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Preface 

In these modern times, the graphene due to its exceptional properties has been iden-
tified as a futuristic material with applications in every single field with higher 
performance, and the growing applications of graphene, its oxides and nanocom-
posites in communication, sensing, security, safety, spectroscopy, manufacturing, 
bio-medical, agriculture, imaging, etc., are still an undergoing research area. Thanks 
to graphene nanophotonics that makes it possible due to its enormous advantages 
like extraordinary mechanical and electrical properties, it advances the latest scale 
of field. 

This book is aimed to bring the emerging application aspects of graphene nanopho-
tonics and various modules used for its successful realization. It gathers scientific 
technological novelties and advancements already developed or under development 
in the academic and research communities. This work focuses on recent advances, 
different research issues in terahertz technology and would also seek out theoretical, 
methodological, well-established and validated empirical work dealing with these 
different topics. The book chapters cover a very vast audience from basic science to 
engineering, technology experts and learners. This could eventually work as a text-
book for material, mechanical, electrical, chemical engineering and communication 
technology students or science master’s programs and for researchers as well. This 
book chapters also serve the common public interest by presenting new methods for 
application areas of technology, its working and its effect on the environment and 
human health, etc. 

In particular, this textbook covers the latest trends in graphene nanomaterials and 
its prospects with various fabrication processes and its challenges as well as the poten-
tial applications. In addition to this, graphene’s role and applications in several opto-
electronics devices, high speed communication, selective sensing of VLC systems 
in 6G networks, flexible electronics and energy storing, nanophotonic biosensors for 
near-patient testing purposes, photonic crystal fiber-based graphene biosensor are 
also demonstrated. Graphene nanoribbons as the futuristic materials for transistors 
and interconnect have been observed for potential THz applications. Graphene mate-
rial for different types of sensing including gas, chemical, temperature, SPR, pressure 
and blood sensing with future challenges has been discussed. Effective approaches of
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synthesized methods and their recent development of various catalytic applications of 
graphene and its oxides nanocomposites have been discussed. Recent development of 
flexible, compact, and effective THz antennas using graphene, their applications and 
challenges have been highlighted. Uniqueness and universality of graphene oxide— 
ferrite nanocomposites versus other unconventional materials in terms of materials 
chemistry and physics, electronic, magnetic characteristics, synthesis strategies and 
selected applications in an electromagnetic interference shielding and microwave 
absorbing field have been validated. 

Once the readers finish study of this book, then they will learn about the impor-
tance of graphene and its oxides, advancement in the field, applications, graphene-
based devices like energy storage applications, biosensors; photonic crystal fibers; 
antennas; synthesized methods and challenges for fabrication techniques, etc., 
and future scope. It also leads to enhancement in their knowledge in graphene 
nanophotonics and gives a platform to future technology and novel applications 
realization. 
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Graphene-Based Nanomaterials 

Ila Jogesh Ramala Sarkar, Ankit Devenbhai Badiyani, 
Labharth Bharatkumar Sonagara, Jenius Jayesh Keralia, 
Nityarajsinh Chudasama, and Sanjay Kumar 

Abstract Graphene, the wonder carbon-material is a lone-atom-wide two-
dimensional nanostructure having large surface area of modifiable interest for fabri-
cate composites. Graphene-based nanostructure has fascinated enthusiasm among 
research groups for its exclusive physico-chemical properties and utilization in 
numerous fields such as energy-storage devices, fuel cells, bioengineering, sensors, 
and analysis. Graphene nanomaterials with various utilizations are estimated to 
transform many other fields like optical, electronic, thermo-, and mechanic. During 
hybridization, these nanomaterials are usually treated with chemicals for functional-
ization and material reduction, together doping with foreign atoms, oxidation, which 
introduce functional groups. A number of techniques have been followed for devel-
oping graphene nanomaterials (both “top down” and “bottom up”) having its unique 
advantages and disadvantages. This book chapter will lay down the prospects and 
consequences of new progress graphene nanoparticles, manufacturing processes, 
challenges, and its potential value-added applications in assorted fields. 

Keywords Graphene nanomaterials · Top down · Bottom up · Utilization ·
Value-added applications · Challenges 

1 Introduction 

Till now (2022), there are almost as many patent applications as there are scholarly 
articles published each year about graphene, its properties, and applications. Since the 
carbon allotrope in graphite contains a lot of double bonds, the name is derived from 
“graphite” and the suffix -ene [1]. The term “graphene” was first used in 1986 by the 
chemists Hanns-Peter Boehm, Ralph Setton, and Eberhard Stump. The compounds 
graphite and -ene, which stands for polycyclic aromatic hydrocarbons, are combined
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to form this term [1–3]. Researchers continually discover and develop new, superior 
materials in every field of engineering, pharmacology, biotechnology, etc., leading to 
believe that graphene is the substance of the future for all of the aforementioned fields. 
In 2004, Andre Geim and Konstantin Novoselov made initial discovery of graphene. 
The layers of 2D graphene that make up 3D graphite are confined collectively with 
substantially weaker Van der Waals bonds rather than by molecular bonds [1–5]. The 
graphene layers have a weak connection that allows them to slide over one another 
easily, giving the material appropriate to be utilized as a lubricant because it has a 
soft and slippery feel. Geim and Novoselov separated monolayer graphene sheets for 
the first time off the plane of an extremely aligned pyrolytic graphite flake in 2003 
using several peels of ordinary adhesive tape. 

A plane sheet of carbon atoms only single atom wide makes up the two-
dimensional allotrope of carbon known as graphene (G). One atom acts as the 
vertex of each hexagon in the hexagonal, honeycomb lattice that holds these atoms 
together and resembles “chicken wire”. Out of six electrons, two and four electrons 
are arranged in inner and valence shells. Every electron has confined with another 
three electrons via extremely tough covalent bonds which are really hard to split, the 
last electron of outer shell accessible for conduction or relate with other atoms or 
molecules [2, 3]. Both sides of graphene layer have p-orbitals and “pi” electrons, also 
referred to as the highly mobile electrons. The overlap of the pi orbitals in graphene 
strengthens carbon-to-carbon bonds. The bonding of these orbitals controls the elec-
tric characteristics of graphene. This 2D carbon graphene lattice is often found as 
platelets or flakes that are around 0.3 nm thick [3]. Although it is typically thinner 
than this, the layer can stretch up to roughly 0.5 mm in the lateral direction. 

Through an extremely crystalline arrangement and exceptional, distinctive phys-
ical properties, monolayer graphene is produced via this so-called mechanical exfo-
liation technique [3, 5]. They transferred the graphene layers from the graphite to 
thin silicon dioxide (SiO2) on a silicon wafer using either the scotch tape method or 
micromechanical cleavage. SiO2 provided almost charge-neutral graphene layers by 
electrically isolating it from the graphene and barely interacting with it. Serving as 
a “back gate” electrode, the silicon underlying the SiO2 might be utilized to change 
the charge density in the graphene across a wide range. 

Recently, there is a significant increase in attention for graphene-based nano-
materials for use in nanocomposites, energy-storage systems, electronics, chem-
ical sensors, opto-electronics, and health applications including osteogenic [1, 4, 6]. 
Applications for graphene include energy-storage devices like supercapacitors and 
lithium-ion batteries, conducting electrodes, and gas detection. The internal struc-
ture of graphene is, each atom in a graphene sheet forms a strong bond with its 
three closest neighbors, adding one electron to the sheet’s overall valence band. 
The key advantages of graphene include its near-perfect heat and electrical conduc-
tivity, lightness, strength, thinness, and other properties. The use of graphene in 
a composite precludes the production of additional nano-sized active materials, 
improves non-Faradic capacitive behavior, boosts conductivity, and stops disinte-
gration. Numerous extraordinary electronic features of graphene have fascinated a 
lot of interest, including Dirac energy dispersion, relativistic effects, the half-integer
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quantum Hall effect, and Klein tunneling. Additionally, in its Van der Waals hetero-
structures with other two-dimensional materials, it hosts a number of single particle 
and emergent correlated states that are topologically non-trivial [5–8]. 

2 Physico-Chemical Properties of Graphene Nanomaterials 

After the year 2004, it was established that 2D complex can subsist due to monolayer 
graphene which was isolated. However, the scientists were looking for more details 
about it. After suspended graphene layers were analyzed by high-resolution trans-
mission electron microscopy (TEM), researchers considered that can be established 
the cause to be minor rippling in graphene, altering arrangement of layers. Though, 
by lately they suggested that the carbon-to-carbon bonds in graphene are very tiny 
and robust that they resist thermal disturbance from unsettling it. 

2.1 Electronic Properties 

Conjugating both holes and electrons as charge carriers, zero-overlap semi-metal 
graphene is established as highly electrical conductor. Then, 2, 4 electrons are 
arranged in inner and outer shells, respectively, in graphene. Out of four valence 
electrons, three electrons are bonded to other atoms to form 2D plane, whereas one 
electron is always free for electronic conduction [9]. Those strongly mobile electrons 
(“pi” electrons) are occupying below and above the graphene layer. The overlapped 
pi orbital increases the strength of carbon–carbon bonds. Basically, the valence and 
conduction bands or bonding and anti-bonding of “pi” orbital of graphene are termed 
as electronic properties. 

Over through last decade, it was studied that electrons and holes have zero effective 
mass at the Dirac point in graphene. This happens due to the spectrum for excita-
tions or energy-movement association, which behaves linear for less energy beside 
the six separate bends of Brillouin zone. The electrons and holes are termed as Dirac 
fermions, and six turns of the Brillouin zone are called as Dirac points [10]. Elec-
tric conduction is actually very low because of zero-density status at Dirac points. 
Although Fermi level can be adjusted with doping holes or electrons for material, 
electronic conductivity can be improved by that. 

Graphene has extremely high electron mobility of more than 15,000 cm2 V−1 s−1 

and tentative potential of 200,000 cm2 V−1 s−1 [11]. Due to lack of mass, the electrons 
behave alike of photons during their mobility. Those charge carrier electrons are 
capable to move sub-micrometer path with no spreading, a trend called as ballistic 
transport [11]. Although the limiting factor may be the substrate or the quality of 
graphene. As an example, the substrate silicon dioxide has the mobility of 40,000 
cm2 V−1 s−1.
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2.2 Mechanical Strength 

Graphenes’ prominent physical property is its intrinsic strength (ultimate tensile 
strength 130 GPa) because of 0.142 Nm extended carbon bonds, which made 
graphene as the strongest material ever explored [12]. Compared to strength, 
graphene is also very light in weight (0.77 mg/m2) [12]. It is frequently mentioned 
that a solitary layer of graphene (simply one atomic wide) is adequate in dimension 
that can cover a complete football ground and would weigh less than one gram. 

As elastic property, graphene is capable to preserve its own shape and size after 
strain, which makes it special. Atomic force microscope (AFM) analysis of graphene 
was conducted in 2007, where graphene layers were suspended over silicone dioxide 
cavities. Those results provided that between 2 and 8 Nm thick of graphene layer 
had spring constants in the range of 1–5 N/m and a Young’s modulus (unlike 3D 
graphite) of 0.5 TPa [15]. Those exceptional results were based on theoretical predic-
tion assuming graphene as flawless containing no deficiency and therefore costly and 
tricky to synthetically reproduce, although manufacturing processes are gradually 
improving, ultimately reducing expenses and difficulty [13]. 

2.3 Optical Properties 

Graphene has the capacity to absorb around 2.3% of white light, which is an excep-
tional and attractive property, particularly taking into account that it is merely lone 
atomic wide. Owing to its aforesaid electronic properties, the electrons act like mass-
less charge carriers with extremely high mobility [14]. The amount of white light 
absorbed depends on the fine structure constant, rather than being dictated by mate-
rial specifics. Addition of one more sheet of graphene enhances the quantity of white 
light absorbed by roughly similar value (2.3%). Graphenes’ opacity of πα ≈ 2.3% 
connects to a universal dynamic conductivity value of G = e2/4 h (± 2–3%) more 
than the noticeable frequency series [14]. 

The following characteristics apply to this amazing nanomaterial: 

• Owing to its dense arrangement and tough covalent bonds among atoms, graphene 
is 200 times stronger than steel while also being exceedingly light. 

• Really thin but incredibly durable. 
• Flexible; it can be folded or bent. 
• Due to its small structure, it can function as a perfect barrier. Helium cannot even 

get through it. 
• Because of its little thickness, transparent, graphene is practically invisible since 

it only absorbs 2.3% of the light that passes through it. 
• Tiniest substance presently known to exist. 
• Chemically inactive. 
• Conduction band does not have any band gap due to fourth electron, the pi-electron 

and the valence shell are not normally elevated toward an upper plane.
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• Because of the highly mobile free pi-electrons, more conductive than copper both 
electrically and thermally. 

• While carbon is the fourth large prevalent component on earth, graphene is 
honestly affordable. 

• Flexibility alters the resistance of the sheet and able to be extended up to 20% 
without causing faults. 

• Researchers from the University of Maryland and the Lawrence Berkeley National 
Laboratory have also noted that the flexibility pattern of graphene layer could 
change the magnetic characteristics. Corresponding result in pi-electrons moving 
in rounds in graphene layer, like a tough magnetic field, had been applied perpen-
dicular to the sheet even though there was no actual external magnetic field (up 
to 300 T or 107 times the earth’s magnetic field). This might make it possible 
to manipulate the conductivity, optical, and microwave properties of graphene. 
Currently, any alternative feasible is not available to produce magnetic fields of 
that size. 

• Another peculiar behavior that was noticed in two-dimensional graphene struc-
tures under strong magnetic fields and low temperatures is the quantum Hall effect. 
This is a quantum–mechanical interpretation of the Hall effect, in which electrons 
enter quantized energy levels and the Hall conductance undergoes quantum Hall 
transitions to take on quantized values. 

• By using doping or other techniques, graphene can be given semiconducting 
features, such as an adjustable band gap, even if the lack of a band gap prevents 
graphene conduction from being switched off like a transistor. 

• Graphene oxide (GO) is graphene derivatives whose large array of physico-
chemical properties is modified and used for specific utilizations. 

3 Synthesis of Graphene Nanomaterials 

A number of techniques, including ball milling, exfoliation, chemical vapor deposi-
tion, and physical vapor deposition, can be used to create graphene nanomaterials. 
Several techniques for the exfoliation of graphite have been documented as a result 
of the long-standing interest in graphene and the numerous researchers that have 
been working on its creation. They fall into two categories like top-down strategy 
and the bottom-up strategy. 

Processes of synthesizing graphene depend on preferred purity, size, and efflo-
rescence. Many techniques for producing thin graphitic films have been discovered 
at the early stage. In the late 1970s, carbon precipitated as thin graphitic coatings 
on the surfaces of transition metals [15]. In 1975, few-layer graphite was produced 
using chemical breakdown procedures on a single platinum crystal, but owing to lack 
of characterization tools or possibly because of its restricted prospective uses, this 
material was not recognized as graphene. 

Their electronic properties were not investigated at that time since it was difficult 
to isolate and transfer on resisting supports. At the end of nineteenth century, Ruoff
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and associates sought to separate fine graphitic flakes on silicon dioxide support using 
mechanically friction decorative islands on extremely organized pyrolytic graphite 
[16]. On the characterization of their electrical properties, there was, however, no 
information. Later, in 2005, Kim and associates used a similar procedure to do 
this, and the electrical properties were published [17]. However, graphene research 
proceeded quite swiftly when Geim and others declared their effort of separating 
graphene over silicon dioxide support, analyzing all electrical properties. Following 
the material’s discovery, numerous methods were discovered to manufacture slim 
graphitic layers and few sheets of graphene. Thin graphene flakes exfoliation from 
their bulk counterparts and additional substances including molybdenum disulphide, 
niobium diselenide, and boron nitride led to the primary experimental demonstration 
of two-dimensional crystals in 2004 and 2005. However, graphite was first mechani-
cally exfoliated with scotch tape to produce tiny flakes of a few microns, which were 
then used to make graphene [17]. Although the graphene produced by this proce-
dure is of the highest quality, mass manufacturing of graphene requires a fabrication 
technique that can manufacture wafer-scale graphene. 

A wide range of techniques has recently been discovered for the manufac-
turing of graphene. But currently, mechanical cleaving, chemical exfoliation, chem-
ical synthesis, and thermal chemical vapor deposition synthesis are the methods 
most often used. Other techniques, such as producing microwaves and unzipping 
nanotubes, have also been reported [18]. Although it was shown that mechanical 
exfoliation using an atomic force microscopy cantilever could manufacture graphene 
with a few layers, the method was constrained by the graphene’s thickness, which 
ranged to 10 nm, or roughly equivalent to 30-layer graphene. 

Chemical exfoliation of solution dispersed graphite is accomplished by injecting 
large alkali ions between the graphite layers. Creating graphite oxide, spreading it 
in a solution, and then reducing it using hydrazine are similar processes. Chemical 
synthesis is the term for this. The most crucial process for producing graphene on a big 
scale, much like carbon nanotubes, has shown to be catalytic thermal chemical vapor 
deposition. The phrase “thermal chemical vapor deposition” refers to the thermal 
chemical vapor deposition procedure that makes use of a resistive heating furnace. 
The term for the thermal chemical vapor deposition method that makes use of plasma-
assisted growth is plasma-enhanced chemical vapor deposition. Every aspect of our 
environment has drawbacks, so the final application of graphene will determine which 
synthesis method is best. As an example, the mechanical exfoliation technique can 
produce monolayer to few-layer graphene, but there is little chance of successfully 
producing a structure similar to that structure. 

Additionally, chemical synthesis techniques are less-range temperature methods, 
by which it is possible graphene synthesis at room temperature on a range of substrate 
types, particularly polymeric ones. However, the large-area synthetic graphene 
produced by this technique is scattered and not homogeneous. Again, depending 
on the degree of reduction, the partial decrease of graphite oxide which effect from 
creation of graphene from reduced graphene oxides usually deteriorates the elec-
trical properties of graphite oxide over time. Contrarily, by substituting Si, thermal 
chemical vapor deposition technique is most suited in favor of creating bigger-space
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devices that are helpful for upcoming corresponding metal oxide semiconductor 
skill [19]. Another technique to generate graphene is by thermally graphitizing a 
silicon carbide surface; however, this method has two drawbacks: a high process 
temperature, and it cannot be transferred to other substrates. The unique feature of 
the thermal chemical vapor deposition technique is its capacity to deposit a uniform 
layer of carbon atoms that have been chemically and thermally catalyzed onto metal 
surfaces. 

3.1 Top-Down Technique 

Graphene or modified graphene sheets are produced using a top-down technique 
by exfoliating or separating graphite and its derived including graphite fluoride and 
graphite oxide. 

Chemical Exfoliation 

Chemical synthesis represents the finest ways to make graphene. Modifying graphite 
and a graphite intercalation component chemically to create colloidal suspension, this 
is then converted into graphene. Numerous paper-like materials, polymer compos-
ites, energy-storage materials, and transparent conductive electrodes have already 
incorporated graphene produced chemically into them. The Brodie, Hummers, and 
Staudenmaier processes were first used to create graphene oxide in 1860 [23]. 

Chemical exfoliation is a two-continued method. By initial lowering the Van 
der Waals forces between two layers, one can enhance the interlayer separa-
tion. Consequently, it produces chemicals that intercalate graphene. Then, a single 
sheet or a few layers of graphene are exfoliated using rapid heating or sonica-
tion. To produce various layer thicknesses for single-layer graphene oxide, density 
gradient ultracentrifugation is combined with ultrasonication. It is simple to create 
graphene oxide using the Hummers process, which includes oxidizing graphite 
with strong oxidizing chemicals like potassium permanganate and sodium nitrate in 
sulfuric acid/phosphoric acid. In a dimethyl formide/water combination, single-layer 
graphene was produced via ultrasonication. As a result, interlayer spacing rises from 
3.7 to 9.5 A. High functional group densities call for oxidation, and graphene-like 
properties call for reduction. The sheets are spread by chemically reducing single-
layer graphene sheets with hydrazine monohydrate. Polycyclic aromatic hydrocar-
bons have been used in the production of graphene using a cyclodehydrogenated and 
planarized dendrict precursor. Make a couple small graphene domains. Larger flakes 
of poly-dispersed, hyper-branched polyphenylene are produced by the precursor. 
The initial ones were produced through oxidative cyclodehydrogenation and FeCl3. 
Graphene is dispersed using orthodichlorobenzene, perfluorinated aromatic, chloro-
form, isopropanol solvents. An electrostatic force draws graphene on silicon dioxide
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substrates to the Si substrate. Reduced graphene oxide is first-class graphene obtained 
via exfoliation by heating or reduction of graphite oxide. 

3.2 Bottom-Up Techniques 

The typical graphene dimensions as well as its layers depth are generated through 
various bottom-up techniques, and perks and drawbacks of every technique will be 
discussed. 

Mechanical Exfoliation 

The much more typical and important method for producing single-layered graphene 
flakes on chosen substrates may be mechanical exfoliation. It is the initial known tech-
nique for producing graphene. This top-down nanotechnology method stresses the 
materials that make up the layered structure’s surface longitudinally or transversely. 
Weak Van der Waals forces allow mono-atomic graphene sheets as stack one on top of 
the other to create graphite. The space and bond energy between sheets are 3.34 A and 
2 eV/nm2, respectively. To split mechanically single atomic sheet from graphite, ~ 
300 N/mm2 external force is needed [20]. In graphite, stacking of sheets is caused by 
the crossover of a half-filled p-orbital that is orthogonal toward the sheet’s plane and 
involves Van der Waals forces. Exfoliation means inverse from assembling together 
since there is weaker bonding and a larger average crystallite size in the direction 
parallel than there is in the hexagonal lattice plane and vice versa. In fact, layers of 
graphitic materials like highly ordered pyrolytic graphite, single-crystal graphite, or 
natural graphite can be peeled off to produce graphene sheets of various thicknesses. 
The many tools that can be employed to carry out this peeling or exfoliation include 
Scotch tape, ultrasonication, electric fields, transfer printing methods, etc. The highly 
oriented pyrolytic graphite has occasionally been connected to the substrate using 
traditional adhesives like epoxy resin or even S-adenosyl methionine for advancing 
the production of individual or more layers graphene sheets. 

A latest research reveals the use of gold films to manufacture macroscopic 
graphene patterns from patterned highly oriented pyrolytic graphite. The typical 
methods used to characterize graphene flakes that are made using mechanical 
exfoliation processes include optical microscopy, Raman spectroscopy, and atomic 
force microscopy. An atomic force microscopy analysis is performed for exfoli-
ated graphene to measure the width and amount of sheets. There is low chance of 
finding a single-layer flake, and this technique produces poorer yields for mono-
and several sheets of graphene with smaller flakes. Optical microscopy is a conven-
tional way for discovering single-sheet graphene. Graphene peels above the surface 
offer a significant color contrast in respect to thickness. The silicon dioxide layer on 
silicon wafers is 300 nm thick and produced thermally [21]. This is one of the fastest, 
finest specific processes for gauging crystallinity and width of graphene sheets. This
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is because, depending on the number of sheets present, graphene exhibits various 
Raman spectra. For micromechanical process, graphene is peeled off single graphite 
crystal via sticky ribbon. Flaking off graphite leaves multilayer graphene above 
ribbon. Through frequent flaking, multi-sheet graphene is divided within countless 
sheets of some-layer graphene. 

In order to remove, ribbon is then secured onto acetone support. Unopened ribbon 
is used for the final peeling. With diameters in support of mono-sheet graphene (wafer 
spanning) from nanometers to many tens of micrometers, the generated flakes have 
a wide range in size and thickness. Absorption speed of monolayer graphene is 
approximately 2%, yet due to interference effects, it can still be seen under a light 
microscope on silicon dioxide/silicon [22]. Despite the fact that this procedure poses 
very few challenges, it is labor-intensive to locate the graphene flakes on the substrate 
surface. The prepared graphene is of extremely high quality and has almost no defects. 
Mechanical exfoliation still requires improvement based on industrial-scale, flaw-
free, more-purity graphene wholesome manufacturing for area of nanotech. 

Pyrolysis of Graphene 

Using the solvothermal process, graphene was chemically created in a bottom-up 
manner. During this heat reaction, salt and ethanol were mixed in a closed vessel at a 
1:1 molar ratio. Sheets of graphene can be smoothly separated by pyrolyzing sodium 
ethoxide with sonication. Up to 10 nm thick graphene sheets were produced as a 
result. In order to look at crystalline arrangement, various layers, graphitic character, 
and band configuration, three different techniques have been used: selected area 
of electron diffraction, transmission electron microscopy, and Raman spectroscopy 
[24]. Raman spectroscopy of graphene layers indicated large D-band and G-band, 
and an intensity ratio of IG/ID was 1.16, which is suggestive of flawed graphene. 
This technique had the benefit of producing highly pure, functionalized graphene 
with ease at low temperatures. 

4 Functionalization of Graphene 

Low-cost graphene functionalizations by conventional ways are well known. By 
changing exterior-plane chemistry of graphene oxide for modification of its prop-
erties in a variety of ways, such as by replacing the oxygen atoms through other 
atoms/molecules or by connecting molecules to oxygen atom for generate vari-
ants known as nanocomposite materials. This can be possible because graphene 
oxide has an abundance of oxygen-containing groups. Functionalization is a key 
chemical process that significantly affects the material’s reactivity and enables the 
addition of new functions, features, capabilities, or attributes [25]. This customiza-
tion of graphene has been used in support of specific purposes like biosensors, 
drug delivery, catalysts, semiconductors, or for improving material characteristics of
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complex supplies. Both covalent and non-covalent bonds can be used to combine the 
exclusive properties of G and graphene oxide amid different molecules and nanomate-
rials, like metals, metal oxides, magnetic nanoparticles, and quantum dots (extremely 
tiny semiconductor elements along special characteristics), to permit all variety of 
utilizations. 

4.1 Immobilization 

In order to immobilize molecules like enzymes on graphene support structures, 
bonding is also used to attach the molecules to the supports. In medication delivery 
applications, the graphene serves as a carrier for the enzymes, which serve as catalysts 
for biochemical reactions [26]. Because of their immobilization, the enzymes are less 
susceptible to environmental influences, they are more stable and do not readily mix 
with the surroundings, and they can therefore be reused while still maintaining their 
integrity and effectiveness. 

4.2 Covalent Bonding 

When employed for attaching location for covalent interactions along various 
molecules and nanoparticles, the oxygen-containing functional groups on the GO 
lattice’s surface or along the margins of the GO sheets can change the surface 
functionality and enable a range of functions [27]. Thus, graphene is a poten-
tial first step in the immobilization of numerous substances, such as a variety of 
metals, proteins, fluorescent compounds, medications, and inorganic nanoparticles. 
However, by accommodating the extra molecules, covalent functionalization can 
damage the structure of G lattices, leading to flaws and the deterioration of the 
lattice’s electrical characteristics. 

4.3 Non-covalent Bonding 

The non-covalent functionalizations for graphene or graphene oxide are made 
possible by the reduced Van der Waals and electrostatic forces or interactions between 
graphene and desired element [28]. The structure or electrical properties of the 
graphene lattice are unaffected even while additional chemical groups are simulta-
neously added to facade. Non-covalent functionalization could improve graphene’s 
dispersion ability, biocompatibility, reactivity, binding power, and sensing effects. 

Van der Waals forces often govern bonds between G and organic molecules. Pure 
G cannot form ionic connections because it lacks oxygen atoms, which are necessary
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for such interactions [28]. However, GO derivatives are capable of ionic interactions, 
and hydrogen bonding due to GO’s edges and surface both has oxygen groups. 

Non-covalent pi–pi bonds are created when two overlapping regions of atomic 
orbitals come into contact with one another. In addition, aromatic hexagonal rings, 
which contain one free electron each and are cyclic atomic structures, interact with 
molecules via molecular pi–pi interactions. Such rings are frequently found in organic 
compounds and polymers, and graphene also possesses a ring structure. However, 
the unbound electrons would tend to resist one another if the hexagonal nucleus was 
in direct opposition or parallel to one another, lowering the strength of the bond and 
lessening the impact of non-covalent contact among aromatic rings [28]. However, 
distance between electrons of two layers that are straight across from one another 
is less negative than the distance between the atoms composing an individual ring’s 
periphery rings that are equalized across one another via short path among closest 
peripheral atoms that make up the nucleus that will have a stronger non-covalent 
pi–pi interaction. The electrons will instead fall into the somewhat fewer negative 
areas on each face of opposing couples of atom as a result, preventing them from 
being in direct opposition to one another. Electromagnetic interactions work inside 
or between molecules rather than the sharing of electrons. The same interactions still 
take place even if the rings are in ordered differently, like perpendicular with one 
another in a T-formed arrangement. 

Any metal, an anion, a different particle, or yet other system can interact with an 
electron-rich system like graphene. Biological relationships depend on non-covalent 
interactions across systems, featuring the stacking of DNA’s and RNA’s double-
ringed nucleotides [29]. Non-covalent bonding has the significant advantage that, 
in the majority of appliances, graphene and graphene oxide pattern are not inter-
rupted, preserving critical characteristics like electrical conductivity, mechanical 
strength, and solubility. The many “-” contacts among graphene-derived polymers, 
for instance, polymers with duplicating aromatic rings, can tightly bind monolayers 
in bigger or extended systems, producing very uniform polymer compounds with 
improved mechanical, electrical, and thermal properties. GO has specific promise 
for usage in nano-medicine, as do several other functional groups that enable further 
surface functionalization and improve biocompatibility [30]. 

4.4 Graphene Conjugation with Organic Molecules 

Through the processes of amination, esterification, and halogenation, organic 
compounds could be utilized for covalently or non-covalently functionalized 
graphene arrangement. In studies on covalent functionalization methods for graphene 
quantum dots, the graphene plane was functionalized with organic compounds, for 
example, alcohols and diamines for bioimaging applications [29]. It demonstrates that 
graphene and the two dipoles (T, P) have fewer interactions compared to non-ionic 
particles.
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4.5 Graphene Functionalization with Polymers 

Graphene and GO can be functionalized with a variety of polymers through chem-
ical and non-covalent interactions. The created nanoparticles can be used in catalysis, 
medicine, and power generation [30]. Researchers proved that it is feasible to cova-
lently functionalize GO with polyvinyl alcohol (PVA) in order to enhance PVA’s 
physical merits. Compared to non-modified PVA, the authors found a 400% increase 
in mechanical parameters and a 60% rise in Young’s modulus. It is known that adding 
GO to PVC increases contact angle values, hence reducing surface roughness. 

4.6 Graphene Establishment in Anti-cancer Drugs 

The non-covalent interactions between drug and graphene layer allowed for the 
combination of graphene-based nanomaterial (GBN) by anti-cancer treatments. As 
reported by scientists, covalent functionalization of graphene oxide along sulfonic 
acid groups and folic acid enhanced its selectivity for MCF7 cells (human breast 
cancer cell line) [31]. The incorporation of anti-cancer drugs through non-covalent 
alteration significantly boosts therapeutic effectiveness in comparison with separate 
medications. The covalent alteration of graphene oxide along chlorotoxin (CTX) 
increases the release of medication to glioma cells. 

4.7 Graphene Alteration with Biomolecules 

Chain-length proteins, catalysts, and polymers all have graphene and GO bonded 
to them either covalently or non-covalently. The substance could be used to build 
detectors that are extremely sensitive to small molecules like antigens [32]. In order 
to act as a cationic vector for gene transport, GO may be chemically linked with 
poly-ethyleneimine, according to research. The compound was used as a bioimaging 
material because of its potent photoluminescence properties. 

The scientists achieved covalent and non-covalent conjugation of GBN with 
biomolecules such as enzymes, sugars, and pathogens for a number of pharmaceu-
tical uses, cancer treatment, synthetic biology, bioimaging, and the advancement of 
biomaterials in order to identify extremely small portion of biological molecules such 
as nucleic acids, peptides, or proteins, particularly for disease detection. The usage 
of GBN as nano-modifiers has received considerable attention in scholarly papers 
[31, 32]. Data on the nature of the produced nanomaterial are similarly scarce. The 
lack of knowledge about GBN’s biosynthetic pathways for biomedical applications is 
another disadvantage. However, this study would open the door for later applications.
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5 Advantages and Disadvantages of Graphene Synthesis 
Methods 

5.1 Advantages 

• The exfoliation process produces graphene that is extremely pure and of high 
grade. The exfoliation method’s simplicity and lack of complexity make it ideal 
for laboratory testing. The size of the getting flakes and their controllability are 
bad for industrial formation [33]. 

• If we allow graphene to expand on layers, it will have great controllability and 
a low infinity size of its layers that can pass more. Due to the low clarity of the 
material obtained, these procedures are not appropriate for laboratory analyses of 
graphene [33]. 

• The structure is not only harmed when we compare the electrochemical approach 
with the reduction of oxidized graphene into graphene oxide, but the material 
also exhibits strong electrical conductivity without incurring any loss in the treat-
ment. Compared to alternative chemical exfoliation methods like liquid-phase 
exfoliation of graphite by substantial intercalation and expansion of graphene, 
the electrochemical technique produces sheets of graphene that are more robust, 
clean, and huge in size [34]. 

• To create a liquid-phase solution, the prepared sheet of graphene can be dispersed 
in an organic solvent. At 150 °C, an organic solvent like dimethyl formamide 
(DMF) can evaporate. 

5.2 Disadvantages 

• The output from the liquid exfoliation process was decreased. 
• The newly produced graphene has some structural and manufacturing flaws. Thus, 

it is impossible to guarantee the quality of newly produced graphene. 
• The contaminants in different types of unclean salt may be fixed between layers of 

graphene in the electrochemical procedure, which has an impact on the physical 
phenomena of graphene [33]. 

• Additionally, because the thickness parameter is managed by the chemical vapor 
deposition (CVD) process, one cannot control it [34]. 

• To allow for a comprehensive benchmark of this material and an analysis of its 
prospective performance, a deeper understanding of factors including breakdown 
voltage, electron rate, and corresponding saturation current is necessary.
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6 Applications of Graphene Nanomaterials 

6.1 Graphene in Fuel Cells 

Graphene is impermeable to even hydrogen atoms, which are thought to be the tiniest 
atoms. In a different study, Sir Andre Geim and his group investigated the possi-
bility of graphene’s ability to block protons. Surprisingly, protons may move across 
graphene. The characteristic definitely increases fuel cell results by minimizing fuel 
transfer, and this issue significantly decreases fuel cell lifetime and efficiency. Fuel 
cell is a power generation device that converts the chemical energy of hydrogen and 
oxygen directly into electricity and can achieve an efficiency of more than 50% [35]. 

6.2 Graphene Batteries 

Since graphene-reinforced lithium-ion batteries have amazing qualities including 
increased flexibility and weight, longer life, higher capacity, and quicker charging 
times, they could be employed in portable electronics. 

Graphene lithium-ion batteries are anticipated to be developed within the next one 
to three years, solid-state batteries over the next four to eight years, and graphene 
supercapacitors within the next ten years. Lithium-ion batteries may eventually be 
replaced with graphene sodium-ion and graphene aluminum-ion batteries because 
they are less expensive, easier to recycle, and more prevalent in nature than lithium. 

Future electric vehicles may use graphene aluminum-ion batteries as their main 
power source since they can charge 60 times quicker than lithium-ion batteries and 
store a lot more energy than pure aluminum cells. For instance, AA batteries can be 
recharged in a minute and coin-cell battery in 10 s using graphene aluminum-ion 
cells. 

6.3 Graphene in Solar Cells 

In 2017, scientists from Massachusetts Institute of Technology (MIT) successfully 
used G into solar cell. For current density and energy conversion efficiency, the 
researchers established that the G-solar cell was equivalent to other cells completed 
with aluminum and indium tin oxide, though slightly less efficient than cells made 
of aluminum. An apparent cell is expected to achieve worse against an opaque 
aluminum-based cell [35]. A bendable, clear solar cell, which attached to some area 
(transport, clothing, document, electric items, and many more) has unremarkable 
electrical characteristics, has been designed. In addition, other researchers are inves-
tigating the theoretically feasible ability of graphene solar cells to produce electricity 
from raindrops.
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6.4 Graphene in Thermoelastic 

The Seebeck effect occurs after energy is pushed to any electrical conduc-
tors/semiconductors that are incompatible with one another. Electrons move from the 
hot part to the cooler section as a result of the thermoelectric effect, creating elec-
tricity. Though, heat produced through the process is very little and is frequently 
measured in microvolts. Although it essentially lost heat from the motors, it is 
believed that it can be utilized to capture it. When coupled with graphene, the 
strontium titanate-produced Seebeck effect can almost be doubled by five. 

6.5 Graphene in Alcohol Distillation 

Big water molecules can travel through glass thanks to the interesting and unique 
physical properties of graphene, but helium molecules cannot. Andre Geim, one of the 
originators of graphene, and Rahul Nair of the College of Manchester demonstrated 
that graphene can successfully distill ethanol by normal temperature with no vacuum 
required in this processes by attempting to seal a vodka bottle with a graphene 
membrane they developed. This space can be used to filter alcohol, water, and other 
chemicals. 

6.6 Drug Delivery Using Graphene 

For cancer patients, graphene that has been functionalized is utilized to deliver 
chemotherapy medications directly to tumors [36]. Delivery methods based on 
graphene are more effective against cancer cells and less harmful to healthy 
cells. Anti-inflammatory medications are conceded using mixtures of graphene and 
chitosan, with promising results. Drug delivery is not just for the treatment of cancer. 

6.7 Graphene in Cancer Treatment 

The early stages of cancer can also be detected via graphene. Furthermore, it can 
stop the growth of many cancer types by impeding normal tumor development or 
inducing autophagy, which results in the death of cancer cells [37].
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6.8 Graphs for Gene Delivery 

By transferring foreign DNA into cells, gene transfer is a technique for treating 
various genetic illnesses. As has been the case with medication delivery, it is 
anticipated that GO customized with poly-ethyleneimine also be utilized for those 
applications and has low cytotoxicity. 

6.9 Graphene in Photo-Thermal Therapy 

In photo-thermal therapy (PTT), aberrant cells are removed from the target area of 
the body by being exposed to a particular substance that produces heat that can 
kill the cells. Graphene oxide improves PTT’s efficiency in many conducts. This 
will be utilized for concurrently delivering chemotherapeutic medicines and PTT 
radiation to tumor cells [38]. Chemotherapy and PTT used in this manner are more 
efficient than either treatment alone. For cancer cell bioimaging during PTT, a reduced 
graphene oxide nanocomposite (QD-CRGO) will be utilized. The use of graphene 
oxide functionalized with biocompatible porphyrin for photo-thermal therapy killed 
more those cells in skull tumors than PTT alone, without harming healthy cells, 
according to a team of researchers from Texas Tech and Texas A&M University 
[36]. 

6.10 Monitoring Diabetes with Graphene 

Researchers at the Bath University have created unique blood sugar investigation 
method, for that skin pricking not required, dissimilar to the pricking technique now 
in use. With at least one hair follicle, this patch, which has a graphene sensor, can 
operate on a limited area. By removing glucose from the intercellular fluid, it may 
detect glucose. With this, blood glucose measurements are no longer uncomfortable, 
and the accuracy of the results should also improve. 

6.11 Graphene in Dialysis 

Graphene-based membranes have applications outside the energy, nuclear, and food 
industries. The use of graphene to purge blood of waste, medicines, and chemicals has 
been shown by MIT researchers [35]. Because it is 20 times thinner than conventional 
membranes, graphene has an advantage in this case because it shortens the amount 
of time patients that must undergo dialysis.
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6.12 Graphene in the Implantation of Bones and Teeth 

A calcium apatite compound called hydroxyapatite is availed for an artificial bone 
alternative as the regeneration of bone and dental tissues. The inclusion of graphene, 
hydroxyapatite, and chitosan has improved the alternative material’s mechanical and 
osteogenic properties as well as its strength, corrosion resistance, flexibility, and 
other properties as contrast with only Hap. 

6.13 Graphene for Cell Treatment and Tissue Engineering 

Graphene can heal tissue other than bones as well. It has been demonstrated that 
specific types of graphene are compatible with human mesenchymal cells and 
osteoblasts and that they share characteristics with the physiological milieu of the 
cells. This technique improved cell growth, proliferation, and differentiation while 
leaving unaffected cell viability [39]. For tissue re-engineering to enhance the lives 
of persons with neurological illnesses or neurodegenerative diseases, stem cells are 
very crucial. 

6.14 Graphene for UV Sensors 

UV sensors are utilized to sense dangerous UV radiation which leads to skin problems 
or even cancer. UV sensors be utilized for a variety of applications, including envi-
ronmental monitoring, optical communications, and the military. While graphene by 
itself does not have a high photosensitivity, when coupled with other materials, it 
produces flexible, transparent, and cheap UV sensors that are ecologically benign 
and will soon be used in wearable electronics. 

6.15 Graphene for the Brain 

There is still much to learn about the brain’s secrets. By observing the electrical 
activity of the brain, a graphene-based device might enable researchers to learn a 
lot about these unanswered questions. This new technology does not impair brain 
function and can hear frequencies that are below the threshold of earlier technologies 
[37]. The technology may aid researchers in understanding the causes of epilepsy 
episodes and creating patient treatments, in addition to helping them better understand 
how the brain functions [40]. Additionally, as more is learned about the brain, new 
brain–computer interfaces that can be used to operate prosthetic limbs and other 
devices may be developed.
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6.16 Graphs in HIV Diagnosis 

Even with all the advancements, there are still numerous problems with existing 
HIV detection techniques. Although these methods take longer to develop and are 
more expensive than the antibody method, almost a month after the patient has the 
infection, they can either identify the antibodies in the body or find the virus itself. 
The Spanish National Research Council has developed a silicon- or graphene-based 
biosensor that detects the HIV p24 antigen and incorporates gold nanoparticles. 
When compared to current testing, the new technique can detect the virus 100,000 
times earlier, up to one week after infection. Additionally, test results are accessible 
five hours after the test [40]. 

6.17 Graphene Biosensors 

The capacity of graphene to detect minuscule amounts of chemicals is one of its 
advantages. In a very large volume, it can find even a single molecule. Biosensors 
prepared by G, GO, and rGO can detect DNA, ATP, dopamine, oligonucleotides, 
thrombin, or other molecules with incredibly high sensitivity [41]. Numerous medical 
businesses already sell graphene-based medical sensors. 

6.18 Bactericidal Graphene 

Because it damages the cell membranes of microorganisms including bacteria, 
viruses, and fungi in between its outer layers, graphene is a good antibacterial 
substance. The best antibacterial activity among graphene derivatives is demonstrated 
by graphene oxide and reduced graphene oxide. To further boost its antibacterial 
effects, GO can also be combined with silver nanoparticles. 

6.19 Body Scans with Graphene 

In contrast to X-rays and T-waves works for scans, this is safe for individual use. 
Though, sometimes T-waves, referred to as THZ radiation, are difficult to both make 
and detect [39, 42]. The good news is that CVD graphene can identify THZ radiation 
with a few adjustments and other materials. This will eventually lead to both safer 
body scanning and highly speedy Internet.
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6.20 Graphene in Nuclear Power Plants 

In addition to being expensive to make the production of profound water for nuclear 
power plants of cooling reactor produces one million tons of CO2. A more cost-
effective and ecologically friendly method of producing heavy water has been found 
by researchers at the College of Manchester: graphene membranes. The team’s leader, 
Dr. Lozada-Hidalgo, believes that despite the nuclear industry’s usual reluctance to 
new technology, this discovery is significant and will soon be adopted by that industry. 

7 Nanocomposite of Graphene and its Application 

Electrochemical sensors, aircraft, solar cells, supercapacitors, biomedical, and envi-
ronmental applications all use graphene-based nanocomposites as special materials. 
Due to its uniform functionalization and functional repeatability, graphene is chosen 
over carbon nanotubes (CNTs) or fullerenes in sensing applications [43]. Due to the 
amazing material characteristics of elasticity limit, strengths, electronic conduction, 
thermal conduction, optical properties of polymer nanocomposites (PNC), research 
on PNC has increased over the past ten years, and their applications are expanding 
significantly. Conventional complex arrangements typically include major quantity 
filler (50 vol. %) bound in polymer matrix, as well as a modest number of inor-
ganic particles with sizes smaller than 100 nm and relatively greater surface region 
scattered throughout polymer template. Although, micron-sized graphene may be 
scaled up for mass production. This makes composite materials based on graphene 
interesting for a wide range of applications [28]. 

Large strength, elasticity, higher electronic, thermal conduction and stability, more 
aspect ratio, huge gas permeability, and better geometric firmness are just a few of the 
many attractive qualities of graphene [6–12]. By incorporating graphene at a modest 
volume fraction, the characteristics of polymers can be significantly enhanced. Addi-
tionally, graphene is being employed for less volume percentage and more surface-to-
volume ratio compared to CNT. It is more effective for enhancing a variety of polymer 
matrices’ characteristics. From a precursor of graphite, graphene can be created in 
vast quantities through oxidation. As a result, graphene-based polymer nanocompos-
ites have piqued significant global scientific interest. Epoxy [40], PMMA [21], HDPE 
[11], polystyrene [13, 14], and nylon [12, 15–18] are only a few of the polymers that 
have been employed as matrices in the creation of graphene polymer nanocompos-
ites. Special overviews for creation of graphene-based nanocompounds are given by 
Malucelli et al. (2016) [43]. It is important to know about effectiveness of graphene 
spreading on polymer matrix in enhancing the properties of nanocomposites that is 
closely correlated with this quality [44]. The aspect ratio of graphene filler has a 
direct impact on the characteristics of a composite. 

In order to create fresh resources for alternative energy supply, graphene-based 
nanocompounds are more and more being used. As instance, (i) graphene-based



20 I. J. R. Sarkar et al.

nanocomposites perform better in lithium-ion batteries because of large power and 
energy density as well as quick charging rush for H2 fuel cells; (ii) graphene electrode 
for enhancing electro-catalytic performance; and (iii) graphene-based compounds 
already in use for photo-volatilization in solar. Understanding the fundamental 
of physico-chemical properties of nanocompound requires their characterization. 
Different businesses use various methods to create the many types of graphene mate-
rials that are sold on the market. These graphene are anticipated to differ greatly from 
one another in terms of flakes width, thickness, and imperfection. In order to obtain 
knowledge for a variety of components disturbing the nanocompounds microstruc-
ture and various methods for altering filler area in addition to synthesizing polymer 
nanocompounds require strong analysis of those methods and properties. 

The dispersion, supply, and arrangement of nanocomposites inside polymer 
matrix have all been studied using various methodologies. The measurement of 
nanocomposites has been demonstrated to benefit greatly from a variety of tech-
niques, including optical microscopy, X-ray diffraction, Raman spectroscopy, scan-
ning electron microscopy, high transmission electron microscopy, and atomic force 
microscopy [44]. Additionally, it is frequently required to use more than one char-
acterization method to completely describe the nanocomposite material. Mechan-
ical Characteristics of Nanocomposites Based on Graphene: When compared to 
conventional composites, graphene-based nanocomposite materials show a consid-
erable improvement in mechanical characteristics. Many nanocomposites have 
been strengthened mechanically with the help of graphene. When compared to 
conventional composites, graphene-based nanocomposite materials show a consid-
erable improvement in mechanical characteristics. Many nanocomposites have been 
strengthened mechanically with the help of graphene. For instance, adding up rela-
tively few weight percentage of graphene increased the tensile strength of baseline 
epoxy by almost 40%. The crosslinking density of the nanocomposites is increased 
by the presence of nanoparticles within the matrix, which significantly improves 
the mechanical properties. Those characteristics are mostly connected to number 
of sheets and internal flaws in arrangement of the graphene. Monolayer graphene 
sheets, for instance, have outstanding mechanical characteristics. 

As a result of high surface area that can interact through polymer matrix, graphene-
related materials have the potential to deliver relevant performance increases at 
modest loadings, which is supported by this information. For mechanical perfor-
mance, an ideal loading was found to be around 0.4 wt% for both materials [43, 44]. 
Epoxy nanocomposites were created by King et al. by adding 1–6 wt% GNP to the 
epoxy. Typical macroscopic measurements were used to test the tensile characteris-
tics of these composite materials. Modulus and creep compliance were also measured 
using nanoindentation. These macroscopic findings demonstrated that adding 6 wt% 
of GNP to an epoxy composite enhanced the tensile modulus from plain epoxy’s 2.72– 
3.36 GPa. The modulus outcomes of nanoindentation exhibited the same pattern. 
Polyvinyl alcohol (PVA) composite fibers reinforced with graphene reduced from 
graphene oxide were created by Li et al. Following reduction, the majority of oxygen-
containing group can be taken out of graphene oxide, creating rGO. In particular, 
the tensile strength and Young’s modulus of the 2.0 wt% rGO and PVA composite
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fiber improved to 244% and 294%, respectively, in comparison with neat PVA fibers. 
The PVA/rGO composite fibers showed a considerable improvement in mechanical 
parameters at low rGO loadings. 

For biomedical applications like tissue engineering, medication delivery, and 
cellular treatments, a variety of polymeric nanocomposites are used. A variety of 
property combinations can be produced to imitate the structure and qualities of natural 
tissue because of the special interactions between polymer and nanoparticles. 

7.1 Applications of Nanomaterials-Based Graphene (GN) 
in Neural Tissue Engineering 

An incredibly appealing method for treating neuronal injuries and disorders involves 
using graphene distinctive plane, electronic effects to imitate intrinsic stimuli and 
promote difference of stem cells through neurons [45]. GN-based products have 
been proven to encourage stem cells to develop into neurons and increase their pace 
of proliferating. However, the precise mechanism underlying graphene’s impact on 
brain stem cell development is still understood. In this article, we cover various 
strategies that scientists have employed to encourage neuron discrimination from 
stem cells in addition to potential prospect of connected research. 

Neural stem cells (NSCs) were grown on ginseng-reduced graphene oxide 
nanosheet in an effort to increase its biocompatibility and electron transfer capacity 
[25]. Ginseng extract was used for support and Fe foil served as catalyst in the reduc-
tion of GO sheets, resulting in addition of ginsenosides, flavanones, starch on exte-
rior, and formation of denser layers. Additional compounds were shown to promote 
neuronal development and proliferation. In general, cell density of ginseng-rGO is 
about ten times more than purified graphene oxide after three weeks of incubation. 
When compared to glial cells, ginseng-rGO also showed more number of neurons, 
despite the fact that the cell displayed same percentage of pure graphene oxide [46, 
47]. Those findings demonstrated that biomolecule functionalization on graphene-
based nanomaterial might produce helpful chemical indications, enhancing graphene 
capacity for promoting NSC dissimilarities in neurons. 

GO was chosen over pure graphene because it can assemble laminin more 
efficiently. The test sets included positively charged glass with graphene coating, 
laminin, monolayer of nanoparticles, nanoparticles, and graphene. It was demon-
strated that GO with NPs had much higher levels of neural marker expression 
than naked GO. Maintaining stem cells requires communication between the cell’s 
surroundings and 3D vibrant network of macromolecules. For interconnected 3D 
neural networks, 3D GNs offer good electrical interaction between the material and 
neurons, resulting in greater conductivity and electroactivity. They also enable cells 
to grow in 3D milieu for steer to particular lineage. For instance, Shah et al. looked 
at how differentiation of NSCs into oligodendrocytes was affected by GO density on 
3D nanofibrous arrangements [45, 47].
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Polycaprolactone (PCL) was used to create 200–300 nm electro-spun fibers that 
were subsequently composed on glass support and covered with GO at various quan-
tities (0.1, 0.5, and 1.0 mg/mL). All supports were covered by graphene oxide with no 
nanofibers, and it was discovered that less GO clung to them because of their smaller 
surface areas, which indicates a strong similarity between PCL and GO. The anal-
ysis concluded that supported nanomaterials showed much oligodendrocyte separa-
tion even as lesser glial cell and neuron isolation [49]. Additionally, at higher GO 
concentrations, there was a much distinct appearance of myelin vital protein, which is 
advantageous for neural regeneration. Interdependent result for nanomaterial scaffold 
and GO conduction on NSCs was capable for balancing in neural tissue manufac-
turing as evidenced by PCL-GO, which demonstrated more than twice the quantity 
of oligodendrocyte marker Oligo version compared to PCL/GO alone[48, 49]. 

7.2 Drug Delivery Software 

An optimized drug delivery systems (DDS) principal objective depends on transport 
healing mediators within the sick section in manageable way with less negative results 
on strong tissues. Some chemotherapy medications may not dissolve well in water, 
and their localization into tumors is not always precise, resulting in severe adverse 
effects on tissues that are not the intended target. Owing toward their suitable large 
surface region, biocompatibility, ease of functionalization, G and its derived, mainly 
graphene oxide, have received the most attention among other nanocarriers within 
area of nano-medicine as bacterial inhibitors, imaging distinct agents, and drug/gene 
release structures [50, 51]. 

Furthermore, the ability of graphene nanostructures to absorb a significant amount 
of near-infrared (NIR) light makes it possible to use those for photo-thermal treatment 
purpose. Thus, graphene-based nanomaterial has interdependent impact to exist like 
heat-reactive nano-sized drug carriers in healing purposes such as cancer by fusing 
together all potentials of transport pharmaceuticals and increased photo-heat alter-
ation. Other kinds of therapeutic agent-loaded modified graphene-based nanoplat-
forms, on the other hand, might be identified as stimuli-responsive arrangements in 
support of effective drug release [50]. According to the various forms of environ-
mental stimuli, a variety of documents based on stimuli-responsive graphene-based 
nanoparticles are reassessed based on following parameters (like, pH, light, redox, 
magnetic field, and temperature). 

7.3 Specific Drug Delivery 

Currently, a wide range of investigations has been presented us with a number of 
drug release processes in addition to specific techniques.
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Graphene-based materials could be used to create tailored DDSs, just like other 
nanosystems that have been used for drug delivery. Histidine (His) was used in a 
unique way by Zhang et al. to mediate hydrothermal extension of the unstructured 
zinc oxide (a-ZnO) shells on gold nanomaterial (Au-His@a-ZnO). They inserted Au-
His@a-ZnO NPs on the surface of PEGylated graphene oxide using carbodiimide 
crosslinker chemistry (PEG-GO). This work involved the creation of Apt@GO@Au-
His@a-ZnO@DOX (Apt stands aptamer) nanocompounds, which demonstrated high 
doxorubicin (DOX) carrying capacity together through near-infrared/pH-sensitive 
drug delivery, allowing metal-drug composite for dissociate to release anti-cancer 
ions of Zn2+ in less pH surroundings (endosome/lysosome of tumor cell). Those 
also showed excellent biostability and aptamer-enhanced lung carcinoma cell attach-
ment [52]. Compared to untargeted controls, the precise binding facilitated cellular 
absorption into the epidermal growth factor receptor (EGFR)-mutated tumor loca-
tion. This study used Apt@GO@Au-His@a-ZnO nanocompounds in vivo to demon-
strate significant focused drug release and strong anti-cancer efficiency using A549 
cells (human lung adenocarcinoma cells) in turmeric mice. The research’s use of 
mixed-use nanocompounds (Apt@GO@Au-His@a-ZnO@DOX) produced highly 
effective focused photo-/chemotherapy for lung cancers. 

One more trial showed, sound nanocarrier capable of effectively delivering a 
medicine during cancer treatment was created using quantum dot-based GO nano-
material. An effective nano-cargo was created by conjugating GOQD with chitosan-
functionalized folic acid in order to use this DDS in cancer therapy (FA-CH). That 
revealed the synthesized FA-CH-GOQD is an effective, adaptable nanocarrier toward 
release of DOX [50]. 

For MRI and DOX delivery, a folic acid besieged method established on 
graphene oxide-covered Fe3O4 nanocompounds is adopted. The FA-Fe3O4@nGO-
DOX system may be a useful and reliable substance for targeted medication delivery. 
Investigations into FA-Fe3O4@nGO-DOX nanoplatforms’ potential to support cell 
survival revealed Callisaurus cell line/MGC-803 preferential perception. The careful 
nanomaterial intake into MGC-803 cells with folic acid receptor and pH-mediated 
drug release were used to demonstrate the selective death of tumor cells. 

Additionally, it has been suggested that G quantum dots and Fe3O4 nanocom-
pounds bound among the lectin protein Concanavalin-As may be a promising 
contender for identification of tumor cells and the focused delivery of DOX targeting 
HeLa cells [53]. GQD-ConA@Fe3O4 was the abbreviation for the entire system. It 
has been demonstrated that the incorporation of Fe3O4 into the nanocarriers causes 
drug concentrations in HeLa cells to enhance by greater than double in the presence 
of an external magnetic field. In addition, the targeting function of Concanavalin-
A in nanomaterials was confirmed after demonstrating HeLa cells’ 13% increased 
susceptibility toward drug in comparison to natural cells. 

Enhanced fluorinated graphene oxide (FGO) possesses the following qualities as 
a hugely significant drug carrier: The following characteristics of the drug delivery 
system were prepared: high drug loading capacity, switchable fluorescence, water 
solubility, regulated and pH-sensitive drug delivery, large NIR absorption, improved 
photo-thermal effects, and desired drug release, nano-configuration. FGOs were
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initially adjusted in folic acid acting like desired material by purging O2 through 
nanosheets. Additionally, the photo-thermal performance was improved by modi-
fying fluorinated G into a nanoscale arrangement using sp2 carbon. Notably, endo-
cytosis into cells is facilitated by the FGO’s microscopic size. Quickly, DOX was 
installed on FGO-FA. FA ensures that the nanoparticle is delivered to cancer cells 
that have FA receptors on them, and the remaining portion of the particle causes the 
release of DOX when there is intracellular acidity [53, 54]. 

Energy transport among GO, FITC, and ATP was noted within a three-part system 
known as GONsFITCATP (GONs: graphene oxide nanosheets, FITC: fluoresce in 
isothiocyanate, ATP: adenosine-5'-triphosphate). In order to deliver DOX to tumor 
cells, a focused drug release scheme build on graphene quantum dots (GQDs) 
connected to biotin as a selecting unit was developed. GQD was biocompatible, 
and biotin-linked GQDs burdened among DOX in the A549 cell line demonstrated 
more absorption against free DOX or GQDs-DOX. 

For the delivery of camptothecin (CPT), methods related by decorated magnetic 
nanomaterials on graphene oxide covered in mesoporous silica were created. The 
carriers demonstrated a regulated and pH-responsive drug release and have a 20% 
capacity for drug loading. It was discovered in this investigation that the synthetic 
structures had a significant amount of success against HeLa cells. Additionally, with 
appropriate magnetic characteristics and more adsorption capacity, the adaptable 
nanosurface can be used for tumor chemotherapy [55]. 

7.4 Graphene in Smart Gene Delivery System 

A foreign DNA is effortlessly sent to a cell using a smart gene delivery system 
(SGDS) on behalf of gene therapy or investigation. SGDS is categorized the same 
as chemicals (such as lipids or nanomaterial carriers), biologicals (such as viral or 
bacterial vectors), and mechanicals (such as electroporation, microinjection, and 
biolistics) depending on the mode of the gene’s entry into the cytosol [54, 56]. 
Gene delivery through chemical means is more typical and uses organic nucleic 
acid complexes including lipid, cationic polymer, and calcium phosphate. Although 
biological approaches rely upon creating viral gene discharge system, for that a 
particular gene is infected into the target cells (s). However, using electroporation, 
microinjection, and photo-transfection, exposed nucleic acid is delivered into cells 
using mechanical methods. The successful outcomes of a smart gene delivery system 
primarily found scheduled transfer of DNA for chosen organs in terms of system’s 
effectiveness. Various parts considering scientific or research emphasis are experi-
encing a growth due to the development of nanotechnology in the twenty-first century 
[56].
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8 Challenges to Produce Value-Added Graphene 
Nanomaterial Products 

Producing graphene on a large scale has its own difficulties. While graphene has 
received recent attention, it is important to remember that other materials face similar 
difficulties. Do not disregard the challenges posed by the dispersion and alignment 
of graphene, which have recently started to be utilized in products. Commercial-
scale 3D printing has faced several difficulties in the past. In reality, no matter the 
material or industry, there are always production obstacles [57]. So why is graphene 
receiving so much attention? The so-called wonder material is often portrayed as the 
substance that can solve all application problems and be used to increase productivity 
in virtually every field of science and technology [58]. Graphene is nevertheless aware 
of the numerous difficulties that many manufacturing sectors encounter. 

There are several different types of graphene (even though this is disputed, the 
general consensus within the industry is now that there are a family of graphene). 
Secondly, different processes for making graphene result in extremely varied results. 
Thirdly, the graphene that can be used in products is not the same as the raw material 
used to make it. There are many distinct varieties of graphene, and each is benefi-
cial in its own way. Single-layer graphene is preferable for electronics, while some 
of the larger layer counts (but less than 10) are more affordable and better as addi-
tives. Unfortunately, neither end-user markets nor large organizations in general have 
received adequate information about graphene, and the majority of those looking to 
use it are unaware of what they are purchasing [58]. Because of this, even if a good 
form of graphene is available for someone’s application, they could not always select 
the right variety, leading to poor results and a drop in market trust. As more research 
is being done to better inform decision-makers and more end-user products are now 
becoming a reality, confidence in graphene is starting to return. 

Chemical vapor deposition (CVD) and exfoliation from graphite are the two main 
methods used in commercial manufacture of G. A solitary sheet of G is deposited 
using the bottom-up CVD technique on a substrate. Due to its single layer, this 
graphene is undoubtedly the “highest quality”, but it is also often more expensive 
and can only be produced (at the moment) in smaller amounts [59]. Due to challenges 
in extracting graphene from the substrate on which it originates, it must frequently 
be deposited on a customer’s substrate of interest in-house. 

As a result, it is not the most scalable, yet it works perfectly for specific uses, like 
electronics. You also have exfoliation techniques, though. These processes convert 
graphite to graphene. Graphite’s intermolecular connections are broken down by 
strong chemicals, mechanical stress, sun radiation, or high temperatures, but this 
makes the process much more unpredictable. This typically results in products with 
inconsistent layer distributions between batches. Even though this type of graphene 
is typically regarded as being of lower quality, it is significantly more inexpensive, 
can be produced in considerably larger quantities, and is nonetheless acceptable as 
an additive in a range of composites and applications [59, 60].
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The second aspect to consider is how graphene is used in a product. Before 
being used as an additive, it must first be functionalized in order to be stable within 
the composite matrix. The so-called quality is frequently meaningless (since the 
properties change nonetheless) because the properties of the usable graphene differ 
from those of the raw material, which is why exfoliated graphene has lately become 
more usable. The same is true for further graphene derivatives, like rGO and partly 
functionalized GO [60]. 

Overall, there are a few issues to resolve, but they are no more significant than 
those that face any other industrial sector. Because everyone is aware of graphene and 
is aware of its potential, there is a difference in that everyone is so eager for things 
to work the first time. Additionally, many mention a lack of standards. Though no 
physical or measurement standards are currently in existence, they are being devel-
oped and will take time, just like they do for any other substance. Again, because it is 
graphene, researcher anticipates everything to happen right away, but every material 
must go through a protracted process until all standards are met. In conclusion, neither 
the manufacturing difficulties associated with making graphene nor its fundamental 
differences from other materials are particularly noteworthy. 

The adoption of graphene may be slowed by a few problems. The restricted 
manufacturing volume is one such element. Although a variety of ways to produce 
different kinds of graphene are growing, their combined volume production remains 
limited. The graphene industry’s major challenge will be to achieve volume manu-
facturing within the next two to five years. The uniformity of the materials and the 
cost of production must be the main concerns [59, 60]. Since graphene’s debut on the 
market, costs have decreased significantly. The cost of sheet graphene has decreased 
to a third over the last two years, while the cost of powdered graphene (including 
liquid graphene) has decreased to a quarter of its initial cost. However, the high 
initial material cost encourages the development of high-margin applications and 
applications that make use of a variety of graphene’s features. 

Chemical vapor deposition (CVD), a time-consuming, expensive method which 
made use of dangerous chemicals to develop graphene as a single-layered with 
heating platinum, nickel, or titanium carbide in the presence of ethylene or benzene, 
was until recently the only way to produce large areas of graphene. There was just 
one substrate available for crystalline epitaxy, and that was metal. Due to those 
manufacturing problems, graphene was originally not available for commercial use 
or advanced research. It was challenging to employ CVD graphene in electronics 
because it was challenging to remove the graphene sheets from the metallic support 
exclusive of hurting the graphene [59]. 

Graphene can be successfully separated from the metallic board on which it 
is formed, and the metallic board can theoretically be used an endless number of 
times for subsequent applications, according to research from 2012. As a result, less 
harmful waste is being generated throughout this process. Additionally, the graphene 
that was extracted using this method was of a quality that could be applied to molec-
ular electronics. Since that time, research on the synthesis of CVD graphene has 
improved quickly, rendering the material’s quality unimportant to scientific recog-
nition that at present based on the cost of metal support used as a foundation [60].



Graphene-Based Nanomaterials 27

However, researchers are working towards developing reliable methods for producing 
graphene on specific supports with organize more than flaws like ripples, doping 
levels, and domain size, as well as the number and comparative crystallographic 
arrangement of the graphene sheets. 

9 Conclusions 

A detailed study concerning graphene nanomaterials, its manufacturing processes, 
numerous potential value-added applications, and challenges in assorted fields has 
been discussed in this chapter. The physico-electrical properties of graphene which 
led to its relevant uses in various fields have made graphene the supermaterial of this 
century. A number of techniques, including ball milling, exfoliation, chemical vapor 
deposition, and physical vapor deposition, can be used to create graphene nanomate-
rials. Electrochemical sensors, aircraft, solar cells, supercapacitors, biomedical, and 
environmental applications all use graphene-based nanocomposites as special mate-
rials. Due to its uniform functionalization and functional repeatability, graphene is 
chosen over other carbon materials in sensing applications. 
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High-Performance Metric 
of Graphene-Based Heterojunction LEDs 
and PDs in Visible Light Communication 
Systems 

Mohamed El Jbari and Mohamed Moussaoui 

Abstract Due to the considerable attention in GaN-based semiconductor materials 
such as large-size, low-cost amorphous SiO2 substrate, high-frequency, and efficient 
energy design with a low level of light sources, there are more applications in opto-
electronics components, such as light-emitting diodes (LEDs), laser diodes (LDs), 
and indium gallium nitride (InGaN)-based photodetectors (PDs). The high band-
width of LED transmitters and the high signal-to-noise ratio (SNR) of PDs receivers 
have great advantages in visible light communication (VLC) systems. Neverthe-
less, the low data rate speed influences the application of GaN-based LEDs and 
InGaN-based PDs which have a traditional structure in VLC systems. Given its 
excellent physical and chemical characteristics, graphene is an attractive material 
for LEDs and PDs technologies. Combining graphene (Gr) with other materials such 
as InGaN or GaN can further eliminate the shortcomings of graphene and lead to 
high-performance Gr/InGaN-based LEDs and Gr/GaN-based PD heterojunctions. 
It finds that the application of metal nanorods with graphene gap layers by metal-
organic chemical vapor deposition (MOCVD) as monolayer Gr (M-Gr) or three-
layer Gr (T-Gr) can make a perfect optoelectrical property. The T-Gr/GaN LEDs and 
T-Gr/InGaN PDs exhibit high responsivity. Furthermore, nanophotonics is a signif-
icant field in which a VLC modulator provides various optical device applications 
employing single-photon devices, quantum communications, advanced plasmonics, 
and electro-optic modulator architectures. This is due to the use of high-quality GaN 
or InGaN growth layers and the limited density of T-Gr states. The T-Gr/GaN LEDs 
and T-Gr/InGaN PDs have a rapid response time and an excellent responsivity, respec-
tively, and high-speed modulation capability (i.e., electro-optic modulator structures) 
with considerable potential for selective sensing of the VLC system in 6G networks. 

Keywords Visible light communication (VLC) · Graphene · Light-emitting 
diodes (LEDs) · Photodetectors (PDs) · Heterojunction · Optical modulator

M. El Jbari (B) · M. Moussaoui 
LabTIC Laboratory, National School of Applied Sciences of Tangier, Abdelmalek Essaadi 
University, Tetuan, Morocco 
e-mail: mohamed.eljbari2@etu.uae.ac.ma 

M. Moussaoui 
e-mail: m.moussaoui@uae.ac.ma 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
S. K. Patel et al. (eds.), Recent Advances in Graphene Nanophotonics, Advanced 
Structured Materials 190, https://doi.org/10.1007/978-3-031-28942-2_2 

31

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-28942-2_2&domain=pdf
mailto:mohamed.eljbari2@etu.uae.ac.ma
mailto:m.moussaoui@uae.ac.ma
https://doi.org/10.1007/978-3-031-28942-2_2


32 M. El Jbari and M. Moussaoui

1 Introduction 

Two-dimensional (2D) materials have generated a lot of regard in efficient optoelec-
tronic applications due to their unique exceptional characteristics, including ultra-
thinness, lightness, flexibility, ease vertical heterojunction fabrications by van der 
Waals, compatibility to conventional microfabrication techniques, and a regulated 
energy band. The most well-known 2D material is graphene. Zero band gap with 
very high carrier mobility has validated their use in optoelectronics, such as LEDs 
and PDs. The constant absorbance (≈ 2.31% per layer) throughout a very large 
range of the electromagnetic spectrum is useful for wide illumination detection of 
visible light [1]. Moreover, the electronic and optical properties, the anisotropic 
structure of graphene, and the chemical stability of material make it promising for 
the easy use of multilayers in heterojunction-based LEDs and PDs [2]. All these 
2D materials mentioned in the rest of this chapter are appealing for optoelectronics 
applications. Graphene has previously been used to detect radiation using visible 
light which is a wide wavelength range of 370–800 nm, as shown in Fig. 1 (visible 
light band). Broadband detection of visible light has been realized with InGaN-based 
photodetectors. 

GaN or InGaN/graphene-based materials show numerous attractive optoelec-
tronic properties that make 2D materials advantageous candidates for optoelec-
tronics instead of traditional optical communications. In particular, the extraordinary 
electric-optical combination in visible light communication (VLC) systems with high 
performance metrics such as high-frequency communication and great security in 
different environments [4].

