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Preface
Graphene (graphene oxide and reduced graphene oxide) is a two-dimensional layered carbon mate-
rial. It is finding uses in many applications due to its fascinating electrical, thermal, and mechanical 
properties. Bulk graphene is prepared by chemical vapor deposition (CVD), epitaxial growth, and 
an arc discharge method. In these approaches, graphene is obtained through a series of physical and  
chemical changes using high temperatures and carbon precursor gas (e.g., methane, ethane)  
and metal (e.g., copper, nickel) substrates; silicon carbide; or gas (e.g., hydrogen, helium) and graph-
ite sources, respectively. Graphene can also be obtained by chemical treatment of pure graphite 
using the Hummers’ method. All these methods have higher yields but expensive and multistaged 
methods and require strong conditions. However, graphene can also be obtained from natural and 
industrial carbonaceous wastes and even from food items and insects through mild conditions. 
There are many individual pieces of literature available on these topics; however, there is no com-
prehensively compiled book, so this book will be one of its kind in this field. This edition will 
provide a state-of-the-art overview of graphene synthesis using different natural raw materials 
including agricultural waste, vegetable waste, biowastes, and animal waste. Their methods of char-
acterization and some important applications are also discussed.

Chapter 1 discusses the synthesis, characterization, and applications of graphene synthesized 
from sugar and sugarcane extracts. Its primary focus is on the quality/quantity of graphene obtained 
by various routes using sugarcane extracts as the precursor and reducing agent. Furthermore, it 
includes the present applications, prospects, and challenges.

Chapter 2 describes the honey-mediated green synthesis of graphene. The chemical composi-
tion and various properties of honey are discussed in detail. Various characterization techniques 
and applications of honey-mediated green synthesized graphene are discussed in brief. The chapter 
is mainly focused on the possibility of the replacement of inorganic chemicals from honey for the 
synthesis of graphene along with its advantages, drawbacks, and future perspective.

Chapter 3 details the various methods of extracting graphene from agro-waste including animal 
waste. Several potential applications of bio-graphene are also discussed in detail such as biomedi-
cal, electronics, batteries, conductive ink, etc.

Chapter 4 presents the different types of graphene, traditional methods of graphene synthesis, 
and some applications of carbon-based nanomaterial. In addition, this chapter describes the com-
position, properties, and application of essentials oils. The use of essential oils in the fabrication of 
graphene is also discussed.

Chapter 5 details the production of graphene from biowastes, which is a captivating idea particu-
larly when the petroleum and allied resources are continuously depleting. It also demonstrates an 
overview of various implausible biowastes that have been utilized for the production of graphene. 
It suggests these miraculous biowastes as a hidden treasure of precursors for graphene production.

Chapter 6 discusses the chemical composition and properties of rice husk (RH), graphene, and 
RH nanocomposite manufacture. The main goal is to highlight the benefits and future viability of 
available green synthesis processes for creating graphene from biomass precursors as a sustainable 
energy source.

Chapter 7 discusses the facile synthesis of graphene from vegetable waste. The search for natural 
precursors for the cost-effective and environmentally friendly synthesis of graphene is increasing 
nowadays. Thus, several vegetable wastes that have the potential to be used as a precursor for gra-
phene synthesis are discussed in brief. Also, several vegetable wastes that can be used as a reducing 
agent to obtain graphene are briefly discussed.

Chapter 8 details the history and green synthesis of graphene oxide. Applications of graphene 
oxide are discussed in chemistry, physics, medicine, and food packaging. Additionally, environmen-
tally safe agriculture purposes are mentioned, such as growth promoters, slow-release fertilizers, 
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pesticides, and heavy metal adsorbents that effectively stop environmental destruction and reduce 
toxic chemicals.

Chapter 9 begins with a general introduction to graphene followed by the composition of sug-
arcane bagasse and why the disposal of this waste material is a problem. Acidic method, synthesis 
from organic matter, Hummer's method, and using Urea are discussed. Various characterization 
techniques like FTIR, UV, XRD, and SEM are mentioned along with the application of sugarcane 
bagasse-derived graphene in the field of membranes, biomedical, sensors coatings.

Chapter 10 reviews recent developments, synthesis methods, characterization, and application 
of produced graphene from leaf wastes and their derivatives as eco-friendly and low-cost sources. 
The effects of temperature and synthesis conditions on the characteristics of produced graphene are 
discussed. The synthesis of graphene quantum dots from leaves is also discussed.

Chapter 11 encompasses the synthesis and characterization of graphene and its derivatives using 
leaf wastes. These bio-based and unused waste materials can provide significant results in produc-
ing graphene by avoiding the usage of toxic chemicals. Adapting inexpensive starting materials will 
pave the way for sustainable processing and recycling of materials.

Chapter 12 briefly focuses on the biosynthesis of reduced graphene oxide (rGO), functionaliza-
tion, rGO nanocomposite fabrication, and characterization and its functionality as an antibacterial 
template. The antibacterial activity of the produced rGO nanocomposites on a vast number of bac-
teria and its mode of action are detailed.

Chapter 13 elucidates the advances of graphene for supercapacitor application. Initially, a detailed 
description of the supercapacitor principle, fabrication, and characteristics is given. An outline of 
modified graphene materials like fullerene, carbon onions is presented. The focus is mainly on vari-
ous graphene composites and their efficiency as electrode material for supercapacitors.
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1.1  INTRODUCTION

Graphene, a name given to a basic structure of graphite, carbon nanotubes, and fullerene, is arranged 
in honeycomb structure (Novoselov et al. 2004). Since the discovery of graphene in 2004, this two-
dimensional single atomic layer of sp2-bonded carbon atoms has shown a lofty promise for future 
electronic and optical devices owing to its distinctive properties such as high thermal conductiv-
ity (Lancellotti et al. 2020; Lin et al. 2020), high current carrying capability (Deb, Seriani, and 
Sarkar 2021), tunable electronic band gap (Mahdavifar, Shekarforoush, and Khoeini 2021), optical 
transmittance (Bae et al. 2010; Koo et al. 2020), and ultra-high mechanical strength (Geim and 
Novoselov 2007).

Novoselov et al. (2004) reported the preparation of the first graphene films by mechanical exfo-
liation of graphite. This approach was easy and promised high-quality graphene production, but the 
process was time consuming (Yi and Shen 2015). The high mobility of graphene makes it ideal for 
electronic applications requiring high mobility and fast response times (Giannazzo et al. 2020; Sood 
et al. 2015). The high transparency and low resistance of graphene make it promising for transparent 
conductive coating for photonic devices (Li et al. 2020). Graphene has a lot of capability for further 
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applications such as anticorrosion coatings (Punith et al. 2020) and paints (Fu et al. 2020), efficient 
and precise sensors (Fu et al. 2020), wearable (Zheng et al. 2020), flexible displays (Muralee et al. 
2020), efficient solar panels (Taheri et al. 2018), faster DNA sequencing (Rani and Ray 2021), drug 
delivery (Ghamkhari et al. 2020), and more. It is eminent noting that graphene’s unrealized signifi-
cance can depend on morphology and structure, mostly determined by the synthesis techniques and 
subsequent processing methods.

To scale up the graphene-based devices from a laboratory to an industry, graphene’s mass produc-
tion is the foremost concern (Novoselov et al. 2012). Moreover, most of the graphene applications, 
as mentioned earlier, require a high-quality single to bilayer graphene (Lin and Gai 2016). However, 
currently available commercial graphene materials are expensive, resulting in significantly slow-
ing down their potential usage in these applications (Avouris and Dimitrakopoulos 2012; Edwards 
and Coleman 2013). The growing demand for graphene mass production has triggered a worldwide 
focus on graphene synthesis from natural sources (Berktas et al. 2020; Ikram, Jan, and Ahmad 
2020). The worldwide research interest is currently focused on green technology-based graphene 
synthesis to commercialize graphene applications (Akhavan, Bijanzad, and Mirsepah 2014; Ruan 
et al. 2011). This chapter initiates with a short epitome of the importance of graphene synthesis from 
natural resources with a detailed discussion of graphene synthesis from sugar and sugarcane extract 
and its potential applications in all possible emerging fields.

1.2  IMPORTANCE OF SYNTHESIZING GRAPHENE FROM NATURAL SOURCES

The use of biomass waste in synthesizing graphene has been considered green to pact with the 
muddles associated with worldwide pollutions (Ikram, Jan, and Ahmad 2020). Recently, lots of 
evaluations have reported on the use of natural sources for the synthesis of graphene (Akhavan, 
Bijanzad, and Mirsepah 2014; Kumar, Singh, and Singh 2016; Saikia et al. 2020). Carbon is the 
primary source of graphene and is present abundantly in nature. Recent studies have proposed bio-
mass as a hugely relevant alternative build-up material for devising beneficial carbonaceous materi-
als due to its climate-friendly nature, worldwide accessibility, and imperishable production in bulk 
quantities as well as low cost and temperature demand (Ansari et al. 2018; Goswami et al. 2017; Shi 
et al. 2016). For example, agricultural waste biomass gradually attracted worldwide attention as a 
low-cost resource for nanomaterials synthesis (Kumar, Singh, and Singh 2016; Mohan, Manoj, and 
Panicker 2019). Goswami et al. (2017) have reported the use of rice straw and agricultural waste 
for synthesizing graphene oxide nanoplatelets (GONPs). They noted that the GONPs were simi-
lar regarding structure and function to those prepared from graphite in the literature. In another 
approach, Tamilselvi et al. (2020) transmuted coconut shell and coir into reduced graphene oxide 
(rGO) via simple catalytic oxidation. Likewise, Hashmi et al. (2020) reported the use of orange peel 
constituents, sugarcane bagasse, and rice bran for synthesizing the GO. The disposal of polyethyl-
ene terephthalate (PET) bottle waste has become a significant challenge worldwide, especially in 
developing countries for waste and environmental management. Essawy et al. (2017) have reported 
the potential of utilizing PET bottle waste by the synthesis of graphene. Their results revealed that 
the prepared graphene has a relatively high surface area. Furthermore, Ding et al. (2020) reported 
a climate-friendly, scalable, and straightforward process to synthesize transparent graphene films 
from black liquor.

Sugar and sugarcane waste is hugely disposed of from juice restaurants and industries every day. 
Considering the large trash accessible and based on several works earlier regulated in turning waste 
to wealth by procuring waste biomass into usable materials, there is a probability of converting 
sugar and sugarcane into graphene (Singh et al. 2018; Wadhwa et al. 2020). Green nanotechnology 
has come out as a flexible platform capable of bestowing efficient, cost-effective, and environmen-
tal-friendly solutions to our society’s worldwide sustainability debate. Recently, He et al. (2020) 
reported a simple glucose-blowing approach for a simple, systematic production of graphene-like 
materials with a large specific surface area and good conductivity. In another different approach, 
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Suvarna and Binitha (2020) converted graphite via jaggery into graphene using a cost-effective and 
simple ball milling technique. The material displayed excellent adsorbent behavior to Cr(VI), one 
of the most toxic and common pollutants from industrial effluent. In this chapter, sugar and sugar-
cane bagasse potential as an agro-industrial waste is discussed for application as a carbon source in 
graphene and its derivatives synthesis.

1.3  CHARACTERIZATION OF GRAPHENE-BASED MATERIALS

Sugar, sugarcane extract, and its derivatives are major agricultural wastes, especially in Brazil, 
India, and China. A novel strategy can be evolved through its proper utility that can be beneficial 
both economically and environmentally. As sugarcane is having an appreciable amount of cellu-
lose and hemicellulose content, it is used to produce carbon-related materials. Due to the unique 
bulk and surface structure of carbon materials, the characterization techniques are different from 
traditional ones. These include X-ray diffraction (XRD), scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), high-resolution TEM (HRTEM), Raman spectroscopy, 
Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), atomic 
force microscopy (AFM), ultraviolet-visible spectroscopy (UV-Vis), thermogravimetric analysis 
(TGA), inductively coupled plasma mass spectroscopy (ICP), X-ray fluorescence (XRF), and scan-
ning tunneling microscopy (STM). Out of all the techniques mentioned here, some of the most 
widely used ones are discussed in detail that emphasizes graphene identification.

1.3.1  X-Ray Diffraction

XRD is a crucial tool to analyze the crystalline structure of any material. Additionally, the XRD 
technique is used to estimate the crystallite size and interplanar spacing. Usually, the high-intensity 
peak at 2θ = 26.6˚ for a CuKα X-ray source corresponds to pristine graphitic structure, as shown in 
Figure 1.1(a) (Bo et al. 2014). This peak confirmed the well-arranged-layered structure of graphite, 
having an interlayer spacing of 0.34 nm along (002) orientations. Another most important function 
of XRD in characterization is to ensure the reduction of GO to graphene. As the graphite is oxidized 
to GO, the 2θ peak is shifted left to ∼10.02°, further increasing the interplanar distance to ∼0.9 nm. 
The interplanar distance is significantly larger than that of graphite due to intercalation of oxygen-
containing functional groups, namely, hydroxyl, epoxy, carbonyl, and carboxyl groups at the carbon 
basal planes between the GO layers (Lin et al. 2010). After the successful reduction, oxygen-con-
taining functional groups were eliminated, and the peak at ∼10.02° completely disappears, whereas 

FIGURE 1.1  (a) XRD patterns of pristine graphite, GO, and caffeic acid reduced GO (Bo et al. 2014). (b) 
XRD patterns of GO and sugarcane bagasse reduced GO (Li et al. 2018b). (Reprinted with permission.)
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a broader peak at ∼24–26° corresponding to the (002) plane of reduced GO appears (Bo et al. 2014). 
This indicates the restoration of the π-conjugated structure of graphene due to reduction (Thakur 
and Karak 2012). Additionally, the interplanar spacing of rGO was reduced to 0.36 nm, which is an 
evidence for removing oxygen-containing functional groups. The broad peak for rGO implies that 
the crystal phase (002) is arranged randomly compared to highly crystallized graphite.

Li, Jin et al. (2018) reduced GO using sugarcane bagasse and used it for the removal of cadmium 
in an aqueous solution. They used XRD analysis to examine GO and rGO. For GO, a sharp intensity 
peak at 2θ = 10.8° appears corresponding to an interplanar distance of 0.83 nm, whereas a broad 
peak at 2θ = 26.5° with reduced interplanar distance is observed for rGO (Figure 1.1(b)).

1.3.2  Raman Spectroscopy

Raman spectroscopy is a fast and nondestructive versatile tool to study and characterize different 
graphitic structures, such as graphite, diamond, carbon nanotubes, graphene, and fullerenes, as 
shown in Figure 1.2(a). It is basically used to analyze the number of layers, edge chirality, and dop-
ing levels. The Raman spectra of all these graphitic structures show different prominent features 
at D, G, and 2D peaks around 1350, 1580, and 2700 cm−1, respectively. The position, intensity, and 
line shapes of these peaks give much information regarding their structure, defects, strain, chirality, 
stacking order, number of layers, and quality.

The G band is common to all sp2 systems that arise due to the stretching of C–C bond. While 
the position of G band is insensitive to the excitation frequency, it is highly sensitive to the doping 
and strain in the layers. Additionally, the D peak is induced by defects, like disordered graphene, 
nanographene, GO, and rGO. The number of layers in graphene, i.e., monolayer to few-layer gra-
phene to bulk graphite, can be distinguished from the 2D peak. Both D and 2D bands are highly 
sensitive to the excitation frequency and their position and shape vary with the same. Therefore, all 
the measurements related to D and 2D bands should be done with the same excitation frequency. 
The intensity ratio of D and G peaks (ID/IG) is used to analyze the level of disorder or defect density 
and is inversely proportional to the average crystallite size of the sp2 clusters (La), using Tuinstra 
and Koenig equation (as shown in Equation 1.1) (Caņcado et al. 2006)

	 ( ) = × λ− −La nm (2.4 10 ) (I /I )10 4
D G

1	 (1.1)

where λ is the wavelength of the laser beam used in Raman experiment.

FIGURE 1.2  (a) Raman spectra of various carbonaceous materials. (b) Raman spectra of GO and sugarcane 
bagasse reduced GO. (Reprinted with permission from Gan et al. 2019.)
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Gan et al. (2019) used bagasse rGO for the application in methyl blue dye removal. When the 
GO is analyzed by Raman spectroscopy, the G band is broadened and blue shifted to 1581 cm−1. 
Furthermore, a prominent D band is visible at 1353 cm−1. In contrast, the rGO shows the presence 
of D band at 1354 cm−1 and G band at 1584 cm−1. It can be observed that the ID/IG ratio successively 
increases on reduction that indicates the decline in the sp2 domain size (Figure 1.2(b)).

1.3.3 E lectron Microscopy

SEM and TEM are used to visualize the structure and morphology of graphene-based materials. 
Usually, GO shows wrinkled and folded structures due to a significant amount of oxygen present in 
hydroxyl, epoxy, or carboxyl groups. These groups are covalently bonded to carbon atoms, destroy-
ing the sp2 network (Lee and Kim 2014). When the GO is reduced to form rGO, some structure 
is recovered, leading to the removal of few wrinkles and folds. Li, Jin et al. (2018) showed the 
wrinkled and folded structure of GO (Figure 1.3i(a and b)), which was improved on the success-
ful reduction by sugarcane bagasse. Apart from the morphology, field emission scanning electron 
microscopy (FESEM) is helpful in determining the elemental composition. The elemental content 
of carbon and oxygen is plotted by energy dispersive spectroscopy (EDS) analysis. The C/O ratio 
increased from 1.02 for GO to 4.27 for rGO. While the conventional SEM has a focus on the 
wrinkles and folded structures of graphene, recent advances in low-voltage SEM combined with an 
interplay with the working distance have helped to unravel the graphene domains having a different 
number of layers or thickness (Huang et al. 2018; Huang et al. 2019; Mikmeková et al. 2016). Huang 
et al. (2018) concomitantly tuned the accelerating voltage (to a lower value) and working distance 
(to a medium value) to enhance the collection efficiency of secondary electrons originating from the 
graphene layers. Furthermore, it was also proposed that the tilting of the sample could be effectively 

FIGURE 1.3  (i) FESEM images and EDS spectra of wrinkled GO and rGO (Li et al. 2018b), (ii) TEM char-
acterization of graphene: (a) graphene sheet, (b) magnified image, (c, f) the electron diffraction patterns, (d) 
few-layer graphene sheet, (e) magnified image (Geng et al. 2010). (Reprinted with permission.)
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employed to minimize the channeling contrast arising from different orientations of the substrate 
(Huang et al. 2019). Atomic resolution lattice images of graphene have also been observed within 
a SEM using a bright field detector of scanning TEM (Sunaoshi et al. 2016). With such advances, 
large area characterization of graphene at the atomic scale becomes much easier.

The TEM is high-potential microscopy that can observe the morphology and helps to deter-
mine the thickness and surface defects of graphene and related materials (Hernandez et al. 2008; 
Vij, Tiwari, and Kim 2016). By cross-sectional view of graphene, a number of layers present can 
be measured using TEM (Takamura et al. 2015). It is often associated with the electron diffrac-
tion pattern, which clearly shows the hexagonal pattern of graphene crystal structure (Geng et al. 
2010) (Figure 1.3ii). Disordered or defective edges of graphene result in variation in the bandgap 
that could in turn degrade the carrier mobility, limiting their potential applications (Jia et al. 2011). 
In-situ heating inside an HRTEM makes it easier to study the defects along the edges of nanorib-
bons of graphene (Tan et al. 2009).

1.3.4  X-Ray Photoelectron Spectroscopy

XPS is a powerful surface-sensitive spectroscopic technique used to determine the elemental com-
position and chemical bonding, crucial for a better understanding of graphene derivatives. XPS was 
not a major technique for characterizing graphene until the recent preparation of graphene via GO 
and then rGO came to existence. The most important parameter to study the extent of oxidation/
reduction is sp2 carbon fraction, which is affected by functional groups’ presence. XPS spectra are 
obtained by measuring the number of electrons that escape from the material’s surface (<10 nm) 
and the kinetic energy when it is exposed to X-rays. The GO and rGO survey-scan spectra show 
two high-intensity peaks at binding energies of about 284 and 530 eV, popularly known as C1s and 
O1s peaks, respectively (Al-Gaashani et al. 2019). The C1s peak is further deconvoluted for oxygen-
containing functional groups at 284.5 eV (C-C), 286.4 eV (C-O), 287.8 eV (C=O), and 289.0 eV 
(COOH) (Zhang et al. 2010) (Figure 1.4). The area covered by the peaks determines the percentage 
of respective functional groups present.

1.4  GRAPHENE FROM SUGAR

1.4.1  Sugar (Table Sugar) as a Precursor

Yearly a massive amount of wastes are generated from the agro-processing industries and becomes 
one of the severe environmental troubles. The carbon content of these wastes is more than 65%. 

FIGURE 1.4  (a) XPS spectra of C 1s of GO and (b) GO reduced by L ascorbic acid. (Reprinted with permis-
sion from J. Zhang et al. 2010.)
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These carbon sources are sustainable and affordable. In this aspect, sugar and sugarcane bagasse 
are significant agro-industries wastes studied recently as substitute prime precursors for the devel-
opment of graphene and its derivatives (Wadhwa et al. 2020).

