, the global graphene market was projected to reach 190 million by 2022 [5],
but recent studies by Report Link [6] shows that the graphene market will grow from
600 million USD (2020) to 1479 million in 2025. This huge grow in such a small time is
really high, but compared to the carbon global market [7] (272 billion in 2020), it is
almost insignificant. This is mostly because graphene is in its incubation phase and there
is not yet a precise control on synthesis method. What could then be responsible for
such growth? According to Li Lin and co-workers [8], the use of graphene in specific or
targeted applications where it has a huge and clear advantage over other materials like
in composites and electronics is the reason of graphene fast growth. More than that, the
notable success of graphene in applications where chemical processes are required is
because of its irregularities or defects [9]. This is to say that even though perfect flat
graphene is hard to get, the small defective graphene plays a huge role in its growth.

Graphene has a large range of applications, but because of challenges related to
quality, cost, reproducibility, processability and safety, we cannot really exploit it. So
how, how to overcome these limits? Should we focus on enhancing the existing
methods? Should we find new targeted applications? Should we focus more on stan-
dardization? Etc. The graphene industry still has a lot of work to accomplish, and
anyone can work on something particular.

The aim of this project is to propose a new model of graphene exfoliation from
Highly Oriented Pyrolytic Graphite (HOPG). Here, we gave a new look at the
mechanical exfoliation by Andre Geim and Konstantin Novoselov [3]. Basically, using
a scotch tape, they applied a force on top of graphite surface, graphite (many layers)
sticks to the scotch, and by peeling it off using another scotch, they were able to get
graphene. Why they did not get graphene the first time they put the scotch on
graphite? Simply because the applied force was too superior to the interlayer force
(cohesive or cleavage energy of graphite) that hold graphite layers together. Consid-
ering F as the interlayer force of graphite, if the applied force Fawas superior to F and
inferior to 2F, then they would have got a single layer, but it is really difficult to
achieve such small forces. Just like intermolecular forces like VDW forces are holding
graphite layers together, putting a substrate to a certain distance from the graphite
surface will create such forces. Using a substrate on top of graphite, our first goal is to
show that we can exfoliate a single layer by controlling the resulting force (binding
energy) between F and 2F. Thanks to the standard Lennard-Jones (LJ) potential we
will calculate the binding energies of graphite surface/substrate and compare it to the
interlayer binding energy of graphite (cleavage energy) to show that we can exfoliate.
This work is divided into 3 parts. The first part is a review of exfoliation principles.
The second part discusses our model and the calculations equations and finally the
third part is about results and discussions.

2. Review on exfoliation principles and calculus

2.1 Exfoliation principles

Like gravitational forces acting on earth, there are intermolecular forces acting
between all atoms and molecules. These forces have been variously known as
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dispersion forces, London forces, induced-dipoles forces, etc. but they are all referred
as Van der Walls forces (VDW). As we know, these forces are present between
graphite layers. In fact, the carbon layers are dipole-induced dipole that created forces
between layers. These VDW forces created between two layers form a potential
energy which is known as the bonding energy of graphite (binding energy). In order
to exfoliate a graphene layer then, the cohesive energy has to be overcome. Exfoliation
of graphite is a top-down method which consists in finding ways to surpass these
interlayers forces, to breakdown or overcome that cohesive energy, hence the name of
cleavage energy. We distinguish two types of exfoliation techniques for graphene:
mechanical and chemical exfoliation.

In mechanical exfoliation a longitudinal or transversal stress is generated on the
surface of the layered material by a scotch, AFM tip or a substrate [10]. The goal here
is to overcome the energy between the layers. The difficulty in mechanical exfoliation
is that the energy between layers is too small and by consequent easy to overcome
resulting in many layers which is not graphene. Mechanical exfoliation is a simple and
easy method for small lab experiments and cannot be used for industrial purpose. It is
irreproducible, it has no control in layers, defects and size. Our goal is to change that,
to make mechanical exfoliation reproducible and predictable by using intermolecular
forces to exfoliate (Figure 1).

On the other hand, chemical exfoliation mostly known as liquid phase exfoliation
(LPE) is almost the same as mechanical exfoliation. In LPE, transversal and longitu-
dinal stress are provided by sonication, high shear mixing or micro fluidization [12]
and it is happening in a liquid. LPE is a cheap, easy and scalable method to produce
nano-flakes of graphite, but it has its challenges. Depending on the type of solvent
used, we can face problems like aggregation, pollution, conservation and washing
problems to some degrees. It also has a low yield (Figure 2).

2.2 Cohesive energy and implications

The first challenge for exfoliation technique is the requirement of an energy close
to the cohesive energy of graphite, and we need to know its value first. In 1956, L.
Girifalco and Lad [14], calculated the binding energy (cohesive energy) of graphite
using the summation lattice with the LJ potential. They found the binding energy was
approximately �0.33 J=m2 (�53.96 meV=atom). They confirmed this result by
comparing it to values got from Heat wetting experiment. Since the expansion of

Figure 1.
Mechanical exfoliation principle. (reprinted from reference Yi and Shen [11] with permission of CCC Inc.).
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graphene, the cohesive energy of graphite has attracted a lot of attention to under-
stand better its properties for better exfoliation experiments design.

Xiaobin and colleagues calculated the interlayer potential by combining the
Mobius inversion method with ab initio calculation [15]. They found the binding
energy to be between 55 and 60 meV=atom. According to them, the binding/cohesive
energy is between 50 and 60 meV=atom. They also found the interlayer space to be
3.1 Å. In the same way, using Quantum mechanics orbital occupancy approach and
second order perturbation theory, Y.J Dappe and colleagues obtain a binding energy of
60–72 meV=atom and interlayer space distance of 3.1–3.2 Å [16]. Throughout our
literature review, we can say that the binding energy of graphite Eg lies between 50
and 72 meV=atom and the interlayer distance is 3.34 Å as confirmed by XRD studies of
graphite. So the goal of all exfoliation technique is to provide an energy Ex (by many
means) which is: Eg<Ex< 2 ∗Eg to exfoliate a single graphene layer. When Ex
exceeds, we can have bilayers and more.

2.3 Exfoliation methods

Using this knowledge about the cohesive energy, Zhang et al. [17] while working
on transport measurements of microscopic graphite devices, fabricated their samples
using a micromechanical cleavage process. With a silicon cantilever with a normal
force between 10 – 2000nN (Figure 3a), they could exfoliate few layers of graphite.
These small VDW forces between graphene layers (2 eV/nm2) are not easy to achieve
for graphene exfoliation but is required. For instance, Hernandez et al. [19] while
working on LPE, found that by using a solvent with similar surface tension like
graphene, the exfoliation was easier and single layers were obtained.

The requirement of such small forces made researchers to look for more sensible
methods. For example, Seunguen Lee and Wei [18] simulate the exfoliation of
graphene from HOPG on a SiO2 substrate and called it friction-induced exfoliation
(Figure 3b). In that process, they used the lubrication properties of HOPG, the
corrugation of HOPG combined with the roughness of the substrate. Another similar
article is the exfoliation of graphene using the adhesive energy of few layers of
graphene on a silicon substrate, while applying an upper velocity force on top of
graphite to exfoliate the top layer (Figure 3c) [20]. In that study, based on the
number of layer and the velocity, they could exfoliate the top layer.

In this paper, we present a new way of graphene exfoliation based on binding and
interaction energy between graphene, graphite and a substrate.

Figure 2.
LPE using sonication (reprinted from reference [13]).
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3. Proposed exfoliation and principle

3.1 Exfoliation model

When two materials (atoms, material made of atoms) are brought together, we
can distinguish two types of energy: adhesive and interactive energy. The adhesive
energy describes the forces when two materials are in contact (when they adhere)
while the interaction energy describes the forces exerted by each material on the
other. The interactive energy can be described by the Lennard-Jones (LJ) potential
in Figure 4. When we look at the interactive energy curve, there is a minimum
which is known as the binding energy ε: It is obtained at equilibrium. The broader
and deeper it is, the stronger is the bond between the materials (mostly for non-
covalent bonds). σ is the distance at which the potential is 0. It can be taken as the
repulsive core.

The working principle of our exfoliation model is shown in the next figure and can
be viewed here (Video 1: https://drive.google.com/file/d/1eE48rBa0de_vzHd_zfxd
QN940se1UqBj/view?usp=drivesdk). It is based on the interaction energy between
three materials: graphite (HOPG), graphene (the bottom layer of HOPG) and a sub-
strate. As we can see in the Figure 5, we consider HOPG as graphite and graphene. So
our goal is to study the interaction between these materials.

Figure 3.
a. Cleavage process using the adhesion energy between graphite and substrate (reprinted from [17] with permission
of AIP publishing) b. Friction induced exfoliation (reprinted from [18] with permission of AIP publishing) c. Top
layer exfoliation based on velocity and adhesion.
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Here is a small description of the working principle.

a. The HOPG graphite and the substrate are separated considerably. The substrate
is stable while the HOPG can move up and down.

b. The HOPG is pushed down to the substrate at a certain distance (the distance at
which we have the binding energy between graphene and the substrate)

c. We pull up the HOPG and because the binding energy between the bottom layer
graphene and the substrate is superior to the binding energy of graphite, the
bottom layer will stay and adhere on the substrate.

d. Finally, the system is back to the normal and the HOPG is reduced by one layer
and we can pass another substrate.

We simulated first the interaction energy (binding energy) between graphene and
graphite. Then we determine the interaction energy between graphene and a couple of
materials to see what materials can exfoliate and finally a study of the results to see
how we can make the process more effective.

Figure 4.
Lennard Jones potential curve.

Figure 5.
Exfoliation of graphene based on interaction energy.
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3.2 Calculation of the interaction energy using the LJ potential

To calculate the interaction energy between materials in this project, we used the
standard LJ 6–12 potential expressed as:

V rð Þ ¼ 4ε
σ
r

� �12
� σ

r

� �6� �
(1)

where V rð Þ is the interaction energy between two atoms. The first term of the

potential σ
r

� �12 is the repulsive term, and the second term σ
r

� �6 is the attractive term.
ε and σ are the minimum value of the potential, and the distance at which the
potential is zero respectively. r is the distance between the atoms interacting. We
opted for this potential because it is easy to manipulate, good for non-covalent bonds
like VDW forces and more used for qualitative purpose.

3.2.1 Potential in terms of material

The potential energy is the sum of a long range attractive contribution and short
range repulsion as we saw in the potential curve. One thing about this LJ potential is that
the bond strength increase with the atomic number/atomic mass (molecular weight).
This is because atoms with large atomic numbers have high number of electrons that will
then increase the VDW forces to get stronger. Second, the shape of the molecules also
plays a role in the VDWbond strength. The shape will dictate the spread of the electrons,
whether they are widely distributed or centered. For example, molecules of the same
molecular weight have greater bond strength if they have larger aspect ratio shapes.

These understanding helps us in the designing or the choice of the materials
that we are going to use to exfoliate graphene from graphite. From the previous
paragraphs, we asked the following questions:

• What would be the material composition (atomic composition)?

• What could be the shape, size and aspect ratio?

• What should be the perfect material density to exfoliate just one graphene layers
without causing defects or anything else?

• Is it possible to manufacture the material size that we want? Atomic thickness for
example!

3.2.2 Parameters ε, σ

The LJ potential is a pairwise potential. Atoms parameters of ε and σ are mostly
defined by experiments. The parameters values ε,σ for different atoms combinations
were obtained through Rappe et al. [21], and the references [22, 23] by using the
formulas:

σA�B ¼ σA�A þ σB�B

2
(2)

εA�B ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εA�AεB�B

p
(3)

127

Graphene Exfoliation from HOPG Using the Difference in Binding Energy between Graphite…
DOI: http://dx.doi.org/10.5772/intechopen.107142



Table 1 shows the parameters values calculated for atoms combination we will use
for simulations.

3.2.3 Computation process (pairwise summation)

The LJ potential V rð Þ as described in Eq. (1) is the interaction between two atoms a
and b. When we talk about the interaction energy of graphene with a substrate, we are
referring to more than two atoms (100, 1000 atoms for example). In general, to
determine the interaction energy between two bodies G (graphene or graphite) and
S (substrate), we do the summation of the LJ potential V rð Þ over all the possible
combinations of atoms in the bodies. For instance, the interaction energy between
G and S is given by:

U að Þ ¼
X
i

X
j> i

V rij
� �

(4)

where rij is the separation distance between atoms i and j in the bodies G and S
respectively. To compute the previous formula Eq. (4), we use the same method
described by Giralfco and co-workers in their paper [14]:

• We calculate first the interaction between a carbon atom in graphene and all the
atoms in the substrate. Since there is two type of carbon atoms in graphene, we
have the following expressions

U1j að Þ ¼
X
j

V r1j
� �

(5)

U2j að Þ ¼
X
j

V r2j
� �

(6)

where a is the distance between the graphene surface and the substrate surface as
we can see in Figure 6; r1j and r2j are the distance between a carbon atom 1 (or 2) and
the j atom in the substrate.

Pair_style σ ̊Að Þ ε meVð )

C – C 3.431 4.55

Si – Si 3.826 17.4

Ag – Ag 2.648 350.6

Au – Au 2.646 412.9

Cu – Cu 2.338 409.32

Si – C 3.629 8.91

O – C 3.275 3.44

Cu – C 2.8845 43.156

Au – C 3.0385 43.3439

Ag – C 3.0395 39.9403

Table 1.
Lennard Jones parameters of atoms and pair of atoms.
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• After, to determine the interaction energy between a graphene sheet and the
substrate, we integrate the previous terms Eqs. (5) and (6) over all the
graphene sheet. Since here we are interested in general results, we are
dividing the previous terms by the surface of the atoms (δ: surface of one
carbon atom).

UGS að Þ ¼ 1
2δ

U1j að Þ þ U1j að Þ� �
(7)

where δ is the area occupied by a carbon atom in a graphene sheet. 1
2δ is the number

of atom of each type per square unit area in the monolayer.

Figure 6.
Left – xy view of graphene/silicon dioxide interaction; right – xz view of graphene/silicon dioxide separated. The
yellow, blue and red points are carbon, silicon and oxygen atoms respectively.
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3.2.4 Simulation set-up

For the simulation, we are using 2–3 supercells depending on the length of
the lattice of the substrate. For example, silicon has a lattice parameter of 5.43 ̊A.
So, we are using two supercells for a total dimensions of 10.86*10.86*10.86. Based
on those dimensions, we define the dimensions of graphite 11*11 ̊A2 for this case.
We choose such a small set up to gain in simulation time and performance of the
algorithm.

There are 5 simulations. Cupper, silicon, gold and silver have a face-centered cubic
(fcc) lattice structure. So we will not show all the figures. By showing only one system
we can guess how the other ones will look like since they have the same lattice
structure with different lattice parameter. For instance, we have: Silicon (5.43 ̊A),
Cupper (3.625 ̊A), Silver (4.09 ̊A) and Gold (4.08 ̊A).

The other simulation is with silicon dioxide (Figure 6). SiO2 is a complex structure
that can be found in many structures. In this project, we consider silicon dioxide as a
crystal in a simple tetragonal structure. Here the dimensions of the system are
10.5*10.5*14 ̊A3.

There are five simulations. The principle of our algorithm is to calculate the
interaction energy as a function of the separation distance a between the substrate and
the graphene/graphite.

4. Results and discussions

Most of the researches that has been done between graphene and a substrate is
more concerned about the adhesive energy. Few papers are actually about the inter-
action energy or binding energy. For this reason, we first verified the acceptance of
our algorithm by calculating the cohesive energy of graphite (cleavage energy) and
compare the result to see if it is similar to others in the literature. From the computed
interaction potential between graphite and graphene, we found the cohesive energy of
graphite or the binding energy between graphite and graphene to be –0.3060 J=m2 at
3.6 ̊A (Figure 7). This result is closed to those got by Girifalco [14] and some practical
experiments [24]. Now that we know our algorithm is acceptable, our goal is to
compare the interaction between graphite – graphene and graphene – substrate. In the
next figures, the blue curve represents the energy potential of graphene/graphite and
the orange curve, the potential of graphene/substrate.

Using the same algorithm, we computed the interaction potential between silicon
and graphene. We found the binding energy to be �0.1014 J=m2. This result agrees
with the one obtained by Norio Inui and Sho Iwasaki [22]. As we can see from the
Figure 8, the cohesive energy of graphite is much more superior to the binding energy
between graphene and silicon. From this energy difference, it is clear that silicon
cannot exfoliate graphene from graphite.

For silicon dioxide, we found the binding energy with graphene to be�0.090 J=m2at
3.45 ̊A (Figure 9) which is the value got by Ishigma et al. [25] in their work. By
comparing it to the cohesive energy of graphite, silicon dioxide cannot exfoliate
graphene using this principle. However, a study by Wei Gao and coworkers shows that
the interaction strength is strongly influenced by changes in the silicon dioxide surface
structure due to surface reaction with water [26]. By reconstructing a SiO2 surface, they
could increase the interaction energy. In this project, we used silicon dioxide simple
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tetragonal structure without surface modification. This is to say that we can increase the
binding energy by surface modification.

In the case of metals substrates, we find the binding energy between copper and
graphene to be �0.3792 J=m2 at 1.2 ̊A (Figure 10). Here, we can notice that the
equilibrium distance at which we obtain the binding energy is small. At first, it is
tempting to say that copper cannot exfoliate graphene since at 1.2 ̊A, the cohesive energy
of graphite is infinity. But in practice, the interlayer distance between graphene layer is
fixed, so by approaching graphite at 1.2 ̊A from the copper surface, we can see a weak
exfoliation since they almost have the same energy. However, the distance is small.

The obtained binding energy between gold/graphene and silver/graphite is
�0.5924 J=m2and �0.5426 J=m2 both at 3.2 ̊A respectively (Figures 11 and 12). They

Figure 7.
Graphite graphene interaction energy.

Figure 8.
Graphene silicon interaction (orange), graphene/graphite interaction (blue).
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both can clearly exfoliate graphene based on the principle described in Figure 5. These
values of binding energy largely differ from copper and this may be because of the
large atomic number and higher lattice parameter. From this result, we can agree that
the atomic density has more influence on the binding energy.

5. Conclusion

The graphene industry still has a lot of rooms to improve in terms of standardiza-
tion, conservation, synthesis, etc. The lack of a reliable and cost effective synthesis
method avoids graphene to fulfill its potential. In this project, we proposed for the

Figure 10.
Graphene/cupper interaction potential (orange curve), graphite/graphene interaction (blue curve).

Figure 9.
Graphene/silicon dioxide interaction potential (orange curve), graphite/graphene interaction (blue curve).
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first time an exfoliation model of graphene from HOPG graphite based on the
cohesive energy of graphite and the binding energy of the substrate with graphene.
Calculations using the Lennard Jones potential and lattice summation showed metal
substrate like gold, silver and copper can exfoliate graphene from graphite at 3.2 Å.
Conventional substrate like silicon and silicon dioxide showed a binding energy infe-
rior to the cohesive energy of graphite and cannot therefore exfoliate graphene. This
result opens a new range of possibilities and opportunities for the graphene industry,
notably in applications requiring first higher graphene quality. However further
studies are still going on. First the distance at which the exfoliation can happen is
small. 3.2 Å from the graphite or substrate surface is difficult to achieve. So the

Figure 12.
Graphene/silver interaction potential (orange curve), graphite/graphene interaction (blue curve).