Fig. 1 The visible light band in electromagnetic spectrum 
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1.1 Motivation 

With rapidly increasing radio frequency (RF) spectrum saturation and the deployment 
of most RF bands in wireless communication systems in fifth-generation (5G) mobile 
networks, identifying suitable green and environmentally friendly technologies for 
6G networks is important [3, 4]. VLC is an optical wireless communication that 
has attracted the attention as a complementary solution to RF waves owing to its 
very high information rate, large electromagnetic spectrum (EM) bandwidth from 
428THzto750THz, anti-interference robustness, low cost in commercial, network 
energy efficiency, and greater data security [5, 6]. 

In order to successfully achieve optoelectronic signal conversion, the VLC 
transceiver composites, as illustrated in Fig. 2, include the laser diodes (LDs), light-
emitting diodes (LEDs) at the transmitter, and photodetectors (PDs) at the receiver 
[4]. Currently, the most common LEDs are blue LEDs based on silicon dioxide 
(SiO2) substrates, which offer the advantages of wide wavelength conversion and 
ultrahigh-speed response. The low bandwidth and high bit error rate (BER) limita-
tions, however, reduce the latency and reliability of the VLC systems. The most effec-
tive way to achieve rapid-speed communication, high efficiency, and high channel 
capacity is through modulation of the LED’s bandwidth, which is possible with 
GaN-based LED semiconductor materials [7]. High modulation bandwidth is accom-
plished by GaN LEDs, which also improve BER and spectral response. Although it 
is possible to bend active components like diodes (such as LEDs and LDs), highly 
flexible interconnections and electrodes are still difficult to use because of their high 
current densities, heat dissipation, and low power. Additionally, enhanced resonance 
is not effective for wireless VLC system transmitters. 

As they are highly effective in VLC systems, flexible InGaN PDs are widely used 
in a variety of areas, including wireless optical communication. The traditional PD 
material is very rigid, which significantly restricts how well it performs when bent or 
stretched, diminishes its photosensitive surface, and lowers its responsiveness due to 
metal electrode shielding [7]. On the other hand, the low response speed of broadband 
light sources can decrease the signal-to-noise ratio (SNR) [8]. Consequently, the 
design of novel flexible photonic devices such as InGaN-heterojunction PDs with 
bending and folding functionalities is very important and is of considerable interest 
to wearable optoelectronic devices in VLC. Due to the difficulty of directly growing

Fig. 2 Flowchart of VLC system: a LED at transmitter end; b PD at receiver end 
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nitride materials on the amorphous substrate and the absence of an epitaxial growth 
connection between the amorphous substrate and nitrides, these traditional epitaxy 
procedures are no longer appropriate. 

Due to its larger benefits such as high conductivity, transparency from the visible 
to infrared spectral range, excellent chemical stability, and optical-electrical perfor-
mance, two-dimensional (2D) planar graphene has a significant potential for use in 
GaN LEDs and InGaN-LDs [9]. Graphene (Gr) 2D layer material has been used in 
the construction of high responsivity heterojunction-based LEDs or PDs using GaN 
or AlN grown on a substrate [10], AlGaN nanowire grown on the SiO2/Si (100), 
Ga2O3 films [11], and Gr/MoS2/Gr lateral heterostructure [12]. In recent years, 
graphene’s ability to act as a buffer layer has been getting a great deal of attention, 
such as the preparation of GaN-based LEDs on graphene-covered sapphire [13]. As 
a result, previous 2D graphene-based LDs and LEDs focused on high-performance 
metrics like modulation bandwidth and photoresponsivity, not to mention the influ-
ence mechanism of graphene materials layers, which is a challenge in VLC system 
speed [14–16]. 

1.2 Graphene’s Electronic and Optical Properties 

A significant portion of the scientific community has become interested in graphene 
and 2D materials since the initial experiment conducted by the Nobel Prize winners 
Novoselov and Geim back in 2010 [17]. These 2D material structures of carbon 
atoms provide fresh insights in a variety of scientific areas, especially optoelectronic 
devices [18–21]. 

Gr-Based Structure 

The single sheet of sp2-hybridized carbon atoms bound together in a honeycomb 
lattice constitutes graphene. The many electron wave functions of atoms overlap, 
excluding the pz(π ) orbital and the others, px and py atomic orbitals. This pz elec-
trons which form π orbitals can relate independently the π -band approximation. The 
dispersion expressions E

(
kx , ky

)
can be easily derived [20]: 

E±(kx ,ky) = ±γ0

[|
||1 + 4 cos2
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where a = 1.44 
√
3 A◦ is the lattice carbon–carbon distance and γ0 is the first and 

second neighbors’ coulomb integral π -orbitals. A couple of electronic momentums 
are usable in the 1st Brillouin zone k = (

kx , ky
)
, manufacturing graphene based on
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semimetal or zero-gap semiconductors. Figure 3 shows the real-space honeycomb 
graphene lattice in (a) and (b). 

The following linear dispersion formula is obtained by developing Eq. (1) for  low  
energy close to the K points: 

E(k) = ±hVF |k − K | (2) 

where h = 1.05 × 10−34 J.s and VF is the Fermi velocity
(∼ 0.91 × 106 m/s

)
. 

Figure 4 shows the graphene band structure and first Brillouin zone with the 
demonstration of the energy band of one Dirac point. 

Fig. 3 The cross section of hexagonal shape of Dirac point of graphene, and the honeycomb 
graphene lattice presented in a and b as function of the momentum 

Fig. 4 Graphene three-dimensional (3D) band structure and first Brillouin zone in momentum 
space
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Graphene Optoelectronic Characteristics 

Graphene conductivity is temperature and Fermi level location dependent (the doping 
density). Extensive doping can be accomplished in practice by graphene rinsing in 
nitric acid [2], which has guided to a resistivity at room temperature in a 4-layer 
graphene sheet assembled. The neutral conductivity of graphene was found to be 
perplexing, with Fermi energy just at Dirac point and zero density of state, but of 
no practical significance since devices would always be developed with improved 
conductivity doping. While the previous literature reported a minimal conductivity 
for sheer neutral graphene and at room temperature, found the theoretical values Mott-
Anderson metal—semiconductor transition for neutral graphene [2]. In practical 
situations, observing the insulator transition is difficult because the stray electric 
fields created by the substrate induce “puddles of charge” which render adjacent 
regions of the supposedly neutral substance conductive so that the real Dirac-point 
behavior of brocade. By using the random phase approximation [22] and the Kubo 
formula [23], the total conductivity can be expressed as follows: 

σT = σintra + σ '
inter + i σ ''

inter (3) 

where 

σintra(ω) = σ0 
4μ

hπ (τ1 − i ω) 
(4) 

σ
'
inter(ω) = σ0

(
1 + 

1 

π

(
arctan

hω − 2μ
hτ2 

− arctan
hω + 2μ

hτ2

))
(5) 

And 

σ
''
inter(ω) = 

−σ0 

2π 
ln 

(2μ + hω)2 + h
2τ 2 2 

(2μ − hω)2 + h2τ 2 2 
(6) 

where σ0 = π e2/(2h), τ1 and τ2 denote the relaxing rate of intraband and interband 
transitions, respectively, and μ >  0 is the chemical potential. Since there is zero 
bandgap, the interband and the intraband contributors compete that the interband 
transition only arises above the photon Fermi energy threshold. Figures 5 and 6 
show the interband contribution in Dirac fermions with a large band from the visible 
band for weakly doped graphene and high-frequency dynamic conductivity.

The nonlinear optical properties are the original from the optical signal resonates 
and the electric field (E) with the carbon atoms, especially the electronic polarization 
(i.e., displace the electron cloud to the nucleus). The linear relationship between the 
applied electric field and electronic polarization [24]: 

P = ε0 
N∑

n=1 

χ n En; n = 1, 2, 3, ..., N (7)
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Fig. 5 Optical conductivity rate versus of frequency (Ω = hω)/μ, the real and imaginary parts of 
the dynamic graphene conductivity (under zero temperature condition with ignoring the effect of 
collision) 

Fig. 6 Optical conductivity as function of a different Fermi energy (EF ) in real and imaginary 
parts

where χ n is the n-order nonlinear susceptibility and ε0 is the electric permittivity in 
free space. The most nonlinear optical graphene corresponds to the 3rd-order suscep-
tibility χ 3, then it is associated with the electric field’s polarization per unit volume 
to the 3rd power, and the graphene is a tiny fine and isotropic conductivity surface. 
Since the classical approach cannot adequately explain the optical nonlinearities 
in graphene which the nonlinear response is better described in term of nth-order
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complete control layer current [25]: 

Jn = 
1 

4π 2 

¨ 
dPJ N (ε) (8) 

where N (ε) is the thermal factor and Jn is the n-order current. The third-order current 
associates can be expressed as: 

J3 = σ1

(
eVF E0

hω2

)2[
N1(ω)e j ωt + N3(ω)e3 j ωt

]
(9) 

This 3rd-order current is associated with three-photon processes in which the 
superposition of two 3rd-order currents creates a single and 3rd-harmonic generation 
frequency. The 3rd-order current proportionality to the frequency and the electric field 
power are due to a large range of nonlinear optical phenomena in graphene, such as 
self-focusing and nonlinear change in refractive index that the visible spectrum of 
graphene just reflects 0.1% [26], saturable absorption of layer 2.3% over the visible 
light band [27], optical bistability, and switching [25]. 

The visible light radiated from the graphene surface interacts with the light ray’s 
source from Si surface. If we exclude the little proportion of the light reflected or 
absorbed by graphene, the intensity of interference modulated is I (ω; dt ) calculated 
by 

I (ω; dt ) = I0(ω)

(
1 + (r(ω))2 

2
+ Re

(
r(ω)e 

2i ωdt 
c

))
(10) 

where I0(ω) ≈ εω3/
(
e

hω 
kB T − 1

)
is the thermal radiation intensity from the graphene, 

r (ω) ∼ 0.5 is the reflection index of Si for the VL band, k is the wave vector of the 
photon, dt is the trench depth, and c are the speed of light (see Fig. 7a and b). Figure 8 
demonstrates the enhancement of thermal radiation for a particular wavelength from 
suspended electrically biased graphene devices by properly designing their trench 
depth dt with interference effects. However, any irregularity in the trench depth 
caused by the Si and graphene surfaces’ tilt or roughness, as well as the thermal 
vibration of the graphene, partially obscures washes out the interference pattern.

2 GaN/Graphene-Based Heterojunction LEDs 

The high response frequency (∼ 85 − 405 MHz) and the high optical output power 
could apply to VLC systems. In general, GaN-based visible light LEDs can be applied 
for overall illumination, automobile headlights, traffic signals, LCD backlight units, 
and in more VLC applications. The (Vbias − I ) curve and nonlinear characteristic 
current-incident optical power are shown in Fig. 9a and b, respectively. Metal-GaN
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Fig. 7 Electrically biased suspended graphene’s simulated radiation spectrum VLC 

Fig. 8 Schematic 
hypothetical three-layer 
structure with vertical charge 
separation for 
graphene/InGaN growth on 
with transition electron–hole 
pairs

nanorods (AlGaN) were used to create GaN films directly on monolayer graphene 
buffer layers on amorphous SiO2/Si (100) substrates. In [28], controlled nanorods 
(NRs) coalescence methods were used to produce continuous metal-organic chemical 
vapor deposition (MOCVD) GaN films. However, the Gr/AgGaN nanoparticles-
polymethyl methacrylate (NPs-PMMA) applying in LEDs can produce blue LEDs 
at a wavelength of 400 nm because of the surface plasmon resonance (SPR) of the 
Ag-NPs. They exhibit increased light emission. They can also be efficiently gate-
tunable by inserting a graphene layer into the electroluminescence (EL) structure 
of Gr/AgGaN and the static voltage applied between the top and bottom layers of 
graphene [29]. Figures 11 and 13 show the two different heterostructure LED’s 
schematic of the carrier kinetics process.

Figure 12 represents the intensity as function Raman spectra of M-Gr and T-Gr 
layers with the Ag NRs. In [30], the single layer of graphene is elaborated on the 
high resistivity of Si by atmospheric-pressure chemical vapor deposition (APCVD). 
Carrier localization in ternary InGaN − NPs grown by MOCVD was saturated in 
the Gr/GaN/Si heterojunction itself because the size and composition fluctuation 
in steady state versus temperature were measured using photoluminescence (PL).
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Fig. 9 a Voltage–current (V–I) curve  and  b the current incident as function of the optical power 
of GaN-based LEDs

The PL pulse energy generation of the InGaN-NRs is accurately recreated by the 
localized state group model. 

More results demonstrated the high optical sensitivity of GaN-based LEDs that 
grow by the adding of M-Gr and a high-quality metal/GaN NRs or NPs buffer layer. 
Other CVD techniques for high transparent LEDs on Gr-Cu nanowire combinations 
of transparent electrode materials are demonstrated in [31]. The encapsulation of 
Gr-layer on Cu nanowire GaN-based LEDs is achieved by the better optoelectronic 
device performance of 95% transmittance at the sheet resistance. 

Figure 10 presents the room temperature at Raman spectra of the InGaN films, 
with the peak sharping at 566 cm−1 make to Si substrates. Only research has merited 
finding large field applications in recent years. However, as shown in Fig. 17, there 
has been a significant increase in Gr − GaN LED integrations as well as the number 
of publications and patent applications on graphene (Figs. 9, 10, 11, and 12). 

Fig. 10 Detailed graph of GaN Raman response. a GaN coalescence layer on graphene devices. 
b Room temperature of photoluminescence (PL) spectra by GaN-based rise on substrate with the 
NRs interlayer
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Fig. 11 Ag nanoparticles (NPs) and schematic carrier kinematics process in Ag-NPs/Gr/p-GaN 
heterostructure of LEDs 

Fig. 12 Raman spectra of monolayer and three layers with the Ag nanoparticles (NPs)

The electro-optic modulation depth with highly doped graphene gives a consid-
erable advantage for optical communication development and the deployment of 
high-speed VLC systems. Additionally, recent optical modulators use traditional 
optical components such as pulse-based modulation, lens, and spectroscopes [32]. 

The Gr-metasurface plasmonic structures have the capacity to enable a high light 
modulator and high response when we use the nanoscale devices and 2D nanomate-
rials in the OWC and especially in VLC. This modulation performance is obtained 
by using the Pauli blocking effect and Kubo formula (i.e., Eq. (3)) and disabling the 
interband transition carriers with the high Fermi level [20, 33]. Figure 14 represents 
the energy band diagram heterojunction of Gr-GaN-based LEDs.

The research describes an efficient approach for growing GaN-based LEDs on 
amorphous substrates by including graphene as a buffer layer NRs-AlGaN nanorods 
and AgGaN nanoparticles, which is useful for large-area GaN-based optoelectronic 
contributions of technology. MOCVD is used to develop GaN-based LEDs grown 
on an amorphous SiO2 substrate using NRs and graphene buffer layers.
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Fig. 13 Design for the production process by integrated hybrid Gr/AlGaN NRs/Gr visible light 
(VL)-based LEDs heterostructure in six steps

Fig. 14 Photo-generated energy band diagram, and the carrier diffusion scenario a Fermi–Dirac 
distribution of the Gr-GaN LED, which the generated electron–hole pairs are separated causing 
the band bending at the Gr/InGaN plane. And the process of saturable absorption in Gr, where the 
interband transition is excited by incident light

The multilayer graphene one with good quality can effectively screen the lattice 
potential field from the SiO2 (SiC) substrate. Analyzing growth kinetics, the influ-
ence of varied growth factors on nanorod shape and vertical-to-lateral aspect ratio was 
investigated. Graphene-based organic LEDs (OLEDs) have been made without the 
usage of metal catalysts or a graphene transfer process by utilizing high-quality mono-
layer graphene directly grown on a transparent substrate by applying a commercially 
available MOCVD process. The transparency of graphene materials in the visible 
spectral range is similar, indicating a high potential for its usage in optoelectronic 
devices such as LEDs (Figs. 13 and 14).
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2.1 Optical Modulators 

The modulation of visible light accomplished by tunable semi-metallic graphene 2D 
materials with Dirac fermions represents an important prospect for the implemen-
tation of VLC communication [34, 35]. In [35], the TiO2 Metasurface designs for 
visible modulation (600–800 nm) have a highly efficient transmission modulation of 
65% under the small voltage range of 3–5 V, and it is grounded on TiO2 nano-disks 
implanted in a lean liquid crystal layer. In [36, 37], graphene-based optical modu-
lation is demonstrated with low energy consumption, modulation depth, response 
time, and modulation speed based on M-Gr on Germanium (Ge) (Fig. 15). 

The electro-optical Gr-optical modulation speed is related to graphene position 
and the number of Gr layers. In [33], the modulation speed and depth for optical 
modulator mode with 1 GHz and RC constant limit are given. The optical nonlinearity 
of 2D materials is stably decreased at high intensity, as shown by the saturation 
absorption of GaAs semiconductors (see Fig. 16). 

Fig. 15 Schematic of the experimental configuration used for the modulation measurements of the 
graphene on germanium (Gr-o-Ge) all optic modulation 

Fig. 16 Optical communication system consisting of a modulator and photodetector. Solid and 
dashed curves represent optical and electrical signals, respectively
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Fig. 17 The number of the publication papers of the world “graphene-based LEDs” occurring in 
the titles, abstracts, and full text from 2015 today 

According to [37], the modulation efficiency can be improved by optimizing the 
gap width of diagonal graphene optical modulation, affecting the edge plasmonic 
with a modulation bandwidth of 0.61 THz and a low energy consumption of 137 
femtoJoule per bit as a benefit wedge of the intrinsic surface plasmon polariton 
enhancement. As a result, the design challenge in this case is the polarization shift 
Gr-light region. 

The high efficiency of Gr-optical modulators can improve the modulation 
capacity, and their technology may give a more efficient technique for developing 
nanophotonics and optoelectronic devices using 2D-Gr materials. 

For transmission electron microscopy, optical modulation provides considerable 
benefits in terms of low power dissipation. As shown in Fig. 16, the graphene-based 
mechanisms reference all optical modulations and their response time. Complex 
refractive index modulation ∼ ϕ can be divided into two parts: the first real part 
of the refractive index (for phase modulation) and the second imaginary part of the 
refractive coefficient (for amplitude modulation) (Fig. 17). 

3 InGaN/Graphene Heterojunction PDs Performances 

Using graphene Gr-metal junctions or Gr/p–n junctions, ultrafast photodetection 
from visible light regions ∼ 370 − 800 nm is possible. The two primary criteria 
for the development of high-quality graphene photodetectors using the Gr/InGaN 
heterojunction PDs are higher optical absorption within the effective junction regions 
and better graphene photocarrier lifetime (∼ 1 μs), which is determined by interband 
transitions in graphene (as seen in Fig. 14). Available commercially CVD-grown
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graphene is great shifted to a high resistivity silicon chip coated with such as 130 nm 
heavy generate thermal SiO2 layer. 

The heterostructure of Gr-InGaN PDs films on Si substrates is dependent on 
the number of Gr layers. In T-Gr/InGaN, carrier transfer improves photoelectric 
conversion using a simple Schottky junction design as compared to M-Gr/InGaN. 
However, in visible light communication systems, it produces a high responsivity of 
60/200 μs fast rise and fall [38]. 

The superb performance of InGaN-based PDs films on Si is achieved with high 
temperature MOCVD combined with low temperature pulsed laser deposition. The 
InGaN surface is covered with many metal layers, and the PMMA-Gr micro sheets 
are transferred to the remaining InGaN by rapid thermal annealing for 30 s at 750– 
800 °C. The schematic structural of Gr/InGaN heterostructure for PDs is followed 
in Fig. 18. 

The photoresponsivity of PDs (R) is determined by dividing the photocurrent by 
the incident optical power, as shown in Eq. (11) [4, 39]. 

R = ΔI 

Pdiff.Sd 
(11) 

where ΔI = Iph − Idark the measured output current, Iph, and Idark denotes the photo 
and the dark currents, respectively, Pdiff represent the diffraction-limited beam of 
power is given by Eq. (12), and Sd is the in-plane surface of the device (nm). 

Pdiff = 
Sd 
SF 

Pin (12) 

where the Sd /SF ratio is calculated by ω0x , ω0y the spot size is controlled by the 
linear photoresponse in laser power and the measured photocurrent of the imaging 
device in X- and Y-direction (13). 

Sd = πi ω
2 
0,diff = 

λ2 

T 
(13) 

where λ is the terahertz laser wavelength in nm. As shown in Figs. 19 and 20, 
the responding speed at 400 nm wavelength when the fast response of integrated

Fig. 18 The Gr-InGaN heterostructure and the optical microscope image of PDs 
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graphene/InGaN NRAs/Gr Gr-Semiconductor-based PDs have been discovered, the 
rise (τr )/fall times (τ f ) is observed to have a positive bias. 

Another efficiency metric is the detectivity (D) of the PDs, which shows how 
much of the minimal signal can be detected. It is calculated using the following 
equation [40, 41]: 

D = R ×
/

S 

2q Idark 
(14) 

where S is the junction of the plane interface and q is the electron elementary 
charge of 1.602 × 10−19 Coulombs. The photoresponsivity peak is moved to 
lower wavelengths, and the metal–semiconductor-meta-PDs have the detectivity of 
1.6 × 1011 − 3.9 × 1012 cmHz 

1 
2 W−1 with the different metal mole fractions. The 

noise-equivalent optical power (NEP) defines the sensitivity of the photodetection. 
It is calculated as: 

NEP = 
Inoise 
R 

=
√
S 

D 
(15) 

where the noise spectral density is given by: 

Inoise = 

/
4KB T 

RP 
(16) 

T = 300 K is the standard temperature of PDs, KB denotes the Boltzmann 
constant, and RP is the PD resistance. The external quantum efficiency (EQE) is 
widely considered as one of the important parameters to determine the photodetection

Fig. 19 Time-seated photocurrent response of integrating Gr/InGaN NRAs/Gr Gr-Semiconductor 
Schottky junction visible PDs under 10 kHz shaped visible light at a positive bias voltage
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Fig. 20 Photon-response 
spectra of the 
photoresponsivity and 
external quantum efficiency 
of  the device as the  
illumination of visible light 
near the UV range 
(350–500 nm) at a positive 
bias

efficiency and optoelectronic conversion performance of the device [40]. The EQE 
can be calculated using Eq. (17) as follows:  

QE = 
hυ 
e 

R (17) 

where hυ is the electron–volt energy of the excitation. The EQE spectral response 
as curve for the device is measured in the wavelength range from ∼ 370 to 500 nm 
at a bias voltage of Vb > 0 in the VL band as shown in Fig. 20. 

The responsiveness of many InGaN-based PDs is shown in Table 1. The improved 
photoresponsivity and significant rise/fall time demonstrate graphene integration on 
InGaN.

Table 1 contains an overview of the key parameters acquired in this analysis. The 
graphene integration work involves the first demonstration of a VLC network with 
record high modulation bandwidth exploiting Gr-InGaN-based PDs as the receiver. 
Secondly, in comparison with previous results, the graphene sensor was operated 
at short rising and falling periods for high-speed modulation optimized further to 
minimize carrier lifetime for high speed (∼ 1 μs). The PD array device configura-
tions can also be investigated to increase the bandwidth and photoresponsivity of 
Gr-InGaN-based PDs for varied bias voltage levels. Aside from device optimiza-
tion, the orthogonal frequency division-multiplexing (OFDM) or the orthogonal 
time frequency space modulation (OTFS)-based VLC-link system may be enhanced 
further by applying pre-equalization [46] or bit/power packing approaches. 

In Fig. 21, the high response rate in VLC where the maximal generated photocur-
rent reaches the milliampere (mA) near when the wavelength is ∼ 700 nm, the  
efficient response rate is as much as photoresponsivity allow ∼ 10 A/W, the detec-
tivity is ≈ 1.3 × 1011, and the maximal photoconductivity gain is of 30 using the 
Eq. (19). Because high graphene mobility allows for high-speed operation, the metal-
graphene-metal (MGrM) structure-based PDs is regularly used. However, this limits
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Table 1 Progress in research on the performance of InGaN-based LDs in visible light onto the 
(370–800 nm) wavelength band 

PD 
heterojunction 

Photoresponsivity (R) Rise/fall time (τr /τ f ) Bandwidth Bw 
(3 dB) 

Refs. 

Gr-InGaN 1.39 A/W 60/200 μs – [38] 

InGaN/Gan 
(MQW) 

70.7 mA/W 2.13/1.70 ns 71.5 MHz [42] 

InGaN/GaN 
(PIN) 

0.31 A/W 22/23.7 ns 41.2 MHz 
(−3 dB)  

[43] 

InGaN/Si (PIN) 94.2 mA/W 20/33 ms 13.56 MHz [44] 

InGaN/GaN 
(MQW 
Semipolar) 

191 mA/W – 347 MHz [45] 

Gr-Au/SiO2/Si 
(MGrM) 

0.6 A/W – 1 GHz [46] 

Gr-Sic 
(PIN-MOS) 

254.1 A/W – – [47]

the responsiveness at lower bias voltages, and in the elimination of photoconductive 
gain G, the dark current Idark is relatively low. 

Notably, the graphene mobility μn could be used to estimate the optical absorption 
in graphene and the electron lifetime τlifetime of the graphene in PDs by using G 
calculated from the following equation: 

G = 
τlifetime 

τtransit 
= 

τlifetime × μnVDS 

L2 
(19)

Fig. 21 Photoresponsivity 
density and photoconductive 
gain versus the 
nano-wavelength of PDs 
with the optical interband 
transitions 
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where L is the channel length, VDS is the source-drain voltage of 10 μm and 2 V, 
respectively, the mobility is 1298.4 cm2V−1 s−1, and then the photoconductive gain is 
304.7 [48]. The long lifetime of the graphene contributed to the high gain. In addition, 
the linear dynamic range (LRD) is a critical factor to achieve the high photoelectric 
performance that is measured in the Gr-heterojunction-based PDs, where the LDR 
of PDs can be expressed by Eq. (20): 

LDR = 20log10
(
PLC 
Plow

)
(20) 

where PLC is the light current intensity at which the current density starts to distort 
the linear area (i.e., the photon current) and Plow is the low light intensity measured 
in relation to the PD’s dark current. At the maximum light current intensity, the LDR 
for InGaN/GaN-based PDs could exceed 64.41 dB [44], whereas the linear dynamic 
range for InGaN, M-Gr/InGaN, and T-Gr/InGaN-based PDs equal to 8.81, 5.3, and 
19.5 dB, respectively. Hence, the T-Gr/InGaN considered the best candidate to LDR 
improved in InGaN-based photodetectors compared to M-Gr/InGaN, the InGaN, and 
InGaN/GaN with the encouraged photoresponsivity in short rise/fall time belong. 
Considering the evolution of photoresponsivity values and its relationship between 
the bandwidth Bw using Gr-heterostructure-based PDs, we summarize the result 
research as shown in Fig. 22. 

Although the fact that graphene-based hybrid devices are better standard PDs 
regarding performance, they are not yet utilized in large-scale commercial applica-
tions. In [49], the Gr/InGaN NR arrays/Gr structure is demonstrated to use the M-Gr 
and T-Gr layers growth on Si with the photoresponsivity of PDs and the rise/fall time 
as a critical parameter. This integration of 2D materials-based PDs at the beginning 
of the visible light spectrum λ ≈ 380 nm.

Fig. 22 Benchmark comparison of previous photoresponsivity versus bandwidth for graphene-
based photodetectors at 3 dB in the last five years applied in the visible light band 
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Fig. 23 Over the next 20 years, graphene applications and research are expected to show promise 
in electronic, photonic, optical, and interconnect devices. This will provide a good indicator of 
when a practical device prototype will be available. For each kind of application, the graphene’s 
properties and production techniques are shown [50] 

Therefore, developing novel materials in multilayers with appropriate band gaps 
and efficient light absorption rests challenging. Figure 23 illustrates the rapid evolu-
tion of the graphene application in optoelectronic devices and emerging technology 
of semiconductor LEDs, the LDs as transmitter optical-electrical end, and PDs as 
receiver end for VLC applications in future wireless communication networks. The 
graphene detector’s bandwidth can exceed 40 GHz without attenuation and in future 
can be increased to 500 GHz. 

Further graphene advancements and research are essential to achieving the poten-
tial smart uses of Gr-based optoelectronics devices such as LEDs, LDs, and PDs in 
the next 20 years for UV–Visible light to THz band in the next generation. 

4 Conclusion 

In this chapter, we have introduced graphene photonics properties, followed by 
presenting several graphene nanostructures for optoelectronic and photonic appli-
cations. The great potential of graphene 2D materials is a best candidate to integrate 
in optoelectronic devices such as GaN-based LEDs and InGaN-based PDs in visible 
light communication systems; this integration can improve the high-speed response 
of LEDs and increase the bandwidth modulation. This research work demonstrates 
the better photoresponsivity and detectivity of Gr-InGaN heterojunction of PDs in 
visible light band of ∼ 10 A/W and ∼ 1012, respectively, with short rise/fall time 
for VLC devices. The contribution of high time of the graphene channel increases
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the photoconductive gain. The ability to successfully integrate graphene directly into 
devices and ongoing achievements could not just enhance electronic, photonic, and/or 
optical qualities, but they also allow for the implementation of a large range of smart 
applications. More functionalities are expected to emerge, such as energy efficiency 
of the VLC channel, and to develop the nanodevices with the InGaN or GaN/Gr 
2D materials using Schottky junction. This work can provide a detailed knowledge 
to implement high-speed LED/PD heterojunction for the smart application in VLC 
systems. 
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Variants of Graphene Nanoribbon (GNR) 
Interconnects for THz Applications 

S. Kanthamani 

Abstract As a potential future candidate material for both transistors and inter-
connect, graphene nanoribbons (GNRs) have been suggested. Single-layer GNR 
(SLGNR) interconnect has favored compact physics-based circuit model, since 
GNRs possess low resistivity than Cu and carbon nanotube (CNT). The intrinsic resis-
tance of SLGNR is considered to be high so that multi-layer graphene nanoribbon 
(MGLNR) interconnect has been proposed. Equivalent lumped modeling was used to 
study the performance attributes of MLGNR interconnects. In this chapter, the radio 
frequency (RF) performances of SLGNR and MLGNR interconnects are studied 
using proposed equivalent circuit model. The performance characteristics of SLGNR 
and MLGNR interconnects are compared for 21 and 13.4 nm technology nodes with 
Agilent Advanced Design System (ADS). ADS simulation shows a return loss (S11) of  
−50.966 dB and transmission loss (S12) of  −0.203 dB for SLGNR, and for MLGNR, 
return loss is about −89.69 dB at a frequency of 1THz. From the return loss, the 
power loss calculated is very less, and the result shows that the MLGNR intercon-
nect performs well beyond the THz frequency range which will be suitable as an 
interconnect for RF applications. 

Keywords Metallic CNT · Graphene nanoribbon · Radio frequency ·
Electromagnetic simulation · Lumped model 

1 Introduction 

Nanotechnology is considered to be a versatile area of science that has the power 
of evoking interest in the study of structures at nanoscopic dimensions. Circuits 
approaching 10 nm length scale have led to the budding research related to elec-
tronic properties of nano-scale devices [1]. For developing miniaturized RF compo-
nents, copper (Cu) is considered as a base material for a longer period [2]. In a
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nanometer system, interconnects formulated using Cu have grain boundary scattering 
and surface roughness problems [3]. Carbon nanotubes (CNTs) are well known in 
the field of interconnects, because of high mechanical and thermal stability, high 
thermal conductivity and large current-carrying capacity [4, 5]. 

CNTs which are molecular-scale tubes made up of graphitic carbon with excellent 
properties are considered as a class of nanotube/nanowire [5]. CNTs can be either 
single walled or multi-walled. Depending on the direction in which CNTs are rolled 
up, they demonstrate either metallic or semiconducting properties [6]. Single-walled 
carbon nanotubes (SWCNTs) as well as multi-walled carbon nanotubes (MWCNTs) 
are being inquired for performance and scalability. Metallic carbon nanotubes are 
identified as a possible interconnect material and could be the inheritor to Al and 
Cu interconnects [7]. In MWCNTs, it is difficult to achieve ballistic movement over 
long lengths [6], whereas in SWCNTs, electron mean free path is in the order of 
micron and could be suitable for interconnect designs. The possible use of CNTs as 
interconnects and their equivalent circuit modeling and performance comparison in 
terms of switching delay have been recently proposed [6–8] 

In CNTs, there exists impedance mismatch problem and crosstalk because of 
EMC/EMI evaluation. Hence, graphene nanoribbon (GNR) was proposed as a 
hopeful interconnect material. GNRs are arranged in classes as single-layer GNR 
(SLGNR) and multi-layer GNR (MLGNR). The SLGNR has been modeled as inter-
connect using compact physics-based circuit model [9]. Conventional lithography 
process makes SLGNR for building up horizontal interconnects than Cu and CNT. To 
overcome the high intrinsic resistance issues present in SLGNR, MLGNR intercon-
nect has been put forward in [10] to intensify the action of interconnection. MLGNR 
interconnects [11] using equivalent lumped element modeling is characterized, and 
performance was compared with Cu and CNT interconnects. 

This chapter discusses modeling the CNT using equivalent lumped elements 
such as distributed kinetic and magnetic inductances along with distributed quantum 
capacitance and electrostatic capacitances. This chapter also discusses the modeling 
of graphene nanoribbon using single layer and multi-layer to determine the RF perfor-
mance of the graphene nanoribbon. The model is simulated using electromagnetic 
simulator Agilent’s ADS1.1C with the effective equivalent circuit model proposed 
by Burke [8]. The radio frequency performance and simulation results are discussed 
with respect to power loss and the interconnect operation. 

2 Equivalent Circuit Models 

2.1 Equivalent Circuit Model for a Single SWCNT 

Single CNT as can be seen in Fig. 1a along with the lumped equivalent circuit model 
as in Fig. 1b [8] describes the interconnect behavior as proposed in [9]. The equivalent 
circuit has magnetic inductance (Lmagnetic), kinetic inductance (LKinetic), electrostatic
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(a) 

(b) 

Fig. 1 a Single CNT geometry. b Equivalent circuit model for a CNT 

capacitance (CE) and quantum capacitance (CQ). The influence of each parameter 
and the formulas to calculate are present in [9] 

2.2 Equivalent Circuit for Single-Walled CNTs in Parallel 

CNTs arranged in parallel, as in Fig. 2a, have an impact on the coupling capaci-
tance between two CNTs in addition to kinetic inductance, quantum and electrostatic 
capacitance [1].

2.3 Graphene Nanoribbon 

Carbon atoms are arranged in a honeycomb lattice to form the single atomic layer 
of graphene, which is a flat, two-dimensional (2D) sheet. Excellent electrical and
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Fig. 2 a Arrangement of 
CNTs in parallel. b 
Equivalent lumped model

(a) 

(b) 

LK 

LK LK 

thermal properties of graphene are comparable to those of CNT. It has been proposed 
that GNRs could take the place of conventional Cu-based interconnect systems [12]. 
The physics-based circuit model for GNR interconnect is proposed and character-
ized in [13–16]. Considering as a candidate for future interconnection, it requires to 
investigate the performance of high frequency performance of GNR. In this section 
using circuit models, the radio frequency performances such as return loss and trans-
mission loss are studied. The performance comparison of SLGNR and MLGNR is 
done in ADS. Figures 3a and b show the geometries of single- and N-layer GNR 
interconnects along with RLC equivalent circuit model. The per unit-length resis-
tance (R), kinetic inductance (lK ), magnetic inductance (Lm), quantum capacitance 
(Cq) and electrostatic capacitances (Ce) are calculated by using formulas available 
in [9].
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(a) 

(b) 

Fig. 3 a Single-layer GNR. b N-Iayer GNR 

3 Radio Frequency Performance 

a. Single CNT interconnect 

CNT-based interconnect modeled using L and C is simulated in Agilent ADS to 
understand the high frequency performance. To characterize as an interconnect, the 
equivalent capacitance and the inductances are calculated using the formulas [9].
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The values are LK = 16 nH/µm, LM = 1 pH/µm, CC = 31 aF/µm, CE = 50 aF/µm 
and CQ = 100 aF/um with the physical dimensions of the CNT as r = 1 nm l  
= 1 µm. Figure 4a shows the lumped circuit model of a single CNT used as an 
interconnect simulated in ADS. The outcome of the simulation gives a return loss 
(S11) of −10.310 dB at a frequency of 100 GHz as shown in Fig. 4b, which proves the 
applicability of CNT for terahertz region. From the return loss curves, the calculated 
power lost in this case is about 9.38%. 

b. Parallel CNT interconnects: 

To reduce the losses in single CNT, CNTs are arranged in parallel to transmit a 
single signal. The schematic layout for four CNTs placed in parallel is demonstrated 
in Fig. 5a. A coupling capacitor Cc present in Fig. 5a shows the difference between

(a) 

(b) 

Fig. 4 a Effective equivalent model simulated using ADS. b EM simulated value of return loss 
(S11) and  S21 of single CNT over the frequency range 1 to 100 GHz 
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single and parallel CNTs. Figure 5b gives the corresponding scattering parameter 
variations obtained using ADS. 

The simulation provides a return loss (S11) of  −14.1245 dB which means the 
amount of power lost is only 3.8%. The transmission loss is also negligible for the 
same configuration at a frequency of 100 GHz, with a length of CNT as 10−6 m as  
Fig. 5b. Figure 6 shows the comparison of power lost between single and parallel 
CNTs and reveals that the power lost in parallel CNT is 6% less than the single CNT.

(a) 

(b) 

Fig. 5 a Effective equivalent model for parallel CNTS simulated using ADS. b ADS simulated 
S11 and S12 of parallel CNTs over the frequency range 1–100 GHz 
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Fig. 6 Performance comparison of S11 and S12 of single and parallel interconnects over the 
frequency range 1—100 GHz 

Since Cc is a function of length of CNT as in Eq. (6), variation of coupling 
capacitor causing a corresponding change in scattering parameter has been plotted 
in Fig. 7. 

c. Single-Layer GNR and Multi-Layer GNR 

To study the radio frequency performance of SLGNR- and MLGNR-based intercon-
nects, the ESC model shown in Fig. 3 is simulated using Agilent ADS. To characterize 
an interconnect, its p. u. l. parameters are calculated using the above formula with

Fig. 7 Comparison of return loss of the parallel CNT with respect to various lengths of nanotube 
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Table 1 Performance comparison of GNR and MLGNR up to THz frequency for different 
technology nodes 

L-µm 21nm node 
S11-dB 

13.4 nm node 
S11-dB 

Multi-layer GNR Intermediate level 0.1 −80.490 −68.237 

0.5 −66.514 −54.271 

1 −60.498 −48.268 

Global level 0.1 −89.690 −78.331 

0.5 −75.712 −63.995 

1 −69.693 −58.340 

Single-layer GNR Intermediate level 0.1 −46.888 −41.685 

0.5 −32.910 −27.713 

1 −26.896 −21.714 

Global level 0.1 −50.966 −45.283 

0.5 −36.999 −31.307 

1 −30.981 −25.296 

physical dimensions L = 0.5–1 µm and w = 24–36 nm for 21 nm technology node 
and 15–22.5 nm for 13.4 nm technology node according to Table 1. 

Figure 8a shows the equivalent model of single GNR simulated using ADS. 
Figure 8b shows the return loss and insertion loss for different lengths ranging from 
0.1to1 µm at intermediate and global levels using 21 and 13.4 nm technology nodes.

The analogous circuit model of the MLGNR, as simulated by ADS, is displayed 
in Fig. 9a. Using technology nodes at 21 and 13.4 nm, Fig. 9b displays the return 
loss and insertion loss for various lengths ranging from 0.1 to 1 m at intermediate 
and global levels.

Figure 9b presents a return loss of −30.98 dB for length of 1 µm, and calculated 
power loss is about 2.04 × 10–3% for SLGNR. Since the power loss increases with 
increase in length of interconnect, it is not suitable for high-speed applications. To 
reduce the power loss, GNRs are arranged one over the other and simulated. The 
return loss obtained is − 58.34 dB for MLGNR which means amount of power loss 
is only 1.07 × 10–7% making it suitable for high-speed application. 

d. Performance Comparison of GNR and CNT at THz Frequency 

With the help of equivalent circuit model, the radio frequency performances of single-
walled CNT and single-walled graphene nanoribbon are also compared. Figure 10 
displays the return loss (S11) of  −0.203 dB for SWCNT and −51.05 dB for SLGNR. 
The transmission coefficient is almost negligible for SLGNR. For the same model, 
the simulation at a frequency of 1THz results in a return loss of −33.80 dB for 
MWCNT and −89.69 dB for MLGNR as shown in Fig. 11.
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(a) 

(b) 

Fig. 8 a ADS simulation of the intermediate-level lumped equivalent model SLGNR, b Simulated 
magnitude of scattering parameters for SLGNR
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(a) 

(b) 

Fig. 9 a MLGNR (global level) schematic model simulated with ADS. b Simulated scattering 
parameter magnitude for MLGNR
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Fig. 10 Simulated magnitude of scattering parameters for SWCNT and SLGNR 

Fig. 11 Comparison of return loss and insertion loss for MWCNT and MLGNR
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4 Conclusion 

Performance comparison of scattering parameter responses of SLGNR and MLGNR 
is presented. Comparison is done using electromagnetic simulator—Advanced 
Design System (ADS). The result reveals that MLGNR has low power loss compared 
to SLGNR, making it as a suitable candidate for RF interconnects applications. 
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A Study on Graphene-Based Sensor 
Devices 

Jahid Tanvir, Kawsar Ahmed, Francis M. Bui, and Shobhit K. Patel 

Abstract A hexagonal-shaped structure of carbon atoms organized in a 2D single-
layer manner is defined as graphene which has extraordinary physical as well as 
electrochemical properties that may lead to the utilization of graphene in several 
crucial fields. Graphene has great potential in optoelectronic and photoelectric appli-
cations as it supports a very wideband of spectral regions, surface plasmon polaritons 
(SPP), superfast optical responding and thermoelectric and large carrier conduction. 
In this graphene-based plasmonics era, it can be synthesized with other nanomate-
rials. Graphene-infused materials have found their way into various sensing areas 
notably optical and electrochemical sensors, chemical and gas sensors, strain and 
temperature sensors, biosensors and health monitoring devices with high sensi-
tivity responses, cheaper cost and compact sizes. Furthermore, the transmittance 
and absorption rate of light can be controlled by stacking additional monolayers of 
graphene. Herein, several optoelectronic properties of graphene, for instance, optical 
absorption, transmission mechanisms, photo-thermionic effect, etc. along with novel 
materials synthesis, structural developments and overall feasibility will be discussed 
from recent significant research works. The overview of recent advancements in
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graphene-based sensor devices, a roadmap of future research insights and the chal-
lenges to be overcome for day-to-day implementation of graphene-inspired sensors 
are also provided in this chapter. 

Keywords Graphene · Sensors · Surface plasmon polaritons · Gas sensor ·
Biosensor · Optoelectronics 

1 Introduction 

Human has been searching for a more sustainable substance to enhance develop-
ment. A substance with suitable properties can be used in all fields of science and 
technology. Graphene has raised attention among researchers around the globe since 
its first discovery from bulk graphite [1, 2]. Graphene is a special orientation of 
carbon atoms where a single layer of atoms is arranged in honeycomb-like hexagonal 
lattices in a two-dimensional plane. Graphene has extraordinary properties like ultra-
wide carrier mobility, super-high-thermal conductivity, massive physical strength, 
compatibility with other materials, etc. [3, 4]. Graphene is an allotrope of carbon 
atoms–carbon nanotube (CNT). Before graphene, researchers have tried many other 
nanomaterials such as quantum dots (QDs), nanoparticles, CNTs, nanowires and 
many other zero- or one-dimensional (0D or 1D) nanomaterials [5]. But because 
of graphene’s rich properties, it has been used in many types of research such as 
photodetectors and photovoltaic devices [6, 7], LEDs and lasers [8, 9] and optical 
limiters and frequency converters [10, 11]. But graphene-based sensors can truly 
draw the proper utilization of graphene. In recent years, with the help of artificially 
manipulated Van der Waals (vdWs) atomic bonding, graphene has shown tremen-
dous development of coexisting (stacking) with other 2D materials, namely phos-
phorene, silicone and hexagonal-shaped boron nitride (h-BN) which enables the easy 
manipulation of atomic properties [12–14]. These materials are being used in various 
sensors because of the proper synthesis of graphene with other materials [15]. These 
syntheses are possible by hybridizing quantum dots (0D dots), 1D nanomaterials and 
3D bulk structures with heterostructured 2D graphene sheets [16]. 

To ensure the high quality of graphene and to reduce the production cost, 
researches are being conducted still today. Pristine graphene is only made by the 
“scotch tape” method where graphene sheets are placed onto any material’s surface by 
physical means. This type of process is not suitable to tune and proper use for sensor 
devices [17]. It is still needed to mass produce high-quality graphene with minimum 
expenses. Some methods are promising enough to produce graphene with reasonable 
quality at the industrial level such as the chemical vapor deposition (CVD) method, 
silicon carbide (SiC) decomposition, graphene oxide (GO) and reduced graphene 
oxide (rGO) method [18–20]. CVD method-driven graphene offers a large area of 
sensing film, multi-layers structures and low noise. GO and rGO methods introduce 
high defect regions by the sp3 bond of C–C and sp2 bond of C–O, respectively, 
which enable to develop ultra-sensitive biochemical and electrochemical sensors
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[21]. Graphene also shows higher optical damage magnitude and higher mobility 
compared to Si, GaAs materials which brings hope to researchers for photonics-
based applications [22–24]. But mere monolayer of graphene comes with its own 
limitations such as low-light absorption, faster recombination and no-gain mecha-
nism. These limit the usages of mere graphene in real-life nanophotonics applications 
[25]. So, hybridization and synthesis of graphene with other materials (1D, 2D and 
bulk 3D) may provide a solution to these problems and may utilize the unprecedented 
properties of graphene to its full extent. 

In this chapter, we will look into some important properties of graphene which are 
very crucial to achieve highly sensitive sensor devices. Some recent development in 
graphene-based optical sensors, chemical sensors, physical sensors and biosensors 
will also be discussed later in this chapter. 

2 Opto-Electronic Properties of Graphene 

Graphene has shown many extraordinary properties which enable it to be properly 
utilized in many sensing areas. Some properties of graphene which are crucial to 
developing good sensor devices are discussed below. 

2.1 Transmission and Absorption 

It is reported that 2D graphene semi-metal with zero energy bandgap property had 
shown 1013 magnitude of electron–hole concentration per square centimeter and 
approximately 10,000 square centimeters magnitude of carrier mobility per Volt-
second [1]. This high carrier conductivity is possible at gate voltage, VG = ±  60 V, 
and it is possible by zero bandgap property and sudden resistivity drop at gate voltage 
[26]. The charge density of the graphene surface is defined by Novoselov et al. [1], 

n = 
ε0εVG 

t × e 
(1) 

where ε0, ε,  t, e are the permittivity of free space, permittivity of SiO2, layer thickness 
of SiO2 and electron charge, respectively. This surface charge density helps to vary 
the Fermi energy level to 0-doping in the annealed condition in the complete vacuum. 
But Fermi energy level (EF) goes to n-type or p-type doping by exposing the graphene 
surface to NH3 gas or H2O molecules, respectively. Thus graphene can change from 
a pre-dielectric material to a super-metallic material. This optoelectronic property or 
biochemical doping mechanism is the core idea of biochemical sensors [1]. 

This biochemical doping mechanism also changes graphene’s refractive index 
(RI) as positive and negative charge carrier density is altered. The RI change of 
graphene is calculated by Shivananju et al. [21],
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ng =
(

− 
σg,i 

ωΔ
+ 

i σg,r 

ωΔ

) 1 
2 

(2) 

where σg,r and σg,i , are real and imaginary parts of graphene’s conductivity constant, 
respectively, and ω,Δ are angular frequency of light and graphene layer thickness, 
respectively. This refractive index changes (ng) of graphene are used to determine 
the effective refractive index (nef  f  ) of graphene-based sensor devices. 

Graphene absorbs a significant amount of applied light because of its no bandgap 
property. The light absorption rate of each graphene layer is defined by a structure 
constant, α which is [27], 

α = e2

h × c 
≈ 

1 

137 
(3) 

1 − T ≈ π × α = 2.3% (4) 

where T , h, c are transmittance of light (97.7%), Planck constant (6.626 × 
10−34 m2kg/s) and speed of light (3 × 108 ms−1), respectively. This transmittance 
ratio indicates the transparent nature of the single graphene sheet. But absorption 
can be increased by 2.3% if additional graphene layers are stacked together. 

Another important formula related to graphene’s optical properties is the 
Kubo formula. It predicts dynamic optical response from intraband and interband 
conductivities. The formula is [24], 

σ = σintra + σinter + iσ '
inter. (5) 

And intraband conductivity, σintra, interband conductivities, σinter and σ
'
inter, are  

defined as [24], 

σintra = σ0 
4μ 

π (hτ1 − ihω) 
(6) 

σinter = σ0

(
1 + 

1 

π 
arctan

hω − 2μ
hτ2 

− 
1 

π 
arctan

hω + 2μ
hτ2

)
(7) 

σ
'
inter = −σ0 

1 

2π 
ln 

(2μ + hω)2 + h
2τ 2 2 

(2μ − hω)2 + h2τ 2 2 
(8) 

where σ0 = πe2 

2h
, μ  is the chemical potential of graphene (μ >  0) and τ1 and τ2 

are the relaxation rate of intraband and interband transitions, respectively. Chemical 
potential, μ, is calculated from carrier concentration, n0 = (

μ

hv

)2 
/π , and carrier 

concentration is controlled by doping and gate voltage [24].
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2.2 Surface Plasmon Resonance Operation 

Graphene has an absorption rate of 2.3% for a single-layer sheet and very low 
photo-carrier concentrations. Due to the zero bandgap property, the recombination 
of electron–hole pairs generated by photons is superfast. This also leads to a high 
“dark current”. These properties may lead to non-ideal conditions for sensor devices. 
Researchers have been trying to overcome these limitations by combining several 
other operations with graphene-based devices. 

Plasmonic materials with the combination of graphene can excite the surface 
plasmon polaritons (SPPs) resulting in strong surface plasmon resonance (SPR) [28]. 
So graphene can be used to make waveguides with higher refractive indices which 
lead to higher light cache time signals as a result of deceleration of the propagating 
light in those mediums [29–31]. As metallic nanoparticles scatter the incident light 
in various directions, it helps the near-stacking absorbing materials (analytes) to 
effectively absorb the localized light beams. Therefore, graphene is a light-absorbent 
material, and it can co-exist with metallic plasmonic nanoparticles to improve surface 
plasmon effects. 

In 2016, Lin et al. increased the efficiency of power conversion of a solar cell 
model from 8.83 to 11.8% by stacking 80 nm thick gold (Au) nanoparticles layer onto 
heterostructured graphene and gallium arsenide (GaAs) sheets [32]. In recent years, 
Tian et al. have designed a D-shaped PCF biosensor with indium tin oxide (ITO) 
and graphene combination which has shown a staggering wavelength sensitivity of 
12,000 nm/RIU [33]. Many more kinds of research have shown graphene as a good 
choice for SPR-generating material [34–36]. 

2.3 Photo-Thermionic Effect 

Materials absorbing incident light generate heat energy. Photoelectricity is generated 
by the freely moving electrons inside the materials. The main concept of the photo-
thermionic (PTI) effect is that high-energy selective wideband absorbing materials 
absorb the heat energy from excited electrons as well. The carrying capacities of the 
internal materials must be higher than the photon interactions [28]. 

A heterostructure model of a tungsten diselenide (WSe2) single layer sandwiched 
between h-BN and graphene layers was designed by Massicotte et al. [37]. When 
graphene absorbs the incident photons, an additional photo-current was discovered 
as thermal carriers cause high-energy electrons to push through the barrier. Thermal 
carriers between WSe2 and graphene layers carry more energy than Schottky barriers 
[37]. This PTI incident is helpful to detect the photons of sub-bandgap levels.
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3 Sensor Devices 

Sensor devices are those which convert external or environmental stimulations such 
as heat, motion, light, sound, pressure and stain into mechanical, electrical or optical 
outputs [20]. Having some extraordinary physical properties, graphene has shown 
promising growth in sensor field areas. Some graphene-based sensor devices (details 
in Fig. 1) of various aspects are discussed below. 

3.1 Chemical and Gas Sensors 

All forms of graphene such as pristine graphene (PG), graphene oxide (GO) and 
reduced graphene oxide (rGO) have their own electrical conductivity level and surface 
activity. Due to the 2D structure of graphene, the electron mobility in graphene is 
drastically affected by the gas molecule’s absorption [38]. The gas molecule adsor-
bates act as electron acceptors or donors. So the electron conductivity and the local

GRAPHENE 
SENSOR 

Gas Sensor 

Chemical Sensor 

Temperature Sensor 

Blood Sensor 

Heavy Metal Sensor 

Pressure Sensor 

SPR Sensor 

Electrode 

Fig. 1 Graphene-based sensors and devices 
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carrier distribution are changed as graphene’s surface absorbs gas molecules [39]. As 
a result, the notable change in carrier concentration near the Dirac point or electrical 
conductivity due to the absorption of gas molecules leads to the successful detection 
of gases by graphene-based sensors. 

In the early stages of graphene-based gas sensors development, Novoselov et al. 
sense extremely diluted nitrogen dioxide (NO2) gas by the mechanically exfoliated 
pristine graphene [39]. But their research has still been used as a standard for gas 
sensing purposes since it can detect gas parts per billion (ppb). They are the first ones 
to define the limit of detection (LOD) parameter for graphene-based gas sensors. They 
also refine the sensor by implementing Hall geometry. This operation was conducted 
by leaking 1 ppm NO2 gas at a rate of 10–3 mbar/s to the optimized sensing device. 
Some other researchers in the following years successfully detected NO2, NH3, CO2 

and other gases by also using pristine graphene-based sensors [40–43]. The sensing 
performance is affected by the room temperature, leaking rate and shape of the 
graphene sheet. 

Apart from fundamental graphene substrates, many other procedures are also 
followed to improve sensitivity responses such as graphene-based defective and func-
tionalized materials (nitrogen (N) and silica (SiO2) co-doped graphene sensors [44], 
boron (B) and nitrogen (N)-doped graphene nanosheets [45], aluminum (Al)-doped 
graphene materials [46]); graphene-polymer compositions polymethyl methacrylate 
(PMMA) and graphene composites [47], polypyrene (PPr) and graphene oxide (GO) 
composites [48], polypyrrole (PPy) and GO composites [49]); graphene-metal or 
graphene-metal oxide nanoparticles (zinc oxide (ZnO) and graphene hybrid [50], 
copper-I oxide (Cu2O) and rGO hybrid [51]); graphene-organic materials [52], etc. 

In recent years, much research are conducted to develop graphene-based gas 
sensor devices. Ghazi et al. developed GO-coated microfluidic gas sensors to detect 
environmental pollutants, volatile organic compounds (VOCs) [53]. They achieved 
an average of 64.4% improvement for microfeatures and 120.9% improvement for 
nano-microfeatures sensors. M Yang et al. designed an ammonia (NH3) sensor by 
employing holey graphene oxide (HGO) with Fenton reagents (Fe2/Fe3/H2O2) [54]. 
In 2021, a rubidium (Rb-G)-doped graphene-based sensor is designed for hydrogen 
(H2) gas detection [55]. This sensor offers a higher percentage sensitivity response 
of 482 at a relatively lower temperature (348 K ≈ 74.5 °C). An acetone sensor 
is proposed by using Co-MOF-74-derived Co3O4/graphene heterostructured nano-
scrolls (Co3O4/GNS) structure which offers a high response with a short recovery 
time, and it can even detect 50 ppb acetone [56]. 

3.2 Temperature Sensors 

General temperature sensors with lack of flexibility and transparency are made of 
ceramic-based thermistors or transition metal oxides (TMOs) [57, 58]. As graphene 
has excellent thermal properties along with unique photo-electronic properties, it can 
be used to design flexible temperature sensor devices.
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Graphene has both semiconductor and metallic-like behaviors regarding the 
temperature effects on resistivity [59]. Like a semiconductor material, graphene 
generates thermal electron–hole pairs as temperature rises, resulting in a decrease in 
resistivity, whereas resistivity increases whenever the temperature rises as graphene 
generates more charge carriers. These behaviors can be affected by graphene layer 
number, the crystallinity of graphene and the field-effect transistor’s (FET) gate 
voltage [60]. Yan et al. designed a graphene thermistor using silver nanowires 
(AgNWs)-made electrodes [61]. Polydimethylsiloxane (PDMS) was used to embed 
the whole graphene sensing channel and electrodes which were later peeled off. This 
thermometer showed 12.63 and 7.45 MΩ resistivities at 30 °C and 100 °C, respec-
tively, which can be applied to calculate the temperature at any measured resistivity. 
This design allows the sensor to be twisted or stretched without any fracture. 

Using rGO/P (VDF-TrFE) composition as the primary sensing material, Trung 
et al. also developed a FET temperature sensor that provides great flexibility [62]. 
One of the major features of this model is that it can detect even a 0.1 °C change in 
temperature. Another notable development of graphene-based temperature sensors 
is the implementation of wearable temperature sensors by Yang et al. [63]. 

3.3 Biosensors and Health Monitoring Devices 

Development of various graphene-based electro-optical sensors, chemical and gas 
sensors, temperature sensors, flow and strain sensors and very other sensor devices 
is enriching the wide field of biomedical graphene-based sensors (details in Fig. 2). 
It is becoming more convenient to use graphene-doped materials for efficient and 
successful medical testing and monitoring applications.

Human body cells or tissues exchange ions between themselves through the cell 
membranes. These transmembrane ion’s exchange can create resting potential and 
action potential which are marked as bio-electrical signals. This potential is gener-
ated by the imbalance of sodium and potassium ions (Na+/K+) on the inner and outer 
sides of cell membranes [64]. Every specific cell generates a unique amount of volt-
ages. Generally, these bio-electric signals are recorded by some forms of electrodes 
such as electroencephalogram (EEG), electrocardiogram (ECG) and electroretino-
gram (EOG) after proper filtering and amplification processes [65]. The importance 
of graphene lies in manufacturing these bio-electric signal capturing electrodes. 
Graphene offers a wide dynamic range, high SNR with low impedance, accuracy, 
robustness and overall flexibility for biological electrodes. In 2017, an extra thin 
(about 463 ± 30 nm thin) graphene electronic tattoo (GET) was fabricated through 
the “wet transfer, dry patterning” method [66]. The fabrication process of GET is 
also polished over the year [67]. These GET sensors can be integrated with EEG, 
ECG and EOG to fetch bio-electrical signals. The 3D graphene shows piezoresistive 
properties which can be utilized in pressure sensors. Yogeswaran et al. designed a 
pressure sensor by implementing a graphene field-effect transistor (GFET) which 
has an operating voltage of 50 mV and sensitivity responses of 2.70 × 10−4 kPa−1
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and 7.56 × 10−4 kPa−1 with a wide dynamic range of 5 ~ 20 kPa and 20 ~ 35 kPa, 
respectively [68]. 

For neural imaging, graphene sheets can be combined with micro-
electrocorticography (micro-ECoG) devices. DW Park et al. designed an invasive 
device using a graphene-based carbon-layered electrode array (CLEAR) which has 
four layers of graphene [69]. It has minimum 76Ω sheet resistance with 90% broad-
band transmission of 300 ~ 1500 nm wavelength. Solution-gated field-effect graphene 
micro-transistors (gSGFETs) were developed in 2022 as an implant to detect neural 
signal transduction which has direct brain cells contacting a 2D graphene sheet [70]. 
It can detect a varied range of frequencies of brain signals and can create high-
density mapping as graphene has higher electrochemical stability. These types of 
invasive sensors can be attached to the target organs or tissues for accurate sensing 
and curative application’s performance. 

Bio-molecules like DNA and protein analysis have also leaped forward with the 
introduction of graphene-based sensors. In 2015, YV Stebunov et al. designed a
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graphene oxide (GO)-layered SPR biological sensor with three times higher sensi-
tivity than commercial responses. This device utilizes the interaction between strep-
tavidin molecules and bio-molecules having biotin residues. The absorption rates of 
D1, D2 oligonucleotide sequences confirm the capability of DNA interaction sensing 
of the GO-layered SPR-based optical prism microfluidic sensor chip [71]. C-reactive 
protein (CRP) found in blood plasma is utilized as a bio-marker for the early detection 
of cardiovascular diseases and body infections. Gold-Iridium nanoparticles with GO 
and gold-poly deep eutectic solvent with GO sensor are designed with an extreme 
CPR antigen sensitivity range of 0.01 ~ 100 ng mL−1 and 0.0003 ~ 50 ng mL−1, 
respectively [72, 73]. 

4 Future Challenges 

Despite showing extraordinary properties such as biocompatibility, large interactive 
area, high electrical carrier conductivity and fast transfer rate, it is still challenging 
to produce graphene and graphene-based materials for industrial-level applications. 
More researches are required to solve this graphene synthesis problem and make 
graphene more usable in our day-to-day life and as many fields of applications as 
possible. 

Another challenge of graphene-based sensors is the fabrication expenses. To 
produce a good sensor, it needs graphene of the best quality. But it is still very expen-
sive to produce high-quality graphene. So fabrication processes should be studied to 
make them more accessible but more refined. 

It is hoped that graphene will replace silicon-based electronics in the near future. 
It will not hurt to say that, graphene still needs to go a long way to entirely take place 
of silicon-driven industries despite its excellent properties. More research should 
be conducted to open up more fields of graphene-based devices. A single layer 
of graphene sheet does not provide many options, so the synthesis of graphene-
based materials should be examined thoroughly. These studies may open up feasible 
solutions to unlock all these extraordinary properties of graphene. 
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Graphene: A Promising Material 
for Flexible Electronic Devices 
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Abstract Today, the world is looking for ease of use, application materials, and 
carrying options. This is extended towards all material and electronic devices. Large 
applications and requirements are there for ease to use and flexible displays in the 
computational and telecommunication industry, and considerable work is targeted 
towards the same. Similarly, if solar cell applications are considered, a flexible solar 
cell would be elementary to install and use compared to their rigid equivalence. 
This results in a lookout towards polymeric counterparts for current rigid materials. 
Though some of these polymeric materials have shown excellent potential, their 
property tuning needs to be addressed to a greater extent to obtain the desired outcome 
and properties. These materials need to match the properties and applicability of 
materials like indium tin oxide (ITO) electrodes, which are weak, get more expensive, 
and are chemically unstable. As a promising material, graphene stands out due to its 
unique electrical and mechanical characteristics and excellent optical transmittance. 
This makes graphene a viable material for flexible transparent conductive electrodes. 
This has led to graphene’s widespread adoption in bendable electrical components 
like LEDs, PV cells, and field-effect transistors (FETs). However, some limitations 
must also be addressed for graphene to be used in flexible electronics. This chapter 
aims to overview graphene applications for energy storage devices, flexible solar 
cells, integrated circuits, etc. It would also shed light on the methods for overcoming 
the limitations of graphene to create flexible electronics that are both highly effective 
and reliable. Finally, the possible future developments will be outlined, providing a 
lookout towards further research opportunities for flexible electrical devices based 
on graphene.
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Keywords Graphene · Flexible electronic devices · Energy storage devices ·
Flexible solar cells · integrated circuits 

1 Introduction 

The development of flexible electronics has indeed been an exciting area of research 
and development in recent years. The ability to create electronic devices that can bend, 
twist, and even stretch opens up a wide range of new possibilities for how we use 
and interact with technology. Flexible electronics are electronic devices that are built 
on thin, bendable substrates, such as plastic or paper, rather than on rigid materials 
like silicon. The use of flexible substrates allows for electronics to be made into new 
form factors, such as wearable devices, roll-up displays, and curved surfaces. These 
flexible electronics are more comfortable, lighter, and compact than rigid ones [1]. 
Such devices and their every component, including a base material, must possess a 
high degree of mechanical toughness upon bending, to make these flexible electronics 
useful in the real world. Most of the primary parts of today’s electronic gadgets 
are prepared from brittle inorganic materials, incompatible with flexibility. These 
components should be replaced by pieces made of alternative materials. However, 
electrical devices made from organic materials hold great promise for the delivery 
of stretchability or flexibility [2]. 

Various materials are extensively investigated to obtain the properties required 
for flexible electronic device formation whilst providing stability and functional 
properties. During the last decade, graphene has been the most talked about substance 
in the flexible and wearable technology development field. Extreme tensile strength 
of over 130 GPa, Young’s modulus of roughly 0.5–1 TPa, spring constant of around 
1–5 N/m, and the capacity to stretch to many times its original length are only a few 
of its extraordinary mechanical features result in a material that is perfect for use in 
wearable and flexible electronics (elasticity) [1–5]. 

Moreover, graphene’s outstanding material features, such as its excellent chem-
ical and thermal resilience [3], a sizeable two-dimensional surface area enabling 
conformal adherence to other surfaces and materials [6] high spectral width (300– 
1400 nm) for optical absorption, [7, 8] transparency of 97% or more in the visible 
spectrum [9], thermo-resistance and piezoelectricity [10], and undoubtedly, this is 
one of the promising multifunctional substrates for bendable electronics because of 
its electrical sensitivity towards biochemical. In contrast to other electronic materials, 
graphene’s ultra-ultra-high electronic mobility (15,000–200,000 cm2/Vs) stands out 
as a notable distinction (Vs) [11] caused by ballistic carrier transfer. It has excel-
lent conductivity and ambipolar behaviour similar to commercially available indium 
tin oxide. Monolayer graphene’s resistivity changes when bias voltages are applied 
due to the ballistic motion of carriers; this material has an extremely high electrical 
mobility [15,000–200,000 cm2/(Vs)]. It indicates the material’s ambipolar behaviour, 
with the charge neutrality point at zerovolts (Fig. 1).
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Fig. 1 Graphene as a material for property application correlation 

2 Use of Graphene in Highly Flexible Electronics 

2.1 Graphene-Based Supercapacitors 

Graphene-based materials have unique characteristics, such as excellent electrical 
conductivity on a highly-tunable surface, a high resistance to chemical breakdown, 
and high-quality mechanical behaviour, which make them an attractive candidate 
for supercapacitors and other energy storage devices. Extensive studies are being 
conducted to rationalise their structures across several sizes and dimensions. Future 
research should concentrate on battery life, energy efficiency, and industrial scale 
at low cost for future use in transportation, wearable electronics, and portable elec-
tronics use in transportation, wearable electronics, and portable electronics, battery-
powered, and hybrid automobiles. Supercapacitors and ultracapacitors have been 
widely used due to their high power density, quick charge/discharge speeds, and 
long cycle life. They have the potential to replace or ultimately replace batteries used 
in energy storage uses, including wearables and handheld electronics, electric and 
hybrid automobiles, and so on. 

Two graphene-based supercapacitors are primarily electric double-layer capac-
itors (EDLCs) and pseudo-capacitors. Since the multi-electron redox faradaic 
processes in EDLCs may be reversed, energy can be stored by moving the faradic 
charges back and forth between the electrodes. Since the multi-electron redox 
faradaic processes in EDLCs may be changed, energy can be stored by moving 
the faradic amounts back and forth between the electrodes.
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Higher capacitance and energy density are typical in pseudo-accommodations, but 
poor electrical conductivity reduces their performance and shortens their lifespans. 
Because of their exceptional physical, chemical, mechanical, and energy storage 
electrochemical capabilities, graphene-based materials are becoming increasingly 
popular. Graphene is a famous mineral with a highly anisotropic structure and 
behaviour. The electrical and thermal conductivities are one thousand times higher 
in the in-plane direction than in the out-of-plane order. Several methods exist for 
preparing graphene, the monolayer of graphite. Energy storage is another common 
usage for this material. 

Graphene-based materials of several dimensionalities, 0D, 1D, 2D, and 3D, have 
shown materials with great potential for use as electrodes for devices that can store 
energy electrochemically. However, improvements in the quality and repeatable 
amount of electrode materials are needed to achieve the desired large-scale prac-
tical use. The best structures may be adjusted on any of the length scales from 
nano to macro. Energy storage performance is affected by the behaviour categorised 
as physical, mechanical, or chemical of electrode materials based on graphene with 
varied topologies [12]. To maximise interior area and ionic/electric charge routes and 
prevent collapse and lack of volume, focussing on the tunable 3D graphene networks 
inside a porous structure is essential. Deformable and flexible energy storage devices 
are required to expand flexible electronics rapidly. 

When compared to regular capacitors, supercapacitors can discharge enormous 
amounts of current. Since graphene has a vast interior surface area (2630 m2/g), it is 
a natural candidate for supercapacitor technologies that rely on this energy storage 
[13]. 

Energy is stored in a supercapacitor at the junction of an electrolyte and an elec-
trode material, which might be either liquid or solid. The second layer of ions adsorbs 
at the electrode during charging to counteract the buildup of electronic charge in the 
electrode. These characteristics make SCs ideal for use as fast charging and fast 
discharging battery devices [14]. Electrode materials of SCs benefit from the high 
conductivity and massive gravimetric surface areas of carbon-based foams, activated 
carbon, and graphene. The extent to which an SC may boost an electric car’s top speed 
depends on its particular power. However, the distance it can go on a single charge 
depends on its specific energy. 

Most research into the electrode performance of supercapacitors has focussed on 
graphene, metal oxides, non-native elements, and carbon nanotubes. KOH, NaOH, 
and H2SO4 are examples of liquid or gel-like electrolytes employed to conduct the 
analysis. Researchers found that particular capacitance at the GA/TiO2 electrode was 
relatively high in simulated water that contains dissolved salts (0.1 M NaCl solution), 
values from fifty to one hundred fifty faraday grammes−1 over a broad spectrum of 
scanning velocities (between 5 and 1000 mV/s). Most research into the electrode 
performance of supercapacitors has focussed on graphene, metal oxides, non-native 
elements, and carbon nanotubes. KOH, NaOH, and H2SO4 are examples of liquid or 
gel-like electrolytes employed to conduct the analysis [15]. 