The synthesis of carbon-based materials from sugar was started as early as 1996 when Xing, 
Xue, and Dahn (1996) showed carbon materials formation by pyrolysis of table sugar. In this experi-
ment, sugar precursors were put in a container and inserted into a quartz tube of the horizontal tube 
furnace. Sugar precursors were warmed up under an argon atmosphere at a heating rate of 25°C/
minute from 100°C to pyrolyzing temperature, held for 1 hour, and further cooled down to room 
temperature. The pyrolyzing temperature was varied from 600 to 1600°C for different runs. The 
obtained final product exhibited a high capacity for Li intercalation, better than that of graphite. In 
2004, Novoselov et al. (2004) reported the successful synthesis of monocrystalline graphitic films. 
This few atoms thick two-dimensional (2D) carbon material is referred to as few-layer graphene. 
After the discovery of graphene, its demand started increasing for large-scale production. Since 
there was already an attempt of pyrolyzing sugar for the synthesis of carbon materials, researchers 
began experimenting with sugar and its derivatives for the mass-scale production of graphene. Sugar 
being a less expensive and readily available precursor has gained lots of attention in recent time. The 
first report on graphene synthesis from sucrose (table sugar) was found in 2011 (Ruiz-Hitzky et al. 
2011). In this work, a natural, eco-friendly, low-cost sucrose precursor was first transformed into 
caramel in the presence of sepiolite. This nanocomposite was further thermally treated at 800°C in 
an N2 atmosphere. The resulting carbonaceous materials were found to exhibit typical characteris-
tics of graphene layers. Their work opened the direction for the possibility of producing graphene-
like materials from sucrose. In 2013, a similar kind of approach was used by Pan et al. (2013). 
They used edible sugar to synthesize nitrogen-doped graphene (NG) by pyrolysis of a homogenous 
mixture comprising urea and crystal sugar. This mixture was firstly dissolved in water to form a 
homogenous solution and warmed to remove excess water. This mixture was dried in the furnace at 
800, 900, and 1000°C for 1 hour named NG800, NG900, and NG1000, respectively. The resultant 
nitrogen-doped graphene was of high surface area and pore volume. Figure 1.5(a and b) shows the 
nitrogen-doped graphene’s TEM images at 1000°C. In a similar approach, Liu and Antonietti (2013) 
reported the synthesis of highly porous N-doped graphene nanoplatelets by exposing a mixture of 
sugar and nitrate. The methodology is extended to S-doped porous carbon sheets by replacing the 
nitrate with sulfate. With increasing attention in the synthesis of nitrogen-doped graphene, Shi et al. 
(2016) came up with a new way of utilizing N-doped graphene for catalytic application. They dem-
onstrated controlled synthesis of Fe3C-based CNT composites encapsulated with N-doped graphene 
layers via direct pyrolysis of glucose, melamine, and FeCl3 at varied temperature. They claimed 

FIGURE 1.5  (a) TEM and (b) HRTEM images of N-doped graphene; the inset of (b) indicates SEAD pat-
tern. (c) TEM images of the MS-derived graphene. (Reprinted with permission from Pan et al. 2013 and Liu, 
Giordano, and Antonietti 2014.)
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that doping a graphitic structure into an N-doped graphene led to a non-uniform electron distribu-
tion leading to a significant enhancement of catalytic activity of carbon surface. In a little different 
carbonization approach, Liu, Giordano, and Antonietti (2014) proposed using an ionic molten-salt 
(MS) medium to convert glucose into nanoporous carbon. The MS-derived graphene scaffolds are 
hydrophobic and exhibit high selectivity and capacity for absorption of organics. Figure 1.5(c) shows 
the TEM image of the MS-derived graphene.

In an almost similar process, B. Zhang et al. (2014) have manufactured graphene on a large scale 
using glucose. It was claimed that the graphene produced in this method had electrical conductivity 
approximately equal that of graphene film produced by CVD. In this method, glucose and FeCl3 
were dissolved in water and vaporized at 80°C in the air to remove water. This prepared carbon-
ized glucose was calcined at 700°C under the flow of argon. Graphene sheets were acquired after 
washing with solvents and drying. Raman and HRTEM confirmed the formation of graphene. 
Figure 1.6(a and b) presents TEM images of graphene produced by this method. In further develop-
ment of the process, Seo et al. (2013) described a fresh approach for the growth of vertical graphene 
nanosheets (VGNSs) using five different kinds of palatable products, i.e., sugar, honey, butter, milk, 
and cheese. VGNS was found to be synthesized by a low-temperature (450°C) plasma technique. 
However, it was reported that the VGNSs grown by sugar showed more defects as compared to other 
products.

In a further progress in graphene growth, direct thermal decomposition of sugar has confirmed 
superior quality graphene and reproducibility at a large scale. Chithaiah et al. (2020) recently 
reported a rapid method for synthesizing rGO nanosheets by direct thermal decomposition of sugar 
at 475°C, without any hazardous chemicals. Figure 1.7(a) shows SEM images of the rGO nanosheets 
produced through this method. The rGO nanosheets produced in this method were composed of a 
large number of nanosheets. The TEM image (Figure 1.7(b and c)) shows that the rGO sample com-
prises nanosheets with a smooth surface. By a similar process called solvothermal method, Huang 
et al. (2012) demonstrated the synthesis of graphene with tunable edge defects. Oxygenated groups 
when attached to tunable mount defects could be useful as a humidity sensor by adsorbing humidity 
gas molecules. In a quite comparable process, Choi et al. (2019) synthesized sugar-based magnetic 
pseudo--GO (SGO). This was also prepared by pyrolyzing the sugar at 750°C for 1 hour and then 
oxidizing the obtained pyrolyzed sugar using ozone as an oxidant. Upcoming research works need 
to be pointed to acknowledge the mechanisms of both the growth processes of graphene from sugar 
and applying the knowledge in developing practical devices.

FIGURE 1.6  (a) TEM image of the graphene sheets prepared from glucose (inset SAED pattern). (b) The 
TEM image of the graphene sheets. (Reprinted with permission from Li et al. 2014.)
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1.4.2  Sugar as a Reducing Agent

One of the most efficient and widely used methods for the synthesis of graphene is the Hummers 
method. But the chemical reduction of GO is generally carried off using hydrazine/hydrazine deriv-
atives as the reducing agent. Woefully, the use of highly pernicious hydrazine to reduce GO is 
hazardous. However, other potential reducing agents such as hydroquinone and NaBH4 may pro-
duce environmental unacceptable products that can hamper its larger-scale production potential. 
Sugar, being non-toxic and environmentally friendly, can be used as a reducing agent due to its 
lenient reductive ability (Li, Xing, and Wang 2012; Qian, Lu, and Gao 2011; Shen et al. 2011a; 
Shen et al. 2011b; Wang et al. 2011; Wojtoniszak and Mijowska 2012). In 2010, Zhu et al. (2010) 
first reported the use of glucose as a reducing agent for an ecofreak and leisurely technique toward 
the synthesis of water-soluble graphene nanosheets (Figure 1.8(a)). The process used the modified 
Hummers method to synthesize GO. Then, glucose was added into the aqueous dispersion of GO 
with ammonia solution and stirred for 60 min at 95°C. Ultimately, the final stable black dispersion 
was centrifuged and washed with water. They observed that GO reduced rapidly in the presence 
of glucose. Graphene nanosheets (GNSs), produced in this method, was confirmed by the TEM, as 
shown in Figure 1.8(b), and Raman spectroscopy results (see Figure 1.8(c)). In a similar process, 
SuryaBhaskaram, Cheruku, and Govindaraj (2014) have synthesized rGO using glucose as a reduc-
ing agent. In recent years, the simplicity of this process has attracted much attention for using sugar 
as a reducing agent, as this process may be a feasible technique in mass-scale production of rGO 
(Bhargava et al. 2019; Lau et al. 2019; Salazar et al. 2019; Shang et al. 2019).

An individualistic study by Kamisan et al. (2016) has also reported related properties by reduc-
ing GO with glucose as a reducing agent with ultrasonication. They synthesized GO by the modified 
Hummers method, and glucose was added to GO following ultrasonic irradiation. The procured 
samples were centrifuged and washed repeatedly with distilled and vacuum dried at 50°C for fur-
ther use. In a slight modification to this technique, Narayanan, Park, and Han (2020) have pro-
claimed the synthesis of electrospun poly(vinyl alcohol) (PVA)/rGO nanofibrous scaffold. Here the 
GO was produced by the modified Hummers method. Glucose was added to the homogeneous 
solution of GO along with NH4OH for reduction. The mixture was then stirred powerfully for a 
few minutes and heated to 90°C for 3 hours. Ultimately, the mixture was centrifuged, washed, and 
dried to accumulate the glucose-reduced GO (GrGO). It was claimed that the presence of GrGOin 
PVA nanofibers enhanced the thermal properties of scaffolds. The glucose-based reduction is one of 
the most suitable one-pot synthesis processes for rGO production. The simplicity of the procedure 
captivated the heed of the scientific society, and the same kind of process to produce rGO by using 
glucose was followed by many research groups globally (Bhargava and Khan 2018; Casa et al. 2018; 
Çıplak 2018; Hossain, Das, and Park 2017; Shuvra, Das, and Barui 2020).

FIGURE 1.7  (a) SEM Image. (b and c) TEM and SAED patterns (inset) of the rGO. (Reprinted with permis-
sion from Chithaiah et al. 2020.)
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1.4.3 T hree-Dimensional Graphene from Sugar

Three-dimensional graphene is a propitious material because of its potential applications in envi-
ronmental protection, energy storage, and conversion. Recently, significant attempts have been 
dedicated to designing and manufacturing 3D graphene from sugar as a precursor or a reducing 
agent (Cheng, Du, and Zhu 2012; He et al. 2020; Zhang et al. 2017). A recent finding by Wang et al. 
(2013) showed that the sugar-blowing method could be used to synthesize 3D strutted graphene 
(SG) (Figure 1.9(a)). In this approach, sugar was mixed with ammonium salts (NH4Cl) and treated 
at 1350°C for 3 hours under an Ar atmosphere in a tube furnace. A black foam-like product, i.e., 
SG, was collected. The SG has hierarchical porous structures at different scales: bubbles, ripples, 
and concaves (Figure 1.9(b)). Graphitic membranes circumscribe the bubbles joined onto graphitic 
struts (Figure 1.9(c and d)). The yield of final product was 16 ± 5 wt% related to raw glucose. Also, 
the estimated cost found to be only $0.5 per gram (laboratory). A similar approach was reported 
by Jiang et al. (2015) for the fabrication of SG by ammonium-assisted chemical blowing. In this 
approach, a household sugar was directly mixed with NH4Cl and (NH4)2CO3 and heated in a hori-
zontal furnace at 1400°C and annealed for 3 hours under an Ar atmosphere (Figure 1.9(e–g)).

Eventually, several research groups ameliorate the sugar-blowing-assisted method. For a moment, 
a gas-foaming technique was flourished to formulate 3D graphene layers to reduce GO. The advan-
tage of this technique lies in averting the restacking of graphene sheets. Nevertheless, 3D graphene 
still has frail connections that are inseparable (Hao et al. 2015). Then, an advanced practice was 
used to assemble graphene-like carbon nanosheets with glucose as a carbon precursor, Fe spe-
cies as a graphitization catalyst, and NH4Cl as a blowing agent. But the catalyst contaminations 

FIGURE 1.8  (a) TEM of the GNS (c) Raman spectra of pristine graphite (a), GO (b), and GNS (c) after its 
reduction with glucose. (Reprinted with permission from Zhu et al. 2010.)
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could hamper the purity of 3D graphene (Lei et al. 2015). All these problems were sorted by Han 
et al. (2018). They reported a catalyst-free simple approach for producing high-quality 3D porous 
graphene (3D-PG) by the sugar-blowing method (Han et al. 2018). Olszowska et al. (2017) have 
propounded a comprehensive review on the synthesis and application of three-dimensional nano-
structured graphene.

Aside from these main advancing routes, there have been efforts to produce free-standing 3D 
graphene foams (GFs) through the (3D-printing method (Sha et al. 2017). In this approach, a mix-
ture of Ni and sucrose was manually placed onto a platform, and a commercial CO2 laser was used 
to convert the Ni/sucrose mixture into 3D GFs. It was claimed that the 3D-printed GFs showed mul-
tilayered graphene with low density (∼0.015 g/cm3) and high porosity (∼99.3%). Figure 1.10 shows 
the SEM images of the 3D-printed GFs after the three-step removal of the Ni scaffolds.

1.4.4 G raphene Composite from Sugar

Current research has observed expeditious advances in the synthesis of graphene-based composites 
due to their diversity of applications in numerous technologies (Hoa et al. 2017; Hossain, Das, and 
Park 2017; Shang et al. 2019). The graphene-based composites were generally developed using GO 
as the starting precursor and glucose as a reducing agent to convert GO to rGO. The metal oxide 
blossom on graphene performs a vital role in modifying the numerous properties of the composite 
(Çıplak 2018; Wadhwa et al. 2020). Particularly, these nanocomposites exhibit superior electro-
chemical performance due to a synergistic effect arising from the high surface area of graphene and 
redox reactions from the transition metal oxides. Recently, Bhargava and Khan (2018) have produced 

FIGURE 1.9  (a) Growth process of sugar-blowing production. (b–d) SEM images of the SG. (e–g) Photograph 
and SEM image of the SG produced by ammonium-assisted chemical blowing at different scale. (Reprinted 
with permission from Wang et al. 2013 and Jiang et al. 2015.)
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graphene-metal composites by chemical reduction. Initially, the solution of GO and CuSO4 was 
mixed and stirred, followed by dropwise addition of NaOH into the solution. Once the homogeneous 
solution formed, glucose powder was added and heated at 70°C. Finally, the resultant precipitates 
were washed and dried. The obtained nanocomposites are called Cu2O/rGO. Figure 1.11(a) shows 
spherical Cu2O nanoparticles grown on the rGO sheets. In a similar approach, Zhigang (2014) 

FIGURE 1.10  (a) Schematic of synthesis of 3D GF using 3D printing. (b–d) TEM images of GFs after 
removing Ni scaffolds. The inset in (b) is the SAED pattern. (Reprinted with Permission from Sha et al. 2017.)

FIGURE 1.11  (a) FE-SEM images Cu2O/rGO nanocomposites (Bhargava and Khan 2018). (b, c) TEM image 
for rGO/Au. (d, e) TEM image for rGO/Ag nanocomposites (Wu et al. 2017). (f) and (g) TEM images of 
G-rGO-PB and corresponding SAED pattern of G-rGO-PB (Zhang et al. 2017). (Reprinted with permission.)
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also reported an efficient way to synthesize a cuprous oxide-graphene composite using glu-
cose. In a similar process, Wu et al. (2017) reported the synthesis of an rGO/metal (oxide) 
(e.g., rGO/Au and rGO/Ag) composite using glucose as the reducing agent and the stabilizer  
(Figure 1.11(b–e)). In a further development of the process, graphene-Prussian Blue hybrid com-
posites were developed by using glucose as a reducing agent (G-rGO-PB). This hybrid composite 
was reported to exhibit as a high-performance material for biosensors and supercapacitor electrodes 
(Figure 1.11(f and g)) (Zhang et al. 2017). In recent years, lots of research efforts have been devoted 
to glucose-mediated metal-graphene composite synthesis for a large-scale growth of the graphene 
composite for enhanced application (Ge et al. 2016; Li et al. 2016; Ma et al. 2016).

Predominantly, graphene synthesis techniques from sugar accessible to date have been 
reviewed in this section. The methodologies range widely from the pyrolysis of sugar to the 
sugar-blowing method, the direct thermal decomposition of sugar, and the plasma technique. 
After the discovery of graphene in 2004, recent years have seen massive growth in mass-scale 
graphene synthesis from sugar. Upcoming research attempts on graphene synthesis should gov-
ern large-scale graphene production to escort a new uprising in the electronics and semicon-
ductor industries.

1.5  GRAPHENE FROM SUGARCANE EXTRACT

All biomasses (including sugarcane) consist of three main components: cellulose, hemicellulose, 
and lignin (Kim and Day 2011). Among all the features, cellulose shares the most considerable 
portion and attracts significant research interest in the field of carbon-based nanomaterials. After 
extracting out the valuable sugar from the plant, the leftover part is known as sugarcane bagasse. 
It serves as a material of choice to synthesize graphene-based materials due to its easy availability, 
low cost, and biodegradable nature. There are various routes for synthesizing graphene from sugar-
cane extracts, which are discussed in the next subsections.

1.5.1  Sugarcane Extract as a Precursor

In recent years, various graphene derivatives were produced using graphite as a precursor material. 
But using agro-wastes as the precursor could help produce graphene and a pollution-free environ-
ment. Usually, sugarcane bagasse is the most suitable agro-waste widely explored due to its high 
economic value and the best environmental and ecological benefits. Long et al. (2019) converted 
cellulose bundle crystal extracted from sugarcane leftover to few-layer cellulose (two-dimensional) 
by a specific technique, as shown in Figure 1.12. The two-dimensional cellulose was converted into 
few-layer graphene by pyrolysis, whereas the cellulose bundle can produce graphite.

Xiao et al. (2017) synthesized a graphene-like material (FZS900) by sugarcane carbonization 
and activation. Initially, ZnCl2 and FeCl3 were added to bulk sugarcane biomass and kept for stir-
ring at 80°C for 2 days. Then the mixture was dried at 80°C for 5 days. Afterward, it was heated 
in the furnace at 900°C for 1 hour and washed in HCl and Milli-Q water several times. The 
obtained graphene material exhibited abundant micropores and high surface area (2280 m2/g), 
supporting its high adsorption capacities for naphthalene, 1-naphthol, and phenanthrene. Suvarna 
and Binitha (2020) prepared holey graphene by jaggery using the ball milling technique. Holey 
graphene is a particular category of functionalized graphene where functional groups are mostly 
attached at the edges and holes, providing it high surface area, making it suitable for various 
applications (Lin et al. 2017).

Graphitic carbon is also the most suitable candidate as an anode material in rechargeable lithium 
ion batteries (RLiBs), and it is claimed that RLiBs are the best choices as environment-friendly 
energy effective devices. Alvarez et al. (2017) prepared carbonaceous materials using palygor-
skite and sugarcane molasses and examined its electrical, thermal, and electrochemical properties 
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suitable as an anode material in RLiBs. The palygorskite-graphene-like carbon nanocomposite was 
further oxidized to GO like carbon (GOLC) by a two-step treatment with acids. GOLC had a good 
combination of a large specific surface area (467 m2/g), high electrical conductivity (1 S/cm in the 
range of 173–293 K), and good thermal conductivity (1.1 W/m/K) that makes it an excellent can-
didate for both as an anode and a cathode in RLiBs. The morphology of both the graphene-like 
materials was studied by SEM and TEM images (Figure 1.13).

FIGURE 1.12  Synthesis technique of two-dimensional graphene from sugarcane bagasse. (Reprinted with 
permission from Long et al. 2019.)
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In the present era of carbon and related materials, the research community is working to explore 
different carbonaceous materials. Tang et al. (2018) fabricated a different type of glassy carbon 
known as graphene microcrystal (GMC) from lignin. Usually, petroleum, coal, or natural gases 
are the traditional precursors of glassy carbon. But the overconsumption of these fossil fuels is an 
important issue. To deal with the growing environmental and ecological problems, biomass is the 
perfect replacement. The lignin is the renewable biomass that can be extracted from sugarcane 
bagasse. Tang et al. (2018) refined lignin from sugarcane bagasse and further fabricated GMC by 
two techniques: the pyrolysis of lignin in a tubular furnace and hydrothermal carbonization of 
lignin, followed by pyrolysis. The TEM, XRD, and Raman spectra of GMC are very close to previ-
ously reported rGO images and are shown in Figure 1.14.

FIGURE 1.13  (a) SEM images of the palygorskite-graphene-like carbon and (b) GOLC. (c) TEM image of 
GOLC. (Reprinted with permission from Alvarez et al. 2017.)

FIGURE 1.14  (a) TEM, (b) XRD, and (c) Raman of GMC, prepared at different temperatures. (Reprinted 
with permission from Tang et al. 2018.)
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1.5.2  Sugarcane Extract as a Reducing Agent

Graphene in large quantities is usually synthesized by reducing GO by various reducing agents such 
as hydrazine. Still, the high cost and the hazards caused to the environment restrict the approach. 
Replacing the harmful reducing agents with green reductants is an environmental-friendly way 
to produce graphene in high quantity. In recent years, many green reductants such as vitamin C 
(Fernández-Merino et al. 2010), green tea (Weng et al. 2019), aloe vera (Ramanathan et al. 2017), 
etc. have been employed for this purpose. Other than these widely used green reducing agents, sug-
arcane bagasse is an appropriate reductant to reduce graphene oxide. Graphene oxide is synthesized 
by the Hummers method and further reduced by grinded sugarcane bagasse powder. Other than 
reduction, sugar extracts play an important role as a stabilizer (Li, Jin et al. 2018). To investigate 
the extent of reduction, Li, Jin et al. (2018) characterized the obtained rGO by XRD, SEM, Raman 
spectroscopy, and XPS. All the observations were in the agreement of previously reported rGO. The 
XPS analysis of GO and rGO gives the evidence for better reduction as the C/O ratio increased from 
2.03 to 3.37 for GO to rGO, respectively. Additionally, rGO synthesized using sugarcane bagasse 
was considered suitable for removing cadmium from aqueous solution.