Figure 11.
Graphene/gold interaction potential (orange curve), graphite/graphene interaction (blue curve).
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challenge is to find or design a material that can exfoliate at an achievable distance
which will make the process easier and effective. The perfect material curve looks like
the one in Figure 13. where the red curve would be the behavior of the “perfect
material”. Second we need to find substrate materials that are polyvalent and can be
used anywhere. Finally, we need to put more accuracy on our algorithm and do some
practical tests. The truth is that this method is working, simply because by touching
softly graphite or a pencil, there will be graphene layers in our finger and our goal was
to understand it and automatized it. This model as shown in Figure 5 can be easily
scaled up to industrial manufacturing if we can achieve a good exfoliation distance.
One thing is sure, a reliable, reproducible and effective synthesis technique could have
a significant impact in the graphene industry.
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Chapter 9

Application of Electric Bias to
Enhance the Sensitivity of
Graphene-Based Surface Plasmon
Resonance Sensors
Ravi Paul Gollapalli,Tingyi Wei and Jeremy Reid

Abstract

Surface plasmon resonance sensors that incorporate graphene as one of the layers in
the sensor structure have been proven to provide higher sensitivity in the detection of
biomolecules, compared to sensors without graphene. Graphene an allotrope of carbon
facilitates better adsorption to biomolecule samples due to the carbon-hydrocarbon
affinity to biomolecules, thereby resulting in higher sensitive biosensors. Recently, a
revolutionary method has been presented, at least in theory for now, that there is still a
possibility to increase the sensitivity of the SPR sensors by the application of electric
bias across the metal-graphene sensor system. A mathematical treatment to understand
the physics of how the electrical bias contributes to an increase in sensitivity is
presented in this chapter, using a sensor surface structure comprising of Au-MoS2-Gr.
The results indicate that the application of electrical bias across the sensor surface
consisting of Gr and other materials provides a method to increase the sensitivity of
these biosensors. The scope and impact of this research can be felt in many industries
that need sensors either in the food industry for food contamination check, harmful gas
detection for environmental monitoring or safety measures, medical diagnostics etc.

Keywords: graphene, electric bias, enhanced sensitivity, surface plasmon resonance,
biosensors

1. Introduction

Surface plasmon resonance (SPR) biosensors are based on the principle of surface
plasmon generation, which is sensitive to the changes in the refractive index of the
sensor surface structure along with the sensing medium. Surface plasmon (SP) is the
collective oscillation of free electrons at the surface of a metal conduction band, which
is excited by the electromagnetic field at the metal-dielectric interface. The SP expo-
nentially decays into the surrounding media, and the decay depth is usually in the
range of hundred nanometers, which is the key reason why the sensor surface of
SPR-based sensors is in the nanometer range. Because the SP penetration depth is in
the nanometer range makes them sensitive enough to detect changes in the refractive
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index in the milli to micro-range, making them the suitable and preferable sensors for
detection of biomolecules in the micro-to-pico concentration levels. A highly sensitive
biosensor is defined as one that can provide a measurable output signal for even the
smallest changes in the refractive index of the sample under testing, and is often
desirable.

1.1 Basic SPR sensor system

A basic (conventional) SPR sensor surface consists of a thin film, which interacts
with the biomolecule material under testing also referred to as sensing medium. A
change in the biomolecule concentration causes a local change in the refractive index
near the metal surface of the SPR sensor, which results in a change in the propagation
constant of the excitation optical wave. This change in the propagation constant can be
optically measured [1]. Many different metals such as gold (Au), silver (Au), copper
(Cu), aluminum (Al), etc. have been used to form the sensor surface and support the
excitation of the surface plasmon usually dictates that the thickness of these metal
films is in the 45–55 nm range. Figure 1a shows a typical SPR setup in a Kretschmann
configuration. A beam of p-polarized laser light is incident on the metal-dielectric
interface and the intensity of the reflected light is detected as a function of the angle of
incidence. At a particular angle of incidence, called the surface plasmon resonance
angle, θspr a resonance condition is satisfied and the surface plasmon is excited. The
relation that governs the excitation of the surface plasmon is given as [2]:

θspr ¼ sin �1 1
np

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2mn

2
d

n2m þ n2d

s !
, (1)

where np, nm, and nd are the refractive indices of the prism, metal, and dielectric
(sensing) medium, respectively. The excited surface plasmon is observed as a sharp
drop in reflectance as shown in Figure 1b. As the refractive index of the sensing
medium changes the resonance angle changes. SPR-based sensors essentially detect
the shifts in the resonance angle for different materials under test. The “angular
sensitivity” of an SPR setup is commonly defined as the ratio of the shift in the SPR
angle, Δθspr to a given change in the refractive index, Δn of the sensing medium and is
given as [3]:

Sn ¼
Δθspr
Δn

: (2)

Along with the parameter, Sn, sensitivity, two other parameters figure of merit
(FOM), and quality factor (QF) are used to evaluate the performance of an SPR
system and are defined as [2]:

FOM ¼ Δθspr
FWHM

(3)

QF ¼ Sn
FWHM

(4)
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1.2 SPR angle dependence on the refractive indices np, nm, and nd

θspr ¼ sin �1 1
np

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2dn

2
m

n2d þ n2m

s !
(5)

where, np, nd, and nm are the refractive indices of the prism, dielectric (analyte),
and metal. Given this relation, we can look at the variation of the resonance angle,
with respect to the changes in the refractive index of the metal layer.

dθspr
dnm

¼ n3d
n2d þ n2m

� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2p n2d þ n2m
� �� n2dn

2
m

q (6)

Given the above relation, we can see that the change in the resonance angle is a
function of the refractive indices of the dielectric (sample under test), prism material,
and also the metal. Now, we can also find the values of np, nd, and nm for which the
maximum resonance angle occurs when dθSPR=dnm ¼ 0. This gives us two possible
scenarios when either of the two terms in the equation can be zero.

Figure 1.
(a) A SPR system layout in Kretschmann configuration showing Au-Gr layers as the sensor surface. (b) A typical
normalized reflectance curve showing the surface plasmon excitation as a drop in reflected intensity at 37.59 deg
incident angle.
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1.2.1 Case #1

Consider the first term of Eq. (2),

n3d
n2d þ n2m

¼ 0, (7)

this can happen when

nd ¼ 0; n2d þ n2m ! ∞, (8)

the condition nd ¼ 0 dictates that the dielectric material (sample under testing)
needs to have its refractive index to be zero, which is not a practical case. The
condition, n2d þ n2m ! ∞, combined with the earlier condition nd ¼ 0, dictates that:

nd ! 0; nm > > nd; nm ! ∞: (9)

1.2.2 Case #2

Now, consider the second term of Eq. (2),

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2p n2d þ n2m
� �� n2dn

2
m

q ¼ 0, (10)

this term shows that the maximum resonance angle occurs when,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2p n2d þ n2m
� �� n2dn

2
m

q
! ∞. This stipulates that to achieve maximum resonance

angle, the product n2p n2d þ n2m
� �! ∞while n2dn

2
m ! 0. These two conditions combined

with the conditions in Eq. (5) indicate that the most favorable conditions to achieve
the maximum plasmon resonance angle for better sensitivity are:

nd ! 0; nm ! ∞; np ! ∞: (11)

Up till now, we have used nm to represent the refractive index of the metal layer
used to excite the surface plasmon, however, there can be many possible combina-
tions of multi-layers of different materials, and the nm would be the effective refrac-
tive index of all these combined multi-layers used to excite the surface plasmon. As
has been the case in the past decades where many researchers have proposed varied
types of sensor surfaces with combinations of Au, Ag, Al, Si, SiO2, MoS2, Black
Phosphorus (BP), etc., with varying thicknesses optimized for high sensitivity.

1.3 Ultra-sensitive SPR sensor design

Many researchers have proposed and shown that other metals, or combinations
thereof, can be used to improve the sensitivity of the SPR system. Many methods have
been demonstrated to improve the SPR biosensor sensitivity, such as, utilizing metal
nanoparticles and nanoholes [4], metallic nanoslits [5], and colloidal gold
nanoparticles [6] in buffered solutions. In the conventional SPR system, gold is com-
monly preferred due to its resistance to oxidation and corrosion, however,
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biomolecules adsorb poorly on gold, causing less interaction with the metallic surface
and this limits the sensitivity of the SPR biosensor. One of the attractive alternatives to
improve sensitivity by increasing the adsorption of biomolecules on the gold surface is
to use graphene (Gr). Among these materials, graphene (Gr) due to its carbon com-
position has proven to be a more preferable material due to its affinity and absorptive
nature to hydrocarbons. This not only helped in the binding process of biomolecules
under testing but also helped improve the sensitivity compared to the conventional
system [7, 8]. Gold-graphene SPR biosensors have been shown to stably adsorb bio-
molecules with carbon-based ring structures, causing an increase in sensitivity to
changes in refractive index of the biomolecules, leading to increased detection and
identification [9, 10]. However, the precise control over the geometry and the optical
properties of nanostructures is challenging. Many methods were demonstrated to
improve the sensitivity, by either utilizing metal nanoparticles and nanoholes [4],
metallic nanoslits [5], and colloidal gold nanoparticles [6] in buffered solutions.
However, still improvements can be made using other techniques or methods.
Recently, we proposed an idea to increase an SPR biosensor sensitivity by changing
the refractive index of the graphene layer, which is a part of the sensor surface by the
application of electrical bias voltage across metal-graphene system [11]. Our numeri-
cal investigation has shown that apart from providing an increase in sensitivity com-
pared to other techniques and sensor surface structures, we also realized that this
technique can also address another issue: control over the optical properties of the
sensor surface [12].

1.4 Novelty and necessity of the present idea

In a typical SPR sensor setup, for a particular type of sensing medium, a particular
sensor surface configuration is used. This means that for a different type of sensing
medium and for an enhanced sensitivity, a different sensor surface may be required.
This is combined with the fact that once a sensor surface configuration for use in the
sensor is selected, it would not be possible to make changes to it, and the only option
would be to switch sensor surface with another one. For example, if a gold-graphene
sensor surface with certain thickness combination is chosen as sensor surface, but a
particular sensing medium requires a different thickness combination that could
result in better sensor sensitivity output, then the only option is to switch out the
sensor surface. The reason for such a need to switch the sensor surface film is based on
the fact that the effective refractive index of the sensor surface is constant for a
particular wavelength of the plasmon excitation light source. We believe that if the
sensor surface properties could be tuned dynamically, we could eliminate the need for
a different sensor surface combination as would be required for different sensing
media. As mentioned earlier, we have already presented our numerical results on the
application of electrical bias across gold-graphene sensor surface structure in Ref [11],
and gold-SiO2-graphene in Ref [12], and here we extend our numerical investigation
to the Au-MoS2-Gr sensor surface structure.

2. Electrical bias across the metal-Gr system

Graphene is a thin two-dimensional layer of graphite, an allotrope of carbon,
where the carbon atoms are arranged in a honeycomb lattice structure. The valence
and conduction bands in graphene touch at six points known as the Dirac points,
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where the chemical potential of graphene is located for undoped samples. The position
of the chemical potential can easily be shifted above or below the Dirac point, thus
allowing the carrier concentration in the material to be tuned by applying an electrical
voltage [13]. In this Au-Gr system, the carrier concentration in graphene, ng due to an
applied voltage, Vg can be calculated using the relation [14]:

ng ¼
Vgε0εr
qdsub

(12)

where ε0 ¼ 8:85� 10�12F=m is the permittivity of vacuum, εr is the relative
permittivity of the substrate (50 nm thick gold film), q is the electron charge, and dsub
is the substrate thickness. Based on the carrier concentration of the system, the
chemical potential μc can be calculated using [15]:

μc ¼ ℏvf
ffiffiffiffiffiffiffi
πng

p
(13)

where ℏ is the reduced Planck’s constant and vF≈106 cm/s is the Fermi velocity.
Graphene optical conductivity, σ is related to the intra-band electron-photon scatter-
ing, σintra and the inter-band electron transition conductivity, σinter as function of
radiation frequency, ω and given as:

σ ωð Þ ¼ σintra ωð Þ þ σinter ωð Þ (14)

which can be calculated using the Kubo formula [16]:

σintra ωð Þ ¼ i
q2

πℏ ωþ iτ�1ð Þ μc þ 2KBT � ln e
�μc
KBT

� �
þ 1

( )" #
(15)

σinter ωð Þ ¼ i
q2

4πℏ
ln

2∣μc∣� ℏ ωþ iτ�1ð Þ
2∣μc∣þ ℏ ωþ iτ�1ð Þ
� �

(16)

where KB is the Boltzmann’s constant, T is the temperature, τ ¼ μcmu=qv2F is the
momentum relaxation time, and mu ¼ 104cm2=V � s is the impurity-limited direct
current mobility.

The complex conductivity of graphene may be expressed as:

σ ωð Þ ¼ σR ωð Þ þ iσI ωð Þ (17)

where σR ωð Þ and σI ωð Þ are the real and imaginary parts of the graphene conduc-
tivity and can be derived from Eqs. (5)–(7) and given as:

σR ωð Þ ¼ τ�1q2

ω2 þ τ�2ð Þπℏ2 � μc þ 2kBT � ln e
�μc
kBT

� �
þ 1

( )" #
, (18)

σI ωð Þ ¼ ωq2

ω2 þ τ�2ð Þπℏ2 � μc þ 2kBT� ln e
�μc
kBT

� �
þ 1

( )" #
þ q2

4πℏ
ln

2∣μc∣� ℏ ωþ iτ�1ð Þ
2∣μc∣þ ℏ ωþ iτ�1ð Þ
� �

:

(19)
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The thickness of a single graphene layer is 0.34 nm, and for a given number of
graphene layers with thickness, dGr the real nGr,R and imaginary nGr,I parts of the
graphene refractive index can be expressed as:

nGr,R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σI � ωε0dGrð Þ2 þ σ2R

q
� σI � ωε0dGrð Þ

2ωε0dGr

vuut
(20)

nGr,I ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σI � ωε0dGrð Þ2 þ σ2R

q
þ σI � ωε0dGrð Þ

2ωε0dGr

vuut
(21)

From Eqs. (3)–(13), it is evident that the refractive index of the metal-graphene
sensor surface system can be varied by the application of an electrical bias voltage.
Using the N-layer model [1], the reflectance of the incident light in the Kretschmann
configuration of SPR setup was calculated for this Au-Gr sensor surface system.
Figure 2 shows a top-view kind of perspective to how the SPR angle shifts at different
levels of chemical potential. Using chemical potential as the basis to evaluate the shift
in the SPR angle for a change in the sample refractive index, we defined a new
measure of sensitivity Sμc , which is the ratio of the change in the SPR angle due to a
change in the chemical potential applied across the metal-graphene system [11],

Sμc ¼
Δθspr,μc
Δμc

(22)

Figure 2.
A top view kind of perspective showing how the SPR curves are changing wrt the chemical potential. With prism
material as SF10 (np = 1.723), the sensor surface configuration is: Au (30 nm thick), MoS2 (3 layers), Gr (10
layers) with μc at 0.0 eV, and the incident radiation wavelength λ = 632.8 nm.
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along with the figure of merit wrt chemical potential as:

FOMμc ¼
Δθspr,μc
FWHM

(23)

2.1 Modeling of the multi-material sensor surface structure

In this section let us look at how we can model the presence of more than one
material such that it can be biased using an electrical voltage. To accomplish this, we
can still consider the Au film as the base on which the graphene layers are deposited,
as discussed in the Section 2, and the other material layers may be considered to be
positioned either between the Au and Gr layers or exterior to the Au and Gr layers,
and the following set of equations may be used for any novel sensor structures.
Figure 3 shows such a layout where MoS2 layer(s) are sandwiched between the Au
and Gr layers. We will use this configuration to investigate the effect of electrical bias
on the sensitivity of an SPR system.

MoS2 is a semiconductor material with an ultrathin direct bandgap and belongs to
the transition metal dichalcogenide group, with characteristics similar to graphene. A
strong coupling can be induced at the metal/MoS2 interface because of the effective
charge transfer and large field enhancement resulting in improved SPR sensitivity [8,
17]. The nominal thickness of a single layer of MoS2 is 0.65 nm.

Consider the relation for capacitance of a capacitor:

C ¼ ε0εrA
d

¼ Q
V
, (24)

Figure 3.
Diagram showing the three layers of the sensor surface and biased using ohmic contacts to a voltage source. Shown
here are Au-MoS2-Gr layers forming, which can be modeled as capacitors in series. Note that the thicknesses of the
layers shown are not to scale.
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where C, A, and d are the capacitance, surface area, and the separation distance
between the plates of a capacitor, respectively. Modeling the Au-MoS2-Gr layers as
two capacitors in series (Figure 4, where the equivalent capacitance of such system is:

1
Ceq

¼ 1
C1

þ 1
C2

(25)

We can find the carrier concentration, ng in Gr on top of this Au-MoS2 layers, due
to an applied voltage, Vg given by:

ng ¼
Vg

q
ε0

dMoS2
εrMoS2

þ dGr
εrGr

� � (26)

where ε0 ¼ 8:85� 10�12 F/m is the permittivity of vacuum, q is the electron
charge, dMoS2, dGr, εrMoS2 , and εrGr are the thickness and relative permittivity of MoS2
and Gr layers respectively.

Eq. (26) combined with Eqs. (13)–(21) can be used to calculate the refractive index
of Gr as the electric bias Vg is varied from 0 to 10 eV. The SPR resonant angle and
reflection values can be found using relations given in Ref [1].

3. Results and discussion

Figure 5 shows the SPR curves as the chemical potential is varied from 0 to 8 eV,
for the case of sensor configuration with prism material, MgF2 (np ¼ 1:377), followed
by Au layer (30 nm thickness, nAu ¼ 0:1726þ 3:4218 i), MoS2 (1 layer, nMoS2 ¼
4:8046þ 0:84395 i, [18]), Gr (10 layers), and the sample considered is urea (10 nm
thickness, nUrea ¼ 1:335), the wavelength used for these calculations is λ ¼ 632:8 nm.
To better understand the impact of the applied electrical bias across the Au-MoS2-Gr
system and the shift in the SPR angle with respect to change in the refractive index of
the urea sample, the SPR curves are referenced to the SPR curve when the urea sample
has refractive index value n = 1.332. We will base our discussion, using nurea ¼ 1:332 as
our reference, while all other values of the sensor surface material are the same. In the

Figure 4.
Diagram showing the three layers of the sensor surface and biased using ohmic contacts to a voltage source. Note
that the thicknesses of the layers shown are not to scale.
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Figure 5, we can see that the value of the SPR dip, Rmin = 0.15 with SPR
angle = 49.1 deg. for n = 1.332 and for n = 1.335, the Rmin = 0.13 with SPR
angle = 48.9 deg., both at 1 meV applied chemical potential, which again will be our
reference applied chemical potential value for the rest of our discussion of the results
throughout this text. As seen in Figure 2, we also see in Figure 5, that the SPR curves

Figure 5.
SPR Curves for the sensor configuration: MgF2 (np ¼ 1:377), followed by Au layer (30 nm thickness, nAu ¼
0:1726þ 3:4218 i), MoS2 (1 layer, nMoS2 ¼ 4:8046þ 0:84395 i, [18]), Gr (10 layers), and the sample
considered is urea (10 nm thickness, nurea ¼ 1:335).
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move toward lower SPR angle from 49.1 deg. to 47.06 deg. at 2.5 eV; and then show up
at the extreme right (90 deg) mark and move to the lower angles before settling down
between 51.49 deg. at 4.5 eV to 50.1 deg. at 8 eV and it stays almost the same even as
the chemical potential is increased further till 10 eV. We also see that the Rmin for all
these μc values from 0.001 eV to 8 eV is below 0.05 (a.u.), which shows that there is a
strong excitation of surface plasmon facilitated by the application of electrical bias. A
shift of more than 1 deg. in the SPR angle is a very strong indication of the high
sensitivity this technique provides as the sample changes its refractive index value
from n = 1.332 to 1.335, which gives a sensitivity value of 333.33°/RIU. It should be
noted that optimized graphene-based sensor surface structure for a particular bio-
molecule can be further optimized for higher sensitivity by application electrical bias
and without any changes to the sensor structure.

Figure 6 shows the variation of the SPR angle as the chemical potential varied. It
has already been shown that the number of graphene layers usually results in
enhancement of the electrical, optical, chemical, and mechanical properties of device
[19], but here we specifically want to highlight the impact of graphene layers on the
SPR angle shift, which is what is done in this figure. This figure shows that when Gr
layers = 12, at μc ¼ 3 eV, there is a very large shift of 28.91 deg. (from 49.46 at 1 meV
to 20.55 deg. at 3 eV) whereas the SPR angle shift is 9.22 deg. and 7.48 deg. for Gr = 8
& 10 layer structure (refer to Table 1), which in their own right they are much larger
than other optimized sensor structures reported for urea detection.