Because of its enormous surface area, graphene is commonly employed in 
batteries, and supercapacitors are examples of devices that can store energy for
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later use. For this study, pillared graphene was produced @ 750 degrees on 20 m of 
copper foil using the chemical vapour deposition technique employing ethylene and 
hydrogen gas as carbon sources. Li-ion batteries with an anode made from synthetic 
graphene showed enhanced cycling stability of over 250 cycles [16]. 

As an alternative to batteries, supercapacitors might be manufactured in vast quan-
tities. Electrode preparation relies heavily on nano-structured materials, which are 
pivotal in improving the device’s electrochemical characteristics. A viable method 
to enhance a few electrons in host systems by harmonising the behaviour of electron 
donors and acceptors includes hetero-atoms (N, B, or F), either surface- or bulk-level 
of reduced graphene oxide (RGO). Consequently, reduced graphene oxide that has 
been N-doped (RGO) may be helpful as a supercapacitor. The supplementary mate-
rials included material characterisation methods, electrode preparation, and device 
construction [17]. 

The results of the (XPS) X-ray photoelectron spectroscopy experiment demon-
strate narrow spectra of C1s and O1s (at 284.3 eV) (399.37 eV) and N1s (at 
396.37 eV). In addition, the outcomes of GCD cycling and voltage holding tests 
conducted on the SSC device for 16 h are provided. Self-discharge charts confirm 
GCD cycle findings for stability. 

The unusual substance graphene and composites made from it have shown signif-
icant growth in several manufacturing sectors. The areas of catalysis, energy storage, 
electrode batteries, and biomedicine have recently attracted researchers’ attention. 
Graphene’s adaptability has made it a top choice amongst researchers developing 
new methods for storing and transporting energy. Graphene is an excellent sustaining 
electrical materials medium to lessen the powered stress brought on by volumetric 
fluctuations whilst the cycle is running. Substances that are actively engaged also 
carry electricity more efficiently. Supercapacitors and batteries made of lithium-ion 
and sodium-ion are covered in depth, as is the use of graphene composites in each. 
Some of the applications have increased the combined hybrid graphene capacitor– 
battery storage system to enhance charge density by 3–10 times (up to 6,00,000 
mAh), with fast charging (charge time less than 10 min) and a high number of cycles 
1,00,00 cycles against 10,000 compared to conventional supercapacitor or battery 
storage system [17]. 

Since the encased and injected hetero-atoms increase the density of active spots 
in graphene’s structure, graphene-doped composites play a more critical role in inte-
grating functional elements to store energy. The SIB anode is a hybrid structure 
made of graphene-containing alloy. Red phosphorous nanoparticles are dispersed 
evenly in a 3D graphene lattice using a vapour-repellent distribution method. Metal-
air batteries and metal-O2 batteries are two further applications for graphene alloys. 
Aerosols modified with ruthenium (Ru) particles are employed directly as the cathode 
material for Li-O2 batteries (lithium superoxide), which boosts their effectiveness to 
12,000 mAhg−1 [18]. Cathode improvements over Se are achieved using a composite 
aerogel made of 3D graphene CNTs and Se. Electrolyte infiltration and gas diffu-
sion were aided by the composite’s hierarchical porous structure, whilst the 3D 
consistency of the structures enhanced electron transmission. Numerous businesses 
use graphene and graphene composites, such as those that produce energy storage
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devices like batteries, fuel cells, and supercapacitors. Graphene may be used as an 
electrode, leading to a vast infrastructure of energy storage devices. This means 
graphene may be useful in enhancing device reliability, capacity, efficiency, and rate 
performance for storing energy. 

The fast charging and discharging, excellent power density, extended cycle 
life, and safe operating conditions of supercapacitors (electrochemical capacitors) 
have garnered considerable interest. Graphene aggregates because of the high-
interaction between sheets, resulting in a substantially lower specific extent of 
the surface (13.4–35.8 m2g−1) than theoretically expected [19]. Researchers are 
working on creating pseudo-capacitive active materials/graphene hybrid fibres and 
surface-porous graphene fibres. 

Holey Graphene-Based Materials for Supercapacitors 

Conductive skeletons in holey graphene serve as pathways for electron transport, 
whilst many mesopores facilitate the long-distance movement of ions. This design 
guarantees high-rate and high-capacity energy storage by efficiently delivering 
charges over a thick electrode and making the most of electrode use. Because of 
its large surface area and high ionic penetrability, holey graphene is an appealing 
gibbet for dynamic materials with high mass loading. 

Large surface areas and active sites in holey graphene-based nano-materials may 
boost electrochemical processes and, in turn, energy density. Additionally, even in 
a severely compressed shape, the pores formed in graphene sheets offer adequate 
cross-plane pathways for ionic transport. That is because it would boost ion kinetics 
and energy density in volume [20] (Table 1).

2.2 Graphene Used in Fuel Cell (FCs) 

When it comes to storing energy and generation, graphene has enormous potential 
uses in energy storage devices, including batteries, supercapacitors, and solar panels. 
Graphene is often used as catalyst support on the fuel cell membrane, notably PEM 
fuel cells. Dye sensitizers and nitrogen-coordinated metal catalysts are additionally 
used in fuel cells. Several alternatives to platinum catalysts are cheaper and widely 
used in various industrial applications such as Palladium (Pd) Catalysts, Rhodium 
(Rh) Catalysts, Nickel (Ni) Catalysts, and Cobalt (Co) Catalysts. Graphene serves 
primarily two functions: I reducing the catalytic loading of Pt and Pt alloy and 
(ii) increasing the stability of the catalyst. Fuel cells’ anode and cathode catalyst 
loadings have been reported to be lowered in several ways, with several strategies 
being proposed to replace the Pt catalyst with less expensive alternatives [4]. 

Graphene’s application in Pt catalysts has boosted activity by enhancing electrical 
conductivity and Pt dispersion. Additionally, Ni, those most often mentioned in the 
non-precious catalyst used in the anode of low-temperature fuel cells, including fuel
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Table 1 Comparison of graphene materials used in supercapacitors 

Material Electrolyte Capacitance value References 

Holey graphene 6 M KOH 102 F/g at 0.1 A/g [21] 

Holey graphene 6 M KOH 698 mF/cm2 at 2 mA/cm2 [22] 

Holey graphene 6 M KOH 295 F/g at 1 A/g [23] 

Holey graphene film EMIMBF4/aceto-nitrile 298 F/g at 1 A/g [24] 

Holey graphene film 6 M KOH 216 F/cm3 at 1 A/g [25] 

Holey graphene film PVA-H2SO4 56 mF/cm2 at 0.1 mA/cm2 

(cell) 
[26] 

Holey graphene film EMI: TFSI 53 F/cm3 at 3 A/g (cell) [27] 

Holey graphene film TEABF4 with aceto-nitrile 45 F/g at 0.25 A/g (cell) [28] 

Porous holey graphene 
film 

PVA-H2SO4 304 F/g at 0.1 mA/cm [29] 

CNT/holey graphene 
film 

0.5M H2SO4 268 F/g at 0.25 A/g [30] 

Holey graphene oxide 6 M KOH 240 F/g at 1 A/g [31] 

r-holey graphene oxide 6 M KOH 224 F/g at 1 A/g [32] 

r-holey graphene oxide 
film 

20 mM [Fe(CN)6]3−/4− in 
1 M Na2SO4 

31.1 mF/cm2 at 1 mA/cm2 [33] 

Holey graphene 
nanosheets 

BMP-DCA 330 F/g1 at 0.2 mA [34] 

Holey graphene 
aerogel 

6 M KOH 178 F/g at 0.2 A/g [35] 

N-doped holey 
grapheme 

6 M KOH 439 F/cm at 0.1 A/g [36] 

N-doped holey 
graphene 

2 M H2SO4 343 F/g at 0.3 A/g [37] 

N-holey graphene 
aerogel 

6 M KOH 318 F/g at 0.5 A/g [38] 

S-doped holey 
grapheme 

1 M Na2SO4 257 F/g at 0.25 A/g [39] 

N,F-holey graphene 
hydrogel 

6 M KOH 345.4 F/g at 1 A/g [40] 

N,S,P-holey graphene 2 M KOH 295 F/g at 1 A/g [41] 

N-C/holey graphene 6 M KOH 316 F/g at 1 A/g [42] 

CNTs/holey graphene 6 M KOH 557 F/g at 0.5 A/g [30] 

C sphere/holey 
graphene film 

6 M KOH 207 F/g at 1 A/g [43] 

MnO2/holey graphene 
aerogel 

1 M Na2SO4 192.2 F/g at 0.5 A/g [44] 

MnO2 nanorods/holey 
graphene 

1 M Na2SO4 117 F/g at 5 mV/s [45]

(continued)
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Table 1 (continued)

Material Electrolyte Capacitance value References

Fe3O4/holey graphene PVA-H2SO4 63.5 F/g at 1 A/g (cell) [46] 

MoO2/holey graphene 
aerogel 

1 M KOH 473 F/g at 10 mV/s [47] 

RuO2/holey 
graphene/CNTs 
nanofiber 

1 M H2SO4 199 F cm−3 at 2 mV/s [48] 

r-Holey graphene 
oxide/NiCo2O4@CF 

3 M KOH 1178 F/g at 1 A/g [49] 

MoS2/holey 
graphene/C fibres 

1 M H2SO4 421 F/g at 5 mV/s [50] 

NiCo2S4/holey 
graphene 

3 M KOH 1000 F/g at 0.5 A/g [51] 

N-holey graphene 
/PANI 

1 M H2SO4 1058 F/g at 0.5 A/g [52] 

N-r-holey graphene 
oxide/PANI 

1 M H2SO4 746 F/g at 1 A/g [53] 

r-holey graphene 
oxide-PPD 

1 M H2SO4 375.5 F/g at 0.5 A/g [54] 

Holey 
graphene/G-caffeic 
acid 

3 M H2SO4 389 F/g at 1 A/g [55] 

Mxene/holey graphene 
film 

3 M H2SO4 1445 F/cm2 at 2 mV/s2 [56]

cells using methanol, ethanol, or urea, is supported on graphene. Pt’s activity rose 
after being combined with graphene, and it rose even more after being doped with 
boron [4]. 

Graphene in Green Energy Research 

Graphene nanostructure and its material loading can be easily enhanced and opti-
mised by its physico-chemical modification by a suitable method. This provides new 
arenas for its property optimisation for applicability in fuel cells and other appli-
cations as an electro-catalyst. Developing electro-catalytic fuel cells and batteries 
is a very active research field in green energy. These fuel cells reduce reliance on 
nonrenewable fossil fuels by producing electricity via the electrochemical oxida-
tion of renewable alcoholic fuels such as methanol, ethanol, and glucose. 2D 
and 3D graphene-based electro-catalysts are considered distinct subsets of the 
graphene-based electro-catalyst field.
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Direct Alcohol Fuel Cells 

Graphene-based catalysts demonstrated much higher electrochemical activity than 
commercial Pt/C, Pt/carbon black, or pure Pt catalysts; they work better during 
half-cell electro-oxidation. Because of this, the most excellent anodic sweep current 
density (Jf) has been achieved at 2540 A/g (unit mass) or 30 mA cm2 (unit area), with 
exceptional tolerance against CO as high as 6.6%. To prevent carbon monoxide (CO) 
poisoning during the methanol oxidation reaction (MOR) and the ethanol electro-
oxidation process, these graphene-based electro-catalysts may be used instead of 
conventional, non-platinum monometallic, or bimetallic catalysts (EOR). Electro-
catalysts based on two-dimensional graphene doped with metals (M/rGO) or a 
graphene aerogel doped with metals (M/GA) showed significantly increased activity 
of oxidation reaction (highest possible Jf: 15.59 mA cm−2, or 105.98 mA mg−1) 
and glucose oxidation reaction (GOR) than platinum-based and non-platinum-based 
catalysts [15]. The structure of graphene nanosheets is destroyed, however, by this 
method. In the case of three-dimensional graphene nanostructures, this is strikingly 
clear. Graphene electrodes that do not need binders have several advantages over 
their more conventional counterparts. 

When stacked or linked, graphene nanosheets provide a conductive solid and 
sturdy network that may be used to reinforce electrodes. Considering a large amount 
of available surface area, the electrolyte can make good contact with the electrode 
interface, lowering the diffusion resistance. B binder-free pure GA/NF could synthe-
sise the exact chemical pathway and create a supercapacitor electrode. One hundred 
fifty cycles were maintained. There was remarkable consistency between the 100– 
500 cycle range spanning 1456 cycles in the enlarged EOR and 1248 cycles in the 
extended GOR. [15] Higher power and current density were achieved compared to 
conventional direct ethanol fuel cells (DEFCs) and direct glucose fuel cells (DGFCs) 
systems that do not use graphene catalysts. 

2.3 Oxygen Reduction Reactions (ORR) for Metal Batteries 

Both acidic (HClO4 and H2SO4) and primary (NaOH, KOH) environments were 
used to investigate the activity of graphene-based compounds. These catalysts main-
tained a constant activity rate in the oxygen reduction reaction (ORR), significantly 
increasing output current density. Also, compared to conventional Pt/C cathodes, the 
findings demonstrated that tolerance for methanol at the cathode was surprisingly 
high in ORR catalysts based on graphene. 

Lithium–Ion and Lithium–Ion Metal Batteries 

Graphene has many potential applications in the field of energy storage and conver-
sion due to its unique combination of excellent mechanical, electrical, and thermal
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properties. It is been hypothesised that its large specific surface area accounts for its 
strong conductivity to electricity. As a result, it aids in charge transfer in lithium-
ion (LIB) and Li–air (Li–air) batteries. The most reliable anodic substance for LIBs 
was an active grapheme. With a discharge activity of two to three times that of 
pure graphene aero gel and a current density of 500 mAhg−1, its discharge-specific 
capacity can be kept steady for 400 cycles. In addition, the Nb2O5/HGF and N-doped 
graphene aerogel (GA) anodes do not need a binder or conductive additives to be 
built into conventional CR2016 and CR2025 coin cells for electrochemical research 
[15]. So, the ability of graphene products to be used as anodic materials was a crucial 
signal for device-scale LIBs of how they could be used. Bulk cylinder-shaped 3D 
GAs products fit into standard coin cells without extra work. 

The lithium-ion battery is anticipated to have an energy density per unit volume of 
more than 700 W-h [57]. Regrettably, it is still inadequate to meet the rising need for 
space anxiety and rapidly emerging electric gadgets. Materials with a high cathode 
and anode capacity are the most straightforward technique to boost volumetric energy 
density. High-capacity anodes for storing Li+, such as those made of Si, Sn, and P, 
through alloying processes may give much greater theoretical capacity for volume 
and gravity. 

Because they have a high energy density and operating voltage, apricot lithium-
ion batteries (LIBs) have grown to be amongst the most extensively used commercial 
sources of electricity for a wide range of portable electronic items. Flexible, highly 
conductive, tensile, and structurally-tunable graphenes are only one kind of conduc-
tive fibre that has shown promise in the fibre-shaped LIB. The anode was constructed 
of SnO2 quantum dots@ rGO fibre, whilst the cathode was composed of LiCoO2 

nano particles@ rGO fibre, which has a flexible structure. This LIB was presented by 
one of the researchers and is based on GF. After being bent, knotted, and subjected 
to 5 different healing methods, the LIB maintained its remarkable flexibility, cyclic 
stability, and excellent retention capability (82.6 mAhg−1) [19] (Table 2).

2.4 GF-Based Electric Double-Layer Capacitors (ELDCs) 

Graphene fibres (GF) are commonly used as electrodes in electric double-layer capac-
itors (EDLCs). There is a plethora of methods for expanding GFs’ particular surface 
area. For instance, a 3D porous graphene framework may be deposited on top of 
the GF fibres to create an all-graphene core-shell graphene fibre. This would signif-
icantly enhance their electrochemical performance. Incorporating holey graphene 
with graphene can dramatically raise GF’s inherent capacitance to 220.1 Fcm−3, 
which is 2.9 times more than unadulterated GF. The electrochemical performance 
was enhanced in core-shell GFs made from carbonised phenol formaldehyde and 
small-size graphene. The surface area and other properties can be modified by suit-
able fabrication and formation enhancements. The micro-fluidic spinning technique 
controls the GFs’ structure and creates porous GFs [82]. Nitrogen-doped porous
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Table 2 Comparison of graphene materials used in LIBs 

Material Reversible 
capacity 

Rate capacity Cycling 
performance 

References 

sr-holey graphene oxide 430 mAh/g 
for 50 mA/g 

100 mAh/g for 2 
A/g 

– [58] 

Holey graphene 423 mAh/g 
for 0.1 A/g 

85 mAhg−1 for 
0.4 A/g 

400 mAh/g for 
0.1 A/g at 100 
cycles 

[59] 

Stacked holey graphene 889 mAh/g 
for 0.05 C 

200 mAh/g for 5 
C 

672 mAh/g for 
0.5 C at 70 
cycles 

[60] 

Holey graphene paper 403 mAh/g 
for 0.14 C 

178 mAh/g for 
5.4 C 

250 mAh/g for 
0.67 C at 400 
cycles 

[61] 

3D holey graphene 
framework 

1,174 mAh/g 
for 0.2 A/g 

800 mAh/g for 5 
A/g 

5 mAh/cm2 for 
8 mA/cm2 at 
2000 cycles 

[62] 

N-holey graphene 989.5 mAh/g 
for 0.1 A/g 

310 mAh/g for 5 
A/g 

553.5 mAh/g for 
5 A/g at 6000 
cycles 

[63] 

N-r-holey graphene oxide 1,354 mAh/g 
for 0.2 A/g 

570 mAh/g for 5 
A/g 

800 mA/g for 3 
A/g at 1,500 
cycles 

[64] 

N-holey graphene monolith 1,052 
mAh/cm3 for 
0.1 mA/cm2 

808 mAh/cm3 

for 3.2 mA/cm2 
800 mAh/cm3 

for 0.1 mA/cm2 

at 1,200 cycles 

[65] 

N-holey graphene foam 1194 mAh/g 
for 0.25 C 

420 mAh/g for 5 
C 

450 mAh/g for 5 
C at 1,000 cycles 

[66] 

N-holey graphene hollow 
sphere 

1,563 mAh/g 
for 0.5 C 

254 mAh/g for 
20 C 

1,643 mAh/g for 
100 mA/g 

[67] 

Fe2O3-nano-particle/holey 
graphene 

1692 mAh/g 
for 50 mA/g 

555 mAh/g for 1 
A/g 

883 mAh/g at 1 
A/g at 1000 
cycles 

[68] 

H-Fe2O3/holey graphene 
oxide 

1,473 mAh/g 
for 0.2 A/g 

487 mAh/g for 
30 A/g 

990 mAh/g for 5 
A/g at 1,600 
cycles 

[69] 

g-Fe2O3/r-holey graphene 
oxide 

680 mAh/g 
for 0.1 A/g 

530 mAh/g for 2 
A/g 

1141 mAh/g for 
0.5 A/g at 230 
cycles 

[70] 

Fe2O3-nanorods/holey 
graphene fluoride 

1050 mAh/g 
for 0.1 A/g 

473.5 mAh/g for 
4 A/g  

805.6 mAh/g for 
1 A/g at 500 
cycles 

[71] 

Fe3O4/holey graphene 1516 mAh/g 
for 0.2 A/g 

761 mAh/g for 5 
A/g 

554 mAh/g for 5 
A/g at 2,500 
cycles 

[72]

(continued)
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Table 2 (continued)

Material Reversible
capacity

Rate capacity Cycling
performance

References

MnO/holey graphene 
aerogel 

876 mAh/g 
for 0.05 A/g 

493.6 mAh/g for 
2 A/g  

979.6 mAh/g for 
0.5 A/g at 300 
cycles 

[73] 

MoO2 nano-dots/holey 
grapheme 

1021 mAh/g 
for 0.2 A/g 

425 mAh/g for 5 
Ag−1 

750 mAh/g for 1 
A/g at 450 cycles 

[74] 

NiO/holey graphene 940 mAh/g 
for 0.1 A/g 

228 mAh/g for 
10 A/g 

722 mAh/g for 
0.2 A/g at 200 
cycles 

[75] 

Co3O4/holey graphene 1,543 mAh/g 
for 0.15 A/g 

1,075 mAh/g for 
1 A/g  

760 mAh/g for 1 
A/g at 100 cycles 

[76] 

SnO2/holey graphene 1001 mAh/g 
for 0.5 A/g 

792 mAh/g for 2 
A/g 

570 mAh/g for 2 
A/g at 2,000 
cycles 

[77] 

3D SnO2/holey graphene 1220 mAh/g 
for 0.02 A/g 

850 mAh/g for 2 
A/g 

791 mAh/g for 
0.5 A/g at 400 
cycles 

[78] 

MoS2/holey graphene 240 mAh/g 
for 0.1 A/g 

140 mAh/g for 1 
A/g 

– [79] 

LiFePO4/holey graphene 156 mAh/g 
for 0.1 C 

59 mAh/g for 5 
C 

128 mAh/g at 1 
C at 50 cycles  

[80] 

Li4Ti5O12/holey graphene 161 mAh/cm3 

for 0.035 A/g 
103 mAh/cm3 

for 14 A/g 
102 mAh/cm3 at 
7 A /g at 1,000 
cycles 

[81]

GFs supercapacitors (NMGFs) may be woven into textiles and worn to store elec-
tricity for use with other electrical gadgets on the go. By intercalating carbon black 
into graphene sheets and then spinning the resultant material, it is feasible to make 
absorbent graphene fibres. Hybrid fibres made of nitrogen-doped graphene (N-RGO) 
and carbon nanotubes (CNTs) have been manufactured by certain researchers using 
a hydrothermal process [19]. All these efforts have resulted in the enhanced surface 
and its related power density. 

GF-Based Pseudo-Capacitors 

Several initiatives have been made to enhance energy storage capacity and other 
features of hybrid fibres by incorporating pseudo-capacitive materials with graphene 
during fabrication; e.g. GFs’ specific capacitance increased from 24.0 to 314.5 
mFcm−2 by grafting graphene onto the existing structure. The high energy density 
(7.93 Wh/cm2, 5.7 mWhcm3) and ultra-long cycle life were shown by the core– 
shell polyaniline nanorods/graphene hybrid fibre (GF@PANI). The maximum 
energy density of the GF/MoS2 hybrid fibre supercapacitor was 14.665 μWhcm2
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(6.5 mWhcm−3) [19]. Electrochemically, the GF tungsten nitride core-shell demon-
strated improvement over GF, with higher specific capacitance and energy density. 

Graphene Oxide Reduction for Energy Storage 

An innovative porous hierarchical anode structure was created in three dimensions. 
According to reports, lithium-ion batteries’ energy and power density are pretty high. 
The capacitive Li | Na ion storage architecture was established by producing CO3O4 

nano-pore arrays from Co(OH)2 nanosheet. With a loss of just 6%, the composite 
electrode demonstrated exceptional rate efficiency (1490–1399 mAhg−1 at 0.1–2 
Ag−1). Graphite is chemically treated to induce exfoliation into GO sheets, as shown 
by XPS data, as a result of being surrounded by various carbon and O2 functional 
groups. It was found that the GO sample had two significant peaks, each of which 
could be further functional groupings converged into four distinct peaks containing 
carbon and oxygen. As the laser intensity increased, the carbon-to-oxygen ratio 
dropped from 3.85 at 80% to 6.50 at 100%, suggesting photothermal ruffling of the 
GO sheets or a higher spot temperature. Oxygen levels would inevitably drop [83]. 

2.5 Graphene in Flexible Solar Cells 

A solar cell is a solar cell that uses electrochemistry to convert energy directly into 
usable hole-and-electron pairings. Subsequently, these ionised particles may be effec-
tively isolated and flushed away using electrodes at the device’s ends. One problem 
that requires fixing is that photoactive materials need very transparent and conduc-
tive electrodes that are also chemically stable. Other topics include the function of 
the electrode, the incorporation of a highly effective electron/hole-blocking layer, 
and others. Recent years have seen a surge in the use of flexible solar cells, which 
emerged as a bright spot for PV technology benefits because of their superiority 
to rigid solar cells, such as their light weight, resistance to complex deformations, 
ability to be incorporated into rounded areas, compatibility with production in a 
continuous rolling process, and ease of transport and storage [84]. Flexible solar 
cells offer intriguing uses in various new domains; conformal solar cells have several 
applications, including powering portable or wearable devices, synthetic skin, and 
architectural integration [85]. Hence, primary research is targeted towards the defi-
nition of alternative material for these applications. Graphene is one of the leading 
contenders in this case due to its many favourable properties. 

Graphene may readily find a home in any electrical system that requires electrodes 
with high conductivity, transparency, and exceptional flexibility. This is because 
graphene possesses all of these desirable characteristics. For this apparent reason, 
graphene was a viable candidate to incorporate as a TCE in solar cell systems. 
Graphene, a material having a single-layer atomic structure, is the world’s most
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lightweight, thin, complex, and flexible material. Due to superior thermal and elec-
trical characteristics, electrons flow more freely than silicon. Graphene is flexible and 
can be used in various settings, including ecologically friendly installations. This has 
resulted in its applications in energy storage systems. Economic and industrial devel-
opment systems have resulted in the production of many graphene energy storages 
and conversion devices. They play a crucial role in developing flexing, folding, and 
stretching machinery to fabricate battery, fuel cell, supercapacitor, and nanogenerator 
components [86]. 

Flexible graphene, graphene foam, graphene fibre, and graphene paper are the four 
main types of graphene, and they each have their applications. Due to its flexibility 
and foldability, mobile devices are an ideal use case for flexible graphene paper. The 
graphene film is used when higher strength is required as it is thicker than graphene 
paper by a certain amount. Graphene foam has average qualities that may be enhanced 
because of the flexibility and improved form provided by the graphene fibres. Also, 
it is simple to set up [87]. 

Whilst various thin-film photovoltaic devices and amorphous silicon solar cells 
have been made malleable, their bending radius is inadequate and too pricey. To 
achieve this, new types of solar cells, such as organic solar cells (OSCs) [85], dye-
sensitised solar cells (DSCs) [88], and perovskite solar cells (PSCs) [89], have 
proven to be reasonably attractive due to their fabrications at low temperatures 
(below150 °C), thin layers, and tuneable colours [84]. 

2.6 Some Important Properties of Graphene 

1. Graphene/carbon nano-nano-thiophene devices offer superior bending stability 
and PCE than ITO devices. Graphene is an effective environmental barrier that 
blocks oxygen, hydrogen, and water vapour in photovoltaic systems. In graphene, 
the space between layers is typically 0.54 nm, making air and water impermeable. 
It may generate optoelectrodes (OPVs) without packaging, increasing flexibility, 
and reducing cost [90]. 

2. Graphene is carbon-rich and mechanically resilient, making it the ideal PSC 
electrode material. Graphene has more excellent morphology and transparency 
than SWNTs; hence, it provides higher PCE in inverted PSCs [91]. 

3. Electrodes for organic solar cells made from graphene have low sheet resistance, 
excellent transparency, with high surface roughness [92]. 

4. GQDs can potentially lessen the number of interface trap states whilst simulta-
neously improving the quality and stability of PSCs [93]. 

5. Graphene is a potentially transparent and flexible electrode material [2]. 
6. The properties of graphene sheets include flexibility and transmit light consis-

tently (Tr) through high chemical stability and a large optical window [85]. 
7. The electrical industry has shown a lot of enthusiasm for three-dimensional 

graphene-based materials, semiconductors, and the energy storage sectors
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because of graphene’s unique features, such as its large specific surface area, 
low density, excellent mechanical properties, and electrical conductivity [94]. 

8. The graphene electrode has more excellent physical and thermal stability than the 
ITO electrode, extending the device’s lifetime and photo conversion efficiency 
[9]. 

9. Graphene-based solar cells are low-cost, high-performing, and stable compared 
to ITO-based ones [95]. 

Flexible Organic Solar Cell 

Researchers from HPU and MRCC in China are developing flexible organic solar 
cells utilising graphene for applications in wearable electronics devices and synthetic 
skin. Graphene/carbon nano-nano-thiophene devices offer superior bending stability 
and PCE than ITO devices. The graphene electrodes have a maximum PCE of 2.7%, 
compared to P3HT: PCBM and ITO electrodes at 4.5%. Low O2 permeability makes 
polystyrene–graphene nanocomposites good packaging—bottom-doped graphene 
using PEDOT: PSS and Au, top with PMMA. It is an effective environmental 
barrier to block water vapour, hydrogen, helium, and oxygen in photovoltaic systems. 
The typical space between two graphene layers is 0.54 nm, making air and water 
impenetrable. It may generate optoelectrodes (OPVs) without packaging, increasing 
flexibility, and reducing cost [90]. 

Exfoliated graphene is the basis for a bendable organic solar cell nano anode which 
has a 4.23% conversion efficiency. Transparency, roughness, and low sheet resistance 
characterise graphene-based organic solar cell electrodes. According to researchers 
at Wuhan University in China, this is the first solution-processed transparent EG 
electrode. The graphite sheets were centrifuged twice at 6000 rpm to remove re-
stacking grains and aggregates, to obtain graphene nanosheets with 1–3 layers. The 
graphene flake thickness is 0.80 nm. It possesses large potential applications in 
flexible and elastic electrical applications [85, 92] 

Organic solar cells (OSCs) have surpassed 16% PCE by developing a substance 
that can store and release electrical charges. Flexible OSCs performance is still 
lower compared to stiff OSCs. In this context, plastic substrates are high-temperature 
annealing-sensitive, affecting solar panels’ operation and outcome. Integrating poly-
imide (PI) into graphene creates a flexible, resilient, and thermally stable electrode. 
The graphene electrode modified with phosphorus iodide has a spotless exterior, 92% 
optical transmittance, and stable temperature. Direct incorporation of PI increased 
graphene electrode durability by preventing delamination under stress. An OSC with 
a PCE of 15.2% was realised using a PI-aided graphene electrode. The suggested 
electrode offers excellent efficiency and versatility for optoelectronic devices [96].
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Peroskite Solar Cell 

CNTs and graphene are carbon-rich and mechanically resilient, making them ideal 
PSC electrode materials. Therefore, CNT and graphene sheets were evaluated as 
PSC electrode materials. Graphene has more excellent morphology and transparency 
than SWNTs; hence, it provides higher PCE in inverted PSCs. Thicker MoO3 layers 
reduce solar cells’ current density in a short circuit and fill factor. With increased 
MoO deposition thickness, the fermi level also increased, and photoelectron spectra 
were indicated. For AM 1.5G’s artificial sunlight, in comparison with MoO-based 
PSCs, graphene-based PSCs demonstrated more excellent performance. HNO3-
doped SWNT-based PSCs had a power conversion efficiency (PCE) of 15.3%, much 
more significant than MoO-coated SWNT films. SWNT sheets are rougher than 
graphene and ITO. AFM pictures confirm these results. SWNT sheets were signif-
icantly rougher than graphene films (Ra = 15.1 nm). SWNT-based PSCs had more 
excellent repeatability when the transfer procedure was considered. Due to its entan-
gled geometry, SWNT films were dry-transferrable and did not crumple. We tested 
the carbon electrodes’ sheet resistance (R sheet) 100 times. SWNT films, a network 
of nanotubes, require more significant stretching to bend and distort [91]. 

Planar perovskite solar cells (PSCs) that are regulated by I-GQDs attain effi-
ciency at 22.37% which is relatively high whilst maintaining stability over the long 
term. The graphene quantum dots functionalized with imidazole bromide regulate 
the ETL/formamidinium lead iodide interface (FAPbI3). As a result, GQDs have the 
potential to enhance the quality and stability of PSCs whilst simultaneously reducing 
the amount of interface trap states. Perovskite solar cells, often known as PSCs, are 
now in the lead in the competition to develop the next generation of photovoltaic tech-
nology. The currently available PSCs still have problems with the device’s stability, 
which will significantly influence the commercialisation of these products [93]. 

Through coupling, optical transmittance was increased to 69% by using trans-
parent graphene electrodes coated with organic polymers at 550 nm. Graphene 
has no polymer residue since just one transfer is necessary to create a monolayer. 
Compared to devices using ITO electrodes, gra-neutrino electrodes can withstand 
higher bending stress. The transfer method is substrate-agnostic and may be used 
on any flat surface. Physics research has demonstrated that graphene electrodes can 
bend superior to their ITO and PEN counterparts, making them ideal for use in flex-
ible electronics. The crucial radius for ITO/Gr devices is least flexible at 2.0 mm and 
most flexible at 0.7 mm for Gr/Gr devices [97]. 

Organic semiconductors can be used to make low-temperature planar heterojunc-
tion perovskite solar cells. However, forming mesoporous TiO2 at high temperatures 
is incompatible with flexible polymer substrates. Graphene is a potentially trans-
parent and flexible electrode material. Gr-Mo/PEN photovoltaic characteristics were 
compared to PEDOT: PSS and graphene. Scientists have shown the potential flexi-
bility using graphene-based perovskite solar cells. Following one thousand 2-mm-
radius bending cycles, graphene electrodes preserved 49% of their initial PCEs. This 
is the first study to show steady functioning after tens of thousands of bending cycles 
[2].
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In South Korea, scientists have developed perovskite solar cells that efficiently 
convert energy to usable form (PCE) of 18.9% for a stationary gadget and 18.3% for 
a mobile, flexible one. The voltage at the open circuit of 1.01 and 1.02 V for the novel 
perovskite solar cells based on the gamma-ray emitting transition metal dichalco-
genide (GR TCE) with efficiencies of 12.8 and 13.8%, respectively, has been achieved 
(PCE). Perovskite solar cells doped with TFSA had improved performance from 300 
to 850 nm. Researchers at Savitribai Phule Pune University said that they reached 
the high Jsc value by limiting light loss in GR TCE boosted with TFSAs/PDMS-
based FAPbI photovoltaic devices based on perovskite. Researchers at the University 
of Illinois at Urbana-Champagne suggest solar cells made on perovskite based on 
graphene TCE might power sophisticated gadgets and wearable electronic/photonic 
appliances [98]. 

Flexible C-PSCs were created by Jin and colleagues using a low-cost SnO2 
ETL that operates at room temperature and a transparent graphene-AgNWs/PET 
composite electrode. When graphene-AgNWs were sprayed over a polyethene 
terephthalate sheet, they generated a thin and bendable electrode. Power conver-
sion efficiency was maintained at 89% for the flexible C-PSCs, even after 1000 
bending cycles at a 10 mm radius. Perovskite solar cells (C-PSCs) based on a 
carbon electrode and without a hole transport layer are a reasonable option because 
of their inexpensive cost, simplicity of manufacture, and long lifespan. Preparing 
these solar cells on flexible substrates at low temperatures is difficult, though. 
Polyethene terephthalate (PET)/graphene-silver nanowires (graphene-AgNWs)/sn-
oxide (SnO2)/chlorotrimethylp-biphenyl (carbon (C)/CH3NH3PbI3) electrodes are 
used to produce all flexible carbon-based C-PSCs effectively. When production 
circumstances are optimised, the efficiency of these flexible C-PSCs may reach 
9.73%, the greatest of any such device. Compared to ITO/PET devices, the mechan-
ical toughness of these bendable devices is far higher, and they offer exceptional long-
term durability. The paper presents a simple method for producing high-efficiency 
and long-lasting perovskite solar cells at a cheap cost [89]. 

Solar Cells with Schottky Junctions 

Schottky connections form by connecting metal and doped semiconductors. 
Graphene-based solar cells are low-cost, high-performing, and stable compared to 
ITO-based ones. Graphene/n-type semi-crystal heterojunction is a Schottky solar 
cell. Due to the graphene-semiconductor work function discrepancy, a pre-installed 
potential occurs near the contact. Graphene-on-silicon, Feng et al. showed that doping 
Schottky junction solar cells with HNO and SOCl can enhance them. Au and graphene 
can be used to generate different device topologies. Zhang et al. also made as-
fabricated Schottky junction solar cells. Thanks to developments like graphene/NW 
(NB) solar cells, graphene/silicon solar cells, and Schottky solar cells, high-efficiency 
and low-cost energy sources are within reach [95].
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Flexible Heterojunction Solar Cells 

Aberystwyth University researchers have developed low-priced, high-performance, 
and adaptable heterojunction solar cells. Fabricating large-scale thin silicon (c-Si) 
solar cells is challenging. Low-thickness carriers and solar cells can benefit from thin 
Si substrates due to their short diffusion length. Because of their unique features, 
graphene transparent electrodes are popular. Their uses in LEDs, touch displays, 
and solar cells are currently being researched. The use of CVD allowed for produce 
graphene on Cu foil. The graphene layer was applied to C-Si. Swedish and British 
researchers created graphene/heterojunction solar cells made of crystalline silicon for 
photovoltaics. Ultrathin c-Si substrates were made by depositing graphene on SiO2 

of varying thicknesses. Ultrathick ultrathin c-Si substrates may be warped around a 
6-mm glass rod to display flexibility and bending resilience—ultrathin graphene/c-Si 
solar cell. There was electron-blocking material sandwiched between the graphene 
and the Si of the P3HT 40 m thick silicon substrate. Graphene layers increase optical 
conductivity. As in prior work, P3HT was spin-coated between graphene and c-
Si to prevent electrons. As an insulator, A 4-mm-diameter hole-punctured PDMS 
membrane was attached to an ultrathin c-Si. Photovoltaic electrodes employ graphene 
films. Light absorption and conductivity were compromised by using 40 m c-Si 
substrates. PCE of 3-layer graphene devices is 7.61%, double that of 1-layer devices 
[99]. 

Polymer Solar Cell 

With their mechanical adaptability, cheap cost of manufacture through solution 
processing, and light weight, polymer solar cells have shown promising growth. 
Superior to competing for solar cells, they are amenable to the widespread use of the 
production in a continuous roll form method in industrial settings. For this reason, 
polymer indium tin oxide (ITO) is a common material used in solar cells as their 
electrode that is translucent since it is both conductive and transparent. However, 
ITO’s inherent limitations, such as a high manufacturing price utilising a method 
of deposition using a vacuum at high temperatures, issues with indium availability, 
fragility, and resistance that grows proportionally to surface area, limit its potential 
large-scale uses. Various alternatives have recently been developed to replace flexible 
polymer solar cells that use indium tin oxide (ITO) [100, 101]. 

Flexible electrodes made from functionalized graphene were disclosed by Tiwari 
et al. [9] for use in polymer photovoltaics. Graphene films fabricated using a variety 
of exfoliation, deposition, and manufacturing procedures find use in several solar cell 
applications. Graphene electrodes outperform ITO electrodes in terms of physical 
and thermal stability, leading to greater photoconversion efficiency and longer device 
lifetimes [9]. 

Bulk heterojunction (BHJ) solar cells based on conjugated polymers are gener-
ally recognised as a possible substitute for their inorganic analogues, as reported
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in 2012 by a team at the “State Key Laboratory of Molecular Engineering of Poly-
mers” led by Ming He, titled “graphene-based transparent flexible electrodes for 
polymer solar cells.” Conjugated block copolymers, such as rod-coil or rod-rod BCPs, 
show excellent adaptability in modifying the bandgap of semiconductor polymers 
[100, 101]. 

In the past three decades, organic solar cells (OSCs) have attracted a great deal 
of research and development investment from both the academic and commercial 
sectors, as reported in “recent developments in graphene/polymer nanocomposites 
for application in polymer solar cells,” written by a team of researchers from the 
Department of Analytical Chemistry led by Dez-Pascual (2018). These devices 
have significant benefits over their silicon-based counterparts, including reduced 
processing costs, greater portability, and less weight. Solar panels made from poly-
mers and tiny molecules are two subcategories of OSCs. Spin-coating and printing are 
two solution-based processes for depositing the active layers. G/polymer nanocom-
posites may be helpful in many device components, including active and interfacial 
layers and transparent electrodes. The team suggests that further study is needed to 
determine how to regulate the structure and characteristics of G and how to enhance 
the device manufacturing process to create PSCs with better PCE [101]. 

Others 

Due to the intrinsic features of graphene, such as high mechanical strength, 
low density, high electrical conductivity, and specific solid surface area, three-
dimensional graphene-based materials have been exciting. They have undergone 
research for various prospective uses, including supercapacitors and energy storage 
batteries. Especially for supercapacitors and batteries, graphene has recently attracted 
a lot of interest as an electrode material. Three-dimensional (3D) designs of graphene 
(such as foam, network, and gels) have been newly created to improve graphene 
electrodes’ performance significantly. These substances are low in density and have 
a large specific surface area, outstanding mechanical strength, excellent electrical 
conductivity, and the inherent features of grapheme [94]. 

The graphene electrode has more excellent physical and thermal stability than 
the ITO electrode, extending the device’s lifetime and photo conversion efficiency. 
Renewable energy sources, like wind turbines, solar energy, and geothermal heat 
energy, spontaneously replenish themselves over time. A device’s external quantum 
efficiency may be defined as the fraction of incoming photons converted into charges 
by photogeneration (EQE). Different exfoliation, deposition, and manufacturing 
techniques may be used to create graphene sheets, which can be applied in various 
ways to solar cells. In addition, graphene electrodes are more physically and thermally 
stable than ITO electrodes, increasing the lifetime of devices and their photo conver-
sion efficiencies. When these solar cells’ environmental effects are considered, let us 
look at how these cells stack up against the competition for photovoltaics, like multi-
Si, CdTe, and mono-Si. Copper indium gallium selenide (CIGS) exhibits reduced 
climate variability by 16–50% and total environmental consequences by 6–90%.
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There are still several cutting-edge materials and technologies that might trans-
form how we think about solar cells and pave the way for a promising future for 
photovoltaic technologies [9]. 

The bandgap of semiconductor polymers may be finely adjusted with the help of 
conjugated block copolymers (BCPs), which show a high degree of adaptability. A 
transparent ITO glass, photoactive layer, cathode buffer layer, and top metal electrode 
are the essential components of an ideal polymer BHJ solar cell. The PCE of inverted 
P3HT: PCBM-based devices are 2.5% when graphene is used as the top electrode. 
Using an innovative chemical method, graphite may be transformed into the highly 
conductive material known as graphene. Compared to a PEDOT: PSS-based device, 
the reduced GO (rGO) variant exhibits superior conductivity and resistance to oxygen 
and moisture. Doping graphene electrodes with AuCl improves their conductivity, 
transparency, and shape in an inverted P3HT: PCBM solar cell [102]. 

An anisotropic Si etching approach created a graphene-ultrathin Si sheet with 
exceptional flexibility. In addition, A PMMA film anti-reflection layer might be used 
to bring the reflectance down from 40 to 20%. Consequently, even after 60 bends, 
indefinitely, the solar cell’s efficiency might stay at 93%. Few-layer graphene-Si (Gr-
Si) solar cells were published in 2010 by Li et al. with efficiencies of up to 1.5%; this 
figure was subsequently increased to 8.6%. At 90 °C, a 50 wt% KOH solution was 
used to etch the Si-lm from 100 polished Si wafers (n-type, 400 mm, 0.05–0.2 Ucm). 
A PMMA layer might be identified as a planar anti-reflection to lessen light reflection 
from the Si surface. For this bending evaluation, a brand-new PMMA-Gr-Si solar cell 
was built on a polyethylene terephthalate substrate with an active area of 0.096 cm2. 
PMMA-Gr-Si film solar cells could maintain 92% of their initial PCE [103]. 

2.7 Issues Need to Be Addressed 

1. The graphene TCE’s surface roughness and electrical conductance trade-offs 
and reductions in power conversion efficiency may be expected as the number 
of layers in a device increases (PCE) [85]. 

2. Genuinely, constructing these solar cells on bendable substrates at low tempera-
tures is challenging [89]. 

3. The increased number of layers of graphene decreases its optical transparency 
as well as sheet resistance. Due to the correlation between layer count and trans-
parency and sheet resistance, this is the case. Approximately, 97.7% of light may 
pass through a single sheet of graphene. Graphene stacks with three layers have 
an optical transparency of around 90.8%, and the transparency decreases by 2.3% 
for every additional layer. A single-layer graphene sheet may have a resistance 
of 2.1 ksq−1 or 350 sq−1 whilst still being 90% transparent. Due to its increased 
hole-accepting density, the quenching effect of multilayer graphene may be as 
much higher by 11% than in monolayer graphene.
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2.8 Graphene in the Integrated Circuit 

Graphene is a carbon substance; its chemical composition is equal to diamond 
or graphite. The difference is in the way atoms of this element which are struc-
tured (known as allotropy). Although graphene was initially discovered in the 
1960s, its standardisation is hampered by a lack of specific terminology and cate-
gorization, which prevents a precise characterisation of many forms of graphene. 
Graphene’s super-thin and honeycomb structure are very light, having a density of 
just 300.77 mg/m2. Due to its innovative nanostructure and unique physical and 
chemical characteristics, it attracted much attention. Graphene is a highly elastic, 
hard substance with a hardness significantly higher than steel. It is also capable of 
self-cooling and self-healing. With a particular surface area of 2630 m2/g, graphene 
has huge thermal cognovits (up to 8000 W/mK). The carbon chain along the edges of 
graphene may be found in three distinct configurations: zigzag, armchair, as well as 
arbitrary. A nanoribbon with carbon chain armchair arrangements acts as a metal or 
semiconductor [104]. 

These days, integrated circuits are often made using CMOS technology, which 
stands for complementary metal-oxide semiconductors. Whilst manufacturing tech-
nology continues to progress, the pace at which transistors can be shrunk may even-
tually reach a plateau. Applying fully calibrated TCAD over a significant portion 
of the overall size of the gadget, regardless of the active channel area, an inno-
vative and workable process technique to reduce the source/drain (S/D) epitaxially 
grown bulk fin-shaped field-effect transistors (FinFETs) at the 5-nm node were devel-
oped. Epitaxy, also known as S/D patterning (SDP), PFET drive current decrease was 
reduced, and channel regions enhanced short-channel effects. In addition, gate capac-
itances significantly lowered due to smaller active areas and decreased capacitances 
on the periphery, between the metal-gate stack and the bulk oxide at the bottom 
FinFETs, showing promise for future reductions [105]. 

Graphene is considered a capable replacement for electronics after Si [106]. 
However, the graphene manufacturing era has begun. Low-power devices based 
on graphene technology are still in the development stage, and there is a need to 
improve the production of large-area graphene films with superior electrical proper-
ties on dielectric surfaces.This is because graphene has unique properties that make 
it a promising material for electronic devices, such as its high electron mobility, high 
mechanical strength, and excellent thermal conductivity. However, the challenge lies 
in producing high-quality graphene films on a large scale, which requires the develop-
ment of improved methods and techniques for synthesizing and transferring graphene 
onto dielectric substrates. Researchers are actively working on addressing these chal-
lenges to unlock the full potential of graphene in low-power electronics. Monolayer 
graphene was used to create a top-gated field-effect transistor, according to Lemme 
et al. in 2021. SOI MOSFETs with silicon and ultrathin bodies, the carrier mobility 
value was more significant than the universal mobility. The researchers also assumed 
that adjusting the device’s bandgap was essential to enhancing its performance [107].



104 Y. Chendake et al.

Graphene in FETs 

Sun et al. realised that the double gate graphene electric field-effect transistor (GFET) 
was manufactured using CVD growth graphene as a channelled conductor and spin-
coated P (VDF-TRFE) organic dielectric solid film as the insulator of the upper gate. 
Introducing the double gate graphene electric transistor with a field-effect architec-
ture, it has been reported that the charging properties of the graphene sheet may be 
effectively modulated with the insertion of organic strong electricity P (VDF-TRFE) 
as a top gate dielectric. Furthermore, using a gate dielectric made of available P (VDF-
TRFE) helps regulate graphene charcoal transport characteristics with a polarised 
doping effect, eliminating the environmental impact on graphene and obtaining an 
alternative method to obtain GFET with improved performance provides. In addi-
tion, BGI, or bottom gate induction, has become clear that a static doping effect is 
a powerful tool for tightly regulating the top gate transmission properties of GFETs 
[108]. 

Vieira et al. [109] proposed a new plan for fabricating electrolyte-gated graphene 
field-effect transistors (EGFETs). There would be no gate electrode required from 
the outside due to the fact that the source, gate, and drain would form a single plane. 
Due to the simplicity of this planar construction, the innovative carrier mobility of 
up to 1800 cm2/Vs in graphene EGFETs may be produced on wafer size. As proof 
of concept, they also created a chemical sensor and showed that it could discriminate 
between various saline liquid concentrations. 

When using an electrolyte-gated FET (EGFET), an external, problematic gate 
electrode that is not in the plane is required. Li et al. [110] found a chemical method 
of producing bottom-width graphene nanoribbons (GNRs). Ten nanometers and indi-
vidual bands varying in width along the length or using graphene connections defined 
by a lattice structure, a promising material for use in molecular electronics. GNR was 
in the resolution stage derivative and stably suspended in a solvent by polymer func-
tionalization without covalent bonds. It had a refined edge, like a zigzag or a chair, 
and was relatively smooth. All of the sub-10 nm GNRs produced were semicon-
ducting and produced graphene arrays during electro-transport tests, in comparison 
with single-walled carbon nanotubes. At room temperature, this effect transistor has 
an on/off ratio of roughly 107. 

Lee et al. [111] constructed his GFET having He is very nimble for someone with 
a cutoff frequency around 25 GHz with mechanical strength up to to a 0.7 mm bend 
radius, measuring in at 3900 cm2/V s. They also found that functional bilayer coatings 
on devices in the short term, thin films containing inorganic and organic components 
generated adequate hydrophobic surfaces. Or long-term exposure to deionized water, 
which provides water resistance as well as trustworthy electrical properties. It has 
also been reported to produce outcomes. 

A bendable GFET with a 300 nm gate length was reported by Lan et al. made 
of PET substrate [112]. Covering the PET substrate with a polyimide sheet made 
it possible to obtain hole mobility of 1738 cm2/V s. The Au-assisted graphene 
transfer approach made it easier to maintain output resistance close to 50. Changes 
in manufacturing helped achieve an external fmax of 28 GHz.



Graphene: A Promising Material for Flexible Electronic Devices 105

Montanaro et al. [113] manufactured optoelectronic mixers (OEM) operating at 
frequencies up to 67 GHz using GFETs. The gate terminal electrical signal and 
the modulated optical signal may be combined in the device inside the single-layer 
graphene channel. In the photodetection process, the sign of the related photocurrent 
was dictated by the value of the graphene fermi level. 

Llinas et al. [114]created armchair-graphene nanoribbons of 0.95 nm in width 
and were used as the channel material in short-channel (20 nm) GFETs, together 
with a thin, high K-gate dielectric. The fabricated GFETs had outstanding switching 
behaviour at room temperature and had a high ION/IOFF ratio of 105. 

Fakih et al. [115] created a large-area graphene ion-sensitive FET (ISFET) for the 
selective simultaneous detection of multiple ions. The authors used the Nikolskii-
Eisenman hypothesis to, whilst demonstrating the functionality in an aquatic setting, 
calculate, from the values of the appropriate currents, the concentration of a large 
number of ions with a LOD of 105 M. 

Graphene in Transistors 

Martini et al. [116] represent novel and fascinating materials for use in nanoelec-
tronics due to their characteristics, defined only because of their breadth and edge 
type, and can be controlled directly from synthesis with high precision. Here, we 
investigate the correlation between GNR structures and the electrical characteris-
tics of the corresponding devices. They studied field-effect devices composed of 
chair-shaped GNR films with various structures as transistor channels (width and 
length) in contact as source-drain electrodes with neighbouring graphene layers. By 
examining a large number of transitions in each GNR type, it is found that the width-
dependent behaviour and theoretically-predicted electronic bandgaps of the output 
current values hold. These findings light on how band structure and device features 
have contributed to the evolution of GNR-based electronics. Additionally, Jangid 
et al. presented a GNR-based transistor [117], made by etching Pt-coated nanorib-
bons onto mechanically exfoliated graphene at a 2 × 107 ION/IOFF ratio. Using the 
measured properties, the hole-and-electron mobilities at 6 K were determined to be 
400 cm2/V s and 1100 cm2/V s, respectively. 

Graphene-based transistors for high-performance frequencies (in gigahertz) were 
used by Lin et al. [118], and the frequency response is analysed using conventional S-
parameter measurements. The transistor based on graphene with a 150 nm gate length 
exhibited the highest possible frequency cutoff is 26 GHz. If graphene’s remarkable 
mobility could be preserved throughout the manufacturing process, it would be a 
game-changer; the authors anticipated that gate-field-effect transistor (GFET) gates 
50 nm in length could attain a cutoff frequency approaching a terahertz. The same 
group synthesised graphene transistors with higher operating frequencies [119] on  
2-inch graphene wafers with high-frequency cutoff frequencies as high as 100 GHz. 
Graphene FETs have power gains up to 14 and 10 GHz using 550 nm and 240 nm 
gate lengths, respectively. Graphene synthesis and manufacturing technologies at the 
wafer size are used to make them. In a study by Wu et al., cutoff frequencies up to
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155 GHz have been reported [120] on the characteristics of top-gated (40 nm gate 
length), inversely frequency-dependent graphene RF transistors. They also found that 
a large working window was possible since no noticeable performance improvement 
was hindered until the temperature reached 4.3 K. Organic semiconductors are the 
primary components of flexible electronics. Nonetheless, the charge carrier velocities 
of polymers and molecular films restrict their employment over a specific frequency 
MHz. 

In contrast, graphene’s significant potential for high-frequency electronics on stiff 
substrates has recently been established. Sire et al. [121] have conducted the first 
research on graphene transistors operating at gigahertz frequencies using a solution-
based approach, showing that single-layer graphene based on a solution offers an 
ideal combination of properties required for achieving flexible electronics operating 
at high speed on plastic substrates. In these flexible graphene transistors’ in terms of 
current and power increase, the upper limits are set at 2.2 GHz as well as 550 MHz, 
respectively. 

In high-frequency applications, the high emitter barrier height is a common issue 
for graphene-based transistors. They have been put forward [122] owing to the 
low base delay brought on by the atomic thickness of graphene for high-frequency 
applications. The performance of transistors is nonetheless restricted to terahertz 
operation by the high emitter potential barrier heights associated with frequently 
employed tunnel emitters. However, transistor performance is limited to terahertz 
operation because of the large emitter possible barrier heights associated with regu-
larly used tunnel emitters. Theoretically, graphene-based heterojunction transistors 
with a silicon base sandwiched between graphene layers have been suggested to 
address this issue. They show a vertical silicon-graphene-germanium transistor with 
a monocrystalline silicon and monolayer graphene Schottky emitter. A Schottky 
emitter with those characteristics has 692 A cm2 of current and 41 nF cm2 of capac-
itance. Therefore, using the prior tunnel emitter should allow the transistor’s alpha 
cutoff frequency to rise from roughly 1 MHz to more than 1 GHz. This is a graphene 
transistor; a semiconductor device anticipated growing into promising technology at 
very high frequencies. 

A method for creating high-speed nanowire-aligned graphene transistor gates was 
developed by Liao et al. [123]. Self-alignment technique, which involves automated 
and exact placement of the gate, source, and drain electrodes, allows for a decrease in 
the access resistance whilst maintaining improved carrier mobility due to the use of 
graphene in the nanowire gate’s physical construction. Evidence also showed that the 
built transistor had a high natural transition (cutoff) frequency in the 100–300 GHz 
range. 

The booming manufacturing of wafer-scale graphene circuits in 2011 by Lin 
et al. [124] was announced. This circuit’s components, notably a graphene field-
effect transistor (GFET) and an inductor, were successfully integrated into a single 
SiC wafer. Less than 1 mm2 was used for the whole integrated circuit (IC) as well 
as its connection pads. The wire acted as a 10 GHz-capable RF mixer with a wide 
frequency range.
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Cheng et al. [123] have created a scalable procedure to produce transistors made of 
transfer-gate-stacked self-aligned graphene on glass. The graphene transistors have 
the most significant cutoff frequency to date thanks to a safe and reliable handoff 
method, including a self-adjusting design for the apparatus (427 GHz). This tech-
nique outlines a route to manufacturing on a large scale of high-speed self-aligned 
graphene transistor arrays on any substrate by first performing standard lithographic, 
deposition, and etching processes on a waste substrate and then integrating them with 
CVD-grown graphene across a broad region. However, the maximum oscillation 
frequency for a 220 nm channel length transistor was just 29 MHz. 

Raising the highest oscillation frequency may be possible by enhancing graphene 
quality, lowering gate resistance, and boosting source-drain current saturation. Using 
an ultra-clean manufacturing technique, Feng et al. [125], graphene is protected 
from photo resistance, e-beam, and air by a layer of the pre-deposited gold film. 
GFETs have great DC and RF characteristics with a fmax of 105 GHz because of 
this extremely clean manufacturing and optimised device shape. Furthermore, this 
method of making graphene transistors is simple to use and compatible with a range 
of substrates. 

A practical technique for producing high-performance graphene transistors needs 
to be defined, which is an essential first step towards applying graphene-based compo-
nents in RF circuits. Yeh et al. [126] demonstrated how to make a graphene transistor 
on a PET substrate, paving the way for real progress in wearable electronics. Using a 
recently developed AlOx T-gate structure, we can significantly increase the device’s 
transconductance whilst simultaneously decreasing the associated parasitic resis-
tance. As a result, the highest oscillation frequency is 20 GHz, and the extrinsic 
cutoff frequency is 32 GHz, substantially higher than previously reported working 
frequencies. 

According to Han et al. [127], a three-stage and high-performance graphene-
integrated circuit was used to illustrate the fabrication method’s complete preserva-
tion of the graphene transistor’s quality. To accomplish down-conversion, the course 
acts as an RF receiver by amplifying, filtering, and mixing incoming signals. The inte-
gration of all circuit components into an area of 0.06 mm2 and production in silicon 
wafers 200 mm in diameter show the extraordinary complexity of graphene circuits 
and the compatibility of the silicon complementary metal-oxide-semiconductor tech-
nology. According to proven circuit performance, graphene-integrated circuits may 
perform proper wireless communication operations, receiving, and retrieving digital 
text conveyed on 4.3 GHz carrier signals. In addition, future electronics must consider 
how electronic device scaling may impact IC technology’s packing density and 
operating speed. 

Graphene IC scaling was investigated by Bianchi et al. [128]. It could produce 
high-performance transistor-based integrated circuits (ICs) with various lead thick-
nesses, access lengths, and channel widths sub-micron graphene ROs oscillating at 
4.3 GHz, the highest oscillation frequency ever recorded in a material, produced the 
minor gate delay of 31 ps per step. 

Hanna et al. [129], an integrated power amplifier device operating at 2.5 GHz is 
shown using a graphene field-effect transistor thermally deposited on a SiC substrate
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(FET). This is the first full-scale analysis of signals in graphene RF power amplifiers; 
the highest recorded power output and power addition efficiency are, respectively, 
with a 5.1 dBm output and 2.2% modulation. The comparison of Si and graphene 
CMOS amplifiers also revealed that the power-added efficiency was inferior to that 
of the silicon version. 

Vaziri et al. [130] developed a vertical hot-electron transistor based on graphene 
and studied the wafer-scale production method using silicon to achieve direct-current 
(DC) functioning. The transistor’s base was built of graphene, which caused it to go 
from ON to OFF and vice versa when an electric field was applied, with an ON/OFF 
current ratio of up to 104. 

A semiconductor-graphene-semiconductor transistor was made by Liu et al. 
[131] using the Si membrane transfer technique. According to the electrical char-
acterisation, the common-base current gain might be 10% better than the standard 
gain. 

Mol et al. [132] suggested a graphene-molecule-graphene transistor design in 
a theoretical investigation. Since the molecular junction remained always charged 
with a single electron, it was unaffected by the atomic arrangement of the graphene 
electrodes. The extraordinarily constant single-electron charge was responsible for 
the molecular junction’s insensitivity to the graphene electrodes’ nuclear structures. 

Chemical vapour deposition uses vast regions of graphene crystals that are single-
crystal (LSG) larger than half a millimetre. Ning et al. created a field-effect transistor 
made of graphene that is gated by ion gel (FET) [132] to investigate the based 
on the idea of electronic double layers, the material’s electrical characteristics. A 
novel development technique for large single-crystal graphene was developed and 
enhanced by employing chemical vapour deposition’s cyclical oxidation/hydrogen-
annealing techniques to rebuild the copper foil surface (CVD). LSG in the channel 
layer on a polyethene terephthalate substrate and an ion gel sheet that was spun-
coated functioned as the gate dielectric to make a flexible FET. The flexible device 
exhibits superior electrical characteristics and remarkable flexibility. As the object 
bent, the on/off current rose by 8.1%. 

Currently, synthetic methods operating from the bottom up and the surface are 
manufactured using techniques optimised for graphene nanoribbons, which provide 
the atomic accuracy required for NPG production (GNRs) [133]. But until now, 
bottom-up synthesised NPG’s promise in electronics has mostly been untapped. 
Here, FETs are shown using bottom-up synthesised chevron-type NPG (C-NPG), 
composed of arranged arrays of nanopores delineated by interconnected chevron 
GNRs. Field-effect transistors with a C-NPG gate symbol show on–off ratios greater 
than 104, demonstrating extraordinary switching capability intrinsically linked to 
C-structural NPG’s integrity. Furthermore, the components function as p-type tran-
sistors when air is present. Still, when tested in a vacuum, n-type transport is evident, 
related to the adsorption and desorption of gases and water vapour. Charge vehi-
cles in C-NPG are theoretically examined using the electronic structure and trans-
port simulations, and these calculations reveal that C-NPG has high conductance 
anisotropy effects. This study provides significant insights into the fabrication of 
high-performance graphene-based electrical devices with ballistic conductance and
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conduction anisotropy, as well as sensors capable of picking up the slightest traces 
of chemicals or organisms. Obtaining a gate length of under 1 nm requires Wu et al. 
[134] to construct a vertical MoS2 transistor with a gate electrode made from the 
ragged end of a graphene sheet. The device’s on/off ratio can reach 1.02 × 105, and 
its subthreshold swing values can drop to 117 mV/dec. 

2.9 Limitations of Graphene for Flexible Electronic Devices 

Graphene’s exceptional mechanical strength, low thermal conductivity, and rapid 
charge mobility set it apart from other materials. However, pure graphene has signif-
icant limitations that prevent it from being widely used as an electrode. Since 
graphene’s Rsh is much higher than ITO’s (10 V/sq), and its work function is much 
lower (4.4 eV), because of this, it cannot function as an electrode in either purely 
organic or purely organic–inorganic hybrid circuits. When the work function is low, 
there is a significant energy gap (or offset) between the anode and the covering layer, 
which decreases the hole boosts open circuit voltage in OSCs and causes current 
injection in OLEDs. When the applied bias is high, the maximum current through 
or into the device is also high. The device’s efficiency is reduced compared to what 
it would be if it were made using ITO because of the alterations [135–138]. There 
are various doping methods, such as substitutional and charge transfer doping. [135, 
136, 139–142] have been applied to pure graphene to alter its electrical properties, 
reducing its disadvantages for practical applications. 

Substitutional doping has the potential to alter graphene’s properties [138, 143]. 
Several electrical characteristics, such as the absence of a bandgap, high conductivity, 
and a high WF, are affected by altering the graphene lattice’s electrical structure 
to accommodate the inclusion of hetero-atoms [138, 143, 144]. Graphene is often 
substituted with atoms of nitrogen and boron since they are about the same size as 
carbon atoms [143]. Create substitutionally-doped graphene from forms of hetero-
atoms using CVD. These N-doped graphenes are synthesised by getting nitrogen and 
carbon from the gases NH3 and CH4. Boronic acid and other B-containing precursors 
may also be utilised to produce B-doped graphene. [144] Because it disrupts the 
material’s electronic structure, substitutional doping may change graphene’s unique 
electrical characteristics, but at the expense of the material’s conductivity [139]. 

Another technique for modifying the electrical characteristics of graphene is 
charge transfer doping[135, 136, 139, 140, 145]. Electronic charge transfer occurs 
spontaneously between graphene and an acceptor or donor due to the disparity in their 
ionisation potential or electron affinities [141, 142] When a semiconducting dopant 
contributes its electrons to graphene, its electron concentration increases because its 
highest occupied molecular orbital (HOMO) energy level is greater than graphene’s 
fermi energy level [141, 142] Dopants, on the other hand, increase the concentration 
of holes in graphene by displacing electrons when their LUMO energy level is lower 
than graphene’s fermi energy level [141, 146]. Additionally, Electrochemical charge 
transfer doping occurs when a surface-adsorbed dopant molecule participates in an



110 Y. Chendake et al.

electrochemical redox interaction with graphene; the rate at which this happens is 
proportional to the reduction potential of the dopant molecule and the Gibbs free 
energy of the reaction. It is generally accepted that graphene may be converted to the 
n-type by depositing a dopant molecule that contains an electron-donating group. In 
contrast, doping using a dopant molecule that includes electron-withdrawing group 
results in a p-type doped material [147]. The doping effect is caused by the electro-
static potential between graphene and the dopant molecule, which is caused by the 
dipole moment of the charge transfer complex [148]. 

The electrical structure of graphene is not severely compromised by accidental 
charge transfer-based doping. Using the charge transfer method, graphene may be 
doped with various dopants, from inorganic acids to metal chlorides. Graphene is 
often doped with inorganic acids (such as HCl, HNO3, and H2SO4) to make it p-type 
because these acids may remove electrons from the material through charge transfer 
complex formation. This is due to the fact that graphene’s electrical conductivity and 
WF have improved as their hole concentrations have grown [135, 139, 149]. 

Graphene doped with an inorganic small-molecule acid has a steady rise in Rsh 
at room temperature because these dopants are very unstable [135, 136]. 

Metal chlorides have likewise been used to sanitise graphene in the p-type charge 
transfer form. They demonstrated p-type doping effectiveness, resulting in a large 
WF of 5 eV and solid electrical conductivity of 30 V/sq [135, 140]. However, due 
to the reduction of metal cations, the graphene surface starts accumulating massive 
metal particles. Because these particles on graphene stick out so far, they could cause 
electrical leakage or short current in thin-film devices because of how far they stick 
out [135]. The potential reduction of T by metal chloride doping of graphene is a 
problem with optoelectronic devices [140]. 

Aqueous liquids do not entirely cover graphene because it repels water. To create 
flexible electronic devices processed in solutions, this problem has to be overcome. 
An interfacial buffer layer must entirely protect the graphene so that charges may be 
injected or extracted without creating local shorts at the electrode’s exposed surface. 

When graphene is exposed to oxygen-containing functional groups through treat-
ment of the surface with O2 plasma or UV-ozone, its hydrophobic surface may 
become hydrophilic. But since these procedures damage the hybridised carbon 
networks, graphene’s electrical characteristics are drastically diminished [148, 150– 
152]. Therefore, techniques for surface modification do not affect graphene’s elec-
trical. Characteristics must be devised to ensure a thick layer of an intermediate film 
on a graphene electrode [153]. 

2.10 Conclusion and Future Lookout 

Recent advancements in flexible solar cells, energy storage devices, and integrated 
circuits made from graphene have been explored. Graphene’s potential electron 
mobility, a high T, and mechanical durability benefit flexible electronics. As a result,
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graphene has undergone testing in various flexible electronic component applica-
tions. However, the problems with graphene must be overcome before being used 
effectively in flexible electronics. For example, the current through graphene-based 
devices is constrained by its relatively large Rsh for a given applied bias. In addition, 
its potential for causing voltage loss in SCs is also unsuitable for usage in WFs and 
LEDs. 

As a result of the high energy barrier, it presents to charge injection (4.4 eV); 
pure graphene cannot be employed as a channel in field-effect transistors (FETs). 
In several productions to alter its electrical characteristics, scientists have created 
new techniques, including chemical and physical changes of graphene. Graphene 
film produced by chemical or mechanical exfoliation of graphite has limited applica-
tions. Still, the advent of large-scale graphene manufacturing via CVD has dramati-
cally expanded the opportunities for graphene-based stretchable electronic devices. 
Graphene’s band gap might be widened, providing a channel for field-effect transis-
tors. The device’s charge conduction has been improved using several doping proce-
dures that create the necessary Rsh and WF. These methods have increased switching 
devices’ on–off ratio and the lumen efficiency of LEDs and PCE of SCs. Multiple 
methods, including oxidation, hydrogenation, and GNRs, have been proposed for 
creating a small band gap in graphene. In addition, because of the interfacial layers, 
the high energy barrier to charge injection from the graphene electrode is lowered, 
significantly improving the gadget’s electrical or illuminating capabilities. Because 
of its very impermeable structure to gas molecules and its tightly packed structure, 
graphene is a desirable and versatile encapsulant. 

To advance the study of flexible electronics based on graphene, it is necessary to 
develop methods for synthesising graphene with large and single-crystal domains that 
are defect-free and easily transferred to other substrates without leaving any unwanted 
residue. Additionally, doping graphene’s effects on increasing energy transfer and 
work output must be investigated further. Whilst doing so, graphene’s possible that 
the interfacial layer is engineered to facilitate the injection of charge carriers from 
graphene to functional layers above, potentially allowing for the modification of pure 
graphene’s electrical properties without sacrificing its unique qualities. Future flex-
ible electronics will benefit from developing novel strategies for producing defect-
free, high-quality graphene, and engineering methods for improving graphene’s 
properties. Stretchable electronics need considerably more work on graphene’s 
mechanical properties. 

Next-generation flexible and wearable electronics might benefit from the use of 
graphene if methods could be devised to improve the pliability of electrodes and 
encapsulants made from graphene. 
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Catalytic Performance 
of Graphene-Based Nanocomposites 

Prasenjit Mandal and Hari Shankar Biswas 

Abstract For the past decade, two-dimensional graphene-based nanomaterials are 
at risk of global interest in scientists and incentives to detect various potential 
application in energy storage, sensor, electronic device, and catalysis due to their 
outstanding chemical and physical feature, which has quickly improved. Recently, 
researchers very much interested have also targeted on carbon-based materials such 
as graphene oxide or graphene-based nanocomposite, which lead to the progress 
of several applications in catalysis, e.g., coupling reaction, oxidation, reduction, and 
organic catalytic reaction. There is a significant interrelation between structural shape 
with the catalytic performance of the nanocomposite materials, which is a central 
focus to develop a high-performance catalyst in the research area, which is discussed. 
The challenges of the future developments of such associated materials are proposed 
and discussed. In this study, the effective approaches of the synthesized methods and 
their recent development of various catalytic applications of graphene or graphene 
oxide nanocomposites have been discussed. 