Excessive use of dyes in industries like paper, textile, food, and plastics is a serious threat to 
present ecosystem. Various techniques like reverse osmosis, ozone treatment, photochemical oxi-
dation, and activated carbon adsorption have been adopted for the removal of harmful dyes from 
water. Recently, Naveen et al. (2015) used the graphene silica composite (GSC) synthesized by 
sugarcane juice for the adsorption of harmful industrial dyes such as Eriochrome black T, Methyl 
red and Congo red. The adsorption capacity of different dyes was investigated by UV-Vis spectra by 
varying the dye concentration. Gan et al. (2019) also used GO reduced by bagasse for the removal 
of methyl blue dye.

Other than applications in supercapacitors, water purification, and dye removal, the chemi-
cally reduced graphene has an important role to reduce environmental pollution. Many toxic 
and hazardous polycyclic aromatic hydrocarbons (PAHs) are being released in the environment 
by incomplete burning of fossil fuels. Singh et al. (2018) synthesized a sheet and disc-shaped 
graphene by two approaches (rG1 and rG2) using sugarcane extract and used them for the photo-
degradation of PAHs under the UV irradiation. The schematic of synthesis steps of rG1 and rG2 
are shown in Figure 1.15(a). The large surface area and π-π conjugation of rGO make it a better 
candidate as a photocatalyst material. The XRD peaks of rG1 and rG2 appeared at 2θ = 24.75° 
and 2θ = 21.52°, respectively, as shown in Figure 1.15(b). This change in interplanar distance can 
be related to change of their structures due to different approaches. Figure 1.15(c and d) shows 
the TEM images of rG1 and rG2.

Li, Gan et al. (2018) developed a new biomaterial from sugarcane bagasse that contained rGO and 
Burkholderia cepacia. This new biomaterial was able to adsorb and biodegrade malachite green, a 
harmful triphenylmethane dye extensively used in the textile industries. An aqueous solution of sug-
arcane bagasse was added to the GO suspension and ammonia was added to the mixture. Sugarcane 
bagasse consists of fructose that is transformed into reducing sugars due to ketonal tautomerism in 
the presence of ammonia base (Zhu et al. 2010). It acts as a better reducing agent for the transfor-
mation of GO to B-rGO. The Raman spectra of both GO and B-rGO show two main characteristic 
peaks (G peak at 1612 cm−1 and D peak at 1356 cm−1), as shown in Figure 1.16. The ID/IG ratio of GO 
(0.86) significantly increases for B-rGO (1.32), which indicates that the graphene sheets in B-rGO 
are disordered, and the reduction causes a decrease in the size of the in-plane sp2 domain.

1.6  APPLICATIONS

One of the potential applications of graphene is in energy conversion devices (Çıplak 2018). To 
prosper a futuristic energy device, an active electrode material with high capacity is indispens-
able. Graphene is transpiring as a distinctive morphology of carbon materials with capability for 
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FIGURE 1.15  (a) The schematic diagram of synthesis steps for rGO sheets and disk-type structures (rG1 
and rG2) using sugarcane juice. (b) XRD pattern of GO, rG1, and rG2. (c) TEM of rG1 and (d) TEM of rG2. 
(Reprinted with permission from Singh et al. 2018.)

FIGURE 1.16  Raman spectra of GO and sugarcane bagasse reduced GO. (Reprinted with permission from 
Li et al. 2018a.)



18 Graphene from Natural Sources

electrochemical energy storage device applications to sensors, drug delivery, biomedical applica-
tions, batteries, etc.

He et al. (2020) recently fabricated a graphene-like foam/NiO (GLF/NiO) composite for high-
performance electrochemical energy storage. The asymmetric supercapacitor by He et al. (2020) 
was prepared from the glucose-blowing approach. The detailed process of graphene/NiO composite 
blend could be perceived in the study of He et al. (2020). The asymmetric supercapacitor con-
structed using GLF/NiO showed a high specific capacitance up to 152 F/g and an energy density of 
47.6 Wh/kg at the power density of 750 W/kg with 83.6% capacitance retention after 6000 cycles 
(Figure 1.17(a–c)). In another work by Chithaiah et al. (2020), hydrogen-treated rGO (H-rGO) was 
prepared by thermal decomposition of glycine and sucrose. The graphene supercapacitor prepared 
by this method demonstrated the specific capacitance of 203 F/g at 0.5 A/g. Although these research 
works have shown techniques to prepare graphene, these methods may not be acceptable to attain 
high specific surface area since van der Waals interactions easily restack graphene sheets during the 
preparation processes that can affect the loss of ultrahigh specific surface area.

This problem of restacking may probably be addressed by constructing graphene hydrogel dem-
onstrated by Shang et al. (2019). The restacking of graphene sheets could be prevented by creating 
graphene hydrogel (GH) (Shang et al. 2019). The as-prepared asymmetric supercapacitor showed 
a 5.6-Wh/kg energy density at a power density of 226.5 W/kg. Woefully, to avert graphene sheets 
from restacking, graphene hydrogels had to encounter an unfavorable and stagnant freeze-drying 
process. The reduction was brought out in liquid surroundings and the ultimate outcome suffered 
from low electrical conductivity due to the high intersheet resistance. To address this issue, Han 
et al. (2018) demonstrated the synthesis of three-dimensional porous graphene film (3D-PG) by the 
sugar-blowing method. Their supercapacitor device displayed a high capacitance of about 115 F/g at 
a scan rate of 10 mV/s with a 90% excellent cycling stability after 10,000 cycles with 12-ohm contact 
interface resistance (Figure 1.17(d–f)).

In another approach by Ma, Xue, and Qin (2014), sugar-derived carbon/graphene composite mate-
rials were used as electrodes for supercapacitor application. Their electrodes for supercapacitors 

FIGURE 1.17  (a) CV curves of the asymmetric supercapacitor at various scan rates, (b) Ragone plots,  
(c) cycling stability (He et al. 2020), (d) galvanostatic charge-discharge (GCD) curves at different current 
densities of a 3D-PG electrode densities, (e) Nyquist plots, (d) cycling stability (Han et al. 2018). (Reprinted 
with permission.)
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exhibit a high specific capacitance of 273 F/g as well as excellent electrochemical stability. They 
claimed that inserting sugar-derived carbon into graphene nanosheets (GNSs) can stabilize the 
electrode structure and prevents the agglomeration due to the van der Waals interactions, which 
enhanced the electrochemical activity of GNSs during the charge-discharge process. Works by 
Qian Lu, and Gao (2011), Wang et al. (2011), Zhang et al. (2017), and Li et al. (2016) have also 
demonstrated the use of glucose-reduced graphene composite for high-performance energy device 
applications.

Another most optimistic application of graphene is in sensors, covering bio and electrochemical 
sensors (Salazar et al. 2019; Zhang and Li 2017). In work by Hoa et al. (2017), highly porous 3D 
rGO showed a good sensing property toward glucose sensors. Furthermore, it was demonstrated 
that anchoring Ag NPs to the 3D rGO networks could enhance the antibacterial ability of the fab-
ricated glucose sensor. The elevated sensor revealed an excellent sensitivity of 725.0 μA/cm2/mM 
with a rapid response time of 11 s. In the same year, Hossain, Das, and Park (2017) also reported the 
graphene electrochemical sensor for detecting glucose. This sensor exhibited a short response time 
(4 s), high sensitivity (69.44 μA/mM/cm2), and a wide detection range (0.002–12 mM) for glucose 
sensing (Figure 1.18(a)).

In a similar approach, Li et al. (2013) also demonstrated the use of silver nanoparticles-graphene 
oxide nanocomposite to detect tryptophan. This electrochemical sensor demonstrated the detection 
limit up to 2.0 nM. In another work by Zhu et al. (2020), hydrogen peroxide (H2O2) found in cells 
was also detected. This H2O2 biosensor prepared from a sugar-derived 3D graphene framework 
(GFs) electrode exhibits an ultrasensitive detection limit of 0.032 ± 0.005 µM at a working poten-
tial of −0.55 V in 0.01 M N2-saturated phosphate-buffered saline (PBS, pH = 7.4) (Figure 1.18(b)). 
Furthermore, it was proposed that this biosensor can also detect H2O2 released from living tumori-
genic cells in real time.

Recently, graphene has been used extensively in water purification. Gupta et al. (2012) demon-
strated a green method for synthesizing a graphene material from cane sugar. It was claimed that 
their composite could effectively remove contaminants from water. Li, Jin, et al. (2018) reported 
the use of rGO extracted from sugarcane as an adsorbent for the eviction of cadmium in an aque-
ous solution. Table 1.1 shows the synthesis, properties, and applications of graphene prepared from 
sugar and sugarcane extract.

FIGURE 1.18  (a) Amperometric response of biosensor with a successive injection of the concentration of 
glucose in 0.25 V, 0.3 V, and 0.4 V, respectively, with inset showing calibration curve (Hossain, Das, and Park 
2017). (b) Amperometric response of biosensors with the successive addition of different concentrations of 
H2O2 at the potential of −0.55 V and inset is the amperometric response of GFs/GCE toward low concentra-
tions of H2O2 (Zhu et al. 2020). (Reprinted with permission.)
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TABLE 1.1
Graphene Properties Prepared from Sugar and Sugarcane Extract

Method

Precursor/
Reducing 
Agent

Synthesis 
Temp. Final Product Properties Raman Graphene Layer Application Refs.

3D printing Sucrose 80°C Graphene foam Electrical conductivity ∼8.7 
S/m

Porosity ∼99.3%

ID/IG 0.44
IG/I2D 2.28

Multilayer – Sha et al. (2017)

Sugar blowing Glucose 1350°C 3D strutted graphene Electrical conductivity 
20,000 S/m

Surface area 1005 m2/g

2DFWHM 48 cm−1 Mono-/few-layer Supercapacitor Wang et al. (2013)

Chemical blowing Sucrose 1400°C Graphene foam Porosity 99.5–99.8% 2DFWHM 55 cm−1 Mono-/few-layer Supercapacitors Jiang et al. (2015)

Thermolysis Glucose 750°C Patched graphene Density 0.0077 g/cm3 
specific surface area of 
820 m2/g

ID 1360 cm–1

IG 1578 cm–1

Nanocrystalline 
graphene flakes

Oxygen reduction 
reaction

Li et al. (2012)

Thermal 
decomposition

Sucrose 475 °C rGO and N-rGO – – Nanosheets Supercapacitor Chithaiah et al. (2020)

Glucose-blowing Glucose 650 °C Graphene-like foam Surface area 323 m2/g ID/IG 0.80 – Supercapacitor He et al. (2020)

Modified 
Hummers 
method

Glucose 90°C PVA/rGO Tensile strengths 5.96 ± 
0.966 MPa

ID 1350 cm–1

IG 1590 cm–1

– Skin tissue 
engineering

Narayanan, Park, and 
Han (2020)

Hydrothermal 
method

Glucose RT GQD-Au hybrid Particle size~5–100 nm – – Luminescent 
coating

Wadhwa et al. (2020)

Pyrolysis Glucose – 3D graphene frameworks Surface area 853.19 m2/g – Few layers of 
graphene

sensor Zhu et al. (2020)

Chemical 
exfoliation

Sugarcane 
bagasse

60°C rGO – ID 1354 cm–1

IG 1584 cm–1

Wrinkles Dye removal Gan et al. (2019)

Chemical 
reduction

Glucose 70°C Cu2O/rGO Optical band gap 2.01 eV ID/IG 1.03 Crumbled 
graphene

– Bhargava and Khan 
(2018)

(Continued)
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Chemical and 
heat treatment

Sugarcane 
bagasse

300 ̊C Graphene quantum dots Highly fluorescent – – Baweja and Jeet (2019)

Thermal and 
chemical

Sugar 
molasses

1073K Palygorskite-graphene 
like carbon 
nanocomposite

Electrical conductivity 1 
S/m

Thermal conductivity 1.1 
W/mK

– – Batteries Alvarez et al. (2017)

Pyrolysis Sugarcane 
bagasse

1200°C Graphene micro-crystal – – – – Tang et al. (2018)

Carbonization Sugarcane 
biomass

900°C Graphene-like material – – – Adsorption of 
organic pollutants 
from water

Xiao et al. (2017)

Thermal and 
chemical

Sugarcane 1200°C Graphene two 
dimensional crystal

– – Multilayer – Long et al. (2019)

Chemical route Sugarcane 
bagasse

60°C Reduced graphene oxide – – Multilayer Dye removal Gan et al. (2019)

Chemical route Sugarcane 
bagasse

90°C Nanobiomaterial ID/IG 1.32 Multilayer Water purification Li et al. (2018a)

Chemical route Sugarcane 
juice

350°C Graphene silica 
composite

– – Multilayer Dye adsorption Naveen et al. (2015)

Chemical route Sugarcane 
bagasse

95°C Reduced graphene oxide – ID/IG 1.16 Multilayer Removal of 
cadmium

Li et al. (2018b)

TABLE 1.1  (Continued)
Graphene Properties Prepared from Sugar and Sugarcane Extract

Method

Precursor/
Reducing 
Agent

Synthesis 
Temp. Final Product Properties Raman Graphene Layer Application Refs.



22 Graphene from Natural Sources

1.7  FUTURE PROSPECTIVE AND CHALLENGE

This chapter gives detailed reports on the quest to find scalable and cost-efficient pathways to pro-
duce graphene-based materials using sugar and sugarcane waste. High-carbon content in sugar 
waste makes it promising for graphitization to be applied in the production of high-quality graphene 
sheets. All the above-discussed graphene preparation routes are rapid, reliable, efficient, scalable, 
and cost-effective. Yet, most of the studies have not dealt with systematic characterization, graphene 
purity, and application. For instance, the effect of sugar as a reducing agent on the edge and defect 
distribution of graphene has not been explained. The impact of sugar purity and concentration on 
the growth mechanism of graphene has not been addressed plainly. Furthermore, the quality level of 
the resulting graphene is not discussed for any intended application. Additionally, more light needs 
to be thrown on the electrical conductivity of graphene obtained from sugar. Hence, more investiga-
tion is needed to optimize the preparation methods. Apart from all these challenges, we believe this 
chapter will open a window of opportunity for a breakthrough in graphene development not only 
from sugar waste, but also all the natural wastes for several useful applications such as supercapaci-
tor, next-generation water filter, fuel cell, H2 generation, etc.
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2.1  INTRODUCTION

One of the most appealing nanomaterials is graphene, a two-dimensional (2D) carbon atoms 
layer stuck through sp2 bonding [1]. Various methods for processing graphene have been devel-
oped over the years, including ultrasonic exfoliation [2, 3], chemical vapor deposition (CVD) 
[4], epitaxial growth [5], and chemical reduction of graphene [6]. Scientists used a variety of 
aqueous phytoextracts to reduce graphene oxide as reducing agents. Different naturally derived 
procedures are widely available to reduce graphene from graphite because of its less toxic [7], 
eco-friendly [8], and nonhazardous nature [9]. The plant extracts contain a high concentration of 
phenolic compounds such as vanillic acid, caffeic acid, gallic acid, protocatechuic acid, salicylic 
acid, chlorogenic acid, and others, as well as a high concentration of OH group, which provide 
them with slight reducing activities [10, 11]. Graphene is commercially produced from graphite 
in the form of multilayer nanoplates. The best quality graphene is monolayer, but it is not easy 
to produce.

Natural Honey, the earth’s ancient foodstuff cradle, is an outstanding source of calories and 
nutrients [12]. Apis mellifera is an important honey bee species that produce honey by taking plant 
nectar [13, 14]. Since ancient times, honey has been used in beauty products and to form remedial to 
cure several diseases [15–18]. The special chemical characteristics of honey make it possible to be 
used in green nanoparticle synthesis. Consequently, honey-mediated synthesis has many advantages 
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over methods that mediate natural products, including a quicker mechanism than the other naturally 
synthesize techniques [19].

2.1.1 P roperties of Honey

Natural Honey, based on water quality, is a sultry and glutinous liquid. It can also captivate and 
retain moistness in the natural atmosphere. Normally, honey possesses 18.8 percent water content, 
more than 60 percent relative humidity, and absorbs less moisture from the air [17].

Liquid honey ranges in color from pure and colorless to dark amber or black. Honey’s shade 
ranges from yellow to yellowish-brown, which differs with plant source, period, and packing envi-
ronment. However, purity or consistency is determined by the aggregation and composition of par-
ticles contained, such as pollen grains [20].

2.1.2 C hemical Composition of Honey

Since time immemorial, it has been regarded as one of the vigorous nutrition sources. Shugaba 
et al. analyzed honey and gave its “chemical composition as 80–85% saccharides, 15–17% water, 
0.1–17% protein, 0.2% ash and amino acids, enzymes, vitamins and others, including pheno-
lic antioxidants. Therefore, the same chemical composition and physical characteristics of natu-
ral honey differ according to the plant species that bees dry up and the climate and vegetation 
changes” [21].

Fructose falls from 32.56 and 38.2 percent and glucose between 28.54 and 31.3 percent makes up 
85–95 percent of total Honey sugars and is readily absorbed into the gastrointestinal tract. There are 
some amounts of different types of disaccharides, and oligosaccharides are also available. Honey 
has fructooligosaccharides between 4 and 5 percent that act as probiotics [22].

Honey comprises proteins in amounts ranging from 0.1 to 0.5 percent, which vary consider-
ably depending on the form and its source [17]. Vitamins C and B1 (thiamine) and B2 complex 
vitamins such as riboflavin, nicotine acid, B6, and pantothenic acid are also used in Natural 
Honey [23].

Mineral compounds are present in concentrations ranging from 0.1 to 1.0 percent. The most 
abundant metal is potassium, followed by calcium, magnesium, sodium, sulfur, and phospho-
rus. Gold, copper, zinc, and manganese are examples of trace elements [24]. Honey contains 
several enzymes, including oxidase, Invertase, amylase, and catalase; the Invertase, diastase, 
and glucose oxidase are the main enzymes. The action of the amylase enzyme produces long 
starch chains of dextrin and maltose [17]. These minor components are seen as having distinct 
medicinal or dietary properties, and Natural Honey has diverse and varied uses in the unique 
mixture. Table 2.1 represent the chemical composition of honey and Table 2.2. represent the 
different types of carbohydrates present in honey.

TABLE 2.1
Chemical Composition of Honey [22]

Composition Percentage

Carbohydrates 80–85

Water 15–17

Protein 0.1–0.4

Ash 0.2

Minerals 0.1–1

Amino acid, enzymes, vitamins,  
and phenolic antioxidants

Traces
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2.2  HONEY-MEDIATED NANOPARTICLES SYNTHESIS

The culture of nanoparticles by natural products must be very careful because it takes some time 
for nanoparticles to be converted. In addition, it can be difficult to separate nanoparticles from other 
natural resources.

Balasooriya et al. suggested the honey-mediated nanoparticle synthesis depends on several fac-
tors such as the reducing and stabilizing chemicals and the temperatures. Although gold, silver, and 
palladium nanoparticles were created using a generalized technique, carbon and platinum nanopar-
ticles were created using unique conditions [25].

2.2.1 G raphene Synthesis

Each method for making or removing graphene, based on the preferred scale, clarity, and efflo-
rescence of the particular component, is referred to as graphene synthesis. Graphene was first 
collected as small flakes of many microns in size by mechanical exfoliation of graphite with 
scotch tape [26, 27]. While this procedure of synthesizing graphene produces the best quality 
of graphene, a fabrication method capable of synthesizing wafer-scale graphene is needed for 
bulk synthesis. Several techniques for graphene synthesis have been established in recent years. 
Mechanical exfoliation [28], chemical exfoliation [29], chemical synthesis [30], and thermal CVD 
synthesis [31], on the other hand, are the most widely employed processes today. Other tech-
niques, such as unwrapping of nanotubes and microwave synthesis, have also been published. 
When a mechanical exfoliation using an atomic force microscope (AFM) cantilever could pro-
duce graphs of just a few layers, the process problem was that graphs vary in thickness to 10 nm, 
equivalent to graphenes of 30 layers [3]. Graphene synthesis can be narrowly separated into two 
approaches: top-down and bottom-up. The Figure 2.1 and 2.2 illustrate schematic diagram of to- 
down and bottom-up approach of graphene synthesis respectively.

TABLE 2.2
Different Types of Carbohydrates Present in Honey [17]

Different Types of Carbohydrates Percentage

Fructose 32.56–38.2

Glucose 28.54–31.3

Fructooligosaccharide 4–5

FIGURE 2.1  Schematic diagram of top-down approach of graphene synthesis [26–29].
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2.2.2 H oney-Mediated Graphene Synthesis

Ma et al. synthesized graphene from graphite powder by applying honey in 1:8 ratios. They then 
stirred it for 10 minutes at 2:00 pm. The mixture was pumped into the center roll of a three-roll 
mill. They kept the temperature and humidity steady. After 5 hours of testing, they washed the 
mixture with purified water and centrifuged the suspension to absorb the monolayer graphene. The 
team discovered that, in addition to producing high-quality graphene, the process provided a very 
high yield, with over 90 percent of the graphene being monolayer graphene [32]. The diagrammatic 
representation of graphene synthesis shown in the figure 2.3.

FIGURE 2.2  Schematic diagram of bottom-up approach of graphene synthesis [30, 31].