Figure 7 shows the variation of the Rmin and FWHM of the SPR curves with
respect to the variation of chemical potential across the sensor surface. We see that the
Rmin = 0.9 and FWHM = 16.05 deg. for Gr = 12 layers at μc ¼ 3 eV, which eliminates
this as a not least favorable case for SPR measurement, and so we will have to choose
the values obtainable at μc ¼ 2:5 eV, which provides Rmin = 0.04 and
FWHM = 0.46 deg. However, if compared to the case of Gr = 8 and Gr = 10 layers we
see that these two cases are far more favorable for SPR measurement because of their

Figure 6.
SPR Curves for the configuration: MgF2 (np ¼ 1:377), followed by Au layer (30 nm thickness, nAu ¼
0:1726þ 3:4218 i), MoS2 (1 layer, nMoS2 ¼ 4:8046þ 0:84395 i, [18]), Gr (10 layers), and the sample
considered is urea (10 nm thickness, nurea ¼ 1:335).
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low Rmin and FWHMwhen the maximum SPR angle shift occurs. So, one cannot only
use the SPR angle shift as the sole parameter to understand the sensitivity of the SPR
sensors, and so it is common to use FOM and QF to better evaluate the sensitivity of
the SPR sensors.

Figure 8 shows the variation of Sn and FOM for three different cases of Gr = 8, 10
&12 layers while Au-MoS2 thicknesses are 30 nm and 3 layers, respectively. The
curves shown, here can be seen in Table 2. Figure 9 shows the variation of Sn,μc and
FOMμc for Gr = 8, 10 &12 layers for the same Au-MoS2 thicknesses of 30 nm and 3
layers, respectively.

Table 2 provides the values of Sn and FOM for varying chemical potential values
using urea sample with n = 1.332 as reference and comparing the values to urea sample
with n = 1.335. Also, note that the negative values of the Sn and FOM indicate the fact

Gr layers ! 8 8 8 10 10 10 12 12 12

μc (eV) ↓ θspr Rmin FWHM θspr Rmin FWHM θspr Rmin FWHM

0.001 49.50 0.070 1.69 49.46 0.095 1.76 49.46 0.112 1.87

1.000 49.50 0.048 1.04 49.53 0.048 1.08 49.53 0.047 1.04

1.500 48.88 0.047 0.90 48.92 0.047 0.90 48.92 0.048 0.90

2.000 47.44 0.400 0.54 48.13 0.044 0.72 48.34 0.046 0.75

2.500 56.98 0.070 3.06 46.26 0.728 4.17 47.26 0.043 0.46

3.000 51.37 0.055 1.47 58.68 0.080 3.63 20.55 0.908 16.05

3.500 50.68 0.053 1.29 52.34 0.058 1.65 62.42 0.100 5.25

4.000 50.40 0.052 1.22 51.33 0.055 1.44 53.67 0.063 1.98

4.500 50.25 0.052 1.18 50.90 0.053 1.33 52.16 0.058 1.62

5.000 50.14 0.051 1.15 50.68 0.053 1.26 51.55 0.056 1.47

5.500 50.07 0.051 1.11 50.50 0.053 1.22 51.19 0.054 1.36

6.000 50.00 0.051 1.11 50.40 0.052 1.22 50.97 0.054 1.33

6.500 49.96 0.050 1.11 50.32 0.051 1.18 50.83 0.054 1.26

7.000 49.93 0.050 1.08 50.25 0.051 1.15 50.68 0.053 1.26

7.500 49.89 0.050 1.08 50.22 0.052 1.15 50.61 0.053 1.26

8.000 49.86 0.051 1.04 50.14 0.052 1.15 50.54 0.053 1.18

8.500 49.86 0.051 1.08 50.11 0.051 1.11 50.47 0.052 1.18

9.000 49.82 0.050 1.04 50.07 0.051 1.11 50.40 0.052 1.15

9.500 49.78 0.051 1.04 50.04 0.051 1.08 50.36 0.052 1.18

10.00 49.78 0.050 1.00 50.04 0.051 1.08 50.32 0.052 1.15

The maximum value of the SPR angle achievable, along with the corresponding Rmin and FWHM, are highlighted in red
color. These maximum SPR angle values occur at 2.5, 3.0 and 3.5 eV for the case of 8, 10 and 12 Gr layers in the sensor
system, which also indicates that maximum SPR angle occurs at higher applied electrical potential values as the Gr layers
increase. The SPR angle, Rmin and FWHM values are highlighted in blue color as comparison with the values for the Au
(50 nm) - Gr sensor system as described in [11].

Table 1.
Chemical potential (eV) versus SPR angle (deg), Rmin (a.u.), and the FWHM (deg) for different graphene layers
for the sensor structure Au (30 nm) - MoS2 (3 layers) - Gr, with the urea as sample (thickness 10 nm, n = 1.335).
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Figure 7.
Rmin and FWHM curves for the sensor-sample: MgF2 (np ¼ 1:377), followed by Au layer (30 nm thickness,
nAu = 0.1726 + 3.4218 i), MoS2 (1 layer, nMoS2 ¼ 4:8046þ 0:84395 i, [18]), Gr (10 layers), and the sample
considered is urea (10 nm thickness, nurea ¼ 1:335).
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Figure 8.
Sn and FOMn curves for the sensor-sample: MgF2 (np ¼ 1:377), followed by Au layer (30 nm thickness,
nAu = 0.1726 + 3.4218 i), MoS2 (1 layer, nMoS2 ¼ 4:8046þ 0:84395 i, [18]), Gr (10 layers), and the sample
considered is urea (10 nm thickness, nurea ¼ 1:335).
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that the SPR angle shift happens toward the lower angles at lower μc values, and for
comparison at different μc only the magnitude values should be used. Referring to
FOM value of 1564 at 2.5 eV for Gr = 12 layers is a better indicator of the sensor’s
capability to detect the urea sample than only using the ΔθSPR, which clearly has a
larger SPR angle shift value at 3 eV. This clearly indicates that a smaller FWHM is
needed for a better measurable and distinguishable SPR curve signal. We see this same
trend for Gr = 8 layers with FOM = 1267 and Gr = 10 layers with FOM = 845, where the
FOM is a better indicator of the SPR signal detection. We see that at 8 eV, the FOM

nUrea! 1.332 1.335

Gr layers ! 8 10 12 8 8 10 10 12 12

μc (eV) ↓ θspr θspr θspr Sn FOM Sn FOM Sn FOM

0.001 49.50 49.46 49.46 — — — — — —

1.000 49.50 49.50 49.54 0 0.00 24 22.22 24 22.99

1.500 48.89 48.92 48.92 �204 �226.67 �180 �200.00 �180 �200.00

2.000 47.45 48.13 48.35 �684 �1266.67 �444 �616.67 �372 �492.06

2.500 56.95 46.26 47.27 2496 815.69 �1068 �255.75 �732 �1564.10

3.000 51.34 58.64 20.59 624 422.76 3072 844.88 �9636 �600.15

3.500 50.65 52.34 62.39 396 305.56 960 579.71 4320 821.92

4.000 50.40 51.34 53.64 300 245.10 624 433.33 1404 709.09

4.500 50.22 50.90 52.16 252 212.12 480 360.36 900 555.56

5.000 50.15 50.65 51.55 216 187.50 408 323.81 696 471.54

5.500 50.08 50.51 51.19 192 172.04 348 284.31 576 421.05

6.000 50.00 50.40 50.98 168 150.54 312 254.90 504 378.38

6.500 49.97 50.33 50.80 156 139.78 288 242.42 456 361.90

7.000 49.93 50.26 50.69 144 133.33 264 229.17 408 323.81

7.500 49.90 50.18 50.58 132 122.22 252 218.75 384 304.76

8.000 49.86 50.15 50.51 120 114.94 228 197.92 360 303.03

8.500 49.82 50.11 50.44 120 111.11 216 193.55 336 282.83

9.000 49.82 50.08 50.40 108 103.45 204 182.80 312 270.83

9.500 49.79 50.04 50.36 96 91.95 192 177.78 300 252.53

10.000 49.79 50.00 50.29 96 95.24 192 177.78 288 250.00

Note that θspr values for n = 1.335 are provided in Table 1 for Gr: 8, 10, and 12 layers and not repeated here.
The best achievable values for SPR angle, Rmin and FWHM are highlighted in red color. The SPR angle, Rmin and
FWHM values are highlighted in blue color as comparison with the values for the Au(50 nm) - Gr sensor system as
described in [11].

Table 2.
Chemical potential (eV) versus sensitivity and FOM for the sensor structure Au (30 nm) - MoS2 (3 layers) - Gr,
with the urea as sample thickness 10 nm, n = 1.335 compared with same sample urea at 10 nm thickness and
n = 1.332.
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values are rather in an upward trend from 115, 197 to 303 for Gr = 8, 10 &12 layers,
which also indicates that the more number of graphene layers and the better sensitiv-
ity of the SPR system. Table 3 shows the values of Sμc and FOMμc for Gr = 8, 10 &12

Figure 9.
Suc and FOMuc curves for the sensor-sample: MgF2 (np ¼ 1:377), followed by Au layer (30 nm thickness, nAu =
0.1726 + 3.4218 i), MoS2 (1 layer, nMoS2 ¼ 4:8046þ 0:84395 i, [18]), Gr (10 layers), and the sample
considered is urea (10 nm thickness, nurea ¼ 1:335).
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layers and with reference to μc ¼ 1 meV. Highlighted in red color are the maximum
values obtained. Here again, we see that FOMμc is a better indicator of the measur-
ability of the SPR effect in a graphene-based SPR sensor, but with an added advantage
of not having to change the sensor structure to achieve ultra-sensitivity to measure
changes in the sample concentration upto 3/1000.

4. Conclusion

Graphene has been called a “wonder material” based on its electrical, mechanical,
and chemical properties, and the numerous fields and applications have come to be
used. It is not a surprise that the 2010 Nobel Prize for Physics was conferred to Drs.
Andrew Geim and Konstantin Novoselov for their experimental work on graphene.

nurea! 1.335 1.335 1.335

Gr layers ! 8 10 12

μc (eV) ↓ θspr Sμc FOMμc θspr Sμc FOMμc θspr Sμc FOMμc

0.001 49.50 — — 49.46 — — 49.46 — —

1.000 49.50 0.000 0.000 49.54 0.072 0.067 49.54 0.072 0.069

1.500 48.89 �0.408 �0.454 48.92 �0.360 �0.400 48.92 �0.360 �0.400

2.000 47.45 �1.027 �1.901 48.13 �0.666 �0.925 48.35 �0.558 �0.738

2.500 56.99 2.996 0.979 46.26 �1.282 �0.307 47.27 �0.879 �1.878

3.000 51.37 0.624 0.423 58.68 3.073 0.845 20.56 �9.639 �0.600

3.500 50.69 0.340 0.262 52.34 0.823 0.497 62.42 3.704 0.705

4.000 50.40 0.225 0.184 51.34 0.468 0.325 53.68 1.053 0.532

4.500 50.26 0.168 0.141 50.90 0.320 0.240 52.16 0.600 0.370

5.000 50.15 0.130 0.113 50.69 0.245 0.194 51.55 0.418 0.283

5.500 50.08 0.105 0.094 50.51 0.190 0.155 51.19 0.314 0.230

6.000 50.00 0.084 0.075 50.40 0.156 0.127 50.98 0.252 0.189

6.500 49.97 0.072 0.065 50.33 0.133 0.112 50.83 0.210 0.167

7.000 49.93 0.062 0.057 50.26 0.113 0.098 50.69 0.175 0.139

7.500 49.90 0.053 0.049 50.22 0.101 0.088 50.62 0.154 0.122

8.000 49.86 0.045 0.043 50.15 0.086 0.074 50.54 0.135 0.114

8.500 49.86 0.042 0.039 50.11 0.076 0.068 50.47 0.119 0.100

9.000 49.82 0.036 0.034 50.08 0.068 0.061 50.40 0.104 0.090

9.500 49.79 0.030 0.029 50.04 0.061 0.056 50.36 0.095 0.080

10.000 49.79 0.029 0.029 50.04 0.058 0.053 50.33 0.086 0.075

The best achievable values for SPR angle, Rmin and FWHM are highlighted in red color. The SPR angle, Rmin and
FWHM values are highlighted in blue color as comparison with the values for the Au(50 nm) - Gr sensor system as
described in [11].

Table 3.
Sμc (sensitivity wrt μc), and FOMμc (figure of merit wrt μc) values with reference to chemical potential for the
sensor structure: Au (30 nm) - MoS2 (3 layers) - Gr, with the urea as sample thickness 10 nm, n = 1.335.

155

Application of Electric Bias to Enhance the Sensitivity of Graphene-Based Surface Plasmon…
DOI: http://dx.doi.org/10.5772/intechopen.106556



Based on its properties, graphene has become a much-preferred material to increase
the sensitivity of SPR sensors. In this work, we present the idea of biasing a multi-
material-graphene sensor surface structure to tune the refractive index of graphene
thereby providing a significant enhancement in sensitivity. In this work, we have
shown that the sensitivity of a Au-MoS2-Gr sensor system can be used to detect urea
of 10 nm thickness sample layer and while the refractive index of the urea changes
from n = 1.332 to 1.335, a change of 3/1000. Application of electrical bias across the
metal-Gr layer structure tends to provide a strong excitation of the surface plasmon,
which results in a very small reflectance at the SPR angle, which facilitates far better
measurement. It should be noted that this increase in sensitivity is in addition to
whatever the sensitivity original unbiased graphene-metal-based sensor structure may
provide. Thus, the fact that the superior and more favorable electrical and electro-
magnetic properties of graphene facilitate the application of electrical bias across it,
resulting in a high sensitivity of the graphene-based SPR biosensor system.
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Abbreviations

SPR Surface Plasmon Resonance
Gr Graphene
Au Gold
Ag Silver
MoS2 Molybdenum disulfide
SiO2 Silicon Dioxide
FWHM Full Width at Half Maximum
FOM Figure of Merit
Sn Sensitivity wrt n - refractive index
Sμc Sensitivity wrt μc (chemical potential (eV))
FOM μc Figure of Merit wrt μc (chemical potential (eV))

Appendix

The data of the SPR curves, SPR Angle, FWHM, and the Rmin are available at: SPR
Data on GitHubhttps://github.com/RPGUNA/InTechOpen.git. More data is available
upon request.
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Chapter 10

Graphene Oxide-Based Membranes 
as Water Separation: Materials, 
Preparation, Characteristics,  
and Applications
Aster Woldu

Abstract

Membrane-based separation technology has attracted great interest in many 
separation fields due to its advantages of easy-operation, energy-efficiency, and easy 
scale-up and environmental friendliness. The development of novel membrane  
materials and membrane structures is an urgent demand to promote membrane-based 
separation technology. Graphene oxide (GO), as an emerging star nano-building 
material, has showed great potential in the membrane-based separation field. In this 
review paper, it is briefly reviewed the preparation and characterization of GO. Then, 
the preparation method, characterization, and type of GO-based membrane are  
summarized. Before that the general concept behind membrane technology is presented.

Keywords: graphene oxide (GO), graphene, graphene-oxide membrane

1. Introduction

Unquestionably; water is the source of life and one of the most important material 
resources for human existence and advancement. Although 71% of the earth’s surface 
is covered with water; approximately 98% of our water is salty and only 2% is fresh. 
Of that 2%, almost 70% is snow and ice, 30% is groundwater and less than 0.5% 
is surface these are freshwater resources that can be directly used by humans, such 
as river water, freshwater lakes, and shallow groundwater [1]. Meaning; there is no 
surplus fresh water in the planet. In addition to this, modernization that demands the 
fast development of industries and increasing human activities, forced many harmful 
inorganic and organic pollutants to be released into water, which extremely jeopar-
dizes the available freshwater resource and ecological environment. Today according 
to the world population clock, the population exceeds 7 billion and will reach 10 
billion by 2050. These all indicates pure drinking water would be a major problem all 
over the world, especially for the developing countries [1].

As a kind of technology which can increase the amount of freshwater, desalination 
of the salty water and treating the polluted water have become a strategic choice to 
solve the crisis of water resources. Currently, the global volume of desalinated water 
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has exceeded 90 million m3/day, alleviating water shortages which have affected over 
200 million people [1, 2]. Reusable water obtained from treating the wastewater is not 
as such considerable [3, 4].

To desalinate water a number of process technologies are used. The mentioned 
techniques are (1) reverse osmosis (RO), distillation, freezing, hydration and solvent 
extraction, etc. or (2) ion exchange, electro-dialysis (ED), adsorption capacitance, 
pressure impregnation and forward osmosis (FO) technology [1–3]. Out of the 
mentioned technologies; three of the processes require the use of semipermeable 
membranes.

Literature indicated membrane technology has become a dignified separation 
technology over the past few decades [2] and from Figure 1 the polymer based 
membrane technology is in the forefront of water purification and desalination, 
owing to its advantages of low energy consumption (as compared to other technol-
ogy, low investment cost, ease of operation and possibility for continuous opera-
tion and inherent simplicity) [3, 5], but is plagued with some bottlenecks like most 
of them tend to foul, have low resistance to chlorine, strong acids/alkaline, high 
temperature and organic solvents, and suffer from aperture shrinkage under high 
pressure [1, 3]. And despite large scale seawater desalination plants have already 
confirmed their much needed success, the widespread implementation of these 
plants is held back due to their high energy costs. One approach to resolve the 
mentioned problems is through enhancing a membrane used in separation process. 
A tremendous amount of effort has been paid to develop new membranes and 
develop novel membrane structures with greater chemical stability, thermal stabil-
ity, water permeability, as well as high selectivity, which in turn yield less energy 
consumption [6–10].

Since 2004; researcher focused on carbon-based materials especially one material- 
graphene. Graphene and its derivative graphene oxide (GO) and carbon nanotubes 

Figure 1. 
Trends in global desalination by (a) number and capacity of total and operational desalination facilities and  
(b) operational capacity by desalination technology (https://www.desaldata.com/).
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(CNTs) have demonstrated notable potential in the field of membrane. The basic 
characters for their suitability are their strong mechanical strength, high resistance 
to strong acids/alkaline and organic solvents, and easy availability. Among them, 
GO selected for evolving nano-building materials for the manufacturing of novel 
separation membrane due to its high mechanical strength, high chemical inertness, 
nearly frictionless surface, its flexibility, suitability for large-scale production and its 
cost-effectiveness [5–10].

In this mini review first an introduction about membrane, graphene and graphene 
oxide (GO) are provided. Then it is tried shortly to discusses points on the prepara-
tion and characterization of GO. Finally the preparation method, characterization, 
and type of GO-based membrane are discussed.

2. Briefing on membrane separation

Membrane separation is a technology in which selectively materials are 
screened out via pores or minute gaps presented in the molecular arrangement of 
membrane structure. Membrane separations are basically classified by pore size 
and by the separation driving force. These classifications are: microfiltration (MF), 
ultrafiltration (UF), ion-exchange (IE), and reverse osmosis (RO), and forward 
osmosis (FO) [11].

Membrane separations are primarily used to separate solids (either particulate 
or in solution) from liquid. The technology also used in effect liquid-liquid sepa-
ration and gas-to-liquid infusion processes. Reverse osmosis (RO), ultra-filters 
(UF), and micro-filters (MF) are membrane technologies that employ pressure 
across the membrane as the driving force for separation (a trans-membrane 
pressure or TMP). Basically UF practical in concentrating and purifying virus, 
bacteria, fermentation broths, colloids, and particles, as well as dissolved high 
molecular weight polymer. Since membrane separations can also be accomplished 
at below ambient temperatures; they are suitable in the manufacture of degradable 
materials such as pharmaceuticals and foods. MF is engaged for separation and 
purification of suspended solids, colloidal particles, and bacteria from liquids and 
it is also used in the screening of particles and bacteria from gases. Non-filtration 
membrane technologies are dialysis and electro dialysis. Dialysis uses concentra-
tion differences as the separating driving force and the electro dialysis uses electric 
potential differences as the separating driving force for the separation. An artificial 
kidney is a specific example of dialysis where blood impurities are effectively 
removed for renal failure patients.