Keywords Graphene · Graphene oxide · Nanocomposite · 2D-material · Catalysis 

1 Introduction 

For the advancement of elemental science knowledge, the importance of nanotech-
nology and nanoscience is a foremost driving force for nanomaterials to be accepted 
mostly. The superiority of our day-to-day life has excellently improved from time to 
time because of the discovery of suitable nanomaterials, and such novel nanomaterials 
are carbon-based nanomaterials. Such type of 2D material is graphene.
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Andre Geim and Konstantin Novoselov jointly won Nobel prize for their break-
through experiment on the most attractive nanomaterial graphene in 2010. The 
wonder material graphene formation promises the future transformation, which is 
already the matter of scientific interest and legend around the globe. Geim and 
Novoselov extracted graphene material at first from pure graphite by microme-
chanical cleavage [1]. This chapter reviews the brief history and further work on 
graphene. It also deals with various synthetic methods of obtaining graphene-based 
or graphene oxide-based nanomaterials, the general properties of such materials, and 
their various application in different fields. Such types of applications are electronic 
industries, energy storage devices, catalysis, electrochemistry, and in biotechnology. 
The term “graphene” originated in 1987 when it was applied to sp2-hybridized single-
layer carbon, linked together in a hexagonal fashion lattice. Technically, it is 2D 
honeycomb structure lattice of the allotrope of carbon. (Scheme 1a, b). In 1962, it 
was first observed through the electron microscope. This 2D structure is the basic 
building block structure of graphite (three-dimensinal), carbon nanotubes (quasi-one-
dimensional), and buckyballs or fullerenes (Scheme 2) (quasi-zero-dimensional). 
Diamond (Scheme 2) is another allotrope of carbon, with an sp3 hybridized and 
tetrahedral structure. Although graphene has a two-dimensional structure and is not 
very stable in pure form [2], it has attracted much attention and has been subject to 
numerous investigations due to its unique physicochemical [3], electrochemical [4], 
and electronic graphene-based nanophotonic devices [5]. Graphene shows excep-
tionally good mobility of charge carriers (2 × 105 cm2V−1 s−1) [6] and high thermal 
conductivity (5000 Wm−1 K−1) [7]. This property was obtained by depositing the 
layers of graphene on solid support. The ruffled graphene became super hydrophobic. 
When used as a battery electrode, electrochemical current density increases in this 
material. Graphene is a candidate for future solar cells, wearable electronics, and 
other media, as a sensor for various types of materials, as an efficient catalyst, as a 
supercapacitor, and as a gas storage medium. The focus on industrial applications of 
graphene is likely to be of special interest, and there is outstanding demand for a good 
sample produced in laboratories. The features of each of the different allotropes of 
carbon are summarized in Table 1. For example, graphene and carbon nanotubes can 
be exceptionally good adsorbing materials [8] and have environmental applications 
[9] by removing heavy metals such as chromium, copper, cadmium, lead, and nickel 
from wastewater [10–12].

Graphene can be functionalized by various functional groups on the surface. 
Hydrophilic functional groups may be used to synthesize nanocomposites with other 
materials. Graphene is an excellent matrix for nanocomposite due to its excellent 
biocompatibility, high surface area, high electrical conductivity, exceptional chem-
ical tolerance, etc. The research group of R. S. Ruoff at Northwestern University first 
reported graphene-based nanocomposites, in 2006. According to them, by modifying 
graphene sheets with inorganic nanomaterials, the electrical conductivity has been 
enhanced significantly for the nanocomposite. These properties helped to introduce a 
new type of graphene-based nanocomposite materials. Various synthetic methods like
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Scheme 1 a Schematic drawing of graphene, b original honeycomb structure by mobile click, c 
schematic drawing of graphene oxide, d schematic drawing of carbon nanotube 

Scheme 2 Schematic drawing of diamond and C60

ex-situ hybridization, in-situ formation, or crystallization on the surface of graphene 
(such as chemical reduction method, hydrothermal/solvothermal routes, electro-
chemical deposition, and sonochemical method) have been used for the synthesis of 
such composites. Through, the introduction of several types of functional materials, 
important properties of graphene material, and derivatives of its may be harnessed. 
To date, many such types of graphene-based nanocomposite have been prepared 
successfully with inorganic nanostructures such as silver, gold, tin, copper, cobalt, 
and some metal oxides like ZnO, SnO2, TiO2, Fe3O4, Fe2O3, NiO, MnO2 [13–19], 
polymers [20], organic crystals [21], metal-organic frameworks (MOFs) [22, 23],
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Table 1 Summary of features of the common allotropes of carbon 

Properties Fullerene 
(C60) 

Diamond Carbon 
nanotube 

Graphite Graphene 

Color Black solid Colorless Black Steel black 
to gray 

Black 

Hybridization sp2 trigonal 
planar 

sp3 tetrahedral sp2 trigonal 
planar 

sp2 trigonal 
planar 

sp2 planar 
sheet 

Crystal formation Hexagonal, 
cubic 

Octahedral Carbon 
multi-layer 
tubular 

Tubular Hexagonal 
lattice 

C–C length (A) 1.53 1.54 1.42 1.39 1.42 

Density (gcm−3) 1.7–1.9 3.52 2 1.99–2.3 > 1  

Crystal structure Face-centered 
cubic 

Cubic Cylindrical Hexagonal Honeycomb 

Electric Conductivity Semiconductor Insulator Conductor to 
semiconductor 

Conductor Conductor to 
semiconductor 

Melting point (K) > 553 3700 3970 3800 4900 

Bulk modulus (G Pa) 9.1 1200 141.8 207 280 

Resistivity (ohm m) 1 × 1014 1 × 1018 Constant 1.37 × 
10–5 

1 × 10–3

carbon nanotubes (CNTs) [24, 25], and biomaterials [26, 27]. These nanocompos-
ites may be used in various fields, as energy storage [28, 29], solar cells [30–34], 
lithium-ion batteries, supercapacitors, pseudocapacitors, memory devices [35–37], 
Raman enhancement [38–40], sensing platforms [41–44], molecular imaging [45, 
46], catalysis [47–56], and even drug delivery [57]. Recently, a few review arti-
cles have shorted the development graphene-based nanocomposite materials. Espe-
cially as advanced catalysts, these nanocomposites have shown outstanding perfor-
mance. In this scenario, our main focus on the preparation of graphene oxide-based 
nanocomposite. We also deal with and focus on their catalytic applications in several 
types of chemical reactions to synthesize industrial, eco-friendly, biocompatible 
materials, pharmaceuticals, and other organic compounds. In this review, we have 
discussed effective approaches for the preparation of graphene or graphene oxide-
based nanocomposite with their currently various types of catalytic applications. 
Until now, nonstop, quick research has progressed to expand simple and greener 
methods to the synthesis of graphene or graphene oxide-based nanocomposite 
materials and their organic catalytic reaction.
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1.1 Synthesis of Graphene 

Graphene has been synthesized in numerous ways and on several substrates. As the 
method of preparation of graphene is varied, the resulting purity, crystallinity, size, 
and transport properties of the product also may vary. Earlier, several techniques were 
known for producing graphitic thin films. The thin layers of graphite were prepared 
on a transition metal surface by precipitation method [58, 59] in the 1970s. In 1975, 
multi-layer graphite was prepared on a single-crystal platinum surface via the chem-
ical decomposition method. But the name “graphene” was still not known in scientific 
circles and may be due to several factors [60]. Since the 1980s, there has been an 
explosive growth of surface characterization techniques, especially on the micro-
and nanoscale. Nowadays, vastly, superior techniques are known for the preparation 
of nanostructured graphene [61]. Some of these techniques are chemical synthesis, 
electron beam lithography, electrochemical preparation, the catalytic transforma-
tion of fullerene, graphene oxide (GO) reduction, microwave-assisted hydrothermal 
(MAH), hydrothermal method, ultrasonic exfoliation method, and the soft-template 
method. In the present work, the chemical method has been the method of choice. 

Exfoliation 

In 2004, graphene was first exfoliated mechanically from graphite. Graphene 
obtained by exfoliation shows the highest electron mobility and the lowest number 
of defects. It is a low-budget technique and was initially attributed as the cause of 
the unpredictable development of interest in graphene. Graphene flakes obtained 
by this method have proved to be invaluable for clarification of its basic structural 
characteristic. The preparation of graphene by the exfoliation method includes the 
use of adhesive tapes, graphite oxidation–reduction, shearing, wedge-based method, 
solvent-aided method, electrochemical synthesis, application of immiscible liquids 
and molten salts, etc. 

Adhesive Tape 

Andre Geim and his co-workers first used the adhesive tape method to separate the 
graphene layer from graphite sheets [62]. Obtaining a monolayer (or ultra-pure) 
graphene sheet usually requires several exploitation steps, and each step produces 
fewer and fewer levels ultimately remaining one layer. Generally, the flakes are 
deposited onto a silicon plate or other surface after exfoliation. Crystallites can be 
visible to the naked eye if their size is greater than 1 mm [63].
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Reduction of Graphene Oxide 

The generation of single-layer flakes of reduced graphene oxide (rGO) was first 
reported by P. Boehm in 1962 [64, 65]. Heating of graphite oxide rapidly and exploita-
tion produced quick heating of graphite oxide and exfoliation produced powder of 
dispersed carbon with less percentage of graphene or rGO. The graphite oxide reduc-
tion single-layer sheets like reduction by hydrazine in an argon/hydrogen environ-
ment can produce graphene sheets. Afterward, this reduction procedure has been 
improved to produce rGO with an integral framework of carbon which allows the 
complete elimination of any functional group. The charge carrier mobility has been 
measured more than 1000 cm (393.70 in)/Vs [66]. The characterization of rGO was 
conducted by spectroscopic techniques [67, 68]. 

Shearing 

D graphene-containing defect-free and unoxidized liquids can be prepared from 
graphite powder using mixers which form local shear rates larger than than10 × 
104 in 2004 [69, 70]. This technique was deemed to apply to other two-dimensional 
materials, such as sheets of BN, MoS2, and other layered crystals [71, 72]. 

Solvent-Aided Methods 

In an appropriate aqueous medium, graphite powder was dispersed to create a 
graphene sheet by sonication. Centrifugation is used to separate graphene from 
graphite [73]. The concentration of prepared graphene was initially about 0.01 mg/ml 
N-methyl pyrrolidone (NMP) then afterward improved to 2.1 mg/ml [74]. Applying 
an appropriate ionic solution as a dispersing agent in an aqueous medium created 
a 5.33 mg/ml concentration [75]. The yield obtained in this method is still quite 
low compared to other methods, as there is nothing to prevent graphene sheets from 
restacking due to van der Waals’s force of attraction. The highest concentration in 
each case is achieved when the van der Waals force of attraction matches with interac-
tion forces between the solvent molecules and sheets of graphene. The restacking can 
be prevented by adding a surfactant to the solvent before sonication to get adsorbed 
to the graphene. This technique produces a higher concentration of graphene, but 
surfactant removal needs some extra care. 

Using Immiscible Liquids 

To get macro-scale graphene sheets, two immiscible liquids like water-heptane are 
used at the interface for the sonication of graphite. The sheets of graphene are 
adsorbed at the high-energy interface of water and heptane, and the restacking is
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prevented. The solvents may then be evaporated. The graphene films thus obtained 
are up to ~ 95% transparent and conducting [76]. 

From Molten Salts 

Graphene can be synthesized by reducing of graphite particles into molten salts along 
with different carbon nanostructures [77]. In the molten lithium chloride, H+ ion can 
be discharged on the cathodically polarized graphite that intercalated and peeled 
graphene films. Single-crystalline structure of graphene nanosheets may be formed 
with a lateral size of up to 100 μm, with a high degree of crystallinity and high 
thermal stability [78]. 

Electrochemical Syntheses 

Exfoliated graphene can be made by electrochemical method, in which tuning the 
pulsed value, control thickness, flake area, number of defects, and other effects of 
features of the products. The exploitation starts by bathing the graphite in the solvent 
during intercalation. It is the transparent solutions, monitored with a photodiode and 
LED [79] which can make by such a process. 

Hydrothermal Self-assembly 

Graphene sheet can be synthesized by using sugar like glucose, fructose, and some 
other sugar. The substrate-free hydrothermal self-assembly “bottom-up” process is 
harmless, eco-friendly, and easier than exploitation method. This technique is used 
to control the thickness from single-layer to multi-layer [61], which is known as the 
“Tang-Lau method.” 

Deposition by Chemical Vapor Method 

The chemical vapor deposition (CVD) technique is an important method to prepare 
very high-quality, high-performance, solid materials, in which a wafer is exposed to 
gaseous compounds. The technique is frequently applied to create graphene thin film 
and other various nanomaterials in the semiconductor industries. It is a well-tested 
process to deposit of graphene as industrial scale to obtain thin films with a large 
surface area. The thin film is developed by decomposing the gaseous compounds 
on the solid surface. But several volatile by-products may also form, which must be 
removed.
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Epitaxy 

Epitaxy is the process in which a crystalline overlayer deposited on a crystalline 
substrate. In this method, the graphene layers are attached to the surfaces by the van 
der Waals force of interactions. This helps in retaining the 2D of isolated graphene of 
electronic band structure [80, 81]. A very good example of such epitaxial graphene on 
silicon carbide crystal [82]. At 1100 °C and at very low pressure (c.10–6 torr), silicon 
carbide reduces the graphite layer deposed on it to graphene [83–86]. Graphene 
can also be synthesized using several other epitaxial methods, e.g., using metal 
substrates [87–89], pyrolysis of sodium ethoxide [90], method of roll-to-roll [91], 
cold wall epitaxy [92], with wafer-scale CVD [93–96], by nanotube slicing [97, 98], 
by intercalation [99], by carbon dioxide reduction [100, 101], by spin coating and 
supersonic spray [102, 103], and using lasers [104]. 

Microwave-Assisted Reduction 

Direct synthesis of graphene, which was reported in 2012, using a one-step 
microwave-assisted method [105]. In this method, the graphene produced is associ-
ated with a low amount of oxygen and does not require any further treatment. This 
method does not need KMnO4 in the reaction mixture. Also, defect formation can be 
controlled by controlling the microwave time which can be considered as enhanced 
Hummer’s method. In a modified version, the microwave heating process was used 
instead of traditional heating. 

1.2 A Journey from Graphite Powder to Graphene Oxide 

The oxidized form of graphene is known as graphene oxide. It contains the variable 
ratio of carbon, oxygen, and hydrogen, made by the strong oxidation of graphite, 
which is low-cost and plentiful. So, the layered sheets of graphene oxide have 
been used to create strong paper-like materials, thin films, membranes, and various 
nanocomposite materials. It is considered to be a simple method of preparation and 
GO dispersible in deionized water and many other solvents. It is usually obtained in 
dispersed form, as a coating on substrates, and may be purchased in powder form 
as well. In 1898, Staudenmaier proposed an idea to oxidize graphite flakes using 
concentrated nitric acid, sulphuric acid, and KMnO4 to produce oxygen, carbon, and 
hydrogen-containing functionalized groups on graphite, known as graphite oxide. 
Such an oxidation process is practical but hazardous. Therefore, the method has 
been modified by Hummers and Offeman in 1958. The modified method improved 
the safety of the oxidizing process of graphite flakes and completed the oxidation in 
less than two hours. They used oxidizing reagents (water-acid mixture and NaNO3), 
resulting in a comparable level of oxidation. From then onwards, the synthesis of 
graphene oxide was made using Hummer’s method with some extra modifications
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Scheme 3 Synthesis of several graphene or graphene oxide-based nanocomposite 

to avoid long oxidation time and generation of toxic gases. In this way, a high degree 
of oxidation is ensured. Marcano et al. discover a method to synthesize graphene 
oxide in 2010. They increase the amount of potassium permanganate, and instead of 
HNO3, they used H3PO4 (9:1, H2SO4/H3PO4.). This method has been proven to create 
a large amount of hydrophilic graphene oxide. Also, no toxic gas is generated by this 
method. It also enhanced the oxidation efficiency of graphite flakes, making them 
more oxidized as compared to Hummer’s method. Therefore, GO can be prepared 
by various methods like mechanical, thermal, chemical, etc. [106]. It is a very inter-
esting material in material science, to be applied in areas such as capacitors [107], 
batteries [108], sensors [109], conducting materials [110, 111], biotechnology [112, 
113], and as support of other nanoparticles and in catalytic applications. Synthesis 
of several graphene or graphene oxide-based nanocomposite is shown by Scheme 3. 

1.3 Overview of Nanocomposite 

The word “nanotechnology” can be defined as the restrained manipulation, synthesis, 
characterization, and application of nanomaterial with at least one dimension less 
than 1000 nm. The dimensionality plays a vital role to assess the distinctness of 
matter. In the twenty-first century, nanotechnology is an exceptionally promising field 
of materials science. This technology offers physics, chemistry, materials science,
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biology, and medicinal chemistry a full set of new materials with properties that 
can be tuned at will. The progress to increasingly facile methods for manufac-
turing of such materials may lead to a plethora of cheaper biomedical products, 
electronic devices, high-performance materials, and cosmetic articles. The commer-
cialization of nanotechnology is prospective to massive increases in technological 
development, betterment of the quality of life, concomitant to social and environ-
mental benefits around the world. There may certainly be changes as well in the 
fields of organic synthesis, inorganic materials, energy storage, semiconductors, and 
in biotechnology. In this sense, nanocomposite materials are defined as nanoscale 
materials that contain unique chemical and physical features with novel applica-
tions. Nanocomposite materials are nanosized particles incorporated into a standard 
matrix material. The nanometer unit evolved from the prefix nano from a Greek 
word meaning “dwarf” or very small. The nano-world lies intermediate between 
the quantum phenomena and atomic structure and the scale of bulk materials. The 
laws of atomic physics influenced some material features at the nanoscale level, and 
thus, behavior different from the conventional bulk materials is observed. There are 
two main classes of nanomaterials: engineered and environmental (metal sulfides 
and metal oxides frequently obtained as minerals). The engineered nanoparticles are 
defined as synthetically constructed nanoparticles. The work embodied in the present 
thesis deals with the investigation of several types of engineered nanoparticles. These 
nanomaterials, with important properties which are also discussed herein, may play 
a significant role in the society in future. Some examples of GO nanocomposite and 
graphene oxide sheets have been shown in Scheme 4.

Synthesis of graphene or graphene oxide-based nanocomposite 

1.4 Graphene-Based Nanocomposite Catalyzed Reactions 

In recent years, large numbers of catalytic systems using graphene-based nanomate-
rials have been reported [114–116]. Many of these catalytic systems contain metals or 
metal nanoparticles or metal oxides. Such graphene-based nanomaterials are widely 
used for oxidation, reduction, and for different coupling reactions [13–57, 61, 66– 
122]. In the case of oxidation reactions, the use of graphene-based nanomaterials 
catalyzing the aerial oxidation of benzyl alcohol to benzaldehyde was reported by 
Bielawski et al.  [123]. A similar application of graphene-based nanocomposite as 
catalysis in the oxidation of benzene to phenol in presence of hydrogen peroxide 
(30%) was reported by Ma et al. [124]. The application of graphene-based nanocata-
lyst in the oxidation of 5-hydroxymethylfurfural to 2,5-diformylfuran in presence of 
oxygen was reported by Hou et al. [125]. Cyclohexane to cyclohexanol, adipic acid, 
and cyclohexanone, in presence of oxygen as an oxidant and catalyzed by graphene-
based nanomaterials, was reported by Peng et al. [125]. In the case of reduction or 
hydrogenation reactions, the conversion of nitrobenzene to aniline in presence of 
hydrazine hydrate as the reductant and catalyzed by graphene-based nanomaterials 
was reported by Ma et al. [126–128]. Oxygen reduction reaction was first carried out
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Scheme 4 Examples of graphene oxide nanocomposite and graphene oxide sheet

in presence of graphene-based nanomaterials as reported by Yang et al. [129]. The 
conversion of cinnamaldehyde to hydrocinnamaldehyde in presence of hydrogen and 
catalyzed by graphene-based nanomaterials was reported by Li et al. [130]. Reduc-
tion of 4-nitrophenol to 4-aminophenol in presence of NaBH4 as a reductant and 
catalyzed by graphene-based nanomaterials was reported by Ghosh et al. [131]. In 
the case of coupling reactions, the conversion of indoles to α, β-unsaturated ketones, 
and nitro-styrene catalyzed by graphene-based nanomaterials was reported by Rao 
et al. [132]. Transformation of primary amide to imine by oxidative coupling reaction 
in presence of graphene-based nanocatalyst was reported by Yang et al. [133]. The 
coupling reaction (alkylation) between alcohols and styrenes in presence of graphene-
based nanomaterials was reported by Szostak et al. [134]. The alkylation reaction
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between benzene and iodobenzene in presence of graphene-based nanomaterials was 
reported by Ma et al. and others [135]. 

Example of (C–C) Coupling Reaction 

X 

R 

B(OH)2 

GO-Pd 
Nanocomposite 

R 

X 

R 

B(OH)2 

Pd/Fe3O4/GO 
nanocomposite 

R 

R= CH3 

B(OH)2 

GO-Pd 
NanocompositeO 

OBr 

O O 

O 
O 

Suzuki-Miyaura 
Coupling Reaction 

Cross Suzuki–Miyaura coupling reaction using Au-GO nanocomposite. 

X 

R 

B(OH)2 

GO-Au 
Nanocomposite 

R1 

R R1 

A3 Coupling Reaction 

In the present scenario of organic synthesis, there is a lot of interest in coupling or 
multi-component reactions in one-pot synthesis. Such methods are termed “green,” 
and certainly reduce time and cost. Separation (and purification) of the product 
remains the only problem. Propargylamines are essential starting points for the 
synthesis of numerous nitrogen-containing biological active compounds, such as 
oxotremorine analogs, beta-lactams, isosteres, conformationally restricted peptides, 
and therapeutic drug molecules. These are also important structural elements of many 
natural products. Propargylamines are adaptable intermediates for the manufacture of 
various agrochemicals and proto-drug molecules. In 1998, Dax and co-workers first 
reported the solid phase synthesis of propargyl amines via the coupling of an alde-
hyde, an alkyne, and a secondary amine. This three-component coupling reaction, 
promoted by two equivalents of copper chloride, is termed the A3 coupling reaction 
and is a supreme example of solid phase one-pot synthetic methodology [136]. Li and 
co-workers reported the A3 coupling reaction using CuBr–RuCl3 catalytic system
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in water and under solvent-free conditions in 2002. They also reported that various 
copper salts like CuCl, CuCl2, CuBr, and CuI can be used as catalysts in this reac-
tion [137]. In 2003, propargylamine was synthesized using the same reaction with 
salts of Au(I) and Au (III) as catalysts. The gold salts and gold-supported nanocat-
alysts are highly efficient catalysts for this reaction as the loading of gold is gener-
ally very low (<1 mol%) for the effective reaction [138]. Although the procedures 
reported by Li and co-workers provided eco-friendly and direct access to a range of 
propargyl amines [139, 140], all existing protocols have various substrate limitations 
and usually require a long time to complete. In t 2004, Tu and co-workers were the 
first to identify this problem and reported a rapid reaction method, and microwave-
assisted copper-catalyzed A3 coupling [141]. This methodology was restricted to the 
homogeneous catalyst to prepare propargyl amines under such reaction conditions. 
There are certain disadvantages related to the application of homogeneous catalysts, 
they are not cost-effective, and separation of them is not easy from their mixture. 
Moreover, even with the decrease in the reaction time and substrate scope develop-
ments, a significant challenge remains in the A3-coupling field, viz. that of recycling 
of the catalyst. After completion of the reaction, the loss of costly transition metal 
catalyst becomes a drawback. Park and Alper first reported a study on the recycla-
bility of catalysts in A3 coupling in 2005 [142]. The A3 coupling reaction proceeds 
via direct dehydrative condensation [143] and requires several homogeneous and 
heterogeneous transition metal or supported metal nanocomposite catalysts like gold 
nanoparticles 

R1 H 

O 

R2R3NH H Ph 
Solvent/Neat ,900c 

16hr.GO-Fe3O4 Catalyst. 

N 

R2R3 

Ph 

R1 

[144], silver nanoparticles [145], Fe3O4 nanoparticles, zinc, iridium [146], copper in 
solid phase systems, or some supported catalysts such as copper-doped alumina 
[147]. In continuation of attempts to enhance scope of A3 coupling reaction to 
produce propargylamines, we reported graphene oxide-Fe3O4 nanocomposites as 
outstanding catalysts for the same reaction [148]. The catalyst is easy to prepare, 
economical, robust, and recyclable.
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Example of A3 coupling reaction with Chemdraw structure 

Reduction of Nitroarenes 

The reduction of nitro compounds can be altered by using various reagent and condi-
tions. One of the first functional groups is the nitro to be reduced, by history. The 
hydrogenation reduction of many substituted nitrobenzene is a significant reaction of 
enormous interest, because aniline that is produced, and its derivates are very impor-
tant substances for the fabrication in the chemical industry of polymer agrochemical, 
pigments herbicides, dyes, and pharmaceuticals [149–153]. They are also important 
intermediates and key precursors to produce various organic compounds such as 
amines, hydroxylamine, and azo compounds. In the literature, several processes 
are reported for this reduction, including homogeneous and heterogeneous catalytic 
hydrogenation reduction [154, 155], electrolytic reduction [156], and reduction using 
metals. In recent times, catalytic hydrogenation was broadly reported for many 
substrates. A vital and adaptable methodology for the preparation of amines and 
its derivates by reduction of functionalized nitro compounds uses many homoge-
neous and heterogeneous catalysts. Some examples of such stoichiometric reducing 
agents are NaBH4, H2O, hydrazine, propan-2-ol [157–162], and some metal-based 
catalysts such as Pd [163], Au [164], Ni [165], Fe [166], Pt [167], Co [168], Rh [169, 
170], and Ru [171, 172]. For the reduction of nitrobenzene to amines, homogeneous 
catalysts are not beneficial anymore. The use of heterogeneous catalysts is more 
profitable because they are easy to separate from the reaction mixture and hence can 
be further used for the reaction. It would be an advantage if there is no significant 
loss of stability, selectivity, or catalytic activity. 

Hydrogenation reduction of phenylacetylene to styrene synthesis using prepared 
GO-Pd nanocomposite catalyst is shown below.
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GO-Pd 
Nanocomposite 

H2 

NaBH4 is used for reduction of p-nitrophenol as a model system for quantitative 
evaluation of catalytic activity of as-prepared nanocomposites is shown in Scheme 5. 
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Scheme 5 General scheme of reaction mechanism for the reduction of nitroarenes
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Oxidation Reaction 
Au-GO nanocomposite catalyzed aerobic oxidative esterification reactions of such 
oxidation [173]. 
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2 Conclusion Outlook and Remarks 

Confidently, this chapter, we have assisted the reader to understand that the graphene 
is really a 2D honeycomb structure, has unique optical, electronic, nanophotonic, 
thermal, mechanical, and chemical properties. Since, to date, there has been no 
suitable practical technique for the production of graphene sheet in large scale, a 
new skill for synthesis of scalable graphene sheets needs to be developed. In our 
view, graphene nanocomposites and conventional catalysts may give some unex-
pected properties for further investigation. Similarly, design and tuned character-
ization techniques are welcome to explore. Again, it is difficult to get metal-free 
graphene-based catalyst, but it is the most attractive field for the future sustain-
able catalyst. Discovery of more reactions is expected to explore its applications 
on nanophotonic and electrochemical processes. Besides that, researchers are very 
much interested on graphene oxide-based nanocomposite materials, which lead to 
the progress of several applications in catalysis, e.g., coupling reaction, oxidation, 
reduction, and organic catalytic reaction. A very important topic is the significance 
of the relationship between catalytic performance materials and structural shape of 
nanocomposite that has become a hot topic of research to develop high-performance 
catalytic system, discussed in this review. The challenges of the future developments
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of such associated materials are proposed and discussed. In this review, we have also 
discussed achievement of of the effective approaches for preparation of graphene and 
graphene oxide-based nanocomposite materials with their application as catalyst in 
various field very recent. We think these efforts will help our scientific community 
with the tune fabrication and design of novel graphene nanocomposite material with 
excellent efficiency for future catalytic applications around the globe. 
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Abstract Currently, biosensors have gained significant market acceptance in several 
crucial fields, such as disease diagnosis, medicine, pharmaceutics, environmental 
surveillance, water and food quality control, and forensics. To meet market demands, 
it is vital to provide stable and effective biosensing platforms. Besides, the main chal-
lenges involved in the progress of biosensors are the efficient capture of biorecog-
nition signals and their transformation into measurable signals, the improvement 
of the performance of transducers, and the miniaturization of biosensing devices 
using nanotechnologies. In this perspective, graphene has received tremendous due 
to its exceptional properties such as zero bandgap at its Dirac point, high elec-
tronic and thermal conductivity, and broadband saturable optical absorption. This 
chapter summarized the recent advances in using graphene as photonic nanoma-
terials in the development of various types of biosensors. Several applications of 
optical sensing are examined in detail to demonstrate the effect of graphene integra-
tion on improved detection performance. The future perspective and challenges in 
developing graphene-based nanophotonic biosensors are also discussed to give the 
reader a clear vision of the implementation of these two-dimensional nanomaterials 
in biosensors architectures. 
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1 Introduction 

Several studies have demonstrated that biosensors, which are analytical tools that 
generate an interpretable signal proportional to the concentration of target analytes, 
have contributed to improving the effectiveness of numerous vital areas including 
food quality control, surveillance system, security, medicine, and health care [1]. 
The latter is one of the leading markets in the biosensor sector, supporting about 
70% of medical decisions [2]. Although conventional biosensing methods remain 
crucial in the decisive decision, the manufacture and validation of highly accurate, 
portable, inexpensive, and easy-to-handle biosensors are highly demanded because 
they lead to highly accurate and decentralized diagnoses without having to return to 
the central analytical laboratory [3]. Besides, biosensors can be categorized using 
various criteria including the kind of the bioreceptor and the transducer which are 
the responsible components for the biorecognition process and its conversion into a 
measurable analytical signal, respectively (Fig. 1). 

Depending on the nature of the transducers, biosensors can be thermal, elec-
trochemical, mechanical, or optical devices [4]. The chapter discusses the recent 
development in the fields of nanophotonic biosensors, a subset of optical biosensors. 
These devices have been created to address the limitation of conventional bioana-
lytical sensing techniques by improving the light-matter interactions through light 
control in subwavelength volumes. Indeed, nanophotonic biosensors have succeeded 
in achieving high performances in terms of sensitivity, efficiency, usability, and 
miniaturization [5]. In this regard, an important number of nanophotonic biosensors 
has been described in the literature including resonant dielectric, plasmonic, and 
surface-enhanced spectroscopies biosensors. At the same time, particular focus was

Fig. 1 Classification of biosensors by type of transducers and bioreceptors 
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paid to the integration of nanomaterials in the architecture of nanophotonic biosen-
sors, in particular to graphene derivatives due to their distinctive properties, espe-
cially high surface-to-volume ratio, and outstanding bio-compatibility with a variety 
of macromolecules, including deoxyribonucleic acid (DNA), antibodies, enzymes, 
cells, and proteins [6]. It has demonstrated that the unique chemical, electric, and 
optical features of graphene-based nanomaterials drastically enhanced the accuracy, 
sensitiveness, and detection limits (LODs) reaching femtomolar scales [7]. It is worth 
noting that, according to Google Scholar, the number of recently reported studies of 
the application of nanophotonic platforms based on graphene and its nanocompos-
ites for the sensing of various biomolecules in several sectors such as medicine, food 
quality control, and environmental surveillance has considerably increased these last 
decades. 

2 Key Parameters for Photonic Sensing 

2.1 Nanophotonic Response 

As is known, light has a dual nature defined as wave–particle duality. This means 
that light has the properties of both a continuous electromagnetic wave and a 
particle, called also a photon [8]. Besides, photonics refers to light manipulation 
for different applications such as biomedicine, nanotechnology, physics, and elec-
tronics. Indeed, the term “photonic” was intended to describe the study of light 
phenomena where the photon nature of light is important [9]. Therefore, nanopho-
tonic is defined as light control at nanometer scales producing excellent features in the 
sensing of several bio-analytes and pathogenic agents with high performances with 
respect to conventional sensing methods [10]. Moreover, the confinement of light 
can be performed by three techniques: (i) the creation of light-matter connections 
by confining light to nanometric dimensions below the wavelength of light, (ii) the 
confinement of matter to the nanometric domain, limiting light-matter interactions 
only at nanoscopic scales, and (iii) the confinement of the photon, generated by a 
photochemical process or light-induced phase transition and its application to manu-
facturing nanometric photonic structures [11]. Among the nanomaterials used for 
the design of photonic biosensors, graphene nanocomposites have been extensively 
applied because they offer enhanced light response owing to their capacity to confine 
light to small sizes, their exceptional optical responses, which can be monitored by 
subjecting them to electrical potential, their strong and stable structures, and their 
ability to act as highly transparent thin conductors and light absorbers, depending on 
the manner they are prepared [12]. Concerning the detection approach, it is carried 
out by monitoring the variation of the photonic response mainly proportional to the 
changes in the concentration of the target bio-analytes.
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2.2 Modification of Graphene Surface 

Graphene Surface Modification 

Graphene, the honeycomb-shaped monolayer carbon, is a very attractive nanomate-
rial in many potential applications because of its unique properties such as stiffness, 
stability, and thickness. Nonetheless, the chemical inertness, the hydrophobicity, 
as well as its zero-band gap, weaken the competitiveness of graphene in various 
fields including the biosensing application [13]. Thus, graphene functionalization 
with several species, including organic and inorganic molecules, is in high demand 
for different applications. Several studies investigated the dispersion of graphene in 
common solvents and its application as a precursor for the preparation of several 
hybrid nanocomposite materials [14]. The latter offer new properties demonstrated 
by the combination of graphene properties and functional groups used in the modifi-
cation such as conductivity, stability, and optics. As the covalent modification of the 
graphene surface, it includes two main pathways: the establishment of new bonds by 
sharing electrons between (i) free radicals (such as Sandmeyer reaction) or electron-
withdrawing (EWD) groups and alkene bonds of graphene or (ii) organic functional 
groups (amino, hydroxyl, acid carboxylic, epoxide, etc.) and the oxygenated groups 
of graphene oxide [15]. Besides, the non-covalent route has been widely used for the 
modification of the pristine graphene surface because it enables the attachment of 
functional groups without affecting the electrical network; therefore, its interactions 
with atoms and molecules have been extensively studied [16]. 

Decoration with Nanomaterials 

Because graphene sheet has an important surface area and high mechanical stability, 
it has been widely used as a two-dimensional substrate for many forms of nanoma-
terials including nanoparticles, quantum dots, nanorods, nanoflower, etc. Interest-
ingly, the hybridization between graphene and other materials allows the gathering 
of the proprieties of graphene and the involved nanomaterials. From this perspec-
tive, research has been focused on decorating graphene nanosheets with semicon-
ductor quantum dots, metallic nanoparticles, and metal oxide nanoparticles [17]. 
Metallic nanoparticles are usually deposited on the graphene surface by reducing 
their relative salt dissolved in the solvent that contains dispersed graphene or its 
derivatives (GO and rGO) [18]. Besides, alkaline hydrolysis of the metal salt or the 
in-situ hydrothermal technique is frequently used to prepare metal oxide-modified 
graphene nanocomposite, whereas the spin casting technique is commonly used to 
deposit semiconductor quantum dots on the 2D graphene surface [19].
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Fig. 2 Graphene-based biosensors are biofunctionalized with various biomolecules for the 
detection of bio-analytes 

Biofunctionalization of the Graphene Surface 

There is considerable interest in graphene-based nanomaterials in biological studies 
due to their capacity to quench electron donors and to prevent enzymatic cleavage 
of biomolecules, thus, their excessive use in the development of nucleic acids, 
peptides, proteins, and cells-based biosensors [20] (Fig. 2). For this reason, the inter-
face graphene-biomolecules have been broadly studied to understand the immobi-
lization mechanisms on the carbon honeycomb surface. Two biofunctionalization 
approaches have been commonly used until now to immobilize biomolecules on the 
graphene derivative surface [21]. The first involves a covalent interaction between 
the oxygenated groups graphene derivatives (rGO, GO, GQDs) surface and the func-
tional groups of the biomolecule or the cross-linking agents, commonly peptide 
linkage, while the second refers to a non-covalent interaction. 

3 Graphene-Based Nanophotonic Biosensors 

Recently, many groups of researchers have focused on developing accurate and highly 
sensitive biosensors that produce results in a short analysis time. Besides, remark-
able advances have been realized during the last global sanitary crisis (coronavirus 
disease 2019) in the field of optical biosensors, mainly nanophotonic devices [22]. 
Biosensing nanotechnologies, developed during the pandemic, have been eventually 
transferred to many other applications including point-of-care testing, pharmaceu-
tics, environmental monitoring, and food quality control [23]. The nanophotonic 
sensing platforms can easily be miniaturized, offering the possibility of chip inte-
gration. Indeed, it is possible to integrate several features, namely microfluidics, to
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make a lab-on-a-chip device. Furthermore, optical studies on graphene materials 
demonstrated that graphene absorption capacity of light depends on its constant fine 
structure α and that absorption has reached a universal value of 2.3% [24]. Although 
graphene shows strong optical absorption, the weak interaction between the graphene 
atomic thickness and the incident light remains a major drawback in the construction 
of nanophotonic biosensors based on graphene [25]. Accordingly, different methods 
were used to improve the coupling of light and graphene, citing the coverage of 
plasmonic nanostructures on graphene, the use of graphene with periodic patterns, 
or double-layer graphene [26]. 

3.1 Nanophotonic Biosensors for Near-Patient Testing 

Nowadays, infection by mortal disorders such as human immunodeficiency viruses, 
coronavirus, tuberculosis, and malaria has increased significantly causing more than 
10 million deaths worldwide [27]. Therefore, the development of effective and timely 
diagnostic tools is of great interest. Before getting into the details, it is worth defining 
the point-of-care test (POC). Indeed, POC is presented as a diagnostic tool that 
performs in vitro analyses, and the result can be obtained in a brief amount of time 
without special staff or sophisticated equipment [28]. The World Health Organiza-
tion (WHO) has created standards for POC devices that are labialized (ASSURED) 
and described as Affordably, Sensitive, Specific, User-friendly, Rapid and Robust, 
Equipment-Free, and Delivered [29]. It is important to notice that most optical sensing 
platforms use the evanescent field to monitor the sensing process (Fig. 3) [30].

Interestingly, the biorecognition of the target analytes by the immobilized biore-
ceptors, onto the surface of the waveguide, affects the guiding properties of the 
waveguide due to the variation of the concentration of the analytes or the biomolec-
ular conformation. Precisely, offsets in the effective mode index are observed and 
can be assessed by various optical properties of the waveguide, mainly the phase, 
amplitude, and resonant momentum. With a deterioration length of several hundred 
nanometers, the evanescent field gradually decreases across a perpendicular pivot 
to the detection surface [31]. This configuration prevents most non-specific inter-
actions and renders biosensors evanescent among the detection systems the most 
promising techniques for the sensing of targets in complex biological samples. In 
this perspective, W. S. Jiang et al. have demonstrated the applicability of reduced 
graphene oxide (rGO)-based label-free nanophotonic biosensing platform for the 
quantification of rabbit immunoglobulin G (IgG) [32]. The surface plasmon reso-
nance (SPR) responses of reduced graphene oxide nanosheets with a thickness of 
8.1 nm to the presence of various rabbit IgG antigen concentrations have been inves-
tigated using graphene’s tunable absorption effect. The findings demonstrated an 
increased control of rabbit IgG with a limit of detection of 62.5 ng/ml. In a similar 
study, N. F. Chiu and collaborators reported the exploitation of carboxyl graphene 
oxide composites to develop an SPR biosensing platform [33]. The platform was 
applied as an immunoaffinity sensor to detect the protein model, the bovine serum
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Fig. 3 Functionality of evanescent wave-based nanophotonic biosensors. The parameters of the 
optical mode contained on a graphene substrate are influenced by the crossing between the 
evanescent field and the environmental elements

albumin. The authors demonstrated that functionalizing graphene enables the modi-
fication of its visible range, which can then be used to improve plasmonic pairing 
process control by up to 5.15 times over unfunctionalized graphene oxide. The results 
demonstrated that the developed nanophotonic biosensor is efficient for the imme-
diate monitoring of blood within bodies and diagnoses based on the detection of 
cancer tumor markers. Recently, A. Vasilescu and coworkers have investigated the 
ability of graphene oxide-decorated gold chips to quantify the amount of lysozyme 
regulated in leukemia, kidneys, and digestive diseases [34]. To this end, the authors 
suggested the biofunctionalization of the rGO/Au interface with whole cells of Micro-
coccus lysodeikticus, a typical enzyme substrate for lysozyme. The data revealed that 
exposure of the nanophotonic platform to a serum containing lysozyme exhibited 
cell detachment and damage to the bacterial cell–SPR interface, provoking a drastic 
reduction in the surface plasmon resonance response providing the determination 
of lysozyme amounts in concentrated real serum. More interestingly, the function-
alization of the gold layer with graphene-MoS2 nanohybrid (Gr-MoS2) has been 
described by M. Rahman et al. as having an influence on the sensing capabilities of 
ss-DNA as a biomolecule model [35]. The findings revealed that nanohybrid modifi-
cation increased the responsiveness of the nanophotonic platform while decreasing 
detection accuracy. To resolve this issue, the authors suggest including a layer of 
silicon between gold and Gr-MoS2 layers. It was proven that silicone inclusion 
proved successful in maintaining high sensitivity. Despite that SPR is the common 
nanophotonic technique applied in studying biochemical interaction in medical diag-
nosis, it is still limited to small molecules or low amounts of the targets [36]. As an 
effective solution, research has demonstrated the effect of graphene and its related
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materials on improving the surface plasmons resonance signals. During the coron-
avirus pandemic, the SPR technique demonstrated its effectiveness in rapidly deter-
mining the SARS-CoV-2 virus. The real-time reverse transcriptase polymerase chain 
reaction (RT-PCR) method was commonly utilized as a standard. [37]. Nevertheless, 
the RT-PCR process is very long and complicated; thus, analysis can take at least a 
day to get results. Therefore, scientists have adopted the development of SPR-based 
graphene nanomaterials to identify cases of SARS-CoV-2. Recently, T. B. Abdul-
Akib et al. have described the fabrication of an SPR biosensing platform based on 
graphene for the early-stage determination of coronavirus [38]. The authors proposed 
to coat the BK7 (prism)—gold layer with both platinum-di-selenide (PtSe2) and 
graphene layers. The researchers discovered that incorporating graphene into the 
platform structure increases the sensitivity of the proposed nanophotonic biosensor, 
allowing it to determine the coronavirus in a variety of biological forms. By the same 
token, Moznuzzaman et al. have reported the design of a six-layer SPR biosensor 
(prism/TiO2/silver/MoSe2/Gr/CR3022 antibodies) for the SARS-CoV-2 detection 
process [39]. To this end, a silver layer was interposed between the two layers, 
a MoSe2-graphene composite and TiO2 thin sheet. The authors have justified the 
utility of each used material by the examination of all the refractive index values at 
633 nm wavelength. In addition, silver was used due to its plasmonic property. More-
over, the nanoscale biosensor showed significant sensor capabilities, including high 
sensitivity, large quality factor, and high sensor accuracy. As the last design, black 
phosphorus-graphene nanocomposite was used to develop a sensitively improved 
guided-wave SPR biosensing platform [40]. The choice of the hybrid nanomaterial 
was based on its effect on enhancing the sensitivity of the nanophotonic platform 
through its electrical conductivity in the lower plane. The results showed that the 
graphene-based nanocomposite has excellent properties, including strong antioxi-
dant properties and a high affinity for a large number of biomolecules. Further, the 
proposed graphene-based biosensor has excellent sensing performance, with indices 
of refraction ranging from 1.33 to 1.78 RIU, responsiveness of 148.2°/RIU, and detec-
tion target index of refraction of 1.33 RIU. Graphene optical fiber biosensors, on the 
other hand, have attracted great attention because of their accuracy and sensitivity 
of detection. As a model, dual-peak long-period grating decorated with graphene 
oxide was applied recently to construct a label-free biosensing platform for the real-
time determination of antibodies. L Chen’s research team has reported an efficient 
approach for the deposing of graphene oxide on a fiber surface by the combina-
tion of chemical bonding and physical adsorption [41]. The method offers excellent 
advantages such as a robust bonding between graphene oxide and fiber surface, 
as well as a steady graphene oxide with high stability and reliability. In 2014, S. 
Sridevi and colleagues described the application of graphene oxide modified with 
mannose-modified dendrimers based on poly(propyl ether imine) in the development 
of engraved fiber nanophotonic biosensing [42]. The authors demonstrated that the 
designed platform showed an excellent specificity to Concanavalin-A protein even in 
the presence of an excess amount of several interfering proteins such as bovine serum 
albumin. Furthermore, B. C. Yao and collaborators have reported the fabrication of 
a D-type Bragg fiber splitting platform based on graphene for the determination of
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red blood cells level [43]. For this end, a D-shaped micro-structured polymer fiber 
Bragg grating was coated with decorated with a graphene-silica nanocomposite, 
and the nanophotonic platform exhibited high sensitivity, fast response, and high 
selectivity to human erythrocyte (red blood cell). The authors suggested that the 
designed biosensor shows great promise for in vivo cell and in-situ sensing appli-
cations. Photonic crystal fibers, with their distinct structure and adaptable design, 
have been demonstrated to be a great prism. Indeed, their single-mode transmission, 
tunable dispersion, and effective birefringence are the main advantages [44]. Inter-
estingly, the integration of graphene in the photonic crystal fiber structure increased 
drastically the sensing performances unlike their counterparts, biosensing platforms 
based on conventional photonic crystal fiber. Accordingly, graphene SPR crystal 
fiber biosensors were widely investigated. For instance, a bi-refractive SPR crystal 
fiber platform based on a graphene-silver layer was developed by [45]. Graphene 
has been used in this study to improve the detection platform sensitivity because it 
prevents the degradation of the silver layer. The findings demonstrated that biosensor 
displays fascinating performances including a resolution of 4 × 10−5 RIU-1 and a 
sensibility in the range of 860 RIU−1. Likewise, Yang et al. have proposed an SPR 
biosensing platform based on plasmonic crystal fiber [46]. In this configuration, the 
authors reported that the nanophotonic platform exhibited a wavelength sensitivity 
and a resolution of 2520 nmRIU−1 and 3.97 0.10−5 RIU, respectively. Furthermore, 
surface-enhanced Raman scattering (SERS) is commonly employed to sense selec-
tively biomolecules, especially biomarkers [47]. This technique is based on exploiting 
the effect of biomolecules (adsorbed onto rough metal surfaces such as gold or silver) 
in the scattering of inelastic light. The adsorption 

3.2 Nanophotonic Biosensors for Food Quality Control 

Currently, the increasing demand for food production, storage, and long-term preser-
vation has created an urgent need for a technique to easily track the purity and 
quality of food from manufacture to consumption for the lifetime of the product 
[52, 53]. Indeed, contaminants, citing toxins, antibiotics, pesticides, and microbial 
contamination, can provoke several foodborne diseases in humans and animals, 
namely norovirus infection, salmonellosis, shigellosis, toxoplasmosis, and vibrio 
infection [54–56]. As a result, the scientific community is addressing this serious 
problem by developing and establishing rapid, portable, inexpensive, sensitive, and 
accurate methods of food quality control [57]. For this purpose, several research 
groups have focused on the fabrication of nanophotonic biosensing platforms based 
on graphene and its associated nanomaterials, e.g., graphene, graphene oxide, and 
graphene quantum dot, using several recognition biomolecules including aptamers, 
ribonucleic acid, enzymes, etc. [58–60]. Consequently, the number of scientific paper 
number published on the development of nanophotonic biosensors including SPR, 
optical fiber, and SERS biosensors for food safety has grown significantly over this
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decade [61]. Recently, R. Kant has developed an SPR-optical fiber biosensing plat-
form based on tantalum(V) oxide nanoparticles incorporated in rGO matrices for the 
determination of fenitrothion pesticide levels in food samples [62]. For this end, a thin 
layer of silica optical fiber decorated with a thin layer of silver was modified with the 
developed rGO nanocomposite. The report reveals that the designed nanophotonic 
platform exhibited a linear sensitive photonic response ranging from 0.25 to 4 μM 
with a low detection limit of 38 nM. On the other hand, the sensing of herbicide and 
the determination of napropamide have been widely studied. Interestingly, a polypyr-
role chitosan graphene oxide nanocomposite layer-decorated gold layer was used as 
SPR substrate to quantify napropamide in various real matrices with a wide concen-
tration area ranging from 0.01 to 100 ppm and a low detection limit of 0.1 ppm [63]. 
Furthermore, Y. Song and collaborators have described the application of a functional 
silver-gold shell-core-modified rGO-based SERS biosensing platform for the deter-
mination of thiram pesticides [64]. According to the results, the rGO-Au@AgNRs 
nanohybrid enabled the detection of thiram at a low level of about 10–7 M. In a similar 
approach, H. Zheng and collaborators have reported the development of SERS-
based platform for the quantification of L-Theanine levels in tea samples [65]. The 
authors proposed that prepared graphene nanocomposite can be applied as an effi-
cient sensor for SERS quantification of L-Theanine with a promised detection limit 
of 10–7 M. More interestingly, C. Zhou group has described the application of silver 
nanoparticles-modified rGO for the development of an SPR fiber optic biosensor for 
E. coli O157:H7 detection in juice samples [66]. The results demonstrated that modi-
fication of the surface of a gold layer-coated optical fiber with the reduced graphene 
oxide nanocomposite enhances considerably the SPR response, and the graphene 
prevents the oxidation of silver nanoparticles. The reported nanophotonic method 
possesses high performances in terms of sensitivity, selectivity, reproducibility, and 
stability with satisfactory recoveries of 88–110% for sensing in fruit and vegetable 
juices. On the other hand, mycotoxins, which are formed by several fungi, including 
Aspergillus, Penicillium, and Fusarium, pose an increasing risk to both human and 
animal health [67, 68]. Through contaminated food, they can easily access human 
cells and blood and provoke serious damage including inflammation, immunosup-
pression, cancer, and hepatic necrosis [69]. Aflatoxins, one of the most important 
mycotoxins, are of great importance because of their harmful effects ranging from 
acute poisoning to long-term effects such as immunodeficiency and cancer [70]. In 
this framework, P. Chen et al. have described the design of a graphene oxide-based 
SERS sensing platform for the detection of aflatoxin B1 [71]. The graphene oxide 
and AFB1 aptamer were used, respectively, as a signal amplifier and signal probe. 
As a biosensor design, the indium tin oxide glass was coated sequentially with GO 
and AuNPs and was used as a SERS substrate. The AFB1 aptamer was immobilized 
onto the modified substrate through π–π interaction. The results demonstrated that 
a proportional Raman signal to the increase in AFB1 concentration ranging from 
0.1 pg mL−1 to 100 ng mL−1 was observed with a limit detection of 0.1 pg mL−1. 
The authors suggested that the developed nanophotonic system can be considered 
a sensitive analytical method for the control of food quality. More interestingly, 
Fumonisin B1, aflatoxin B1, and zearalenone were simultaneously determined by S.



Graphene-Based Nanophotonic Biosensors 155

Zheng and colleagues using a robust nanophotonic approach based on a multiplexed 
SERS-based immunochromatographic test [72]. For this reason, a polyethyleneimine 
layer was used to coat a three-dimensional gold nanofilm based on graphene oxide. 
The polyethyleneimine layer can be used as a built-in nanogap and host molecules 
and produce robust hotspots between the internal graphene oxide-modified gold 
thin film and the externally constructed gold nanoparticles satellites, as shown by the 
authors. Further, the nanophotonic biosensor allowed the simultaneous quantification 
of fumonisin B1, aflatoxin B1, and zearalenone, with low limits of detection of the 
order of 0.529, 0.745, and 5.90 pg mL−1, respectively. Additionally, the nanopho-
tonic biosensor enabled the simultaneous quantification of the target bio-analytes 
with low detection limits of around 0.529 pg mL−1. For real food samples, testing 
with high accuracy takes just 20 min. 

3.3 Nanophotonic Biosensors for Environmental Monitoring 

Environmental pollution, which is mainly caused by uncontrollable anthropogenic, 
agricultural, and industrial activities, is a major concern worldwide [73–75]. 
However, environmental monitoring is progressing slowly despite significant interest 
and investment. Therefore, the construction of rapid and effective tools for on-site and 
rapid monitoring of water, soil, and air pollution is crucial to managing environmental 
degradation [76–79]. On the other hand, nanophotonic biosensors were considered 
promising control assays due to their miniaturization capability and on-site accu-
racy; thus, their application in environmental surveillance is of great interest [80]. 
Within this framework, graphene-based nanophotonic biosensors including SPR and 
SERS platforms are the most common analytical tools for environmental moni-
toring [81]. Nowadays, the significant increase in industrial and mining activities is 
causing serious diseases to humans and the environment which heavy metals and 
related forms (pure elements, ions, or complexes) are one of the generators [82, 83]. 
Recently, N. H. Kamaruddine et al. have applied an accurate chitosan-modified GO 
nanocomposite SPR sensor for the determination of lead (II) level in water [84]. 
The authors demonstrated that the modification of the metallic layers (gold-silver-
gold layers) enhances the sensitivity of the nanophotonic platform where findings 
showed that the improved scattering domain at the detection barrier layer increased 
the shifting of the SPR orientation by up to 3.5° within the concentration ranging 
from 0.1 to 1 ppm. Further, the results revealed that investigated sensing platform 
exhibited excellent analytic performance for the sensing of Pb (II) in wastewater 
samples. In the same context, Q. He and collaborators have reported the determi-
nation of Pb (II) using a regenerable DNAzyme bio-conjugated graphene SERS 
biosensor [85]. For this purpose, the hybrid metal (gold-silver) nanostructure was 
biofunctionalized with Cy3-labeled thiolated DNAzyme probe and its complemen-
tary substrate strand. The authors reported that the sensing process was monitored 
by the measurement of the Cy3 probe Raman signal intensity. The Raman studies 
showed that the nanophotonic platform possesses a broad linear response ranging



156 A. Mejri et al.

from 10 pM to 100 nM with a detection limit of 4.31 pM. Further, the authors 
suggested that reusable SERS biosensors exhibited an efficient heavy ion detection 
method for environmental monitoring. As a final example of heavy metal sensing, 
heterojunctions of AuNPs and rGO were applied for the biosensing of a trace of 
mercury (II) through the coordination between thymine and Hg2+ [86]. The SERS 
substrate was constructed via seed-assisted growth of AuNPs/rGO nanocomposite 
on SiO2/Si substrates. The findings demonstrated extremely low detection limits of 
the order of 0.1 nM, suggesting that the integration of graphene is appropriate as a 
method of improving the Raman signal. On the other hand, antibiotics are one of the 
main pollutants of water and the environment which are recently produced in large 
quantities provoking their diffusion in environmental ecosystems; thus, the determi-
nation of their levels in water is highly demanded [87–89]. In this context, Y. Wang 
and collaborators have recently described the application of a graphene-based SERS 
biosensing platform for the sensing of ultra-trace of ampicillin and nitrofurantoin 
antibiotics [90]. To this end, the designed platform was constructed using AuNPs-
modified GO nanocomposite. The studies revealed that the linear response is ranging 
from 500 ng mL-1 to 5 ng mL−1 with a limit of detection for nitrofurantoin and ampi-
cillin of 5 and 0.01 ng mL−1, respectively. More interestingly, a novel accurate SERS 
biosensing platform for a polar antibiotic was developed by Y. T. Li’s group [91]. In 
this work, silver-graphene nanocomposite was used to coat the screen-printed elec-
trode. The π–π interactions provided by graphene have been used to increase the 
concentration of antibiotics immobilized on the SERS substrate which subsequently 
increases the sensitivity of the designed biosensing platform. The findings indicated 
that the proposed nanophotonic platform is useful for fast and accurate quantification 
of target antibiotics without performing a pre-separation process. However, it should 
be noted that detection techniques based on Raman spectroscopy suffer from repro-
ducibility and reliability [92, 93]. As a solution, integrating graphene nanomaterials 
into the biosensor structure can be an effective way to improve this weakness [94– 
96]. L. Zhang et al. have recently proposed the embedding of graphene oxide into 
a sandwich of gold-silver nanocomposites [97]. The designed platform was applied 
as a SERS substrate to quantify rhodamine-6G and the pesticide thiram in grape 
juice sold commercially. The results showed that Raman signals were significantly 
increased owing to the existence of plenty of hotspots on gold-silver nanocomposites 
surface and the excellent proprieties of graphene oxide sheets. The findings demon-
strated that target analytes were quantified with an enhancement factor of 7 × 107 
and a limit of detection of 0.1 μM suggesting that the designed graphene oxide-based 
nanophotonic sensing platform can be applied to future real-world use for field-based 
sensing of pesticide residues in a variety of real matrices. 

4 Conclusion 

The present chapter emphasized the integration of graphene and its related nano-
materials into nanophotonic sensing platforms including SPR, optical fiber, and



Graphene-Based Nanophotonic Biosensors 157

SERS platforms. The reported works demonstrated that the modification of photonic 
substrates with graphene nanomaterials enhances drastically the optical signals, 
thereby the sensitivities and the analytical performances of nanophotonic biosensors 
were improved and can sense various analytes in trace levels. Research teams are 
starting to pay attention to nanophotonic platforms based on graphene, and its related 
materials gave that the number of scientific publications describing the application 
of graphene-based nanophotonic biosensors in many fields, namely health care, food 
safety, and environmental monitoring has begun to increase significantly. Further-
more, the effect of graphene on the functionality of various photonic systems was 
described, and analytical performances, in particular, linear ranges, limits of detec-
tion, and applicability in various real matrices were also highlighted to demonstrate 
the graphene role in the determination of trace levels of viruses, biomarkers, myco-
toxins, pesticides, heavy metals, and many others hazardous species, therefore the 
improvement of people’s health. Nevertheless, the miniaturization and commercial-
ization of compact graphene-based nanophotonic biosensors for clinical diagnosis 
and environmental monitoring must still be done, as it requires the validation of 
an accurate, reliable, reproducible system, and cost-effective biosensors with high 
specificity in real matrices where the interfering effect of various molecules and 
biomolecules, presented in biological and physiological fluids, disturbs the photonic 
signal. 
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An Investigation on Unique 
Graphene-Based THz Antenna 

Rachit Jain, P. K. Singhal, and Vandana Vikas Thakare 

Abstract Terahertz band in the electromagnetic spectrum has not been able to estab-
lish itself as an advantageous band for communication operations, even though there 
are not reliable, affordable sources and detectors that can operate at terahertz frequen-
cies. The electromagnetic spectrum’s terahertz band lies somewhere between the 
optical and microwave spectrums. Numerous potentially significant uses, particu-
larly in the areas of short-distance communication, security, and defense, have been 
envisioned. Therefore, it is imperative that Terahertz sources and detectors be prop-
erly analyzed and designed. Graphene has recently gained popularity and has become 
a material of interest for several uses. It is a two-dimensional hexagonal structure of 
connected carbon particles, which is utilized for various generations of signals, signal 
propagation, signal detection, and modulation. These functions are made possible 
by graphene’s broad band, high speed, small dimensions, and especially reduced 
losses as compared to traditional materials like silicon. Among all of graphene’s 
great qualities, its capacity to support the surface plasmon polariton (SPP) wave, 
which travels at terahertz frequency range, is the most significant one. As a result, 
it is excellent for use in terahertz (THz) band technology. The chapter will focus on 
the recent development of flexible, compact, and effective terahertz (THz) antennas 
using graphene, their applications, and challenges. 
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1 Introduction 

Graphene has received much interest from its very discovery in 2004. Due to this 
exceptional material’s superior electromechanical conductivities for future high-
speed electronic devices having electrical and electro-magnetic properties, many 
gadgets are constructed from it. A high density 2-dimensional cluster of carbon 
is termed graphene. It has incredible mechanical strength, extraordinarily high elec-
trical and thermal conductivities and gas impermeability. Modulators, wearable tech-
nologies, semiconductors, and molecular equipment’s work in high frequency, and 
THz gadgets might all make use of graphene [1, 2]. Exploring microstrip antennas 
at terahertz frequency is motivated by the growing need for smart antenna at faster 
communication rate of speed. The terahertz band, according to the International 
Telecommunication Union (ITU), spans 300 GHz to 10 THz. The microstrip patch 
antenna is an attractive technology for the terahertz frequency range because it can 
be miniaturized. Versatile and narrow antennas based on graphene are needed since 
the thin metallic layer that employs graphene often cracks or breaks in response 
to physical variations. The domain for THz networking is becoming increasingly 
interested in graphene-based plasmonic antennas. [3, 4]. The capacity for graphene 
to support the surface plasmon polariton (SPP) wave, which has frequency band in 
THz, stands out among the numerous remarkable qualities of graphene. Moreover, the 
transmission done through graphene is dynamically controlled by using bias voltage 
through external gate and, consequently, the applied electric field. As a result, radi-
ation characteristics, frequency, and polarization of tunable antenna may be created 
by dynamically adjusting the SPP wave propagation properties in graphene. Patch 
antenna frequency and radiation patterns were already covered in the research as 
per electromechanical and optical principles. Changing the current distribution on 
an antenna’s radiating is basically invented for the above-mentioned reconfigura-
tions. In comparison, graphene-based antenna reflects material’s tunable property of 
conductivity and various reconfigurable properties can be generated with very minor 
modifications. The present project illustrates the structure and radiating properties 
of array of reconfigurable patch based on graphene on a polyimide substrate in the 
THz range [5, 6]. 

We provide a brief overview and context for the recent advancements in THz 
graphene-based antenna research and make an effort to pinpoint current research 
trends, as well as short-, mid-, and long-term obstacles and opportunities. The simu-
lation technique is quite complex to show the fundamentals of antenna resonance 
because of the sophisticated technique and modeling of graphene-based antenna. 
Transmitter dimensions, graphene characteristics, and substrate characteristics have 
the biggest impact on performance. A variety of parameters should be taken into 
consideration in order to improvise the antenna for the desired performance. To fully 
comprehend such antennas, the graphene-based antenna resonant circuit model was 
explored to aid in the early structure of the antenna and comprehension of antenna 
resonance feature. Our analysis of the most cutting-edge resonant antenna, leaky 
wave antennas, and reflect arrays is followed by a look at their feeding network and
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the most fascinating THz system and graphene antenna applications that have been 
proposed. 

In addition to theoretical research, empirical establishments of graphene’s material 
characteristics have been accelerated by its discovery. One of graphene’s appealing 
qualities like a semi-metal substance is its distinctive conductivity, which may 
be managed by external power. Opportunities for the development of graphene-
based devices that can influence electromagnetic (EM) waves at the THz range are 
offered by both a deeper knowledge of the characteristics of graphene and improved 
manufacturing techniques that produce high-quality graphene [4, 6]. 

1.1 Graphene Fabrication Techniques 

Industrialists have now been developing appropriate manufacturing techniques for 
good-quality, less defective, robust, and less costly approaches since graphene was 
found. The manufacturing of graphene is a difficult challenge since the usage of this 
material for various purposes mainly relies on large-scale manufacturing techniques 
[7]. Various fabrication techniques generally used for production of graphene are 
shown in Fig. 1. 

Fig. 1 Graphene fabrication 
techniques
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Fig. 2 Micromechanical 
exfoliation technique 

Micromechanical Exfoliation 

Micromechanical exfoliation is a procedure for fabricating graphene-based 
substances which includes removing sequentially arranged pyrolytic graphite using 
sticky tape. This is a graphene-synthesized procedure in which graphene is extracted 
from graphite crystals. Peeling represents the process of extracting graphene from 
graphite. After peeling, multi-layer graphenes appear mostly on tape. Graphene gets 
repeatedly peeled into sheets over a few layers. Although it is a straightforward and 
simple production process, graphene cannot be grown on a large scale using this 
technology. Documentation on the steps involved in producing graphene is available 
in article [8]. Process is shown in Fig. 2. 

Liquid Phase Exfoliation (LPE) 

LPE is a technique represented in Fig. 3 that generates graphene substances via ultra-
sonically exfoliating graphite while utilizing solvents including acetic acid, sulfuric 
acid, and hydrogen peroxide. Since graphite includes many layers of graphene that 
are held together, the LPE process employs sonication to exfoliate the substance 
and separate graphene from the graphite. Such a technique was applied to origi-
nate graphene nano-ribbons, but producing graphene on a large scale is extremely 
difficult. Documentation on LPE to make graphene is available in the papers [9, 10].
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Fig. 3 Liquid phase 
exfoliation technique 

Chemical Vapor Deposition (CVD) 

CVD is a vital deposition technique for metallic elements. Nickel and copper are 
utilized in this technique to synthesize graphene on a massive scale. During the 
CVD process, a layer of metallic catalysts coats the substrates. Chemical etching 
is performed on substance that has been applied to substrate. Following chemical 
etching, a carbon-containing mixture is introduced into the reaction chamber. The 
CVD process experimental setup is depicted in Fig. 4. The graphene produced by 
this technique is of superb quality. In the article [11], more details are available. 

Fig. 4 Chemical vapor deposition process
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Fig. 5 Pulsed laser deposition (PLD) framework 

Flame Synthesis 

A widely used approach for creating nanoparticles in massive amounts is flame 
synthesis. This approach was not as popular for the fabrication of graphene-like 
chemical vapor deposition. Due to its benefits, including expandability and afford-
ability, several researchers have accumulated on using flame synthesis to produce 
graphene substances. Some authors suggest that flame synthesis may be used to 
inexpensively synthesize graphene [12]. 

Pulsed Laser Deposition (PLD) 

This is a prominent growth strategy that is utilized to produce practically all sorts of 
materials. Laser power is used throughout the PLD procedure, and a high vacuum is 
maintained inside the capsule. Figure 5 shows the PLD framework. 

Material is placed at a 45° angle by stoichiometry transfer between target and 
substrate material in this process. Substrates are added to its surfaces parallel to the 
target at a range of 2–10 mm during procedure. 

The primary benefit of the PLD technique is the small temperature growth rate 
that is accomplished, resulting in the production of flawless graphene [13]. 

1.2 About Graphene Conductivity 

Graphene conductivity is directly influenced by a variety of factors, including chem-
ical doping, frequency of operation, Fermi energy (chemical potential), mobility of 
electrons, temperature of environment, and relaxation time. Such variables are not 
independent, although they could be connected [14, 15]. 

At THz frequencies, the graphene conductivity may be calculated using only 
the intraband component of the Kubo formula [16] represented in Eq. 1, where ω
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= angular frequency, μc = chemical potential of graphene, τ = graphene electron 
relaxation time, T= Temperature, kB =Boltzmann’s constant,h= Planck’s constant, 
and e = charge of electron. 

At millimeter and microwave frequencies, graphene is frequency dependent from 
an electromagnetic aspect. The conductivity of this material responds to THz and 
infrared frequencies due to its inherent kinetic inductance, which is connected to the 
interference pattern of the conductivity and serves as a negative real permeability 
in a base material. The development of antenna has recently been inspired by the 
fact that graphene encourages surface plasmon polaritons (SPP) propagation at high 
frequencies, somewhat like metals do so in optics. 

The dispersion relation and characteristic impedance of transverse magnetic (TM) 
plasmons in an available sheet of graphene of conductivity σ could be calculated using 
Eqs. 2 and 3, where k0 = free-space wavenumber, η impedance, ε0 = permittivity of 
vacuum, and εeff = effective permittivity [16, 17]. 

σ = −  j e2kB T 
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2 Recent Work on Graphene Antenna 

Numerous surface antenna with graphene-holographic artificial impedance in the 
THz range was suggested in this work [18]. The presented surface THz antenna 
graphene-holographic impedance could be structured through uniformly sizing and 
spacing patch cells by taking advantage of its conductive adaptive property. The 
anticipated impedance pattern can then be easily accomplished by changing the DC 
values for every patch. 

According to [18], by altering the DC values, scanning of the beam and polariza-
tion conversion might also be accomplished without the use of conventional tech-
niques. The general construction of the proposed antennas is made up of 51 × 51 
graphene patches of equal size. A DC gate-pad which is 100 nm thick polysilicon was 
positioned beneath each patch to allow for local control of graphene conductivity. 
Moreover, due to its exceptional mechanical properties and atomic thickness, it is 
ideally suited for conformal antenna design. 

In this article [19], author proposes that due to the unique qualities of graphene 
material, graphene-patch antennas had already recently been extensively for use in 
wireless communication, especially in THz applications. On FR4 substrate material,
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a rectangular patch antenna based on graphene is fabricated. To improve overall 
antenna’s performance and to protect the patch antenna from various hazards, and 
provide a multiband resonance frequency, the radiating patch antenna is covered 
with a single- or double-faced superstrate metamaterial. A dual-band frequency at 
3.5 and 4.33 THz had been obtained using a single-face triangle SRR (Split Ring 
Resonator), with a bandwidth of 400 and 460 GHz, and the dual-band structure’s 
return loss reached − 26.7 and − 46.2 dB, respectively. The triangle SRR designed 
on the reverse side of the dual-face metamaterial unit cell generates a 3rd resonant 
frequency, leading to the generation of three distinct frequency bands, each with 
bandwidth of 230, 520, and 610 GHz, corresponding to 2.32, 3.35, and 4.38 THz. This 
not only improves that antenna’s performance but also introduces a new resonance 
frequency that might be employed for another 6G services. 

Author of this paper [20] discusses enhanced data transfer rates and less transmit 
power needed for dependable wireless networks at high frequency ranges (THz). With 
this article, a solution to the issue of reconfiguration of radiation characteristics with a 
patch antenna has been suggested. This solution satisfies the need for multifunctional 
systems with greater performance in restricted spaces at higher frequencies. 