FIGURE 2.3  Schematic diagrammatic representation of graphene synthesis [32].
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2.3  CHARACTERIZATION OF GRAPHENE

2.3.1  X-Ray Diffraction (XRD)

The detection of materials based on their division patterns is a key application of XRD research. 
XRD is a method for calculating the crystallographic structure of a substance used in the field of 
material science. XRD operates by radiation of incident X-rays and measurement of the intensity 
and dispersal angles of the X-rays leaving the material. The detection of materials based on their 
division patterns is a key application of XRD research. Figure 2.4 represents XRD diffraction pat-
terns of pristine graphite, graphite oxide, and graphene. It can be easily detected at 25–26.6 degrees, 
a long and confined diffraction peak of pristine graphite. The peak moved to 13.9 degrees while the 
pristine graphite gets oxidized, because of oxygen molecules within graphite sheets [33].

No diffraction peak appeared whenever the graphite oxide becomes completely exfoliate, indi-
cating the formation of the graphene layer.

2.3.2  Raman Spectroscopy

Raman microspectroscopy is an appropriate and accurate technique for determining any of these 
properties. Raman spectroscopy’s high spectral and spatial resolutions, along with its high struc-
tural selectivity and nondestructive nature, allow it a standard characterization tool in the rapidly 
expanding field of graphene.

The major spectral characteristic of graphene is the G band, which occurs around 1580 cm−1. It detects 
the number of graphene layers and is highly susceptible to strain effects. The shifting of the G band loca-
tion toward lower frequencies in the diagram indicates more graphene layers. However, no significant 
difference in spectral form is detected. Furthermore, the G band is susceptible to doping, and the peak 
size and frequency of this pattern can be used to determine the degree of defects or doping concentration.

The D unit, also considered the disorder band, is affected by lattice movement away from the 
Brillouin core region, which can be found between 1270 and 1450 cm−1.

The second-order two phonic phases are the 2D band, which is also called the G unit, which 
shows high-frequency laser excitement dependence because of a double resonance process that 
links an electronic band structure to a phonon wave vector. For a 514-nm laser excitation, this peak 

FIGURE 2.4  X-ray diffraction patterns of graphene, graphite oxide, and pristine graphite [34].
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occurs at about 2700 cm−1. However, its behavior is more complex than the frequency shift seen in 
the G band. The Raman Spectrum of graphene is shown in the figure 2.5.

Recent research has shown that graphene can be used as a Raman substrate for testing 
complex samples. The substance will aid in the suppression of intense intrinsic fluorescence. 
Furthermore, when a sample is deposited onto a graphene layer, a Raman enhancement effect 
can be observed.

2.3.3  Scanning Electron Microscopy (SEM)

Nanomaterials are routinely imaged using electron microscopy, especially SEM. It has evolved 
into a fairly common, simple-to-use instrument capable of imaging even a single graphene layer. 

FIGURE 2.5  Raman spectrum of graphene [35].

FIGURE 2.6  SEM image of graphene [37].
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As an electron ray strikes a sample, it can create a range of scatterings that can be captured and 
collectively use to produce nanoscale images. Elastically dispersed electrons that produce backscat-
tered electron signals with a high-energy incident sensitive to the atomic structure of the specimen 
are more effective in their dispersal of heavier elements [36]. Figure 2.6 represent SEM image of 
graphene.

Some incident electrons are often subjected to inelastic scattering to pass energy into the 
specimen atoms, resulting in lower energy secondary electrons from the energized atoms. High-
resolution images can be obtained from secondary electron signals, but they are susceptible to the 
charged surface. Consequently, secondary electrons are harder to image isolation samples, such 
as graphenes.

2.3.4 T ransmission Electron Microscope (TEM)

It is relatively easy to obtain TEM images of graphene, carbon nanotube (CNT), and other simi-
lar kinds of materials. In the electron wave projection, the interaction between the beam and 
the sample can be approached with a weak disturbance by the sample’s electrostatic potential 
with only one or a few carbon atoms in the thickness. In addition, TEM allows the specimen to 
be shot in a series of fast consecutive images. In imaging, particularly in samples made up of 
light elements such as carbon, the effect of electron irradiation on TEM specimens should be 
considered [38]. TEM image of graphene can be seen in figure 2.7.

Although the radiation properties of electrons are usually an interference to attaining high-qual-
ity photographs, they also provide a possible chance for manipulating material characteristics on 
the nanoscale. It should be possible to customize various properties by controlled sputtered atomic 
availabilities and reconfiguring the framework. TEM is commonly used to investigate the structural 
consistency and layer number of graphene [40].

FIGURE 2.7  TEM image of graphene [39].
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2.3.5 U V-VIS Spectroscopy

Absorption spectroscopy in the UV-VIS range is convenient for identifying and characterizing graphene 
and other carbon allotropes. The absorption peak of graphene represents at 230 nm, which is correlated 
with the aromatic C-C bond’s p-p* transition [41]. UV-VIS spectra of graphene ilustrated in figure 2.8.

A 300-nm shoulder due to n-p* transitions in the C=O bond is extremely critical in detecting 
oxidization with deep UV spectra. Another factor is the ability to calculate the number of layers in 
the sample quickly and non-destructively.

2.4  APPLICATIONS OF GRAPHENE

2.4.1 M edical

Graphene-based products, such as pristine-graphene tubes, graphene pellets, and graphene-oxide, 
provide a special, scalable, and tunable set of properties be creatively applied to biomedical applica-
tions [43]. There are various graphene technologies in biomedicine, divided into many categories: 
transport devices, sensors, tissue engineering, and biological agents [44–46].

The side dimensions of these 2D materials are adjustable between nanometers and millimeters. 
Their thickness can be varied from one to a hundred monolayers, and their bending rigidity can also 
be modulated. The flat surface is easy and operates to change the surface properties. It pioneered 
nanomaterial history, opening up huge design options for drug supply and ultrasensitive biosensors 
[45, 47], where it opens up huge possibilities.

2.4.2 C omposites and Coatings

Graphene is one of the simplest and most effective ways to achieve its promise, combining it with 
existing components, called composite materials. Graphene-based composites would affect various 
fields, enhancing performance and extending their applications [48–51].

Researchers at The University of Manchester have also shown the opportunity for a rust-free 
future. A unique graphene coating is produced by combining graphs and paints that may signal the 
end of rust-related oxidation in ships and cars [52].

The same way can be used to avoid the movement of water and oxygen molecules that cause the 
spoilage of food through waterproof bricks and mortar [53], weatherproof buildings [54], and food 
packaging [55]. Additional benefits are derived from incorporating graphene-based composites into 
key industries, including production, transport, and aerospace. The schematic digram of different 
application areas of graphene depicted in Figure 2.9.

FIGURE 2.8  UV-VIS spectra of graphene [42].
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2.4.3  Sport Industries

Sporting products are also the first to adopt new material developments, as shown by Head’s suc-
cessful graphene-enhanced tennis racket. Graphene-based composites and laminates will be used 
to boost ski, cycling, and even Formula One sports equipment shortly [56].

2.4.4 E lectronics

Graphene can be used as a coating to improve the efficiency of today’s handset and tablet touch 
screens, etc. It can also be used to construct our computers’ circuits, allowing them to run at break-
neck speeds. These are only two of the ways graphene can improve today’s electronics. Graphene 
can also be used to power the next wave of electronics [57].

The smaller the transistor, the better it performs inside circuits. The underlying threat  
that the electronics industry will face in the next 20 years is the more miniaturization of 
technology.

Graphene’s peculiar properties of thinness and conductivity have sparked worldwide interest in 
its potential applications as a semiconductor. Graphene semiconductors, which are just one-atom 
thick and can process electricity at room temperature, have the potential to replace conventional 
computer chip technologies. According to research, graphene chips are now significantly quicker 
than silicon chips [58, 59].

FIGURE 2.9  Schematic diagram of different application areas of graphene [43].
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2.4.5 E nergy Storage

Graphene can greatly increase the longevity of a traditional lithium-ion battery so that batteries can 
be loaded quicker and power stored longer. The batteries can be so small and light that they can be 
sewn into clothing or body. It may have a significant effect on soldiers who bring up to 16 lb of bat-
tery at a time. They carry less battery weight and can recharge it through body heat, or the sun helps 
them spend more time on the field [60–62].

Graphene-based supercapacitors have the potential to deliver vast quantities of power while con-
suming much less energy than traditional systems. Since they are small, they can minimize the 
weight of automobiles or aircraft [63, 64].

2.4.6 M embrane Technology

When interacting with liquids and gases, graphene oxide membranes can form a perfect shield. 
They have an extraordinary ability to isolate organic solvent from water and extract water from a 
gas mixture. They have also been seen to avoid hydrogen, the most difficult gas to stop. The oppor-
tunity to open vast new markets and revolutionize many industrial processes means that a single 
plane can serve as an impenetrable shield [65].

The use of graphene coverings to avoid water movement and oxygen in the food and pharma-
ceutical packaging would enable food to remain fresher for a longer time. The absorption into the 
environment by power plants of toxic carbon dioxide, which graphene membranes could improve, 
is not currently being accomplished on a large scale [66].

2.4.7  Sensor

Graphene is a great material for the sensor. A graphene atom in its environment is revealed so that 
transition can be detected. The objective of chemical sensors is the identification of only one mol-
ecule of a potentially dangerous substance. Graphene also allows the creation of sensors in microm-
eter dimensions to track molecular events [67, 68].

Graphene oxide can be used for the production of intelligent food packaging. It reduces unnec-
essary food waste dramatically while also helping disease control. Graphene-coated packaging is 
capable of following changes in the atmosphere due to rotting food [69].

Graphene-based sensors could enhance the productivity of important crops tracked by the farm-
ing industry [70]. Farmers should monitor and take corrective action on any poisonous gasses that 
can affect crop areas. Given the sensitivity of the graphene sensors, the best areas for cultivation can 
be decided to depend upon atmospheric conditions [71, 72].

2.5  CONCLUSION

This chapter discusses the honey-meditated graphene synthesis, the characterization tech-
niques, and the use of graphene. Graphene is the most used carbon-based material that has 
outstanding unique properties such as high conductivity, high tensile strength, high thermal 
conductivity, high carrier mobility, and transparency, which makes it a powerful candidate for 
a wide range of applications, such as sensors, electronics, sports equipment, storing of energy, 
membranes, and coatings. While it is very exciting to make advances in graph-based nanoma-
terials for applications, some of the key issues such as long-term stability, toxicity, and envi-
ronmental implications must also be solved before commercialization. Continuing to improve 
graphic science and high-biological processing would allow for new nanomaterials based on 
graphene.
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3.1  INTRODUCTION

Global population is on the increase on daily basis with rising energy demand. The use of fossil 
fuel is also on the increase with technological advancement. The activities of human beings at 
domestic, agricultural and industrial levels release pollutants into the environment. These pollutants 
are in solid, liquid or gaseous form. Conversion of waste to bio-based products of economic value 
will serve as control measure to environmental pollution and, in return, wealth creation strategy. 
Agro-waste has been utilized for the production of several bioproducts such as biogas, biofertilizer, 
biopolymers, biocomposites, and biochar, and these are all environment-friendly products.

Graphene is carbon allotrope with a single layer of two-dimensional, hexagonal lattice held 
together by σ bonds, comprising a network of sp2-bonded carbon atoms as shown in Figure 3.1. It 
is the thinnest material that is stable in its free state and the strongest known material. It is char-
acterized by notable electronic properties, thermal conductivity and large surface area, excellent 
mechanical, physical and chemical properties. The electronic properties of graphene are deter-
mined by the number of graphene layers and their arrangement. It is characterized by high car-
rier mobility, large electrical conductivity and superior transmittance (Biswas and Lee 2011; Li 
et al 2015). Derivates of graphene are graphene oxide (GO) and reduced graphene oxide (rGO). GO 
comprises carbon-based hexagonal rings with the hybridization of sp2 and sp3 carbon atoms, and 
it has a high surface area. It can be employed in electrode materials for batteries, sensors, transis-
tors, solar cells, conducting polymer composites, photo degradation, biodegradation, clean energy 
devices, water treatment, etc.

Diverse techniques have been developed by researchers for the production of graphene and  
graphene-based products from renewable and eco-friendly carbon sources such as animal waste. 
In times past, graphene derivates were produced from graphite powders using a two-step process. 
Currently, research has shown that these derivates can be prepared using non-graphitic biomass and 
agro-waste materials, avoiding the graphite precursor. Also, a report has shown the possibilities of 
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preparing graphene directly without producing GO. Among the diverse methods used for graphene 
extraction, carbon vapour deposition (CVD) is the most researched one despite its limitations. The 
separation challenge associated with graphene dissociation from its substrate in this method may 
hinder its applications for commercial purposes (William et al 1958; Marcano et al 2010; Moo 
et al 2014; Shams et al 2015; Somanathan et al 2015; Chen et al 2016; Shi et al 2016; Goswami 
et al 2017; Purkait et al 2017; Singh et al 2017; Silpa and Sivmangai 2019).

3.2 � METHODS OF EXTRACTING GRAPHENE FROM  
AGRO-WASTE, INCLUDING ANIMAL WASTE

Extraction methods of graphene are very vital as they determine their structures and properties. 
There are various forms of graphene from different extraction methods like single layer, double 
layer or multiple layers. And each of these forms of graphene serves different purposes. The method 
to be used for the extraction process is determined by the desired size, quantity and purity.

3.2.1 C arbonization

Carbonization is a thermal treatment process that involves the conversion of agro-waste into car-
bon materials. When this occurs in the absence of oxygen, it is described as pyrolysis which is 
a very common method of processing biomass into bio-based products like biochar, biogas and 
bio-oil. The end product is dependent on the pyrolysis process conditions such as temperature, 
heating rate and holding rate. For instance, high temperature favours biochar production, and 
fast heating rate favours bio-oil production. The possibility of deciding the end product via the 
manipulation of the process parameter makes it an interesting technique for generating diverse 
bioproducts. Also, in the presence of oxygen, oxidized carbon can be produced and, when exfo-
liated, gives GO. There are several research outputs in this area where agro-waste is converted 
into graphene. Usually, the reduction process starts at a temperature of 300°C. There are accounts 
of conversion of sugarcane bagasse into graphene derivatives, oil palm empty bunch into gra-
phene (Widiatmoko et al 2019). Also, the issue of moisture in the biomass raw material can be  

FIGURE 3.1  Graphene structure and its hybridization forms (Yang et al 2018).
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tackled using hydrothermal carbonization. This has been used together with pyrolysis in producing 
graphene from wheat straw (Chen et al 2016).

3.2.2 E xfoliation Method

Exfoliation method applies mechanical and chemical mechanisms in breaking down the weak 
bonds and separates them into distinctive grapheme sheets held together by van der Waals forces. 
Research results point out that this process in graphene production is applied by employing potas-
sium metal for the separation of pure graphene sheets, where ethanol was applied to cast them off 
in different layers. Several techniques have been applied to this method for generating graphene 
and its derivates from biomass, like sonication, Hummer’s principle and Marcano’s oxidation tech-
niques. Some of the agro-wastes that have been utilized as carbon sources in this method for gra-
phene extraction include oil palm leaves palm kernel shells (Nasir et al 2017), empty fruit bunches 
(Nasir et al 2017), sugarcane bagasse, rice husks, wheat straws (Chen et al 2016) and camphor 
(Shams et al 2015).

3.2.3 C arbon Growth

Carbon growth method uses the principle of chemical vapour deposition in growing carbon-like 
materials unto a metal surface. This method tends to produce high-quality graphene or graphene/
metal composites. Application of pyrolysis to agro-waste tends to break down the long chains of 
carbon, hydrogen and oxygen compounds within them into smaller molecules. Carbon growth 
shares lots of similarities with CVD where carbon molecules released from pyrolysis process is left 
on a metal surface. This method has been employed by several researchers for graphene extraction 
from biomass (Bhuyan et al 2016; Suk et al 2011; Yang et al 2013; Lavin-Lopez et al 2014; Leng 
et al 2016; Mamat et al 2018; Yan et al 2018; He et al 2019; Liu et al 2019). Usually, it involves a 
mixing of the agro-waste with a metal precursor that serves as a catalyst. Iron powder was combined 
with Kraft lignin biomass to produce graphene pyrolysis which allows amorphous carbon to wrap 
up on the metal. Also, when the mixture is further heated to a very high temperature, graphene 
growth is observed on the metal surface (Liu et al 2019). In another study, the impact of varying 
atmospheric conditions on graphene extraction was investigated. Result shows that under weld-
ing gas atmospheric condition, more graphene was produced using lignocellulosic biomass. This 
method has been employed in converting animal waste such as cockroach leg, dog faeces, cow dung 
chicken bone and chitosan to graphene and its derivatives (Ruan et al 2011; Akhavan et al 2014; Hao 
et al 2015), as shown in Table 3.1. Results from this research show graphene/graphene derivates of 
different morphologies, structures and sizes.

3.3  POTENTIAL APPLICATIONS OF BIO-GRAPHENE AND ITS DERIVATIVES

Graphene and its derivatives can be used in technological fields due to their unique attributes. The 
discovery of graphene is the beginning of major breakthroughs in several areas such as medical 
field, electronics, battery system, solar cells, water treatment process and sensors.

3.3.1 B iomedical Applications

In medical field, graphene has been used in biosensors, bioimaging, drug delivery, tissue engi-
neering as shown in Figure 3.2. It serves as a vehicle for drug delivery because of its hydropho-
bic properties. For instance, it has been used for drug delivery process for antibiotics, peptides, 
antibodies, genes, poorly soluble drugs and drugs for cancer treatment. The treatment of cancer 
using graphene and graphene-based substances has been extensively researched (Patel et al 2016).  
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Also, their intrinsic mechanical properties make graphene a good option in tissue-engineering scaf-
folds. Presently, they are employed in stem cell engineering and musculskeletal tissue engineering 
as tissue damage is a key issue that can result in death of human lives (Zhu et al 2010; Ziyad 2010; Li 
et al 2013; Guo et al 2017). The use grapheme in bio-imaging has also received reasonable research 
efforts (Ziyad 2010). Bio-imaging is part of regenerative medicine that deals with capturing selected 
biological entities. This is quite useful in monitoring and tracking issues within the entire body 
system. Abnormal processes such as cancerous cells and necrosis can be detected using graphene-
based imaging systems like fluorescence/confocal imaging, surface-enhanced Raman scattering, 
coherent anti-Stokes Raman scattering imaging, magnetic resonance imaging, positron-emission 
tomography, ultrasound imaging, photoacoustic imaging and electron paramagnetic resonance 
imaging (Krishna et al 2001; Huff and Cheng 2007; Matsumoto et al 2007; Evans and Xie 2008; 
Feleppa et al 2011; Huang et al 2012a, b; Shi et al 2013; Chen et al 2014; Wang et al 2014; Jakubovic 
et al 2018; Jang et al 2018).

TABLE 3.1
Utilization of Animal Waste in Production of Graphene and Its Derivatives

S/n
Animal  
Waste Type Thermal Treatment

Graphene Attributes Graphene Form

No. of layers Thickness (nm) Graphene References

1 Chitosan Chemical activation  
with KOH

4 1.5 Hao et al (2015), 
Safian et al (2020)

2 Chicken bone Mixing with FeCl3  
and ZnCl2

3 3 Graphene oxide Akhavan et al (2014), 
Safian et al (2020)

3 Cow dung Mixing with FeCl3  
and ZnCl2

3 3 Graphene oxide Akhavan et al (2014), 
Safian et al (2020)

4 Dog faeces CVD with a Cu s 
ubstrate

1 – Graphene Ruan et al (2011), 
Safian et al (2020)

5 Cockroach legs CVD with a Cu  
substrate

1 – Graphene Ruan et al (2011), 
Safian et al (2020)

FIGURE 3.2  Biomedical applications of graphene and its derivatives (Tadyszak et al 2018).
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3.3.2 E lectronics Application

Interesting characteristics of graphene, like high electron mobility, high mechanical strength, trans-
parency and flexibility, make it most sought-after for diverse applications in the field of electronics.  
It can be employed in building transducers for nanoelectromechanical accelerometers (Fan 
et al 2019). Also, graphene can be used in optical electronics, particularly in touchscreen devices, 
liquid crystal display and organic light-emitting diodes. This is possible because of its transparency 
attributes and high light-transmitting capacity of about 97.7%. Currently, touchscreen devices can 
be revolutionized by employing graphene and could be replaced by the use of indium tin oxide in 
the future. In addition, graphene can be utilized in transistors and integrated circuits. Replacing 
silicon with graphene resulted in a transistor with improved attributes better than the silicon coun-
terpart. Research has also shown that blends of GO and titanium oxide can be used to create a 
flexible memory with high performance capacity. These flexible memories can be used in foldable 
electronic devices.

3.3.3 B atteries

Graphene is a good conductor of heat and electricity, which makes it a viable material for battery 
system. The overall performance of a battery can be improved by integrating graphene material 
into the system. They exhibit excellent properties such as higher capacity, high charging rate, light 
weight, flexibility and high temperature range. Also, a hybrid combination of graphene and vana-
dium oxide results in a material that can be used to achieve battery improvement. Lithium iron 
phosphate battery can be improved using graphene material at the cathode, which upgrades the 
performance in terms of fast charging rate, lightweight and great capacity when compared to the  
conventional counterpart. However, despite the numerous research inputs, graphene is still at  
the laboratory level and is yet to be commercialized (Cai et al 2017). Kim and friends researched on 
all-graphene battery where both the cathode and anode materials are made of graphene which has 
similarity with batteries and supercapacitors in performance and operation. Result from this studies 
show that it is a promising energy storage system (Kim et al 2014).