3. Contribution of membrane technology for water treatment

Reverse osmosis (RO), forward osmosis (FO), nanofiltration (NF), ultrafiltration 
(UF), microfiltration (MF), and particle filtration are working in water treatment 
process to treat the raw or wastewater depends on their pore sizes. Figure 2 summarizes 
the various membrane filtration processes related to common materials that would be 
filtered out through each process during water treatment.

Figure 3 illustrates the application of FO and reverse osmosis process for water 
purification of sea water and wastewater.
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Figure 3. 
Examples of application of membrane technology for water treatment. (A) Diagram of an FO-RO system for 
integrated SWRO and wastewater recovery. Water from the wastewater is extracted by osmosis through the FO 
process and dilutes the seawater before entering the RO process. (B) OMBR (osmotic membrane biological reactor) 
system comprising a bioreactor containing submerged FO membranes and an RO unit that re-concentrates the 
draw solution and produces water.

Figure 2. 
Illustration of different membrane filtration spectrum.
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4. Conventional membrane material

Almost all industrial membrane processes are carried by organic membranes made 
up of natural (wool, rubber (polyisoprene)) or synthetic (polyamide, polystyrene 
and poly-tetra-fluoro-ethylene (Teflon) polymers. (http://www.separationprocesses.
com; [6]). Membranes can also be manufactured from other non-polymeric materi-
als. Such membranes materials can be inorganic membranes (like metal, ceramic, 
carbon, and zeolites) and liquid membranes. But their application in water purifica-
tion is not exhibited (http://www.separationprocesses.com).

For purification of water; currently the polymeric membrane governed the 
membrane market including real-world application and academic research due to its 
advantages of energy-efficiency, easy-operation, low-cost, and inherent simplicity. 
However, there are limitations related to the conventional membranes exhibited in 
most practical applications. Most of them tend to foul have low resistance to chlorine, 
strong acids/alkaline, high temperature and organic solvents, high contaminant 
permeation relative to stringent selectivity requirement and suffer from aperture 
shrinkage under high pressure [6]. The strong trade-off relation between membrane 
selectivity and permeability is a common challenge for all of polymeric membranes.

Because of the mentioned limitations the development of novel membrane 
materials is a major research thrust for academia, industry, and national laboratories. 
The desirable membrane properties, which are constantly searched by the researchers 
are good mechanical strength, superior chemical stability, thermal stability, water 
permeability, as well as high selectivity [6].

5. Graphene and graphene-oxide

5.1 Graphene

Since 2004, the Nobel Prize winning material, graphene is taken as one of the most 
wonderful achievements in the field of science and technology [7, 12]. Graphene is an 
atomically-thin (0.35 nm in thickness), it is a two-dimensional sheet with a honey-
comb structure made up of sp2 hybridization carbon atoms which are linked together 
with strong sigma keys [7]. Graphene has unique properties that make it a core of 
scientific research that many of them can be transformed into practical [5, 7–9]. These 
valuable properties includes (1) a highly specific surface area [5, 7], as reported by 
Zhu et al. [13]; specific surface area (SSA) values of carbon materials obtained from 
GO have been well below 2630 m2/g, but the specific surface area of common active 
carbon is only 1500 m2/g [12].

It has also a remarkable elasticity and mechanical strength; atomic force 
microscopy (AFM) measures the performance of freestanding monolayer gra-
phene membrane based on Nano indentations; the result showed it has a break-
ing strength of 42 N·m−1 and a Young's modulus of TPa 1.0. even if graphene 
is an extremely strong material, still an external mechanical load can change 
the electronic properties of graphene thus, it is possible to affect its field emis-
sion performance. Graphene's capability to absorb pressure can also be affected 
by different degrees of axial compression. The varying sizes of buckling stress 
and strain are measured using a cantilever beam. When graphene is used as a 
membrane material, it can provide a stronger support force and adjustable sheet 
spacing. Therefore, the mechanical strength and controllability of the membrane 
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can be improved. Graphene also exhibited excellent molecular barrier abilities and 
superior thermal and electrical conductivity [8–11]. Frequently, graphene and its 
derivatives are used in super capacitor, fuel cells, capacitive deionization, desalina-
tion, and others [13]. Different literature also reported graphene derivatives which 
can be integrated with other materials such as inorganic nanostructures, organic 
crystal, polymers, organic framework, biological materials, and carbon nanotubes 
to improve specific properties of the materials (Yi [11]).

5.2 Graphene-oxide (GO)

The structure of GO similar to graphene but it also contains hydroxyl (–OH), 
alkoxy (C–O–C), carbonyl (C=O), carboxylic acid (–COOH), and other oxygen-
based functional groups. GO has a non-stoichiometric general formula of the type 
CxHyOz. See Figure 4 it is a suitable nanoparticle to improve the hydrophobicity of 
the membrane. The functional groups making it more dispersed in the polymeric 
solution. That means, if it is incorporated in the membranes, it can be improve 
properties for water purification. GO-incorporated membranes consist of a high 
mechanical strength and thermal stability [11]. The GO-incorporated membrane 
can enhance water transport even in low-pressure applications [14].

The most important property of GO nano-sheets is antifouling during opera-
tion due to negative charge and high hydrophobicity [7, 11]. It is believed that the 
GO-incorporated membranes have improved fouling resistance by reducing surface 
roughness and increasing hydrophilicity [7]. The GO-incorporated membrane shows 
high water permeability in various applications such as NF, RO, FO, and PRO pro-
cesses [11]. Although the benefits of GO has been reported many, the material is still 

Figure 4. 
Depicted generic chemical and physical structures of graphene-based materials.
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expensive and is relatively difficult to manufacture at a larger capacity. Therefore, the 
manufacture of the material expected to well develop to decrease the cost and compli-
cation of manufacturing [11, 12].

6. Preparation of graphene oxide

The preparation process of GO essentially comprise two steps: oxidation of graph-
ite and exfoliation of graphite oxide. In literature different methods are reported 
for the preparation of GO [12]. Table 1 summarized different methods used for the 
preparation of GO.

Year Methods’ 
name

Oxidant Acid used Reaction 
time

Note: limitation and 
advantage

Reference

1859 Brodie KClO3 HNO3 3–4 days Time consuming and 
generated toxic gas 
(ClO2), which was 
unsafe and harmful to 
the environment.

Smith et al. [12]

1898 Staudenmaier KClO3 H2SO4, HNO3 1–10 days Improved Brodie’s 
method by adding KClO3 
in multiple aliquots 
during the oxidation 
course and further 
acidifying the mixture 
by adding concentrated 
sulfuric acid (H2SO4)
More practical and 
convenient for the 
production of GO with 
comparable oxidation 
degree
Produced toxic gases 
(ClO2, NOx) and is 
not environmentally 
friendly.

Smith et al. [12]

1937 Hofmann KClO3 H2SO4, HNO3 4 days A modification of 
Brodie’s method, it 
substituted fuming 
HNO3 with non-fuming 
HNO3 during the 
oxidation course
Produced toxic gases 
(ClO2, NOx) and is not 
environmentally friendly

Smith, et al. [12]

1958 Hummers and 
Offeman

KMnO4 NaNO3, 
H2SO4

2 h More efficient and less 
time consuming
Widely used in current 
research
Toxic gas NOx, Mn2+ 
in GO
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7. GO membrane fabrication

The final step in fabricating GO membranes involves integrating GO with the 
support. Different supports are used [11] for this purposes. After selecting the 
support, there are also various routes for this integration step. The vacuum filtration 
shown in Figure 5 is the most applied method [11, 12]. The process involves filtering 
a suspension of GO in a solvent (usually water) through the support structure, with 
the retained GO sheets stacking up on each other and effectively being deposited on 
its surface and forming a thin film on the support. This layering step determines the 
GO membrane performance. Similar to vacuum filtration in principle is drop casting, 

Year Methods’ 
name

Oxidant Acid used Reaction 
time

Note: limitation and 
advantage

Reference

1999 Modified 
Hummers

KMnO4 K2S2O8, P2O5,
H2SO4

This included two 
oxidation procedures. 
Preoxidized the graphite 
in a mixing solution of 
concentrated H2SO4, 
K2S2O8, and P2O5 at 
80°C.
Then the mixture was 
washed and dried at 
ambient temperature. 
After that, the mixture 
was ulteriorly oxidized 
by Hummers’ method
Controlling the 
temperature is major 
factor
NO2, N2O4 generated, 
hazardous heavy metal 
Mn2+ introduced in the 
preparation process

2010 Improved 
Hummers

KMnO4 H2SO4/H3PO4 12 h Hybrid of H2SO4/H3PO4 
with volume ratio of 9:1 
was used as the mixed 
acid
Simpler and higher 
yielding, and generated 
no toxic gas making it 
possible for large-scale 
production of GO.
Hazardous heavy metal 
Mn2+ introduced in the 
preparation process

2015 Iron-based 
green method

K2FeO4 H2SO4 1 h Less time consuming 
(1 h) and enabled the 
recycle of H2SO4, which 
decreased the pollution 
to environment.
Fe3+ in GO

Peng et al. [15]

Table 1. 
Methods for the preparation of GO.
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which deposits GO onto the support via droplets of concentrated solutions. Upon the 
evaporation of the solvent, a layer of GO is left behind [8, 9].

Another technique to form membranes from GO is dip coating, which involves 
dipping the support into a solution of GO where it is coated with a thin film [11]. The 
uses of spray-coating, spin-coating and chemical vapor deposition (CVD) methods 
are also reported to be applied for GO membrane manufacturing [11, 12].

8. Conclusion

Because of many advantage like easy-operation, energy-efficiency, and easy 
scale-up, and environmental friendliness; membrane-based separation technol-
ogy attracted many separation fields. But the membrane fabricated afflicted with 
bottlenecks like- fouling, have low resistance to chlorine, strong acids/alkaline, high 
temperature and organic solvents, and suffer from aperture shrinkage under high 
pressure and high energy cost. One of the methods to resolve the mentioned problems 
is through enhancing a membrane castoff in separation process.

A tremendous amount of effort has been paid to develop new membranes and 
develop novel membrane structures with greater chemical stability, thermal stability, 
water permeability, as well as high selectivity, which in turn yield less energy con-
sumption. Since 2004 researcher focused on carbon-based materials especially one 
material—graphene. Graphene, and its derivative graphene oxide (GO) and carbon 
nanotubes (CNTs). They have been demonstrated notable potential in the field of 
membrane. The basic characters for their suitability are: their strong mechanical 
strength, high resistance to strong acids/alkaline and organic solvents, and easy 
availability. Among them, GO selected for evolving nano-building materials for the 
manufacturing of novel separation membrane due to its high mechanical strength, 
high chemical inertness, nearly frictionless surface, its flexibility, suitability for large-
scale production and its cost-effectiveness.

Figure 5. 
Steps applied to manufacture GO membrane [11].
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The Nobel Prize winning material, graphene is taken as one of the most wonderful 
achievements in the field of science and technology. It is an atomically-thin (0.35 nm 
in thickness), it is a two-dimensional sheet with a honeycomb structure made up of 
sp2 hybridization carbon atoms which are linked together with strong sigma keys.

Preparation of GO from graphene essentially comprise two steps: oxidation of 
graphite and exfoliation of graphite oxide and is carried out by simply six different 
kinds of oxidation process. To get GO membranes it need only a final steps of inte-
grating GO suspension with the support by vacuum filtration, dip coating or interfa-
cial polymerization.
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Chapter 11

Graphene Composite Cutting Tool 
for Conventional Machining
Gaurav Saini, Sarabjeet Singh Sidhu and Simranpreet Singh Gill

Abstract

Cutting is an important process in the manufacturing industry and cutting tool 
is an important element in machining. It is essential to use good quality cutting 
tools in arrange to maintain the quality of a product. To retain the performance 
of cutting tool, various techniques have been utilized like cutting fluid, cutting 
under MQL, coating, multilayer coating, cryoprocessing, different types of surface 
texturing, different types of solid lubricants, etc. All these processes have a great 
impact to enhance the mechanical, thermal, and tribological properties in case of 
conventional machining process. Nowadays composite engineered materials are 
very successful in metal cutting industry due to its wear-related application and 
excellent mechanical and thermal properties. A very few research has been car-
ried out on graphene mixed composite tool material, which has very high demand 
in manufacturing industries, due to its application as a cutting tool material for 
machining of Al, copper, or high strength carbon steel. In the end, challenges in 
the processing of tungsten carbide graphene mixed self-lubricated tool have been 
identified from the literature. In parallel, the latest improvements to enhance 
the properties of tungsten carbide-cobalt cutting tool with graphene mixed are 
reviewed.

Keywords: tungsten carbide, tool life, powder metallurgy, spark plasma sintering, 
graphene nano-powder

1. Introduction

Today, almost every manufacturing industry is focused on improving productiv-
ity and reducing operational cost associated with machining operation [1]. In the 
current machining scenario, this can be achieved by implementing several changes 
such as providing required training to skilled workers, procuring better material, 
and using better quality cutting tools. Cutting tools being the heart of a machining 
system requires attention while selection of its material and other specifications 
such as tool life due to its high cost. The quality of the tools plays an important 
role in the machine-building and energy sectors, and many other industries. They 
need to be characterized by high productivity, wear resistance, and technological 
effectiveness.
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Cutting tools are made of different types of materials such as carbon tool steel, 
high-speed steel, cemented carbide, boron nitride, and diamond tools [2]. All these 
materials have different mechanical and tribological properties, but particularly for 
steel cutting applications, cemented tungsten carbide is a commonly used material 
in the manufacturing industry. Various studies have been made over the generation 
for further improvement of cemented carbide properties to meet the severe cutting 
conditions. Various studies have also reviewed different ways to improve tool life by 
various types of coatings on tungsten carbide–based cutting tools [3]. However, the 
results of these studies vary due to different process parameters and manufacturing 
technology. In general, materials for cutting tools must possess high hardness, suf-
ficient toughness, as well as hot strength in order to withstand high working tempera-
ture during the machining process. Also, hardness is one of the important factors that 
determine the life of tool at extreme temperature conditions. Therefore, high-speed 
steel and cast-cobalt alloys are no longer preferable as cutting tools [4].

Cemented carbides were initially introduced in the 1930s to overcome the chal-
lenge of high cutting speed that was impossible with the high-speed steel tool mate-
rial. Cemented carbide shows high hardness (which is adequately stable over a wide 
range of temperature), high elastic modulus, high thermal conductivity and low 
thermal expansion. It is most widely used in machining, drilling and other related 
applications [5]. The use of tungsten carbide cutting tool is growing faster in metal 
cutting industry. Tungsten cemented carbide typically comprises tungsten carbide 
(WC) particles bonded together in cobalt (Co) matrix. WC-Co properties depend 
upon hard and brittle carbide, while cobalt as a metal binder provides ductility and 
toughness to the composite. Today, hard metal industry is focusing on the advance-
ment of all cutting tools like high-speed steel, cemented carbide, and ceramic to 
obtain better grained composite to maximize hardness while maintaining reasonable 
toughness in order to meet the extreme cutting conditions. As compared to speed 
steel and ceramic, cemented carbide tool has high hardness, high wear resistance, 
good strength, and toughness and retains hardness at high temperature [6].

There are various types of techniques that have been utilized to improve the 
performance of cutting tool like cutting fluid, coating, multilayer coating, cryopro-
cessing, different types of surface texturing, and applied solid lubricants as shown 
in Figure 1. There are many studies that concern the enhancement of properties of 
various cutting tool, but there is no dedicated summarization of composite cutting 
tool works. Hence, the current study summarizes the different work done to improve 
the properties of WC-Co composite utilizing different consolidation and sintering 
techniques.

2. WC-Co-based cutting tool materials

WC-CO has become one of the most common materials for many applications 
requiring high temperature and high wear resistance like cutting tool in manufactur-
ing industry [7]. It also includes machining of cast iron, various non-ferrous metals, 
etc. WC-based composite tool materials normally possess higher hardness, strength, 
thermal conductivity, chipping resistance, and plastic deformation resistance and 
have been universally used in high-speed cutting. These attractive properties gave it 
great potential to be used as high-speed cutting tool materials. But the application 
of WC as cutting tools is severely limited due to low fracture toughness. Cemented 
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Figure 1. 
Various techniques to improve the performance of cutting tool.

Figure 2. 
Tool life depends upon various factors.
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carbides belong to the most common and the longest-used tool materials produced 
by powder metallurgy methods [8, 9]. Sintered carbides are characterized by their 
high strength and abrasion resistance and include one or more high-melting metal 
carbides constituting the basic component together with the metallic binding phase. 
The basic component of cemented carbides is WC, which, depending on the manu-
facturer and group of material applications, can constitute from 50% to 90% by 
weight of the sintered content. Cemented carbides have replaced high-speed steels 
in metalworking and mining. Cemented carbides are metal-ceramic composites that 
consist of hard tungsten, titanium, and tantalum carbide grains located in a ductile 
matrix (binder) based on cobalt or nickel and have a unique combination of high 
hardness, wear-resistance, and toughness [10]. By now, a large number of cemented 
carbide grades have been developed, with diverse combinations of components both 
in the carbide phase and in the binder. Nowadays market distribution of cutting tool 
material has shown that cemented carbide has a dispersion of 53%, high-speed steel 
has a dispersion of 20% [11]. As we know, tool life of cutting tool depends upon vari-
ous factors as shown in Figure 2.

3. Classification of composite cutting tool

Composite is the combination of two main constitutions namely matrix and rein-
forcement with the specific end goal to enhance the properties [12]. In recent years, 
cutting tool industry move from metal cutting tool to composite cutting tool. The 
function of the matrix is to hold the reinforcement particles in position by surrounding 
and supporting them. The reinforcements generally have an impact on mechanical and 
physical properties or any other tailored property enhanced from the matrix material 
[13]. The combination of a wide variety of reinforcement materials for specific effect 
on matrix allows the researchers to choose an optimum combination of materials to 
make a product and also classification of composite material as shown in Figure 3.

3.1 Classification of composites based on matrix material

3.1.1 Metal matrix composite (MMC)

A metal matrix composite is a combination of two or more constituents, of which 
at least one should be a metal, and the other may be a metal, ceramic or organic 

Figure 3. 
Classifications of composite materials.
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compound [14]. Various matrix used in MMC are aluminum, copper, magnesium, 
and iron. Oxides, carbides, and solid lubricants such as graphite and MoS2 are the 
common reinforcements used in MMCs.

3.1.2 Polymer matrix composites (PMC)

Polymer matrix composites are composed of thermoplastic or thermosetting 
plastic as matrix with one or more reinforcements such as glass, steel, carbon and 
natural fibers.

3.1.3 Ceramic matrix composites (CMC)

Ceramic matrix composites uses ceramic material as matrix and fibers embedded 
on the matrix made of other ceramic material Figure 4.

3.2 Advantages of MMC over metals

1. Lighter density and better mechanical properties with an increase in strength per 
unit weight

2. Better dimensional stability during sintering

3. Better creep resistance with higher-temperature withstanding capabilities

3.3 Advantages of MMC over PMC

1. Can service better at high-temperature environments.

2. Electrical and thermal conductivity is higher compared to PMC.

3. It can transfer the load better in transverse direction, by which better  
properties in transverse direction are achievable and have better joining  
characteristics.