Design and analysis of monolayer reconfigurable graphene-based array antenna at 
THz band for three reconfiguration frequencies and radiation patterns are presented 
in this study. The presented design produces 60% efficiency, 12.69 dB of direc-
tivity, and 10.17 dB of gain at 0.71 THz. With chemical potential varying from 
0.4 to 0.8 eV, reconfiguration of frequency is accomplished between 0.64 and 
0.74 THz. Resonating frequency changed to a higher frequency when chemical poten-
tial increased. Linear, right-hand circular, and left-hand circular polarization can be 
reconfigured. Beam variation between 82° and 115° is utilized to reconfigure the 
radiation pattern. 

In this article [21], a rectangular graphene loop antenna with a good radiation 
efficiency for terahertz (THz) band is presented and analyzed. This antenna outper-
forms the earlier-designed antenna in terms of fractional bandwidth and radiation 
efficiency as compared to similar graphene dipole antennas. Based on a single layer 
of graphene, this antenna is resistant to slight deviations in graphene characteris-
tics. It was demonstrated that an array of equivalent dipole formulation may accu-
rately forecast the antenna’s simulated performance. The proposed antenna has some 
resilience to the fundamental graphene properties, which makes it a promising choice 
for wideband communications in THz spectrum. 

The author of this manuscript [22] describes a circular microstrip patch antenna 
for use in the terahertz band at almost 7 THz, with graphene working as main patch 
element on substrate of Teflon having εr =2.1. Superstrate layer is utilized to improve 
the radiation characteristics of the presented antenna and to provide high gain and 
directivity. The author tested various dielectric materials, such as Teflon (εr = 2.1), 
Arlon AD 250 (εr = 2.5), Roger RO3003 (εr = 3), Roger RO4003C (εr = 3.25), 
polyimide (εr = 3.5), and glass (εr = 0.82), utilized as the overlaying superstrate 
layer, and evaluated their effects on the performance of the proposed antenna at the 
terahertz band. At the resonance frequency of 6.994 THz, the proposed antenna gives 
antenna gain of 7.286 dB, efficiency of 97.2%, directivity of 7.4 dB, and bandwidth
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of 386 GHz. The author came to the conclusion that using materials with greater 
dielectric constants as even the superstrate layer greatly enhances antenna gain. 
However, it decreases the proposed antenna’s efficiency and bandwidth. 

The concept of graphene-based microstrip patch antenna as well as its cluster is 
represented in this work [23]. The graphene-based single patch receiving wire with 
a 1  × 2 cluster of patch antenna is also considered in this research. In order to take 
a resonant frequency of 27.92 GHz into consideration, this article provides a 5G 
spectrum beyond 6 GHz band that is located around 24.5 and 29.5 GHz. Through 
the use of HFSS software, these researchers analyzed the gain, radiation pattern, and 
return loss of a single fixed radio wire and its array. 

The results showed that the presented graphene-patch antenna with two compo-
nent cluster has multiband with high gain of 2.43 and 6.5 dB Additionally, the results 
show that a single patch graphene receiving wire has less cross polarization than a 
metallic (copper) patch reception antenna. In comparison with metallic receiving 
antenna, the structured antenna’s data transmission capacity has increased. 

Numerous graphene-based multiple-beam reconfigurable THz antenna configu-
rations were examined. Few techniques of modulation in THz antennas which are 
graphene based are proposed in this paper [24]. 

By varying the chemical potentials of the graphene in the antenna, the key 
characteristics of the proposed antenna, including direction of beam, resonant 
frequency, front-to-back ratio, and peak gain could be varied. Through selecting 
the appropriate chemical potentials for said proposed two-beam reconfigurable THz 
antenna, outstanding unidirectional symmetrical radiation patterns are obtained, with 
a front-to-back ratio of 10 dB. 

In this article [25], a graphene nanoplate-based grounded coplanar waveguide 
(GCPW) attenuator was presented. In this article, a brand-new, graphene nanoplate-
based grounded coplanar waveguide (GCPW) attenuator was presented. A 50-GCPW 
transmission line and 3 pairs of graphene nanoplate pads spaced evenly apart across 
the signal line as well as the top metal ground comprise the attenuator. By raising the 
voltage levels, attenuation level of the graphene pad may be controlled from high to 
low resistance. To obtain appropriate impedance matching in various operating bands, 
it is possible to modify the spacing among 2 pairs of graphene pads in particular. The 
theory of impedance matching is examined. 

Two attenuator specimens are structured, fabricated, as well as evaluated (8– 
18 and 18–28 GHz). Modeling and simulation are used to validate the other two 
samples (3.5–8 and 28–38 GHz). As the voltage level change between 0 and 6 V, 
the attenuators’ attenuation amplitude could be tuned from 2.5 to 14 dB with return 
loss less than − 10 dB and the operating frequency bands ranges between 3.5 and 
38 GHz. 

This author proposed [26] graphene-based, flexibly reconfigurable antenna that 
operates in the range of microwaves and has a voltage-controlled far-field radiation 
pattern. The presented antenna comprises 2 radiating patches along with a planer 
feed that is primarily made up of a power divider with a hybrid graphene-metal phase 
shifter and graphene-based attenuator. A bias voltage applied to graphene causes the
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phase shifter’s output phase to vary. When the voltage level varies between 0.7 and 
5 V, the antenna can operate in two separate states with differing beam orientations. 

The phase shift behavior of the graphene-metal phase shifter is examined 
using analogous circuit model. This article explains how a new form of recon-
figurable antenna may be created using a graphene-metal combination throughout 
the microwave frequency band. By using a simplified pasting approach rather than 
soldering, this type of graphene-based tuning construction may be simply stacked 
through another circuitry, enabling graphene to build composite structures with mate-
rials that not able to tolerate soldering heat. That is feasible to continuously scan 
the beam within a specific range by adding multiple radiating elements toward the 
antenna. Future flexible radio frequency systems could make use of this feature. 

A graphene-based adjustable resistor-based reconfigurable Vivaldi antenna for 
millimeter wave (MMW) is presented in this article [27]. First, similar proportional 
slot on the ground patch is used to create a reformed Vivaldi antenna, which gives 
higher front-to-back ratio (FBR). Moreover, to perform dynamic gain modification, 
a pattern-reconfigurable antenna composed of two end-to-end redesigned Vivaldi 
antennas with 2 symmetrical loaded graphene nanoplate pads on the feed line is 
provided. The resistance of such graphene pad could be gradually decreased from 
200 to 20 Ω by providing voltage level between 0 and 4 V. Patch and ground slots 
enable the dc interruption of two graphene pads for separate resistance tuning. Vivaldi 
antenna’s radiation pattern could be changed from two opposing beams to one beam 
by adjusting the resistance of two graphene pads. According to the research obser-
vations, the presented antenna for millimeter waves can change the direction of its 
radiation beams to 90° or 270°, and this capability can be expanded to a variety of 
pattern-reconfigurable antennas. 

The structure and radiation properties for graphene-based patch antenna on SiO2 

(Glass Substrate) in the THz band are investigated and explained in detail in this paper 
[28]. Electric current’s capability passing across screen eliminates the area constraint 
issue associated with this same antenna upon that phone’s screen, suppressing the 
electrical interference from the antenna. 

To comprehend the antenna’s resonance behavior, an analogous circuit of antenna 
having R, L, and C linked through series is described and utilized to simulate the 
graphene-patch antenna which is proposed. With excellent frequency reconfigura-
tion, a low return loss, and an omnidirectional radiation characteristics, this antenna 
attained a sidelobe level of 212.7 dB. 

The basic constraints on this design are brought due to the characteristics of 
graphene, including its relaxation duration, the limit of acceptable voltages, and also 
the appropriateness for substrates in the terahertz spectrum. With reference to the 
design examined in this article, it appears to be noted that when the outcomes of the 
graphene-based patch antennas are compared to that of the copper-patch antenna, 
suggesting that even this graphene-based antenna may be incorporated in future every 
reconfigurable graphene THz transmitters, receivers, and various sensors instead of 
compromising electrical performance.



An Investigation on Unique Graphene-Based THz Antenna 173

In this work [29], author introduces a square spiral antenna made of graphene that 
can be tuned for frequency and radiation pattern for the THz spectrum. The achieved 
maximum impedance bandwidth of the proposed antenna is almost 26.39%. 

The designed antenna has a frequency range of 0.1–2 THz. Changing chemical 
potentials can also alter radiation patterns within a specific frequency band. The 
suggested antenna is a suitable choice to develop wireless communication for nano-
systems, electrically frequency-tunable photoconductive terahertz sources, as well 
as for beam scanning systems in the terahertz band due to the reconfigurability of 
frequency and radiation pattern. 

The author proposes a graphene loop antenna with a reconfigurable operating 
frequency band [30]. A photomixer-excited ring graphene element makes up this 
antenna. The device can function at various terahertz frequencies by altering the 
chemical potential of graphene. The working band of this device can be changed 
from 2.2 to 2.3 THz (with bandwidth of 4.4%) and 2.6–3.3 THz (with bandwidth 
of 21%) for voltage levels of 0.5 and 1 eV, respectively, based on modifying the 
graphene antenna’s chemical potential. 

This research presents [31] a novel method for constructing graphene-based 
microstrip antennas. The microstrip antenna is specifically cut through the flex-
ible graphene-based conductors using a commonly available micro-cutter, and then 
this piece is adhered to a ground FR4 substrate to construct an innovative fabricated 
antenna. 

The copper of such a conventional conformal antenna, though, can be a problem. 
Due to the weight and the possibility of copper failure from repeated bending defor-
mations, this is the case. A bendable graphene-based conducting substance is being 
investigated as a potential replacement for the traditional use of copper in a conformal 
antenna in an attempt to resolve some of these problems. ADS was used to simu-
late the antenna design, and a prototype was built and tested and shown relative 
complex designs can be produced with simple and inexpensive commonly available 
micro-cutter. 

It was investigated how a carbon nanotube could be used as a nano-dipole antenna, 
in this paper along with EM communications with nano-devices [32]. Authors are 
able to identify the energy band structure for several CNT forms and calculate its 
corresponding transmission line attributes using tight-binding model. Analysis has 
been done on how the essential resonance frequency, antenna input impedance, and 
system energy rely on the nanotube width. The wave propagation velocity in CNTs 
is shown to be governed by quantum effects down to a few nanometers in diameter, 
where it is nearly a hundred times slower than that of the light speed. The impact of 
quantum effects is lessened as nanotube diameter increases, and wave propagation 
tends to approach the light speed. A CNT-based antenna’s input impedance also 
reduces as system energy and nanotube width increase. Short patch antenna built 
on the GNR has demonstrated similar results. The cumulative results highlight that 
graphene-based nano-antenna would be able to radiate EM waves in THz band for 
the size that nano-devices are intended to be, in any of the dimensions less than 1 mm.
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3 Technical Requirements Toward Communication (in 6G) 

The 5th (5G) mobile networks were unable to meet performance requirements; thus, 
the 6th (6G) technology of cellular operators will create new standards to do so. 
Owing to a variety of causes, including their demanding needs for faster networks 
with lower latency and higher intelligence, there are various goals for 6G, such as 
offering worldwide coverage, and the AI applications will set 6G apart from earlier 
generations because of these goals. The THz frequency band has a vital role in 6G 
communication. Between 0.1 and 10 THz, the THz spectrum is located between 
the microwaves and infrared spectrums. The microwave frequency band has recently 
become more prevalent in various uses, such as high data rate transmission in Internet 
of Things applications [33, 34]. Many antennas, including Yagi–Uda antenna, the 
Monopole antenna, and the log-periodic antenna, have been designed for the THz 
spectrum. Microstrip patch antenna, on the other hand, has a lot of benefits over the 
other types of antennas. Figure 6 illustrates several 6G essential requirements. 

Fig. 6 6G essential requirements
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Fig. 7 Significance of 6G 

Great significance of 6G on national security and public health and safety is 
represented in Fig. 7. 

3.1 How Graphene Antenna Is Important for 6G 
Communication 

The 6G wireless communication system uses the terahertz frequency range to support 
user demand for increased data rates and extremely high data speed connectivity for 
numerous future applications. An essential function of the terahertz frequency range 
in 6G communication omnipresent high-speed wireless connectivity in the sky, the 
sea, and outer space. THz band has recently been popular in a variety of applications, 
such as high data transmission in Internet of Things applications. Figure 8 represents 
graphene antenna for 6G communication importance.

3.2 Advantages 

Advantages are well elaborated in Fig. 9, and the frequencies are not bounded for 
THz antenna which is made up of graphene, nor do they require high voltage levels.

Highly desirable for applications having compact size, candidate for a nano-
sized antenna, after reading the research reports on graphene-based THz antennas,
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Fig. 8 Graphene antenna for 6G communication

demonstrates that the antennas exhibit good values for good gain and antennas and 
radiative efficiency at THz frequency. 

Based on the reference [35, 36], graphene based THz antenna for area constricted 
applications have remarkable compactness and adjustability attributes in THz bands, 
but those features occur with the expense of decreased radiation characteristics until 
the property of the graphene monolayers has been enhanced soon. 

3.3 Challenges 

THz band has various limitations, such as a short communication range, i.e., not 
useful for long-distance communication. Very high surface resistance results in 
more energy consumption. Less efficiency was compared to traditional antennas. 
The main difficulty with employing graphene as a nano element is modeling the 
material mathematically such that it has superior THz frequency characteristics. Any 
mechanical variation can cause graphene to crack or break. Fig. 10 depicts potential 
graphene-based challenges.
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Fig. 9 Advantages of graphene-based antennas

4 Conclusion 

Graphene has gained interest recently as a material for wide range of applications. 
It has numerous roles for signal emission, transmission, modulation, and detection. 
It is 2D (two-dimensional) hexagonal network of interconnected carbon sheets. Due 
to graphene’s broadband, small size, high speed, and especially little loss when 
compared with conventional materials like silicon, various applications are made 
possible. For the terahertz (THz) evolution for modern communications, antenna 
must have micro size range and have excellent far-field gain. This technology satisfies 
the need for a multipurpose system that performs better at greater frequency and 
occupies less space. Both thermally and electrically, graphene is very conductive. It 
examines the impact of graphene’s chemical potential on the antenna’s return loss 
and resonant frequency. The best way to change the radiation characteristics would 
be to change the graphene surface impedance. The recent advantage of graphene to 
create flexible, small, and efficient THz antennas, as well as their uses and difficulties, 
were the main topics of this chapter.
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Fig. 10 Graphene-based antenna challenges
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Two-Dimensional Carbon 
Nanomaterial-Based Biosensors: 
Micromachines for Advancing 
the Medical Diagnosis 

Shalini Bhatt, Vinay Deep Punetha, Rakshit Pathak, and Mayank Punetha 

Abstract The current era has seen a sharp increase in maladies in the form of 
diseases and infections that have negatively affected the health, standard of life, 
healthcare expenditure as well as mortality of the individual. Diagnosis of such 
diseases requires identifying the biomarker molecules that are specific for the infec-
tion or diseased condition. The rapid evolution of biosensors in the field of disease 
diagnosis has provided the medical fraternity with an advanced level of diagnostics 
having high sensitivity, specificity and reproducibility. Biomarkers that are present 
in very less amounts require a highly sensitive biosensor that can even detect its 
pico-molar quantities in the sample. Graphene owing to its exceptionally diverse 
functionalities has gained worldwide recognition for use as a biosensor. This chapter 
explores the current advancement of graphene-based biosensors in medical diagnos-
tics and treatment by the detection of different biomarkers in the biological sample. 
Impetus has been given on various methods for the development of graphene-based 
biosensors. In addition, future challenges and prospects have been discussed that 
may provide research in the field of graphene biosensors in a more channelled way 
for exceedingly specific, sensitive and throughput detection of the emerging fatal 
diseases. 

Keywords Biomarker · Biosensor · Diagnostics · Graphene · Field effect 
transistors · Surface plasmon resonance

S. Bhatt (B) · V. D. Punetha · R. Pathak · M. Punetha 
Centre of Excellence for Research, PP Savani University, Surat, Gujarat 394125, India 
e-mail: shalini.bhatt@ppsu.ac.in 

V. D. Punetha 
e-mail: vinaydeep.punetha@ppsu.ac.in 

R. Pathak 
e-mail: rakshit.pathak@ppsu.ac.in 

M. Punetha 
e-mail: mayank.punetha@ppsu.ac.in 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
S. K. Patel et al. (eds.), Recent Advances in Graphene Nanophotonics, Advanced 
Structured Materials 190, https://doi.org/10.1007/978-3-031-28942-2_9 

181

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-28942-2_9&domain=pdf
mailto:shalini.bhatt@ppsu.ac.in
mailto:vinaydeep.punetha@ppsu.ac.in
mailto:rakshit.pathak@ppsu.ac.in
mailto:mayank.punetha@ppsu.ac.in
https://doi.org/10.1007/978-3-031-28942-2_9


182 S. Bhatt et al.

1 Introduction 

Disease diagnosis requires development of highly specific and sensitive detection 
method and biomarkers [1]. The use of early-stage diagnosis tools is essential 
for achieving better treatment outcomes while reliably battling deadly illnesses 
and infections. There are numerous conventional and novel methods available for 
detecting these fatal diseases. Conventional methods encompass enzyme-linked 
immunosorbent assay (ELISA), DNA sequencing, electrochemical methods, fluo-
rescent microarray and lateral flow immunoassay [2–6]. However, to obtain accurate 
and sensitive detection, these approaches need expensive reagents, intricate sample 
preparation procedures and laborious quantification methodologies [7, 8]. These 
conventional methods lag in the real-time diagnosis of the diseases. On the other 
hand, novel methods employ the use of sensors, which are cheap, easy to use and 
highly sensitive in detecting the target biomolecule. These sensors may be employed 
in the real-time monitoring of diseases and therefore find their vast clinical applica-
tions in disease theranostics [9, 10]. Biosensors (BS) are self-contained diagnostic 
device which combines a biological component, termed as biosensing element, with 
a physicochemical one, termed as bio-transducer element to yield a quantitative 
signal generated upon the interaction of biosensing element with the target termed as 
analyte (Fig. 1) [11–13]. The two categories of often utilized biosensing components 
are catalytic and affinity type. The catalytic type of BS comprises the cell, tissues, 
enzymes, microbes, etc., while affinity-type sensors include antibodies, receptors 
and nucleic acids [14, 15]. 

Fig. 1 Graphene as a biosensor for the detection of various analytes
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In contemporary times, various health hazards due to disrupted lifestyles possess a 
serious threat to mankind making biosensing and diagnosis as a crucial part of health 
management. Furthermore, with the development of the first oxygen biosensor by 
Led and Clark in 1952, BS have enabled highly specific, sensitive and rapid detection 
of biomarkers to fulfil the objectives of diagnostics and testing procedures [16–18]. 
A biomarker is defined as a biological molecule that is found in cells, tissues, blood 
or other body fluids and is truly a representative of a normal or abnormal as well 
as diseased condition of the body. Moreover, these BS have demonstrated excellent 
potential for use in a wide range of fields including biotechnology, pharmaceuti-
cals, food, environment and agriculture [19–21]. Biomarker screening allows for an 
early and accurate detection of the infectious agent. They have emerged as a major 
tool for healthcare science for the accurate identification as well as eradication of 
various chronic diseases including Alzheimer’s disease (AD), allergy, asthma, cancer, 
diabetes, dementia, epilepsy, renal calculi, etc. Furthermore, they can successfully 
be used as an economical and highly efficacious tool which makes use of biological 
components namely, antibodies, cells, enzymes, tissues, microorganisms, nucleic 
acids (DNA and RNA), synthetic ligands for quick, unambiguous and highly sensi-
tive detection of the analytes (Fig. 2). Bio-transducer elements detect the stimulus 
generated by the interaction of the biosensing component with its specific analyte and 
transform it into a detectable signal. Commonly used transducers include Optical, 
Electrochemical, Piezoelectric and Thermal/Calorimetric Sensors as explained in 
Table 1. 

The amalgamation of BS with nanotechnology has provided immense potential 
in medical diagnosis delivering high throughput, real-time, label-free analysis with

Fig. 2 Schematic illustration of biosensor design and working



184 S. Bhatt et al.

Table 1 Commonly used transducer element in a biosensor 

Transducer type Examples Analytes 

Electrochemical Amperometric Clark O2 electrode and 
mediated electrode system 

Immunological analytes, 
cell, tissue, organelle, 
enzymes and gasesPotentiometric Redox and ion-selective 

electrodes, FETs, light 
addressable potentiometric 
sensors 

Conductometric Au/Pt electrodes for 
detecting the conductivity 
changed due to the ion 
formation 

Optical Integrate optical sensors, 
photodiode, wave-guide 
system 

Enzymes, various 
immunological analytes 

Piezoelectric/ acoustic Piezoelectric crystals, 
surface acoustic devices 

Volatile gases, antibodies 

Calorimetric Thermistor Antibiotics, enzyme, 
gases, organelle, 
pollutants, antibiotics

lower detection limits requiring lesser sample volume. In this regard, various nano-
materials in conjunction with biological molecules have been investigated for being 
a successful BS [22, 23]. The rising demand of carbon nanomaterials (CNM) for the 
development of BS is principally owing to the intrinsic properties including dimen-
sional and thermal stability, chemical resistance, electrical conductivity, reduced 
water permeability, surface appearance, optical clarity and flame retardance, which 
all assist for their applicability in the biosensing platform. These inherent properties 
of various 0D, 1D, 2D and 3D CNM such as graphene, CNT (Carbon nanotubes), 
CQD (Carbon quantum dots), GQD (Graphene quantum dots), CNOs (Carbon nano-
onions), CNHs (carbon nanohorns) and CB (carbon black) are being employed in the 
contemporary time for the evolution of advanced technology in the sensing applica-
tions [24]. Particularly, 2D-CNM, graphene (G), presents the most promising carbon-
based nanomaterial for use as a BS and has drawn much attention of the researchers 
as a potential candidate in the diagnostic field owing to its exceptionally remark-
able properties of adsorption performance, electrochemical conductivity, mechanical 
strength and pliability. Moreover, it can withstand the strong ionic solutions prevalent 
in bodily fluids [25–27]. Its planar surface along with its high surface-volume ratio 
allows specific and sensitive detection [26]. The present chapter is an effort to provide 
its readers with holistic knowledge about the graphene-based BS. Basic principles of 
biosensing using BS have been elaborated and illustrated with the diagram along with 
a thorough description of the history and properties of the BSs. A brief discussion 
on the general properties of the graphene imparting the characteristic feature of BS 
is provided. Comprehensive information about the classification of graphene-based 
BSs with a main focus on their biosensing ability and signal generation is provided.
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Further, the chapter briefly analyses the contemporary research and development 
concerning graphene-based studies along with its role in medical diagnostics for 
the early detection and treatment of various diseases. It thus generates a thoughtful 
insight into the development along with the role of various graphene-based BS. This 
chapter will resourcefully highlight the current state of knowledge on graphene-based 
BS highly specific, sensitive and early detection of emerging fatal diseases. 

2 Biosensor: History, Principle and Properties 

BS is defined as device that detects chemical or biological interactions by producing 
signals corresponding to the analyte concentration in the reaction [28]. They are 
actively employed in applications including monitoring of disease, drug develop-
ment, detection of contaminating agents, disease-causing microbes and biomarkers 
that serve as disease indicators in body fluids (blood, saliva, sweat, urine). This 
scientific analytical instrument consists of three major components, namely sensing 
bio-receptors, transducers and detector connected with the digital output. Upon inter-
action between the bio-receptors with the specific analyte, the transducer converts 
this reaction into a measurable signal which is further detected by the detector. 

2.1 Principle 

Biosensor is an analytical device which is composed of a biological 
molecule/element, to name a few, enzymes, proteins, antibodies and nucleic acids, 
with an electrical component to generate a signal output that can be measured or 
quantified. BS consists of various components as explained below [28] (Fig. 1). 

Analyte: Analyte is the substance that is to be detected from the sample and forms 
the major point of interest. For example, p53 and Tau protein are an “analyte” for 
the BS that is designed to identify cancer [29, 30] and AD [31]. 

Bio-receptor: A bio-receptor is a molecule that uniquely recognizes the analyte of 
interest. It includes elements like antibodies, aptamers, cells, enzymes and nucleic 
acids (DNA/RNA). Signal generation in the form of pH change, light, charge/mass 
change, heat, etc., in response to the contact of the bio-receptor with the analyte is 
termed as bio-recognition. Bio-catalysis and bio-affinity are the two major types of 
bio-recognitions involved in biosensing [32]. 

Transducer: Transducer converts energy from one form to another by a process 
termed as signalization. This element transforms bio-recognition process into a quan-
tifiable signal, which is either electrical or optical and is generally proportional to 
the number of analyte bio-receptor interactions.
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Electronics: This section of a BS is responsible for processing the specific transduced 
signal and getting it ready for exhibiting the output. It is made up of intricate circuits 
that carry out signal conditioning tasks like signal amplification and conversion from 
analogue to digital form. The BS’s display device then quantifies the signals that have 
been processed. 

Display: The display comprises a user interpretation system that provides readable 
figures or curves for the user. This component consists of a hardware and software 
combination that produces user-friendly BS data output. Based on the need of the 
end user, output signal on the display may be a picture, numerical, tabular or visual. 

2.2 Brief History 

Historical prospective of BS has been arranged into 3 generation based on attachment 
of the bio-receptor element to the transducer. In the Ist generation, analytes and 
the products of bio-receptor reactions diffuse through the transducer surface and 
generate an electrical response, which is measured by the BS. These types of sensors 
were termed as mediator-less amperometric BS. The first BS was invented in 1906 
when M. Cremer suggested that the “electric potential which develops between fluid 
components which are on opposing sides of a glass membrane is proportional to the 
acid concentration in the liquid” [33]. Though, concept of hydrogen ion concentration 
(pH) and electrodes for pH measurements were introduced in 1909 by Soren Peder 
Lauritz Sorensen and 1922 by W.S. Hughes, respectively [34].  In  the middle of  
1902–1922, Griffin and Nelson illustrated immobilization of the invertase enzyme 
on charcoal and aluminium hydroxide [35, 36]. Leland C. Clark Jr. created the first 
“real” BS in 1956 to detect oxygen. He is regarded as the “Father of BSs,” and 
the oxygen electrode he invented is designated after his name as “Clark electrode”. 
Leland Clark created the amperometric enzyme electrode to detect glucose later in 
1962, after which, Guilbault and Montalvo Jr. discovered the first potentiometric 
BS for detecting urea in 1969 [37, 38]. This BS enables monitoring of blood sugar 
in diabetic patients. In their work, glucose oxidase (GOx) acting as a bio-receptor, 
remained entrapped in a “Clark Electrode” via a semi-permeable dialysis membrane. 
Following reactions represent the catalytic reactions occurring in the electrode: 

Glucose + O2 
GOx −−→ Gluconicacid + H2O2 

O2 + 4H+ + 4e− → 2H2O 

They demonstrated that the oxygen concentration was proportional to the concen-
tration of glucose. Finally, in 1975, Yellow Spring Instruments (YSI) manufactured 
the first commercialized BS. 

In the 2nd generation, specialized components such as enzymes and co-reactants 
are inserted into the biological element layer of the BS with the main aim of increasing
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their analysis efficiency. These types of BS are termed as Mediator Amperometric 
BS. In 1976, Clemens and co-workers integrated an electrochemical glucose BS in 
a “bedside artificial pancreas” [39, 40]. Later, a glucose analyser which was based 
on a catheter was introduced by VIA Medica, followed by the introduction of lactate 
analyser, LA 640 by transporting electrons from LDH to an electrode [41]. 

In the 3rd generation, the incorporation of the bio-receptor molecule into the basal 
sensing component led to revolutionary progress by integrating enzymes and media-
tors on the single electrode rather than easily diffusible mediators in the electrolytic 
solution. Thereafter, since the advent of the i-STAT sensors remarkable advance-
ments have been made in the BS domain. The field of BS research has evolved into 
a multidisciplinary one that combines the fundamentals of applied medicine, elec-
tronics and micro/nanotechnology, and with those of the basic sciences (physics, 
chemistry and biology) [42, 43]. Figure 3 illustrates the historical summary of BS.

2.3 Properties of a Biosensor 

Every BS possesses a certain set of dynamic and static properties. Optimization as 
well as fine-tuning of these features is necessary for the ideal performance of the BS. 
The following section discusses some of these characteristics of a BS: 

Selectivity: This property of a BS enables it to selectively detect the analyte molecule 
from the sample where different kinds of molecules or substances are present. For 
example, BS having antibody (Ab) as a bio-receptor immobilized on a transducer 
surface when exposed to the sample specifically reacts with the antigen molecule 
present in it. Selectivity is the main attribute that determines the working of a BS. 
False-positive results are obtained when a signal or response is generated by the inter-
action of the bio-receptor with the molecule that is similar to the analyte molecule. 
These false-positive results are often obtained with the BS that have poor selectivity. 
This property of a BS is very important in medical applications where biological 
samples such as blood/urine contain different kinds of similar molecules resembling 
the target analyte and thus compete for binding with the bio-receptor [61, 62]. 

Reproducibility: This characteristic enables the generation of identical results when 
experimental procedure is performed in replicates. The higher reproducibility of a 
BS represents the higher precision and accuracy of the electronics and transducer. 
Reproducible results obtained during repeated experiments for a particular sample 
relate to the extremely reliable and efficient response of the BS [28]. 

Stability: Stability forms the major attribute for BS which is used during continuous 
monitoring. It determined the capability of a BS to resist change in its performance 
over time concerning the disturbances/interruption caused by external factors. These 
factors include temperature, pH, humidity, ionic concentration, etc., variation and 
disturbances which lead to errors in the generated output signals, thereby influencing 
the accuracy and precision of the BS [28, 61].
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Sensitivity: This attribute defines the ability of a BS to detect the traces of analyte, i.e. 
minimal concentration in the sample, in the range of ng/mL or fg/mL. Highly sensitive 
BS is capable of generating signals in response to slight variations in the target 
analyte concentration. This characteristic is usually important during the processing 
of medical and environmental samples [63, 64]. 

Detection limit: Detect limit is expressed as the least concentration of the target 
analyte that is able to stimulate a detectable signal or response. An ideal BS is ought 
to have a minimum detection limit, particularly in medical diagnostic applications 
where the target analyte may be present in very trace concentrations in the sample 
[65, 66]. 

Response time: Response time is the time needed by a BS to produce a measurable 
response/ signal upon the interaction of a bio-receptor molecule with that of the 
analyte molecule of interest [66, 67]. 

Range or linearity: Linearity of a BS governs the accuracy of the produced signals 
in response to the measurements with varying concentrations. This characteristic 
provides an understanding about resolution capability of the BS, which is defined as 
the least minimum change in the concentration of target analyte which is essential 
to produce an observable signal [28]. 

3 Graphene and Its Derivatives 

2D-CNM graphene possesses a special honeycomb lattice-like structure in which 
carbon atoms are joined by sp2 hybridization including s, px and py with a 120° angle. 
This creates a strong C–C bond with an interatomic length of about 1.42 (Fig. 4) [68]. 
With a Young modulus of around 1 TPa, which corresponds to a breaking strength of 
about 42 N/m, and an intrinsic tensile strength of roughly 130 GPa, it is also one of the 
strongest materials discovered to date. Besides, the absorption rate of the graphene 
sheet is 2.3% which is practically constant. It can be synthesized by top-down and 
bottom-up approaches [69, 70]. Former use procedures such as arc discharge, liquid 
phase and mechanical exfoliation to break down the precursor graphite together with 
interlayer segregation to create graphene sheets. Contrarily, the bottom-up process 
uses a carbon source gas and techniques namely chemical vapour deposition (CVD) 
method or epitaxial growth to produce graphene.

Graphene derivatives include graphene oxide (GO) and reduced graphene oxide 
(rGO) (Fig. 4). GO is derived by graphitic oxidation and possesses several oxygen-
carrying functional groups like C–O–C, –COON, –OH and C=O, exhibiting robust 
reactivity, superior dispersibility as well as suitable binding sites for future func-
tionalization [71, 72]. Removing these oxygen-containing functional groups from 
GO by heat or chemical process generates rGO which too exhibits properties such 
as higher electron mobility, larger specific surface area, higher chemical as well as 
thermal stability.
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Fig. 4 Graphene and its derivatives highlighting sp2 hybridization in C-atom

3.1 Properties Supplementing Biosensing Platform 

With the emergence of G in 2004, it gained widespread research interest among 
scientific community to be used as a BS, owing to its wide range of properties as 
mentioned above such as biocompatibility, high stability and sustained signal ampli-
fication even in harsh environmental conditions and low production cost. Graphene-
based BS have demonstrated to be effective in detecting various biological as well 
as chemical species including antibodies, bacteria, viruses, DNA, peptides, lipids, 
proteins and metal ions, resulting in increasing research interest among scientists for 
the revolutionary objective of multiplexed medical diagnostic BS to deliver early and 
accurate detection of emerging fatal diseases [73]. The following section discusses 
the major properties of the G supplementing its biosensing capability. 

a. Large specific surface area: G has a large specific surface area hypothetically of 
about 2630 m2/g for a single layer of G. This property leads to extremely high packing 
capacity for drugs and biomolecules. In biosensing applications, this property leads 
to the high density of the attached analyte molecule of interest [74]. 

b. High electrical conductivity: High electronic conductivity of graphene is mainly 
owed to the zero-overlap semi-metal using electron and holes for charge carriers. 
Every carbon atom contains six electrons, out of this, four valance electrons, with 
one s and three p orbitals are accessible for chemical bonding. In-plane strong cova-
lent bonds are formed by one s and two p orbitals. Conductivity is predominantly 
determined by the p orbital which is out of plane [75–77]. Gs hexagonal structure



Two-Dimensional Carbon Nanomaterial-Based Biosensors: … 191

has an alternative double-bond conformation that enables optimal conjugation in sp2 

hybridization. Thus, its remaining pz orbital has just one electron, but its px and py 
orbitals each contain one electron [78]. The carbo-carbon bonds are strengthened by 
free electrons (π electrons) of this pz orbital of adjacent carbon atoms forming pi (π) 
bond. On the other hand, electrons from other orbitals (px and py) for sigma (σ) bond 
with the neighbouring C-atoms. The electronic characteristics are controlled by the 
bonding and antibonding of these p orbitals at low energies [79]. Studies using recip-
rocal lattices show that the Fermi energy in the corner of the Brillouin zone, where 
π and π* bands touch in the 2D crystal of sp2-hybridized carbon, is a zero-band gap 
semiconductor [78]. The bands exhibit linear dispersion very close to point called 
as Dirac point (Fig. 5). This arrangement gives rise to fascinating electron transport 
properties [75, 77]. 

c. Mechanical strength: Graphene has high mechanical strength and pliability 
having maximum elastic modulus and tensile strength. Due to atomic plane C=C 
bonding, it is harder than diamond, on the other hand, Van der Waals forces in 
interlayers are responsible for its softness, providing it a greater potential for use 
in wearable BS [80]. The presence of functional groups on the G surface offers the 
additional advantage of higher dispersion in polar and aqueous solvents resulting in 
enhanced mechanical properties [81, 82].

Fig. 5 3D Band Structure of graphene and position of Fermi level in n and p type doping 
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4 Classification of Graphene-Based Biosensors 

As explained in previous sections, BS consist of a bio-receptor element, that binds 
specifically with its target molecule and transducer element, converting this binding 
reaction into a measurable/quantitative signal [83, 84]. Graphene-based nanomate-
rial are widely employed in BS as transducer elements transforming the incident of 
binding of bio-receptor with its target analyte into the signals that can be detected 
thermally, optically or electrochemically [85–87]. These molecules such as DNA, 
RNA, antibodies, aptamers, proteins and enzymes must be attached to the transducer 
element, for the biosensing reaction to proceed. The most frequently used method for 
attaching single-stranded (ss) DNA and antibodies to graphene and its derivatives 
(GO, rGO) is EDC/NHS (EDC: 1-Ethyl-3-(3-dimethylaminopropyl carbodiimide; 
NHS: N-hydroxy succinimide) chemistry [88]. ssDNA binds to graphene’s surface 
by noncovalent interaction like electrostatic, H-bonding and π-π stacking. On the 
contrary, enzymes are usually immobilized by physical adsorption, i.e. physisorp-
tion. Proteins are attached chemically by their amine groups to carboxylic groups of 
GO [89]. Because of its huge surface area, faster electron transfer, higher electrical 
conductivity and ability to immobilize diverse compounds, graphene has been used 
in the creation of numerous BS with various transduction modalities [90]. In elec-
trochemical sensors, the π-conjugated structure of graphene expedites the transfer 
of electrons between the transducer and bio-receptor [88]. Graphene-based nanoma-
terials can also function as a quencher in the transducer for fluorescent BS. Studies 
have illustrated that G, GO and rGO have exceedingly high efficiency of fluorescent 
quenching [91, 92]. Graphene and its derivatives are used in 6 BS systems, namely 
Electrochemical, Optical (Fluorescent), Surface Plasmon Resonance (SPR), Surface-
enhanced Raman Scattering (SERS) and Field Effect Transistor (FET). Sections 
below discussed these BS along with their applications in medical sector (Fig. 6).

4.1 Graphene-Based Optical Biosensing Platform 

Graphene has remarkable optical properties as compared to other nanomaterials 
[93, 94]. Properties like large specific surface area, greater chemical stability, high 
biocompatibility and easy absorbance of biomolecule through π-π stacking, all of 
which favour the biosensing platform. Its derivatives namely GO and rGO have been 
extensively used in optical biosensing [95, 96]. The optical biosensing system utilizes 
the changes in the intrinsic optical properties such as absorbance, fluorescence, light 
absorption, reflectance, scattering, chemiluminescence, photoluminescence and fluo-
rescence resonance energy transfer (FRET), upon binding of the sensor element with 
its analyte. Many optical sensors have been created thus far based on the fundamental 
principles of colourimetric, fluorescence and plasmonic sensing [97]. Colourimetric-
based sensors offer easy-to-use, economical and absorbance response upon binding 
of analyte which could be detected with the naked eye but have sensitivity issues
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Fig. 6 Schematic representation of various graphene-based biosensors

when the analyte concentration is very less and limited multiplexing capabilities. 
Plasmonic-based sensors utilizing SPR localize SPR (LSPR), SERS and propagating 
surface plasmon polaritons (SPP) and offer higher sensitivity as well as multiplexing 
capabilities. 

Fluorescence-Based Optical Biosensors 

Fluorescence-based BS employ specific fluorescent probes that are attached to the 
transducer element and generate a quantifiable fluorescent signal upon binding of its 
specific analyte. Changes in these fluorescent signals might occur due to fluorescent 
quenching, fluorescent enhancement or FRET. These fluorescence-based BS have 
been widely employed in medical diagnostics for the detection of cancer biomarkers, 
cancerous cell tissues in vitro as well as in vivo, and tumorous cell identification at 
early stages [98]. The tuneable band gap exhibited by pristine graphene has enabled its 
wide use in optical BS due to the photo-excited photoluminescence. Defect-derived 
photoluminescence and the conjugated π-domain are responsible for the production 
of photoluminescence by graphene derivatives [96, 99, 100]. 

Fluorescence in GO and rGO owed to the O2-containing groups that allow for sp2 

as well as sp3 hybridization, thus giving them band gap as well as fluorescence [101,
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102]. As pH of the environment changes, GO displays a broad fluorescence peak at a 
wavelength of around 680 nm; when pH increases one peak (680 nm) slowly declines 
to melt and another peak (500 nm) starts appearing under alkaline conditions. These 
differences in the fluorescence properties are due to the proton transfer in the excited 
state by pH variation [103]. However, in fluorescence-based biosensing, GO serve as 
a fluorescent chromophore whose property may be modified by altering the size of 
the sheets and chemical composition, sheet size and chemical composition. Likewise, 
employing carrier transport and resonance energy transfer, GO is also utilized as a 
fluorescent quencher. The tuneable fluorescence and quenching capability of GO 
direct its use in biosensing which further depends upon the oxidation time, shape, 
size as well as fraction of the sp2-hybridized clusters. Due to the heterogeneous 
structure, GO can fluoresce by photo-excitation within a diverse range of wavelengths 
ranging from near infra-red (NIR) region to ultraviolet (UV) range [104, 105]. In 
NIR biosensing, GO is used in bio-imaging via two-photon excitation spectroscopy 
due to the red-edge effect [106]. 

The potential of the above-discussed optical techniques incorporated with 
graphene has paved several paths for the fabrication of graphene-based optical BS that 
are small, economical and multifunctional readable devices. Two-photon imaging 
utilizing GO as a fluorescent marker has been extensively used in the imaging of 
cancer cell, pathogenic microbial cells and food safety sectors [106–108]. The tune-
able wavelength of the two-photon fluorescence of GO sheet by changing its excita-
tion energy leads to the multi-coloured bio-imaging of the bacterial cell [106, 109]. 
By varying NIR excitation energy from 760 to 1120 nm, two-photon luminescence 
has been used in multi-coloured bio-imaging of methicillin-resistant Staphylococcus 
aureus (MRSA) [106]. GO-based fluorescent DNA aptasensors are being devised to 
target liver cancer cells and provide in vitro as well as in vivo bio-imaging assisting 
medical diagnosis and chemotherapy [108]. Graphene is used in FRET-based BS to 
determine molecular distances and interactions between proteins or different realms 
of a particular protein [110, 111]. Tuneable graphene-based plasmonic BS has been 
designed for label-free detection and identification of protein monolayers utilizing 
their electro-optical properties. Here, the protein is probed selectively at varying 
frequencies using the dynamically tuned plasmon resonance of graphene to deter-
mine its composite refractive index. Additionally, the extraordinarily high overlap 
between the biomolecules and the spatial light confinement in graphene allows for 
higher sensitivity in the observation of their vibrational state and refractive index. It 
provided selectivity with the enhanced sensitivity of graphene for use in biosensing 
[112]. 

Surface Plasmon Resonance (SPR)-Based Optical Biosensors 

SPR-BS have evidenced to be one of the most efficient methods for real-time moni-
toring of various biomarkers including proteins, lipids, cells, nucleic acids, etc. [113– 
115]. The surface of these sensors has a major role in the gross efficacy of the sensors. 
It offers a potent label-free method for examining noncovalent molecular interactions
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and has been extensively employed in the study of protein–DNA, DNA–DNA/RNA 
and protein–protein interactions [116]. SPR-BS are extensively used in the detection 
of biomarkers due to the very high sensitivity of surface plasmon to changes in the 
reflective index (RI) of the dielectric medium. Interaction of the analyte molecule 
with the attached receptor on the metal surface leads to the changes in the RI of the 
sensing medium which further alters the propagation constant of associated surface 
plasmons. This disturbs the resonance situation of surface plasmons with specific 
surface plasmon waves (SPW). A sharp dip is formed in the SPR curve as a result of 
the energy of the light photon transferred to the surface plasmons at resonance angle 
and decrease in the reflectance of light [117, 118]. 

Graphene-based nanomaterials (GBN) are being extensively utilized in SPR-BS 
owing to their large surface:volume ratio which increases the number of biomolecules 
interacting on its surface by π-π stacking. This further increases the sensitivity of the 
BS due to efficient light absorption by the increased number of interactions [119]. 
GBNs are capable of effective transmission and excitement of surface plasmon, and 
their use in SPR-BS markedly enhances the sensitivity to the change in RI due to their 
remarkable optical absorption and plasmonic features [120, 121]. Certain features 
such as signal-to-noise ratio and quality factor of these BS get reduced, adversely 
affecting the functioning of the BS. Further multiple graphene layers often tend to 
lower the resolution of BS by the rise in the FWHM (full width at half maximum) 
in the SPR curve by widening the reflectance dip and reducing the depth of the dip 
[122]. Further during SPR-BS fabrication, these drawbacks are eliminated along with 
the amplification of their advantages. Graphene and graphene-MoS2 (molybdenum 
disulphide)-based SPR-BS were evaluated for their sensitivity in biomolecular recog-
nition, and it was observed that later has 175% more sensitivity than graphene SPR-
BS [123]. In dual sensing BS by coupling SPR-LSPR-BS, the sensing panel was 
coated with GO/Au modified with goat anti-human anti-IgG to detect human Ig G in 
the sample coated with Au nanoparticles. Here, GO coating in the sensing channel 
enhances the loading of biomolecules thereby strengthening the response signal [10]. 
Alternatively, prism-coupled SPR-based BS exhibits excellent sensitivity for sensing 
blood glucose gas [124]. Kretschmann prism configuration with SPR graphene-based 
BS is used to sense the urea in urine samples. This configuration is composed of 6-
components namely a glass of soda lime, adhesion layer of chromium (Cr), thin film 
of Au, the monolayer of molybdenum disulphide (MoS2), layer of graphene and 
sensing medium [125]. GO/silver-coated polymer cladding silica (PCS) fibre was 
used in SPR-BS. Surface of GO was attached with Staphylococcal protein A and 
goat anti-human IgG to detect human IgG in infected blood samples [126].
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4.2 Graphene-Based Field Effect Transistors (FET) 
Biosensor 

Semiconductor Field Effect Transistors (FET) have been utilized in BS owing to 
their wide range of properties including the capability for mass production, ultra-
sensitivity detection and low-cost manufacturing as well as easy use in the portable 
devices [127–129]. FET-BS have been a great option for the label-free transducers. 
These FET-based transducers include 3 electrodes, namely source, drain and gate. As 
a biological detection component, the area between the drain and the source interacts 
with the target analyte/biomolecules to detect their existence, concentration and elec-
trical activity. The BS then transforms the biological data right away into a discernible 
signal [130]. The signal thus obtained can be demonstrated, amplified, stored and 
examined, or it can be transferred to the data centre for extra processing [131]. In 
FET-BS, a change in the sample solution’s concentration results in a difference in 
the charge near the sensor’s interface which causes a lowering of the effectual gate 
voltage. This change in the gate voltage leads to changes in the current flow of the 
drain [42]. 

Graphene has outstanding carrier mobilities and a very less effective mass due to 
linear dispersion of the charge carriers [132]. These charge transfer properties of the 
graphene facilitate an exceptional channel material that has the potential for replacing 
silicon and other semiconductors in these FETs. Moreover, these do not necessitate 
impurity doping like other semiconductors for the conduction of electricity. They 
exhibit the phenomenon of self-doping, which with the help of an external electric 
field can regulate the carrier type and its concentration [133–135]. Graphene-based 
FET has been used for bacterial and viral diseases as well as for cancer detection [136– 
138]. They provide ultra-sensitive and less noise due to higher biocompatibility, ease 
of functionalization and bio-catalyst in oxygen reduction reaction [134, 136, 139]. 
Zhou and co-workers developed a label-free immunological sensor that relied on the 
Ab-modified graphene FET. They immobilized Ab’s targeting the carcinoembryonic 
antigen (anti-CEA) on the graphene surface and the resulting anti-CEA modified 
graphene FET effectively observed the reaction between the CEA protein and the 
anti-CEA Ab with relatively high sensitivity and specificity [140]. Wu et al. carried 
out the theoretical demonstration of graphene-based FET for bacterial detection and 
observed that graphene-bacterial distance, bacterial concentration and probe size are 
the parameters that determine the sensitivity of the BS [141]. 

These BS have been effectively utilized for the label-free detection of exosomes by 
conjugating graphene FET with anti-CD63 antibodies. These antibodies are produced 
against the exosomal membrane protein namely CD63 and worked as a biomarker 
for the early-stage diagnosis of cancer and other diseases [142]. Seo et al. produced 
graphene-based FET-BS for detecting coronavirus disease 2019 (COVID-19), by 
coating graphene sheets with the anti-SARS-CoV-2 spike protein antibody. The 
SARS-CoV-2 spike protein from the infected samples can be detected from the 
suggested device and provide an ultra-sensitive immunological method for COVID-
19 detection without sample pre-treatment and labelling [136]. Lin and co-workers
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utilized these graphene FET for detecting food contamination by bacteria Escherichia 
coli. They employed a volatile molecule indole released by a bacterium to detect the 
bacterial contamination of the food samples. Exposure of the FET with the indole 
leads to π-π stacking interaction between them and hence change in the electrical 
signal [9]. 

4.3 Graphene-Based Electrochemical Biosensors 

Electrochemical BS require 3 electrodes, namely reference electrode, counter elec-
trode (or auxiliary electrode) and a working electrode (or sensing /redox electrode). 
The counter electrode connects the electrolytic solution; thus, current can be trans-
ferred to the working electrode; on the other hand, the working electrode acts as 
a transduction component in the biochemical process. These electrodes must be 
conductive and chemically stable. The electrochemical reaction between the analyte 
and bio-receptor occurs on the surface of the transducer, thus producing observ-
able electrochemical signals in terms of current, voltage, capacitance and impedance 
[22]. Improvement in electrodes and intermediates further leads to an increase in 
the sensitivity, specificity as well as stability of the electrochemical sensors [143]. 
A vast range of molecular detection elements can be employed by electrochem-
ical BS for the identification of biomarkers. In recent years, high sensitivity for 
biomarkers has been made possible by the use of nanomaterials and electrochem-
ically active compounds in bioassays involving electrochemical techniques. Some 
of the elements contributing to the high compatibility of electrochemical BS based 
on nanomaterials include the coupling of various bio-receptors with nanomaterials 
[144]. These nanomaterials increase signal transmission by generating synergistic 
effects between conductivity, catalytic activity and biocompatibility. 

Based on the transduction principle, these sensors are categorized as Poten-
tiometric, Amperometric, Conductometric, Impedimetric and Voltammetric BSs 
detecting changes in the charge, current, conductivity, impedance and applied poten-
tial, respectively [66]. Graphene’s use in these BS provides faster electron trans-
port, higher thermal conductivity, good mechanical flexibility as well as biocom-
patibility properties, which enhance the BS’s functioning [145]. Modification of the 
electrodes with graphene nanomaterials causes the uniform distribution of electro-
chemical species and their higher surface-to-volume ratio results in the appropriate 
substrate for the identification of adsorbed analytes. The electron transfer rate in 
these BS is directly dependent on the distance between the electrode surface and 
the bioreceptor’s electrochemically active centre, and graphene-based modifications 
can significantly shorten this distance to facilitate electron transfer. This process 
occurs at the edges of graphene sheets or basal plane defects via direct electron 
transmission by nano-wiring between electrode surfaces and active electrochemical 
sites [146, 147]. Tezerjani et al. developed a hybrid structure for detecting DNA 
using a nanocomposite of polyaniline (PANI) and GO nanosheets for the detec-
tion of prostate cancer. The binding of the complementary DNA sequences with the
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mon-complementary DNA sequence generates an electrochemical response which is 
measured via electrochemical impedance spectroscopy (EIS) method [148]. Electro-
chemical BS with tightly packed gold nanoparticles on the rGO multi-walled carbon 
nanotubes (MWCNT) platform was devised to detect the presence of prostate-specific 
antigen (PSA) in the serum of patients with prostate cancer. This very antigen serves 
as a biomarker for detecting prostate cancer in patients, and the developed electro-
chemical bioassay provide ultra-sensitive detection of the PSA in cancer patients 
[149]. In another approach to detecting prostate cancer, a sandwich-type electrode 
made up of rGO/gold nanoparticles, anti-total PSA monoclonal Ab and anti-free 
PSA Ab were constructed together. The generated BS possessed higher sensitivity for 
detecting total as well as free PSA in the serum samples from the patients [150]. Elec-
trochemical BS built on a glassy carbon electrode (GCE) was constructed to detect 
miRNA-21, which serves as a biomarker for the early-stage identification of prostate 
cancer [151]. Saeed and co-workers developed DNA BS using ErbB2 (erythroblastic 
oncogene B Receptor Tyrosine Kinase 2) gene and cluster differentiation 24 c gene 
(CD24c) modified gold nanoparticles and GO which are further loaded onto the GCE 
for early detection of breast cancer. ErbB2 gene is amplified and overexpressed in 
human breast cancers and acts as a biomarker for cancer detection. The electrochem-
ical signals are enhanced by the gold nanoparticles and GO which aid in the highly 
specific and sensitive detection of breast cancer biomarker ErbB2 [152]. An elec-
trochemical immunosensor for the recognition of carcinoembryonic antigen (CEA) 
was developed. The electrochemical conduction of the antibody-modified electrode 
upon binding with the antigen present in the sample was analysed by voltammetry 
and impedance analysis. The developed immunosensor exhibits higher sensitivity 
and outstanding selectivity to CEA and hence can be used in analysis of clinical 
samples [153]. 

4.4 Graphene-Based Surface-Enhanced Raman Scattering 
(SERS) Biosensors 

The loss and gain of energy due to molecular vibration process represent the infor-
mation about the molecular structure enabling real-time in situ identification of 
molecules [154]. SERS is a sub-class of widely used sensing practice, Raman Scat-
tering, in which in-elastic light scattering by the molecules is significantly enhanced 
by adsorption of molecules on metal surfaces like silver or gold nanoparticles [155]. 
The use of plasmonic nanostructures enhances the sensitivity of molecular detection 
to a million-fold. SERS enhancement is achieved by electromagnetic and chem-
ical processes [156]. Graphene owing to its large surface:volume ratio, great optical 
transparency, excellent charge mobility, strong chemical interaction with a vast range 
of biomolecules and biocompatibility has proved to be a potent substrate for SERS 
[157].
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Graphene-based SERS-BS are used for quantitative detection of various 
biomolecules present in trace amounts [126, 158]. Hybrid substrates formed by 
combining graphene and metal nanoparticles, serve as a highly efficient substrate for 
SERS sensors, finding its huge potential in the biomedical field, medical diagnosis, 
disease monitoring and food inspection [159]. Different processes including coating, 
combined assembly of graphene and nanoparticles, and accumulation of metals on 
top of pre-deposited graphene layer have been shown to improve the efficiency of 
SERS-BS. Pico-molar quantities of the analyte have been successfully detected by 
using a hybrid system consisting of graphene with metal nanoparticles as a substrate 
for SERS [95]. rGO sandwiched in between gold and silver nanoparticles is used as 
a substrate for SERS for ultra-sensitive detection of tumour cells [160]. 

5 Advances in Graphene-Based Biosensors in Medical 
Diagnostics 

Graphene is extensively used in the synthesis of the biological sensors with ultra-high 
sensitivity, specificity as well as low detection limit. The following sections present 
an overview of various application of graphene in biosensing platform for detecting 
various biomarkers for disease diagnosis. 

5.1 Graphene-Based Biosensors for DNA 

A major issue in clinical diagnosis is the requirement for quick and accurate DNA 
analysis. Detection of the single nucleotide polymorphisms (SNPs) and the sequence-
specific identification of ssDNA have gained global attention in the past years by 
the scientists. SNPs are a frequent type of genetic variation that occurs every 100– 
300 bp and is linked to several serious illnesses and disorders, including Parkinson’s 
disease (PD), AD, diabetes and several types of cancer. Therefore, the development 
of cost-effective DNA analysis methods with the motive of fast, accurate, easy and 
cheap detection system for the diagnosis of these diseases could bring a break-
through in modern diagnostics. Graphene and its derivatives have been utilized for 
developing DNA-based BSs by adsorbing DNA onto graphene-based nanomaterials. 
Pristine graphene being hydrophobic in nature gets rarely dispersed in water, hence 
limiting the adsorption of DNA onto its surface. GO has oxygen-containing func-
tional groups (esters, epoxides, carboxyl, hydroxyl) and is hence extensively used 
for DNA detection. These groups may provide a pH-dependent net negative charge 
and thus colloidal stability in organic solvents and water which is perilous for DNA 
detection [161, 162]. Functional groups carrying oxygen present in GO can be partly 
removed by physical or chemical treatment to generate rGO to restore its electrical 
conductivity. This rGO further proves to be an effective material for DNA BSs [163,
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164]. Various graphene-based DNA biosensors providing information about target 
analyte, biosensing platform, biosensor type as well as detection limit are outlined 
in Table 2. 

Adsorption of biological molecule forms a crucial step in the construction of 
a DNA BS because this can affect the sensor’s response and operational stability. 
DNA detection using graphene-based BSs is classified into two approaches [165]. 
First, force between charge-biomolecule at π-π domains and electrostatic forces all

Table 2 Graphene-based biosensors for detecting nucleic acid/gene 

Analyte/Target Sensing platform Biosensor type Detection limit Refs. 

ssDNA Capture DNA 
sequence (CP), AuNPs 
and Thi-functionalized 
rGO 

Electrochemical 4.28 × 10−19 M 
1.58 × 10−13 M 

[170] 

DNA/RNA Deformed monolayer 
graphene channel 

FET 600 zM, 20 aM [171] 

dsDNA rGO rods decorated 
with AuNPs and use 
PNA 

Electrochemical 0.86 pM [172] 

RNA Single-strand DNA 
probe immobilized on 
G surface using 
PBASE as a linker 

FET 0.1 fM [139] 

cDNA Fluorescein-labelled 
DNA probe and 
graphene species 

FRET - [173] 

DNA hybridization AGNR interconnected 
between gold 
electrodes 

FET - [174] 

Nucleic Acids Zirconia reduced 
GO–thionine 
(ZrO2–rGO–Thi) 

Electrochemical 24 fM [143] 

HIV-1 gene AuNPs–GO FRET 15 fM [175] 

DNA hybridization Single-layer 
CVD-grown graphene 

Liquid-gated 
multichannel FET 

15 fM [176] 

HPV-16 DNA NH2-IL-rGO 
immobilized on a 
MWCNT and loaded 
with aminated DNA 
probes 

Electrochemical 1.3 nM [177] 

Abbreviations AGNR: Armchair graphene nanoribbon; Thi: Thionine; AuNPs: Gold nanoparticles; 
PNA: Peptide Nucleic Acid; FET: Field Effect Transistor; PBASE: 1-pyrenebutanoic acid succin-
imidyl ester; FRET: Fluorescence resonance energy transfer; HPV: Human Papillomavirus; HIV: 
Human Immunodeficiency Virus; MWCNT: Multiwalled Carbon Nano Tube; IL: Interleukin; GO: 
Graphene oxide; rGO: Reduced GO; CVD: Chemical vapour deposition; DNA: Deoxyribonucleic 
acid 
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lead to difference in electrical properties of pristine graphene. The second involves 
the immobilization of receptor molecules on the surface of GO and rGO by their 
defects and functionalization. The DNA molecule when get attached to the surface 
of graphene-based materials leads to the changes in electronic, optical as well as elec-
trochemical properties of the materials, which forms the basis for BS detection. DNA 
sensing using electrochemical BSs provides rapid, cost-effective as well as simple 
detection methods for various diseases [166]. The specific hybridization between 
the probe DNA and the target DNA is the basis of electrochemical DNA BSs. To 
hybridize with the target complementary DNAs, the probe DNA is physically or cova-
lently attached to the electrode surface. An electrochemical workstation might then 
monitor the change in electrochemical signals caused by hybridization [88]. Electro-
chemical DNA BS is based on the change in the voltage, impedance or current that 
is caused by the hybridization of DNA or oxidation of bases adenine, guanine, cyto-
sine and thymine in DNA. They can be labelled free and labelled based on inherent 
electrochemical properties of nucleic acids and the use of radioactive species with 
nucleic acids, respectively. Label-free DNA BSs can be made using a scalable and 
highly reproducible (>90% yield) fabrication approach based on GFETs that have 
been functionalized with ssDNA-probe. Upon hybridization with its complementary 
DNA analyte, a swing in the Dirac point voltage of the GFET sensor occurs. These 
DNA BSs provide a broad analysis range and LOD of 1fM for 60-mer oligonucleotide 
DNA [167]. An electrochemical BS fabricated from graphene draped with graphitic 
nanosphere. DNA probe is covalently attached to the graphene nanosphere, and the 
constructed BS showed high sensitivity and selectivity for the target DNA [168]. 

DNA detection using fluorescent BSs employs signal transducer element such 
as graphene derivatives (in this context) as well as molecular recognition element 
as the main component. Molecular recognition elements can be synthetic oligonu-
cleotide or DNA aptamers (ssDNA/RNA), which are complementary to the target 
DNA sequence. Interaction between these aptamer sequences and graphene deriva-
tives is assisted by strong π-π interaction and hydrophobic interactions between the 
graphene derivatives and the ring-shaped structure in nucleotides. When there is no 
analyte present in the sample, fluorescent dye-labelled aptameric DNA sequence in 
bound to the graphene derivatives and quenched. On the contrary, when analytes are 
recognized by the complementary labelled aptameric DNA sequence, it is detached 
from the graphene derivatives. As a result, the graphene derivative weakly interacts 
with the aptamer-target complex, allowing the dye-labelled ssDNA to regain its fluo-
rescence. Photoluminescence quenching capability of GO has been employed in the 
detection of Escherichia coli (E. coli). [169]. 

5.2 Graphene-Based Biosensors for Enzymes 

Enzymatic BSs involve enzymes as sensing element, which specifically binds with 
the target analyte termed as substrate (in this context), and a transduction system
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which converts the binding/recognition event into a quantifiable signal. Graphene-
based BS for enzymes finds its utility in detecting various diseases by identifying the 
enzymes which is representative of a disease’s condition. These BSs consist of the 
enzyme which is immobilized on the membrane and electrode transducer system, 
that combines enzyme and electrode system [178]. Various physiological/biological 
processes occurring inside the body involve enzymes and elevated levels of certain 
enzymes are associated with severe medical conditions. Therefore, their detection 
finds its application in biosensors [179]. Enzymes such as bilirubin oxidase, laccase 
and horseradish peroxidase have been immobilized onto the graphene BSs using 
covalent bonding, EDC/NHS chemistry, physical entrapment and adsorption method 
[180]. These BS have been used to detect a variety of compounds, including caffeic 
acid, phenols (2,6-dimethozyphenol), glucose, hydrogen peroxide, 17-estradiol and 
bilirubin. Table 3 outlines various graphene-based BS for detecting enzymes along 
with information about target analyte, biosensing platform and biosensor type as 
well as the limit of detection. 

Table 3 Graphene-based biosensors for detecting enzymes/biomolecules 

Analyte/Target Sensing platform Biosensor type Detection limit Refs. 

Protease Graphene with a panel of 
fluorescently tagged peptides 

Fluorescence – [185] 

17β-estradiol GCE supported with GO–rhodium 
nanoparticles 

Electrochemical 0.54 pM [186] 

GSH GSH-Px immobilized on GCE 
decorated with GO and naflon 

Electrochemical 1.5 nM [187] 

CT Laccase enzyme immobilized on 
graphene-CMF composite modified 
SPCE 

Amperometric 0.085 μM [188] 

DA Platinum–silver graphene 
(Pt–Ag/Gr) 
nanocomposite immobilized on 
GCE 

Electrochemical 0.012 M [189] 

DA GO-CMF/PdSPs composite sensor Electrochemical 23 nM [190] 

DA and AA GO/P (ANI-co-THI) immobilized 
on GCE 

Electrochemical DA: 2 M 
AA:242 M 

[191] 

DA and AA PVP graphene-modified GCE Electrochemical DA:0.002 M 
AA: 0.8 M 

[192] 

CT Poly (Adenine)-modified graphene 
paste electrode 

Voltametric CC: 0.24 M [193] 

CT and HQ Graphene oxide-LaMnO3 
nanocomposite 

Electrochemical HQ: 0.06 M 
CT: 0.05 M 

[194] 

Abbreviations: GSH-Px: Glutathione Peroxidase, GCE: Glassy Carbon Electrode; GO: Graphene 
oxide; SPCE screen printed carbon electrode; GO-CMF: Graphene Oxide-Cellulose Microfiber; 
PdSPs: spindle-like palladium nanostructures; P(ANI-co-THI): poly(aniline-co-thionine); DA: 
Dopamine; AA: Ascorbic acid; PVP: Poly vinyl pyrrolidone; CT: Catechol; HQ: Hydroquinone
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Graphene-based enzyme BS are extensively used in the detection of serum glucose 
levels by immobilizing glucose oxidase (GOx) enzyme on graphene’s surface. 
Graphene FET as devised by Huang and co-workers allows the detection of glucose 
[181]. Recently, laser-induced graphene-based enzymatic BS have been devised, 
providing highly sensitive, low-cost and rapid detection of glucose. Laser-induced 
graphene electrodes were immobilized with GOx/chitosan composite for specific 
detection of glucose. This employs amperometric glucose sensing in which GOx 

catalyses the oxidation of glucose present in samples [182]. Graphene-based FET-
BS have been devised for the determination of lactic acid in human fluids. Elevated 
levels of lactate in human body serve as a prognosis marker used for various disor-
ders such as failure of left ventricles and septic shock [183, 184]. Lactic acid was 
detected by lactate dehydrogenase enzyme (LDH) to catalyse the lactate present in 
the samples. LDH enzyme was immobilized over the graphene layer of FET-BS to 
sense the lactate present in biological samples [179]. 

5.3 Graphene-Based Biosensors for Proteins/Antibodies 

Protein biomarkers are used for the identification and efficient prediction of various 
diseases. These biomarkers are proteinaceous existing in blood, body fluids or tissues 
and can be of great value in the diagnosis, prognosis as well as monitoring of diseases 
[195]. Graphene-based BSs are employed in detecting antibodies present in the serum 
samples of the person infected with the particular microbe. These antibodies are 
produced as a part of the human immune response against the specific epitope of 
the antigen. The antigen is a foreign substance or toxin which can induce a specific 
immune response inside the body. The structure, characteristics and reactivity of the 
antibodies play a major role in this specific high-affinity recognition of antibodies 
with their antigen for a specific antibody-antigen response, making them highly 
efficient candidates for sensing applications. 

Antibodies can be attached on the surface of graphene and its derivatives by 
different ways involving EDC/NHS chemistry, PASE (1-pyrenebutanoic acid succin-
imidyl ester) and electrostatic reactions. Functionalization of GO with a PASE linker 
is the most popular and adaptable method for generating biochemical conjugates. 
EDC is a water-soluble cross-linking agent by amide bond between carboxy and 
amine group present in the molecules [196]. Detection of target molecules may 
be achieved through various methods. An electrochemical method as discussed in 
above sections measures any change in the electrical or chemical concentration at 
the electrolyte–electrode interface due to the conformational changes induced by 
the bio-recognition of the antibody with the target antigen [10]. These immunosen-
sors are widely used methods being highly sensitive, requiring less sample volume, 
simple procedure and yielding rapid results [197]. However, these immunosensors 
have certain limitations including irreversible antigen–antibody reaction and binding 
affinity [198].
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Antibody BSs based on graphene-based nanomaterials provide a wide range of 
adaptability in terms of pathogen detection. Various antibody BSs based on graphene 
along with information about target analyte, biosensing platform, biosensor type 
as well as detection limit are outlined in Table 4. Electrical graphene-based BS 
functionalized with E. coli strain O157:H7-specific antibodies for sensitive detection 
of foodborne pathogenic bacteria. E. coli strain O157:H7 [199]. Field-effective BS 
was devised for detecting Zika virus infection thereby providing an ideal candidate 
for use in medical diagnostics against the infection. It utilizes Zika viral monoclonal 
antibodies and provides real-time as well as quantitative detection of native Zika 
viral antigen [200]. These are also utilized to detect fibrinogen in the serum or whole 
blood and serve as biomarker in trauma-induced coagulopathy [201]. Furthermore, 
vertical graphene-based BSs functionalized with anti-EpCAM (epithelial cellular 
adhesion molecule) antibody is used for differentiating one breast cancer and two 
colon cancers by utilizing the dielectric signatures of three different types of tumour 
cell lines namely MCF-7, HT-29 and SW403 [202]. EpCAM used in this study is a 
widely used biomarker in cancer diagnostics.

Prions are infectious protein molecules capable of causing severe neurological 
disorders in humans as well as animals [203]. The abnormal 3D structure of the 
protein lead to protein collapse, severe infections and protein misfolding diseases. 
Amyloids are the prions formed by the aggregation of abnormal proteins and 
are the major cause of AD and PD [203, 204]. GO-based fluorescent BSs have 
been used for quantitative detection and measurement of amyloid-beta (β)-oligomer 
[205]. Recently, GO-silver nanoparticle conjugated aptamer for detecting amyloid-
β-oligomer employing ELISA immunoassay has been developed for the diagnosis of 
AD [206]. Moreover, ultra-sensitive electrochemical BS for detecting AD have been 
devised using Au nanoparticle-modified vertical graphene/carbon cloth as substrate 
electrode and poly(thymine)—template copper nanoparticles as the signal probe 
[207]. 

5.4 Graphene-Based Biosensors for Microbial Cells 

Infectious diseases caused by bacteria and viruses pose a serious threat to society. 
Graphene-based BSs are widely employed for specific and sensitive detection 
of various disease-causing pathogenic microbes [217]. Early detection of these 
pathogenic microbes is crucial for clinical point-of-care testing (POCT) [218, 219]. 
Moreover, various antibacterial treatments require evaluation of the bacterial popu-
lation before and after antibacterial therapy. A FRET-based immune sensor for 
detecting Campylobacter jejuni whole cells in food samples was designed with the 
use of GO and graphene quantum dots [220]. The bacterium is known to cause campy-
lobacteriosis, a type of bacterial gastroenteritis. BS is constructed in a way that the 
polyclonal antibodies are conjugated with the graphene quantum dots and interact 
with the membrane protein of the bacterium. Electrochemical aptasensor utilizing 
reduced GO-titanium dioxide composite for detecting the whole cell of Salmonella
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enterica capable of causing foodborne diseases [221]. Recently, Mycobacterium 
tuberculosis, a tuberculosis-causing bacterium, has been detected using label-free 
graphene-based refractive index BS [222]. Another label-free pristine graphene-
based sensor for detecting the bacterial colonization and biofilm formation on the 
surface of biomedical devices has been developed. This sensor could successfully 
detect Pseudomonas aeruginosa and Staphylococcus epidermidis colonization on 
the devices, thus preventing further transmission of nosocomial infections [223]. 

BSs for detecting viral pathogens have been an area of research among the scien-
tific community. Various BSs detecting viral pathogens, namely Influenza, Hepatitis 
C virus, Human Immunodeficiency Virus, Severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) virus, Zika, Rota viruses, Dengue fever virus, have been 
developed [224]. FET-BS detecting SARS-CoV-2 virus from the saliva samples have 
been developed using DNA aptamer conjugated to the graphene FET-BS platform. 
These FET-BS have high precision in detecting coronavirus and provide an easy, 
rapid and accurate point-of-care (POC) platform for detecting as well as control-
ling the spread of the pathogen[225]. Furthermore, electrochemical BS for detecting 
coronavirus cDNA using graphene polylactic electrode modified with gold particles 
have been developed [226]. 