3.3.4  Solar Cell Applications

Integrating graphene in solar cell devices has improved the efficiency and reduces the solar reflec-
tance. There are several researches documented in this area showing a diverse integration out-
come of graphene-based solar cells such as graphene-silicon solar cells, graphene-polymer solar 
cells, dye-sensitized solar cells, graphene/quantum dot solar cells, graphene-tandem solar cells, 
graphene-perovskite solar cells, graphene-organic solar cells and graphene bulk-heterojunction 
solar cells (Feng et al 2011; Huang et al 2012a, b; Miao et al 2012; Ye and Dai 2012; Li et al 2014; 
Guo et al 2015; Li et al 2015a, b; Singh and Nalwa 2015;), in which the number of graphene layers 
and the effects of doping graphene materials can potentially improve the nature of the solar cell 
device. Doping is of two kinds: p-type and n-type. The impact of doping on graphene depends on 
the graphene derivatives and the doping process, like ball milling, thermal annealing, in situ dop-
ing, solid and liquid and gaseous chemical doping. Integrating graphene in dye-sensitized solar cells 
gives an output with enhanced light scattering at photoanode, effective dye molecule dispersal and 
improved efficiency. Also, research has shown that graphene-hybridized quantum dot offers a bet-
ter efficiency in comparison with carbon nanotubes. Studies show that graphene can be utilized in 
heterojunction solar cells in diverse areas such as acceptor layers, donor layers, buffer layers, active 
layers and electrodes. This is possible because of the high conductivity, transparency and flexibility 
attributes of graphene.
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3.3.5 W ater Treatment

Drinkable water is one of the sustainable development goals in many countries due to the rising 
water scarcity resulting from fast population growth and pollution issues. Clean water is a basis for 
several human activities. Water treatment is imperative to purify the available water to get clean 
water that has all the contaminants safely below the maximum permissible limits. Several tech-
niques and materials have been documented in the past research for water treatment such as reverse 
osmosis, nanofiltration, ultrafiltration, microfiltration, chlorination, sterilization by boiling and 
desalination. Graphene with its unique attributes (such as large surface area, low or no cytotoxicity, 
tunable chemical properties and delocalized П-electron) serves as a membrane for water filtration 
process where they can chemically and physically remove pollutants from water via adsorption and 
photocatalysis. Graphene membranes possess better water vapour retention flux, high salt rejection 
rates and antifouling capability. These features make it a good membrane for use in water desalina-
tion process. Graphene-based filters are extensively researched and they have shown to be cheaper, 
faster and more eco-friendly. A graphene film has been used for water purification, pervaporation 
and desalination (Seo et al 2008; Maliyekkal et al 2013; Shanin and Mady 2017; Kaijie et al 2018; 
Yang et al 2018; Wang 2019).

3.3.6 C omposites and Coating Applications

Generation of composites and coatings using graphene in combination with other materials is set 
to improve performance with increasing application possibilities in many industries as shown in 
Figure 3.3. Coating is usually employed in providing protection and surface quality for a substrate. 
Documented research work shows that graphene can be coated onto a plunger-in-needle microsy-
ringe for a solid-phase microextraction device as a sorbent material towards UV filters (Zhang and 
Lee 2012), coating graphene on melamine sponge via dip coating shows high adsorbent capacity 
(Dong et al 2011), coating. Reduced graphene oxide nanoribbons (rGONRs) on Si/SiO2 substrates 

FIGURE 3.3  Potential applications of grapheme-based coating (Ollik and Lieder 2020).
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by spray coating gave rise to a potential biosensor (Shanin and Mady 2017). Also, there are several 
studies on graphene use as an anticorrosion layer deposited using different methods to enhance the 
protective properties of its substrates against corrosion (Yu et al 2012; Chang et al 2014; Madhan 
Kumar et al 2015; Rajabi et al 2015; Wu et al 2015; Sai Pavan and Ramanan 2016; Cui et al 2017; 
Pourhashem et al 2017; Ahmed et al 2018; Krishnan et al 2018; Asgar et al 2019; Ollik et al 2019; 
Soler-Crespo et al 2019; Rekha and Srivastava 2020;). For instance, graphene is usually integrated 
with zinc-rich coating to improve its corrosion resistance. rGO as documented was observed to 
exhibit high corrosion protection in a zinc-rich coating (Liu et al 2018; Mohammadi and Roohi 
2018; Cao et al 2019; Wang 2019).

3.3.7 C onductive Ink

This ink has the ability to print a working circuit that can conduct electricity. They are usually 
made of conductive materials, a thermoplastic polyvinylbuyral terpolymer binder and a glycol 
ether solvent. These conductive materials allow the movement of electric current either by elec-
tron or ions as the charge carrier. Numerous forms of conductive materials both electronic and 
ionic conductors exist like conductive carbon, conductive polymer, metallic conductor and poly-
mer electrolytes. Graphene-based conductive ink has gained wide research attention. They are 
used in printed and flexible electronics as demonstrated in wireless and IoT applications by Pan 
et al (2018) as shown in Figure 3.4.

FIGURE 3.4  Printed graphene antennas and IoT applications (Pan et al 2018).
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Other applications of graphene include its use in plasmonics and metamaterials, lubricating oil, 
radio wave absorption, nanoantennas, sound transducers, coolant additive, structural materials and 
aviation. Research shows that graphene and its derivatives and nanocomposites are good raw mate-
rials in tribology and lubrication because of their anti-friction, anti-wear and self-lubricating attri-
butes (Jianlin and Shaonan 2019).

3.4  CONCLUSION

Graphene is becoming the bedrock of industrial transformation resulting from its numerous 
beneficial characteristics. Every field is gradually experiencing the miraculous impact of gra-
phene. Conversion of biological waste such as animal waste is an added advantage in terms 
of pollution control and revenue generation from bio-graphene-based products. Also, animal 
waste is a renewable carbon source which implies less harm and cost. The diverse applications 
of graphene have drawn several research attentions; however, more investigation is needed. 
There are less research outputs in the utilization of animal waste in graphene extraction in 
comparison to lignocellulosic waste.

REFERENCES

Ahmed, M.K.; Shahid, M.; Khan, Z.A.; Ammar, A.U.; Saboor, A.; Khalid, A.; Hayat, A.; Saeed, A.; Koohgilani, 
M. Electrochemical comparison of SAN/PANI/FLG and ZnO/GO coated cast iron subject to corrosive 
environments. Materials 2018, 11, 2239.

Akhavan, O.; Bijanzad, K.; Mirsepah A. Synthesis of graphene from natural and carbonaceous waste. RSC 
Adv. 2014, 4, 20441–20448.

Asgar, H.; Deen, K.M.; Rahman, Z.U.; Shah, U.H.; Raza, M.A.; Haider, W. Functionalized graphene oxide 
coating on Ti6Al4V alloy for improved biocompatibility and corrosion resistance. Mater. Sci. Eng. C 
2019, 94, 920–928.

Bhuyan, M.S.A.; Nizam Uddin, M.; Islam, M.; Bipasha, F.A.; Hossain, S.S. International Nano Letters 
volume 6, 65–83 (2016)

Biswas, C.; Lee, Y.H. Graphene versus carbon nanotubes in electronic devices. Adv. Funct. Mater. 2011, 21, 
3798.

Cai, X.; Lai, L.; Shen, Z.; Lin, J. Graphene and graphene based composites as li-ion battery electrode materials 
and thin application in full cells. J. Mater. Chem. A 2017, 5, 15423–15446.

Cao, X.; Huang, F.; Huang, C.; Liu, J.; Cheng, Y.F. Preparation of graphene nanoplate added zinc-rich epoxy 
coatings for enhanced sacrificial anode-based corrosion protection. Corros. Sci. 2019, 159, 108120.

Chang, K.C.; Ji, W.F.; Li, C.W.; Chang, C.H.; Peng, Y.Y.; Yeh, J.M.; Liu, W.R. The effect of varying carbox-
ylic-group content in reduced graphene oxides on the anticorrosive properties of PMMA/reduced gra-
phene oxide composites. Express Polym. Lett. 2014, 8, 908–919.

Chen, F.; Yang, J.; Bai, T.; Long, B.; Zhou, X. Facile synthesis of few-layer graphene from biomass waste and 
its application in lithium ion batteries. J. Electroanal. Chem. 2016, 768, 18–26, https://doi.org/10.1016/j.
jelechem.2016.02.035

Chen, Y.-S.; Yeager, D.; Emelianov, S.Y. Chapter 9—Photoacoustic Imaging for Cancer Diagnosis and 
Therapy Guidance. In Cancer Theranostics; Chen, X., Wong, S., Eds.; Academic Press: Oxford, UK, 
2014; pp. 139–158.

Cui, C.; Lim, A.T.O.; Huang, J. A cautionary note on graphene anti-corrosion coatings. Nat. Nanotechnol. 
2017, 12, 834–835.

Dong, X.; Long, Q.; Wang, J.; Chan-Park, M.B.; Huang, Y.; Huang, W., et al. A graphene nanoribbon network 
and its biosensing application. Nanoscale 2011, 3, 5156–5160.

Evans, C.L.; Xie, X.S. Coherent anti-stokes Raman scattering microscopy: chemical imaging for biology and 
medicine. Annu. Rev. Anal. Chem. 2008, 1, 883–909.

Fan X., Forsberg F., Smith A.D., Schroder S., Wagner S., et al. Graphene ribbons with suspended masses as 
transducers in ultra-small nanoelectromechanical accelerometers. Nat. Electron. 2019, 2, 394–404.

Feleppa, E.J.; Mamou, J.; Porter, C.R.; Machi, J. Quantitative ultrasound in cancer imaging. Semin. Oncol. 
2011, 38, 136–150.

https://doi.org/10.1016/j.jelechem.2016.02.035
https://doi.org/10.1016/j.jelechem.2016.02.035


51Graphene from Animal Waste

Feng, T.; Xie, D.; Lin, Y.; Xang, Y.; Ren, T. Graphene based Schottky junction solar cells on patterned silicon-
pillar-array substrate. App. Phys. Lett. 2011, 99, 233505.

Goswami, S.; Banerjee, P.; Datta, S.; Mukhopadhayay, A.; Das, P. Graphene oxide nanoplatelets synthesized 
with carbonized agro-waste biomass as green precursor and its application for the treatment of dye rich 
wastewater. Process Saf. Environ. 2017, 106, 163–172, https://doi.org/10.1016/j.psep.2017.01.003

Guo, X.; Lu, G.; Chen, J. Graphene-based materials for photoanodes in dye-sensitized solar cells. Front. 
Energy Res. 2015, 3, 50.

Guo, W.; Qiu, J.; Liu, J.; Liu, H. Graphene microfiber as a scaffold for regulation of neural stem cells differ-
entiation. Sci. Rep. 2017, 7, 5678.

Hao, P.; Zha, Z.; Leng, Y.; Tian, J. Graphene-based nitrogen self-doped hierarchical porous carbon aerogels 
derived from chitosan for high performance supercapacitors. Nano Energy 2015, 15, 9–23.

Huang, X.; Xiaoying, Q.; Boey, F.; Zhang, H. Graphene based composites. Chem. Soc. Rev. 2012a, 41, 
666–686.

Huang, J.; Zong, C.; Shen, H.; Liu, M.; Chen, B.; Ren, B.; Zhang, Z. Mechanism of cellular uptake of graphene 
oxide studied by surface-enhanced Raman spectroscopy. Small 2012b, 8, 2577–2584.

Huff, T.B.; Cheng, J.X. In vivo coherent anti-Stokes Raman scattering imaging of sciatic nerve tissue.  
J. Microsc. 2007, 225, 175–182. Nanomaterials 2018, 8, 944 19 of 20.

Jakubovic, R.; Ramjist, J.; Gupta, S.; Guha, D.; Sahgal, A.; Foster, F.S.; Yang, V.X.D. High-frequency micro-
ultrasound imaging and optical topographic imaging for spinal surgery: initial experiences. Ultrasound 
Med. Biol. 2018, 44, 2379–2387.

Jang, S.C.; Kang, S.M.; Lee, J.Y.; Oh, S.Y.; Vilian, A.T.E.; Lee, I.; Han, Y.K.; Park, J.H.; Cho, W.S.; Roh, C.; 
et al. Nano-graphene oxide composite for in vivo imaging. Int. J. Nanomed. 2018, 13, 221–234.

Jianlin, S.; Shaonan, D. Application of graphene derivatives and their nanocomposites in tribology and lubri-
cation: a review. RSC Adv. 2019, 9, 40642–40661.

Kaijie, Y.; Jun, W.; Xiaoxiao, C.; Qiang, Z.; Abdul, G.; Baoliang, C. Application of graphene-based materials 
in water purification: from nanoscale to specific devices. Environ. Sci. Nano. 2018, 5, 1264–1297.

Kim, H.; Park, K.; Hong, J.; Kang-show, K. All-graphene-battery: bridging the gap between supercapacitor 
and lithium ion batteries. Sci. Rep. 2014, 4, 5278.

Krishna, M.C.; Devasahayam, N.; Cook, J.A.; Subramanian, S.; Kuppusamy, P.; Mitchell, J.B. Electron para-
magnetic resonance for small animal imaging applications. ILAR J. 2001, 42, 209–218.

Krishnan, M.A.; Aneja, K.S.; Shaikh, A.; Bohm, S.; Sarkar, K.; Bohm, H.L.M.; Raja, V.S. Graphene-based 
anticorrosive coatings for copper. RSC Adv. 2018, 8, 499–500.

Li, P.; Chen, C.; Zhang, J.; Li, S.; Sun, B.; Bao, Q. Graphene based transparent electrodes for hybrid solar cells. 
Front. Mater. 2014, 1, 26.

Li, X.; Chen, W.; Zhang, S.; Wu, Z.; Wang, P.; Xu, Z.; Chen, H.; Yin, W.; Zhong, H.; Lin, S. 18.5% efficient 
graphene/GaAs van der Waals heterostructure solar cell. Nano Energy 2015b, 16, 310–319.

Li, X.; Zhang, S.; Wang, P.; Zhong, H.; Wu, Z.; Chen, H.; Liu, C.; Lin, S. High performance solar cells based 
on graphene-GaAs heterostructures. Nano Energy 2015a, 16, 310.

Li, N.; Zhang, Q.; Gao, S.; Song, Q.; Huang, R.; Wang, L.; Liu, L.; Dai, J.; Tang, M.; Cheng, G. Three-
dimensional graphene foam as a biocompatible and conductive scaffold for neural stem cells. Sci. Rep. 
2013, 3, 1640.

Li, Z.; Liu, Z.; Sun, H.; Gao, C. Superstructured assembly of nanocarbons: fullerenes, nanotubes, and gra-
phene. Chem. Rev. 2015, 115, 7046–7117.

Liu, J.; Liu, T.; Guo, Z.; Guo, N.; Lei, Y.; Chang, X.; Yin, Y. Promoting barrier performance and cathodic 
protection of zinc-rich epoxy primer via single-layer graphene. Polymers 2018, 10, 591.

Madhan Kumar, A.; Suresh Babu, R.; Obot, I.B.; Gasem, Z.M. Fabrication of nitrogen doped graphene 
oxide coatings: experimental and theoretical approach for surface protection. RSC Adv. 2015, 5, 
19264–19272.

Maliyekkal, S.M.; Sreeprasad, T.S.; Krishnan, D.; Kouser, S.; Mishra, A.K.; Waghmare, U.V.; Pradeep, T. 
Graphene: a reusable substrate for unprecedented adsorption of pesticides. Small 2013, 9, 273–283.

Marcano, D.C.; Kosynkin, D.V.; Berlin, J.M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; Alemany, L.B.; Lu, W.; Tour, 
J.M. Improved synthesis of graphene oxide. ACS Nano. 2010, 4, 4806–4814, https://doi.org/10.1021/ 
nn1006368.

Matsumoto, K.I.; Subramanian, S.; Murugesan, R.; Mitchell, J.B.; Krishna, M.C. Spatially resolved biologic 
information from in vivo EPRI, OMRI, and MRI. Antioxid. Redox Signal. 2007, 9, 1125–1141.

Miao, X., Tongay, S., Petterson, M., Berke, K., Rinzler, A., Appleton, B., Hebard, A. High efficiency graphene 
solar cells by chemical doping. Nano Lett. 2012, 12(6), 2745–2750.

https://doi.org/10.1016/j.psep.2017.01.003
https://doi.org/10.1021/nn1006368
https://doi.org/10.1021/nn1006368


52 Graphene from Natural Sources

Mohammadi, S.; Roohi, H. Influence of functionalized multi-layer graphene on adhesion improvement and 
corrosion resistance performance of zinc-rich epoxy primer. Corros. Eng. Sci. Technol. 2018, 53, 
422–430.

Moo, J.G.S.; Khezri, B.; Webster, R.D; Pumera, M. Graphene oxides prepared by hummers’, hofmann’s, and 
staudenmaier’s methods: dramatic influences on heavy-metal-ion adsorption. ChemPhysChem 2014, 15, 
2922–2929, https://doi.org/10.1002/cphc.201402279

Ollik, K.; Rybarczyk, M.; Karczewski, J.; Lieder, M. Fabrication of anti-corrosion nitrogen doped graphene 
oxide coatings by electrophoretic deposition. Appl. Surf. Sci. 2019, 499, 143914.

Pan, K.; Fan, Y.; Leng, T.; Li, J.; Xin, Z.; Zhang, J.; Hao, L.; Gallop, J.; Novoselov, K. S.; Hu, Z. Sustainable 
production of highly conductive multilayer graphene ink for wireless connectivity and IoT applications. 
Nat. Commun. 2018, 9, 5197.

Patel SC, Lee S, Lalwani G, Suhrland C, Chowdhury SM, Sitharaman B. Graphene-based platforms for cancer 
therapeutics. Ther Deliv. 2016;7(2):101-116. doi:10.4155/tde.15.93

Pourhashem, S.; Vaezi, M.R.; Rashidi, A.; Bagherzadeh, M.R. Exploring corrosion protection properties of sol-
vent based epoxy-graphene oxide nanocomposite coatings on mild steel. Corros. Sci. 2017, 115, 78–92.

Purkait, T.; Singh, G.; Singh, M.; Kumar, D; Dey, R.S. Large area few-layer graphene with scalable prepa-
ration from waste biomass for high-performance supercapacitor. Sci. Rep. 2017, 7, 1–14, https://doi.
org/10.1038/s41598-017-15463-w.

Rajabi, M.; Rashed, G.R.; Zaarei, D. Assessment of graphene oxide/epoxy nanocomposite as corrosion resis-
tance coating on carbon steel. Corros. Eng. Sci. Technol. 2015, 50, 509–516.

Rekha, M.Y.; Srivastava, C. High corrosion resistance of metal-graphene oxide-metal multilayer coatings. 
Philos. Mag. 2020, 100, 18–31.

Ruan, G.; Sun, Z.; Peng, Z; Tour, J.M. Growth of graphene from food, insects and waste. ACS Nano. 2011, 
5(9), 7601–7607.

Safian, M.T.; Haron, U.S.; Ibrahim, M.N.M. Graphene from biomass waste. Bioresources 2020, 15 (4), 
9756–9785.

Sai Pavan, A.S.; Ramanan, S.R. A study on corrosion resistant graphene films on low alloy steel. Appl. 
Nanosci. 2016, 6, 1175–1181.

Seo, D.H.; Pineda, S.; Woo, Y.C.; Xie, M.; Murdock, A.T.; Ang, E.Y.M.; ….Ostrikov, K. Anti-fouling gra-
phene-based membrane for effective water desalination. Nat. Commun. 2008, 9(1).

Shams, S.S.; Zhang, L.S.; Hu, R.; Zhang, R; Zhu, J. Synthesis of graphene from biomass: a green chemistry 
approach. Mater. Lett. 2015, 161, 476–479, https://doi.org/10.1016/j.matlet.2015.09.022

Shanin, H.; Mady, E. Graphene membrane for water desalination. NPG Asia Mater. 2017, 9, e427.
Shi, J.; Wang, Y.; Du, W.; Hou, Z. Synthesis of graphene encapsulated Fe3C in carbon nanotubes from biomass 

and its catalysis application. Carbon, 2016, 99, 330–337, https://doi.org/10.1016/j.carbon.2015.12.049
Shi, S.; Yang, K.; Hong, H.; Valdovinos, H.F.; Nayak, T.R.; Zhang, Y.; Theuer, C.P.; Barnhart, T.E.; Liu, 

Z.; Cai, W. Tumor vasculature targeting and imaging in living mice with reduced graphene oxide. 
Biomaterials 2013, 34, 3002–3009.

Silpa, P.S.; Sivmangai, N.M. One step synthesis of graphene. Inorg. Nano-Met. Chem. 2019, 1–7, https://doi.
org/10.1080/24701556.2019.1661470

Singh, E.; Nalwa, H. Graphene-based bulk-heterojunction solar cells: a review. J. Nanosci. Nanotechnol. 2015, 
15, 6237–6278.

Singh, P.; Bahadur, J.; Pal, K. One-step one chemical synthesis process of graphene from rice husk for energy 
storage applications. Graphene 2017, 6, 61–71, https://doi.org/10.4236/graphene.2017.63005

Soler-Crespo, R.A.; Mao, L.; Wen, J.; Nguyen, H.T.; Zhang, X.; Wei, X.; Huang, J.; Nguyen, S.B.T.; Espinosa, 
H.D. Atomically thin polymer layer enhances toughness of graphene oxide monolayers. Matter 2019, 
1, 369–388.