4. Survives better when subjected to radiation such as nuclear, laser, and UV.

5. Improved fatigue resistance.

Figure 4. 
Classification of composite cutting tool.
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4. Graphene as a reinforcement

Since 2004, graphene is treated as one of the most wonderful achievements in the 
field of science and technology Graphene is an attractive alternative to other carbon 
nanofillers (CNT, CNF, etc.). From the mechanical point of view surface engineering 
is also meant to be considered an attractive instrument for tribological challenges, 
several solutions involving chemical, structural and morphological modification by 
means of adding graphene on surface topography, can be adopted with the aim of 
improving performances, reducing friction and wear, and/or increasing hardness and 
toughness [15]. Latest trend has shown that texturing the surfaces of cutting tools can 
have a beneficial influence on the tribological properties when cutting different types 
of materials [16]. Moreover, surface textures can act as reservoirs for cutting fluid and 
increase the fluid’s retention on the tool surface leading to enhanced lubrication and 
cooling. Surface texturing includes modifications of exterior geography, making a 
uniform smaller scale help with consistently formed severities or depressions. Latest 
research has considered an advancement of small-scale dimples for automobile por-
tions including bearing and cylinder rings. This examination highlighted the signifi-
cance of different examples and its impact on decreasing the friction coefficient [17].

Graphene is a novel material in today’s scientific world and possesses some 
excellent properties, such as large specific area, two-dimensional high aspect ratio 
sheet geometry, and outstanding mechanical, electrical, and thermal properties [18]. 
The hexagonal crystalline single layer of graphite (the simplest form and one of the 
most important crystalline allotropes of carbon atoms having a C∙C bond distance 
of 0.142 nm) has received massive attention in the field of sensors, bio-medicals, 
composite materials and microelectronics. Thus, graphene is the strongest and best 
conductive material [19]. Graphene platelets or multi-layer graphene has been used 
as toughening additives to enhance the mechanical properties of various cutting 
tool materials [20]. Graphene and carbon nanotubes have attracted much atten-
tion in recent years due to their extremely high thermal conductivity, strength and 
exceptional tribological behavior. Graphene possesses similar mechanical properties 
as CNTs but has superior electrical and thermal properties, and a larger surface area 
(2620 m2/g) [21] because of its 2-dimensional crystal structure. High strength, high 
thermal properties, and tribological behavior make graphene a good candidate as a 
reinforcement material for MMCs. Still, study of WC-Co-based cutting tool material 
made by graphene powder is quite a few Table 1.

5. Fabrications methods

The development of fabrication processes for the production of high-performance 
composites has been reported in many research studies [22]. Figure 5 illustrates 
various fabrication techniques that were in use for the last few years. The following 
methods are most common for fabrication of the MMCs at large-scale industrial level. 

Density Melting point Young’s modulus Coefficient of friction Thermal conductivity

2.0 g/cm3 4237 °C 1034 GPa 0.03 More than 3000 W/mK

Table 1. 
The properties of multilayer graphene used as reinforcement.
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In the past decade, there has been a research done on the fabrication of MMCs with 
the different proportions of reinforcement for obtaining the required properties.

Liquid-state processing is defined as the incorporation of reinforcement in the 
matrix in molten form to prepare metal matrix composite. The various advantages of 
liquid-state processing are:

• Faster processing rate, especially when dealing with low melting point alloys 
of aluminum and magnesium. It can also produce near net shape of the final 
component in a single step.

Liquid-state processing of metal matrix composites involves incorporating or 
combining a liquid metal matrix with the reinforcement. The most common liquid-
phase processing techniques can be subdivided into four major categories:

• Casting or liquid infiltration

• Squeeze casting or pressure infiltration

• Spray co-deposition

• Infiltration

Solid-state processing is preferred because of the following drawbacks in the 
liquid-state processing:

• Distribution of reinforcement is difficult to control.

• Achievement of uniform microstructure is difficult.

The most common solid-phase processes are based on powder metallurgy tech-
niques, which generally use discontinuous reinforcements such as flakes/particulates/

Figure 5. 
Different fabrication method of composite cutting tool.
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short fibers, since it is easy to do the mixing and blend with it and much more effec-
tive to reduce the porosity [23]. During the process, the ceramic and metal powders 
are mixed, are statically cold compacted, sintered, and hot pressed to get higher 
densification or it may be mixed and blended followed by direct hot isostatic pressing 
to achieve the full density. Further secondary processing such as extrusion, forging 
etc., might be required to achieve the final shape of the component.

In-situ processing involves chemical reactions that result in the creation of a 
reinforcing phase within a metal matrix. The reinforcements can be formed from the 
precipitation in liquid or solid. This method provides thermodynamic compatibility 
at the matrix reinforcement interface. The reinforcement surfaces are also likely to 
be free of contamination and, therefore, a stronger matrix-dispersion bond can be 
achieved. Different researchers reported the benefits of using these techniques such 
as lower processing time, temperature as well as the capabilities of producing near net 
shape, high densification rate and less energy required.

6.  Previous work on fabrication of tungsten carbide-cobalt-based 
composite

In the literature, various methods have been introduced such as coating, MQL, 
cryogenics, microwave heating, and high-pressure coolant cutting to improve the 
performance of various cutting tools.

Arshi [24] have studied to improve surface roughness, tool life and production 
rate of materials by using a protective covering of titanium nitride (TiN) over steel 
tools. They have obtained satisfactory results. Huang et al. [25] manufactured WC 
powder was prepared by the SPS process at 1873K, 8 min, 60 MPa pressure without 
the addition of any binder phase. Results obtained that binderless WC sintered at 
1773 K for 4 min showed almost full densification with a relative density of 99.6% and 
higher Vickers hardness up to 2600 HV, compare to conventional WC-Co cemented 
carbides. Yuchi et al. [26] investigated fully dense GNS/Al2O3 composites fabricated 
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from ball-milled and then expanded in a graphite die by using SPS. The result 
showed that conductivity increased when composite has 15% GNSs volume which 
was 170% higher than CNT/Al2O3 composites. Virendra et al. [27] studied graphene-
based materials’ impact on electronic devices, chemical sensors, nano-composites 
and energy storage. Various synthesis processes of single-layer graphene, graphene 
nano-ribbons, chemically derived graphene, and graphene-based polymer and nano-
particle composites are reviewed. Prashantha et al. [28] have shown that graphene has 
noble mechanical properties, which makes it good alternative reinforcement in metal 
matrix composite. He has also focused on various dispersion methods, mechanisms of 
strengthening, composites synthesized using graphene, and their applications.

Meanwhile Bashirvand and Montazeri [29] made metal-based composite sup-
ported with carbon nanofiller such as graphene sheets and carbon nanotubes (CNTs) 
were proposed to join the properties of metals. These nanofillers have prompted 
novel materials for different applications. The outcomes showed that under the 
same conditions, graphene sheets performed altogether better compared to CNTs 
to improve thermo-mechanical. Dongguo et al. [30] manufactured a cutting tool by 
powder injection molding (PIM) technology using 90WC-10Co alloy. The cutting 
tool obtained after this technology achieved a density of 95% of theoretical density 
and dimension accuracy achieved was 98%. T. Wejrzanowski et al. [31] introduced 
the advantages and limitations of applications of single-layer graphene (SLG) and 
multi-layer (MLG) graphene for thermal conductivity enhancement (TCE) of copper 
and showed that the volume fraction of multi-layer graphene, their size, distribution 
and orientation may significantly affect the thermal conductivity of metal matrix 
composites. Das et al. [32] studied that graphene attracts particular interest due to 
its novel properties like high thermal conductivity, high mechanical strength and 
self-lubricating properties etc. Ali Nasser et al. [7] used another methodology for 
stabilizing a predesigned Co gradient in the microstructure of nano-WC-Co thinning 
structure via graphene additions is presented. For this purpose, laminated specimens 
of green WC-Co functionally graded material, having three layers structured, with 
and without graphene additions in the intermediate layer were sintered at solid and 
liquid sintering temperatures of 1290 and 1400°C, respectively, using the hot isostatic 
pressing technique (HIP).

Grasso et al. [33] demonstrated the densification of high-purity nano-structured 
tungsten carbide by High-Pressure Spark Plasma Sintering (HPSPS) in the unusually 
low-temperature range of 1200–1400°C. The high-pressure sintering up to 300 MPa 
produced dense material at a temperature as low as 1400°C. In comparison with more 
conventional sintering techniques, such as SPS (80 MPa) or hot isostatic pressing, 
HPSPS lowered the temperature required for full densification by 400–500°C. Bódis 
et al. [34] prepared silicon carbide (SiC) ceramics that have superior properties in 
terms of wear, corrosion, oxidation, thermal shock resistance, and high-temperature 
mechanical behavior, as well. In this work, SiC-based ceramics mixed with 1 wt% 
and 3 wt% multilayer graphene (MLG), were fabricated by solid-state spark plasma 
sintering (SPS) at different temperatures. It was found that MLG improved the 
mechanical properties of SiC-based composites due to the formation of a special 
microstructure. In other addition of 3 wt% MLG to SiC matrix increased the Vickers 
hardness and Young’s modulus of composite, even at a sintering temperature of 
1700°C. Suna et al. [35] investigated mechanical and tribological properties of 
functionally graded multilayer graphene (MLG)-reinforced WC-TiC-Al2O3 ceramics 
prepared to employ two-step sintering (TSS) are determined in this paper. Results 
showed that MLG can act as not only an outstanding reinforcement phase but also 
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act as self-lubricant phase. As result demonstrated that 0.1wt% of MLG/WC-TiC-
Al2O3 ceramics exhibit 53.3% enhancement in fracture toughness, 73.8% decrement 
in friction coefficient, 82.65% improvement in wear resistance in comparison with 
monolithic ceramics. The study of Gorti et al. [36] revealed that graphene as rein-
forcement could be applied in cemented carbides. WC powder with 6% cobalt (Co) 
and graphene (0.2%) in the form of graphene nanoplatelets (GPLs) was set up by 
high energy rate ball milling and ultra-sonification. After that mixture was sintered 
by utilizing spark plasma sintering at 1250°C for 10 min. Results found that spark 
plasma sintering of graphene reinforced WC-Co composite resulted in a significant 
increase in toughness. It gave higher hardness (400 Hv) and it makes the grain size 
conveyance smaller. From different studies, it is clear that the reaction of graphene is 
limited in spark plasma sintering (SPS) as compared to Hot isostatic processing (HIP) 
and Graphene goes about protective coating against oxidation.

Karthikeyan et al. [37] studied the effect of laser surface textured tungsten carbide 
(WC-Co) insert and filled with graphite, which helps in reducing chip adhesion 
during machining of aluminum AA2025 studied and the following conclusions were 
carried out. A tribological test was carried out to investigate the frictional behavior of 
untextured, textured and textured inserts filled with graphite powder. The outcome 
clearly showed that the coefficient of friction between work material and textured 
graphite filled inserts reduced approximately by 12% and 90%, respectively, when 
compared with untextured and textured inserts. Singh [38] proposed the near rake 
face cutting edge of carbide turning insert were polished and used graphene as a 
potential solid lubricant was applied. It was found that cutting forces and coefficient 
of friction at tool-chip interface diminished significantly while turning with inserts 
applied with graphene. It was also clear that the effect of graphene on tool-chip inter-
face significantly decreased to almost negligible when main cutting force increased 
beyond 60N. Hence more sincere research and development efforts are required to 
make its use sustainable in machining as a solid lubricant.

Durwesh et al. [39] aimed to move toward good product quality and better 
productivity. We know that adverse machining conditions result in fast tool wear, a 
decrease in surface finish, and an increase in cutting forces. Results demonstrate that 
microwave-irradiated tool inserts perform better during machining of AISI 1040 
steel when contrasted with uncoated inserts. The result indicated that 30.2% increase 
in tool hardness was observed in 30-min microwave-treated insert and tool wear 
was reduced by 25–35%. Chen et al. [40] presented the effect graphene and carbon 
nanotubes were blended with WC-Co powder and sintered by spark plasma sintering 
technique (SPS). The outcomes showed that adding a small amount of graphene or 
carbon nanotubes helped to increase the bending strength of the cemented carbide 
by approximately 50% while keeping the hardness of the cemented carbide constant 
& thermal conductivity of the cemented carbide has also increased by 10% with the 
addition of 0.12 wt% graphene [41]. Virendra Singh et al. [42] described that higher 
mechanical properties (elastic modulus and tensile strength) of graphene sheets have 
attracted the attention of researchers. Vandana et al. [43] investigated and talked 
about the addition of graphene to Al2O3 ceramic matrix and its effect on different 
mechanical properties of resulting alumina-graphene (Al-G) composite tool material. 
The wt% of graphene varied from 0.15 to 0.65 with an interval of 0.1%. The result 
showed that composite with 0.45 wt% of graphene yielded the maximum hardness 
and fracture toughness. Lagos et al. [44] introduced the changes in densification 
behavior and mechanical properties of Ti3SiC2 composites containing 0–40 volume %  
of short carbon fibers densified by Spark Plasma Sintering Technique (SPS). It was 
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feasible to obtain fully densified composites up to 20 volume % of carbon fibers and 
more than 90% of the theoretical density with the 40 volume % of fibers.

Zhenhua et al. [45] examined ultrafine-grained WC-12Co-0.2VC cemented 
carbides prepared by using two-step spark plasma sintering (SPS) technique. Thus, 
the first-step (T1) and the second-step (T2) temperatures in the two-step SPS are 
1300°C and 1200°C, respectively. He has talked about the effect of the holding time 
during the first and second steps on the mechanical properties of the specimen. The 
results showed that the UYG12V cemented carbide sintered at 1300°C for 3 min and 
then at 1200°C for 5 min has the best extensive mechanical properties, Vickers hard-
ness, fracture toughness, relative density, and bending strength of 218.06 GPa, 12.25 
MPa m1/2, 99.49%, and 1960 MPa, respectively. Xuchao et al. [46] chose graphene 
as reinforcement in Al2O3-WC-TiC composite ceramic tool materials by hot pressing 
technique. The optimal flexural strength, Vickers hardness, and indentation fracture 
toughness were 646.31 ± 20.78 MPa, 24.64 ± 0.42 GPa, 9.42 ± 0.40 MPa m1/2, respec-
tively, at 0.5 volume % of graphene content, which was significantly improved com-
pared to ceramic tool material without graphene. Yuchi et al. [47] studied to obtain 
fully dense GNS/Al2O3 composites have been fabricated from ball-milled graphite and 
Al2O3 by spark plasma sintering (SPS). The GNSs after ball processing are 2.5–20 nm  
in thickness and homogeneously dispersed in the ceramic matrix. The conductivity 
achieves 5709 S/m when composite has 15% volume GNS, which was 170% higher 
contrasted with the best outcome recently announced in CNT/Al2O3 composites. 
Yanju et al. [48] created ultrafine cemented carbides were set up by microwave 
 sintering technique using WC-V8C7-Cr3C2-Co nano-composites as a raw material. 
The outcomes showed that the ultrafine solidified carbides arranged at 1300°C for  
60 min have better mechanical properties. The relative density, Vickers hardness, and 
fracture toughness of the composite reach the maximum values of 99.79%, 1842 kg/mm2  
and 12.6 MPa m1/2 respectively.

After studied the above literature it has observed that cutting tool made with 
different type of reinforcements at different manufacturing condition play a very 
important role on the performance of composite cutting tool. Different composite 
like GNS/Al2O3, CNT/Al2O3, SiC-MLG, WC-TiC-Al2O3, WC-CO-GPLs, Al-Gr, and 
Al2O3-WC-TiC have prepared by different consolidation techniques and they reported 
a beneficial influence of all these reinforcement in mechanical, densification, and 
thermal properties. Further, more research investigation will also be carried in future 
to enhance the properties, promoting the application and commercialization of 
improved cutting tool bit for conventional machining.

7. Processing challenges

There are different parameters that have their roles in determining the final 
properties of composites, e.g., starting powder size selection, morphology of starting 
powders, choosing the appropriate volume fractions, various processing techniques, 
consolidation techniques, and sintering. All the above-mentioned properties play 
very important roles in fabricating cutting tool, but temperature, holding time, and 
pressure have major roles in spark plasma sintering technique to fabricate composite 
cutting tool. Table 2 showed the study of various composite cutting tool with differ-
ent percentage of graphene at different temperature, holding time, and pressure, and 
their effect on microstructure, densification, physical, mechanical properties, and 
thermal conductivity have been reviewed.
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Graphene, due to its unique combination of electrical, mechanical and thermal 
properties can greatly improve simultaneously properties of obtained composites. 
Addition of graphene seems a new idea is to obtain self-lubricating carbide cutting 
tool materials with the addition of various graphene reinforcements.

8. Conclusions

This paper gives a state of art and recent development toward various techniques 
to extend the lifetime of cutting tool and to improve the mechanical and tribological 
properties of the material. Various study revealed that graphene attracts particular 
interests in latest for cutting tool development due to its unique properties like high 
temperature operations, high mechanical strength, high thermal conductivity, and 
its self-lubricating properties. Previous studied has also showed that properties and 
microstructure of the composite depend upon strongly SPS conditions. Mostly, 
graphite is used as solid lubricant to improve the efficiency of various carbide 
tool materials; however, the study of multilayer graphene to make carbide tools as 
self-lubricant was relatively few. Results showed that MLG can act as not only an 
exceptional reinforcement phase but also act as superior self-lubricant phase. Very 
few Investigations have done on Graphite as reinforcement. Since not much research 
was done on machining and tribological analysis of fabricate cutting tool insert so 
far, there are lot of aspects which require improvement. More work should be done to 
obtain composites with higher homogeneity, which will result in fabricating samples 
with even better mechanical properties and higher density. Spark Plasma Sintering 
process seems good method for sintering powders where no degradation to graphene 
is required. It is strongly recommended that more in-depth studies will be carried 
out with regard to the preparation of composite, which leads to better mechanical 
parameters for obtained composites, comparable with commercial insert.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 12

Graphene Oxide Based on Biomass 
Waste: Synthesis and Applications
Ramli Ramli and Rahmat Hidayat

Abstract

Graphene oxide is a two-dimensional material formed from oxidized graphite, with 
oxygen (O) functional groups decorating the sp2 plane of carbon (C). Graphene oxide 
can be obtained by exfoliating the graphite oxide (oxidized three-dimensional carbon-
based material) into the layered sheets by sonication or mechanical stirring. Graphene 
oxide contains various reactive oxygen functional groups, which make it to be a good 
candidate as a foundation in many applications, such as polymer composites, materials 
for energy conversion, environmental applications, sensors, FET transistors, and pho-
tonic applications, due to its excellent electrical, mechanical, and thermal properties. The 
widely used technique to synthesize graphene oxide is the modified Hummer’s method 
because of its simple process, low cost, and high yield. In this chapter, we report the prog-
ress of graphene oxide synthesis using graphite from activated carbon gathered from bio-
mass waste as the source instead of commercial graphite. The chapter covers the synthesis 
of biomass waste-based graphene oxide and future perspective applications of graphene 
oxide. Scientific reports about biomass waste-based graphene oxide synthesis and recent 
applications of graphene oxide will be discussed. The main motivation for writing this 
chapter is to bring to the horizon the utilization of biomass waste as an alternative carbon 
source for the green, low-cost, and sustainable production of graphene oxide.

Keywords: biomass waste, activated carbon, graphene oxide, Hummer’s method

1. Introduction

Graphene oxide (GO) is a sheet of graphite oxide obtained by exfoliating graphite 
oxide into a layered sheet that contains only one or a few layers of carbon atoms 
through sonication or mechanical stirring [1]. GO can be reduced partially to gra-
phene-like sheets by removing oxygen-containing groups through the restoration of 
conjugated structure referred to as reduced GO (rGO). These rGO sheets are usually 
considered to be one type of chemically derived graphene that has similar properties 
to pure graphene. Graphene and GO are very different, where graphene consists only 
of sp2 hybridized carbon atoms, while GO has a carbon structure that is decorated by 
various oxygen functional groups.

The study of GO was reported in 1859 when the English chemist Brodie named 
it graphite acid or graphite oxide [2], which was prepared by chemical treatment of 
graphite with potassium chlorate (KClO3) and nitric acid (HNO3). After the graphite 
oxide has been prepared, GO can be obtained by exfoliating the graphite oxide into 
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monolayer sheets through various thermal and mechanical methods [3]. At present, 
the single-atom carbon layer of graphite oxide is considered graphene oxide (GO).