Fungal pathogens affect humans by causing severe skin infections and contam-
inating food samples [227, 228]. Electrochemical BS for detecting fish fungal 
pathogen, Aphanomyces invadans, have been developed. The BS was developed by 
immobilization of anti-mycelium antibodies on nanocomposite of graphene-silver 
nanoparticles. Further, Graphene and its derivatives as well as nanocomposites can be 
potentially used for fungal detection used for fungal pathogen detection [229]. Table 
5 outlines various graphene-based BS for detecting microbial cells along with infor-
mation about target analyte, biosensing platform, biosensor type as well as detection 
limit.

5.5 Graphene-Based Biosensors in Inflammatory Diseases 

Chronic inflammatory diseases (CIDs) namely cancer, diabetes mellitus, neurode-
generative diseases and ischaemic heart diseases are a cause of mortality world-
wide. Specific biomarker detection for these CIDs can markedly lower the death rate 
induced by these diseases. Graphene-based BSs are widely employed for biosensing 
of biomarkers specific for these inflammatory diseases. Various biomarkers used 
in disease diagnosis include pro-inflammatory cytokines and interleukins (IL): 
IL-1β, IL-6, IL-8, IL-15, IL-17, IL-18 for rheumatoid arthritis, oral cancer, AD 
and osteoarthritis [238–241]; anti-inflammatory cytokines: IL-4, IL-10, IL-13 for 
Asthma, inflammatory pain, ulcerative colitis, systemic sclerosis [242–245]; serum 
cardiac troponin I (cTn-I) for Cardiac troponin T, coronary artery disease [246, 
247]; B-type natriuretic peptide (BNP) for coronary artery disease [248, 249]; high-
mobility group box 1 (HMGB1) for COVID-19, oral inflammation, etc [250, 251].
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Table 5 Graphene-based biosensors for detecting microbial cells 

Analyte/Target Biosensor design Biosensor type Detection limit Refs. 

E. coli Anti-E.coli linked on the 
surface of graphene aerogel 

Electrochemical 
impedimetric 

– [230] 

DNAzymes 
specific for Vibrio 
alginolyticus 

DNAzyme-based 
fluorescent sensor 

Fluorescent 31 CFU/mL [231] 

E. coli Electro-statically 
functionalized GO with 
oxygen-containing 
functional groups 

Electrochemical 100 CFU/mL [232] 

S. enterica Label-free Aptamer on 
rGO-TiO2 nanocomposite 

Electrochemical 10 CFU/mL [221] 

Glycoprotein of 
Ebola virus 

Anti-EBOV glycoprotein 
antibody immobilized on 
the surface of FET 
modified with rGO 

FET 2.4 pg/mL [233] 

Zika viral antigen 
of Zika virus 

Monoclonal antibodies 
linked on the surface of 
graphene 

FET 0.45 nM [200] 

Hepatitis C virus 
DNA 

mrGO-CuNCs 
nanocomposite 

Electrochemical 405 pM [234] 

Influenza virus 
surface protein HA 

H1N1 and H5N2 peptide 
bound to Nio-rGO/MXene 
nanocomposite coated on 
GCE surface 

Electrochemical H1N1: 3.63 nM 
H5N2: 2.39 nM 

[235] 

Chikungunya virus Si and graphene layer 
coated on glass prism base 
coated with Ag 

SPR [236] 

M. tuberculosis PNA probe-modified 
NH2-rGO/TEMPO-NCC 
films immobilized on SPE 

Electrochemical [237] 

Abbreviations: E. coli: Escherichia coli; CFU: Colony forming unit; rGO: reduced graphene oxide; 
TiO2: Titanium dioxide; FET: Field Effect Transistor; EBOV: Ebola virus; mrGO: magnetic reduced 
graphene oxide; CuNCs: Copper nanocomposites; GCE: Glassy carbon electrode; HA/H: Hemag-
glutinin; N: Neuraminidase; SPR: Surface plasmon resonance; Ag: Silver; SPE: Screen printed 
carbon electrode; TEMPO-NCC: 2,2,6,6-tetramethylpiperidin-1-yl) oxyl nanocrystalline cellulose; 
PNA: Peptide nuclide acid; S. enterica: Salmonella enterica; M. tuberculosis: Mycobacterium 
tuberculosis

Table 6 depicts various graphene BS used in biomarker detection along with informa-
tion about target analyte, biosensing platform, biosensor type as well as the detection 
limit.

Graphene-based BSs have been used for detecting various biomarkers. 
Interleukin-6 (IL-6) is a pro-inflammatory and anti-inflammatory cytokine serving 
as a biomarker for sepsis and various pathological inflammation [252]. This immune 
sensor is based on gold nanoparticles functionalized with sulphur-doped GQDs and
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Table 6 Graphene-based biosensors for detecting inflammatory biomarkers 

Analyte/Target Biosensor design Biosensor type Detection limit Refs. 

GFAP Hybrid graphene nano-sheet 
intermixed with the 
conductive PEDOT:PSS) 
polymers embedded within 
the base carbon matrix 

Electrochemical 281.7 fg/mL [255] 

Beta-amyloid 
(Aβ1-40) 

Graphene/rGO dual-layer 
screen-printed electrode 
immobilized with H31L21 
antibody 

Electrochemical 2.398 pM [256] 

IL-6 Pyrene-tagged DNA 
Aptamer (PTDA) Probes 
immobilized on graphene 

FET 100 pM [257] 

IL-6 Aptamer immobilized on the 
surface of graphene 

FET 139 fM [258] 

IL-6 Crumpled graphene FET – [259] 

Cytokines namely 
IL-6, TNF-α and 
IFN-γ 

Graphene sheets deposited 
on a copper substrate 

Electrochemical 
impedimetric 

175 kDa total 
cytokine mass 

[254] 

Cytokines namely 
VEGF, IFN-γ and 
TNF-α 

Three biotinylated 
molecular beacon aptamers 
tagged by redox probes 
namely AQ for VEGF, MB 
for IFN-γ and Fc for TNF-α 

Electrochemical 5 pg/mL [260] 

Oral cancer 
biomarker IL-8 

ZnO–(rGO)nanocomposite Electrochemical 51 pg/mL [261] 

cTn-I biomarker LSG-ZnFe2O4NPs 
electrodes-aptasensor 

Electrochemical 0.001 ng/mL [262] 

cTn-I biomarker Aptamer immobilized on Ag 
NPs/MoS2/rGO 
nanocomposite 

Electrochemical 0.27 pg/mL [263] 

Abbreviations: GFAP: Glial fibrillary acidic protein; PEDOT-PSS : poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate; Aβ1-40: beta-amyloid (Aβ1-40) peptide of 
40 amino acids; PTDA: Pyrene-Tagged DNA Aptamer; VEGF: Vascular endothelial growth factor; 
TNF: Tumor necrosis factor; IFN: Interferon; IL: Interleukin; FET: Field Effect Transistor; AQ: 
Anthraquinone: AQ; Methyl blue: MB; Ferrocene: Fc; ZnO: Zinc oxide; rGO: reduced graphene 
oxide; ZnFe2O4: Zinc ferrite; NPs: nanoparticles; LSG: Laser scribed graphene; cTn-I: cardiac 
Troponin-I; MoS2: Molybdenum disulfide

hollow zinc sulphide and cadmium sulphide nanocage both of which were immobi-
lized with anti-IL-6 antibodies and provide highly selective and sensitive detection 
of IL-6 in serum sample. Graphene-based electrochemical BS is utilized in quan-
tification of multiple cytokines for monitoring of pathological and physiological 
conditions in the body [253]. Electrochemical impedance spectroscopy (EIS) BSs 
based on graphene, gold and carbon electrodes are utilized for detection of cytokine
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storms in the blood due to hyperactivity of the multiplication of the pathogens, such 
as in case of COVID-19 virus infections [254]. 

6 Challenges 

With the ongoing research and development in the field of BSs, biosensing is devel-
oping into a commercial reality. For a better understanding of BS’s market trend and 
feasibility, the “Biomedical Sensor Market Forecast” is being released by industry 
ARCTM, offering industry market analytics, research and consulting (ARC) [264]. 
It states that these BSs tailored themselves to each patient’s genetic makeup and 
are configured to emit alert signals when abnormalities or unexpected bodily read-
ings are obtained in real time. According to the ten-year Graphene Market and 2D 
Material Assessment for 2021–2031, the graphene market forecast for 18 key appli-
cation areas demonstrates that graphene materials are progressing along their rising 
trend and have moved out of the laboratory into the market [265]. Commercializa-
tion has been expanding gradually, and the market is expected to grow significantly 
over the next decades. However, before being commercially available as well as 
worthy product, the graphene-based BS will undoubtedly encounter certain chal-
lenges including quality control, durability and scalability; and needs to be properly 
addressed. Thorough attention must be given to the inherent properties of graphene, 
their functionalization as well as the fabrication procedure and diagnostic need for 
designing the BS. The activity of some graphene-based sensors in biological samples 
frequently fell short of the desired detection results, even though a large number of 
these sensors had been published and reported in previous articles. This was primarily 
due to some non-specificity of several biochemical molecules during the graphene 
and targets interfacial reactions. Even though some sample pre-processing for biolog-
ical samples is required before the final testing, which is often time-consuming 
complex procedure [266]. Moreover, the performance of BS in actual biological 
samples is frequently not published, even though these sensors as described in the 
literature display strong storage stability and repeatability. 

7 Conclusion 

The chapter explores the recent progress in graphene-based BSs. It provides compre-
hensive knowledge about the design strategies of these BSs along with their potential 
uses in detecting microbial infection, inflammatory biomarkers, DNA, enzymes and 
antibodies, all of which are related to the diseased or abnormal state of the body. With 
graphene-based BS, a wide variety of detection techniques may be employed and 
sensor size and read out may be adjusted as needed depending on the intended use. 
However, there is still a vital need to move above the research by constructing new 
concepts for obtaining higher sensitivity as well as specificity, such that the present
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BS could be modified and brought into biological applications. In vivo application 
of these BSs still needs a practical focus such that it can be used in the biomedical 
field. Major limiting features including non-specific interaction of graphene-based 
surfaces along with the large-scale reproducibility of the graphene BS fabrications 
needs to be highlighted as they form a key factor preventing their commercializa-
tion. Furthermore, to prevent any unintended secondary health impacts, toxicity and 
biocompatibility problems still need to be properly addressed. The bio-stability of 
the sensors has been evaluated in vivo and in vitro, and the results are favourable 
and promising for future technology transfer. Despite the worldwide research on 
graphene-based BSs, there are still several impediments to overcome, such that 
research in the lab can fruitfully serve the biomedical sector easing diseased free 
as well as healthy lives. To advance this subject and suggest graphene-based BS as 
a point-of-care option, there is an urgent need for coordinated teamwork between 
scientists of diverse fields including chemistry, physics, material, science as well as 
medical professionals. 
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Micro-sized Graphene-Based UWB 
Annular Ring Patch Antenna 
for Short-Range High-Speed Terahertz 
Wireless Systems 

Asma Khabba, Jamal Amadid, Zakaria El Ouadi, Layla Wakrim, 
Saida Ibnyaich, Ahmed Jamal Abdullah Al-Gburi, and Abdelouhab Zeroual 

Abstract Owing to the fascinating features of graphene material, graphene-based 
patch antennas have quickly attracted attentions in communication technologies for 
high-speed data transfer in terahertz band. Herein, we present in this chapter a careful 
study of a new ultra-wide band (UWB) graphene-based plasmonic terahertz (THz) 
antenna operating in the range of 7.4–8.4 THz, with a huge bandwidth of 1000 GHz. 
The resonant part of the antenna consists of a modified circular ring patch, designed 
on 2.4 μm-thick silicon laminate with a high permittivity of 11.9. The resonating 
frequencies and the antenna operation band can be controllable by adjusting the 
graphene layers’ chemical potential, where the desired UWB behavior is attained 
whit a chemical potential of 2 eV. The suggested antenna possesses a super compact 
geometry of 24 × 24 μm along with attractive radiation behavior in terms of gain (up 
to 5.5 dB) radiation efficiency (>97%). In addition, a high impedance matching is 
achieved which contributes in very low reflection coefficient of −53.5 dB. According 
to the outcomes realized, it can be inferred that the proffered THz antenna would 
be an excellent solution for various applications in terahertz regime, including the 
explosive detection, material characterization, homeland defense, security scanning, 
biomedical imagine, sensing, video rate imaging system and the upcoming short-
range high-speed wireless indoor communications. 

Keywords Graphene · Terahertz · UWB · Antenna · Plasmonic · Indoor 
communication · High speed

A. Khabba (B) · J. Amadid · Z. E. Ouadi · S. Ibnyaich · A. Zeroual 
Instrumentation, Signals and Physical Systems (I2SP) Team, Faculty of Sciences Semlalia, Cadi 
Ayyad University, Marrakesh, Morocco 
e-mail: asma.khabba@edu.uca.ac.ma 

L. Wakrim 
Laboratory of Innovation in Management and Engineering for Business (LIMIE), Higher Institute 
of Engineering and Business (ISGA), Marrakesh, Morocco 

A. J. A. Al-Gburi 
Department of Electronic and Computer Engineering (FKEKK), Center of Telecommunication 
Research and Innovation (CeTRI), Universiti Teknikal Malaysia Melaka (UTeM), Durian 
Tunggal, Malacca, Malaysia 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
S. K. Patel et al. (eds.), Recent Advances in Graphene Nanophotonics, Advanced 
Structured Materials 190, https://doi.org/10.1007/978-3-031-28942-2_10 

227

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-28942-2_10&domain=pdf
mailto:asma.khabba@edu.uca.ac.ma
https://doi.org/10.1007/978-3-031-28942-2_10


228 A. Khabba et al.

1 Introduction 

During the past few years, the revolutionary advancement in wireless communica-
tions technologies generated a real need to an inexhaustible frequency bandwidth 
to fulfill the requirements of channel capacity, colossal data traffic rate, and unin-
terrupted connectivity [1–6]. These needs have attracted the researchers’ interests 
toward a new massive frequency band spectrum, namely terahertz (THz) band. 
The latter is an electromagnetic (EM) spectrum lying between millimeter wave and 
infrared regions and occupying the spectral band from 0.1 to 10 THz. The region 
of THz band has appeared as a key solution to achieve high speed, secure, highly 
reliable wireless communications and unprecedented advanced technologies [7, 8]. 
The THz band technologies are gaining a rapid development to support several high 
potential applications such as ultra-fast communication [9], medical diagnostic [10], 
explosive detection [11], chemical, viruses’ detection [12], remote sensing [13], 
imaging system [14], material characterization [15] and spectroscopic detection [16]. 
Indeed, the terahertz spectrum are able to hold up all these data-hungry applications 
due to many benefits like the enormous available frequency band, improved anti-
interference performance, low diffraction and high spectral resolution compared to 
millimeter wave (mm-Wave) spectrum. However, the severe atmospheric path atten-
uation constitutes a significant hurdles for the commercialization of THz wireless 
systems. Accordingly, developing a compact antenna with high efficient performance 
is of first concern to indemnify the wasted energy referred to the considerable path 
loss in THz regime [17]. The antenna is the key unit enabling the transmission of 
EM waves in THz wireless communication where its characteristics, including the 
compactness, the bandwidth, efficiency and gain, etc., affect directly the THz system 
performance. This will inherently raise several defiances to the experts of antenna 
community and usher in a new era in the realm of planar antenna technology. In the 
other side, graphene material arouses a considerable scientific attentiveness due to 
its exceptional mechanical and electrical traits. It is explored as miracle substance 
enabling the good exploitation of terahertz portion [18]. Accordingly, many existing 
works are focused on graphene to design different antennas structures for THz appli-
cations, for instance, in Ref. [19], a THz antenna with graphene material is proposed 
for multiband application at 1.73/ 2.6 /4.01 /4.72 THz. In Ref. [20], a photoconductive 
dipole antenna is designed using graphene layer and put in comparison with a photo-
conductive dipole antenna made with gold metal, where a high emitted spectrum is 
reached while using graphene. In Ref. [21], a graphene patch antenna with super-
strate is suggested to operate at 7 THz with total bandwidth of 386 GHz. Another 
graphene-based antenna with narrow bandwidth of 25 GHz is reported in [22]. In Ref. 
[23], a conventional patch antenna is presented with a total bandwidth of 280 GHz at 
0.72 THz. In Ref. [24], a rectangular path antenna is created at 0.67 THz with only 
40 GHz of bandwidth. Similarly in Ref. [25], a modified patch antenna is modeled 
using graphene as radiating material to work at 0.62 THz. The photonic band gaps 
were implanted in the substrate, while a restricted bandwidth of 34.9 GHz is reached.
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Taking into account the wide bandwidth requirement for high data rate trans-
mission, the main objective of this research work is the development of a new 
THz antenna supporting the ultra-wide band operation while preserving a suitable 
radiation performance and extremely small dimensions. This purpose is success-
fully accomplished by developing a teeny circular ring antenna powered by a 50 Ω

microstrip feed line and backed by a full ground plane. The conducting parts of the 
proposed antenna are made of graphene material, while silicon substrate is chosen 
to build the design. 

The remaining of the paper is organized as follows: The next section is allowed 
to introduce the graphene material and modeling. Section 3 presents the proffered 
antenna geometry. The antenna evolution procedures is studied in Sect. 4. A careful 
parametric study is done in Sect. 5. Section 6 brings the main achieved results. A 
comparative study is taken place in Sect. 7. Finally, Sect. 8 summarizes the performed 
study. 

2 Modeling of Graphene Material 

Graphene is a staggering carbon-based material with spectacular optical, electrical 
and mechanical properties. It is considered the magic key to entering the terahertz 
world through its wide door. In addition, one of the most advantage of graphene 
is the capability to support the transmission of surface plasmon polaritons (SPPs) 
waves on its surface which can be employed for miniaturization process even for 
antennas or other applications [26]. Indeed, the graphene surface plasmon polaritons 
are highly tunable and marked by low consumption, ultra-fast carrier mobility and 
strong localization [27]. The SPPs propagation as well as the graphene resonance are 
heavily depending on its complex electrical conductivity, where the latter is mainly 
depends on the key parameters, namely relaxation time (τ ) and chemical poten-
tial (μc), i.e., (Fermi energy). Hence, the chemical potential can be altered trough 
chemical doping or by applying electrostatic gate bias [28]. For an infinitesimally 
thin graphene surface with random-phase approximation (RPA), the surface electric 
conductivity (σ s) can be represented mathematically with the assistance of Kubo 
Formula which is denoted by Eq. (1) [21, 29], where, Fermi Dirac distribution is 

denoted by f d(ε) =
(
e 

ε−μc 
kB 

−T + 1
)
, and the collision frequency is represented by

[ = 1/2τ . 
Furthermore, the graphene total conductivity (σ g) [30] can be obtained by 

summing the two conductivity parts, the first part is the intra-band conductivity 
(σ intra), while the second is the inter-band conductivity (σ inter). The intra-band 
conductivity controls the graphene characteristics in infrared region, where the 
approximated Eq. (2) is given by Dured model, where q is the electron charge, Boltz-
mann constant is denoted by kB, T is the effective carrier temperature in Kelvin, 
reduced Plank constant is given by è = h/2π and ω is the angular frequency of 
the incident wave. Damping constant is expressed as [c = q è υ2 

F /μμc, where,
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μ = 104m2.V−1 .s−1 is the electron mobility and υ2 
F = 106m.s−1 is the Fermi 

velocity. The other conductivity part, i.e., the inter-band conductivity, is dominating 
at higher frequency spectrum and it is expressed by Eq. (3). 

σs = j 
q2(ω − j2[) 

πh2 ⎡ 

⎣ 1 

(ω − j2[)2 

∞∫

0 

ε

(
∂ f d(ε) − ∂ f d(−ε) 

∂ε

)
∂ε − 

∞∫

0 

f d(−ε) − f d(ε) 
(ω − j2[)2 − 4

(
ε 
h

)2 ∂ε 

⎤ 

⎦ (1) 

σintra = j 
q2kBT 

πh(hω + j2[c)

[
μc 

kBT 
+ 2 ln

(
e 

μc 
kB T + 1

)]
(2) 

σinter = j 
q2 

4πh 
ln

[
2|μc| − (hω + j[c) 
2|μc| + (hω + j[c)

]
(3) 

The graphene material can be roughly modeled using the FIT-based (Finite Inte-
gration Technique) electromagnetic software, namely CST microwave studio for 
optical applications and terahertz spectrum. Accordingly, Fig. 1a and b expose the 
real and imaginary parts of the of the simulated graphene conductivity for various 
values of chemical potential (μc) and relaxation time (τ ), respectively.

As illustrated, it can be clearly observed that the conductivity behavior changes 
significantly when augmenting the chemical potential (μc) and relaxation time (τ ), 
which leads to produce a strong resonance at higher frequency range. Indeed, with 
the increase of chemical potential (μc), the absorption cross section raises and the 
resonance shifts toward high frequencies, where the same goes for relaxation time 
(τ ). Hence, to tune the antenna resonance at high terahertz frequency, the graphene 
characteristics are chosen in the following manner; chemical potential (μc) is fixed  
at 2 eV, for the relaxation time (τ ) is specified at 10–12 s and the temperature T is 
chosen at 300 K. 

3 Geometry of the Proposed THz Antenna 

The configuration of the proposed antenna structure is exposed in Fig. 2. The antenna 
geometry is wisely built of 2.4 μm-thick silicon substrate with permittivity εr of 11.9, 
tangent loss of 0.00025 and full area (Ws ×Ls) of 24 × 24 μm2. The proposed layout 
consists of a radiating annular ring with outer radius r1 and inner radius r2 of 6.5 and 
5 μm, respectively, powered by a 50 Ω microstrip feed line of length Lf = 5.6 μm 
and width W f = 1.5 μm. A rectangular strip of width W1 = 1.7 μm and length L1 

= 1.42 μm is placed at the outer edge of the annular ring, in the opposite direction 
to the feeding line for bandwidth enhancement goal. A full ground plane is used to 
back the structure, where the antenna conductive parts are made using 0.4 μm-thick 
graphene layer.
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Fig. 1 Conductivity variation with respect to a Chemical potential (μc), b relaxation time, c 
conductivity of proposed graphene with μc = 2 eV,  τ = 10–12 s and  T = 300 K
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Fig. 2 Layout of the 
graphene-based suggested 
antenna 

A careful design construction and intense parameter optimization are made 
using the above mentioned software to reach the most-refined version of the 
suggested antenna providing the desirable operation. To find out the antenna design 
methodology, the next section investigates the antenna evolution procedure. 

4 Evolutionary Stages of the Suggested Antenna 

In order to comprehend the operation principle of the proposed antenna design, Fig. 3 
displays the essential evolution steps through which the final antenna geometry with 
the desired operation is reached. As clarified, the proposed antenna is the ameliorated 
version of the basic Circular Microstrip Patch Antenna (CMPA) developed over 
three essential steps, where the frequency response for all design steps is collected 
in Fig. 4. As demonstrated in Fig. 3a, the first step is accomplished by designing 
a conventional CMPA with complete ground plane, where the patch radius r1 is 
preliminary approximated using Eqs. (4–5). Then the overall dimensions refinement 
is done with the assistance of CST software to bring the antenna resonance in the 
band of interest. As perceived in Fig. 4, the conventional CMPA (Antenna-1) was 
firstly modeled to resonate around 8 THz frequency, however, the total bandwidth is 
only 177 GHz, while the impedance matching needs a considerable improvement. 
Hence, to extend the operating bandwidth and the impedance matching, geometrical 
modifications are required. Accordingly, in the second step exposed in Fig. 4, the  
basic CMPA is converted to an annular ring microstrip patch antenna (Antenna-2) 
by creating a circular slot with a radius r2 inside the resonant patch. As expected,
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the reflection coefficient in Fig. 4 shows a great bandwidth enhancement from 177 
to 720 GHz after adding the circular slot where a strong resonance is created at 
8.11 THz. This is obtained through a fine refinement of the slot radius r2 which is 
fixed at 5 μm, where the latter is approximately seventh wavelength ( λ 

7 ) at 8.11 THz. 

r1 = F
{
1 + 2hsub 

πεr F

[
ln

(
π F 
2hsub

)
+ 1.7726

]}1/2 
(4) 

F = 
8.791 × 109 

fr
√

εr 
(5) 

Hence, to well comprehend the circular slot effect, Fig. 5 shows the electric field 
distribution of the SPP before and after adding the slot. As configured, the etched 
slot has led to a strong confinement of the electric field propagation in the substrate 
inside the annular ring which enables the antenna to form its first resonance around 
8.11 THz. Finally, as visualized in Fig. 3c, to get the coveted operation, a rectangular 
strip is inserted on the top edge of the annular ring which consequently contributes 
to reach the final design of the suggested antenna.

As can be seen in Fig. 4, the resonant strip engenders a new resonating frequency 
at 7.5 THz which bestowed further bandwidth-extension toward lower frequencies. 
The strip dimensions are properly tuned to extract the optimal antenna behavior

Fig. 3 Stepwise design 
evolution, a Antenna-1 
(Conventional antenna), b 
Antenna-2 (Ring antenna), c 
Proposed antenna
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Fig. 4 Reflection coefficient of the evolutionary designs

Fig. 5 SPP electric field distribution, a Antenna-1 at 8.07 THz, b Antenna-2 at 8.11 THz

where its effect can be easily glimpsed by observing the electric field pervasion in 
Fig. 6.

As described, a strong electric field intensity is surrounding the rectangular strip at 
7.5 THz which indicates its main rule to generate the mentioned resonating frequency, 
whereas at 8.15 THz, the electric field propagation remains intense in the annular 
ring slot. So, to deeply analyze the effect of the antenna parameters on its operation 
behavior, an accurate parametric study is done in the next section.
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Fig. 6 SPP electric field distribution of the proposed antenna, a 7.5 THz, b 8.15 THz

5 Parametrical Analysis 

Parametric analysis is an inevitable phase in antenna design to discover the 
optimal dimensions allowing the best antenna performance. Hence, this parametric 
analysis is performed with the intention to reveal the effect of the some basic param-
eters related to the annular ring and the rectangular strip on the antenna perfor-
mance including the operating bandwidth, the impedance matching and the resonant 
frequencies. The influence of the inner radius r2, the strip width W1 and length L1 is 
configured in Fig. 7. During the parametrical study, when altering a parameter, the 
other ones remain constant. As manifested in Fig. 7a, the reflection coefficient shows 
a hyper sensitivity and changes drastically when the inner radius r2 is increased from 
3 to 6  μm. Indeed, with r2 = 3 μm, the antenna acts as multiband antenna with two 
resonant frequencies at 8.12 and 8.65 THz. The multiband operation converts to 
monoband operation around 8.21 THz when r2 is 4  μm. The required operation is 
glimpsed when the inner radius r2 is 5  μm, where the antenna bears an ultra-wide 
band of 1000 GHz and two resonant frequencies at 7.5 THz and 8.15 THz. However, 
when the inner radius r2 is augmented to 6 μm, the impedance matching is distorted 
over the whole frequency range and inherently the operational bandwidth get lost. 
The effect of varying the rectangular strip width W1 is displayed in Fig. 7b. As shown, 
the slight variation of the parameter W1 from 1.3 to 1.9 μm with a step of 0.1 μm 
has a clear impact on the impedance matching of both resonating frequencies as well 
as the adjustment of the lower resonating frequency.

Indeed, it can be remarked that the latter is decreased from 7.59 to 7.5 THz when 
the width W1 increases from 1.3 to 1.7 μm while it rising back to 7.53 THz when 
W1 is 1.9 μm. The most suitable result is attained at W1 = 1.7 μm. The outcome of 
swapping the strip length L1 is plotted if Fig. 7c.
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Fig. 7 Parametric analysis of the some key parameters, a inner radius r2, b strip width W1, c strip 
length L1
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As exposed, the effect of altering the parameter L1 from 1.22 to 1.62 μm has 
principally a direct influence on the lower resonance frequency and the impedance 
matching, while the higher resonance frequency value still unchanged. By increasing 
L1, the first resonance shifts down from 7.55 to 7.42 THz, while the sought-after 
frequency response is acquired with L1 = 1.42 μm. Consequently, the performed 
parametrical analysis assures the main role of the parameters, namely the inner 
radius r2, the strip length L1 and width W1 to neatly control the reflection coefficient 
and adjust the resonant frequencies and operating bandwidth. In addition, they can 
properly amend the impedance matching to offer the best performance operation. 
After wisely analyzing the antenna parameters and describing their effect on the 
frequency response, the next section is dedicated to present the results and antenna 
performance. 

6 Performance Results and Discussions 

This section is allowed to present and describe the traits of the suggested antenna 
including the impedance and radiation characteristics. 

6.1 Reflection Coefficient 

As illustrated in Fig. 8, the suggested antenna bears an ultra-wide bandwidth of 
1000 GHz from 7.4 to 8.4 THz with high impedance matching where the reflection 
coefficient at the first and second resonant frequencies reaches to−54 dB and−34 dB. 
The attained bandwidth could be used for various high-speed wireless applications 
in terahertz spectrum. 

Fig. 8 Reflection coefficient 
of the proposed antenna
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Fig. 9 VSWR of the 
suggested antenna 

6.2 Voltage Standing Wave Ratio 

As the reflection coefficient, the Voltage Standing Wave Ratio (VSWR) can be used to 
visualize the impedance bandwidth of the proposed antenna. Indeed, the operational 
bandwidth can be determined when the VSWR is below 2. Accordingly, same as the 
reflection coefficient, the plotted VSWR in Fig. 9 shows a large operating bandwidth 
from 7.4 to 8.4 THz at VSWR < 2 which in turn indicates a good agreement and 
validates the operating band. 

6.3 Input Impedance 

The antenna input impedance (Zin) is the voltage to current ratio at the input of the 
antenna. It is a complex number where the input resistance is the real part Re [Zin], 
while the imaginary part Im [Zin] is the input reactance. To fulfill a high impedance 
matching at a given frequency which inherently means a highly radiated power, the 
input impedance should be close to 50 Ω. This signifies that the real part must be 
close to 50 Ω, while the imaginary part should be near to zero. In the ideal case, 
the imaginary part of the input impedance is null and the real part is exactly 50 Ω

which indicates that the antenna receives and radiates the total incident power. The 
input impedance of the proposed antenna is configured in Fig. 10, as can be seen the 
antenna realizes a high impedance matching at both resonance frequencies, where 
the real and imaginary parts (Re [Zin], Im [Zin]) at the lower and higher resonance 
frequencies are (50.02, 0.2) Ω and (49.23, 1.8) Ω, respectively.
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Fig. 10 Antenna input 
impedance 

6.4 Radiation Patterns 

The radiation pattern describes the variations of the radiated power in function of the 
direction away from the antenna. Hence, the three-dimensional radiation patterns 
7.5, 7.8, 8 and 8.15 THz are plotted in Figs. 11, 12 and 13 and 14, respectively. 
In addition, the polar (2D) representation of the radiation pattern at the mentioned 
frequencies is illustrated in Figs. 15, 16, 17 and 18, respectively. As displayed, the 3D 
configuration assures a good and stable radiation behavior of the suggested antenna 
at all selected frequencies where the maximum gain achieved is 2.95, 3.57, 3.82 
and 4.6 dB at 7.5 THz, 7.8 THz, 8 THz and 8.15 THz, respectively. Furthermore, 
the 2D radiation patterns at the above mentioned frequencies in the two cutting 
planes, i.e., H-plane (phi = 0°) and E-plane (phi = 90°) show for most frequencies a 
quasi-omnidirectional pattern in H-plane and bidirectional pattern in E-plane which 
demonstrates a uniform radiation. In the other side, the gain and radiation efficiency 
along the operating bandwidth are traced in Fig. 19. As displayed, the proposed 
design is marked by a good gain characteristic varying between 2.6 and 5 dB over 
the working band. In addition, an excellent radiation efficiency trait is remarked along 
the whole bandwidth where the minimum value is more than 97.5% and the maximum 
reached is up to 99.72%. After describing the achievements of the suggested antenna, 
a brief comparison with some existing work is reported in the next section to well 
evaluate the antenna performance.

7 Comparison with Other Reported Work 

Table 1 presents a comparative study of the proffered antenna performance with 
some other previous works. Certainly, many research are reported in the literature to 
propose different antenna design structure for the upcoming terahertz applications.
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Fig. 11 3D radiation pattern 
at 7.5 THz 

Fig. 12 3D radiation pattern 
at 7.8 THz

Indeed, as summed in the Table, the researchers was focusing on both lower and 
higher frequencies of terahertz spectrum to develop different antennas structures. 
However, all the assembled designs were marked by a narrow bandwidth, while 
some of them are limited by their low radiation efficiency. Hence, compared to the 
other previous works, the suggested antenna offers the widest bandwidth of about 
1000 GHz with the highest radiation efficiency of 99.72%. Moreover, it provides 
a good comparable gain while preserving the most compact structure. As a result, 
all the mentioned traits allows the proposed antenna to be a suitable option for the 
wireless devices of terahertz applications.
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Fig. 13 3D radiation pattern 
at 8 THz 

Fig. 14 3D radiation pattern 
at 8.15 THz

8 Conclusion 

In this manuscript, an ultra-simple, ultra-wide band and super-tiny graphene-based 
annular ring antenna was developed and optimized for terahertz applications. The 
antenna was neatly designed using CST software to operate along a very wide tera-
hertz spectrum range from 7.4 to 8.4 THz with high radiation efficiency reaches to 
99.72% and maximum gain of 5 dB. The achieved results qualifies the proffered 
antenna to be a strong contender for terahertz wireless applications.
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Fig. 15 Two dimension radiation pattern at 7.5 THz 

Fig. 16 Two dimension radiation pattern at 7 THz
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Fig. 17 Two dimension radiation pattern at 8 THz 

Fig. 18 Two dimension radiation pattern at 8.15 THz
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Fig. 19 Radiation efficiency and gain versus frequency
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Surrogate Optimization-Assisted 
Dual-Band THz Inverted-F Coplanar 
Graphene Antenna 

K. C. Rajarajeshwari, T. Sathiyapriya, and E. L. Dhivya Priya 

Abstract In this chapter, we employed graphene to design a dual-band terahertz 
patch antenna. The computational results demonstrate that the proposed inverted-F 
coplanar graphene antenna (IFCGA) structure could provide outstanding dual wide-
band performance and frequency reconfiguration by incorporating some parameter 
optimization on graphene conductor. The conductivity and Fermi level of graphene 
will change as that the attributes of host material could be modified through varying 
external voltage level and also by changing the doping level of graphene. Due to 
its excellent electrical conductivity and optoelectronic characteristics in the THz 
frequency regime, graphene coplanar antenna possesses better functionality in terms 
of more stable UWB performance, increased miniaturization, and simple adjust-
ment. At higher frequency, there exists an aberrant condition of cross-polarization in 
conventional microstrip transmitter and receiver antennas. To cover a long-distance 
connection, a graphene-based antenna structure is employed to provide higher effi-
ciency and low cross-polarization in comparison with conventional transmitter and 
receiver antennas. Initially, the antenna was constructed using pure graphene versus 
doped graphene, and then the optimizations were carried out to enhance the antenna 
performance at the desired frequency. Initially, the optimization parameters were 
fixed as multiple objectives like small size, front-to-back ratio, S11 (dB), and 
graphene purity. The reflection coefficient, gain, directivity, and efficiency increased 
when a reflective mesh was used below the antenna structure. The maximum results 
were achieved at 0.8 and 2.2 THz which can be used for various THz communications. 
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1 Introduction 

Graphene is indeed the finest material that man has discovered around one atom 
thick, the lightest substance known, and the hardest compound found with a tensile 
strength 300 times that of steel. Keeping this in consideration, it may sound surprising 
to learn that carbon is the second most prevalent material inside the human system 
and the fourth highest common material in the world (by mass), behind all elements. 
As carbon is the elemental basis for all existing life on this planet, graphene has 
the potential to be an environmentally friendly, viable solution for an almost infinite 
number of uses. One of the main goals of contemporary technology is to supplant 
metals with lightweight, more affordable, and much less energy-intensive materials. 

For engineering applications like aviation and the automobile industries, where the 
use of nitrogen materials (such as bio composites and elevated polymeric materials) is 
being pushed in the direction of substituting up to 50% of the metal components of the 
vehicle, this metal remediation primary objective is currently well defined. Humon-
gous production of graphene thin films is currently required in order to supersede 
seamless conductors in applications like flexible screens, transparent TV, and solar 
cells. However, sheet resistance << 1 Ω is necessary for potential implementation 
demanding the passage of large currents, such NFC antennae or microelectronics. 
Such structures do not demand substantial annealing, are made entirely of nanopar-
ticles that include graphene without even any extra binders or metallic additives, 
and can sustain tens of millions of deformation cycles without losing function [4]. 
In this work a graphene-based antenna with a high ionic conductivity (4.20 × 105 
S/m) that is equivalent to single crystal graphene but considerably better malleable 
and consumable structure is used. With these favorable characteristics as a foun-
dation, we show the substance’s technological maturity by creating, characterizing, 
and modeling antennas based on it. Such antennas outrank all other carbon-based 
conductor and can be used to satisfactorily completely replace electrically conduc-
tive commercial antennas in short range. We achieved high success through rigorous 
device optimization. Initially, we conducted a thorough comparison and selection of 
various materials, whether generated in the laboratory or commercially available at 
a low cost and in large quantities [3] (Fig. 1).

The electromechanical behavior of the concentration intra- and inter and the near 
electromagnetic field distribution is analyzed in terms of center frequency position, 
magnitude, and amplitude width. Furthermore, the structural elements’ impact is 
assessed. Comprehensive simulation results are used to generate the radio frequency 
analysis. Simulation studies suggest that the nanoparticles may be utilized to effec-
tively create subsequent graphene-based antenna elements functioning in the tera-
hertz range [5]. It is impossible to just shrink conventional metallic transmitter and 
receiver antennas to nanoscale dimensions since doing so would necessitate ultrahigh 
resonant frequency. Therefore, it would take a significant amount of energy to run 
them. Additionally, the typical graphene antenna electrons really are not increasingly
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Fig. 1 Band structure 
analysis for grapheme [12]

dynamic at nanoscales, preventing the formation of the required electromagnetic radi-
ation. Furthermore, given the special properties of graphene, these restrictions will 
not be a problem [1]. 

A collection of conductive material may fit inside a graphene flakes. As a result, it 
would therefore be feasible to implement an antenna from this substance. As a result, 
graphene is commonly used in microstrip antennas rather than copper since it can 
withstand continuous bending deformation. Researchers found that the graphene-
based sheets possess higher conductivity than that of the copper or aluminum of both 
the rectangular frequency selective radiators, which is ideal for radio communica-
tion. Hence using carbon materials sheets for metamaterial array antennas to create 
radiofrequency antennas provides unique performances, compact design, and great 
adaptability. The approach of a nanoparticles inverted coplanar microstrip antenna 
for dual-band applications that rely on TM11 modes is discussed in this paper [2]. 

This paper deals with lot of subsections such as. 

1. Design of feed/U-shaped slot for input feeding purpose. 
2. Design of patch antenna with graphene as metal. 
3. Addition of reflector plate structure to improve the radiation gain. 
4. Replacement of reflector plate with reflector meshes to further enhancement of 

results. 
5. Optimization using surrogate method for fixing the mesh and output results. 

2 Design of U-Slot for Feeding Inverted-F Element 

In this work, initially U-slot antenna was designed for feeding the proposed antenna 
as given in Fig. 2. The reflection coefficient must be reduced utilizing the short-pin 
approach to increase antenna gain. The input and short-pin locations are changed at 
each point of distance 0.45 mm from the previous one and the observations were noted
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Fig. 2 Role of graphene material in THz antenna

[10]. The U-slot antenna gave reflection coefficient of −18 dB at 2.2 THz with a gain 
of 3 dB which will not be sufficient for long-distance applications. THz and sub-THz 
telecommunications involve the utilization of a frequency that covers the spectrum 
between (0.1–10) THz and (0.1–0.3) THz [11]. THz networks will be crucial in situ-
ations when very higher network speeds over small distances are demanded. Inside 
a 5 m range, the terahertz spectrum can be utilized for greater information transfer. 
This reception region is made up of mobile network tiny cells [8]. THz information 
can be communicated both indoors and outdoors, with both fixed and mobile users. 
Terabit wireless local area networks (T-WLAN) may connect wide range of data 
to fiber optical cables to portable smartphones and tablets with ease. In terahertz 
telecommunication, mobile and fixed channels have the same performance [6]. This 
reflection coefficient can be further improved by adding this slot as feed network for 
the proposed antenna. The detailed process involved in the design of the proposed 
antenna is given in Fig. 3. 

The layout proposes an integrated model and then modifies it by using simulations 
in three phases. Firstly, the required bonding factor is determined. Secondly, CMA 
is employed to construct separable patches and slots with about similar frequency 
ranges. These two designs are then joined to form a complete U-slot patched 
antenna structure, and the comprehensive impedance is determined. If required, the 
shape can be adjusted using a few basic rules to provide a better resistance region. 
However, any array can be created entirely using simulation and quantitative opti-
mization, and next designs are important for each fast-making great design also 
knowing the constraints and opportunities of system efficiency. 

Regrettably first-principle explanation that involved the use of statistical proce-
dure based on such is unusual in the research for broad range, linearly polarized 
U-slot antenna. This research applies characteristic mode analysis (CMA) [7] as  
well as coupled mode theory (CMT) to characterize the U-slot antenna in a novel 
manner and evolves a modeling approach relying mostly promised to give precepts, 
spanning previous analysis that provided evidence that now the dual bands of the
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Fig. 3 Process involved in 
design of inverted-F coplanar 
graphene antenna
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U-slot antenna are pertaining to CMT, as shown in Fig. 4. The study advances knowl-
edge and development of U-slot patch antenna by establishing that now the tradi-
tional U-slot patch antenna is regulated through CMT, as well as correctly defining 
both transceivers of the U-slot patch while creating an effective analogous device 
that specifically illustrates interaction between two resonators. Furthermore, a data 
transmission process for calculating resonance and a methodological approach based 
on the operating concept are presented. U-slot patch could well be created rapidly 
and effectively using the approach given. 

The reflection coefficient was simulated for frequency between 0.1 and 3 THz, and 
the values are given below in Table 1. The best values are tabulated for reference, 
and the dual-band frequencies are 0.9 and 2.2 THz which deserve the maximum 
reflection coefficient. The dielectric volume distribution is shown in Fig. 4, and the 
dimensions of the U-slot are made as 0.006 × 0.04 mm. In these, various feeds like 
edge, offset, center, and so on were employed, and among them, center feed best

Fig. 4 a Design of U-slot antenna, b design of U-shaped antenna with graphene and FR-4 substrate, 
c dielectric volume distribution for the proposed antenna, d reflection coefficient for U-slot antenna 



Surrogate Optimization-Assisted Dual-Band THz Inverted-F Coplanar … 255

Table 1 Frequency versus 
reflection coefficient for 
U-slot 

S. No. Frequency (THz) Reflection coefficient (dB) 

1. 0.9 −18 

2. 1.1 −12 

3. 1.4 −15 

4. 2.2 −18 

5. 2.6 −13 

suited which will also be used to match with the inverted-F coplanar antenna feed 
[11]. 

3 Design of Inverted-F Coplanar Antenna 

In the telecom sector, the planar inverted-F antenna (PIFA) is becoming more popular. 
This resonator is shaped like an inverted-F, therefore, named as PIFA. The planar 
inverted-F antenna is well-liked furthermore to its reduced size and omni-directional 
radiation pattern which can be used for dual- and multi-band applications. This 
feeding configuration enables the input to be flexibility coupled to slots available 
in the limited ground to introduce new frequency. To model and simulate approach, 
two U-slot designs followed by F-shaped antenna are developed and optimized. The 
perfect match between the predicted and experimental findings verifies the proposed 
dual-band antenna design. Initially, U-shaped antenna is designed, then a straight 
slotted line is inserted to form inverted-F shape, and then the feed is given. Graphene-
assembled film (GAF) is used as reflector substrate to enhance the radiation properties 
and to avoid the spill over rays of antenna. 

In the first stage without any reflector surface, the maximum reflection coeffi-
cient obtained is −18 dB and - 19 dB at 0.9 THz and 2.2 THz, respectively. Since 
the reflection coefficient is not sufficient for THz applications in order to enhance 
this, we have to find an alternate method. One such method is inserting the reflector 
sheet or mesh to improvise the reflection coefficient and gain of the antenna which is 
employed in this work. In order to enhance this, we can insert slot, change the feed 
system, add reflector surface, and so on [9]. Utilizing the layout of a rectangular or 
square radiating patch on the surface below, a specular reflection layer is generated 
with dual-layer rectangular microstrip patch antenna design [11]. Figure 5 depicts the 
shape and configuration of a graphene-assembled film (GAF). Gain improvement will 
be enhanced by altering multiple parameters like inner spacing dimension, external 
spacer equivalent diameter, linear slot diameter, and air gap/reflector distance. In 
this proposed system, a reflector of graphene-assembled film (GAF) sheet is inserted 
below the proposed antenna which gives maximum reflection coefficient of −23 dB 
and −25 dB at 0.9 THz and 2.2 THz, respectively [10], and further to increase the 
reflection coefficient to −39 and −41 dB at 0.9 THz and 2.2 THz, respectively. The 
reflection coefficient at various frequencies is listed in Table 2. The location of feed
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point was fixed based on surrogate optimization technique. A surrogate optimiza-
tion technique is frequently utilized to substitute the antenna modeling software in 
improving the effectiveness of antenna optimization design. Broad learning system 
(BLS) offers an alternate way for cognitive structure, which overcomes the time-
consuming traditional simulation process, even though the accuracy not meets with 
traditional simulation methods. 

The bottom sheet of commonly used antennae with such a graphene ground 
sheet reflects the EM waves, suppressing the spill over and losses of the field radi-
ation patter and improving reflection coefficient. But even so, the coplanar struc-
ture’s central graphene antenna and GAF sheet are in the same plane. The antenna

Fig. 5 a Design of proposed system. b Current distribution pattern. c Directional pattern of the 
antenna. d Directional angle for the proposed antenna
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Table 2 Reflection coefficient of the proposed antenna 

S. No. Frequency (THz) Reflection coefficient (dB) 

Planar inverted-F 
antenna without any 
reflector 

Planar inverted-F 
antenna with GAF 
reflector sheet 

Planar inverted-F 
antenna with GAF 
reflector mesh 

1. 0.2 −10 −11 −12 

2. 0.4 −6 −16 −6 

3. 0.6 −12 −18 −12 

4. 0.8 −14 −16 −14 

5. 0.9 −18 −23 −39 

6. 1 −12 −13 −12 

7. 1.2 −13 −14 −10 

8. 1.4 −5 −18 −6 

9. 0.6 −9 −9 −10 

10. 0.8 −11 −11 −11 

11. 2 −12 −14 −13 

12. 2.2 −19 −25 −41 

13. 2.4 −12 −17 −11 

14. 2.6 −13 −15 −21 

15. 2.8 −8 −13 −13 

16. 3 −6 −9 −10

provides same radiation field pattern for both the top and the bottom parts. Perhaps 
as consequence, irrespective of whether the antenna is flexure bended, the resonance 
frequency moves consistently, and the susceptibility experimental findings of the 
radiating patch with all these different states show a comparable pattern. 

The graphene film antenna’s flexibility may be considered as just a sensing mate-
rial. When compressed, the device bends toward the graphene patch, and when 
tensioned, it bends toward the substrate. The physical elasticity of a graphene antenna 
detector is measured by conforming for varying diameters. Implantable electrical 
equipment are the fundamental building blocks of a human body LAN. Because of 
its near proximity toward the patient’s psyche, antenna adaptability and seclusion 
must be improved in order to retain excellent data signal quality. A stretchy wearable 
antenna device is made of graphene-assembled film (GAF). 

The conformal mix of strong new components and elastic elastomer increases the 
antenna’s elasticity and thermal durability and, furthermore, the proposed coplanar 
inverted-F antenna. Hence, it can be very well used for IoT-coupled wearable antenna 
device which will assist in patient- and doctor-friendly environment.



258 K. C. Rajarajeshwari et al.

4 Gain and Reflection Coefficient Enhancement Methods 
Using Reflector Mesh 

Graphene array antenna can produce incredibly thin, maneuverable antenna waves; 
however, it is physically hard to form reflectors which produce electromagnetic 
waves having equivalent ranges with existing technology. Regardless of whether 
the physical dimension of reflectors and antenna arrays seems to be the same, 
smart antenna arrays allow the operator various degrees of freedom (DOF), span-
ning between internal rays to resultant beam patterns, but they are complicated to 
implement. On the other hand, reflector sheet or mesh does the job simpler on low 
cost without altering any angle. 

The current distribution pattern and other parameters are shown in Figs. 6 and 7. 
In Fig. 6, the reflector used is solid surface, and the gain obtained is 7 dB, whereas 
in Fig. 7, the reflector used is mesh surface, and the gain obtained is 9 dB at 0.9 THz 
which is shown in Table 3. 

Fig. 6 a Inverted-F coplanar antenna with reflector sheet, b current distribution of inverted-F 
coplanar antenna with reflector sheet, c directivity of inverted-F coplanar antenna with reflector 
sheet, d location of plane reflector based on surrogate optimization technique
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Fig. 7 a Inverted-F coplanar antenna with mesh reflector sheet, b current distribution of inverted-F 
coplanar antenna with mesh reflector sheet, c directivity of inverted-F coplanar antenna with mesh 
reflector sheet, d top view 

Table 3 Gain of the proposed antenna 

S. No. Frequency (THz) Gain (dB) 

Planar inverted-F 
antenna without any 
reflector 

Planar inverted-F 
antenna with GAF 
reflector sheet 

Planar inverted-F 
antenna with GAF 
reflector mesh 

1. 0.9 6 7 9 

2. 2.2 5.6 6.8 8.6 

5 Parametric Studies 

The parametric studies section mainly involves the comparison of the different para-
metric value changes with respect to the reflection coefficient. In this section, we 
discuss on various results and their comparisons. In Fig. 8, the reflection coeffi-
cients for inverted planar graphene antenna without reflector, with planar reflector,
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and mesh reflector are discussed. Out of all, mesh reflector gives the maximum gain 
and reflection coefficient. Similarly, Fig. 9 shows various gains for different antenna 
structures. 

For further improvement, we replaced the normal reflector with mesh type and 
the dielectric constant of graphene. The mesh graphene provides improved results 
which are shown in Fig. 7. The reflection coefficient initially without reflector was 
just −18 dB at 0.9 THz which is further enhanced to −23 dB by using planar reflector 
and further enhanced to −39 dB by using mesh reflector which is given in Table 4. 
Similarly, reflection coefficient initially without reflector was just −19 dB at 2.2 THz 
which is further enhanced to −25 dB by using planar reflector and further enhanced 
to −41 dB by using mesh reflector and with dielectric constant of 3.5 which is given 
in Table 4.

Fig. 8 Comparison of 
reflection coefficient for the 
proposed antenna without 
reflector, with planar, and 
grid reflector 

Fig. 9 Comparison of gain 
for the proposed antenna 
without reflector, with 
planar, and grid reflector 
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Table 4 Reflection coefficient of the proposed antenna 

S. No. Frequency 
(THz) 

Dielectric 
constant 
(εr) 

Reflection coefficient (dB) 

Planar inverted-F 
antenna without 
any reflector 

Planar 
inverted-F 
antenna with 
GAF reflector 
sheet 

Planar 
inverted-F 
antenna with 
GAF reflector 
mesh 

1. 0.9 3.5 −18 −23 −39 

4.5 −11 −15 −23 

6.5 −10 −13 −15 

9.5 −8 −11 −12 

6 Conclusion 

In this work, we designed a dual-band terahertz patch antenna. The simulation results 
show that the proposed inverted-F coplanar graphene antenna (IFCGA) structure 
provided an outstanding dual wide-band performance and frequency reconfigura-
tion by incorporating some parameter optimization on graphene conductor. Initially, 
U-shaped slot was constructed for feeding and then inverted-F coplanar antenna. 
For further improvement, we replaced the normal reflector with mesh type and the 
dielectric constant of graphene. The mesh graphene provides improved parameters. 
The reflection coefficient initially without reflector was just −18 dB at 0.9 THz 
which is further enhanced to −23 dB by using planar reflector and further enhanced 
to −39 dB by using mesh reflector. Similarly, reflection coefficient initially without 
reflector was just −19 dB at 2.2 THz which is further enhanced to −25 dB by using 
planar reflector and further enhanced to −41 dB by using mesh reflector and with 
dielectric constant of 3.5 (Table 5). 

Table 5 Reflection coefficient of the proposed antenna 

S. no Frequency 
(THz) 

Dielectric 
constant 
(εr) 

Reflection coefficient 
(dB) 

Planar inverted-F 
antenna without 
any reflector 

Planar inverted-F 
antenna with GAF 
reflector sheet 

Planar inverted-F 
antenna with GAF 
reflector mesh 

1. 2.2 3.5 −19 −25 −41 

4.5 −10 −13 −12 

6.5 −9 −11 −13 

9.5 −6 −8 −16
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Recent Advances in Graphene 
Oxide-Ferrite Hybrid Framework 
as Radar Absorbing Material 

Ajay Singh, Sunil Sambyal, and Vishal Singh 

Abstract The excessive usage of electronic devices results in tremendous increase 
in electronic pollutions such as electromagnetic interference (EMI) and electronic 
noise. In order to safeguard the electronic equipments from excessive electromag-
netic waves, microwave absorbing/electromagnetic interference shielding materials 
has been continuously explored. These EMI shielding materials can be layered on 
military aircrafts, missiles, tanks, etc., so that they cannot be detected by the RADAR. 
Blocking of electromagnetic (EM) waves can be achieved by using shielding material 
such as conductive or magnetic. Owing to their superior electric, mechanical, thermal 
properties and large aspect ratio, graphene has gained much importance as microwave 
absorbing material. Electromagnetic shielding efficiency of graphene is 135 dB. On 
the other hand, the ferrites such as hexaferrite/spinel have attracted researchers as 
radar absorbing materials because these materials possess good magnetic as well 
as dielectric properties. However, neither ferrites nor carbon-containing materials 
(graphene, reduced graphene oxide, carbon black or carbon nanotubes) indepen-
dently meet the EMI shielding properties such as large absorption peak, thin absorp-
tion layer and wide frequency range. To achieve high EM absorption properties, a 
material based on graphene oxide-ferrite nanocomposite has been synthesized and 
extensively investigated. As complex permittivity, permeability of material decides 
the EM absorption properties. The electric loss in composite is achieved by substi-
tuting losing fillers such as graphene/reduced graphene oxide to a matrix, and 
magnetic loss is provided by hexaferrite or spinel ferrite by means of big hysteresis 
attenuation in a matrix. This chapter reviews the research conducted in the field of
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microwave absorbing materials. The focus will be on the uniqueness and univer-
sality of graphene oxide-ferrite nanocomposites versus other unconventional mate-
rials in terms of materials chemistry and physics, electronic, magnetic characteris-
tics, synthesis strategies and selected applications in an electromagnetic interference 
shielding. 

Keywords Ferrites · Dielectric properties · Magnetic properties · EMI shielding 

Abbreviations 

CFs Carbon fibres 
CNTs Carbon nanotubes 
dB Decibels 
EG Expanded graphite 
EM Electromagnetic 
EMI Electromagnetic interference 
ESD Electrostatic discharge 
FCI Flaky carbonyl Iron 
GO Graphene oxide 
ICPs Intrinsic conducting polymers 
Ms Saturated magnetization 
MUT Material under test 
MW Microwave 
MWCNTs Multi-walled carbon nanotubes 
NRW Nicolson–Ross–Weir 
PANI Polyaniline 
PMCs Polymer matrix composites 
PP Polypropylene 
PPy Polypyrrole 
RF Radio frequency 
RGO Reduced graphene oxide 
RLmin Minimal reflection 
RL Reflection loss 
SCL Short-circuit line 
SEA Shielding effectiveness absorption 
SEM Shielding effectiveness multiple reflection 
SER Shielding effectiveness reflection 
SE Shieling effectiveness 
SET Shielding effectiveness transmitted 
SNA Scalar network analyser 
SWCNTs Single-walled carbon nanotubes 
VNA Vector network analyser
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1 Introduction 

Electromagnetic pollution is escalating in our day-to-day life with steady extension 
of electronic technique such as advanced navigation and excessive usage of electronic 
devices such as computers, radio and mobile phones. The electromagnetic (EM) wave 
irradiation like microwave (MW) and radiofrequency (RF) has adverse effect on the 
functioning of electronic equipment and at the same time is also harmful to human 
health [1] in various forms such as psychological disorders, affect the immune system 
and also causing a problem in hereditary [2]. These EM waves produced from various 
components of electronic devices affect the functioning of other electronic devices 
and is called as electromagnetic interference (EMI). Source of EMI can be from other 
portable and compact electronic devices or from natural incidences such as solar 
flare and thunder [3, 4]. Due to EMI pollution, radar surveillance system is highly 
affected as it works in microwave frequency. Electromagnetic shielding of electronics 
without producing harmful effect on nearby devices and human health is the solution 
to eliminate EMI pollution [5, 6]. The history of EMI shielding is reported way 
back in 1830s when Faraday cage was discovered which is an encircled conducting 
house with zero electric field [7]. Another method to achieve EMI shielding is by 
developing lightweight and cost-effective materials which protect the environment 
and human health from EM waves. 

Graphene/reduced graphene oxide (RGO) is most extensively explored for 
EMI shielding at high frequencies [8] owing to its excellent electrical proper-
ties [9], thermal stability, structural flexibility and high dielectric loss. However, 
graphene/RGO independently is not suitable for absorbing EM waves because for 
attenuation of EM waves in the material, both dielectric and magnetic losses are 
required. Therefore, a composite material consisting of hard/soft ferrite in combina-
tion with RGO/graphene is explored, and these composites complement the superior 
properties of graphene as well as ferrites. 

This chapter reviews the research conducted in the field of microwave absorbing 
materials. The focus will be on the uniqueness and universality of graphene oxide-
ferrite nanocomposites versus other unconventional materials in terms of materials 
chemistry and physics, electronic, magnetic characteristics, synthesis strategies and 
selected applications in an electromagnetic interference shielding. 

2 Mechanism of EMI Shielding Process 

EM waves undergo various mechanisms such as reflection, absorption, multiple 
reflection and transmission when interacting with the surface of any system. Out 
of these four, the main process involved to stop harmful EM waves is reflection and 
absorption.
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For the attenuation of EM wave by reflection, the absorbing material should 
possess mobile charge carriers, i.e., fair conductivity ‘σ ’ (S/m) and permeability 
‘μ’. Example of such materials are Au, Ag, Cu and Al. 

For absorption (or adsorption) mechanism, the electric and/or magnetic dipoles 
should be present in the absorbing material. For example, BaTiO3 or dielectric mate-
rial provide electric dipoles, and ferrous oxide (Fe2O3) provides magnetic dipoles. 
The electric (E) and magnetic (H) component of EM wave is decimated by the 
dipoles present in absorbing substance and converts it into thermal energy. 

Another shielding mechanism is the multiple reflection. For multiple reflection, 
the absorbing materials should have large surface/interface area. For example, a 
composite material having one or more fillers (porous) is used as shielding material 
involving multiple reflection. Multiple reflections come into play when reflecting 
surfaces are at larger distance than the skin depth (δ). 

When EM waves penetrate without attenuation through the shielding material, 
transmission is said to be high, for example, glass, polyester, and polypropylene 
(PP). 

EMI shielding effectiveness (SE) of the material is due to attenuation because of 
reflection (SER), absorption (SEA) and multiple reflections (SEM) and is measured 
in decibels (dB). EMI SE can be expressed in terms of electric (E), magnetic (H) 
or power (P) intensities as the ratio of E (or H or P) before and after attenuation is 
expressed as: 

SE = 20 log10 
ET 

EI 
; SE = 20 log10 

HT 

HI 
; SE = 20 log10 

PT 
PI 

(1) 

where subscripts ‘T ’—transmitted EM wave and ‘I’—incident EM waves, respec-
tively. 

As the Schelkunoff’s theory predicted that the EMI SE (SET) is given by: 

SET = SER + SEA + SEM (2) 

Reflection loss (SER) at the surface of shielding material occurs due to mismatch 
between incident EM wave and impedance of shielding material and is given by: 

SER = −10 log10

(
σT 

16 f εμr

)
(3) 

where ‘ε’—electric permittivity, ‘μr’—relative magnetic permeability, and ‘f ’— 
frequency and ‘σT’—total conductivity (in S/cm). 

From expression (3), SRR depends on the ratio of
(

σT 
μr

)
and decreases with 

increasing ‘f ’ for fixed σT and μr. 
When EM wave passes through the medium, its amplitude reduces exponentially. 

Absorption loss (SEA) of the absorbing material depends upon physical character-
istics of the material and mainly occur due to the ohmic loss which results in the
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heating of the material and is given by: 

SEA = 3.34t
√

( f μrσT) (4) 

On rearranging the above equation, the expression for EMI SEA is given as: 

SEA = −20

(
t 

δ

)
log10 e = −8.68

(
t 

δ

)
= −8.68t 

√
( f μrσT) 

2 
(5) 

where ‘t’ is the material thickness. From Eq. (4), SEA is the function of μr, σT and 
f . An absorbing material should have high ‘σT’, sufficient ‘t’ and high ‘μ’ to attain 
required ‘δ’ at lower frequency ‘f ’ [10, 11]. 

Attenuation due to multiple reflection (SEM) occurs in thin shielding material and 
is mathematically expressed as: 

SEM = 20 log10
(
1 − e 

−2t 
δ

)
= 20 log10

(
1 − 10 

SEA 
10

)
(6) 

From Eq. (6), it is clear that SEM and SEA is closely related to each other. For 
thick shielding material, SEA is high; thus, SEM can be neglected. In other words, 
when SEA ≥ 10 dB, SEM ≈ 0 [12]. For thin metals, at high EM band frequencies 
(≥ GHz), SEM plays a vital role. 

The value of EMI SE of shielding material describes its application. For example, 
for a shielding material, SE < 10 dB shows no shielding. For commercial and indus-
trial applications, value of SE ≥ 20 dB as it attenuates 99% of striking EM waves 
[13, 14]. 

3 Techniques for the Preparation of Effective Absorbing 
Materials. 

A better EMI shielding material should have improved complex permeability (μ), 
larger impedance matching value and strong interface polarization which results in 
the conversion of incident EM thermal energy into thermal energy. This combination 
of properties is offered by Fe-related materials. The various strategies for producing 
EMI shielding materials is discussed below: 

3.1 Hierarchical or Substituted Ferrites (Divalent/Trivalent 
Ion) 

The two main processes that decide the absorption of EM wave are dielectric and 
magnetic losses. To achieve this, various morphologies of hierarchical Fe-based
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structures such as flakes of α-Fe2O3 and Fe [15, 16], octahedral Fe3O4 [17], Fe 
nanowires, urchin-like structures of Fe3O4, α-Fe2O3 [18], nanocapsules such as α-
Fe/ZnO, α-Fe/SnO and Fe/Fe3B/Y2O3 [19], dendritic structures of Fe, Fe3O4 and 
α-Fe2O3 [20] and loose nano-Fe3O4 [21] are explored. Shang et al. [17] investigated 
octahedral Fe3O4 nanoparticles and showed that anisotropic structure of octahedral 
results in excellent magnetic properties. Zhang et al. [22] investigated flake carbonyl 
iron particles and observed reflection loss ~ 12.2 dB at 4.4 GHz at 1 mm thick-
ness. Substitution of divalent and trivalent impurities in ferrites showed great effect 
on EMI properties. For example, Al substituted Ba1.5Sr0.5CoZnA1xFe12-xO22; (for 
x = 0–1) hexaferrites, showed effective microwave absorption due to natural and 
domain wall resonance [23], NdCo substituted Sr1-xNdxFe12-xCoxO19; (x  = 0–0.4) 
showed enhanced electron hopping between Nd3+ and Co2+ ions, which results in 
complex permittivity of these ferrites and magnetic loss [24]. Li et al. [25] inves-
tigated Fe3O4/NiFe2O4/Ni heterostructures and showed that controlling Ni content 
and NiFe2O4 interface layers results in improved impedance matching and dielectric 
losses and hence a broader absorption band. 

3.2 Fe Alloying with Other Metals 

An effective EMI shielding material should have high saturation magnetization (MS); 
therefore, Fe-based alloys are investigated because in comparison to pure metals, 
alloying increases saturation magnetization, interfacial polarization and permittivity, 
etc. For example, a lot of research activities are noticed in Fe alloying within dielec-
tric materials such as carbon, ZnO, conducting and non-conducting polymers [26– 
30]. Feng et al. [31] investigated FeNi@C nanocomposites and observed that the 
interaction of dielectric and magnetic losses in this nanocomposite results in excel-
lent microwave absorption performance. Choi et al. [32] investigated FeCo/EPDM 
composite and observed enhanced reflection loss by impedance mismatching. 

3.3 Core@Shell Structures 

A high-performance material can be synthesized by using core–shell strategy 
of Fe containing materials. Du et al. [33] investigated Fe3O4@C Core@Shell 
structure and observed that carbon coating increased complex dielectric permit-
tivity owing to multiple relaxation processes. Guo et al. [34] investigated iron 
oxide@nSiO2@mSiO2 core–shell structure and observed that the composites 
showed enhanced EMI SE in comparison to pure Fe2O3. Yu et al.  [35] synthe-
sized yolk–shell Fe3O4@ZrO2 core@shell structure and observed that at 500 
°C, the composite exhibits 90% reflection loss (RL). Liu et al. [36] investigated 
double-shelled Fe3O4@SnO2 microspheres and observed synergistic effect between 
Fe3O4 cores and SnO2 shells and improved microwave absorption properties.
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Chen et al. [37] synthesized Fe3O4@carbon nanorods structure and showed that 
the composite exhibit outstanding EM wave absorption properties because of 
porous structure and enhanced dielectric and magnetic loss. Zhu et al. [38] investi-
gated Fe3O4 polyelectrolyte (PE)@PANI/paraffin composite and observed that this 
composite exhibit an RLmin of −6.5 dB at 14.3 GHz. Thus, Fe-based core–shell 
composites show enhanced microwave absorption. The core@shell structure can be 
binary, ternary and quaternary. 

The binary core@shell structures containing two different elements can 
be synthesized in following configuration: magnetic core@magnetic shell, 
magnetic core@dielectric shell and dielectric core@magnetic shell. The magnetic 
core@magnetic shell exhibits superior SE but result in reduction of dielectric loss 
and hence favour impedance mismatching. Example of magnetic core@magnetic 
shell is Fe3O4/Co. The magnetic core@dielectric shell has protective encapsulation 
which prevent agglomeration and oxidation of Fe metal nanoparticle as well as acts as 
link between dielectric and magnetic losses. Examples of magnetic core@dielectric 
shell materials are Fe3O4@ZnO core–shell [39], ZnO-coated iron nanocapsules [40], 
SnO-coated-Fe(Sn) nanocapsules [19], Fe@Al2O3 [41], Fe3O4@SnO2 double shells 
[36], Fe@SiO2 nanoflakes [42], spinel Fe3O4@ TiO2 [43], Fe nanoparticles with 
amorphous Al2O3/FeOx composites shells [44] and yolk–shell Fe3O4@ZrO2 [35]. 
These composites show enhanced EMI SE. The dielectric core@magnetic shell struc-
tures show improved dielectric properties and interfacial polarization because of 
increased O-vacancy concentration. Example of dielectric core@magnetic shell is 
CeO2@Fe3O4 core–shell. 

The ternary core@shell structures containing three different elements can be 
obtained by the dispersion of the core@shell structure into graphene, PPy or PVDF, 
etc. Examples of ternary core@shell structure are (CIP)@SiO2@Mn0.6Zn0.4Fe2O4 

ferrite [45], Fe3O4@ZnO decorated graphene (GN-pFe3O4@ZnO) [46]. RLmin 

obtained of GN-pFe3O4@ZnO is −40 dB at 11.4 GHz frequency. 
The quaternary composites containing four different elements and can be obtained 

by the distribution of core@shell@shell heteronanostructures on substrates like 
graphite, graphene, CNTs, PANI, etc. In quaternary core@shell structures, the pres-
ence of multiple interfaces increases dielectric loss and hence promote multiple 
reflection because of complicated morphologies. Example of quaternary core@shell 
structures is Fe3O4@SiO2@polyaniline wrapped with a graphene substrate [47] in  
which triple interface and junctions enhance the interfacial polarization and presence 
of active sites/void space between Fe3O4 and PANI increases the reflection of EM 
waves. 

4 Measurement Techniques for EMI Shielding 

To measure the EMI SE of material experimentally, network analysers (NA) is used 
which can be classified into two types: scalar network analysers (SNA) and vector 
network analysers (VNA). To record the amplitude of electric signal only SNA is
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employed, however, to record both amplitude as well as phase of different signal, 
VNA is employed. Thus, VNA can measure complex permittivity (ε∗), complex 
permeability (μ∗) and is widely used instrument. 

In VNA, S—parameters viz. S12 (or S21) and S11 (or S22) are used to indicate 
incident and transmitted waves which are related to the coefficient of shielding mech-
anisms and is given as R = |S11|2 = |S22|2 and T = |S12|2 = |S21|2 ; where S11or S22 
and S21or S12 are referred as forward reflection coefficient (S11), the reverse reflec-
tion coefficient (S22), the forward transmission coefficient (S12) and the backward 
transmission coefficient (S21). If the material under test (MUT) is uniform, then 
S11 = S22 and S12 = S21. These S—parameters are related to the coefficients of 
shielding mechanism and are given as [49, 50]: 

SET = 10 log10
(
1 

T

)
= 10 log10

(
1 

S2 21

)
(7) 

SER = 10 log10
(

1 

1 − R

)
= 10 log10

(
1 

1 − S2 11

)
(8) 

SEA = 10 log10
(
1 − R 
T

)
= 10 log10

(
1 − S2 11 
S2 21

)
(9) 

and 

R + T + A = 1 (10)  

The various conversion approaches have been used for calculating parameters 
such as ε, μ, RL and Z: transmission line theory, short circuit line (SCL), Nicolson– 
Ross–Weir (NRW) technique and delta-function method. Among all techniques, 
transmission line and NRW techniques are widely used [48]. Parameters such as 
Z(Ω) and RL(dB) are given by following equations: 

Z = Z0

[
1 + S11 
1 − S11

]
(11) 

and 

RL = 20 log[S11] (12) 

For measuring EMI SE, the three most commonly used configurations are described 
below: 

(i) Rectangular Waveguide Method 

For different frequency ranges, different size of rectangular waveguide is used. 
It has been observed that the dimensions of waveguide decreases as frequency 
increases. The benefit of this approach is that sample preparation is easy and very



Recent Advances in Graphene Oxide-Ferrite Hybrid Framework … 271

simple, whereas its disadvantage is many waveguides are needed when measuring 
frequencies are in narrow range [49]. 