Somanathan, T.; Prasad, K.; Ostrikov, K.K.; Saravanan, A.; Krishna, V.M. Graphene oxide synthesis from 
agro waste. Nanomaterials 2015, 5, 826–834, https://doi.org/10.3390/nano5020826

Tadyszak, K.; Wychowaniec, J. K.; Litowczenko, J. Biomedical applications of graphene-based structures. 
Nanomaterials 2018, 8, 944; https://doi.org/10.3390/nano8110944

Wang, S. A mechanistic study of corrosion of graphene and low zinc- rich epoxy coatings on carbon steel in 
salt environment. Int. J. Electrochem. Sci. 2019, 14, 9671–9681.

Wang, Y.; Huang, R.; Liang, G.; Zhang, Z.; Zhang, P.; Yu, S.; Kong, J. MRI-visualized, dual-targeting, com-
bined tumor therapy using magnetic graphene-based mesoporous silica. Small 2014, 10, 109–116.

Widiatmoko,P.; Sukmana, I.F.; Nurdin, I.; Prakoso, T.; Devianto,H. Increasing yield of graphene synthesis 
from oil palm empty fruit bunch via two-stages pyrolysis. IOP Conf. Ser.: Mater. Sci. Eng. 2019, 543, 
012032. https://iopscience.iop.org/article/10.1088/1757-899X/543/1/012032/pdf

https://doi.org/10.1002/cphc.201402279
https://doi.org/10.1038/s41598-017-15463-w
https://doi.org/10.1038/s41598-017-15463-w
https://doi.org/10.1016/j.matlet.2015.09.022
https://doi.org/10.1016/j.carbon.2015.12.049
https://doi.org/10.1080/24701556.2019.1661470
https://doi.org/10.1080/24701556.2019.1661470
https://doi.org/10.4236/graphene.2017.63005
https://doi.org/10.3390/nano5020826
https://doi.org/10.3390/nano8110944
https://iopscience.iop.org
https://doi.org/10.4155/tde.15.93


53Graphene from Animal Waste

William, S.; Hummers, J.R.; Offeman, R.E. Preparation of graphitic oxide. J. Am. Chem. Soc. 1958, 80, 
1339–1339, https://doi.org/10.1021/ja01539a017

Wu, F.; Liang, J.; Li, W. Electrochemical deposition of Mg(OH)2/GO composite films for corrosion protection 
of magnesium alloys. J. Magnes. Alloy 2015, 3, 231–236.

Yang, G.; Li, L.; Lee, W.B.; Ng, M.C. Structure of graphene and its disorders: a review. Sci. Technol. Adv. 
Mater. 2018, 19(1), 613–648, https://doi.org/10.1080/14686996.2018.1494493

Ye, Y.; Dai, L. Graphene based Schottky junction solar cells. J. Mater. Chem. 2012, 22, 24224.
Yu, L.; Lim, Y.S.; Han, J.H.; Kim, K.; Kim, J.Y.; Choi, S.Y.; Shin, K. A graphene oxide oxygen barrier film 

deposited via a self-assembly coating method. Synth. Met. 2012, 162, 710–714.
Zhang, H.; Lee, H.K. Simultaneous determination of ultraviolet filters in aqueous samples by plunger-in-

needle solid-phase microextraction with graphene-based sol-gel coating as sorbent coupled with gas 
chromatography-mass spectrometry. Anal. Chim. Acta 2012, 742, 67–73.

Zhu, Y.; Murali, S.; Cai, W.; Li, X.; Suk, J.W.; Potts, J.R.; Ruoff, R.S. Graphene and graphene oxide: synthesis, 
properties, and applications. Adv. Mater. 2010, 22, 3906–3924.

Ziyad, S.H. Bio-inspired/-functional colloidal core-shell polymeric-based nanosystems: technology promise 
in tissue engineering, bioimaging and nanomedicine. Polymers 2010, 2, 323–352.

Zuchowska, A.; Chudy, M.; Dybko, A.; Brzozka, Z. Graphene as a new material in anticancer therapy-in vitro 
studies. Sens. Actuators B Chem. 2017, 243, 152–165.

https://doi.org/10.1021/ja01539a017
https://doi.org/10.1080/14686996.2018.1494493


https://taylorandfrancis.com


55DOI: 10.1201/9781003169741-4

Graphene from 
Essential Oils

Telli Alia

CONTENTS

4.1	 Introduction............................................................................................................................. 55
4.2	 Graphene: Structure, Properties, Synthesis and Applications................................................. 56
4.3	 Essential Oils: Composition, Properties and Applications...................................................... 57
4.4	 Use of Essential Oils in the Synthesis of Graphene................................................................ 58
4.5	 Conclusion............................................................................................................................... 59
References......................................................................................................................................... 59

4.1  INTRODUCTION

Graphene is a type of crystalline allotrope of carbon, which is a two-dimensional (2D) monolayer 
of sp2-hybridized carbon atoms (Ding et al., 2020; Madurani et al., 2020). It is a basic structure 
block for graphitic materials of all other dimensionalities such as fullerenes, nanotubes or graphite 
(Polichitti et al., 2010). Owing to its extraordinary properties such as electronic, thermal, optical 
and mechanical, graphene-based nanomaterials have attracted tremendous interest in recent years 
(Sadhukhan et al., 2019).

These unique properties make graphene suitable for a wide range of applications. In 2014, the 
worldwide market for graphene is recorded to have amounted to $9 million where the majority 
of these sales are being focused on semiconductors, electronics, battery energy and composites. 
Nonetheless, the market grew rapidly to ~$100 billion as the material makes further incursion into 
the silicon market for extremely integrated circuits and in improving the lithium batteries perfor-
mance (Radadiya, 2015).

Different methods have been reported for the production of graphene, such as chemical vapor 
deposition (CVD), epitaxial growth, electric arc discharge and graphene oxide reduction in solu-
tion (Xu et al., 2010; Suresh et al., 2015). However, the conventional methods of synthesis have a 
major drawback because of using hazardous and expensive chemical reductants (Lei et al., 2011; 
Bo et al., 2014). Also, additional stabilizers are required to get stabilized single-layered graphene 
(Lei et al., 2011). The green synthesis of graphene and graphene oxide through natural molecules 
or from agricultural residues has newly attracted more attention to produce nontoxic nanomate-
rial with high bioavailability, biocompatibility and/or bioactivity (Barhoum et al., 2020).

Many natural molecules could be employed in the fabrication of nanostructured materials as 
stabilizers or as reductants like gallic acid (Li et al., 2013), hydrolysable tannin (Lei et al., 2011), 
dopamine (Xu et al., 2010), vitamin C (Fernández-Merino et al., 2010), reducing sugars (Zhu et al., 
2010), glycine (Bose et al., 2012) and many other molecules and plant extracts. In addition, biomass 
waste has become a new source for fabricating graphene because of its carbon-rich structure and 
renewable nature (Safian et al., 2020). Essential oils (EOs) produced by different aromatic plants 
are widely utilized as antimicrobial, antioxidants in the areas of food processing, food packaging 
or as fragrances in cosmetic products fabrication. These metabolites constitute another alternative 
in the fabrication of graphene and its derivatives. In this chapter, the graphene produced from EOs 
will be discussed.

4
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4.2 � GRAPHENE: STRUCTURE, PROPERTIES, SYNTHESIS  
AND APPLICATIONS

Graphene is among the most studied and used carbon nanostructures. It is a sheet of a single layer 
(2D) of carbon atoms, tightly bound in a hexagonal structure aligned on the same plane with a 
bonds angle of 120°, giving the graphene its honeycomb form (Safian et al., 2020). It forms many 
allotropes: fullerene (0D), carbon nanotube (CNT) (1D) and stacked on top of each other to form 
graphite (3D), with an interplanar spacing of 0.335 nm (Polichitti et al., 2010; Kamel et al., 2019). 
Graphene oxide and reduced graphene oxide are the derivatives of graphene with functional groups 
like epoxide, diol, ether, ketone and hydroxyl groups (Lee et al., 2011).

Graphene is an advanced carbon functional material with inherent unique properties that make 
it suitable for a wide range of applications. Either the top-down or the bottom-up approaches 
can be used in the synthesis of graphene (Yan et al., 2020). The easiest approach of producing 
graphene is mechanical exfoliation, as shown by Geim and Novoselov utilizing the Scotch tape 
technique. However, this method is only applicable to small-area production (Ani et al., 2018). 
One of the most promising and broadly used methods is CVD, which consists on the transforma-
tion of an organic gas carbon or a solid solution carbon to graphene by the catalytic action of an 
appropriate metal. Nevertheless, the CVD graphene is generally polycrystalline and contains 
a significant amount of domain boundaries that limit intrinsic physical properties of graphene 
(Rodríguez-Manzo et al., 2011; Ago et al., 2012). It is possible to obtain graphene in a solid-state 
transformation of amorphous carbon in the attendance of a catalytically active transition metal 
(Rodríguez-Manzo et al., 2011). To control the layer number, one promising strategy is the use 
of the segregation technique in which alloy substrates are used due to their complementarity in 
the catalytic growth of graphene (Li et al., 2020). Supercritical fluids are also applied as reaction 
medium for the exfoliation, surface modification and reduction of GO to high-quality graphene 
(Rangappa et al., 2011).

The intrinsic properties like huge surface area, extraordinary mechanical strength and high car-
rier mobility are reasons justifying the considerable interest in graphene (Lei et al., 2011). Graphene 
is a semimetal, which behaves electronically as a zero-gap semiconductor (Polichitti et al., 2010). 
Graphene sheets are promising candidates as channel materials of electronic devices, since both 
electron and hole in them have extremely high carrier mobilities (200,000 cm2/V s). Graphene has 
also high thermal conductivity (~5000 W/m K), high transparency (~97.7%), high adsorption capac-
ity and electrical conductivity and high theoretical specific surface area (~2630 m2/g) (Kondo et al., 
2011; Li et al., 2016).

Graphene, graphene-based nanocomposites and polymers are broadly applied in different fields. 
They are used in the construction of photocatalysts applied in pollutant degradation, H2 produc-
tion and CO2 reduction (Li et al., 2016). Graphene oxide and reduced graphene oxide are widely 
employed in batteries owing to their important surface area, low electrical resistance, low mass 
density and high cyclic stability (Lawal, 2019). The use of graphene and its derivatives in solar 
cells has been studied by several researchers (Singh and Nalwa, 2015; Aydın, 2018; Lim et al., 
2018; Mahmoudi et al., 2018). Graphene is an excellent anticorrosion coating for metals because 
of its impermeability to all molecules and has high chemical stability (Lawal, 2019). It has been 
one of the most popular choices to develop the electrodes of a sensor. For biosensors, the fabrica-
tion of graphene-based nanocomposite modified with biomacromolecules (DNA, proteins, peptides, 
etc.) improves the biocompatibility and bio-recognition ability of these materials, therefore, could 
greatly enhance their biosensing performances on both selectivity and sensitivity (Wang et al., 
2017). Its higher permeate flux, higher selectivity and improved stability through controlled pore 
size and shape make graphene membrane ideal to solve environmental problems (Mohan et al., 
2018). Carbon-based nanomaterials are potentially applied in biomedical fields such as molecular 
imaging, cancer and gene therapy, drug delivery, biosensors and tissue-engineering applications 
(Polichitti et al., 2010; Croitoru et al., 2019).
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4.3  ESSENTIAL OILS: COMPOSITION, PROPERTIES AND APPLICATIONS

Terpenes are widely distributed in nature constituting the largest class of secondary metabolites 
with more than 50,000 molecules isolated and identified until today. Plants, animals, microorgan-
isms, algae, endophytes and marine life produce them. They are part of the nonsaponifiable iso-
prenic lipids. This class of lipids is characterized like the other lipids by its insolubility in water and 
its solubility in organic solvents. These molecules have a common metabolic origin that is isoprene 
(2-methyl-1,3-butadiene). This precursor is synthesized via the mevalonate route from acetyl-CoA. 
Another pathway has been demonstrated in several bacteria and a green alga (Scenedesmus obliquus) 
leading to the production of isoprene from 2-methyl-d-erythritol-4-phosphate. This class contains 
EOs, resins, steroids, vitamins and polymers (latex and rubber). This class is also characterized by 
structural diversity, which gives these molecules different biological activities. These molecules can 
be simple hydrocarbons, oxygenated, sulfurized or aromatic hydrocarbons. Depending on the num-
ber of associated isoprenic units, there are monoterpenes (C10), sesquiterpenes (C15), diterpenes 
(C20), sesterterpenes (C25), triterpenes (C30), tetraterpenes (C40) and polyterpenes (Cn) (Paduch 
et al., 2007; Marouf and Tremblin, 2009; Martins et al., 2017; Parveen et al., 2018).

EOs, known as volatile oils, are complex mixtures of volatile substances produced by many aro-
matic plants (Bagetta et al., 2015). EOs are a variable blend of mainly terpenoids, specifically mono-
terpenes and sesquiterpenes but diterpenes may as well be found, and various low-molecular-weight 
aliphatic hydrocarbons (linear, ramified, saturated and unsaturated), acids, alcohols, aldehydes, 
acyclic esters or lactones and exceptionally nitrogen- and sulfur-containing molecules, coumarins 
and homologues of phenylpropanoids (Dorman and Deans, 2000).

EOs are among the secondary metabolites involved in the adaptation of the plant to its 
environment, the defense against physical and biological attacks (abiotic and biotic stresses) 
and in communication with plants. These metabolites are synthetized by some plant families 
such as Cupressaceae, Pinaceae, Apiaceae, Asteraceae, Geraniaceae, Illiciaceae, Lamiaceae, 
Lauraceae, Myristicaceae, Myrtaceae, Oleaceae, Rosaceae, Santalaceae, Rutaceae, Poaceae and 
Zingiberaceae. The secreting parts of EOs are flowers (rose), flowering tops (lavender), leaves 
(lemongrass), bark (cinnamon), roots (iris), fruits (vanilla), bulbs (garlic), rhizomes (ginger) or 
seeds (nutmeg) (Boukhatem et al., 2019).

Different procedures are used to extract EOs from plants (flowers, leaves, roots, buds or bark) 
like extraction by organic solvents, steam distillation, hydrodistillation, cold pressing, solvent 
free-extraction and supercritical fluid extraction (Frutuoso et al., 2013; Boukhatem et al., 2019; 
Vasile et al., 2020).

Numerous studies have documented the biological activities of EOs obtained from different aro-
matic plants. The most studied activity is the antimicrobial capacity of EOs against various micro-
bial strains (Nakamura et al., 1999; Dorman and Deans, 2000; Soliman et al., 2016; Kerdudo et al., 
2017; Weli et al., 2019). The antiprotozoal activity of EOs has also been proved (Le et al., 2018). EOs 
have different bioactive properties as antioxidant (Khodaei et al., 2021; Peng et al., 2021), analgesic 
(Silva et al., 2003), anti-inflammatory (Silva et al., 2003; Darwish et al., 2020), immunomodulatory 
(Lang et al., 2019) and cytotoxic effect on tumor cell cultures (Bayala et al., 2018; Zhang et al., 
2020) as well as in the treatment of different ailments (Walsh et al., 2011; Bouyahya et al., 2020; 
Prall et al., 2020; Unusan, 2020) obtained from various plant sources.

Due to their antimicrobial and antioxidant activities, EOs are recently gaining more importance 
and used, as safer substitutes for chemical preservatives, and integrated in food products aiming to 
increase their useful life as well as help to further the ways to establish food safety (Frutuoso et al., 
2013; Chen et al., 2020). Currently, antimicrobial, antioxidant and eco-friendly packaging by adding 
EOs is one among active packaging studied and used in the food industry to prevent negative effects 
caused by microorganisms and oxidation (Varghese et al., 2020). Several works have shown the poten-
tial of EOs in the preservation of different food products. EOs are applied as an alternative to low tox-
icity, extracted from a natural source, and as an antimicrobial agent in the preservation of meat food 
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systems (da Silva et al., 2021). The use of chitosan-EOs films or nanoemulsion improves the preserva-
tion of fruits in terms of fungal decay (Tovar et al., 2018). Despite their effectiveness, their volatility, 
oxidizability, aromatic odor and insolubility are the principal factors that hinder the EOs utilization 
in food industry. The encapsulated thyme EO by casein-maltodextrin showed high efficiency as a pre-
servative of hamburger-like meat products (Radünz et al., 2020). Other nanomaterials like liposomes, 
cyclodextrin, silicon dioxide and nanoemulsion, along with packaging approaches as nanofibers and 
food wraps, have been shown as efficient encapsulation systems to safeguard EOs.

4.4  USE OF ESSENTIAL OILS IN THE SYNTHESIS OF GRAPHENE

To upgrade the practical applications of graphene-based materials, the most important consider-
ation should be given to the investigation for the large-scale making of high-quality graphene with 
a simple and economic transformation route. Several attempts have been made to achieve the reduc-
tion of graphene through green approaches (Suresh et al., 2015). Some natural materials, molecules 
and living organisms constitute promising substitutes for toxic/explosive reductants (Bo et al., 2014).

The incorporation of EOs into the packaging material has been extensively studied. Graphene is 
one among the packaging studied (Demitri et al., 2015; Tovar et al., 2018; Giannakas, 2020; Syafiq 
et al., 2020). Additionally, graphene is employed as a capsule in the encapsulation of active mol-
ecules like EOs (Ali et al., 2019). Nevertheless, the use of EOs as precursors or as reducing agents 
in graphene synthesis is little studied and reported in literature. This may be due to the low yield 
of EOs and the no sustainability and no acceptability of the destruction of plants for nanoparticles 
formation (Barhoum et al., 2020).

Various natural, renewable and cheaper materials are utilized as carbon precursors in the syn-
thesis of carbon-based nanomaterials. Plant hydrocarbons are among the natural carbon precursors 
recently have attracted considerable interest. There are limited reports available on the use of natu-
ral precursors such as camphor (C10H16O) (Kumar and Ando, 2003, 2007), eucalyptus oil (C10H18O) 
(Ghosh et al., 2007), turpentine oil (C10H16) (Awasthi et al., 2010) and vegetable triglyceride oils 
(castor oil, sesame oil, palm oil, Jatropha oil and neem oil) (Kumar et al., 2011; Thakur and Karak, 
2014; Salifairus et al., 2018; Harun et al., 2020; Suresha et al., 2020) to produce carbon-based nano-
materials (nanotubes and graphene).

Camphor is a natural product deriving from the wood of the camphor laurel (Cinnamomum 
camphora L.) trees through steam distillation and purification by sublimination (Zuccarini and 
Soldani, 2009). Great-purity CNTs are synthesized by CVD of camphor, an eco-friendly molecule. 
The found yield after 1 hour of treatment of 3 g of camphor is about ~1.62 g multiwall nanotubes 
and a diameter of ~10 nm with an as-grown purity up to 88%; that is, camphor-to-CNT fabrication 
effectiveness is 50%. This is the highest efficiency ever obtained from any material by any method 
(Kumar and Ando, 2007).

Turpentine oil (C10H16) obtained from Pinus merkusii is a colorless, flammable liquid with a char-
acteristic odor; a mixture consisting mostly of terpenes, principally the isomers of pinene (Young, 
2001; Hudaya et al., 2016). Turpentine oil is an effective precursor in carbon-based nanomateri-
als. Single-walled CNTs were prepared by a catalytic decomposition of turpentine oil over well- 
dispersed metal particles supported on high silica Y-type zeolite at 850°C by spray pyrolysis method 
with a reaction time of 25 minutes. The fabrication of the bundles of aligned carbon nanotubes 
(ACNTs) is done by a spray pyrolysis of turpentine oil (inexpensive precursor) and ferrocene mix-
ture at 800°C. The obtained results showed that ACNTs are densely packed (~70–130 µm in length). 
The as-grown multi-walled CNTs are greatly graphitized. Their outer diameters are between ~15 
and 40 nm (Awasthi et al., 2010).

The antibacterial composite film, prepared from polyvinyl alcohol, graphene oxide and oregano 
EOs, was studied by Lin et al. (2019). With the increase of oregano EOs content, the thicknesses 
were increased, the mechanical properties were improved, and the antibacterial activities were 
increased (Lin et al., 2019).
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4.5  CONCLUSION

Currently, high attention has turned to graphene due to its exceptional properties (extreme mechani-
cal strength, thermal conductivity, 2D films and peculiar electronic characteristics). The combi-
nation of biomolecules with graphene-based materials offers a promising way to fabricate novel 
graphene-biomolecule hybrid nanomaterials with unique functions in biology, medicine, nanotech-
nology and materials science. In this chapter, we try to demonstrate the use of EOs in the synthesis 
of graphene as precursors or as reducing and stabilizer agents, but there has been little research 
interesting in the application of EOs in the synthesis processing of graphene.
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5.1  STRUCTURE OF GRAPHENE

Graphene is a miraculous material that possesses two-dimensional (2D) skeletons with a hexagonal 
architecture of a single monomolecular layer of sp2-hybridized carbon atoms as shown in Figure 5.1. It 
exhibits excellent properties in various dimensions for diverse applications such as electronic, thermo-
dynamic, and mechanical properties [1, 2]. Just as the emergence of plastics in the twentieth century, 
the graphene is considered the miracle of the twenty-first century [3, 4]. Actually, the sheets of gra-
phene are very thin in texture organized as a single-atom sheet in thickness. This monolayer sheet is 
coordinated with adjacent atoms producing high surface area. It shows great compound dependability 
that depicts its mechanical behavior as well. In the year 2007, the group of Noble laureates Prof. Andre 
K. Geim and Prof. Konstantin Novoselov uncovered the gigantic capability of graphene in different 
applications by recognizing its electrical property. They likewise remarked “Graphene as quickly 
emerging materials not too far off of dense materials physical science”. This is undeniably right as 
graphene was changing in all areas from energy, climate to well-being of all [3]. Its striking properties 
highlight its applications in different areas. Optical properties and its adaptability provide significant 
highlights in a number of electronic appliances [5, 6]. Currently, it is a smart option of various forms of 
conductors. Graphene has significant influence on optic gadgets, for example, terahertz gadgets, optical 
recurrence converters, and adaptable brilliant windows. Also, the change in Fermi level can be used for 
the optical preservation. Likewise, graphene is as of late archived as a diverse nanomaterial for state-of-
the-art applications [7, 8]. The graphene layers are used for the cleaning and purification of water [9]. 
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Accordingly, it has been improving the general effectiveness of the impetus. In this manner, graphene 
is being investigated for super-quick semiconductors, super capacitors, memory gadgets, adaptable 
showcases, light-emanating diodes, batteries, sun-oriented cells, power modules, water treatment, and 
organic applications. In each try, the scientists can get a decent result [2].