GO can be produced using inexpensive graphite by applying cost-effective 
chemical methods with simple processes and high yields. Furthermore, GO is highly 
hydrophilic and can form stable aqueous colloids to facilitate the assembly of mac-
roscopic structures by a simple and low-cost solution process [4]. The conventional 
way to convert graphite oxide into GO is carried out by mechanically exfoliating the 
graphite oxide, by sonication of graphite oxide in water or a polar organic medium 
into completely exfoliated GO flakes [5]. In addition, through mechanical stirring of 
graphite oxide in water, graphite oxide can also be well exfoliated into GO [6]. The 
sonication and mechanical stirring methods can be combined together to exfoliate the 
graphite oxide producing a better efficiency than the individual methods separately.

It has been reported that there are four methods to synthesize GO including the 
Brodie method [2], Staudenmaier [7], Hummer and their modifications [8, 9], and 
Tour method [10]. Nowadays, the synthesis of GO by the modified Hummer’s method 
has become the most common technique for its production. In the modified Hummer 
method, graphite is served as the main precursor for GO synthesis.

Graphite is classified into natural graphite and synthetic graphite which can 
be produced by heating the hydrocarbon precursors at very high temperatures. 
Meanwhile, the combustion of biomass waste produces charcoal which consists of a 
mixture of hydrocarbons that could be applied as graphite precursors using graphiti-
zation process in a lower temperature.

GO contains various reactive oxygen functional groups, which makes it a good 
candidate for use in many applications, such as polymer composites, materials for 
energy conversion and environmental applications [11], sensors, FET transistors, as 
well as biomedical applications, due to its excellent electrical, mechanical and thermal 
properties [12]. In this chapter, the synthesis of biomass waste-based graphene oxide 
and the application of GO in electronics, optics, optoelectronics, as well as energy 
conversion and storage will be discussed.

2. Synthesis of graphene oxide from biomass waste

Natural graphite and synthetic graphite have several constraints as the precursors in 
the production of GO, where the natural sources of graphite are limited in some coun-
tries and the production process of synthetic graphite requires extremely high tempera-
tures (≥2500°C) and demands utmostly high cost [13]. Meanwhile, biomass waste has 
been widely recommended as a potential precursor material for carbon-based synthesis 
due to its environmental-friendly characteristic, lower temperature process, abundant 
availability, geographically wide spreading, and lower cost requirements compared to 
conventional graphite. Several recent studies have suggested biomass as a very appropri-
ate alternative starting material for preparing valuable carbonaceous materials [14–16].

The following section describes the synthesis of GO conducted by the authors by 
modifying Hummer’s method with activated carbon precursors from oil palm empty 
fruit bunches (OPEFB), rice husks, and coconut shells.

2.1 The synthesis of GO from oil palm empty fruit bunches (OPEFB)

Graphene oxide synthesis from OPEFB was started out by drying the collected 
empty fruit bunches for 2 days under the sunlight to reduce the water content. 
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Subsequently, the raw material is then chopped into small pieces and put into various 
50, 60, 100, and 125 ml evaporating dishes and let dry in the oven for 60 min at 100°C to 
completely remove water content existing in empty fruit bunches. The raw material the 
heated in the furnace for 30 min at various temperature of 250, 300, 350, and 400°C, to 
convert the empty bunches into charcoal. Furthermore, the charcoal is crushed using a 
mortar and pestle to produce charcoal powder and sieved with a 270 mesh filter.

The carbon activation was carried out by adding the charcoal powder into 50 ml 
NaOH solution and left the mixture for 24 h. The solution was dried using oven at 
105°C for 3 h to obtain the activated carbon sample. Figure 1 shows XRD pattern of 
the sample where the diffraction peaks (002) and (100) presents at 2θ = 29 degree 
and 2θ = 46 degree indicate the sample could be considered as graphite. The obtained 
sample was used as a graphene oxide precursor using the modified Hummer’s method.

The synthesis of graphene oxide was carried out by mixing 1.5 g of activated 
charcoal from OPEFB, 0.75 g of NaNO3, and 34.5 ml of H2SO4 in an Erlenmeyer 
and stirring the mixture using a magnetic stirrer with 250 rpm at a temperature of 
0–5°C for 20 min. The Erlenmeyer was subsequently put into an ice bath to reduce 
the temperature and keep stirring for 2 h. KMnO4 powder was slowly added to 
the mixture to avoid rapid increase in temperature and explosion. Since 4.5 g of 
KMnO4 was successfully added, Erlenmeyer was removed from ice bath and stirring 
temperature was set into 35°C for 30 min. The process was carried out until the 
mixture shows a milk chocolate color. Furthermore, 69 ml of distilled water was 
slowly poured into the mixture using a dropper and kept stirring for 20 min until 
the solution color turned dark brown with the appearance of bubbles. The oxida-
tion process was terminated by adding 100 ml of distilled water followed by 1.5 ml 
of H2O2 which was indicated by yellow color of the solution. Finally, the solution 
was diluted by adding 50 ml of distilled water and the graphite oxide sample was 
gathered. Then, the sample GO was sonicated to peel the graphite oxide into layered 
graphene oxide. The sample was neutralized by distilled water and centrifuged to 
separate the precipitate and solvent. The separated precipitate was graphene oxide 
sample that subsequently dried in the oven to completely remove the water content. 
The GO sample was confirmed by the characterization instrument. Figure 2 shows 

Figure 1. 
XRD pattern of activated carbon from (OPEFB).
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XRD pattern of OPEFB-based GO. Diffraction peak of the sample appears at angle 
2θ = 26–29° that indicates the structure of graphene oxide.

2.2 The synthesis of GO from rice husk

Rice husk-based GO synthesis began by cleaning the rice husk waste and followed 
by drying process under sunlight for 3 days. Further drying process was carried out 
using oven at 105°C for 2.5 h to remove the water and moisture properly. Carbonization 
process was performed using the furnace for 15 min to produce biocarbon. Various 
carbonization temperature (250, 300, and 350°C) were used to analyzed the resulted 
product. Resulted biocarbon was filtered using 140-mesh and 170-mesh sieves to 
produce uniform particles with a size of 88–106 μm and prepared as the precursor of 
synthesis process. Modified Hummers method was applied to fabricate rice husk-based 
graphene oxide. The process was started by mixing 1 g of as prepared rice husk-based 
biocarbon, 23 ml sulfuric acid (H2SO4), and various masses of sodium nitrate (NaNO3) 
in the ice bath and stirred at a speed of 600 rpm for 2.5 h. Various mass of NaNO3 (0, 
0.5, 1, and 2 g) were used. Potassium Permanganate (KMnO4) with mass of 3 g was 
slowly add into the mixture by keeping the temperature under 20°C to prevent explo-
sion and stirred for 30 min. After KMnO4 was completely added, the reaction tempera-
ture was raised to 35°C by removing the ice bath and setting the hotplate temperature 
and stirring process was carried out for 30 min. The mixture was then diluted by slowly 
adding 46 ml of distilled water and keeping the temperature at 95–99°C and stirring 
for 30 min. After the oxidation had taken place, diluted Hydrogen peroxide (H2O2) 3% 
was added to stop the oxidation process and remove the manganese and permanganate 
residuals. The oxidation process produced rice husk-based graphite oxide and subse-
quently, the product was exfoliated to produce rice husk-graphene oxide The solution 
was set in the Ultrasonic device to perform sonication process. Washing process was 
performed to neutralize the solution using distilled water and centrifuge for  several 

Figure 2. 
XRD diffraction pattern of graphene oxide from oil palm empty fruit bunches for carbonization temperature 
(a) 300 °C, (b) 350 °C, and (c) 400 °C.
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cycles. When the neutral phase was gathered, the precipitate and liquid were separated. 
As gathered precipitate was dried in the oven at the temperature of 100°C for 15 min 
and the rice-husk-based graphene oxide sample was obtained.

The XRD pattern of rice husk-based GO is presented in Figure 3. All the variations 
measured have a fairly identical pattern where the diffraction peak appears at the angle 
of 2θ = 10° with an interplanar distance of 8.8 Å, at the reflection plane (001), and at 
the angle of 2θ = 44° with an interplanar distance of 2.1 Å, at the reflection plane (100). 
These characteristics confirmed the formation of graphene oxide. The diffraction peak 
at about 2θ = 22° indicates the graphene oxide is not completely bound to oxygen atoms. 
The diffraction peak at 2θ = 10° indicates the distance between the GO layers, while the 
diffraction peak around 2θ = 44° indicates the short arrangement of the stack layers GO.

The peak between 26° and 44° indicates the presence of an amorphous solid 
structure that was formed from natural materials. The change in the peak position 
was influenced by contained oxygen functional groups, which had oxidized graphite 
to form GO. This result is in accordance with previous researcher’s report that the 
XRD peak of GO nanoparticles from agricultural waste carbonization appears at the 
angle of 2θ = 26.6° and 2θ = 44°.

2.3 The synthesis of GO from coconut shells

The synthesis process as began by cleaning the coconut shells and drying under 
the sunlight for 3 days. Dried coconut shell then was cut into small pieces and heated 
at 100°C for 60 min to completely remove water and moisture content. Carbonization 

Figure 3. 
XRD diffraction pattern of graphene oxide from rice husk waste for carbonization temperature (a) 250 °C, 
(b) 300 °C, and (c) 350 °C.
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process of coconut shell was performed using a furnace for 2 h with temperature 
variations of 250, 300, 350, 400, and 450°C. As gathered coconut shell charcoal was 
ground and sieved with 125 mesh filter to produce charcoal powder. Subsequently, the 
charcoal was activated using NaOH solution.

Modified Hummer’s method was applied to synthesized coconut shell-based GO. 
Activated carbon powder from coconut shell with mass of 1.5 g was mixed with 0.75 g 
Sodium nitrate (NaNO3) and 34.5 ml of Sulfuric acid (H2SO4 98%) an Erlenmeyer 
and stirred for 20 min at a temperature of 0–5°C at a constant speed of 250 rpm. The 
Erlenmeyer was then put in an ice bath and 4.5 g KMnO4 powder was slowly added by 
considering the temperature of mixture was below 20°C. The Erlenmeyer was removed 
from the ice bath and the temperature was increased into 35°C and stirred for 30 min 
to let the oxidation process take place. Distilled water was added to dilute the mixture 
by volume of 69 ml and stirring process was continued for 20 min and kept the tem-
perature below 50°C. The mixture showed dark brown color with bubbles. In order to 
terminate the oxidation process 100 ml of deionized water was added and followed by 
1.5 ml of 30% H2O2. The appearance of the mixture turned into yellowish color. The 
mixture was sonicated for 2 h to exfoliate the graphite oxide into GO followed by wash-
ing process using distilled water. The solution was precipitated for 1 day until a liquid 
and solid phases were formed. Separation of the solid and liquid was carried out using 
a centrifuge at 4000 rpm for 15 min and followed by GO neutralization. After neutral 
pH was obtained, GO was dried in the oven at a temperature of 60°C for 12 h.

The coconut shell-based GO sample was measured by XRD characterization that 
presented in Figure 4. Diffraction peak of the sample appears at angle 2θ = 26 and 
2θ = 29 degree that signifies the structure of graphene oxide.

Figure 4. 
XRD diffraction pattern of graphene oxide from coconut shell for carbonization temperature (a) 250 °C,  
(b) 300 °C, (c) 350 °C, (d) 400 °C, and (e) 450 °C.
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3. Recent application of graphene oxide

Some recent applications of graphene oxide have been found in various devices 
and prototypes. In the following section, several recent applications of graphene 
oxide will be described.

3.1 Lithium-ion batteries (LIBs) electrodes

The most widely used power storage in daily gadgets was dominated by a lithium-ion 
battery which uses graphite material as anode and lithium-based metal oxide as the 
cathode. GO plays the role in increasing the performance of LIBs by modification 
of both cathode and anode. GO was added in the fabrication of cathode to modify 
the property of prior material. The application of GO as additional material in LIBs 
cathode was found in the manufacture of LiMnPO4 nano-sized cathodes which has 
been successfully carried out using the solvothermal method. The role of GO in this 
synthesis is to cut down the LiMnPO4 particle size providing a large surface area, and 
a short diffusion pathway leading to better performance of a lithium battery. The Mn2+ 
ion coordinates with the oxygen functional group on the GO surface to form a small-
sized nucleation site of LiMnPO4. The particle size of LiMnPO4 is inversely propor-
tional to the ratio of GO concentration and precursor solution [17]. The presence of 
LiMnPO4 on the graphene oxide sheet which is further reduced to reduced GO (rGO) 
allows a fast electron transfer process between the active material and the collector 
and accommodates the expansion and contraction of the LiMnPO4 volume during the 
charging and discharging process [18, 19]. In addition, GO is also used in the synthesis 
of LiMn0.6Fe0.4PO4 and V3O7.H2O nanorods as the cathode of LIBs. The main role of GO 
in the synthesis of LIB cathodes is to reduce the particle size so that it reaches nano-size 
and then GO is reduced using the hydro−/solvothermal method. Apart from being a 
size reducer, GO is also used to coat cathode materials so as to improve battery perfor-
mance as found in Vanadium Oxide, LiFePO4, LiNi0.5Co0.2Mn0.3O3 coatings [20, 21].

GO has also been applied intensively in the manufacture of Libs battery anodes. 
Although GO plays dominantly as an assistant material in the synthesis process, the virtue 
of GO properties in the anode manufacturing process cannot be neglected. For example, 
GO was used in the fabrication of GO-assisted SnO2-based anodes in appearance of 
nanoparticles, quantum dots, spheres and nanorods to improve performance [22–25].

3.2 Lithium sulfur batteries electrodes

The nature of GO which has a high surface area and is rich in oxygen functional 
groups has been utilized in the manufacture of lithium sulfur battery cathodes. The use 
of sulfur in battery construction is in consideration of cheap, abundant and non-toxic 
properties. Unfortunately, Sulfur has some lacks in their property such as low electrical 
conductivity, and the presence of side products during the charge-discharge process 
creating obstacles in the use of sulfur in batteries. The aim of GO application in the 
manufacture of Li-S battery cathodes is to accommodate and inhibit S decomposing 
Li-Polysulfides and to increase the electrochemical stability of Li-S batteries. GO/S 
nanocomposites can be synthesized by electrostatic self-assembly method. The nega-
tively charged GO sheet is coated on the positively charged S surface [26–28]. The GO/S 
composite cathode has a capacity of 950–1400 mAh/g and its performance is stable [29].

Various nano-construction with addition of GO provides better results and impact 
than without GO. The GO-coated porous carbon-sulfur composite-based cathode 
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provides a fading capacity rate of up to 0.12% per cycle for up to 400 cycles [30]. 
The cathode made of GO/S composite wrapped in amylopectin was also analyzed for 
its performance against the stability of Li-S battery which confirmed good stability 
[31]. In another study, GO wrapped in hollow sulfur balls with the aid of polyvinyl-
pyrrolidone resulted in 73% retention at 1C after 150 cycles [32]. The GO-wrapped 
bowl-like sulfur composites were reported to provide free space to accommodate 
the volume expansion during press cycling [33]. Other GO-based cathodes such as 
MnO2-GO [34], cetyltrimethylammonium bromide modified S/GO nanocomposite 
cathode [35], GO-enclosed walnut-like carbon-based and porous cathode [36], GO 
and micro-spherical Sulfur composite cathode [37], have been used to increase the 
performance of Li-S battery with upgrading the capability rate and cycle perfor-
mance. GO plays the role in the formation of attractive structure of the cathode, 
increment of the active material loading, and guarantee structural capability during 
cycling and capture of polysulfides species. In addition, the use of GO with Li2S is 
used for long-life and high rate Li-S batteries which provide a decomposition rate of 
0.046% per cycle and a coloumbic efficiency of 99.7% for 1500 cycles at 2 C [38].

3.3 Supercapacitor electrodes

Supercapacitor is a high-performance electrochemical energy storage that shows 
excellent properties such as high-power capability, short charge-discharge period, 
and long cycle life [39]. The charge stored in the SC is principally based on the accu-
mulation of electrostatic charge at the electrode-electrolyte interface which occurs in 
the electrical double layer capacitance (EDLC), or Faradaic process on the surface of 
the pseudo-capacitor electrode [40]. GO with outstanding properties has been used 
to improve SC performance as both electrode and electrolyte. But in the discussion of 
this book will be limited to the electrodes.

GO can provide pseudo-capacitance and increase the wettability of the electrode 
in the electrolyte. GO-based electrodes have a larger capacitance than graphene-based 
electrodes. This experiment was carried out by making GO and graphene electrodes 
with a mixture of 87 wt% GO samples and graphene, 10 wt% acetylene black and 
3 wt% binder which was pressed into pellets. The GO electrode obtained a maximum 
specific capacitance of 146 F/g and an energy density of 20.39 Wh/kg [41]. Another 
experiment was reported that LiCoO2-based SC as the positive electrode and GO as 
the negative electrode and asymmetric SC using porous GO on conductive stainless 
steel presents the energy density of 19.2 Wh/kg on voltage region up to 1.5 V, and 
retain specific capacitance of 85% after 1500 cycle [42].

GO can also be used as a template for MnO2 nanosheets to increase the surface 
area [38] and combined with MnO2 as electrodes to increase capacitance [43–46]. The 
oxygen group that functions as an anchor site allows the formation of MnO2 nanopar-
ticles that adhere to the surface and ends of the GO sheets. This not only creates a 
large surface area but also prevents the agglomeration of GO and MnO2. The same 
thing also happened to GO/Mn3O4 thin film composite synthesized by the sheet-by-
sheet technique giving a specific capacitance of 344 F/g at 5 mV/s [47]. Furthermore, 
by using the electrophoretic deposition method, or hydrothermal process or co-pre-
cipitation, nickel oxide, nickel sulfide and copper oxide can be affixed to the surface 
of GO nanosheets for high performance SC, namely specific capacitance and current 
density of 569 F/g at 5 A/g [48], 800 F/g at 1 A/g [49], 245 F/g at 0.1 A/g [50].

Even though the initial electroactive polymers can provide large pseudo-capaci-
tance, but experience swelling properties during the redox process which reduces the 
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stability of the cycle [51]. To solve this problem, GO is widely used to functionalize 
conductive polymers to make high-performance SCs. The synthesis of conductive 
GO-polymers can usually be carried out by utilizing electrostatic interactions between 
negative GO and positive micelles [52]. When the surfactant micelles are electrostati-
cally adsorbed on the GO surface, the addition of polymers and monomers allows the 
monomers to dissolve in the hydrophobic core of the micelles surfactant and further 
polymerization processes can take place in the micelles core. For example, GO/
Polyaniline (PANI) was synthesized by in situ polymerization [53–56]. Compositing 
GO and PANI is possible based on three modes namely (1) π π−  stack (2) electro-
static interactions (3) hydrogen bonding [57]. The GO/PANI hybrid has a high surface 
area and denser pore volume compared to pure PANI. Which is why this can result in 
a wider contact area between the PANI nanoparticles and with the electrolyte. Which 
facilitates the rapid transport of electrolyte ions and electrons to the active site of the 
composite electrode [58, 59]. The synergistic nature of GO/PANI also enhances cycle 
stability where the GO width maintains the mechanical deformation during the PANI 
faradaic process which prevents electrode damage.

3.4 Transparent electrode

Transparent electrodes are needed in a variety of light-based technologies by 
 passing sunlight into the active layer and at the same time served as electrode for current 
flow. Transparent electrodes widely used today are made of indium material whose 
supplies have been running low on the earth. In addition, the use of indium-based 
materials has is not friendly to the environment and the cost for production is high. 
The use of carbon-based substitute materials gained most attraction of the scientists 
to develop this technology [60]. Graphene with all of its virtues is on of carbon based 
the most attractive candidate for development because it has high electrical conduc-
tivity and transparency, both of which are requirements for transparent electrodes. 
Graphene oxide is produced in a series of processes for making graphene-based trans-
parent electrodes which are then reduced to form reduced graphene oxide (rGO).