(ii) Coaxial Airline Method 

In this approach, material under investigation needs to be synthesized in rectangular 
toroid shape and is placed at an accurate distance between internal and external 
conductors. The advantage of this procedure is that same sample is used in any 
frequency ranges; however, the disadvantage of this procedure is that much attention 
needs to be paid to prepare thin ring-shaped sample to avoid air gaps [49, 50]. 

(iii) Free Space Method 

It is a contact-free procedure in which MUT is placed between two antennas. In 
this method, broad range of frequencies of EM radiations are incident on material 
under investigation. However, this approach requires thicker material in comparison 
to aforementioned methods. 

5 EMI Absorbing Materials: A Brief Description 

5.1 Iron (Fe) Ingredient 

Iron is one of the most promising transition metals used in microwave absorption 
application. Fe-based nanostructures prepared by using DC arc plasma, ball milling 
and sputtering methods [51] have many advantages (high magnetic moment, high 
aspect ratio) as compared to bulk materials [52]. With changing air conditions, struc-
tural changes occur in Fe (orthorhombic, spinel) which results in changing electric, 
magnetic and optical properties. It has been observed that by pelleting Fe NPs in a 
paraffin matrix, the reflection loss RLmin = 11 dB at 13.6 GHz for Fe/paraffin = 4/1. 
In a dendrite-like microstructures of Fe, reflection loss RLmin = 25.0 dB at 2.5 GHz 
is observed. This is because of large surface area and defects [53, 54]. However, Fe 
exists in different size, shape and dimensions which results in enhancing reflection 
loss but have small value of conductivity. To solve this issue, ferric oxide, iron oxide, 
ferrous oxide (FeO), magnetite and iron hydroxide (FeOOH) have been preferred as 
EM shielding material because of their semiconductor behaviour (highly resistive) 
[55]. 

Ferrites 

Ferrite contain iron oxide along with other metal oxides and are useful in microwave 
devices because of their large saturation magnetization (MS) and high resistivity 
(0.1–10–5 Ω-m). Based on crystal structure, ferrites are of various types. 

Spinel ferrite having formula PFe2O4, where P is divalent metal ions. Because 
of their moderate conductivity (semiconductor property) and large magnetic loss,
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they are used as microwave absorbing materials, however, their natural magnetic 
resonance frequency is very low. 

Garnet ferrites having formula Pe3Fe5O12, where Pe is trivalent ion. Due to the 
presence of some extra sites (a dodecahedral c axis), their physical properties can be 
tuned by doping of cations at these sites [56]. Garnet ferrites having good chem-
ical stability and magnetic properties (ferromagnetic) and can be used for EMI 
suppression. 

Ortho-ferrites having formula PeFeO3. Ortho-ferrites show good multi-
ferroelectricity and tunable magnetic properties (weak/canted antiferromagnetism) 
[57]. 

Hexagonal ferrites having magnetoplumbite structure and possess high intrinsic 
magneto crystalline anisotropy which enables them to be useful in entire GHz range 
[58]. There are six types of hexagonal ferrites: M-type (PFe12O19, where P = Ba, 
Sr, Mg, Pb etc.), Y-type (P2Q2Fe12O22 where P = Ba, Sr, Mg, Pb, and Q = Cu, 
Co, Zn etc.), W-type (P2Q2Fe16O27), X-type (P2Q2Fe28O46), Z-type (P3Q2Fe14O41), 
and U-type (P4Q2Fe36O60). In Y-type ferrite, substitution species such as divalent, 
trivalent and tetravalent improves their magnetic characteristics and hence enhanced 
microwave absorption [59]. X- type ferrite is basically a combination of M- and W-
type hexagonal ferrites and shows high Curie temperature and large ‘Ms’, and hence 
can be employed as excellent EM shielding materials. Z-type ferrites are used in 
antennas, inductors and absorbers [60]. 

Ferric Oxide (Fe2O3) 

Ferric oxides consist of four polymorphs: α-Fe2O3, β-Fe2O3, γ-Fe2O3 and ε-Fe2O3. 
α-Fe2O3 is known as hematite (rhombohedral-hexagonal structure), γ-Fe2O3 is 
known as maghemite (cubic spinel structure), β-Fe2O3 has cubic bixbyite struc-
ture, and ε-Fe2O3 has orthorhombic structure. The α–Fe2O3 is antiferromagnetic 
in nature and exist in different morphologies, whereas γ-Fe2O3 is ferromagnetic in 
nature [20]. These two are widely investigated and show excellent EMI shielding 
application. 

Magnetite (Fe3O4) 

Magnetite (Fe3O4) exists in various morphologies and is widely used in EMI appli-
cations [61]. In Fe3O4, the electron hopping occurs between Fe2+ and Fe3+ [62, 63]; 
as a result, it shows outstanding magnetic/dielectric properties and is a favourable 
candidate for EMI shielding mechanism.
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Wüstite (FeO) 

FeO (Iron (II) oxide) is rarely investigated because of higher temperature (> 560 °C) 
and pressure requirement of its stability. Zhu et al. [64] investigated Fe@FeO NPs 
dispersed in polyurethane (PU) matrix and observed that Fe@FeO/PU shows eddy 
current effect and RL > 20 dB. SiO2-coated Fe@FeO/PU composites show even 
better performance in EMI application. 

Iron Oxy-Hydroxide (FeOOH) 

FeOOH has poor electrical and magnetic properties. They find their application in 
electrode materials and lithium batteries. They exist in four forms such as goethite 
(α-FeOOH), akaganeite (β-FeOOH), lepidocrocite (γ-FeOOH) and feroxyhyte (δ-
FeOOH). They are not good candidates for EMI applications. 

Carbonyl Iron (CI) 

Carbonyl iron (CI) has superior MS, high Curie temperature and magnetic loss 
which makes them as an excellent magnetic absorbing material. With changing 
shape, size and morphology, its magnetic properties can be varied. For example, 
in CI nanoflakes, the planar anisotropy improves its Snoek’s limit which results in 
increasing its permeability and resonance frequency [65]. 

Although Fe materials have several advantages for EMI shielding applications, 
it suffers from drawback like skin depth problem and Snoek’s limit. Another draw-
back of Fe oxides is that of poor permittivity in comparison to the permeability. A 
good EMI shielding material should have good permittivity and permeability. There-
fore, carbon-based materials, Fe-based composites and conducting polymers gained 
researchers attention. 

5.2 Metals/Metal Oxides for EMI Shielding 

The combination of metal oxides such as BaTiO3, SnO2, ZnO, SiO2, TiO2 with 
Fe ingredients increases dielectric and magnetic loss which are the requirement for 
microwave absorption applications. The major drawback of Fe/metal oxides compos-
ites are agglomeration during preparation, poor dispersion, and galvanic corrosion. 
The most commonly used metals for shielding materials are: alloy of Fe, Cu, Cr, 
Ni, Ag, Al, Ni, conductive carbon/graphite particles or fibres. They too suffer from 
various limitations such as high density, brittleness, low impact resistance and corro-
sion. Magnesium (Mg) is preferred for EMI shielding application in which reflection 
loss dominates due to its active response over entire frequency range [66].
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5.3 Carbonaceous Materials 

Carbonaceous materials have high permittivity that lies between ingredients of Fe-
and carbon-based materials which makes them useful for microwave absorbing 
applications. Apart from high permittivity, carbonaceous material possesses high 
chemical, thermal and mechanically stability, low density and excellent conduc-
tivity. Carbonaceous/Fe composites are excellent for EM reflection /or absorption 
materials due to its lightweight. The carbonaceous materials investigated for EMI 
shielding applications are discussed in latter subsection. 

Graphite/Expanded Graphite 

Graphite due to its lightweight, good mechanical/thermal stability and high aspect 
ratio is used in the fields of electronics, energy and optical devices. Due to poor disper-
sion of graphite in solvents, composites are prepared from functionalized graphite 
by acid treatment such as HCl and H2SO4. Expanded graphite (EG) synthesized by 
thermal treatment show poor magnetic properties. However, integrating graphite or 
expanded graphite with Fe ingredients improves their magnetic properties and can 
be used for enhanced EMI performance. 

Graphene 

Graphene has superior electric properties, thermal stability, mechanical strength and 
dielectric loss as compared to metal oxides such as ZnO, TiO2 or SnO2 [67]. Graphene 
synthesized by physical and chemical process possesses high carrier mobility and 
lack surface functionalities and are not useful for EM absorption. However, the 
derivatives of graphene such as graphene oxide (GO) and reduced graphene oxide 
(RGO) are mostly used in EMI applications. 

Graphene oxide (GO) is hydrophilic and is synthesized from graphite by strong 
oxidizing agent. GO is easily dispersed in polymer matrix and in any organic or 
inorganic solvent which is the most appealing property of GO. Samadi et al. [68] 
investigated Fe3O4–GO/PVDF composite and observed that GO affect the reflection 
loss and bandwidth in the composite because GO acts as electrical insulator; however, 
Fe improves the conductivity of composite to certain extent. 

In reduced graphene oxide (RGO), hydrazine hydrate, NaBH4 or NaOH, etc. is 
used to remove oxygen functional group. The remanent functional groups and defects 
present in RGO enhance electronic dipole relaxation which results in improved EM 
absorption. Apart from this, RGO shows higher dielectric and magnetic loss in the 
process of microwave absorption. He et al. [69] investigated RGO/flaky carbonyl iron 
(FCI) composites and observed better absorption properties (−65.4 dB at 5.2 GHz 
at 3.87 mm thickness). Further, RGO and Fe-, Fe3O4- and Fe2O4-based composites 
are investigated for EMI shielding applications.
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5.4 Carbon Nanotubes (CNTs) 

CNTs is a one-dimensional (1-D) nanostructure having fascinating electrical, 
mechanical (> GPa) and thermal properties and can be semiconductor or metallic 
in nature depending upon their structure and diameter. CNTs are used as nanofillers 
in enhancing properties of composites. Che et al. investigated CNTs/CoFe2O4, and 
Qi et al. investigated Fe/CNTs. Both these composites show enhanced dielectric 
and magnetic losses. CNTs can be single-walled carbon nanotubes (SWCNTs) and 
multi-walled carbon nanotubes (MWCNTs). 

Single-Walled Carbon Nanotubes (SWCNTs) 

SWCNTs having sp2 hybridized carbon atom and have good electric properties 
because of their smaller diameter (diameter ~ 1.4 mm) and large aspect ratio. 
SWCNTs possess high conductivity and poor magnetic properties which make them 
as excellent microwave absorbing materials. To improve its magnetic and electric 
properties, Fe is incorporated in SWCNTs such as Fe3O4/SWCNT composites [70]. 

Multi-walled Carbon Nanotubes (MWCNTs) 

MWCNTs is 1-D material consists of multiple layers of graphite separated from each 
layer by a distance of 0.34 nm and wrapped to form tube shape [71]. The structural 
disorder such as Stone–Wales defects, and atomic defects present in MWCNTs result 
in high aspect ratio and low percolation threshold which makes MWCNTs more 
favourable than SWCNTs in EMI shielding applications. 

Carbon Fibres (CFs) 

Carbon fibres (CFs) are like other carbon materials have lower magnetism but have 
high conductivity which result in impedance mismatching in EMI shielding applica-
tion. To overcome this problem, CFs is used in composite with Fe ingredients such as 
Fe, Fe3O4, Fe2O3 or alloy for EMI applications. CFs is used as filler; however, high 
weight % ratio of CFs as fillers is required for impedance matching in polymers, but 
it reduces the mechanical strength of polymers. 

5.5 Composite Materials for EMI Shielding 

The combination of two or more immiscible materials having distinct characteristics 
than that of individual materials form composites. In composite, the host material or
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matrix can be ceramic, polymer, glass or metal, and the filler can be fibres, flakes and 
platelets. Polymer matrix-containing conducting fillers (polymer matrix composites 
or PMCs) are used for microwave absorbing applications because of low density and 
fair conductivity. Intrinsic conducting polymers (ICPs) such as polyaniline (PANI), 
polyacetylene, polypyrrole (PPy), polyacetylene, etc. are used in shielding mecha-
nism of reflection and absorption. Nanomaterial-based conducting polymer compos-
ites have gained attention of scientific community because of desired EMI shielding 
applications [72–74]. The basic requirement of composites is the minimum value of 
σ > 10–2 S/m and for electrostatic discharge (ESD) application in the range of 10–3 

to 10–7 S/m [75]. 

5.6 Polymer-Based Nanocomposite for EMI Shielding 

The filler’s properties such as conductivity, physical geometry, aspect ratio, dielec-
tric constant and magnetic properties [76] decide the EMI shielding applications 
of composites. Percolation threshold limit decides the concentration of critical 
conducting filler for forming electrical conduction network in insulating polymer 
matrix which influence conductivity and shielding effectiveness of the composites 
[74]. Nanofiller in conducting polymer nanocomposites improves electrical prop-
erties because of excellent interface formation and interaction [77]. Examples of 
conductive fillers incorporated into the polymer matrix to produce lightweight and 
excellent shielding efficient polymer nanocomposites [78] are metal nanoparticles, 
RGO, CNTs and CFs. 

6 Graphene Oxide-Ferrite Hybrid as the EMI Shielding 
Material 

The prominent structural properties of carbon nanomaterials and their physiochem-
ical reaction with other materials open many new applications such as mechanical 
sensors and wave absorption. To reduce the thickness and loading percentage to 
obtain wide absorption bandwidth, adding of different type of carbon to magnetic 
ferrites has been investigated. Ahmad et al. [79] investigated Ni–Zn ferrite/carbon 
nanotube composite synthesized by physical mixing and observed absorption 
threshold −10 dB at two frequencies 3.7 GHz and 0.9 GHz at 1.0 mm thickness. Liu 
et al. [80] investigated Fe3O4/C composite and observed εr = 5.1- i3.2; μr = 1.01 
+ i0.019 and RL = −23.6 dB for thickness of 2 mm at 17.5 GHz frequency. For 
the thickness of 2.5 mm at the frequency of 15.5 GHz for a 1:1 loading percentage 
by weight in Fe3O4/C composite, εr = 4.5- i2.5; μr = 1.04 + i0.019 and RL = −  
39.3 dB is observed. Wang et al. [81] investigated 17.84 wt% C, and 23.41 wt% C 
Fe3O4@C composite synthesized by in-situ polymerization and observed εr = 9.4-
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i2.9; μr = 1.1- i0.2 and RL = −35.8 dB for 17.84 wt % C at the frequency of 4.7 GHz 
for the thickness of 5 mm, and εr = 9.4- i2.9; μr = 1.1- i0.2 and RL = −40.2 dB for 
23.41 wt% C at the thickness of 1.5 mm at the 15.8 GHz frequency. Feng et al. [82] 
investigated CF@CoFe2O4 and CF@CoFe2O4@MnO2 composites synthesized by 
sol–gel and hydrothermal technique. CF@CoFe2O4@MnO2 composite shows RLmin 

= −34 dB at thickness of 1.5 mm and superior EM matching than CF@CoFe2O4 

composite. 
Addition of graphene to ferrite has been attempted by large number of researchers. 

Huang et al. [83] investigated magnetically garnished graphene (GR)@CuS and 
observed RL = −54.5 dB for the thickness of 2.5 mm at the frequency of 11.4 GHz, 
and the absorption bandwidth under −10 dB was 4.5 GHz. Zhang et al. [84] inves-
tigated CoFe2O4:SnS2/RGO composite and observed RL = −54.4 dB at 16.5 GHz 
frequency for 1.6 mm thickness and absorption bandwidth under −10 dB was 
12 GHz. Huang et al. [85] investigated RGO/CoFe2O4 composite synthesized by 
hydrothermal technique and observed RL = −37.2 dB at 11.6 Hz frequency for the 
thickness of 2.5 mm. Thus, owing to large surface area, graphene is suitable for 
loading ferrite nanoparticles [86–88]. 

7 Parameters/Factors Affecting EMI Performance 

7.1 Permittivity and Permeability 

Impedance matching is related to permittivity and permeability of composites and is 
an important characteristic for ideal EMI shielding material which is mathematically 
expressed as: 

α = π f c  

/
2

(
μ''ε'' − μ'ε' +

/(
μ

''2 + μ'2
)(

ε
'2 + ε''2

))
(13) 

where ε'/μ' represents electric/magnetic energy storage capacity, ε''/μ'' represents 
dielectric/magnetic losses and α is the attenuation constant of shielding material/slab. 

Dielectric loss (ε'') is because of conductivity and polarization loss in the shielding 
material. According to the free electron theory, dielectric loss is given by: 

ε'' = σ 
2πε0 f 

(14) 

From above equation, it is clear that high electric conductivity increases dielectric 
loss (ε''ασ ). Also, ionic and electronic polarization dominates at higher frequency 
(> 103 GHz). Dipole polarization is due to bound charges or defects and comes into 
the picture because of synthesis technique, material used and annealing temperature,
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etc. However, interfacial polarization is because of trapped space charges at the 
interfaces and mostly occur in multi-interface composites. 

Magnetic loss occurs due to ferromagnetic resonance and eddy current loss in the 
microwave frequency region. The resonance frequency fr is related to an anisotropy 
field H0 by the relation: 

fr = 
γ H0 

2π 
(15) 

and H0 = 2K 
μ0 Ms 

; K is the anisotropy constant. 
An excellent magnetic shielding material should retain magnetic permeability 

at GHz frequency range; however, at cut off frequency fr, permeability decreases 
according to the relation given by Snoek’s limit: 

fr(μ − 1)α Ms (16) 

Thus, a good magnetic shielding materials should have high Ms at high fr. Due  
to semiconducting nature, bulk ferrites have lower Ms value and hence lower fr (low 
GHz range). Therefore, nanosized ferrites are focussed because as the dimension of 
material is lowered eddy current loss is decreased. 

7.2 Snoek’s Limit 

Snoek’s limit determines the limitation on the value of permeability in case of ferrites. 
The complex permeability of magnetic materials is due to the domain wall and the 
spin rotation motion, and their contribution in the material is of the resonance type 
and the relaxation type [89]. Thus, permeability can be expressed mathematically as: 

μ(w) = 1 + χsr(ω) + χdw(ω) (17) 

where χsr(ω) = Ksr 
1+ j(ω/ωsr) and χdw(ω) = Kdwω2 

dw 

ω2 
dw−ω2+ jβω 

Here, ω, ωsr, and ωdw are rf magnetic field resonance frequency, spin resonance 
frequency and domain wall motion resonance frequency. The terms Ksr, and Kdw are 
susceptibilities due to static spin and domain wall motion while β is the damping 
factor. It was noticed that at higher frequencies (> 102 MHz), μ(w) is a function of 
χsr(ω) and χdw(ω) part can be ignored. The expression for χsr(ω) and ωsr in terms 
of saturation magnetization (Ms), crystalline anisotropy (K ) and gyromagnetic ratio 
(γ ) is given by: 

χsr = 
2π M2 

s 

K 
and ωsr = C 'γ 

2K 

Ms 
(18)
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The product of these two equation gives: 

χsr ωsr = 2C 'πγ  Ms (19) 

Therefore, at ωsr = ωr = 2π fr (resonance frequency) 

fr(μ − 1)α Ms (20) 

The above expression is known as Snoek’s limit, and it determines the limitation 
on the value of permeability in case of ferrites. 

7.3 Temperature and Time 

In case of ferrites, it has been observed that heat treatment and reaction time reverse 
the reflection loss and enhance attenuation [90]. This is because of defects/structural 
changes which create extra energy level near the fermi level. Reaction time and 
annealing temperature decide the reflection loss in FeCo/ZnO composites [91]. 

7.4 Size, Shape and Morphology 

The size of the magnetic particle decides the value of its permeability and hence eddy 
current loss. It has been found that below critical small size of the magnetic particle, 
the eddy current losses decrease because of decrease in induced eddy voltage (Eeddy 

α area). In addition to this, due to small size of nanostructures, magnetic anisotropy 
energy dominates because of breaking of some exchange bonds which modifies the 
spin relaxation time or frequency. Due to small size, spin fluctuation is very fast in 
superparamagnetic state and hence relaxation is observed at higher frequencies [92, 
93]. In multi-interface materials, bound charges accumulate at the interfaces result in 
Maxwell–Wagner effect and unsaturated bonds result in dipolar polarization. Thus, 
multi-interface materials such as Fe and Fe-alloy show good EM attenuation because 
of conductivity loss and interfacial/dipolar polarization. Bayat et al. [94] studied the 
effect of particle size and thickness on EMI performance of Fe3O4/carbon nanofibre 
composite and observed that as particle size varies from 10–20 to 20–30 nm, SET 

varies from 47 to 68 dB and as sample thickness varies from 0.1 to 0.7 mm, SET 

varies from 24 to 68 dB. This is due to increasing conductivity which increases the 
SEA and hence SET.
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7.5 Mass Ratio 

The threshold percolation value of conductivity and the electrical properties of the 
material are related and are given as: 

σ = σ0(V − Vc)
C (21) 

where σ —electrical conductivity of the material; σ0—natural conductivity; V — 
volume fraction of filler; Vc—volume fraction at the percolation threshold; C— 
critical exponent. 

The value Vc depends upon various factors such as shape, aspect ratio, conduc-
tivity, concentration and compatibility of filler [95]. For example, in nano-Fe2O3-
coated CNTs, reflection loss is related to CNT—to—Fe3+ mass ratio [96]. 

7.6 Thickness 

The minimal reflection ‘RLmin’ of microwave power is related to the thickness (t) of  
shielding material. RLmin occurs when thickness (t) of absorber is equal to the odd 
number multiple of propagating wavelength and is given by: 

tm = n 
λm 

4 

And λm = λ0 √
με 

(22) 

where n = (1, 2, 3, 5, 7 . . .); n = 1 determines first dip at low frequency and for 
t = 7mm, the dip occurred at 1.0 λm 

4 , 3.0 
λm 
4 and so on. 

Reflection peaks shift towards the lower frequencies if sample thickness is 
increased. For example, in Fe3O4@C, carbon shell thickness in the range 20–70 nm 
shows superior dielectric behaviour [33]. 

8 Summary and Future Perspective 

In summary, we have systematically reviewed the recent advances in graphene oxide-
ferrite hybrid framework and their application as radar absorbing material. In order 
to deal with the complex electromagnetic environment, the radar absorbing materials 
need to be further improved. The important research areas in this directions are: (i) 
optimizing microstructure, morphology, thickness, density and frequency bandwidth 
of the composite; (ii) to extend the application of EMI shielding materials in the 
harsh battle field, a high-temperature and corrosion resistance materials need to be
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investigated; (iii) simple environmental friendly preparation techniques need to be 
used for the synthesis of microwave absorbing materials without sacrificing their 
performances; and (iv) to explore two-dimensional materials and their composites 
that can be used in flexible devices. 
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Abstract High-tech electromagnetic antennas that can receive and transmit at 
micro- and millimeter wave frequencies are crucial in the modern era of infor-
mation. Multimedia broadcasting, wireless and satellite communications, radars, 
environmental sensing, and even medical equipment use them. Raising the working 
frequency of existing antennas using the terahertz (THz) band is a simple method for 
satisfying such requirements. Graphene, a form of carbon with just two dimensions, 
has recently attracted intensive and varied study. Graphene has swiftly become a 
leading substrate for THz transceivers and optoelectronic devices due to its plasmonic 
response occurring in the THz and IR frequency ranges. This chapter provides a high-
level summary of the development of THz graphene-based antennas, its backdrop, 
current research trends, and anticipated challenges and possibilities in the interme-
diate and far future. Finally, we examine the exciting potential of graphene antennas 
after analyzing the current state of the art in many THz antennas and building a THz 
MIMO antenna. 
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1 Introduction 

In today’s information age, highly developed electromagnetic antennas capable of 
working at micro- and millimeter-wave frequencies are an absolute need [1]. As a 
result, they are used to a large extent in a diverse array of applications, some examples 
of which include medical systems, broadcasting, radars, satellite communications, 
and weather sensing systems. Due of the vast number of potential applications, there 
has been an explosion of research and technical development in this sector over 
the last several decades. Growing at an exponential rate, the information society is 
placing ever-greater and sometimes incompatible demands on our technology. These 
requirements include, but are not limited to, the following: increased bandwidth for 
data transmission; many functions in a single, compact device; completely integrated 
and compact sensing systems; efficient use of spectrum and energy resources; and 
so on [2]. 

Increasing the operating frequency of existing antennas to take advantage of the 
terahertz (THz) band is a simple method that may be implemented to meet such 
requirements [3], that is, electromagnetic (EM) waves that have frequencies that range 
from 0.1 to 10 terahertz [4]. This band offers excellent chances for the development 
of new applications like imaging systems, screening, and spectroscopy [5]. This 
frequency band is referred to as the “THz gap” since it fills a technological void 
between the fields of electronics and photonics that have reached a high level of 
development [6]. 

Graphene, a two-dimensional carbon material, has lately spurred pervasive and 
diversified research efforts owing to its remarkable mechanical, electromagnetic, 
electrical, and thermal capabilities. This is connected to the fact that graphene has just 
been around for the last few years [7]. Graphene allows for the propagation of surface 
plasmon polaritons (SPPs). Graphene is a two-dimensional material. Because of the 
plasmonic response in the IR and THz frequency bands. Even though composite 
materials may hold up SPPs at THz [8]. Due to plasmonic response of graphene 
opened up exciting and unanticipated possibilities for the manipulation of waves and 
their emission in this frequency range. Utilizing graphene’s one-of-a-kind features, 
researchers have proposed tiny and leaky-wave [9], reconfigurable resonant [10], 
and reflect array antennas [11] that offer unsurpassed radiation efficiency and func-
tionality at THz frequencies. These graphene antennas leverage the reconfigurable 
nature of graphene’s conductivity to their full potential, allowing them to resonate at 
frequencies far lower than those of their metallic counterparts. In addition, graphene 
plasmonic may be used to implement all of the essential building blocks required for 
front-end transceiver systems. These building blocks include modulators, switches, 
phase shifters, low-pass filters, and band-pass filters. When graphene is influenced by 
magnetostatic fields, non-reciprocal propagation and gigantic Faraday rotation have 
also been achieved; however, the large magnets that are needed for this technique 
are antagonistic to the downsizing of graphene plasmonics that is desired [12]. 

Their electromagnetic responses have only been predicted through the use of 
numerical simulations. Nevertheless, we would like to bring to your attention that
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recent investigations have conclusively proven the propagation of restricted and 
controllable SPPs in graphene [13]. This is the underlying physical process that 
every antenna and component that has been detailed here relies upon. In earlier 
operations, graphene of inferior quality was produced. This graphene was unsuit-
able for any electrodynamic use other than acting as a tunable resistor. As a result, 
the practical viability of most research was severely hindered. Despite this, consid-
erable headway has been made in this area over the last several years due to the 
concerted efforts of dozens of organizations located all over the globe to advance 
manufacturing methods. For instance, it has been reported that graphene structures 
that have a layer of hexagonal boron nitride sandwiched between them have mobility 
increases that are many orders of magnitude greater [14], which are far superior to 
the quality standards required by any antennas or devices that are included in this 
evaluation. The responsiveness of several interesting THz detectors and modulators 
has already been experimentally proven. This is despite the fact that the manufac-
turing and testing procedures required are very difficult. When compared to prior 
art, these detectors and modulators perform better and more closely match numer-
ical predictions [15, 16]. Currently, THz reconfigurable antenna plays a vital role in 
targeting multiple wireless applications [17, 18]. Better application covering will be 
attained by choosing liquid-based reconfigurable antennae [19–21]. 

2 Graphene Conductivity 

The conductivity of graphene is directly determined by its one-of-a-kind band struc-
ture and a set of special characteristics [22]. We emphasize that these criteria are not 
independent of one another but may be connected to one another in some way. Just 
the Kubo formula’s intraband element is needed to represent graphene’s conductivity 
at THz frequencies. This modeling may be done by using a semiclassical, local model 
and considering that there is no magnetic bias present [23]. 
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where kB is Boltzmann’s constant, τ is the electron relaxation time in graphene, e 
is the electron charge, T is temperature, h is the reduced Planck’s constant, ω is 
the angular frequency, and the μc is graphene’s chemical potential. The mentioned 
equation is valid for the condition of h ω <  2|μc|. These are for the different values
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of μc. Interband contributions of graphene conductivity become essential at higher 
frequencies [24, 25]. 

Graphene exhibits frequency-dependent behavior from an electromagnetic point 
of view and demonstrates the characteristics of a surface resistor. However, its 
conductivity develops a distinct response at terahertz and infrared frequencies. Due 
to the inherent kinetic inductance of the material serves the function of negative 
absolute permittivity in a bulk material, this has resulted in the recent invention of 
steered antennas and devices [26]. 

Where η is impedance, k0 is the free-space wavenumber, ε0 is vacuum permittivity, 
and effective permittivity is εeff . This straightforward model assumes laterally infinite 
sheets. Graphene’s complicated conductivity may be manipulated, without question, 
one of the fascinating aspects of this material’s features [27]. 

The bias will either inject holes/electrons into the sheet, which will change the 
chemical potential of the graphene. Recent investigations have shown that this 
tunability may be pretty considerable and quick, reaching hundreds of gigahertz. 
Graphene’s band structure. The conductivity of graphene transforms into a gyrotropic 
tensor at this point, which results in fascinating non-reciprocal reactions like Faraday 
rotation or isolators. In addition, optical pumping has been utilized to change the char-
acteristics of graphene, which has made THz lasing and the functioning of graphene 
as a reconfigurable gain medium possible [28–30]. 

3 Graphene-Based Antenna Structure 

3.1 Resonant Antenna 

Because resonant antennas are so common in our everyday lives, it was only logical 
for researchers to focus their first theoretical attention on these particular types of 
graphene antennas. For the difficult-to-reach THz frequency band, subwavelength 
graphene patches are an attractive antenna option due to their resonant properties. 
These pioneering experiments were carried out by Jornet and colleagues [31]. 

Having these resonant frequencies at hand allows one to readily extract the struc-
ture’s absorption and scattering cross sections by retrieving the effective polariz-
ability of the subwavelength patch. Quick on the heels of this research, Tamagnone 
and coworkers presented the first “real” graphene antenna, one that connects sheet-
propagating (SPPs) and far-field radiation [32]. The most significant improvement 
is a connection for effectively stimulating SPPs across graphene (or detecting them 
in reception using resonant detection) [33]. 

The electrical size of the antenna provides a simple explanation for this 
phenomenon. The antenna’s electrical length, measured in terms of free-space wave-
length, grows when the chemical potential c is increased, causing a corresponding 
upshift in the resonant frequency. All graphene antennas have this characteristic since 
doing so allows for incredibly compact devices to be created by using graphene’s
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high inductance for small c, albeit at the expense of radiation efficiency. However, 
there is a hidden cost to utilizing big cc: Graphene SPP characteristics become less 
responsive to bias voltages, reducing their electrical reconfigurability. Designing 
and analyzing graphene-based dipoles using full-wave simulations allowed the 
researchers to determine the resonant frequency and input impedance [34]. 

Another technique to take use of graphene’s tunability in building THz antennas 
is to employ it as a perturbation in other structures that may have superior radiation 
efficiency, commonly utilizing metals. This research aims to use graphene not as the 
(main) radiating element but as a resonant frequency that can be electronically tuned. 
Similar to how previous planar dipoles could be tuned by changing the conductivity 
of graphene, this new antenna design allows for fine-tuning of the input impedance 
of the entire structure, allowing for fine-grained control over the antenna’s overall 
efficiency while barely affecting the antenna’s radiation efficiency. The graphene 
resonant antennas we have examined here can all be integrated into larger array struc-
tures. The device comprises multiple graphene nanopatch antennas with individually 
adjustable resonance frequencies. This arrangement makes it possible to have a tiny 
footprint and integrated subwavelength components for MIMO responses at THz 
while still accomplishing efficiency and tuning [35]. 

3.2 Leaky-Wave Antennas 

The unique beam-scanning feature makes leaky-wave antennas (LWAs) makes 
popular in last several decades. Their foundation is the concept of electromagnetic 
waves traveling through a waveguide and leaking energy into free space faster than the 
speed of light due to the waveguide’s dielectric properties. Most LWAs are optimized 
for operation at micro- and millimeter-wave frequencies. Still, the physics behind 
them is essential to understanding seemingly fantastical phenomena like “extraor-
dinary transmission,” “electromagnetically induced transparency,” and “Cherenkov 
radiation.” Graphene’s unique properties make it ideal for directing leaky waves at 
THz and infrared frequencies, enabling the creation of reconfigurable structures and, 
more crucially, the realization of hitherto unattainable magnet-less non-reciprocal 
responses [36]. 

Sinusoidal modulation of reactance surfaces is the foundation of a popular and 
influential class of leaky-wave antennas. This idea, first introduced by Professor 
Oliner in the 1950s, has lately garnered much attention in the microwave domain. 
The reactance of device has to be inductive, and the value it takes on defines the 
constancy of the wave’s propagation and its confinement. The radiation rate and 
angle are both controlled by the modulation amplitude and period. This allows us to 
write an expression for the effectively modulated surface reactance as per Eq. (4). 

X
'
S = XS[1 + Msin(2π y/ p)] (4)
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ky = βSP  P  + ΔβSP  P  − j(αSP  P  + αrad ) (5) 
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Graphene’s inductive response makes it an ideal substrate for realizing this idea at 
THz frequencies. Esquius-Morote and colleagues suggested the first graphene-based 
LWA in 2014. The structure comprises a graphene sheet and several polysilicon DC 
gating pads on a back-metallized substrate. Individual voltages may be applied to 
each place independently to execute arbitrary modulations of the reactance profiles 
throughout the sheet and enable the propagation of leaky waves. Modifying the 
modulation’s characteristics allows for real-time adjustment of the emitted beam’s 
pointing angle θ0 and leakage rate αrad  [37]. The equation for the fundamental 
harmonic wavenumber ky in a sheet of modified graphene equation, where βSpp 

is the SPP propagation constant, ΔβSPP is a minor fluctuation in the wavenumber 
owing to the modulation, αSPP is the dissipative attenuation constant, and αrad is the 
leaky radiation attenuation constant. The radiating beam on the pointing angle is 
represented by Eq. (6). Graphene plasmons are relatively lossy, so achieving highly 
directive beams is difficult, while maintaining high-radiation efficiency is difficult. 
However, the modulation amplitude M can favor one of these two goals over the 
other: A large M will result in a smaller effective aperture, reducing directivity, 
while a small M will increase efficiency [38]. 

Many writers have also suggested an alternative THz implementation of LWAs 
based on graphene. In order to excite leaky spatial harmonics, the antenna with gate 
pads regularly modifies the strip’s width. The authors do this by capitalizing on 
the extreme sensitivity of the plasmon propagation constant. This structure’s width-
dependent plasmon dispersion may be mapped to practical changes in graphene’s 
conductivity σ = 1/Zs, allowing for detailed modeling of the structure’s modulation 
of the reactance in design and computation. SPP analytical scaling over the strips 
width presented was used to carry out such analyses quickly, allowing for rapid 
realization of methods and studies of such antennas. This version is easier to build 
than the previous one since no gating pads are required underneath the graphene 
sheet. However, by providing a single DC bias voltage, the direction of the emitted 
beam may be precisely controlled at a particular frequency. However, unlike the 
prior setup, the modulation amplitude M and operating frequency are now fixed at 
manufacture based on the width modulation [39]. 

Composite RH transmission lines and antennas are only two examples of ideas 
that may be borrowed from the microwave domain and used in implementing LWAs. 
Other looked explored the possibility of employing graphene plasmonic to achieve 
similar methods at THz frequencies. Initial findings have been encouraging, but 
the complexity of the necessary structures and the need for high-quality graphene 
samples may postpone their practical use for some time. 

To fully use graphene’s interdisciplinary nature, it has been suggested that elastic 
vibrations based on flexural (mechanical) waves be used to produce leaky waves.
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A fwave propagating on graphene may be adequately described as a fix grating 
over the period p. The frequency of the flexural waves may be dynamically adjusted 
using a biharmonic source, allowing for fine-grained control over the emitted beam. 
The primary benefit of this antenna is that, since mechanical waves are so versa-
tile, they can provide almost any modulation reactance profile. Furthermore, since 
its characteristics are analogue, the reactance profile does not need to be fixed or 
discretized by gate electrodes. That’s why it’s flexible enough to execute any radi-
ation pattern and provide beam-scanning capabilities. However, since the structure 
relies on vibrating free-standing graphene, it may be challenging to produce and has 
certain non-planar qualities. In addition, it may be difficult to find the right balance 
between small plasmonic devices and mechanical parts, particularly in real-world 
applications [40]. 

Using graphene as a perturbation element, similar to what was proposed for reso-
nant antennas, is another way to create graphene-based LWAs. The goal is to increase 
performance or lessen the need for high-quality graphene, both of which may be 
achieved by using the benefits of various technologies. Graphene is ubiquitously 
employed in these systems because of its capacity to provide near real-time elec-
tronic reconfiguration. Here, we look into LWAs with high-impedance surfaces that 
use graphene to improve beamforming and provide tuning flexibility. 

Non-reciprocal responses without ferromagnetic materials have recently emerged 
as a potential concept in electromagnetics and the antenna community. Convention-
ally, this capability has required the use of large, costly magnets, which signifi-
cantly restricts device downsizing and Integration with other technologies. The THz 
graphene plasmonic applications benefit considerably from this since the silicon-
incompatible magnets. Modulating a structure’s attributes (permittivity) in space 
and time has been suggested as a new paradigm to break time-reversal symmetry. 
Applications of this method span the electromagnetic spectrum, acoustics, and even 
mechanics, resulting in breakthroughs like exciting high-performance circulators 
that are also compatible with modern integrated circuits. Essential devices like isola-
tors, circulators, and non-reciprocal antennas may be made smaller and cheaper by 
shifting to a magnet-less non-reciprocal paradigm [41]. 

Exciting work by Correas-Serrano has turned such ideas into THz graphene plas-
monic by fully leveraging the material’s great reconfigurability using the field effect. 
More precisely, these approach enables the creation of terahertz antennas with a 
wide range of customizable transmission and reception characteristics. What’s more 
intriguing is that the device’s sent and received SPPs fluctuate at different frequencies 
when time is reversed. When these two events occur together, it may lead to LWAs 
responding in ways they never have before. We point out that similar methods have 
recently been used to create non-reciprocal LWAs at microwave frequencies [37, 42].
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3.3 Reflect array Antennas 

Many global and satellite communication systems have seen remarkable capacity 
gains because of the use of reflect arrays, a well-established issue in the RF, 
microwave, and antenna research communities. An enlightening feed antenna and 
a grid of reflecting unit cells combine to create these structures, with each cell 
introducing a unique phase shift to the reflected wave [43]. 

In this way, highly directional far-field beams may be synthesized in practically 
any direction by manipulating the phase fronts of the reflected beam. It’s important 
to remember that the phenomena behind the “generalized Snell laws” that have 
sparked so much interest in the optics world in recent years are also at the heart of 
transmit and reflect arrays. Semiconductor diodes, microelectromechanical systems 
(MEMS) lumped components, and liquid crystals are only some of the technologies 
suggested for dynamically controlling the phase of the unit cell at micro- and mm 
waves. However, mainly owing to size and loss, they are inappropriate for use in the 
THz band. Graphene’s high inductance and electric solid field effect, which allow 
for downsizing and the necessary tunability to synthesize any reflection phase, make 
it a desirable contender to fill this hole [44]. Reflect arrays made from graphene 
were initially developed by Carrasco et al. An article unit cell is shown as a square 
patch of Graphene deposited on a SiO2 base. Patches of traditional reflect arrays 
often constructed of gold or noble metals will resonate. If their size is about equal to 
half a wave’s wavelength in the effective medium, this typically results in massive 
structures. 

4 Proposed THz MIMO Antenna 

Over the last several years, there has been a meteoric rise in the need for more 
data rates that boast substantial efficiencies and operate over a broad frequency 
range. This desire has been brought on by the significant development of wireless 
communication systems. As a result, research into the terahertz communication band 
the one presently underutilized for wireless communication services. Meanwhile, by 
2021, it’s expected that global smartphone traffic would reach over 50 PB/mo. As a 
result, many academics have begun researching different parts of the terahertz (THz) 
spectrum, which is located in the middle of the typical microwave and infrared 
spectral ranges. This spectrum has applications in sensing, imaging, screening, and 
time-domain spectroscopy [45, 46]. 

The THz frequency spectrum applies to a vast number of fields and offers a variety 
of benefits. It does, however, suffer from a shortage of suitable small sources, which 
is one of the reasons why the employment of this technology is constrained to a 
more limited scope [47]. Several methodologies have been thoroughly investigated 
to find a solution to this issue to create acceptable sources that may be used in the 
THz frequency band [48]. Successful application of the terahertz frequency domain
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has been achieved by the Quantum Cascade Laser, or QCL, in this setting. The 
generation of THz radiation may also be accomplished by using techniques such 
as optical photo mixing and electro-optical rectification. Using these strategies, it 
is possible to create output power in the mW range. Along with various kinds of 
sources for antenna components, end devices need to have high efficiency. 

In the terahertz band, there is also a substantial attenuation path loss, another 
problem preventing its broad deployment. To combat the issue of attenuation, a 
variety of researchers have developed a variety of high-gain antenna structures. 
However, due to their three-dimensional, intricate, and massive geometric forms 
of majority antennas, the majority of these antennas can readily be merged with tiny 
electronics. Because of this, planar MPA structures have attracted substantial research 
in the THz frequency range due to the ease with which they may be combined with 
tiny electronics. However, antenna configurations with a more considerable band-
width are necessary to offer a greater number of wireless communication services at 
a higher data rate. The term “Super Wideband” (SWB) antenna refers to an antenna 
that has an availability that is more than ten times that of a decade ratio (10:1). 
Several S-Wave band antenna constructions have been given for operation in the 
THz frequency zone, and these structures are shown in the images. Each of these 
architectures has a patch with either an elliptical ring fractal or a hexagonal fractal 
applied to it in order to maximize bandwidth [49]. 

Two port-loaded THz MIMO antennas are presented to analyze different antenna 
performances. The proposed work is represented in Fig. 1. Upper view is illustrated 
in Fig. 1a, and the lower outlook is presented in Fig. 1b. The patch and ground 
regions are the perfect conductors. The size of the represented structure is 35 µm 
by 50 µm. There are two patches in the system that is considered and analyzed. 
First, the hexagonal-shaped patch regions are considered. Then, the patch elements 
are cropped by considering the C-shaped structure. It will help for minimizing the 
reflectance coefficients. Finally, the rectangular-shaped ground region is considered. 
Graphene is used for the material of patch elements, and polyimide material is used 
as a substrate material. The different dimensions of the proposed design are shown 
in Fig. 1.

The performance of isolation is observed in terms of transmittance and reflectance 
response in Fig. 2. The analysis is carried out over the 1–20 THz spectrum. There is 
good isolation observed over this entire range. The broad bandwidth is kept in the 
field of 3.95–9.65 THz (Bandwidth 5.7 THz).

The envelope correlation coefficient gives us information about the independence 
between the emission patterns of two antennas. In this scenario, the correlation 
between the two antennas would be 0 since one antenna would be horizontally polar-
ized while the second antenna would be vertically polarized. The ECC response of 
the presented structure is shown in Fig. 3. The ECC response of the presented design 
is near the zero value.

The channel capacity loss of the design is observed in Fig. 4. CCL response of 
the design structure provides a lower amount of channel capacity loss for the broad 
spectrum range.
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Fig. 1 Proposed hexagonal patch-based THz MIMO antenna. a Top sight of the structure. b Bottom 
sight of the structure

Fig. 2 Transmittance and 
reflectance response of the 
presented design

Fig. 3 ECC response of 
proposed THz MIMO 
antenna
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Fig. 4 CCL response of 
proposed THz MIMO 
antenna 

Fig. 5 DG response of 
proposed THz MIMO 
antenna 

The expected value of the proposed antenna structure’s directive gain is near 10 dB 
[50]. Figure 5 represents the DG of the presented antenna structure. The DG response 
of the system is almost near the 10 dB throughout the spectrum’s 1 THz to 20 THz 
range. 

The healthy gain of the proposed design is 17.1 dB in Fig. 6. The gain response is 
analyzed for the resonating frequency. Overall, all performance indices are consid-
ered to observe the antenna structure’s performance. The necessary conditions like 
isolation. ECC, DG, CCL, and gain meet the standard requirements.

5 Fabrication Technology of Graphene-Based Nanomesh 

Graphene, a single-layer sp2-hybridized carbon sheet with unusual optoelectronic 
features, including zero band gap, high carrier mobility, and frequency-independent 
absorption has garnered much interest in recent years. Nanoelectronics, photodetec-
tors, and biosensors are just a few areas that might benefit from these characteristics. 
However, its use in electrical and photonic devices is constrained by graphene’s 
negligible energy gap. Consequently, energy gap reduction and increasing the ratio 
of Ion/Ioff is greatly desired. It is generally accepted that several techniques can 
tune the band gap of graphene [51], strain, and the reforming of the graphene-based 
nanostructure [52]. Simplifying the material’s nanostructure to reduce its intrinsic



298 S. Lavadiya et al.

Fig. 6 Total gain of proposed THz MIMO antenna structure

electronic characteristics is presently the most practical option [53] when graphene is 
reduced in size to nanostructures like a nanoribbon (GNR), nanoring, or nanomesh. 

However, the difficulty in fabricating long, thin GNRs will limit the usefulness 
of nanoelectronics devices. In contrast to individual GNR devices, FETs based 
on graphene nanomesh (GNM) can handle currents roughly 100 times larger than 
personal GNR devices. Using mesoporous silicon (meso-SiO2) as a mold, Yang et al. 
developed highly sensitive biosensors that can specifically detect human epidermal 
growth. This proves that modifying graphene into GNMs is a potent method for 
increasing the band gap. To manufacture a large-surface GNM for this purpose. 
Unfortunately, the GNM’s energy gap couldn’t be closed since its neck width was 
too great (260 nm). Using anodic aluminum oxide membranes as pattern masks 
and O2 plasma etching, Zang et al. many articles showed a unique template-assisted 
approach for preparing GNM. To reshape the graphene layer, most GNMs are prefab-
ricated using a nanoparticles as a mask. In order to accomplish the manufacturing of 
large-scale uniform arrays, however, the nanomask synthesis is complicated. 

Electron beam lithography was used to construct large-scale successfully, circular 
graphene nanomeshes (c-GNMs) and rectangular graphene nanomeshes (r-GNMs) 
array with varying widths. GNMs were also used to create terahertz detectors based 
on graphene’s photoconductive properties. We conducted electrical experiments at 
room temperature to learn more about how the GNM neck width impacts detector 
performance. A more prominent current was seen in c-GNM-based devices, despite a 
lower Ion/Ioff current ratio. The photoconductive impact of this unique structure was 
then assessed by measuring the THz photo currents of r-GNM structure for varying 
sizes. Finally, bifocal imaging system is used for THz imaging application based on 
r-GNM devices.
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Chemical vapor deposition was used to create a single layer of graphene on a 
copper substrate across a large area. Polymethyl methacrylate (PMMA) was used 
to aid in the wet-transfer process before the pattern was transferred to strongly 
doped p-type Si substrates covered in SiO2 layer. Electron beam evaporation was 
used to deposit the Au source and drain electrodes on the graphene, and then the 
standard metal lift-off technique was used to remove the electrodes. The average 
distance between electrodes was 14 m. Second, we used electron beam lithography 
(EBL) to produce r-GNM and c-GNM, two distinct nanomesh graphene varieties. 
After the graphene sample was transferred to the substrate, positive e-beam resist 
for etching mask. Mask aids in specifying the needed shape and dimensions. The 
exposed graphene was then removed from the air using oxygen plasma [37]. After 
etching the PMMA away using a mixture of three parts isopropanol to one part 
methyl isobutyl ketone, the Si3N4 gate dielectrics. After that, the Si3N4 was coated 
with a gate electrode material vaporized by electron beam evaporation. Both r-
GNM and c-GNM were analyzed for their appearance and structure using scanning 
electron microscopy after they were synthesized. At room temperature, a semicon-
ductor parameter analyzer assessed the detector’s electrical properties, while the 
optical features of the devices were investigated using improvised optical measuring 
equipment [54]. 

6 Forthcoming Research Scope of THz Antenna 

THz antennas have several desirable characteristics: high gain, high radiation, cheap 
cost, resistance to alkalis and acids, and a wide working bandwidth. In response, the 
following factors should be prioritized in future THz antennas research. 

6.1 Structure Miniaturization 

The limited bandwidth of THz antennas is due to the tiny wavelength of this frequency 
range. The need for mobile antennas that can be worn increases as the number of 
intelligent devices proliferates. Efforts to shrink things down have great potential as 
an area for future study. Right now, it makes more sense to integrate various antennas 
into a smaller package. The lens’s radius may be as small as practical. It is essential 
to proceed with care so that antenna performance is not degraded. The microstrip 
antenna offers the most minor return loss, gain, and directivity compared to other 
antenna types. Wearable antennas are portable antennas that are smaller, lighter, and 
easier to replicate [55].
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6.2 Healthy Gain of Structure 

THz antennas play a crucial role in the overall communication output of a wireless 
communication device due to their central role in the system. Normal measures 
of energy conversion and radiation output include gain and efficiency. Bandwidth 
indicates the possible frequency bandwidth of the antenna. Most significant challenge 
to THz connection is the attenuation that occurs in the atmosphere. Increasing the 
gain is a workable strategy since failure on a free-space path is inevitable. Due to the 
larger operating antenna and little impact on environmental loss, the antennas must be 
broad-band, high gain, and efficient for optimal use. With THz wave’s broad output 
spectrum, researchers are primarily interested in building highly efficient. However, 
the low resistivity of silicon substrates makes this impossible. The vast majority of 
this power is dissipated as heat. Because of this, on-chip antennas built on silicon 
tend to have subpar radiation behavior. 

Even in hostile environments, where the transmission signal is most likely to be 
degraded, high-gain THz antennas may still perform. THz antennas that are suitable 
for high-gain horn and lens antenna. Most challenging aspect of developing a THz 
antenna is constructing an array of individual parts. Miniature THz antennas are 
available. As a result, setting up the array requires caution and accuracy. The gain 
enhancement of THz antenna is attained technologically and materially since present 
manufacturing technologies cannot match the design criteria [56]. 

6.3 Better Way of Integration 

Due to the increased customer demand several research has looked at THz antenna 
integration. If several antennas can be integrated on the same chip, then antenna inte-
gration will be significantly enhanced. Maintaining electromagnetic compatibility 
is a significant obstacle for THz packaging techniques (EMC). A small yet dense 
array of antennas is used to achieve a high gain. The elements of the array mutually 
interfere with one another. Including a filter, the arrangement makes the building 
bigger. Miniaturization of THz antennas requires a trade-off with efforts to reduce 
electromagnetic interference. Since the chip is larger than the wavelength, sophis-
ticated packaging and processing methods must be created. It is well known that 
CMOS technology is responsible for the recent success of completely embedded 
applications. Due to this property, CMOS technology may be used in THz-wave 
circuit design. Integrated circuit’s implementation regions have been expanded in 
THz devices thanks to CMOS and SiGe advancements, which have also affected THz-
wave circuit design. Integration and packaging technologies need new architectural 
and modeling approaches to deal with the complicated activities of electromagnetic 
waves in embedded structures.
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7 Concluding Remarks 

The rudimentary notions and operational principles behind terahertz operating 
antennas are incorporated. THz-operated antennas need more careful planning than 
their lower frequency. Electron mobility, chemical doping, Fermi energy, operating 
frequency, relaxation time, and ambient temperature are only a few additional factors 
that contribute to the conductivity model of graphene. Several types of antenna 
architectures based on graphene are taken into account. These include leaky-wave 
antennas, resonating antennas, and reflect array antennas. In this article, we inves-
tigate the performance behavior of THz MIMO antennas and get insight into their 
architectures. The research considers the difficulties and the approach for the fabri-
cation technology of graphene-based nanomesh, and it also comprehends the future 
research scope of the THz antenna. 
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Design of Monopole Ground Graphene 
Disc-Inserted THz Antenna for Future 
Wireless Systems 

K. Vasu Babu, Gorre Naga Jyothi Sree, Kumutha Duraisamy, 
M. Jeyabharathi, and Sudipta Das 

Abstract This paper demonstrates the basic circular patch and monopole ground 
plane with graphene patch underneath the substrate. The designed radiator perfor-
mance has been evaluated in terms of chemical potentials, S-parameters, E-field, H-
field and VSWR. In this design, using the substrate of polyimide with lower dielectric 
constant 3.5 and the thickness is 40.0 µm has been considered in antenna design. In 
this design, the ground plane, patch and feed line are designed with copper having 
resistivity and conductivity are. 1.68 × 10−8 Ω− m and 5.8 × 107 S/m, respectively. 
The designed structure has been fed with microstrip feeding line of impedance 49.68
Ω. The current design structure has an impedance of real part is nearly zero, and 
imaginary part is with negative value which is resonating at 1.6 THz. The current 
designed structure is used in the applications like homeland defence and image of 
video rate systems. The simulation and designing of current THz system using CST 
MW Studio 2018 are based on the technique of FDTD. 

Keywords Antenna · Tunable · Graphene · Terahertz · Strip radiator · E-field ·
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1 Introduction 

A significant transformation in the modern technology of wireless communications 
has been seen over past decades. Due to the growing of faster data rates mostly 
in the current communication wireless technology, the data connection enhance-
ment in mobile communication technology due to research achievements resulting 
in the era of advanced research applications with new possibilities carrying out the 
research of variety of institutions. The various factors influence the system like 
restricted communication distance and propagation route loss including substantial 
amount. The frequency related to the communications of terahertz offers obstacles 
and exciting promise. The performance of THz system is directly impact on features 
of THz systems must not lose their sight of the system. The THz system must not be 
the forgotten it should be something. For the huge demand and better sensitivity and 
compact size of radiators, transmitting and sensing are two reasons for THz waves. 
Mobile communications, broadcasting and satellites, multimedia, identification of 
weapons and explosives (weapon identification system and development of explo-
sive), medical systems and environmental sensing include development of radars 
are the some of the applications in the era of THz communication system. For the 
growing need of higher amount of data rates in wireless technology of communi-
cation related to current trend for the last several decades of communication. In [1] 
designed on glass material used as substrate for THz high-speed communications, a 
micro-scaled wideband MIMO-printed radiator for THz system [2], using the poly-
imide substrate-designed THz antenna for video rate systems for imaging and defence 
homeland area applications [3], using photonic crystal substrate designed THz patch 
antenna and analysed [4], using ohm & L-shape symbols designed MIMO radi-
ating system [5], a ring-shaped THz wideband MIMO radiator with tetradecagonal 
system [6], a micro-sized optimization of MIMO system for THz range based on 
their characteristic analysis related to graphene material [7], for UWB applications 
designed THz microstrip patch antenna [8], for THz system range 0.33 THz-10.0 
THz designed super wideband system with high-isolation [9], using DGS designed 
a MIMO UWB system reduce mutual coupling [10], a fractal shape structure like 
hexagonal designed for THz for super-wideband system [11], for the interference 
inherent designed a MIMO radiator system using DGS [12], in THz region graphene 
patch designed [13], compact U-shaped design designed [14] and metamaterial with 
graphene reflector explained [15]. 

2 Antenna Geometry 

The final antenna structure of current design is shown in Fig. 1. The geometry consists 
of simple circular ring with microstrip feed line attached with diameter ‘S’ and strip 
line width ‘Wf ’ and considered the height related to the substrate Lf = 1.6 µm 
and monopole ground with inserted graphene disc on back side design to improve
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Fig. 1 Proposed antenna 
geometry 

Table 1 Description of symbols in µm 

Symbol L W S Lf Wf a r1 r2 Lg Wg 

Value 50 30 18 1.6 2.5 14 12 6 50 30 

bandwidth related to system. The permittivity of the designed substrate ∈s = 3.5 and 
thickness of 40 µm having the structure dimensions indicates with L × W is required 
for implementation of current THz system. By using the lithography of electronic 
beam patterned the ground plane radiator shape. The various expressions required 
to analyse the graphene material with chemical potentials are [15]. Table 1 shows 
design parameters related current designed structure. 

σintra band(ω, μc, [,  T ) = −  j 
e2KB T 

πh2(ω − j2[) 
×

(
μc 

KB T 
+ 2 ln

(
e 

−μc 
K B T + 1)

)
(1) 

Here, ‘e’ indicates the charge of electron, ‘h’ indicates Planck’s constant value and 
‘kν’ indicates Boltzmann’s constant value. 

σinterband of graphene(ω, μc, [,  T ) ≈ 
− je2 

4.0 πh 
ln

(
2.0|μc|−(ω − j[)h 

2.0|μc| + (ω − j[)h

)
(2) 

Here, conditions are considered as hω = 2|μc|, KB T ≈ |μc| and KB T ≈ hω. 

ns = 
2 

πh2v2 f 

∞∫
0 

E( fd (E) − fd (E + 2μc)) dE (3) 

Here, distribution of Fermi–Dirac function f d (E) represents their required energy, 

fd (E) =
(
e 

E− μc 
kB T +1

)−1 
and vf represents the Fermi velocity which approximately 

(108 cm/s). The distribution function of electric field expression taken as [14].
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2εs E0 

e
= 2 

πh2v2 f 

∞∫
0 

E( fd (E)− fd (E + 2μc)) dE (4) 

3 Results Analysis 

In the field of wireless technology, the spectrum of THz spectrum plays a satisfied 
major role in transmission related secured high-speed and ultra-wideband systems. 
In this paper designed, a high-performance THz antenna using CST MW Studio 
2018. The designed antenna scrutinized by VSWR, E-field, H-field, radiation pattern 
including H-field, E-field and return loss (S11). Figure 2 shows the S-parameters of 
current design structure is obtained≤ −10.0 dB at required system. Figure 3 displays 
the representation related VSWR of present designed which is ≤ 2 at the resonant 
band of the designed region which makes the proposed system is better of current 
THz design applications well suited. Figure 4 displays impedance representation in 
form of real part as well as imaginary part leads the real parts of the impedance 
is nearly zero, and imaginary part of the design is negative impedance acts like a 
capacitor and inductor. 

Figure 5 shows the designed THz system by varying various chemical poten-
tials varying from μc = 0 V to  μc = 1.0 V with an increment of 0.2 V of reflec-
tion coefficient (S11) which is ≤ −10.0 dB at resonant required system. Figure 6 
shows distribution-related E-field of present design which related fields of current 
are maximum along the horizontal directions of current designed structure. Figure 7 
shows the distribution of H-field of the current design which the fields of current 
are maximum along the vertical directions of current designed structure. Figure 8 
displays the distribution-related surface currents which lead at the edges of the design, 
and ground plane represents the maximum current flows through the monopole 
ground completely which improves the bandwidth of the system due to monopole 
ground structure. Figure 9 displays radiation pattern of E-field along with H-field 
which consists both principal plane radiations for both cross-pole and co-pole

Fig. 2 S-parameters of 
design
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Fig. 3 VSWR related to 
design 

Fig. 4 Impedance related to 
design

patterns. The plane of E-field produces omnidirectional radiation patterns, and for the 
H-plane, omnidirectional with maximum radiation at the azimuthal angle is observed. 
A difference of −30 dB is identified among the radiation strengths of cross-pole and 
co-pole radiations. 

Fig. 5 Chemical potentials 
of the design
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Fig. 6 E-field related to design 

Fig. 7 H-field of elated to design

4 Conclusions 

A graphene-based circular patch radaitor has been designed in this paper at frequency 
of 1.6 THz. The performance of the current design radiator gas reported the VSWR, S-
parameters, impedance and chemical potentials by implementing on the substrate of 
polyimide substrate. The design has shown the acceptable parameters of the radaitor. 
For the current, designed structure has been identified that VSWR ≤ 2 within the
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(a) Front-plane                                    (b) ground plane 

Fig. 8 Distribution of surface currents of the design 

Fig. 9 Radiation pattern of current design

resonant band of frequencies with E-field, H-field and surface current distributions 
has been identified. The design antenna would be used for the applications of security-
related technology system, spectroscopy-type materials and medical imaging, etc. 
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Graphene-Based D-Shaped Gold-Coated 
Photonic Crystal Fiber for Transformer 
Oil Moisture Sensing 

M. S. Mani Rajan and N. Ayyanar 

Abstract Graphene is a sheet of carbon atoms organized in a honeycomb lattice. 
It has great electrical, mechanical, thermal, and electrical properties due to its high 
electron mobility. Graphene absorbs light at any frequency, including THz, due to its 
broad spectrum of optical absorption properties, making it appropriate for various 
photonic applications. In terms of sensing technology, an optical fiber sensor with 
graphene coating will improve sensing performance and also have large research 
influence due to its low cost and scalability. Because of graphene’s high specific 
surface area, it is more appropriate for biomolecule absorption, allowing for label-
free, real-time detection of biological molecules such as protein and DNA. This 
chapter discusses the most recent advances in photonic crystal fiber for THz appli-
cations. In particular, a D-shaped graphene-covered PCF sensor for detecting the 
quality of transformer oil when it is contaminated is thoroughly examined. 

Keywords Photonic crystal fibers · Graphene coating · D-shaped PCF · Photonic 
sensor · Transformer oil 

1 Introduction 

In 2010, the Nobel Prize has been awarded to physicist Geim and Novoselov for 
their significant contribution to findings the graphene’s properties. Graphene can be 
considered as a peculiar material for many applications since its unexpected elec-
tronic band structure [1]. Since 2004, graphene has attracted great interest after the 
successful isolation from graphite [2], and pioneering works on experimental inves-
tigation have been carried out due to its unique quantum electromagnetic properties
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[3, 4]. Also, graphene unlocked the world of photonics for some new developments. 
Graphene exhibits more chemical reactivation nature which is hundred times better 
than thicker sheets. Graphene exhibits excellent optical absorption property with 
broadband which means that graphene can be regarded as perfect absorber of light 
at any frequency, especially in THz regime. In the frequency spectrum of THz and 
mid-infrared, graphene material employed in different dimensions because of excel-
lent tunable electrical conductivity and optical properties like optically transparent 
[5], tunable electromagnetic [6], and high electron mobility [7]. The controllable 
property of the graphene can be attained by changing Fermi level through tuning 
the applied bias voltage. The graphene is an excellent conductor which is having 
zero band gap, large surface area and π-conjugation structure. Hence, it is suitable 
photonic material for SPR-based biosensing applications. Since it has zero band gap, 
its absorption coefficient has covered the 2.3% ranges in the electromagnetic spec-
trum between ultraviolet and far-infrared (FIR) wavelengths. In order to enhance 
the sensing performances, we should enhance the optical interaction with graphene 
material in an efficient manner. The combination of graphene with plasmonic mate-
rials like noble metals could be employed to improve the sensing characteristics of 
biosensors. 

In terahertz regime, graphene effectively supports to plasmonic wave propagation 
in the subwavelength scale where it can be tunable for various applications. The 
conductivity layer model with complex conductivity σs (ω, μc, τ , T ) parameters 
is used to calculate graphene’s electrical characteristics. Thus, the conductivity of 
graphene is equal to addition of conductivity belongs to intra- and inter-band [8], 
which are defined as follows: 

σs = σinter + σintra (1) 

σintra = 
− je2kB T 

πh2(ω − j2[)

(
μc 

kB T 
+ 2 ln

(
e− μc 

kB T + 1
))

(2) 

σinter = 
− je2 

4πh
ln

(
2|μc| − (ω − j2[)h

2|μc| + (ω − j2[)h

)
(3) 

With τ = μm μ 
ev2 f 

. 

Here, ω is angular frequency, G is the rate of scattering, è and kB are respectively 
denote the Planck’s constant and Boltzmann’s constant. Here, the values of μc range 
from 0.2 eV to 1 eV, the value of τ −1 is the electron relaxation time, which is 10–13 s 
(τ −1 = G), and the temperature T is 300 K. The proposed structure is also dissected 
by the incident wave’s varied polarization. 

The chemical potential (μc) has major impact on conductivity of graphene surface. 
Chemical potential μc is a parameter which could be control the properties of 
graphene. By using the value of surface conductivity (σG ), permittivity of graphene 
can be determined [9].
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Fig. 1 Refractive index 
(n) variation with respect to 
chemical potential for 
graphene 

εG = 1 − i 
σG 

ωε0dG 
(4) 

In Eq. (4), ε0 denotes the permittivity of vacuum and dG represents the graphene 
layer’s thickness which is 10 nm. Where is the angular frequency with a value of 
2πc/λ and i denotes the permittivity’s imaginary quantity. The grapheme refractive 
index varies with chemical potential, as illustrated in Fig. 1 at 800 nm. 

where ω = 2πc/λ is angular frequency and i implies the imaginary quantity of 
the permittivity. Variation of refractive index of graphene with respect to chemical 
potential is shown in Fig. 1 at the wavelength 800 nm. 

Recently, creating graphene artificially has been receiving considerable atten-
tion due to controlling and managing in the field of photonics. Graphene possesses 
tremendous properties of electrical conductivity, luminescence, flexibility, etc. due to 
which graphene-based biosensor can be used in early cancer and tumor recognition 
[10]. Graphene perturbations added in waveguide structure increase the sensitivity by 
the shifted peak in terms of absorption and reflection [11]. The leakage in the optical 
leaky-wave antenna increases due to the addition of graphene by changing its chem-
ical potential [12]. The excitation of localized surface plasmon resonance (LSPR) has 
been excited is observed when gold nanoparticles combined with graphene, and it 
increases the sensitivity and detection of ascorbic acid which is helpful in the immu-
nity and is used in online monitoring, detection of microdroplets, etc. to fight against 
bacteria, viruses, etc., and they are fabricated from more doped photosensitive fiber 
to unit mode fiber [13]. Graphene-based plasmonic sensors and nanoring resonators 
are linked with biomolecules that are used for the detection of hybridization of DNA-
related issues through the finite element method (FEM) and have been progressive in 
the field of photonics and helpful in developing nanosensors [14]. Graphene-based 
metasurface infrared sensor using C-shaped material tungsten material increases 
sensitivity, and it is obtained through shift absorption peak by adding biomolecules 
[15].
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Graphene and plasmonic material-based biosensor can be used to improve the 
sensitivity and detection accuracy through 3D-finite difference time domain method 
(3D FDTD) [16]. Graphene-based long-period fiber grating is used in detection of 
glucose from a linear response of graph that helps in better detection [17]. The detec-
tion of the concentration of urea is needed for dialysis of kidney patients to calculate 
the value of PH, urease is used as a biomaterial with graphene detects composition 
of carbon and ammonia [18]. Nanomaterial-based optical sensors used in working 
with detection of all types of bacteria such as salmonella typhi, Escherichia coli, that 
bear the loss in social and economic progress compared to other materials that are 
used for detection of bacteria being so insensitive [19]. 

Graphene-based Bloch surface wave sensor with truncate layer 1-D photonic 
crystal (DPC) in which layer’s thickness is optimized and adding up the graphene 
layer increases sensitivity which is not observed in surface plasmon resonance [20]. 
Graphene can be used to detect the bioanalyte like proteins, nucleic acids, DNA, etc. 
DNA strands from shorter to longer detection of polymer used technologies in treating 
the harmful diseases and can be recycled [21]. Single-mode fiber-based sensors 
are sensible for detection and protection from most harmful gases by depositing 
graphene through various techniques such as ultraviolet spectroscopy and atomic 
force microscope (AFM) and make a broad change in the optical band which is used 
in mines [22]. Plasmonic properties used with graphene in polarization-independent 
sensor observing them absorption in a limit wavelength range are applicable in 
environmental applications [23, 24]. 

2 Photonic Crystal Fibers 

A special type of optical fibers which are having microstructure with the wavelength 
scale along their length is known as photonic crystal fibers [25]. Based on their 
guiding mechanisms, photonic crystal fibers classifieds as two types namely index-
guiding PCF [26] and photonic bandgap fibers (PBF) [27]. Light is limited to a solid 
core in index directing PCFs using the modified total internal reflection (m-TIR) 
principle, whereas cladding regions with low effective index are created using an 
array of air holes. These fibers having various features like endlessly single-mode 
operation which can support only the fundamental mode for wide range of wave-
length, high nonlinearity due to extremely smaller core radius, tunable dispersion 
property, excellent birefringent characteristics, etc. In the case of photonic bandgap 
fiber, however, light is trapped in the low index medium. In this kind of PCF, air-core 
is located at the center and silica-based photonic crystal cladding is comprised in the 
background with the triangular array of air holes. When compare with silica mate-
rial, air-core has a lower refractive index value where TIR guidance is not possible 
[28]. Recently, the investigations on coated photonic crystal fiber (PCF) with suitable 
material for photonic sensing applications are exponentially increasing. Especially, 
for biosensing applications, numerous PCF-based biosensors have been developed 
and investigated [29]. Besides, PCF received huge attention because of freedom to
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designing the structure with tailoring property. Through some pioneering techniques, 
numerous PCF structures are proposed to attain the desirable properties for various 
sensing applications to sense different analytes. 