Few companies of the United States that started to make graphene in large volume five years ago 
are Angstron Materials, Vorbeck Materials, and XG Sciences lab. Afterward, tens of grapheme-pro-
ducing companies have gained progress all over the world, which made graphene sheets as well as 
graphene films of high quality on large scale. Nowadays, the graphene production industry in China 
is expanding very rapidly, and its annual making capacity of graphene films and sheets is 110,000 m2 
and 400 t, respectively. So, the materials world research is targeting on the mass production, char-
acterization, and applications in real world of ultrathin films of carbon and the graphene, which is 
the thinnest element of carbon. Graphene has been a modern material for modern chemistry and 
physics because of its attractive properties. Since its first separation, scientific development with its 
production method and other applications has been progressing day by day, recommending that gra-
phene can grow the industry because of its superlative properties. It can be added into polymers and 
inorganic systems to increase the thermal and mechanical strength as well as electrical conductivity. 
Many companies are starting the production of graphene for various purposes. Graphene is looking 
to exceed £150 million by 2022 in global market. But in real, the success of graphene at commercial 
level is a little bit difficult task. It is common that the material that shows the better properties than 
others finds the place in market. Considering the history of carbon fiber development, its industrial-
ization was largely confined because of the lack of carbon fiber products with great properties and 
performance to satisfy the requirements that are application dependent. At that time, the uses of 
carbon fibers were only within a few places, including brassie golf clubs and fishing poles. In recent 
decades, the progress in the production of high-grade carbon fibers has confirmed expanded com-
mercial applications in automotive, civil engineering, military, and aerospace industries. So the best 
properties of graphene, in improving the strength of material and synthesis, may prove graphene as 
a wide commercial material.

5.2  PRODUCTION OF GRAPHENE

The exfoliation technique was initially used for the first fabrication of single-layer graphene in the 
form of nanosheets. The method is known as Scotch-tape method that utilizes bulk graphite by epi-
taxial chemical vapor deposition (CVD) [10]. Although all these methods never produce graphene 

FIGURE 5.1  Graphene sheet structure.
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on industrial scale, there is always the need for the discovery of alternative methods. Hence, substi-
tute approaches are obligatory for the mega-scale production of graphene. One of the predominant 
and exciting methods for the exfoliation of graphene on mega scale is the use of active oxidation 
chemical reaction to yield graphene oxide (GO). This produces the graphene with nonconductive 
hydrophilic characteristics [11]. Graphite and organic sources are considered most important for 
the production of graphene. There are abundant deposition and other methodologies in practices to 
produce graphene. These techniques include liquid exfoliation for the processing of graphite crystal 
[2, 12]. Some of the investigators [2, 13] have developed the comprehensive approaches to describe 
these techniques. These are common methods for the preparation of graphene. Each technique is 
marked with strengths and weaknesses. CVD utilizes carbon from various sources of hydrocar-
bons. It requires sufficient processing parameters; however, it does not produce adequate yield. 
Additionally, the hydrogen expelled in the surroundings shows propensity of ozone reaction, ulti-
mately destroying the layer. Another technique is mini cleavage strategy, which is a straightforward 
cycle, here sticky films are utilized to deliver graphene, despite the fact that it creates a great nature 
of graphene, yet it’s anything but an undoable technique for large-scale manufacturing. The liquid 
exfoliation method is used for the processing of graphite crystal by chemical reduction. The method 
utilizes graphite in the form of a precursor to produce graphene, which is recognized as Hummers’ 
method. This technique releases poisonous gases. Mega-scale graphene synthesis is very challeng-
ing based on the suitable approach; there are substantial alterations in yield and price. Improvement 
of sheet structure and uniformity is a critical task. Ultimately, graphene obtained from various 
means barring graphite has gotten incredible consideration. The chapter focuses on the preparation 
of graphene using various precursors instead of conventional precursors [2, 13].

5.3  PREPARATION OF GRAPHENE FROM WASTE MATERIAL

The waste production and accumulation are inevitable; however, the utilization of waste mate-
rials can be performed efficiently. Moreover, transforming and recycling of surplus materials is 
always valuable. A number of biomaterials can be used for the productions of graphene as shown in 
Figure 5.2. Biowastes actually provide very unusual precursors. All the developed approaches have 
their own advantages and disadvantages, yet all techniques are novel. Graphene, environmentally 
and financially created from biowastes, is utilized in various applications. Consequently, the chase 
of raw biomaterials for the production of graphene has been a challenge with sufficient return in 
progress. Subsequently, this empowers the analysts to consider over different sources which are yet 
to be revealed. Any prerequisite for manageable assets is unavoidable; hence, inexhaustible biowaste 
provides reasonable methodology for graphene antecedent. Also, coal was initially utilized as a 
raw source; however, it is nothing but an inexhaustible asset. At this point we included it due to the 
creative and reasonable methodology associated with the creation of graphene quantum specks [2].

5.3.1 G raphene from Glucose

Glucose is a sustainable source of carbon that can be used to develop graphene due to an abundance 
of carbon in the main structure and ecological variances. It is also an important material for ana-
lysts to develop graphene [2, 14, 15]. Ferric chloride was used by researchers during the formation 
of glucose. As per their revealed strategy, in the initial step, the reaction was carried out in between 
glucose and FeCl3 that were broken up into H2O. The reaction was carried out at 80°C. Later, 
calcination was performed at 700°C in order to prompt the arrangement of graphene along with 
FeO. At last, the removal of Fe was carried out using HCl. FeCl3 was assumed an imperative part 
in delivering excellent graphene on the grounds that it went about as format and impetus. From the 
previous technique, the large-scale manufacturing of graphene from glucose is an adequate method 
of creation. This basic technique can be received for graphene planning from any biomass. Xin-Hao 
Li and collaborators [2, 16] also integrated graphene by utilizing glucose. In their methodology, 
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they used dicyandiamide (DCDA) along with nitrogen using in situ arrangement. In this manner, 
glass-like graphene was produced. The technique provided an impression to acquire graphene using 
nitrogen contents. It is an altered Hummers’ technique for the production of thick graphene sheets 
with no decontamination and detachments of sheets. All the graphene sheets were neatly arranged 
as well. The researchers asserted the previous technique for graphene planning as an effortless 
methodology for wide applications [2, 16].

5.3.2 G raphene from Food, Insect, and Wastes

Another group of investigators [2, 17] developed a methodology for graphene production from crude 
resources, including chocolate, grass, plastics, and cockroaches. They used CVD method for the 
development of graphene using Cu foil. The extra Cu was removed later to obtain pure graphene. 
The X-ray photoelectron spectroscopy (XPS) information was used to uncover the carbon structure.

5.3.3 G raphene from Chitosan

Among the various available resources of carbon, chitosan is explored as a biomaterial. The basic 
source is obtained from the shells. This material is a rich source of carbon; hence, a group of inves-
tigators developed methods to produce graphene from this material, particularly using the pyrolysis 
technique. Additionally, the group used a photocatalyst to produce hydrogen under daylight [2, 18–20].

5.3.4 G raphene from Recycling Wastes Precursors

A number of precursors have been explored by the researchers for the development of graphene by 
the use of recycling waste materials [21, 22]. The recycling waste is a huge industry that generates 

FIGURE 5.2  Synthesis of graphene from biowastes.
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a huge pile of waste. In view of prior evaluations, worldwide urban communities have delivered 
approximately billions of squanders annually [23]. Squanders transformation altogether changes 
because of the sort and creation of waste forerunners. For example, change of biomass relies upon 
different sources. Recently, the transformation of battery squanders into graphene has passed on a 
fundamental job for cutting-edge gadgets. Also, an excessive use of tire squanders into graphene has 
analyzed for cost-accommodating and adaptable creation. Furthermore, monolayered, bi-layered, 
and diverse graphene that ran among 3 and down technique have been effectively used for graphene 
combination. Moreover, different methodologies have been intended for the combination of gra-
phene subordinates. Prior investigations have shown ordinary strategies which have commanded 
gigantic notice of academic local area. For instance, the union of graphene 2D-heterostructures was 
found for diverse product formation [21].

5.3.5 G raphene from Domestic Wastes

The domestic squander is also a huge raw material that contains a major component of carbon, 
which varies with the available domestic squanders containing a huge source of carbon as a raw 
material. This may include the carbon from vegetation, paper, plastic, plants, or any other available 
source. Researchers have developed various forms of graphene from these wastes, including the 
waste from insects using CVD technology. Panahi-Kalamuei and his gathering concocted reusing 
waste bread extra to create graphene subsidiaries by aqueous blend. The gathering acquired a gel 
by blending bread squander with water at 70–80°C. The gel was exposed to aqueous treatment in 
Teflon-lined steel autoclaved at 180°C under various states of pH and response time. At that point, 
the suspension was sifted to recuperate the hasten shape. Essentially, Akhavan et al. used differ-
ent, common, and modern waste materials for the combination of graphene and GO. These squan-
ders included wood, bagasse, leaves, and organic product squanders, powder residue gathered from 
fumes of diesel motor and waste papers [21, 24, 25].

5.3.6 G raphene from Waste Newspapers

The paper industry is a huge industry that utilizes the paper on daily basis; likewise its com-
positions, the huge waste is also produced on the same frequency. As the main ingredient of 
paper is cellulose, it clearly indicates the rich source of carbon present in the form of paper. The 
cellulose from this paper industry was converted into allotropes of carbon in the form of nano-
spheres [26]. Some other investigators [27] revealed the production of graphene from leaves of 
tea. Here, the graphene was produced by the modified Hummer’s method. Another group of 
researchers [28] revealed another technique using the waste shells of coconut. Here, the shells 
were converted into allotropes of carbon developing graphene as well. They also used modified 
Hummer’s methodology. Different techniques were utilized to affirm the fruitful combination 
of GO. Long et al. [29] detailed the planning of thickly permeable carbon structures imitating 
graphene like materials from some parasites. The pulp industry has also provided the biowaste 
for the production of graphene [30], while the agrowaste was also used for the development of 
graphene sheets [31, 32].

5.3.7 G raphene from Bread Squander

Scientists utilized food squander (bread squander) for the preparation of multilayered graphene 
using hydrothermal strategy. Various methods are used to utilize reuse squander produced 
from waste. The formation of fertilizers from food squander doesn’t produce any additional 
value; however, it can be a good source to produce single-layered and multilayered graphene. 
During the processing in the first step, bread squander was ground and afterward suspen-
sion was formed using water [33]. These days, the development of graphene comprised two 
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comparable sub–cross sections of carbon that fortified along with σ bonds. Traditionally, gra-
phene is shaped using a mechanical procedure. However, various strategies are adopted these 
days to prepare graphene [34].

At present, bio-squander materials have been an extraordinary hotspot for the creation of carbon. 
Furthermore, bio-squander materials are plentiful and need for reusing. Also, the administration of 
waste biomass is testing particularly in created nations. In this way, it is proposed to change over 
the material into carbonaceous materials that can be utilized in colossal applications. Subsequently, 
specialists have invested a great deal of energy to incorporate graphene sheets utilizing eco-accom-
modating biomass forerunners, including squander corn shell, egg shell, and gelatin. Graphene is 
also obtained from the biowaste of glucose products, known as sugar atom (C6H12O6), with bounti-
ful and inexhaustible carbon sources. As of late, analysts have begun to utilize glucose as a begin-
ning material to plan graphene. Zhang and collaborators [35] acquired graphene through a series of 
chemical processes initiating specialist combinations.

5.3.8 G raphene from Rice-Husks

A huge quantity of rice husks is delivered yearly on our planet. Because of gigantic mass, it gets 
consideration attention as a beginning material to produce good quality biomass. The extraction of 
graphene ordinarily involves chemical reactions. The potassium hydroxide can extraordinarily help 
in this extraction process. This can induce porous structure converting the carbon into its nano-
tubes or filaments, consequently improving various properties. In addition, KOH, likewise, aids the 
arrangement of high virtue graphene materials containing steady and clean edges. Singh and col-
laborators revealed the composites developed from graphene and rice husk that produced consider-
able toughness at high temperature which was verified by various techniques such as transmission 
electron microscopy (TEM), by utilizing a similar technique [34, 36].

5.3.9 G raphene from Corn Stalk Core (CSC)

The fibers of cellulose can be extracted from corn stalk. It can be utilized in the production of 
feasible fillers. Other than this scope, it is important to develop crude materials as well. Corn stalk 
produces sufficient horticultural squanders. The composition is diverse, comprising all the main 
ingredients such as cellulose, hemicellulose, and lignin. The core is normally permeable. Liu and 
colleagues have incorporated CSC-GO by means of get-together system (freeze-dried cycle) where 
GO is initially set up by utilizing changed Hummer’s technique [34].

5.3.10 G raphene from Plastic Waste

The waste materials are abundant and a variety can be observed in waste materials. Plastic is one 
of them covering the earth in the form of flasks, baggage, and sheets, and all of these forms can 
result in a serious threat to resource. This is a huge source of environmental pollution. Alternatively, 
a number of methods are also available to transform these surplus materials into carbon-based 
materials. A group of researchers, Essawy and collaborators, have observed that graphene can be 
extracted from polyethylene terephthalate (PET). PET is widely available plastic that generates a 
huge quantity of waste materials available from pharmaceutical and food packaging industry. The 
waste of PET is eradicated using ignition, chemical, and feed stock to produce gaseous and liquid 
products, and carbon-enriched materials. The PET is marked with a high concentration of carbon 
and minimal contents impurities produced by minerals. Hence, this material has the great tendency 
to be converted into its raw materials of carbon [34, 37]. Recently, numerous opportunities and 
challenges have been encountered for the synthesis and characterization of graphene (G) and GO in 
several areas of interdisciplinary science [38–40].
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5.4  GRAPHENE FROM SUCROSE (TABLE SUGAR)

Sucrose is a disaccharide that goes under hydrolysis and gives monosaccharide glucose and fructose. 
Sucrose, which is also known as sugar, more correctly α-d-glucopyranosyl-d-fructofuranoside, has 
been predicted to have the world’s highest making of any unmixed, single, natural, and organic 
chemical. Sugar beet and sugarcane are two main crops that are growing for sugar production nowa-
days. Sugar cane now adds up to 75% of the world’s synthesis of sugar.

Sucrose (C12H22O11) is found in two crystalline shapes, the common stable sucrose A with melting 
point 184–185°C from water, and the other is metastable sucrose B with melting point 169–170°C, 
which is obtained by recrystallization by methanol. The advantages of sucrose are as follows:

1.	 It is pure
2.	 It has high sweetness degree
3.	 It is cheap
4.	Solubility in water is easy
5.	 It has color
6.	 It can be handled easily

The heating process converts the sucrose into caramel. It results in the loss of H2O and volatile 
organic components, developing a polymeric material. The process of caramel-melt insertion in 
the layers of silicates produces hybrid nanocomposites. The process is performed using micro-
wave irradiation on caramel-clay. It results in the production of graphene-clay nanocomposites. 
The process is carried out at 750°C in the absence of oxygen. Here, the sucrose is a precursor 
of carbon just like other available sources such as acrylonitrile. The important aspect is the 
development of interlayer distance in between carbon-clay materials. The distance produced in 
between layers is approximately 0.4 nm. It is the same interlayer distance as observed in gra-
phene. The processing was carried out by thermal alteration of caramel-clay nanocomposites into 
the graphene-clay.

5.5  GRAPHENE FROM METHANE

Methane is an odorless gas with a troposphere concentration of 1.8 parts per million in dry air. 
After water vapors and CO2, it is the 3rd most important greenhouse gas. Nowadays, its concen-
tration is 2.5 times more than the 0.7 parts per million noticed in ice cores from the period of 
1000–1750 AD. Over the past 800,000 years, its concentration is higher than ever seen in ice core 
record. Atmospheric increase in methane since 1750 tells an emission of gases of 340 ± 50 teragram 
methane/year. This is round about two-thirds of total emissions now days. Emission from fossil 
fuel and agriculture together make 230 teragram/CH4/year. The donation of natural methane from 
wetland is 174 teragram/year. This amount is more sensitive to water table height and temperature. 
Emissions of wetland thus react to wetting and global warming. Natural sources are termites, wet-
lands sources, hydrates, oceans, wild animals, geological sources, and wildfires sources.

Methane can react with copper at very high temperatures to make graphene. Simply, copper is 
heated to about 1,000°C and takes it under the methane gas. From the carbon atoms in the methane 
gas, graphene layers will form on the surface of copper by carbons atoms.

5.6  CONCLUSION

The various innovative routes of the graphene preparation have been developed successfully 
and a lot more are under progress. The brilliant idea of developing the graphene from biowaste 
is a successful way to utilize the resources in an appropriate manner. However, still researchers 
are required to explore the authentic ways to develop this material to meet the demand in wide 
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industrial applications. Some of the uncovered areas the defect distribution of graphene should 
also be addressed while producing it from various resources. While all the mentioned approaches 
are simple, clear, effective, and economic, there is always a window for developing the materials 
in accurate manners that should be explored for graphene in coming years, making its convenient 
availability for diverse applications.
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6.1  INTRODUCTION

Carbon is one of the most substantial elements in the periodic table. It exists in a diversity of allo-
tropes, including the traditional ones like diamond and graphite and later, fluorine and carbon nanotubes 
(CNTs) [1]. The two-dimensional (2D) carbon chemical formula (graphene) is one of the most recently 
found formulas, and it has piqued the interest of scientists in recent years. Graphene is the thinnest com-
pound on Earth, its thickness is about the thickness of one atom, and it is a very light material (the weight 
of a square meter of it is about 0.77 mg), and the best types of it are 100–300 times stronger than steel [2].

Graphene is a flat, one-atom-thick sheet of carbon sp2 atoms packaged in a wave-glass structure. 
For graphite, carbon nanotube, and fullerenes, it is the fundamental structural element. Samples of 
graphene are available in Si/SiO2 substratum wafers in nanoflakes. With a space of approx. 0.34 nm, 
each layer is monoatomically thin, but multilayer flakes can be manufactured [3].

In 2004, a group of scientists from the University of Manchester in the United Kingdom discov-
ered graphene, which ushered in a global revolution in scientific study. Graphene is a cross-linked 
carbon sheet made up of sp2-hybridized [4]. Graphene’s most notable features of thermal and electri-
cal conductivity are because of its hexagonal lattice structure [5]. Chemically, graphene comprises 
a single element, carbon isotope C-12, which has four free electrons, which facilitates formatting 
bonds with other atoms. Graphene takes part in many chemical reactions as a reactant, an electron 
donor, or an oxidizing agent (electron acceptor). It directly results from graphene’s electron struc-
ture, which gives it an electron affinity and an ionization potential of about 4.6 eV [6]. Because of its 
2D crystals, it has novel electronic and mechanical properties, high electronic mobility, structural 
flexibility, and the ability to be tuned from p-type to n-type by applying gate voltage [7].

In many countries, rice is the main crop and the most commonly produced husk that is used to 
burn, which contributes to environmental pollution. Therefore, RH ash (RHA) has created a major 
concern because it is harder to discard. RH is the rice grain’s outer covering. When the rice is treated, 
its cover is removed, and its waste contains 15–20% silica, besides cellulose and lignin. Cellulose, 
lignin, and ash are all eliminated during burning [8]. In 2017, RH production worldwide was estimated 
to be around 759.6 million tons, providing an enormous amount of essentially free raw material if it 
can be put to good scientific use [9].