Fabrication of rGO thin film on a quartz substrate has been carried out by depos-
iting GO solution using spin-coating method. The process was then followed by a 
reduction to transform GO into rGO. The deposited rGO thin film showed surface 
resistance of 102–103 Ω /sq. and transparency reaching 80% at a wavelength of 550 nm 
[61]. GO film deposition can also be done in a more convenient way. In another study, 
facile deposition was carried out with colloidal GO which had been mixed with reduc-
tant at low temperature and slowly heated causing the GO is reduced and rGO was 
self-assembled into glass substrate. Additional treatment was performed by irradiate 
the sample using commercial microwave oven. The sample has electrical properties of 
21.97 kΩ/sq. and optical properties of 30.37% transparency at 550 nm [62].

The transferability of GO to various substrates allows it to be deposited onto flexible 
substrates. Reduced graphene-based transparent and flexible electrode has applied as 
moisture sensors attached to human skin. In this case rGO was mixed with polyurethane 
which gave response and relaxation times of 3.5 and 7 seconds, respectively. This capabil-
ity does not change when the sensor is stretched to 60% and after 10,000 stretching [63].

3.5 Field effect devices

Amazing electrical conductivity induces the potential of GO to be applied as field 
effect transistor. Good field emission property and bipolar characteristic of its charge 
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carrier allows them to be tuned by using gate electrical field [64, 65]. GO with its 
oxygen group decoration shows improved field emission of the graphene because the 
charge concentration and type is very sensitive to dopant. Low threshold field emis-
sion of <0.1 V/μm from atomically thin layer of reduced graphene oxide was reported. 
The edges is decorated by a stable and unique oxygen group of C-O-C bonding from 
that multiple electron beams are emitted [66].

The field effect emission enables the application of graphene in FET manufacture 
with more convenient way and low-cost production. Reduced graphene oxide was 
used to fabricate FET by combination with gold source and dielectrophoresis elec-
trode as drain. When the a backgate voltage was applied, 60% of the devices showed 
p-type FET behavior, while the remaining 40% showed ambipolar behavior. The 
experiment was followed by anneal the sample at 200C and giving the result all of 
ambipolar remains do not change the behavior, meanwhile, the 60% of p-type were 
change into ambipolar. The maximum charge carrier mobilities in the device are 
4.0 cm2/Vs for hole and 1.5 cm2/Vs for electron [67].

Further study reports fabrication of Organic FET using GO that grown on a 
100 nm SiO2 substrate using doped n-type Si as the gate. GO nano layer was distrib-
uted on the substrate by spin coating method at 3000 rpm for 40 s. The following 
steps diluting PMMA on toluene with concentration of 10 mg/ml and deposited to 
the substrate by spin coating method. The process followed by anneal the samples 
under nitrogen atmosphere using a hotplate with temperature of 120 C for 15 min. 
Deposited GO layer served as charge-tunneling layer. Source and drain electrode are 
next developed by thermal evaporation under 10−7 Torr. The performance of Organic 
FET was analyzed through transfer curves of the sample that shows large gate bias 
dependent hysteresis with voltage 20 V. After writing an erasing the stored data are 
well kept with on/off ratio in the order of 102 for 104 s [68].

3.6 Electrical sensor

Variation of the oxidation degree or adsorbing molecules can affect the electrical 
characteristic of GO that allowing it applied as electrical sensor [69]. Reduced GO 
was found in the fabrication of high-performance molecular sensor by deposit it into 
substrate to form ultrathin continuous network. The GO film was tunably reduced by 
varying the exposure time of reductant vapor and reduced GO can served as sensor 
because of change of conductance after molecular adsorption [70]. GO-based sensor 
shows lower frequency noise compared to SWNT-based sensor [71].

Other report shows that conductance of reduced GO sensor is depend on the 
concentration of dopamine molecule. It was revealed that at the gate voltage (Vg) 
of −0.6 V, the conductance of reduced GO films deposited on flexible polyethylene 
terephthalate (PET) substrate and concentration of dopamine is directly propor-
tional. In addition, the rGO-based device are able to label-freely detect the hormonal 
catecholamine molecules and their dynamic secretion from living cells [72].

3.7 Flexible electronics

Printed circuit boards face the drawbacks in their use because they cannot be 
applied to flexible and deformed objects. GO with oxygen functional groups decorat-
ing their layers allow it to be deposited onto the various substrates, including flexible 
substrates. The development of flexible electronics supports the rapid growth of thin, 
lightweight, and flexible devices. Reduced GO thin films with various thicknesses in 
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rage of one to several layers experiences mechanical flexibility and good electrical 
conductivity with sheet resistance 43 kΩ/sq. and charge mobility up to 1 and  
0.2 cm2/Vs for electron and hole respectively [73].

Another study reports that GO was self-assembled into platelets and exhibit 
mechanically flexible, macroporous three-dimensional (3D) properties of carbon 
films with controllable porous size. Use of nitrogen doping (N-doping) of the 3D 
assemblies of RGO increase electrical properties and high chemical reactivity. The 
film firstly transferred onto the SiO2 substrate and further onto flexible PET sub-
strate. The rGO thin film shows sheet resistance of ~128.2 Ω. Further Nitrogen doping 
decreased the sheet resistances to 13.4 Ω, corresponding to the electrical conductivity 
of 649 S/cm with the film thickness was 1.15 μm [74].

3.8 Photovoltaic devices

Since GO can be used as an fabrication of transparent electrodes, the further 
application was found in more complex devices such as photovoltaic [75], LED [76], 
and electrochromic devices [77]. Reduced GO was applied in a dye-sensitized solar 
cell (DSSC) as the transparent electrode and found that sun light can pass through 
the electrode and the electrons are injected. A device using fluorine tin oxide (FTO) 
electrode was also fabricated and evaluated with the same procedure for comparison. 
The result shows that RGO-based device has lower short-circuit current, which can be 
attributed to the higher sheet resistance and lower transmittance of the RGO [78].

Application of GO have also been reported for organic photovoltaic (OPV) devices 
where reduced GO served as electrodes. The reduced GO electrodes were deposited 
on quartz substrates using spin coating of aqueous dispersion of functionalized 
graphene, followed by a reduction process. Because of the higher sheet resistance, the 
short-circuit current and fill factor of these rGO-based device are lower than those of 
control device on ITO [79]. Flexible transparent conductive electrode-based reduced 
GO for organic photovoltaic (OPV) was fabricated by transferring chemically reduced 
GO onto PET substrates. When the transmittance of reduced GO is greater than 65%, 
the device performance mainly relies on the charge transport efficiency through rGO 
electrodes, but not sensitive to the transmittance. After the tensile strain (∼2.9%) 
was applied on the fabricated OPV device, it can sustain a thousand cycles of bending 
Furthermore, the current density of devices can be enhanced by increasing the rGO 
thickness to lower the sheet resistance, which further improves the overall power 
conversion efficiency (η), even if the transmittance of RGO film decreases.

3.9 Electrochromic devices

Electrochromic device shows a different appearance in color when some voltage or 
current was applied. The most widely use of electrochromic device is found on smart 
glasses, mirrors and windows. Reduced GO/polyaniline (PANI) composite multilayer 
films were prepared as electrode materials for electrochromic devices to replace 
conventional indium tin oxide (ITO) The fabrication process carried by deposition of 
negatively charged graphene oxide (GO) and positively charged PANI upon electro-
static interaction, followed by the reduction of their GO components with hydroiodic 
acid. The thickness of the multilayer film directly proportional to the number of its 
bilayers that the thickness of bilayer was about 3 nm. Cyclic voltammetry studies 
indicated that these thin composite films were electroactive, and their redox reactions 
were related to the insertion-extraction of counter ions in PANI layers [80].
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3.10 Photocatalytic water splitting

Photocatalytic water splitting is an artificial photosynthesis process with 
 photocatalysis material used for the dissociation of water molecules (H2O) into 
hydrogen (H2) and oxygen (O2), using light. The separation of hydrogen and oxygen 
molecules was utilized for alternatives hydrogen energy, sterilization, anti-fogging, 
self-cleaning and air purification.

The electronic property of GO depends on the its constituent element that mak-
ing GO owing p-type behavior because of oxygen’s high electronegativity compared 
to carbon. Likewise, n-type behavior appears when graphene covalently bonds to 
electron donating nitrogen-containing functional groups [81].

GO was collaborated with other material to enhance photocatalytic perfor-
mance. It is reported that high solar photocatalytic H2-production activity with 
reduced GO (RGO)-ZnxCd1 − xS nanocomposite that synthesized by coprecipitation-
hydrothermal reduction methode. The optimized rGO-Zn0.8Cd0.2S photocatalyst 
has a high H2-production rate of 1824 μmol h−1 g−1 at the RGO concentration of 
0.25 wt% and the apparent quantum efficiency of 23.4% at 420 nm. The addition 
of GO produces improved photocatalytic hydrogen production by 450% compared 
with that of the pristine Zn0.8Cd0.2S, and better than that of the optimized 
Pt-Zn0.8Cd0.2S under the same reaction conditions. Reduced GO-Zn0.8Cd0.2S 
nanocomposite also represents ability to be served as photocatalyts replacing 
noble metal cocatalysts [82].

3.11 Fuel cell

A fuel cell is an electrochemical conversion device that generates electricity from 
a redox reaction when supplied with fuel such as hydrogen, natural gas methanol or 
oxidants such as oxygen, air and hydrogen peroxide. GO is applied in the manufacture 
of fuel cells to increase the electrocatalytic activity. In addition, GO is also used to 
make membranes in fuel cells. For example, proton exchange membrane fuel cell 
(PEMFC) and direct methanol/ethanol fuel cell (DEFC/DMFC).

In addition, GO can be used as an electron donor to reduce precious metal 
ions without the addition of reductants and surfactants. This causes the growth 
of metal nanoparticles on the GO surface with high dispersion, uniformity and 
purity [83]. Noble metals with small sizes that have a large surface area and many 
angles can show good electrocatalytic abilities in fuel cells. For example, mono-
dispersed GO mixed with gold nanoparticles was synthesized by a redox reac-
tion between AuCl4 and GO which resulted in high electrocatalytic activity and 
electron pathway leading to oxygen reduction reactions. A more interesting result 
was reported that the 3D GO/carbon sphere supported by silver nanocomposite 
produced using GO as a reductant showed a significant increase in activity for 
the oxygen reduction reaction in alkaline media [84]. The 3D structure is useful 
in driving transport in the catalytic layer and facilitating reactant access to the 
active site.

GO containing conjugate π  bonds were also attractive as a substitute for expen-
sive noble metal materials. The embedding of GO into the polymer matrix can 
increase the conductivity and reduce membrane fouling. Polymer GO composites can 
be synthesized by hydrogen bonding and the epoxy ring opening reaction uses amines 
to form new C-N bonds. Which can function as an active for the electrocatalytic 
reduction of O2 to H2O [85].
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4. Conclusions

Graphene oxide is a monolayer of carbon atom decorated by oxygen functional 
group. Abundant and non-used biomass wastes are promising candidate for carbon 
source to fabricate graphene oxide due to their highly carbon content. Carbonization 
process is the key step to produce biomass carbon as precursor. Modified Hummer’s 
method is a facile and simple chemical wet process that can be served to synthesis 
graphene oxide form biomass waste. XRD pattern showed the Graphene Oxide had 
successfully produced from biomass waste. Graphene oxide plays important role in 
the advance science and technology today. GO can be applied as starting material to 
fabricate electrical and optical device such as cathode of battery and supercapaci-
tor, transparent electrode, field effect device, electrical sensor, flexible electronics, 
photovoltaic device, electrochromic device, photocatalytic, and fuel cell. Numerous 
researches continuously report advance application of graphene oxide that depict 
advance graphene oxide-based technology in the future.

Acknowledgements

The authors would like to thank to Directorate of Research, Technology, and 
Community Service, Ministry of Education, Culture, Research and Technology of the 
Republic of Indonesia, through grant: Penelitian Dasar Kompetitif Nasional, Contract 
No. 197/E5/PG.02.00.PT/2022.

Conflict of interest

The authors declare no conflict of interest.

Author details

Ramli Ramli* and Rahmat Hidayat
Nanoscience and Nanotechnology Research Group, Department of Physics, 
Universitas Negeri Padang, Padang, Indonesia

*Address all correspondence to: ramli@fmipa.unp.ac.id

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Graphene - A Wonder Material for Scientists and Engineers

204

References

[1] Zhao J, Liu L, Li F. Graphene 
Oxide: Physics and Applications. 
New York: Springer; 2015. p. 3. 
DOI: 10.1007/978-3-662-44829-8

[2] Brodie BC. On the atomic weight of 
graphite. Philosophical Transactions of 
the Royal Society of London. Series B, 
Biological Sciences. 1859;149:249-259. 
DOI: 10.1098/rstl.1859.0013

[3] Dreyer DR, Park S, Bielawski CW, 
Ruoff RS. The chemistry of graphene 
oxide. Chemical Society Reviews. 
2010;39:228-240. DOI: 10.1039/B917103G

[4] Ray SC. Applications of Graphene and 
Graphene-Oxide Based Nanomaterials. 
Waltham: William Andrew; 2015. p. 39. 
DOI: 10.1016/C2014-0-02615-9

[5] Stankovich S, Piner RD, Nguyen ST, 
Ruoff RS. Synthesis and exfoliation 
of isocyanate-treated graphene 
oxide nanoplatelets. Carbon. 
2006;44:3342-3347. DOI: 10.1016/j.
carbon.2006.06.004

[6] Zhu Y, Stoller MD, Cai W, 
Velamakanni A, Piner RD, Chen D, et al. 
Exfoliation of graphite oxide in propylene 
carbonate and thermal reduction of the 
resulting graphene oxide platelets. ACS 
Nano. 2010;4:1227-1233. DOI: 10.1021/
nn901689k

[7] Staudenmaier L. Verfahren zur 
Darstellung der Graphitsäure (Method 
for the preparation of graphitic acid). 
Berichte der Deutschen Chemischen 
Gesellschaft. 1898;31:1481-1487. 
DOI: 10.1002/cber.18980310237

[8] Hummers WS, Offeman RE. 
Preparation of graphitic oxide. Journal 
of the American Chemical Society. 
1958;80:1339. DOI: 10.1021/ja01539a017

[9] Ranjan P, Agrawal S, Sinha A, Rao TR, 
Balakrishnan J, Thakur AD. A low cost 
non-explosive synthesis of graphene 
oxide for scalable applications. Scientific 
Reports. 2018;8:12007. DOI: 10.1038/
s41598-018-30613-4

[10] Marcano DC, Kosynkin DV, 
Berlin JM, Sinitskii A, Sun Z, Slesarev A, 
et al. Improved synthesis of graphene 
oxide. ACS Nano. 2010;4:4806-4814. 
DOI: 10.1021/nn1006368

[11] Sierra U, Álvarez P, Blanco C, 
Granda M, Santamaría R, Menéndez R. 
Cokes of different origin as precursors of 
graphene oxide. Fuel. 2016;166:400-403. 
DOI: 10.1016/j.fuel.2015.10.112

[12] Smith AT, LaChance AM, Zeng S, 
Liu B, Sun L. Synthesis, properties, 
and applications of graphene oxide/
reduced graphene oxide and their 
nanocomposites. Nano Materials 
Science. 2019;1:31-47. DOI: 10.1016/j.
nanoms.2019.02.004

[13] Li F, Jiang X, Zhao J, Zhang S.  
Graphene oxide: A promising 
nanomaterial for energy and 
environmental applications. Nano 
Energy. 2015;16:488-515. DOI: 10.1016/j.
nanoen.2015.07.014

[14] Hu BB, Wang K, Wu L, Yu SH, 
Antonietti M, Titirici MM. Engineering 
carbon materials from the hydrothermal 
carbonization process of biomass. 
Advanced Materials. 2010;22:813-828. 
DOI: 10.1002/adma.200902812

[15] Miao M, Zuo S, Zhao Y, Wang Y, 
Xia H, Tan C, et al. Selective oxidation 
rapidly decomposes biomass-based 
activated carbons into graphite-like 
crystallites. Carbon. 2018;40:504-507. 
DOI: 10.1016/j.carbon.2018.09.018



Graphene Oxide Based on Biomass Waste: Synthesis and Applications
DOI: http://dx.doi.org/10.5772/intechopen.107488

205

[16] Bishnu PT, Huimin L, Phillip H, 
Harry MM, John RD, Sheng D. Low-
cost transformation of biomass-
derived carbon to high-performing 
nano-graphite via low-temperature 
electrochemical graphitization. ACS 
Applied Materials & Interfaces. 
2021;13:4393-4401. DOI: 10.1021/
acsami.0c19395

[17] Wang K, Wang Y, Wang C, Xia Y. 
Graphene oxide assisted solvothermal 
synthesis of LiMnPO4 naonplates 
cathode materials for lithium ion 
batteries. Electrochimica Acta. 
2014;146:8-14. DOI: 10.1016/J.
ELECTACTA.2014.09.032

[18] Zhao B, Wang Z, Chen L, 
Yang Y, Chen F, Gao Y, et al. LiMnPO4/
graphene nanocomposites with 
high electrochemical performance 
for lithium-ion batteries. 
Huagong Xuebao/CIESC Journal. 
2016;67(11):4779-4786. DOI: 10.11949/j.
issn.0438-1157.20160651

[19] Jiang Y, Liu R, Xu W, Jiao Z, Wu M, 
Chu Y, et al. A novel graphene modified 
LiMnPO4 as a performance-improved 
cathode material for lithium-ion 
batteries. Journal of Materials Research. 
2013;28(18):2584-2589. DOI: 10.1557/
jmr.2013.235

[20] Reddy Channu VS, Ravichandran D, 
Rambabu B, Holze R. Carbon and 
functionalized graphene oxide coated 
vanadium oxide electrodes for lithium 
ion batteries. Applied Surface Science. 
Jun. 2014;305:596-602. DOI: 10.1016/J.
APSUSC.2014.03.140

[21] Yu F, Zhang L, Lai L, Zhu M, 
Guo Y, Qi P, et al. High electrochemical 
performance of LiFePO4 cathode 
material via in-situ microwave exfoliated 
graphene oxide. Electrochimica Acta. 
2015;151:240-248. DOI: 10.1016/J.
ELECTACTA.2014.11.014

[22] Zhu YG, Wang Y, Xie J, Cao G-S, 
Zhu T-J, Zhao X, et al. Effects of 
graphene oxide function groups on SnO2/
graphene nanocomposites for lithium 
storage application. Electrochimica 
Acta. 2015;154:338-344. DOI: 10.1016/J.
ELECTACTA.2014.12.065

[23] Song H, Li N, Cui H, Wang C. 
Enhanced capability and cyclability of 
SnO2−graphene oxide hybrid anode by 
firmly anchored SnO2 quantum dots. 
Journal of Materials Chemistry A. 
2013;1(26):7558-7562. DOI: 10.1039/
c3ta11442b

[24] Bhaskar A, Deepa M, 
Ramakrishna M, Rao TN. Poly(3,4-
ethylenedioxythiophene) sheath 
over a SnO2 hollow spheres/graphene 
oxide hybrid for a durable anode in 
Li-Ion batteries. Journal of Physical 
Chemistry C. 2014;118(14):7296-7306. 
DOI: 10.1021/jp412038y

[25] Reddy MJK, Ryu SH, 
Shanmugharaj AM. Synthesis of SnO2 
pillared carbon using long chain 
alkylamine grafted graphene oxide: An 
efficient anode material for lithium ion 
batteries. Nanoscale. 2016;8(1):471-482. 
DOI: 10.1039/c5nr06680h

[26] Wu H, Huang Y, Zong M, Ding X,  
Ding J, Sun X. Electrostatic self-
assembly of graphene oxide wrapped 
sulfur particles for lithium-sulfur 
batteries. Materials Research Bulletin. 
2015;64:12-16. DOI: 10.1016/j.
materresbull.2014.12.036