In order to investigate the PCF structures, various techniques of numerical analysis 
have been employed to investigate the Maxwell equations. The optical parameters 
like large mode area, anomalous or normal dispersion, two or more zero-dispersion 
wavelengths, high numerical aperture, high birefringence, effective area, and high 
nonlinearity parameters are essential parameters to evaluate the behavior of PCF. 
It must be noted that these parameters can be calculated using the effective index 
value. The effective refractive index is mostly determined by the geometrical structure 
of the PCF. By means of finite element analysis with the aid of COMSOL multi-
physics which is a powerful module in the numerical modeling, the performance 
of the proposed PCF sensor is investigated. The electromagnetic wave propagation 
through an optical fiber can be represented by Maxwell’s equations with macroscopic 
consideration in the absence of electric charges: 

∇ ×  E(r, t) = −∂ B(r, t) 
dt 

(5) 

∇ ×  H (r, t) = −J (r, t) + 
∂ D(r, t) 

dt 
(6) 

∇ ·  D(r, t) = ρ B(r, t) (7) 

∇ ·  B(r, t) = 0 (8)  

The Fourier components for electric field associated with wave equation can be 
described as given below: 

∇ ×  (∇ ×  E(r, ω)) − k2 o
[
έr (r, ω)E(r, ω)

] = 0 (9)  

Similarly, for the magnetic field: 

∇ × [
έr (r, ω)

]−1∇ ×  H (r, ω) − k2 0 H(r, ω) = 0 (10)  

In the expressions (9) and (10), k is the wave number which is equal ωc−1 and 
where c = √

ε0μ0 is the speed of light. The term ∈́r (r, ω) = εr (r, ω)− j σ (r, ω)/ωε0 
represents the relative dielectric parameter which is material-dependent and σ (r, ω) 
represents the Ohmic conductivity of the material. 

The modal properties of a solid-core PCF are mainly influenced by two parame-
ters, namely diameter of the air hole and pitch. Moreover, distribution of air holes, 
tunable air hole size, and pitch value offers additional possibilities in the designing 
of photonic crystal fiber with desirable properties. This designing flexibility leads to
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tailoring the excellent optical properties for various applications. For the determi-
nation of number of guided nodes supported by any kind of optical fiber medium, 
the V-parameter or cutoff frequency is an important parameter which plays a vital 
role. As an example, for conventional optical fiber, optical fibers supported to multi-
mode if V >> 1 and fibers can support to propagate within the core. The V-parameter 
condition for conventional optical fiber with single-mode operation is V < 2.405. 
The expression for V-parameter of conventional optical fiber given below. 

VSMF = 
2πa 

λ 

/
n2 co − n2 cl (11) 

In the context of PCF, V-parameter calculated by 

VPCF = 
2π∧ 

λ 

/
n2 FM(λ) − n2 FSM(λ) (12) 

From Eq. (11), a is radius of the core, nco and ncl means core and cladding refractive 
index, respectively. From Eq. (12), nFM is wavelength dependent fundamental mode 
(FM) and nFSM is the cladding mode index of periodic cladding structure. 

The mode area with function of wavelength is inversely proportional to nonlin-
earity. The nonlinearity parameter (γ ) can be expressed below, 

γ(λ) = 
2π 
λ 

n2 
Aeff(λ) 

(13) 

Air-filling fraction is an essential parameter to illustrate the HC-PCF. When air-
filling fraction (aff ) is large, guided modes must have β/k0 < 1 for light freely 
propagates through the air medium. The air-filling fraction described as, 

aff = 
π 
2
√
3 

d2 
h 

∧2 
(14) 

According to the detection of biosamples in the sensing region, we have evalu-
ated intensity variation in PCF biosensors. In dual-core PCF biosensor, light energy 
transferred from one core to another one core due to coupled-mode theory. Hence, 
output power can be calculated by, 

Pout(λ) = sin2
(

Δni eoπ L 
λ

)
= sin2

(∣∣ni even − ni odd
∣∣π L 

λ

)
(15) 

where Δni eo, i = x- and y- polarization, index difference between super modes (even 
and odd mode), L is the fiber length, and it can evaluate the transferred optical 
energy from first core to second core at the fixed length. Further, it can be supported 
to calculate the transmission power by the following formula,
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Tr = 10 log10
(
Pout 
Pin

)
(16) 

In dual-core PCF, fiber length (L) can be considered greater than the coupling 
length. Minimum length of coupling which light energy transferred from one core 
to another one core in an easy way and calculated by 

Lc = λ 
2
∣∣ni even − ni odd

∣∣ (17) 

The PCF sensor’s sensitivity can be determined shift of peak resonance wave-
length by the variation of RI analyte in the sensing region. It is called a wavelength 
interrogation method. The expression for the sensitivity by wavelength interrogation 
method follows, 

S
( nm 

RIU

)
= Δλpeak

Δns 
(18) 

where λpeak is resonance wavelength and ns is RI value for the biosample. 

3 Terahertz Regime 

The terahertz (THz) range cover the frequency lies between 0.1 and 20 THz. In this 
frequency range, many materials are transparent but optically opaque in the visible 
and infrared spectra. The corresponding range in the wavelengths and energy levels is 
3 mm to 30 mm and 0.4 to 41 meV, respectively. Specifically, ionization and chemical 
damage are not influenced by THz radiations, hence do not alter the analyte nature. 
The terahertz regime covers two different regions, namely higher-frequency side of 
photonic regime and lower-frequency side of electronic regime. This notable property 
of THz implies that utilize both optical and electronic in the various applications 
like source, detection, sensing, imaging, manipulation of electromagnetic waves. 
Since materials are opaque in THz regime, these waves are open new window for 
imaging technologies in the optical domain which offers numerous applications in 
nondestructive imaging and testing of hidden weapons or explosives, fault detection 
in packaged electronic circuits, etc. However, the research on transmission medium 
for terahertz wave and terahertz-based optical devices is still being explored. 

The microwave and infrared frequency spectrum are covered by terahertz and most 
of materials like glass, plastics, etc. having a strong absorption in the microwave and 
optical bands. It limits the realization and application on the development of opto-
electronic technology in terahertz band [30]. In the THz band, graphene supported 
for surface plasmons in the range between far infrared to the THz range [31]. When 
compare with noble metals, field localization is stronger and optical loss is low for 
graphene. In the terahertz regime, Eq. (1) can be simplified as
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σg = ie2μc 

π (ω + i2[)h2

(
μc 

kB T 
+ 2 ln

(
e− μc 

kB T + 1
))

(19) 

Very low attenuation, i.e., α < 0.5 dB/km, exhibited by silica glass due to higher 
transparency nature. Furthermore, due to its thermo-optic properties, silica glass can 
be utilized to fabricate optical components based on optical fibers with intricate 
designs. However, in the THz domain, silica glass not suitable material for fabri-
cation of THz devices. At 2 Hz frequency, the refractive index of silica is 1.965. 
The vibrational frequencies of various biomolecules fall within the span of THz 
frequency coincides which enabling the detection of biomolecule vibrations. Tera-
hertz spectroscopy, in particular, has emerged as an important tool for the label-free 
and nondestructive investigation of chemical and biological constituents. As a result, 
several academics are seeking to exploit this band for novel uses in the bio-medical 
field. 

4 Surface Plasmon Resonance (SPR) 

The surface plasmons (SPs) are excited by collective oscillation of free electrons 
which are confined and induced by electromagnetic field on the metal surface [32]. 
A surface plasmon wave (SPWs) propagates in the transverse magnetic (TM) direc-
tion on the surface of metal. In plasmonics, we prefer the specific TM-polarized light 
for the excitation of SPs because TE-polarization of field component is the perpen-
dicular to the incident plane which can’t generate charge at the planar interface. 
When TM-polarized light is travel along the interface which affected to the incident 
light that time generate SP. In sensing, based on refractive index analyte, resonance 
position will be varied. The interaction between the photons and electric dipoles at 
the metal surface or in semiconductor leads to excitation of polaritons. Surface plas-
mons coupling with polaritons called surface plasmons polaritons (SPPs) [33]. The 
propagation of SPPs will be taken place at the interface between two different regions 
where metal and dielectric are present as shown in Fig. 2. With the resonance condi-
tion, at the boundary of metal and dielectric, plasmonic waves will be excited which 
is known as surface plasmon resonance (SPR). The improvement of coating tech-
nology with the combination of photonics and plasmonic is significantly contribute 
for the development of photonic sensor which has recently receiving huge attention 
among photonic community due to their potential applications. The PCF structures 
based on SPR coating with plasmonic materials provided extreme sensitivity [34].

At the resonance, the following condition must be satisfied. 

2π 
λ 
n1sinθ = 

2π 
λ 

/
εr n2 2 

εr + n2 2 
(20)
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Fig. 2 Plasmonic generation 
at the boundary in between 
metal and dielectric

The plasmonic wave profile is maximum at the metal–dielectric interface and 
exponentially decaying. In the expression (20), the left-hand and right-hand sides 
are respectively denoting the evanescent wave’s wave vector and surface plasmon 
wave’s wave vector. According to Eq. (20), resonance peak is very sensitive to the 
corresponding change in refractive index of analyte, incident angle, and wavelength 
of incident light. By employing SPR technique, numerous SPR-based PCF sensors 
have been reported [35–38]. In the SPR sensing mechanism, Kretschmann config-
uration is widely employed in which p-polarized light is a strike on a prism where 
the surface is coated with metals. These materials are called as plasmonic materials 
that can be used to excite the surface plasmon polaritons (SPP). SPR sensor has 
been proposed to detect the gas and biological analyte sensing [39]. The structural 
configuration of Kretschmann (prism)-based SPR sensor is bulky due to the require-
ment of many opto-mechanical-based components which are not suitable for many 
sensing applications [40]. In the SPR-based photonic sensors, gold (Au) and silver 
(Ag) metals are extensively employed as a plasmonic material to excite the plasmons 
[41]. In specific, gold gives an excellent support to the aqueous environments due to 
chemically stable. But its resonance peak is broad which is significantly affecting the 
detection [42]. On the other hand, when compared with other plasmonic materials, 
silver material is suitable plasmonic material which exhibits the minimum loss and 
narrowed resonance peak. However, silver material is chemically inert which causes 
oxidation process easily. 

In the photonic sensors, SPR technology essential to enhance the sensitivity of 
sensors due to its various advantages such as label-free detection, high accuracy 
and extremely high sensitivity. Especially, SPR-based sensors used in the sensing 
of environmental parameters [43], detection of chemical agents [44], biological 
analytes sensing [45] and other SPR-based photonic devices [46]. At earlier days, 
plasmonic sensors were designed with the employment of prism [47], such as the 
Kretschmann–Raether prism [48] that can be used to detect up to 10−6 RIU. When 
prism-based configuration is employed for SPR sensors, it has many disadvantages 
such as costly integration, limitation of mechanical reliability and mass production in 
ability. Notably, when compared with the coating of traditional metal and graphene, 
plasmonic waves are effectively supports to control the modulation of light through 
properly adjusting the graphene’s Fermi level. In this work, we obtained the dielec-
tric constant of gold which is used as a plasmonic material and the value of dielectric 
constant is calculated from the Drude model [49].
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ε = ε∞ −
ω2 

p 

ω(ω + j ωc) 
(21) 

In the expression (1), ε∞ has the value of 9.75 which is the dielectric constant 
of gold at very high frequency and ωp has the value of 1.36 × 1016 rad/s which 
is the plasma frequency of gold. ωc is the electron’s scattering frequency with the 
value of 1.45 × 1014 rad/s. The resonance angle in the SPR experiment is gradually 
increases with increasing RI sample. The maximum shift in the resonance angle 
illustrates the enhancing of sensitivity of biosensing device. This resonance peak 
shift is the sensing mechanism behind the working of SPR-based photonic sensors. 
PCF biosensors working based on surface plasmon have received huge attention 
among researchers in the area of photonic sensor technology. Many researchers have 
been investigated the SPR-based biosensing with the use of combination of metal 
or plasmonic materials, dielectric material, and semiconducting layers. With the 
aid of hybrid structure of photonic sensors, the sensitivity can be enhanced over 
the conventional optical sensors. In the development of photonic sensors, hybrid 
structures have supports to better field enhancement and sensitivity for wide range 
of refractive index of analytes as compared to the conventionally known photonic 
sensors by exhibiting full width half maximum (FWHM) as much as narrow. A 
graphene-based optical sensor has an excellent bridge between the infrared and THz 
regime. Also, they can be fabricated through employing electron beam lithography 
(EBL) which can be cost-effective method due to the simplicity. 

5 Moisture in Transformer Oil 

In the electrical transmission system, performance of transformer is determined by 
transmitting power of transformer. In order to maintain the performance of trans-
former, monitoring and the maintenance for the transformer is highly essential. 
Dielectric strength is another important parameter in transformer system and this 
parameter having higher values new transformer oil is higher than that of contam-
inated oil. Nowadays, society demands more electrical energy and it is increasing 
exponentially. 

Since 1920s, the study on performance of transformer by calculating the moisture 
presence in the transformer oil has received huge attention. The working performance 
of transformer is degraded by several factors related to transformer oil like moisture 
contamination [50], irrelevant particles or foreign atoms present, and also variation of 
pressure [51]. Hence, the maintenance of the transformer is very essential, and level 
of moisture in the transformer should be monitored carefully. The periodic oil test 
must be performed to maintain the performance of transformer through monitoring 
the quality of insulating oil in the transformer and frequent checking is needed which 
depending upon the performance of the transformers[52]. At normal temperatures, 
new insulating oil has a water level of less than 10 ppm.
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5.1 SPR-Based D-Shaped PCF with Graphene and Gold 

Graphene material has been used for optical sensing application due to some remark-
able properties like broad detection range, very thin atomic thickness (0.345 nm), 
nanosized particles, and carbon conductivity. From the reflection analysis, output 
spectrum can be analyzed by an optical spectrum analyzer (OSA). Many novel optical 
sensors based on graphene devoted so far [53, 54]. The effect of graphene layer on 
optical sensor based on photonic crystal fibers has been investigated in [55]. In this 
study, refractive index (RI)-based photonic sensor is proposed with D-shaped PCF by 
assisting the coating of some specific noble material. Particularly, gold (Au) is coated 
and coupled-mode theory (CMT) is followed with wide range of refractive index, 
i.e., 1.30 to 1.36, which corresponds to the wavelength range from 1.2 to 2.0 μm. 
The background material of the sensor is fused silica (SiO2), and it is refractive index 
calculated by [56], 

n2 = 1 + 
3∑

i=1 

Ai λ
2 

λ2 − λ2 
i 

(22) 

In Eq. (22), n represents RI of SiO2. Ai and λi constants are used by fitting 
dispersion curve [56]. The RI of graphene evaluated by [57]: 

ng = 3 + 
i λ5.446 μm−1 

3 
(23) 

As for the concerns with refractive index sensors, one can detect the various 
concentrations analytes through investigate the loss peak resonance. Simultaneously, 
the impacts of the geometrical structure of the developed PCF can be used to maxi-
mize resonance peak shifting. Tunability of the suggested sensor construction can be 
achieved by graphene’s conductivity and chemical potential. Numerous researchers 
have published in the literature on the role of graphene in the photonic crystal struc-
ture. However, published works are tells about 1D photonic crystal which require 
simple computation. But the detection limit and sensing resolution are not mush 
effective than PCFs. 

Gold is one of the important plasmonic materials for getting better sensing perfor-
mance in plasmonic sensor. Many plasmonic sensors employ the gold as plasmonic 
material because of several advantageous properties. Few among them are chemi-
cally inert, more stable, and simple structure. With help of Drude–Lorentz model, 
the permittivity of gold can be calculated by [58]. 

εAu = ε∞ − ω2 
D 

ω(ω + i γD) 
− ΔεΩ 2 

L(
ω2 − Ω 2 

L

) + i[L ω 
(24) 

In the expression (24), ε∞ denotes the permittivity at high frequency and its 
value is 5.9673. ωp and γ D are respectively signifies the plasma frequency and
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damping frequency; their values are respectively 13,280.14 THz and 100.02 THz. 
The weighting factor for gold as a plasmonic material is Δε = 1.09. In contrast, the 
oscillator strength and spectral breadth are denoted as Ω L and [L , with values of 
4084.51 THz and 658.85 THz, respectively. The graphene is deposited on the surface 
of the god layer for obtaining better coupling condition of SPP and core modes. 
Furthermore, graphene layer proposed to manage the sensor’s resonance peak. As a 
result of their exceptional electro-optical capabilities, better photonic sensors based 
on graphene materials are envisaged. 

Figure 1 shows a cross section of the D-shaped PCF sensor. The sensing perfor-
mances analyzed by the finite element method (FEM). In order to obtain the excellent 
sensitivity, the structural parameters (pitch value, hole size, the thickness of the gold 
layer, the graphene layer chemical potential (GCP), and the angle of incidence) are 
optimized. Here, we used the following design parameters as follows. In the designing 
of PCF structure is 2 μm, and the designed diameters of the air holes d, d1, d2, and 
d3 are 0.8, 0.6, 0.4, and 1.2 μm, respectively. 

According to Fig. 3, combination of two materials like Au and graphene provides 
more stability in the designing of sensors for the advancement in photonic sensing 
technology. The electromagnetic wave propagation in a photonic crystal fiber 
depending on the angular frequency of incident wave and refractive index of the 
materials. By employing COMSOL Multiphysics for the proposed D-shaped PCF 
structure, the distribution of electric field intensity obtained through “mode Anal-
yses” as portrays in Fig. 4. In the structure of PCF, a perfectly match layer (PML) 
is added around the outer boundary. This layer is used in the structure to avoid the 
effects due to the refection and external effects. Many researchers proposed various 
D-shaped photonic crystal fiber for different kind of photonic sensing applications 
[59–64]. 

Especially for PCF with D-shape, penetration of electromagnetic field into the 
cladding region is significantly high when wavelength is gradually increased. At 
a particular wavelength, resonance condition is satisfied and plasmonic waves are

Fig. 3 Schematic cross-sectional view of D-shaped PCF
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Fig. 4 a Coupling mode 
confinement and b core 
mode confinement

generated. The free electrons are mainly affected by the evanescent field and electro-
magnetic field are significantly influenced by the resonant electrons. The variation 
of the real part of effective index for fiber core mode and SPP mode supports excited 
the plasmonic wave around the resonance wavelength which is the mechanism of 
physics this phenomenon. 

The confinement loss (CL) is essential parameter to analyze the proposed PCF 
sensor. In the designed PCF model, guiding properties are depending upon the struc-
tural parameters like dimension of air holes, the number of air holes, and operating 
wavelength. The expression for confinement loss is given follows 

α

(
dB 

m

)
= 8.686 × 

2π 
λ 

× Im(neff) × 106 dB/m (25) 

In the expression (25), respectively λ represents the wavelength of input optical 
light and Im(neff) denotes complex part of the effective mode index of core-guided 
mode. The sensing mechanism can be implemented by linking the core mode and
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the analyte to be sensed. Because the analyte layer is placed on top of the graphene 
layer, the TE mode coupling between the core and plasmonic material is considered 
(gold). There will be energy transfer between the core mode and the SPP mode at the 
point of connection. The absorption value is maximal at a specific wavelength, and 
the absorption peak that corresponds to this wavelength is known as the resonance 
wavelength. The resonance peak on the absorption spectra will vary depending on 
the refractive index of the analytes. 

5.2 Results and Discussions 

The detecting mechanism of the surface plasmon-based PCF sensor is the interaction 
of the evanescent field with the surface electron of the plasmonic metal. When an 
evanescent field strikes a metallic surface, it generates a surface plasmonic wave 
(SPW), which travels at the interface between the metal and the dielectric medium. 
A strong loss peak is evident at the resonance when the fundamental mode frequency 
and surface plasmon polariton (SPP) mode frequency are exactly matched. Changes 
in the refractive index of the liquid analyte will have an effect on the loss spec-
trum. As a result, analyte concentration will be determined using either the shift 
of the resonance peak or loss variations. The geometrical or structural features of 
the proposed sensor have a major impact on the performance of the proposed SPR-
based PCF sensor. As a result, these parameters must be properly tuned in order for 
the metal surface and the evanescent field to interact effectively. Furthermore, the 
PCF sensor’s strong link between SPP mode and core-guided mode considerably 
improves sensitivity. 

By closely observing the Fig. 5, one can infer that transformer oil has shown 
high confinement loss for concentration of water with 21 ppm at 0.75 μm. In the 
designed D-shaped PCF sensor, structural parameters are having a great impact on 
the performance of sensor. The influence of structural parameters on the proposed 
sensor is studied for various analyte with different concentration like 15, 16, 18, and 
21 ppm. In Fig. 3, gold coating is act as plasmonic layer for the best performance. 
In this proposed structure, thickness of layer is 10 nm for both graphene and gold.

The sensing response behavior of proposed structure due to the result of inter-
action between the light and optical medium leads the wavelength resonance shift. 
Practically, optical spectrum analyzer (OSA) is used to measure this wavelength 
resonance shift. By carefully observing the transmission characteristics of the input 
optical signal through the optical medium, we can detect the unknown analyte is 
accurately. Thus, low resonance shift is observed for low concentration of water in 
the transformer oil is shown in Fig. 6. 

By fixing the chemical potential as 1.2 eV, we observed the maximum confinement 
loss for various concentrations of contaminated oil in the transformer as illustrated 
in Fig. 7. Moreover, we obtained confinement loss as maximum value 2500 dB/m 
for 21 ppm.
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Fig. 5 Confinement loss 
versus wavelength 

Fig. 6 Resonance shift with 
water content in the 
transformer oil

By using the expression (18), for the proposed D-shaped PCF sensor, sensitivity 
is calculated for different chemical potential values 0.8 eV, 1 eV, 1.2 eV of graphene 
are 43.33 nm/ppm, 50 nm/ppm, and 46.66 nm/ppm, respectively. Thus, we observed 
higher sensitivity of D-shaped PCF sensor for chemical potential 1 eV. 

6 Conclusions 

In this chapter, novel D-shaped PCF sensors based on SPR have been proposed 
to detect the water content in the transformer oil. In order to excite the surface 
plasmon, gold is employed as plasmonic material. Moreover, designed D-shaped
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Fig. 7 a Variation of confinement loss with wavelength for different chemical potential with 
15 ppm. b 16 ppm, c 18 ppm, and d 21 ppm

PCF is coated with graphene and gold layers. The constructed photonic sensor has 
been investigated through varying water content in the transformer oil and attained 
maximum sensitivity of 50 nm/ppm for chemical potential 1 eV. The confinement 
loss for proposed structure is investigated in detailed with different concentration of 
water content such as 15, 16, 18 and 21 ppm in the transformer oil. 
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Recent Advances in Graphene-Based 
Adsorbents for Fluoride Removal 
from Groundwater 

Swati Dubey, Avanish Kumar, and Abhishek Gupta 

Abstract Nowadays, there is a major problem regarding drinking water scarcity due 
to the water contaminants present in the groundwater. Various fluoride removal tech-
niques including coagulation, membrane filtration, electrocoagulation, and adsorp-
tion are applied. Amongst the different defluoridation techniques, adsorption tech-
nique is widely adopted due to easy operation, inexpensiveness, and high efficiency. 
Various adsorbents have been investigated for fluoride adsorption from groundwater, 
and activated alumina is extensively applied. However, there are some major draw-
backs in using activated alumina including high cost and difficulty in regeneration. 
Graphene-based adsorbents have emerged as an efficient adsorbent for the defluori-
dation technique. The present study critically reviews the current advancements in 
the development of adsorbents for the defluoridation process and also suggests the 
upcoming solutions for the same. 
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1 Introduction 

The water contamination because of the presence of fluoride above than the permis-
sible limit has become a worldwide problem. The acceptable value for F− ion in 
potable water prescribed by World Health Organisation is less than 1.5 mg/L. The 
nations those are affected with the problem are India, Bangladesh, China, Pakistan, 
Africa, Brazil, and Tanzania. The concentration of fluoride higher than the prescribed 
limit leads to serious health problems in human body including skeletal fluorosis, 
dental fluorosis, respiratory problems, muscular damage, etc. Several districts in 
India have been affected with the problem of fluoride contamination of drinking 
water [20, 18, 46, 60]. Some major health issues also include neurological disorders 
and endocrine issues, and therefore, there is an urgent requirement to adopt certain 
techniques that could remove fluoride from drinking water [4, 18, 37]. Figure 1 
depicts the serious health issues due to the presence of fluoride in drinking water. 
Hence, several researches have been conducted for the defluoridation of drinking 
water to solve this major issue including coagulation, electrocoagulation, adsorption, 
membrane filtration, and ion exchange process. Figure 2 depicts the various deflu-
oridation techniques with their advantages and disadvantages. Coagulation process 
is a simple and effective process, but the major drawback is the generation of large 
amount of sludge and high amount of Al left in defluoridated water. Electrocoagula-
tion required significant quantity of electricity and generation of significant amount 
of sludge. Membrane filtration process is highly expensive, and there is problem of 
membrane fouling [19, 49]. Amongst all the defluoridation techniques, adsorption 
has shown a significant efficiency in removing fluoride from drinking water. Adsorp-
tion technique is able to remove fluoride even at lower concentrations, hence making 
the technique highly capable. The process of adsorption involves the exchange of 
fluoride ion by ion exchange or by chemical reaction taking place. Activated alumina
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Fig. 1 Harmful health effects of fluoride on human body

is the most used adsorbent for defluoridation, but this adsorbent also has some major 
limitations of adsorbent bed regeneration and residual Al in treated water [1, 21, 
32, 69]. Several investigators have performed experiments for the modification of 
activated alumina for achieving the better efficiency for removing fluoride. Residual 
Al present in treated water causes neurological disorders and Alzheimer’s disease. 
In the subsequent sections, various adsorbents used for fluoride removal have been 
discussed along with their limitations. Several adsorbents include calcium-based 
adsorbents, Al-based adsorbents, natural adsorbents, carbon-based adsorbents, and 
graphene-based adsorbents [69, 70]. 

Calcium has very low affinity towards fluoride ion; therefore, very few studies have 
been conducted for the application of calcium-based adsorbents for fluoride removal. 
To increase the efficiency, calcium has been modified with aluminium compound, 
and consequently, this leads to other limitations [52]. Natural adsorbents include clay, 
and soil built adsorbents are also applied for the fluoride removal and found to have 
no such detrimental effects but their extremely low efficiency makes them unsuitable 
for defluoridation. Carbon-based adsorbents include mainly activated carbon, carbon 
nanotubes, and graphene-based adsorbents. The major limitation of activated carbon 
includes large amount of cost in making the adsorbent and complications in regen-
erating it [17, 38]. The emerging substitutes for activated char are carbon nanotubes 
and graphene-based materials for efficient adsorption of fluoride [2, 21, 72]. Several 
researchers have contributed in applying carbon nanotubes for the fluoride removal, 
and these adsorbents are very promising in fluoride removal because of their large 
surface area, having oxygen-including functional groups, and they can be scaled up 
for treating larger quantity of water. On the contrary, graphene-based adsorbents have 
shown better efficiency towards fluoride removal as compared to carbon nanotubes.
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The reason behind this is the chemical structure of graphene that has 2 basal planes 
of one layer of graphene as adsorbent unlike the inaccessible inside walls of carbon 
nanotubes. Graphene-based adsorbents could be easily manufactured by chemically 
exfoliating graphene in the absence of any complicated equipment. The developed 
graphene-based adsorbents also do not need any further purification process. 

2 Adsorbents Used for Fluoride Removal 

Adsorption technique has some interesting features like easy operational handling 
and lesser time consuming and is sustainable in terms of efficiency and reasonability 
[12]. An efficient adsorbent should have the characteristics including high affinity 
towards fluoride ion, inexpensive nature, and high regenerability. Various adsorbents 
have been tested to find the fluoride adsorbing capacity and have been described in 
Table 1 [3, 33, 50].

2.1 Calcium-Based Adsorbents 

It could be observed from Table 1 that calcium has a significant affinity towards fluo-
ride ion, and much research has been done towards this. Calcium-based adsorbent 
materials are inexpensive in nature, and in addition to this, calcium does not harm the 
human body in any other way. Although, one of the negative impacts of using calcium-
based adsorbents is the increased hardness in treated water. Prabhu and Meenakshi 
[52] conducted batch study for adsorption of fluoride by using hydroxyapatite after 
modifying with cation-based surfactant (Muthu Prabhu). It was observed that the 
highest removal of approximately 9.4 mg/g at 50 mg/L adsorbent dosage was there. 
Various adsorption isotherms including Freundlich, Langmuir, and D-R models fitted 
well with the experimental data. The adsorption kinetics fitted well for pseudo-2nd-
order kinetics. The adsorption reaction was found to be feasible and endothermic 
because the change in Gibbs free energy was negative, and the enthalpy change 
was positive, respectively. Husain and Jha [31] observed the adsorption behaviour 
for fluoride ion by using marble slurry as adsorbent [30]. The maximum fluoride 
removal of 58% was observed for 15 g dosage adsorbent dosage and initial fluoride 
concentration of 5 mg/L. The optimum pH range and contact time for fluoride adsorp-
tion were observed to between 6 and 8 and 2 h, respectively. The spent adsorbent 
was utilized in the construction of bricks, tiles, road, etc. [22] applied phosphoric 
acid modified limestone for fluoride removal, and the adsorption capacity increased 
from 0.39 to 1 mg/g. The used adsorbent was also regenerated by scrubbing with 
lime of sodium hydroxide. The major adsorption mechanism included formation of 
calcium fluoride precipitate followed by adsorption.
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2.2 Aluminium-Based Adsorbents 

Amongst the several adsorbents, Al-based adsorbents are found to highly efficient for 
fluoride removal. The reason behind this is the high attraction of fluoride ion towards 
Al adsorption sites. Although, the major drawback of using Al-based adsorbents 
is the residual Al that is left in the treated water after defluoridation (Table 2). 
Magnesium oxide modified alumina has been investigated for fluoride removal, and 
it was observed that the adsorption capacity was 5.6 mg/g within the pH range of 
6.3–7.3 with the contact time of 140 min [56]. In one study, Al(OH)3 and Al(OH)3 
with double layers were synthesized [16]. The operating temperature for adsorption 
process was also studied along with the impact of other ions including sulphate, 
citrate, and metals on the fluoride adsorption capability of the developed adsorbent. 
The major conclusion that could be drawn was that elevated temperature had an 
adverse effect on fluoride adsorbing capacity.

2.3 Natural Adsorbents 

Adsorbents derived from natural substances including plants, natural polymers, and 
polysaccharides have been synthesized and tested for fluoride removal [61]. Modi-
fication of such natural material has also been done to improve the fluoride removal 
capacity. Bone charcoal which is carbonized animal bone comes under the category 
of natural adsorbent and has been proved to be a capable adsorbent for fluoride 
removal. The details have been summarized in Table 3. The developed adsorbent 
is also cost effective [70]. Regeneration of the spent adsorbent was also performed 
using NaOH and a backwashing cycle. Bone char is composed of carbon matrix 
and supports a porous hydroxyapatite structure. The presence of calcium phosphate 
hydroxide is responsible for fluoride ion adsorption.

2.4 Carbon-Based Adsorbents 

Several adsorbents based on carbon substances have been developed to purify 
drinking water regarding removal of fluoride ion. Some of the developed carbon-
based adsorbents have been described in Table 4 in terms of their fluoride removal 
capacity. The main carbon-based adsorbents include activated carbon, graphene 
oxide, and carbon nanotubes, and they have abundant functional groups on the 
surface and high specific surface area. Activated carbon is widely applied due to 
its high porous nature, substantial surface area, and compliant surface chemistry [13, 
14]. Activated carbon adsorbents have also been modified with help of different metal 
hydroxides to increase the surface area and amplify the interactions with fluoride ion 
[41, 53]. In addition to this, carbon nanotubes have some exceptional characteristics
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and also have some reactive functional groups with 1D structure [40, 43]. Also, their 
structure could easily be controlled and enhanced.

3 Graphene-Based Adsorbents Used for Fluoride Removal 

Some of the primary graphene-based adsorbents include graphene oxide and reduced 
graphene oxide. They are the emerging carbon allotropes [6]. Graphene has a 2D 
matrix having 1–10 layered carbon atoms with sp2 hybridization in 6 membered 
rings. Moreover, graphene oxide has some additional structures of oxygen-based 
functional groups including hydroxyl, alkoxy, carbonyl, and carboxylic acid. Hence, 
this adds to the major drawback to the structure of graphene of having different 
kinds of defects in the structure of graphene [72]. On the contrary, the structure 
with so many defects provides the opportunities of various other applications to 
graphene oxide. Due to the presence of electron rich π arrangement in graphene and 
electron rich oxygen matric, the structure of graphene oxide gets an added advantage. 
Graphene-based adsorbents have reported to have a surface area of 2630 m2/g, and 
graphene oxide adsorbents have an surface area of 2418 m2/g. Therefore, graphene 
oxide proves to be remarkable adsorbents for solving water treatment problems. 

In recent times, graphene oxide has been applied in various water treating prob-
lems. Although, graphene oxide adsorbents have some drawbacks of having insuf-
ficient adsorption capacity, instable in water solution, and their regenerability is 
quite low. A promising solution to this drawback is the amendment of the surface 
of graphene oxide. Various researches have been carried out in which graphene-
based materials are been doped with elements like aluminium, manganese, iron, 
magnesium, etc. Various methods for preparing graphene-based adsorbents have 
been described in Table 5.

3.1 Graphene Oxide/Alumina Nano-composite 

Xu et al. [73] modified graphene oxide using aluminium oxide with the process of 
hydrothermal reactions that have been summarized in Table 6. It has been reported 
that the effect of varying pH of the water solution was very low on the developed 
adsorbent, and this observation suggested that this alumina modified graphene oxide 
adsorbents can be applied for treating the solutions with varying pH. In addition to 
this, the adsorbent dose would also be low because of the ability of performing good 
in varying range of pH [73].

Barathi et al. [7] synthesized graphene-based adsorbent by modifying it with 
aluminium oxy-hydroxide with the help of chemical precipitation technique. The 
synthesized adsorbent provided proper environment for the interaction of aluminium 
ions with various functional groups of graphene oxide [7].



Recent Advances in Graphene-Based Adsorbents for Fluoride Removal… 343

Ta
bl
e 
4 

C
ar
bo
n-
ba
se
d 
ad
so
rb
en
ts
 f
or
 fl
uo
ri
de
 r
em

ov
al
 

S.
 N
o

A
ds
or
be
nt

In
iti
al
 fl
uo

ri
de
 

ca
pa
ci
ty
 (
m
g/
L
) 

Fl
uo
ri
de
 

ad
so
rp
tio

n 
ca
pa
ci
ty
 (
m
g/
g)
 

E
qu

ili
br
iu
m
 is
ot
he
rm

/th
er
m
od

yn
am

ic
 n
at
ur
e/
ki
ne
tic

s
R
ef
er
en
ce
 

1
C
hi
ck
en
 b
on
e 
ch
ar
 

(C
B
C
) 

20
3.
56

–
K
ik
uc
hi
 [
38
] 

2
K
M
nO

4 
m
od
ifi
ed
 

ac
tiv

at
ed
 c
ar
bo

ns
 

20
15
.9

L
an
gm

ui
r 
an
d 
Fr
eu
nd
lic
h 

is
ot
he
rm

/s
po
nt
an
eo
us
-e
xo
th
er
m
ic
/p
se
ud
o-
II
-o
rd
er
 

[1
4]
 

3
C
ar
bo

na
ce
ou

s 
m
at
er
ia
l

26
2.
84

L
an
gm

ui
r–
Fr
eu
nd
lic
h/
-/
ps
eu
do
-I
I-
or
de
r

[5
3]
 

4
A
ct
iv
at
ed
 c
ar
bo

n 
pr
ep
ar
ed
 f
ro
m
 p
al
m
yr
ah
 

1
0.
30
5

Fr
eu
nd
lic
h 
is
ot
he
rm

/-
/p
se
ud
o-
II
-o
rd
er

[6
3]
 

5
A
ct
iv
e 
ca
rb
on
 d
er
iv
ed
 

fr
om

 b
ar
ks
 o
f 
V
ite
x 

ne
gu
nd
o 
pl
an
t 

12
1.
15

L
an
gm

ui
r/
sp
on
ta
ne
ou
s-
en
do
th
er
m
ic
/p
se
ud
o-
II
-o
rd
er

[6
6]
 

6
W
as
te
 c
ar
bo
n 
sl
ur
ry

15
4.
86
1

L
an
gm

ui
r/
Sp

on
ta
ne
ou
s-
en
do
th
er
m
ic
/p
se
ud
o-
II
-o
rd
er

[2
7]
 

7
C
ar
bo
n 
na
no
tu
be
 

su
pp
or
te
d 
al
um

in
a 

6
9.
6

Fr
eu
nd

lic
h/
-/
-

[4
3]
 

8
H
yd
ro
xy
ap
at
ite
 

de
co
ra
te
d 
w
ith

 
ca
rb
on
 n
an
ot
ub
e 

–
11
.0
5

Fr
eu
nd
lic
h/
sp
on
ta
ne
ou
s-
en
do
th
er
m
ic
/p
se
ud
o-
II
-o
rd
er

[6
8]
 

9
A
lig

ne
d 
ca
rb
on
 

na
no
tu
be
s 

15
4.
5

Fr
eu
nd

lic
h/
-/
-

[4
0]



344 S. Dubey et al.

Table 5 Synthesis methods for various graphene-based adsorbents 

S. No Type of graphene-based adsorbent Methods of preparation References 

1 Zirconium chloride graphene 
supported on activated carbon 
matrix 

Facile liquid phase exfoliation 
followed with impregnating and 
evaporating technique 

[48] 

2 Graphene oxide-alumina 
nano-composites 

Hydrothermal method [74] 

3 Al2(SO4)3-graphene hydrogel Precipitation of basic Al2(SO4)3 
in graphene hydrogel 

[10] 

4 B-FeOOH graphene oxide (GO) Hydrolysis of GO and FeCl3 [45] 

5 Fe-Al oxide nanoparticles anchored 
on graphene oxide 

Chemical co-precipitation method [44] 

6 FeO4/Fe functionalized graphene 
nano-sheets based on pyrolysis of 
sargassum granules 

Pyrolysis of seaweed granule [64] 

7 FeOOH/GO In situ hydrolysis [39] 

8 Graphene oxide incorporated on 
Fe-Al mixed oxide 

Chemical precipitation method [36] 

9 MgO-MgFe2O4 Hydrothermal method [62] 

10 Al-La oxides incorporated on 
graphene oxide 

Co-precipitation method [26]

Karkar et al. [36] developed graphene oxide adsorbent by modifying it with iron-
aluminium mixed oxide [36]. 

Guan et al. [24] also synthesized alumina modified graphene oxide-based adsor-
bents, and the developed adsorbent was found to have an increment in surface area 
[24]. The matrix of the developed adsorbent provided proper interaction hydroxyl 
and carboxyl because of the formation of hydrogen bonds between them. 

3.2 Graphene Oxide/Eggshell Adsorbent 

It has been reported that due to the presence of calcium content in the eggshell 
structure, this makes them a suitable choice for the removal of fluoride ion. One 
more advantage is the strong affinity of calcium towards fluoride ion that makes 
it explored by different researchers. Nor et al. [57] investigated the combination 
of graphene oxide and eggshells as adsorbent, and it was observed that the highest 
adsorption was 56 mg/g at the operating temperature of 25 °C with the initial fluoride 
concentration of 25 mg/L [57]. In addition to this, the adsorbent dose was also quite 
low with the value of 0.05 g/L.
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3.3 Graphene Oxide/Iron Oxide Nano-composites 

Kuang et al. [39] developed two graphene-based adsorbents by modifying with 
Goethite and rice like Akaganeite by using in situ hydrolysis technique and performed 
a comparison on their adsorption capacity. The effect of induction of crystalline 
matrix by was studied [39]. Sodium acetate is a chief organic ligand in water and 
soil. It was observed that the sodium acetate affects the iron hydroxide structure in 
a great way and ultimately affects the fluoride adsorption mechanism and capacity 
[44, 45]. 

Mura et al. [51] applied potassium ferrate oxide for the modification of graphene 
oxide [51]. The presence of ferrate makes it a capable, inexpensive, and green substi-
tute for the treatment of water. It could also be observed from the literature that the 
developed adsorbents proved to be the most effective adsorbents for fluoride removal. 

Chen et al. [9] modified graphene oxide using iron oxy-hydroxide for the fluoride 
removal [9]. The developed adsorbents were in the range of nano-metres. 

4 Conclusions 

In the recent times, the concern towards the toxic effects of fluoride on human 
well-being increased because of high intake of fluoride that leads to some serious 
health issues including skeletal and dental fluorosis, respiratory problems, etc. There-
fore, large number of techniques has been developed to deal with this problem, and 
adsorption process is amongst the widely applied technology for fluoride adsorp-
tion. The adsorbent used for fluoride removal should be cost effective and simple 
in operation and easily regenerative. Graphene-based adsorbents have been investi-
gated nowadays to fulfil the requirement of desired adsorbent for defluoridation. The 
current study reviews the various adsorbents and their limitations and also mentions 
the various advantages of graphene including large surface area and high mobility 
charge carriers, etc. It has also been suggested that graphene-based adsorbents could 
be a good alternative for the conventional adsorbents used for defluoridation. 
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Design and Analysis of Fractal-Based 
THz Antenna with Co-Axial Feeding 
Technique for Wireless Applications 

K. Vasu Babu, Gorre Naga Jyothi Sree, Kumutha Duraisamy, 
Devi Priya Vanarajan, and Sudipta Das 

Abstract This research article proposed a co-axial feeding technique fractal shape 
radiator designed for THz regime. The designed radiator has compact structure of 565 
× 400 μm with co-axial feeding of 220 μm. The structure is resonating at 3.6 THz 
for the area of application regions like high-security devices, biologic information 
extraction, environmental monitoring and sensing. The antenna ranges an impedance 
bandwidth (3.57–3.68 THz) of 110 GHz which offers −10 dB within the resonant 
frequency. The radiator exhibits a gain 7.2 dBi with efficiency of 87% at the resonant 
frequency and its S11 as −47.02 dB. These parameters make the current structure an 
excellent design for high-frequency-band regions in terahertz detectors. 

Keywords THz antenna · Fractal design structure · E-field · H-field · VSWR 

1 Introduction 

The transmission of wireless data has surged an exponential data rate, and the current 
researchers are looking for radio frequency-related bands which can accommodate 
increasing the needs of cellular data users. The requirements to meet connectivity and 
capacity growing must be utilized and developed wireless infrastructure. Research
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community development fulfills the high-speed data requirement for the transmis-
sion of wireless devices, and frequency range of THz is considered the crucial step. 
For any design of THz communications, antennas become critical part and for the 
designing part of the system which become the great deal of expertise. In paper [1] 
designed high input resistance Yagi-uda graphene design, for the tunable band THz 
communications designed plasmonic patch radiator using graphene material [2], 
using guided surface waves and dyadic green’s function modeled using graphene 
using graphene [3], using trigonometric tapered leaves designed plant shaped radi-
ator for THz regime [4], a wide-band tree shaped micro scaled design with graphene 
material for THz region [5], for the body centric regions designed wearable and 
flexible graphene THz antennas [6], inverted structure slots of L & ohm designed a 
patch radiator [7], for the biological matter designed EM interaction of THz design 
[8], a micro-sized fractal wide-band system based on CMA optimized and designed 
using graphene as patch material [9], for the region of super wide-band structure 
designed a hexagonal fractal structure in the THz region [10], using half-circular 
compact radiator for wireless systems designed [11], using graphene as patched load 
for reconfigurable characteristics enhancing the gain improvement by considered 
the metamaterial radome structure at THz region [12], for UWB systems with DGS 
structure reducing inherent interference designed [13] and designed UWB system 
reduce the interference among the radiator structure [14]. The major objective of 
the current work is to address the issues like narrow bandwidth and miniaturiza-
tion at frequency of the lower band of THz communication systems. The novelty 
of the current structure is simple antenna configuration, good radiation efficiency, 
miniaturization dimensions and good operating bandwidth. 

2 Geometrical Configuration of THz Antenna 

The design of THz structure and its parameters are shown in Fig. 1. The proposed 
design structure is obtained by cutting the slots in the form of a fractal structure 
using the substrate of polyimide with thickness 45 μm. Silver material is employed 
for ground plane configuration, and graphene material is used as a patch on front plane 
of the design on substrate. The size of related structure employed as 565 × 400 μm 
which provides a bandwidth of 110 GHz for S11 ≤ −10.0 dB. Ensuring the maximum 
transfer of input power related to antenna provides effective radiations through 50 
ohms SMA connector. Table 1 represents the major geometrical parameters. The 
simulation and design are performed by using CST MW studio. The fractal-based 
design structure resonant frequency is obtained by using the relation [10] by Eq.  (1). 
The value of εeff is 1.8 obtained from Eq. (2). After calculation, desired response 
value is 3.6 THz from Eq. (1). 

fr = 16.5 

(a + j − i)√εeff 
(1)
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Fig. 1 Geometry of proposed antenna system 

Table 1 Parameters in μm 

Symbol L W a b c d e f g 

Value 565 400 30 30 40 30 65 30 30 

Symbol h i j k l m Lg Wg εr 

Value 30 200 203.5 180 250 90 565 400 3.5 

where a = 30 μm, j-i = 3.5 μm and εr = 3.5 

εe f  f  = 
εr + 1 

2 
(2) 

3 Design Results Analysis 

The fractal designed structure is a combination of number of rectangular and circular 
slots which provides the reflection characteristics shown in Fig. 2. It operates a single 
band ranging from 3.57 to 3.68 THz of 110 GHz at 3.6 THz. Figure 3 can be observed 
an improvement of impedance offering the desired value of VSWR at the operating 
frequency. The impact of the current design is also investigated in terms of radiation 
characteristics related to radiation efficiency and gain. Figure 4 shows the impedance 
variations in terms of real and imaginary parts which is nearly zero and negative 
impedance. Figure 5 shows the frequency versus gain and efficiency. The variations 
of gain and efficiencies are varied according to the varying of frequency of variation. 
It can be identified that as frequency increases the gain of the antenna increases at 
one particular frequency and then decreases in terms of both gain and efficiency. 
Figure 6 indicates that the E-field distribution at the fractal region represents the 
maximum field distributed uniformly in all directions of the region with horizontal 
direction. Figure 7 indicates the H-field distribution at the fractal region represents
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the maximum field distributed uniformly in all directions of the region with vertical 
direction. 

Figure 8 indicates the currents of surface distribution at the fractal region represent 
that the maximum field is distributed uniformly in all directions of the designed 
structure. The maximum currents are identified in the central region of the fractal 
structure that produces high amount current created inside the antenna on front plane 
and also produces the current in similar fashion in ground structure. Figure 9 displays 
the far-field radiation patterns at 3.62 THz.

Fig. 2 Reflection 
characteristics of THz 
designed radiator 

Fig. 3 Frequency versus 
VSWR characteristics
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Fig. 4 Impedance related to 
real and imaginary parts 

Fig. 5 Frequency versus 
peak gain and efficiency

4 Conclusions 

In this article designed, a fractal structure antenna with the help of polyimide substrate 
for the regions of biomedical imaging, material characterization and image system 
of video rating. The designed structure in the region of THz regime with compact, 
wide-band and more efficient. The fractal structure results a resonance characteristic 
of 110 GHz (3.57 –3.68 THz) with −10.0 Db bandwidth. The design suggested 
radiator provides the efficiency of 87%, and peak gain of 7.2 dBi has been achieved.
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Fig. 6 E-field distribution representation 

Fig. 7 H-field distribution representation
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Fig. 8 Surface current distribution representation 

Fig. 9 Far-field radiation patterns of E-plane and H-plane
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Application of Graphene, Its Derivatives, 
and Their Nanocomposites 

Rahul Kumar Sinha and Navjot Kaur Kanwal 

Abstract The scientific and engineering community has become interested in 
graphene, on the ground of its distinctive bidimensional structure and superior phys-
ical, electrochemical, electrical, chemical, and optical qualities. The purpose of this 
chapter is to represent a prospective use of graphene in the fields of life science, 
medicine, forensic science, etc., basically in diagnostics for illnesses, near-infrared 
photothermal therapy, and scans to detect cancer. Now, graphene is being used in 
high-performing gadgets that produce and reserve energy, water purification and 
in biomedical areas for precise biosensing through graphene-quenched fluorescence 
and mass spectrometry using laser ionization and desorption on graphene. In forensic 
science, graphene is of intense interest. Drugs, including amphetamine, nitrazepam, 
and diazepam, that are relevant to forensics can be detected and quantified using 
graphene nanoparticles as a fluorescence sensor. In forensic electrochemistry, elec-
trochemically reduced graphene oxide (ERGO) can be used to identify cocaine 
paracetamol, caffeine, and levamisole. 

Keywords Graphene · Graphene oxide · Nanomedicine · Biomolecules · Drug 
delivery · Biofunctionalization · Forensic drugs · Imaging · Nanoforensics 

1 Introduction 

The scientific and engineering community has become interested in graphene, on the 
ground of its distinctive bidimensional structure and superior physical, electrochem-
ical, electrical, chemical, and optical qualities. Recently, the popularity of graphene 
and its derivatives has increased as a global research hotspot in both the research 
society and industry. The purpose of this chapter is to represent a prospective use
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of graphene in the fields of life science, medicine, forensic science, etc., basically 
in diagnostics for illnesses, near-infrared photothermal therapy, and scans to detect 
cancer and Alzheimer’s disease. 

Due to the arrival of graphene-quenched fluorescence and mass spectrometry 
using laser ionization and desorption supported by graphene, graphene’s physical 
and chemical properties have now made it an ideal material for producing high-
performance energy and storing it as well as biomedical applications for precise 
biosensing. There are several applications of graphene in biomedical fields, including 
drug delivery, antibiotic substances, and biocompatible support concerned with cell 
culture, imaging, and biological sensing. 

Graphene is a great substance for oil and gas exploration, production, drilling and 
transportation, pipeline corrosion prevention, etc., on the ground of its distinguishable 
electrical, optical, thermal, and mechanical characteristics. 

Additionally, this chapter explores the modern developments in the delivery of 
drugs using graphene, including its oxide, particularly graphene oxide functional-
ization and graphene oxide cytotoxicity. 

2 Graphene Derivatives 

The recent advancement of graphene’s various forms or derivatives has also attracted 
researchers’ attention for future utilization in broad fields, including medical and 
nanobiotechnology [1]. 

2.1 Graphene Oxide 

Graphene basically oxidized to produce graphene oxide (GO), which has a single 
layer of monomers that functions as oxygen like hydroxyl and carboxyl group [2] 
and has become a crucial additive and performance-enhancing material. Graphene 
oxide (GO) has exposed some exceptional physicochemical characteristics like small 
size, extensive surface area, attractive electronic attributes, and uncommon stability 
in 2D structure, among others [3, 4] as desquamated graphene (from graphite) is 
hydrophobic in nature. Graphene’s additional functions increase the distance between 
molecular layers and make the substance hydrophilic, making it easily dispersible in 
water. On account of this, graphene oxide (GO) achieves outstanding processability 
in water, surfacing functionality, amphiphilicity, and the ability to quench fluores-
cent light [5]. Figure 1 shows the sequential production of graphene oxide from 
graphene. Most GO is produced by the Hummers technique [6], which involves chem-
ically treating graphite with a potassium permanganate solution through oxidation 
in hydrogen tetraoxosulfate (IV) acid [7].
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Graphene Synthesis Method 
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Fig. 1 Systematic illustration of graphene oxide production from graphene 

2.2 Reduced Graphene Oxide 

Reduced graphene oxide (rGO) is a fabrication of graphene from graphene oxide 
(GO), which uses chemical, thermal, electrochemical, or any other practical means 
to lower the oxygen (O2) content. 

The research on this specific derivative has developed into a crucial study area due 
to synthesis by utilizing affordable graphite as a main component. Additionally, it 
has incredible water-heating characteristics and the ability to conceive stable colloids 
in aqueous solution to make it easier for solution processes to assemble macro-
scopic structures. These aspects extend their application in biomedical, biosensors, 
bioimaging, etc. The honeycomb hexagon lattice distortion is enhanced by reducing 
graphene oxide and becomes more electrically conductive [2, 8]. The carbon–oxygen 
ratios and chemical contents of reduced graphene oxide are essentially affected by 
different reducing agents (rGO). Figure 2 systematically depicting the transformation 
of graphene oxide into reduced graphene oxide (GO). Reduced graphene oxide (rGO) 
is particularly intriguing for biological applications because of the affordability and 
controllability of the oxygen functional group.

2.3 Graphane 

A completely hydrogenated graphene derivative with CH composition is called 
graphane. Hybridization causes changes that turn conducting graphene into dielectric
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Fig. 2 Systematically 
depicting the transformation 
of graphene oxide into 
reduced graphene oxide 
(GO)
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graphene and create bandgap in graphane, advancing hydrogen fuel and graphene-
based nanoelectronics [9, 10]. The calculation of binding energy has shown that the 
binding energy of graphane is superior to benzene, acetylene, and any other form 
of hydrocarbons [1], making graphene the most stable type of hydrocarbon, and 
making its potential use in biotechnology. Graphene was exposed to plasma of cold 
hydrogen, diluted with argon at minimum temperature and pressure for its reversible 
synthesis. In this process, graphene generally becomes totally hydrogenated graphane 
with intermediate structures that are partly hydrogenated, and this causes progres-
sive changes in the material’s electrical characteristics. It is therefore predicted that 
imperfect graphene hydrogenation in controlled form can provide materials of desired 
properties. 

2.4 Graphone 

Graphone is one of the derivatives of graphene that is semihydrogenated. This deriva-
tive has a 50% hydrogenated graphene sheet structure with the chemical formula C2H. 
Carbon sheet, experiencing only one side of hydrogen atom bonding, produced a 
combination of hybridized carbon atoms with sp2 and sp3. In a study, the geometrical 
pattern of graphone has been revealed as a zigzag form [11, 12]. 

2.5 Graphene-Based Film 

There are huge applications of self-supporting film material in industrial fields, which 
use as an energy storage material, an adhesive layer, a layer of protection, and for 
chemical adsorption. It is possible to create graphene film materials with macro-
scopic two-dimensional (2D) structures using the desired features of graphene and its 
microscopic two-dimensional (2D) structure [13]. High toughness and high-strength 
macroscopically two-dimensional (2D) graphene materials can be created by making 
graphene material more compact and by improving the way the layers interact, 
which can be applied to thin films. Graphene-based films have high-performance 
behavior for reducing friction as a lubrication system and excellent transferability 
with promising futures in engineering applications. 

3 Application in Electronics 

Graphene oxide is used in electronic devices for electronic fabrication as starting 
material. Graphene-effect transistors (GFETs) and field-effect transistors (FETs) are 
two graphene-based electronic devices [14]. FETs consist graphene oxide in reduced 
form and have been used as biological and chemical sensors [15–17]. Functionalized



364 R. K. Sinha and N. K. Kanwal

reduced graphene oxides (rGOs) used as semiconductors in FETs have been utilized 
for detecting avidin [18], catecholamine hormone molecules [19], and DNA. An 
electrified glucose sensor is made of graphene oxide that has been functionalized with 
glucose oxidase mounted on an electrode [20]. The vast area where it is anticipated 
that, after being deposited on any substrate, graphene oxide (GO) would be used 
to create transparent conductive films. The usage of these coatings is possible in 
chemical sensors, touch screens, LCDs, solar cells, and electronics. GO/rGO is also 
utilized as a transparent electrode in LEDs. 

4 Energy Storage Applications 

GO and rGO have extremely large surfaces and good conductivity; because of this, 
these materials are used in energy storage devices as electrode materials in things 
like batteries, fuel cells, solar cells, and capacitors having double-layered [21, 22]. 
Graphene is frequently utilized as an anode in Li-ion batteries with a capacity of 
roughly 1000 mAh g-1, which are almost three times greater as compared to graphite 
electrodes. Graphene also provides longer-lasting batteries with good cycle stability 
and faster recharge time. Graphene is also used for wearable electronics such as 
solid-state supercapacitor-printed devices [23]. In the future, hybrid cars may be 
able to store hydrogen fuel because of GO’s ability to store hydrogen. 

5 Water Purification 

Since the 1960s, researchers have been concentrating on graphite oxide for water 
desalination [24]. In 2011, some scientists used graphene oxide to accomplish the 
same goal by leveraging the fundamentals of reverse osmosis. [25]. In their initial 
study of the classical molecular dynamics of graphene, Tanugi and Grossman discov-
ered that graphene membranes permit water to move through a membrane at a high 
rate, i.e., up to 100 L cm−2 per day than reverse osmosis diffusive membranes [26], 
but its narrow mono- or bilayer capillaries retain some larger ions. Nanoporous 
membranes of graphene can be applied for water desalination and filtration with 
an efficiency, ranging from 33 to 100%. The effectiveness of graphene membranes 
totally depends on the pore size, chemical composition, and the pressure applied to 
the membranes. Graphene membranes can reject about 97% of seawater’s NaCl. 

Graphene oxide membranes have some difficulties in certain water treatment 
techniques. The graphene oxide (GO) interlayer spacing can increase in dry and 
hydrated conditions from 7.76 to 17.63 [27]. The sizes of the hydrated ions in typical 
salts are smaller than this value for hydration, which leads to inadequate salt rejection 
by the GO membranes. 

The GO membrane was created by physically confining the GO nanosheets and 
embedding them in epoxy that maintains an interlayer spacing of 9.8–6.4 at different
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relative humilities. The salts utilized via the membrane with defined interlayer 
distances demonstrated remarkably low penetration with this controlled spacing. 
However, the movement of water was only marginally impacted [28]. 

6 Biosensor Application 

Recent theoretical and experimental study results have shown that monolayer 
graphene is suitable for various molecular detection, from gases to biomolecules 
[29, 30]. Due to the exchange of charges between the graphene and the molecules 
that are adsorbed, the chemical reaction is anticipated to be caused by graphene. As 
molecules adhere to graphene’s surface, the transfer of charges using graphene as 
a donor or acceptor, depending on the absorption site, causes changes in the Fermi 
level of graphene, carrier density, and resistance to electricity. Figure 3 demonstrates 
a typical graphene FET device schematic for sensing gas molecules. As GO/rGO has 
fluorescent properties that could be used for biosensing applications for detecting 
biologically relevant molecules, even to aid in the early diagnosis of disease and 
the search for cancer treatments. Electronic doping techniques and electrodeposition 
methods are used to alter graphene sheets to develop biosensors. Its exceptional qual-
ities, including its electrical, thermal, optical, and surface-to-volume ratio, lead to the 
invention of more precise biosensors [31]. Glucose biosensors are developed using 
graphene placed on polyethylenimine-functionalized ionic liquid (PFIL). An effec-
tive method for creating biosensors with strong stability and sensitivity to enzymes 
at a reasonable cost is graphene on PFIL [32]. Graphene oxide has been extensively 
employed in fluorescent-based biosensors to detect proteins and DNA, enabling more 
accurate HIV diagnosis. The sensitivity of the biosensors depends on the interaction 
of DNA with carbon [33]. Graphene oxide is currently employed in biosensors as a 
fluorescence-suppressing agent that utilizes the effect of the fluorescence resonance 
energy transfer (FRET). Some studies used enhanced folic acid GO for the purpose 
of identifying breast cancer cells and cervical carcinoma of the human being. 

Various examples of graphene-based biosensors are real-time optical biosensors 
without labels, manufactured by substances having graphene [34]. A surface plasmon
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resonance biosensor (SPR), which is used in environmental monitoring and medical 
diagnostics, is an example of an optical biosensor. Due to its carbon ring structure with 
hexagons, graphene serves as a superior biomolecule adsorbing layer and enhances 
the effectivity of surface plasmon resonance biosensors. 

7 Biomedical Applications 

A promising material for biological uses is graphene oxide, which is chemically 
exfoliated from oxidized graphite. Due to its superior water processing capacity, it has 
two different affinities, surface-enhanced Raman scattering (SERS) and a decrease 
of fluorescence intensity capacity. Additionally, graphene with a high surface area 
made by chemical vapor deposition, its hydrophobicity, and flexibility allow this 
substance to play a crucial part in cell differentiation and proliferation. Numerous 
biomedical applications of GO/rGO were investigated, focusing on cancer therapy, 
biological imaging, and drug delivery [35]. Figure 4 depicting the application of 
graphene and its derivative in the medical and non-medical field. 
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7.1 Gene Delivery 

Surface modifier of GO sheet, polyethylenimine (PEI) has extensive usage for gene 
delivery into cells [36]. In a study, it was revealed that linear and branched GO 
conjugates with PEI62 were more efficient at transfecting and were less toxic than 
PEI/pDNA complexes. 

7.2 Drug Delivery 

The biomedical industry extensively uses graphene and its derivatives, particularly in 
medication delivery systems. When employed as an anticancer treatment, magnetite 
combined with graphene oxide (GO) and the chemical doxorubicin hydrochloride 
(DXR) adsorbed onto the system kills cancer cells by directing it to a specific site. 

GO is supposed to be more effective than many other anticancer medications since 
it solely targets tumors, has little toxicity, and spares healthy cells [37]. Targeted 
administration of cancer medicines using specialized nGO has been demonstrated 
in various applications. Currently, functionalized GO with chitosan complex was 
created and used to deliver antineoplastic drugs [38]. The researcher has utilized 
polyethylene glycol functionalized nano-GO (nGO) with SN38, a surface-adsorbed 
derivative of camptothecin, for the drug’s serum-soluble and water-soluble sources 
[39]. Studies have revealed that nGO-PEG-SN38 has three orders of magnitude more 
effective than SN38 prodrug, approved by the FDA and irinotecan at lowering the 
cell feasibility of the human colorectal cancer (CRC) cell line HTC-116. In DMSO, 
it was found that nGOPEGSN38 was similar to SN38 [39] (Table 1).

7.3 Graphene-Based Nanosystem in Bioimaging and Tissue 
Engineering 

Recent research has shown that nanocarriers based on graphene can be useful in the 
fields of bioimaging as well as in tissue engineering [40]. Materials based on graphene 
have been potentially utilized for regenerative medicine, wound repair, stem cell, and 
tissue engineering [41]. Graphene has tremendous flexibility, strength, and potential 
to maintain and operate various functions on flat surfaces. Due to these specific 
mechanical properties, it can be successfully applied as an additional component of 
biodegradable films, hydrogels, electrospun fibers, etc. 

Studies found that compared to chitosan, GO-chitosan hydrogel scaffolds main-
tain their size and shape in physiological and severe pH levels. Hence, it provides 
excellent mechanical properties as well as a lower degradation rate. The use of mate-
rials based on graphene for wound healing in both mice and rabbits revealed that 
these outstanding materials have the potential to heal injuries completely and fastly.
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Table 1 Applications of graphene-based nanosystem for drug and gene delivery 

Graphene composites Drug/Gene cargo Highlights of the study 

NGO-PEG-RB-DOX DOX An antibody targeting CD20 was 
used to release drug [53] 

NGO-SS-PEG-DOX DOX GO composites release DOX 
rapidly into HeLa cells at tumor 
relevant glutathione concentrations 
[54] 

DOX-GO-CHI-FA DOX DOX is released faster in acidic 
environments due to pH-sensitive 
drug release [55] 

Gelatin-GS-DOX DOX An imaging and delivery system 
for DOX based on 
gelatin-functionalized graphene 
[56] 

GO-sulfonic acid DOX and CPT For the first time, GO was 
successfully used to co-deliver 
multiple drugs with significantly 
increased toxicity in MCF-7 cells 
than CPT or DOX alone [57] 

FeCo-GC-DOX DOX FeCo-GC nanocomposite-based 
photothermally enhanced drug 
delivery with improved distribution 
at high temperatures made possible 
by NIR laser irradiation [58] 

PNIPAM-GS-CPT CPT The use of PNIPAM for 
temperature-sensitive drugs [59] 

NGO-PEG-SN38 SN38 (CPT analog) Delivery of an anticancer 
medication with greater potency 
and effectiveness than CPT that is 
water-insoluble [39] 

Chitosan-GO Ibuprofen, 5FU and pDNA delivery Controlled release of various 
chemicals from GO comprised of 
chitosan, along with the 
compacting of pDNA with the 
complex, showed acceptable 
in vitro transfection efficiency [60, 
61] 

PEG-GO Ce6 photosensitizer PEG-GO-Ce6 is utilized for 
photodynamic therapy [62] 

PEG-BPEI-rGO Gene delivery Delivering genes under 
photothermal control with 
improved gene transfection 
efficiency [63] 

PEI-Go Gene delivery Reduced toxicity and improved 
transfection efficiency are two 
benefits of PEI functionalization 
with GO [64–66]

(continued)
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Table 1 (continued)

Graphene composites Drug/Gene cargo Highlights of the study

PEG-GO Protein ribonuclease A and protein 
kinase A 

Protein distribution inside cells 
without enzymatic hydrolysis or 
biological function loss [35] 

Ti-GO-BMP2 BMP2 protein In in vivo mice experiments, 
GO-coated Ti surfaces 
demonstrate efficacy as a 
therapeutic protein BMP2 carrier, 
resulting in increased variations in 
human MSCS and strong new 
bone production [67]

Along with wound healing, graphene-based materials have extended their usage for 
musculoskeletal tissue engineering [42] and stem cell engineering [43–46] (Table 
2). Prokaryotic cell division is prevented by free electrons in graphene, whereas 
eukaryotic cell division is unaffected.

8 Forensic Application 

Graphene is thought to be the best matter for sensors. It has demand due to low-cost, 
high bioabsorbable properties, and eco-friendly. Simultaneously, it has the property 
of dispersing in an aqueous solution with excellent stability. Recently, research-based 
graphene chemical sensors have found increased application. According to earlier 
studies, graphene-based sensors could be used to detect various medicines or series 
of drugs chemically [47, 48]. A project of the Research Institutes of Sweden AB 
(RISE) in collaboration with the National Forensic Centre (NFC) illustrates that 
amphetamine sensors use graphene quantum dots (GQDs) as a quick and affordable 
analytical technique. Based on these findings, GQDs for amphetamine detection 
mechanism, selective detection potential, and related sensitivity are further explored. 

In forensic science, mainly the technologies used for drug detection are chro-
matographic techniques such as TLC, HPTLC, GC, and HPLC. However, these 
instruments are very expensive and often require a longer detection time to complete 
a process with accurate measurement. Irrespective of these techniques GQDs can be 
used as a simple, safe, portable, and pre-detection tool which can reduce instrument 
and laboratory costs as well as greatly shorten the testing time [49]. 

Fluorescent GQDs as nanosensors were used by Majid and his colleagues to 
characterize methamphetamine and morphine [50]. They used XRD, fluorescence 
spectroscopy, and UV–vis spectroscopy to detect its optical properties, microstruc-
ture, and energy band structure. Graphene quantum dots (GQDs) are also used as 
fluorescent sensing probes to determine methamphetamine and morphine. 

Francis along with his team applied separate and simultaneous voltammetry in 
order to detect N-acetyl-p-aminophenol (APAP) and dopamine (DA) and invented a
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Table 2 Bioimaging and tissue engineering applications of graphene-based materials, along with 
findings of the study 

Graphene and its composites Application Key findings of the study 

GO-IONP-PEG MRI An MRI tumor imaging contrast 
agent based on graphene has 
been demonstrated for the first 
time in mice. As a result of 
using the carrier, the images 
showed a high degree of 
contrast and clarity [68] 

NGS-PEG-Cy7 Tumor treatment and imaging Cy7 dye-labeled complexes 
added up at tumor sites in mice, 
facilitate easy tumor 
localization to identify. After 
24 h of injection, these tumor 
sites had been laser-irradiated, 
showing complete cell 
destruction [69] 

GO-PEG-FA/Gd/DOX and 
GO-FA 

Drug delivery and imaging Treatment and diagnosis of 
hepatocarcinoma using 
multifunctional nanocomposites 
[70] 

GO-G4-Fe-Cy5 Cellular imaging MCF-7 cells successfully 
internalized GO-G4-Fe-Cy5 
nanosystems that showed 
bright, stable fluorescence [71] 

G/GO-CHI Bone tissue engineering GO-chitosan hydrogel scaffolds 
and graphene-reinforced 
chitosan composite films 
boosted cell proliferation and 
calcium phosphate deposition 
while having no harmful effects 
on L929 cells [72] 

Graphene-CHI-PVA Wound healing Due to graphene’s ability to 
limit prokaryotic cell 
multiplication, nanofibrous 
scaffolds made by 
electrospinning CHI-PVA with 
graphene facilitated full wound 
repair in both mice and rabbits 
at a considerable rate [73] 

Graphene-diazodium salt Biosensors Streptavidin in solution can be 
detected by graphene 
biotinylation using the 
functionality of diazodium salts 
[74] 

PL-PEG-NH2-GO Circulating tumor cells (CTC) 
capture 

Using a PLPEG-NH2-GO gold 
surface with a nanocomposite 
design, circulating tumor cells 
were collected at low blood 
concentration levels with great 
sensitivity [75]

(continued)
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Table 2 (continued)

Graphene and its composites Application Key findings of the study

Graphene amyloid 
composite 

Shape memory, enzyme 
sensing 

Adjustable physical, 
mechanical, and electrical 
qualities were made possible by 
the alternative graphene 
amyloid protein layer. And it 
has been used for its reversible 
shape memory effect in water 
and enzyme-sensing capabilities 
[76]

single-sex sensor [51]. The developed sensor is fabricated by dip-coating (GNPs)-
Nafion (Naf) nanocomposites made of graphene nanosheets onto screen-printed 
electrodes (SPE). The sensor has the potential to simultaneously analyze dopamine 
and N-acetyl-p-aminophenol (APAP) by differential pulse voltammetry, and in their 
mixture, the sensor shows specific detection with excellent sensitivity. 

According to a study, square-wave voltammetric detection was used to detect 
cocaine (COC), levamisole (LEV), caffeine (CAF), and paracetamol (PAR) using 
electrodes modified by electrochemically reducing graphene oxide. ERGO-modified 
electrode experiences a single voltammetric scan and during the detection process, 
may distinguish four substances with at least a twofold increase in current and 
adequate peak resolution compared to the unmodified electrode. Additionally, elec-
trode fouling is eliminated when CAF and LEV are oxidized. An actual COC sample 
was used to assess the levels of paracetamol (PAR) and caffeine (CAF), and satis-
factory recovery findings were achieved with values of 85 and 103%, respectively 
[52]. 
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