[27] Rong J, Ge M, Fang X, Zhou C. 
Solution ionic strength engineering as a 
generic strategy to coat graphene oxide 
(GO) on various functional particles 
and its application in high-performance 
lithium-sulfur (Li-S) batteries. 
Nano Letters. 2014;14(2):473-479. 
DOI: 10.1021/nl403404v



Graphene - A Wonder Material for Scientists and Engineers

206

[28] Xiao M, Huang M, Zeng S, 
Han D, Wang S, Sun L, et al. Sulfur@
graphene oxide core-shell particles as 
a rechargeable lithium-sulfur battery 
cathode material with high cycling 
stability and capacity. RSC Advances. 
2013;3(15):4914-4916. DOI: 10.1039/
c3ra00017f

[29] Ji L, Rao M, Zheng H, Zhang L, 
Li Y, Duan W, et al. Graphene oxide 
as a sulfur immobilizer in high 
performance lithium/sulfur cells. Journal 
of the American Chemical Society. 
2011;133(46):18522-18525. DOI: 10.1021/
ja206955k

[30] Liu S, Xie K, Li Y, Chen Z, Hong X, 
Zhou L, et al. Graphene oxide wrapped 
hierarchical porous carbon-sulfur 
composite cathode with enhanced 
cycling and rate performance for 
lithium sulfur batteries. RSC Advances. 
2015;5(8):5516-5522. DOI: 10.1039/
c4ra12393j

[31] Zhou W, Chen H, Yu Y, Wang D, 
Cui Z, DiSalvo FJ, et al. Amylopectin 
wrapped graphene oxide/sulfur for 
improved cyclability of lithium-sulfur 
battery. ACS Nano. 2013;7(10):8801-
8808. DOI: 10.1021/nn403237b

[32] Zhang J, Yang N, Yang X, Li S, 
Yao J, Cai Y. Hollow sulfur@graphene 
oxide core-shell composite for high-
performance Li-S batteries. Journal of 
Alloys and Compounds. 2015;650:604-
609. DOI: 10.1016/j.jallcom.2015.08.050

[33] Sun C, Shi L, Fan C, Fu X, Ren Z, 
Qian G, et al. Bowl-like sulfur particles 
wrapped by graphene oxide as cathode 
material of lithium-sulfur batteries. 
RSC Advances. 2015;5(36):28832-28835. 
DOI: 10.1039/c5ra00744e

[34] Huang X, Shi K, Yang J, Mao G, 
Chen J. MnO2-GO double-shelled sulfur 

(S@MnO2@GO) as a cathode for Li-S 
batteries with improved rate capability 
and cyclic performance. Journal of Power 
Sources. 2017;356:72-79. DOI: 10.1016/j.
jpowsour.2017.04.065

[35] Hwa Y, Seo HK, Yuk J-M, Cairns EJ. 
Freeze-dried sulfur-graphene oxide-
carbon nanotube nanocomposite for 
high sulfur-loading lithium/sulfur cells. 
Nano Letters. 2017;17(11):7086-7094. 
DOI: 10.1021/acs.nanolett.7b03831

[36] Du X, Zhang X, Guo J, Zhao S, 
Zhang F. Hierarchical sulfur confinement 
by graphene oxide wrapped, walnut-
like carbon spheres for cathode of 
Li-S battery. Journal of Alloys and 
Compounds. 2017;714:311-317. 
DOI: 10.1016/j.jallcom.2017.04.258

[37] Tian Y, Sun Z, Zhang Y, Wang X, 
Bakenov Z, Yin F. Micro-spherical sulfur/
graphene oxide composite via spray 
drying for high performance lithium 
sulfur batteries. Nanomaterials. 
2018;8(50):1-12. DOI: 10.3390/
nano8010050

[38] Tian Y, Yu Z, Cao L, Zhang XL, 
Sun C, Wang D-W. Graphene oxide: An 
emerging electromaterial for energy 
storage and conversion. Journal of 
Energy Chemistry. 2021;55:323-344. 
DOI: 10.1016/j.jechem.2020.07.006

[39] Zhang LL, Zhou R, Zhao XS.  
Graphene-based materials as 
supercapacitor electrodes. Journal of 
Materials Chemistry. 2010;20(29):5983-
5992. DOI: 10.1039/c000417k

[40] Yang P, Mai W. Flexible solid-state 
electrochemical supercapacitors. Nano 
Energy. 2014;8:274-290. DOI: 10.1016/J.
NANOEN.2014.05.022

[41] Karthika P, Rajalakshmi N, 
Dhathathreyan KS. Functionalized 



Graphene Oxide Based on Biomass Waste: Synthesis and Applications
DOI: http://dx.doi.org/10.5772/intechopen.107488

207

Exfoliated Graphene Oxide as 
Supercapacitor Electrodes. Soft 
Nanoscience Letters. 2012;2(4):59-66. 
DOI: 10.4236/snl.2012.24011

[42] Dighe AB, Dubal DP, 
Holze R. Screen printed asymmetric 
supercapacitors based on LiCoO2 
and graphene oxide. Zeitschrift für 
Anorganische und Allgemeine Chemie. 
2014;640(14):2852-2857. DOI: 10.1002/
zaac.201400319

[43] Dai K, Lu L, Liang C, Dai J, Liu Q, 
Zhang Y, et al. In situ assembly of MnO2 
nanowires/graphene oxide nanosheets 
composite with high specific capacitance. 
Electrochimica Acta. 2014;116:111-117. 
DOI: 10.1016/j.electacta.2013.11.036

[44] Chen S, Zhu J, Wu X, Han Q , 
Wang X. Graphene oxide−MnO2 
nanocomposites for supercapacitors. 
ACS Nano. 2010;4(5):2822-2830. 
DOI: 10.1021/nn901311t

[45] Jafta CJ, Nkosi F, le Roux L, 
Mathe MK, Kebede M, Makgopa K, 
et al. Manganese oxide/graphene oxide 
composites for high-energy aqueous 
asymmetric electrochemical capacitors. 
Electrochimica Acta. 2013;110:228-233. 
DOI: 10.1016/j.electacta.2013.06.096

[46] Liu Y, Yan D, Li Y, Wu Z, Zhuo R, 
Li S, et al. Manganese dioxide nanosheet 
arrays grown on graphene oxide as 
an advanced electrode material for 
supercapacitors. Electrochimica Acta. 
2014;117:528-533. DOI: 10.1016/j.
electacta.2013.11.121

[47] Gund GS, Dubal DP, Patil BH, 
Shinde SS, Lokhande CD. Enhanced 
activity of chemically synthesized hybrid 
graphene oxide/Mn3O4 composite for 
high performance supercapacitors. 
Electrochimica Acta. 2013;92:205-215. 
DOI: 10.1016/j.electacta.2012.12.120

[48] Wu M-S, Lin Y-P, Lin C-H, Lee J-T. 
Formation of nano-scaled crevices and 
spacers in NiO-attached graphene oxide 
nanosheets for supercapacitors. Journal 
of Materials Chemistry. 2012;22(6):2442-
2448. DOI: 10.1039/c1jm13818a

[49] Wang A, Wang H, Zhang S, Mao C, 
Song J, Niu H, et al. Controlled synthesis 
of nickel sulfide/graphene oxide 
nanocomposite for high-performance 
supercapacitor. Applied Surface Science. 
2013;282:704-708. DOI: 10.1016/j.
apsusc.2013.06.038

[50] Nicasio-Collazo J, Maldonado J-L, 
Salinas-Cruz J, Barreiro-Argüelles D, 
Caballero-Quintana I, Vazquez-Espinosa C, 
et al. Functionalized and reduced 
graphene oxide as hole transport layer 
and for use in ternary organic solar cell. 
Optical Materials. 2019;98:109434. DOI: 
10.1016/j.optmat.2019.109434

[51] Simon P, Gogotsi Y. Materials for 
electrochemical capacitors. Nature 
Materials. 2008;7(11):845-854. 
DOI: 10.1038/nmat2297

[52] Zhang LL, Zhao S, Tian XN, Zhao XS. 
Layered graphene oxide nanostructures 
with sandwiched conducting polymers 
as supercapacitor electrodes. Langmuir. 
2010;26(22):17624-17628. DOI: 10.1021/
la103413s

[53] Liu Y, Deng R, Wang Z, Liu H. 
Carboxyl-functionalized graphene 
oxide–polyaniline composite as a 
promising supercapacitor material. 
Journal of Materials Chemistry. 
2012;22(27):13619-13624. DOI: 10.1039/
C2JM32479B

[54] Xu G, Wang N, Wei J, Lv L, Zhang J, 
Chen Z, et al. Preparation of graphene 
oxide/polyaniline nanocomposite with 
assistance of supercritical carbon dioxide 
for supercapacitor electrodes. Industrial 
and Engineering Chemistry Research. 



Graphene - A Wonder Material for Scientists and Engineers

208

2012;51(44):14390-14398. DOI: 10.1021/
ie301734f

[55] Wang H, Hao Q , Yang X, Lu L,  
Wang X. Graphene oxide doped 
polyaniline for supercapacitors. 
Electrochemistry Communications. 
2009;11(6):1158-1161. DOI: 10.1016/j.
elecom.2009.03.036

[56] Luo Z, Zhu L, Zhang H, Tang H.  
Polyaniline uniformly coated on 
graphene oxide sheets as supercapacitor 
material with improved capacitive 
properties. Materials Chemistry 
and Physics. 2013;139(2):572-579. 
DOI: 10.1016/j.matchemphys.2013.01.059

[57] Wang H, Hao Q , Yang X, Lu L, 
Wang X. Effect of graphene oxide on 
the properties of its composite with 
polyaniline. ACS Applied Materials 
& Interfaces. 2010;2(3):821-828. 
DOI: 10.1021/am900815k

[58] Pendashteh A, Mousavi MF, 
Rahmanifar MS. Fabrication of anchored 
copper oxide nanoparticles on graphene 
oxide nanosheets via an electrostatic 
coprecipitation and its application 
as supercapacitor. Electrochimica 
Acta. 2013;88:347-357. DOI: 10.1016/j.
electacta.2012.10.088

[59] Xu J, Wang K, Zu S-Z, Han B-H, 
Wei Z. Hierarchical nanocomposites 
of polyaniline nanowire arrays on 
graphene oxide sheets with synergistic 
effect for energy storage. ACS Nano. 
2010;4(9):5019-5026. DOI: 10.1021/
nn1006539

[60] Xu Y, Liu J. Graphene as 
transparent electrodes: fabrication 
and new emerging applications. Small. 
2016;12(11):1400-1419

[61] Becerril HA, Mao J, Liu Z,  
Stoltenberg RM, Bao Z, Chen Y. 
Evaluation of solution-processed reduced 

graphene oxide films as transparent 
conductors. ACS Nano. 2008;2(3): 
463-470. DOI: 10.1021/nn700375n

[62] Aimon AH, Hidayat R, Rahmawati D, 
Sutarto R, Permatasari FA, Iskandar F. 
Facile deposition of reduced graphene 
oxide-based transparent conductive 
film with microwave assisted method. 
Thin Solid Films. 2019;692:137618. 
DOI: 10.1016/j.tsf.2019.137618

[63] Trung TQ , Duy LT, 
Ramasundaram S, Lee N-E. Transparent, 
stretchable, and rapid-response 
humidity sensor for body-attachable 
wearable electronics. Nano Research. 
2017;10(6):2021-2033. DOI: 10.1007/
s12274-016-1389-y

[64] Zhu Y, Murali S, Cai W, Li X, Suk JW,  
Potts JR, et al. Graphene and graphene 
oxide: Synthesis, properties, and 
applications. Advanced Materials. 
2010;22:3906-3924

[65] Novoselov KS, Geim AK, 
Morozov SV, Jiang D, Zhang Y, 
Dubonos SV, et al. Electric field effect 
in atomically thin carbon films. Science 
(80). 2004;306(5696):666-669. DOI: 
10.1126/science.1102896  

[66] Yamaguchi H, Murakami K, Eda G, 
Fujita T, Guan P, Wang W, et al. Field 
emission from atomically thin edges 
of reduced graphene oxide. ACS Nano. 
2011;5(6):4945-4952. DOI: 10.1021/
nn201043a

[67] Joung D, Chunder A, Zhai L, 
Khondaker SI. High yield fabrication of 
chemically reduced graphene oxide field 
effect transistors by dielectrophoresis. 
Nanotechnology. 2010;21(16):165202

[68] Kim T-W, Gao Y, Acton O, Yip 
H-L, Ma H, Chen H, et al. Graphene 
oxide nanosheets based organic 



Graphene Oxide Based on Biomass Waste: Synthesis and Applications
DOI: http://dx.doi.org/10.5772/intechopen.107488

209

field effect transistor for nonvolatile 
memory applications. Applied Physics 
Letters. 2010;97:0233101-0233103. 
DOI:10.1063/1.3464292

[69] Jung I, Dikin DA, Piner RD, 
Ruoff RS. Tunable electrical conductivity 
of individual graphene oxide sheets 
reduced at ‘low’ temperatures. Nano 
Letters. 2008;8(12):4283-4287

[70] Robinson JT, Perkins FK, Snow ES, 
Wei Z, Sheehan PE. Reduced graphene 
oxide molecular sensors. Nano Letters. 
2008;8(10):3137-3140. DOI: 10.1021/
nl8013007

[71] Robinson JA, Snow ES, Bǎdescu ŞC, 
Reinecke TL, Perkins FK. Role of defects 
in single-walled carbon nanotube 
chemical sensors. Nano Letters. 
2006;6(8):1747-1751

[72] Lin Y-M, Avouris P. Strong 
suppression of electrical noise in bilayer 
graphene nanodevices. Nano Letters. 
2008;8(8):2119-2125. DOI: 10.1021/
nl080241l

[73] Eda G, Fanchini G, Chhowalla M. 
Large-area ultrathin films of reduced 
graphene oxide as a transparent and 
flexible electronic material. Nature 
Nanotechnology. 2008;3(5):270-274

[74] Lee SH, Kim HW, Hwang JO, Lee WJ, 
Kwon J, Bielawski C, et al. Three-
dimensional self-assembly of graphene 
oxide platelets into mechanically flexible 
macroporous carbon films. Angewandte 
Chemie. 2010;122(52):10282-10286. DOI: 
10.1002/ange.201006240

[75] Su Q , Pang S, Alijani V, Li C, Feng X, 
Müllen K. Composites of graphene with 
large aromatic molecules. Advanced 
Materials. 2009;21(31):3191-3195

[76] Wu J, Agrawal M, Becerril HA, 
Bao Z, Liu Z, Chen Y, et al. Organic 

light-emitting diodes on solution-
processed graphene transparent 
electrodes. ACS Nano. 2010;4(1):43-48. 
DOI: 10.1021/nn900728d

[77] Palenzuela J, Vinuales A, Odriozola I, 
Cabanero G, Grande HJ, Ruiz V. Flexible 
viologen electrochromic devices 
with low operational voltages using 
reduced graphene oxide electrodes. 
ACS Applied Materials & Interfaces. 
2014;6(16):14562-14567

[78] Wang X, Zhi L, Müllen K.  
Transparent, conductive graphene 
electrodes for dye-sensitized solar cells. 
Nano Letters. 2008;8(1):323-327

[79] Wu J, Becerril HA, Bao Z, Liu Z, 
Chen Y, Peumans P. Organic solar cells 
with solution-processed graphene 
transparent electrodes. Applied Physics 
Letters. 2008;92(26):237

[80] Sheng K, Bai H, Sun Y, Li C, Shi G. 
Layer-by-layer assembly of graphene/
polyaniline multilayer films and their 
application for electrochromic devices. 
Polymer (Guildf). 2011;52(24):5567-
5572. DOI: 10.1016/j.polymer.2011.10.001

[81] Yeh T-F, Chen S-J, Yeh C-S, Teng H.  
Tuning the electronic structure of 
graphite oxide through ammonia 
treatment for photocatalytic generation 
of H2 and O2 from water splitting. 
Journal of Physical Chemistry C. 
2013;117(13):6516-6524

[82] Zhang J, Yu J, Jaroniec M, Gong JR. 
Noble metal-free reduced graphene 
oxide-ZnxCd1–xS nanocomposite 
with enhanced solar photocatalytic 
H2-production performance. Nano 
Letters. 2012;12(9):4584-4589. 
DOI: 10.1021/nl301831h

[83] Chen X, Wu G, Chen J, Chen X, 
Xie Z, Wang X. Synthesis of ‘clean’ and 
well-dispersive Pd nanoparticles with 



Graphene - A Wonder Material for Scientists and Engineers

210

excellent electrocatalytic property on 
graphene oxide. Journal of the American 
Chemical Society. 2011;133(11):3693-
3695. DOI: 10.1021/ja110313d

[84] Yuan L, Jiang L, Liu J, Xia Z, 
Wang S, Sun G. Facile synthesis of silver 
nanoparticles supported on three 
dimensional graphene oxide/carbon 
black composite and its application 
for oxygen reduction reaction. 
Electrochimica Acta. 2014;135:168-174. 
DOI: 10.1016/j.electacta.2014.04.137

[85] Naveen MH, Noh H-B, Al 
Hossain MS, Kim JH, Shim Y-B. 
Facile potentiostatic preparation of 
functionalized polyterthiophene-
anchored graphene oxide as a metal-
free electrocatalyst for the oxygen 
reduction reaction. Journal of Materials 
Chemistry A. 2015;3(10):5426-5433. 
DOI: 10.1039/C4TA06774F





Graphene 
A Wonder Material for Scientists and Engineers

Edited by Mujtaba Ikram,  
Asghari Maqsood and Aneeqa Bashir

Edited by Mujtaba Ikram,  
Asghari Maqsood and Aneeqa Bashir

Graphene is considered as a miracle material for scientists and engineers owing to 
its outstanding physical properties. Graphene and its nanocomposites are promising 

multifunctional materials with improved tensile strength and elastic modulus. 
graphene nanocomposites may have a wide range of potential applications due to their 

outstanding properties and the low cost of graphene. Because graphene composites 
have a controllable porous structure, a large surface area, high conductivity, high-

temperature stability, excellent anti-corrosion properties, and composite compatibility, 
they can be used in energy storage as electrocatalysts, electro-conductive additives, 

intercalation hosts, and an ideal substrate for active materials. Shortly, graphene will 
be a base for the next generation’s scientific revolution.

Published in London, UK 

©  2023 IntechOpen 
©  Tatiana Shepeleva / Fotolia

ISBN 978-1-80356-431-9

G
raphene - A

 W
onder M

aterial for Scientists and Engineers

ISBN 978-1-80356-433-3


	Graphene - A Wonder Material for Scientists and Engineers
	Contents
	Preface
	Chapter1
Introductory Chapter: Brief Scientific Description to Carbon Allotropes – Technological Perspective
	Chapter2
Graphene Based Functional Hybrids: Design and Technological Applications
	Chapter3
Graphene Reinforced Polymer Matrix Nanocomposites: Fabrication Method, Properties and Applications
	Chapter4
Chemical Vapor Deposition Synthesis of Graphene on Copper Foils
	Chapter5
A DFT Investigation on Different Graphene Based Substrates on SERS: A Case Study of TiO Adsorbed Gold/Graphene
	Chapter6
Structural, Electronic, and Optical Properties of Mono- and Co-Doped Graphene withTi and Ru
	Chapter7
Anomalous ChargeTransport Properties and Band Flattening in Graphene: A Quasi-RelativisticTight-Binding Study of Pseudo-Majorana States
	Chapter8
Graphene Exfoliation from HOPG Using the Difference in Binding Energy between Graphite, Graphene and a Substrate
	Chapter9
Application of Electric Bias to Enhance the Sensitivity of Graphene-Based Surface Plasmon Resonance Sensors
	Chapter10
Graphene Oxide-Based Membranes asWater Separation: Materials, Preparation, Characteristics, and Applications
	Chapter11
Graphene Composite Cutting Tool for Conventional Machining
	Chapter12
Graphene Oxide Based on BiomassWaste: Synthesis and Applications