6.2  THE CHEMICAL COMPOSITION AND PROPERTIES OF RH

Because of geographical conditions, type, weather, soil chemistry, and paddy crop manures, the 
chemical ingredients are found to differ. The RH represents the covering that surrounds the rice 
grain before it is put out as food for human consumption. The factories put these husks out; they are 
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thrown out for disposing of, causing environmental pollution. Chemically, RH comprises 20% 
silica, 40–30% cellulose, 25–30% lignin, 10–15% ash, and 5–10% moisture. Organic matter and 
water make up 74%, and oxides (Al2O3 + Fe2O3 + CaO + MgO) constitute 4% (Table 6.1). The 
content of RH of organic compounds after extracting silica from it, in which the organic part is 
composed of cellulose, lignin, and hemicelluloses. Hemicelluloses are a type of carbohydrate that 
has branched and shorter chains than other polysaccharides [10]. They are especially significant 
in the manufacture of biofuels because they can make up to 35% of the biomass weight [11]. 
Lignin is an oxygenated polymer of p-propylphenol units that comprises p-coumaryl, coniferyl, 
and sinapyl alcohols. In recent years, lignin modifications to make functional carbon materials 
for batteries or supercapacitors have piqued interest [12]. After the treatment with biotechnol-
ogy, RHs can be used on animal feed, with urea, ammonia, certain acids, and bases to enhance 
the protein content and increase the digestion factor [13]. In addition, it is used as a ground for 
spreading barley seeds, so when the seedlings grow, it becomes fodder for feeding animals [14]. It 
is used in the cellulosic industries and compressed panels because it contains fibers at rates close 
to what involves tree wood, making it an alternative material in obtaining these fibers [15], which 
constitute the basis for an enormous number of industries based on cellulose and lignin. The 
husk is fuel for biomass that needs to be processed thermally, such as combustion, pyrolysis, or 
gasification [16]. Heat, electricity, syngas, and biofuels are the energy generated through thermal 
processing. The capacity of husk to produce power from biomass is based on small-scale gasifica-
tion that includes heating RHs to high temperatures, which leads to a decomposition of materials 
into a fuel-gas mixture [17]. The gases are consumed to generate heat or steam that activates and 
generates electricity from turbines. The husk is used as fuel and steam in the rice mills to provoke 
the rice parboiling process [18].

6.3  CHARACTERISTICS AND GRAPHENE SYNTHESIS METHODS

Initial investigation on graphene showed that its characteristics exceed the mass graphite from 
which it was obtained. The mobility of both holes and electrons is equivalent to that of bulk metal, 
such as copper [19]. The conductivity of thermal products is so high that the ballistic conductivity 
without the impedance of the material itself is taken into account, and the opacity of single layers 
is over 2% at nearly all levels (Figure 6.1). These unique characteristics enable graphene to be used 
in several applications, including electrochemical condensers, anticorrosion coatings, composites, 
transparent film conduction, thermal pastes, and sensing and bi-sensing [20].

TABLE 6.1
Chemical Composition of RH

Compound Value (%)

Silicon dioxide SiO2 20

Cellulose 30

Lignin 25

CaO 0.89

MgO 0.83

SO2 0.41

Fe2O 0.12

Al2O3 0.20

Blaine fineness (cm2/g) 4238

Specific gravity 2.30

Color Whitish gray
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Most graphene synthesis approaches involve many complicated procedures or high temperature, 
or costly advanced devices. A cost-effective and straightforward graph synthesis could therefore be 
highly valuable for different purposes [21].

The graphene synthesis can be classified as a top-down and bottom-up technique in two basic 
categories. The initial material in the top-down approach comprises graphite and is intended to 
make graphene and exfoliate sheets using solid-state, liquid conditions, or electrochemical exfolia-
tion [22]. The graphite oxide exfoliation to graphene oxide (GO) followed by chemical and heat 
reduction is another technique in this area [23]. Chemical vapor deposition (CVD) or epitaxial 
growth of graphene made of molecular precursor blocks bases the bottom-up process on the pro-
duction [24]. By deleting all oxygenated functions and restoring the π-network, a direct reduc-
tion of the GO has garnered the most attention to producing enormous amounts of graphene [25]. 
However, both endothermic and exothermic processes require reduction steps, depending on the 
different functional groups. Epoxide group reduction in GO can be achieved using hydrazine as a 
reducing agent. Heating is necessary for dehydroxylation and decarboxylation. Thermal dehydrox-
ylation and deep oxidation of hydrazones react to heat and thermal treatment. The decreased GO in 
physical characteristics and structure is more comparable to graphene. The degree of restoration via 
β-network is determined by reductions, which lead to graphics with various qualities [26].

Depending on the production process, the technique shows the resulting graphene’s structure, 
morphology, and attributes such as number of layers, defect level, electrical and thermal condu-
civeness, solubility, hydrophilic, or hydrophobicity. The interlayer strength of the van der Waals 
chemical method may be reduced by the graphite oxidation using strong oxidizing agents, such 
as concentration of sulfuric acid (H2SO4), sodium nitrate (NaNO3), and potassium permanganate 
(KMnO4), which has achieved a similar level of oxidation [27].

Process parameters manually affect graphene quality like the gas flow, catalyst, precursor, tem-
perature, growth time, and gas pressures in the CVD process (such as layer number, grain size, 
band distance, and the doping impact) [28]. The graphene-up technique shows the carbon precur-
sor atoms formed on the substratum surface directly, which results in graphene crystal planes. 
Graphene is produced on one-crystal silicon carbide (SiC) using thermal vacuum graphics for the 
epitaxial thermal growth of graphene using the substrate approach. At around 1300°C SiC, the sili-
con atoms are sublimated because their surface is reorganized and graphitized with carbon-enriched 

FIGURE 6.1  Schematic of graphene.
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materials [29]. The CVD technology involves the chemical reaction of gaseous precursor carbon 
molecules spread on a high-temperature metal substratum (900–1500°C) [30]. When the substratum 
is refreshed, carbon solubility is lowered on the substratum, and the carbon precipitates to one to 
several layer graphene layers on the substratum [30]. To decompose, diffuse, and segregate, carbon 
atoms need extremely high temperatures (above 2500°C without catalyst), but it must be reduced 
to roughly 1000°C. The metallic catalyst is one or more binary alloys of transition metals, which 
can dissolve carbon and afterward separate to generate polycrystalline graphene, with uncompleted 
orbitals (e.g., Co, Cu, or Ni).

GO has hydroxyl, carbonyl, and epoxy groups on the basal plate, besides carboxyl groups on 
the edges, which operate as a 2D material for graphene synthesis and their combination products 
(Figure 6.2).

Graphene has the advantage of being compatible with planning technologies used in the semi-
conductor sector. Like CNTs, graphene is highly mobile, μ exhibits over 15,000 cm2/V, and can be 
either metallic or semiconducting. If the graphene nanoribbons are adapted to less than 100 mm, a 
bandgap can open because of the electron containment [31]. Graphene electronic states depend on 
the border of the nanoribbon and its breadth. The transmission channel in a metal oxide semicon-
ductor (MOS) is one of the most appreciable uses of graphene [32].

A green synthesis approach for producing graphene from precursors of biomass, such as chito-
san, alfalfa, sugar, green tea, RH, and other foodstuffs, has been introduced recently. An abundant 
sort of agricultural waste is the RH, a prerequisite result of rice milling [33]. The organic ingredi-
ents constitute about 80% of the RH composition SiO2 and are around 20% of the inorganic silicon 
dioxide [34]. RH is used for producing biofuels, energy generation, fuel boilers, and the bulking 
agent for animal manure composting. Silicon and C-based products, such as silica, silicon (Si), sili-
con nitride (Si3N4), silicon tetrachloride, SiC, zeolites, activated carbon, and graphene, are typically 
prepared with RH and RHA. As a result, the use of RH in creating graphene will pave the way for 
a range of applications [35].

Manufacturing RH graphene, employing KOH and carbon as protective barriers against oxida-
tion, was initially described by Ref. [36]. Singh and others then revised the synthesis procedure to 
substitute RH for black carbon [37]. RH graphene is manufactured by activating RHA with KOH 
and washed, centrifugated, sounded, and vacuum-filtering with distilled water to yield graphic 
materials [38]. RH was washed many times to remove huge silica and other impurities as feasible in 
a standard synthesis method. The RHA was made by combusting RH into the air after it had been 
washed. An amount of 3 mg of RHA was combined with 15 g of KOH and ground for 15 minutes. 
In a porcelain crucible, a mixture of RH and KOH was compacted. The crucible was then wrapped 

FIGURE 6.2  (a) GO’s generalized chemical sketch, ignored on the edge of the GO sheet flaws or functional 
groups. (b) GO is responsible for a chemical schedule of free radical structures, such as carbon centers, groups 
of allyl, and cytotoxic endoperoxide groups.
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in ceramic wool and placed inside a massive graphite crucible. A sufficient amount of sacrificial 
RHA was applied to the top of the graphite crucible to form a barrier against the oxidation of the 
sample inside the porcelain crucible.

Recently, to make GO-RH biochar (GO-RHB) composites, 10-g RH biomass was mixed with 
0.5-g GO-RHB, and the mixture was then agitated for 2 hours at 450°C to ensure thorough mix-
ing. The mixture of GO-RHB composite was then sonicated for 3 hours to adsorb the GO suspen-
sion onto the RHB surface [39]. The blended suspension was then placed in an oven and dried 
for 12 hours at 100°C. Finally, the materials were placed in a tube furnace with N2 at 300°C for 
2 hours. An amount of 5 g of raw RH was pulverized and cooked in a Carbolite furnace for 2 hours 
at 400°C in the air before the pretreatment process. The solid residue, known as RHA, was col-
lected, weighed, and the yield was 47%. The RHA was then impregnated with KOH powder in a 1:2 
impregnation ratio at 800°C for 2 hours in the air for activation.

6.4  RH NANOCOMPOSITE PREPARATION

A one-step in situ approach based on the electrostatic force between positive SiO2-NH2 and nega-
tive GO dispersion was developed for producing an RHA-SiO2/GO nanocomposite. To function the 
surface by binding the monolayer-NH2 nanoparticles with Aminopropyltriethoxysilane (APS), the 
RHA-SiO2 was initially altered. For 30 minutes, a combination with 10-g RHA-SiO2 powder was 
agitated for a good dispersion of RHA-SiO2 in a 150-ml solution of ethanol [40]. The Langmuir iso-
therm model determined maximum adsorption capacity for Ni2+ for nanocomposites of 256.4 mg/g. 
The adsorption data were also well matched for the kinetic equation pseudo-secondary. Tien et al. 
showed that RHA/SiO2/GO removes Ni2+ ions from the water solution as a highly efficient adsor-
bent. About 335,016 m2/g was measured in the high specific surface area of RHA-SiO2/GO. The 
density functional theory approach is used to measure the pore size distribution. There was a total 
pore volume of 0.747 cm3/g measured [40].

RHs were sonicated, rinsed, and cleaned with distilled water to remove undesirable impurities. 
RH was then dried for 24 hours at 65°C. The dried RH was mechanically crushed into powder 
using a commercial blender machine and sieved using a laboratory test sieve of 20-m ferrocene, and 
Fe(C5H5)2,  as a catalyst, was dissolved in ethanol and sonicated at room temperature for 20 minutes 
[41]. An amount of 120-mg dried RH powder and 80-mg Fe(C5H5)2 solution were combined and 
applied to a 2.5 cm × 2.5 cm aluminum sheet as a substrate. After that, a 40 mm (D) × 10 mm hand-
made metal casing was applied to the aluminum sheet (H) [41].

Brown-RH is used to make graphene nanosheets (GNs), and their electrochemical energy-stor-
age performance is investigated regarding its use as an electrode material. Despite its simplic-
ity, the production approach yields crystalline ultrathin GNs with a low defect density, and this is 
most likely because of the optimization of each fabrication stage. The GNs have a crumpled-silk-
veil-wave- and sheet-like structure with a large surface area and porosity. With edges and several 
folded regions, the GNs had a crumpled-silk-veil-wave- and sheet-like structure. In an aqueous 1-M 
Na2SO4 electrolyte, the performance of ultrathin GN electrode’s electrochemical supercapacitors 
was investigated [41, 42].

The nanosheets of graphene show an ultrathin crumpled, silk-veil-like structure, with a B1225-m2 
high surface area and high porosity. The electrode GNs exhibit a specified capacity of 115 F/g in  
0.5 mA/cm2 with a power density of 36.8 W h/kg, with an optimum cyclic stability of 88% over 
2000 cycles, at a power density of 323 W/kg [43]. Its synergistic effects, the enhanced ion diffusion, 
and the better electric conductivity of the inherently large electrical surface area showed the positive 
electric energy storage performance of the biomaterial formed from the GNs electric electrode [44].

RH has a high silica content (20 wt%) and is found as waste in rice milling. Silica is a graphene 
contaminant and must be removed before conversion, and an alkaline solution is required before 
treatment [45]. The product is a smoother carbohydrate, appropriate for creating pristine graphene, 
which is utilized to extract amorphous carbon from RH [36]. The KOH promotes carbon porosity, 
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which makes it easier to remove contaminants. The amount of KOH affects the morphology of the 
graphene, because KOH opens the structure of the carbon, and it increases the particular graphene 
surface area [46].

Nanosilica precursors could make sophisticated materials include carbon/silica composites, pho-
tocatalysts, hydrogen production, and CO2 capture materials, and metal ion removal adsorbents in 
the future [47]. Various ways can make nanosilica with a porous RH composition. Halim et al. [48] 
investigated the synthesis of sodium hydroxide–dissolved xerogels using RH as a raw material [48]. 
Thermal methods include the use of furnace muffles, fixed bed furnace, the reactor of fluidized 
bed, and other thermal methods comprising sloping step-grate oven, and cyclone oven [49]. The 
thermal technology has a lot of drawbacks: it takes much time to react, produces hot spots, and lacks 
free flow of air. Nanosilica is obtained via an electric/muffle furnace from agricultural waste in a 
laboratory size. The downside is delayed reaction time and reduced output rate while employing 
this technique. The best HR nanosilica extraction was examined by Patil et al. [50] using thermal 
treatment at different temperatures with electric ovens for 6 hours at 700°C. Amorphous silica RH 
succeeded for 4 hours in an electronic laboratory muffle furnace at 600°C in a rubber, stainless steel 
reactor [50]. The electric furnace can boost, in particular, the purity of silica ingredients derived 
from burning.

Narayanan [51] has described a reduced GO nanocomposite production of new RHA and the 
catalytic use thereof in the reaction of Biginelli. An RHA and GO mixture was utilized to gener-
ate a homogeneous composite in a hydrothermal way. In addition, the spectrum tests X-ray dif-
fraction (XRD) and Fourier transform infrared spectroscopy (FTIR) showed that nanocomposites 
have partially reduced GO while being treated. X-ray photoelectron spectroscopy analysis shows 
the connection between silica particles of the RH and graphene sheets by Si–O–C bonding. RH 
was scrubbed with mud and other contaminants multiple times. Then it was dried and calcined for 
3 hours at 650°C to get RHA under sunshine. An amount of 2.5 g of RHA was added to 250 ml of 
distilled water at 1300 rpm and heated to 80°C to synthesize 10% of GO-loaded RHA. Then a drop 
of GO dispersion was added (0.25-g GrO in 500-ml water) and agitated by 5 hours. The material is 
next transferred to an autoclave and stored for the day at 120°C. The RHA-G nanocomposite had 
been filtered and deionized water washed many times. The material was dried and treated with heat 
at 200°C for 3 hours. The RHA-G10 is the nanocomposite. The same approach was taken for RHA-
G5 and RHA-G15 synthesis, where 5 and 15 denote the GO to RHA weight [51].

Mishra et al. [52] examined silicon purification by reducing RHA calcium. The RHA was blended 
in stoichiometric measurements at 500°C and calcium completely. The temperature of the mixture 
was then lowered to 720°C. The lower product was leached to 99.9% silicone with HNO3 and HF. 
Several sequential acids (HF, H2SO4, and HCl mixes) leaching therapies followed for obtaining sili-
cone purity (99.999%) by decreasing RHA and magnesium at a temperature of 800°C. MgO, Mg2Si, 
and unreacted Mg can be removed as by-products using acid therapy.

Larbi [53] showed that a maximum silicon yield could be attained by using an RHA pellet with  
5 wt% of Mg content above the stoichiometric requirements and 900°C heating under flow-
ing argon. Magnesiothermal reactions have also produced silicon nanocrystals. The reduction 
of SiO2 to Si has been quite popular since magnesiothermic reduction has allowed the three-
dimensional Si replicas to be formed with the parent SiO2 diatom [54]. The synthesis of silicone/
carbon (SiO2/C) composites and the SiC materials, which are of considerable use in the appli-
cations of lithium-ion batteries (LIBs) or non-metallic oxide ceramics, has been often employed 
to decrease magnesiothermically different types of silica/carbon (SiO2/C) [55]. In magnesiother-
mic reduction SiO2 and Mg2Si were assumed to be intermediate Si [56]. Based on these facts, Si’s 
kinetic product can be generated when the transformation is completed from SiO2 to Si before 
the intermediate silicone reaches carbon. That means that the spread of Si to carbon is not suf-
ficiently prompt, so Si can be produced. Shen et al. [57] presented an integrated MA technique 
for manufacturing RH nano-Si. Thermal decomposition and magnesiothermic reduction to cre-
ate nano-SiO2 have initially turned RH into nano-SiO2. There are diverse advances to this novel  
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method: (1) the recuperated silicone inherits the unique and intrinsic nanostructure of the RH silica 
to provide outstanding battery performance through pulverizing reduction; (2) the RH is an abun-
dant and durable source of silica; (3) it is easier, energy-efficient, and easier to scale up the entire 
process; and (4) it does not use expensive pre-silica and reagents. This green procedure uses only 
HCl after electrolysis and transforms it into Cl2. In addition, silicone nanoparticles generated 
from RH silica were produced by Wong et al. [58] by the magnesiothermic reduction method. The 
anode of Si-graphene as an anode material for LIBs was subsequently exploited to manufacture 
a binder-free Si-graphene composite. The initial capacity of 1000 mA h/g with a high current 
density of 1000 mA/g was obtained using Si-graphene composite.

We prepared nano-silica from RH in our labs in 2017 [59]. In the experiment, we collected 
RHs from Egyptian farms. El Nasr pharmaceuticals Abu Zaabal, Egypt, was supplied with 34% of 
hydrochloric acid. A 150-W grinding stainless steel bladder grinder first repeatedly ground the RH, 
then refluxed with a hydrochloric acid solution (17%) with a 1:10 w/v ratio during a 1-hour time. 
Afterward, the treated RHs were filtered with distilled water, washed multiple times, and dried 
overnight. The dried RHs were subsequently calcinated for 2 hours at 650°C and suddenly cooled. 
The use of the PHILIPS® MPD X’PERT diffractometer with the geometry of Bragg-Brentano 
analyzed the resulting white silica powder by employing JOEL JSM-6510 LA energy distribution 
technology and XRD technique. The X-ray tube was operated at 40 kV and 30 mA, the angle of  
divergence slit was fixed at 0.5°C, the receiving slit was at 0.1°, and the step scan size 0.03, and the 
time of scan was 2 seconds. Adsorption-desorption isotherm from purified N2, at 77 K, was carried 
out using Nova 2000, Quanta Chrome (commercial BET unit) to eliminate any moisture adsorbed 
on silica surfaces and pores at a residual pressure of 10−5 Torr at 150°C overnight. The Barrett-
Joyner-Halenda (BJH) method was used in the calculation of the distribution of the pores [59]. An 
exterior RH silica morphology has been seen using an FEI Quanta 250 FEG scanning electron 
microscope, while a JEOL JEM-1230 microscope was used for testing its particle’s form and size 
using transmission electron microscopy (TEM) (Figure 6.3a and b).

6.5  CONCLUSION

Agriculture debris is a worldwide concern, and regulations have been developed to recycle agricul-
tural waste. Rice growing is worldwide and is one of the principal sources of food, in particular, 
in Asia. Rice consumption increases dramatically every year, and it has also increased agricultural 
waste by meeting these demands. The debris produced is mostly RH; because of their high calorific 
value, RH has been proving a significant role as a fuel. Graphene and its variants are new materi-
als that still have to peak in the realm of technology. Although there has been much debate over 
this structure, challenges remain to be addressed to achieve the aim of materials, which is readily 

FIGURE 6.3  (a) SEM and (b) TEM of the silica from rice husk.
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available. Graphene technology is restricted to the manufacturing of graphene. Thus, even though 
graphite is manufactured from inexpensive and plentifully available materials, graphite production 
is expensive.

In future applications, we can use RH silica, such as surface-functional mesoporous silica, 
hybrid mesoporous silica development, fluorescent silica synthesis, CNTs, mesoporous silica, and 
silica-supported nanoparticles.
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7.1  INTRODUCTION

Carbon is a unique and omnipresent material present in nature. It is a non-metallic tetravalent ele-
ment capable of forming complicated networks, which is the basis of existence of life. Carbon and its 
allotropes in zero-dimension (fullerene), one-dimension (nanotubes), two-dimensional (graphene), 
and three-dimension (diamond and graphite) exhibit different chemical, physical, and electronic 
properties due to the way carbon atoms are attached to one another (Katsnelson 2007). Graphite is 
one of the oldest known pure forms of carbon. Graphite poses a hexagonal layered structure consist-
ing of six carbons attached in the form of a ring (Reich and Thomsen 2004), and Figure 7.1 depicts 
graphene’s layered structure.

A group of physicists from Manchester University led by Andre Geim and Kostya Novoselov 
paved the way to the discovery of graphene in 2004 from graphite (Novoselov et al. 2005). Graphene, 
a wonder material of 21st century, possesses massive strength, high electrical conductivity, transpar-
ency, and flexibility (Edwards and Coleman 2013). This innate ability of graphene makes them a 
suitable material in the bio-medicine field, optical-based device, water treatment applications, fuel 

7

https://doi.org/10.1201/9781003169741-7


84 Graphene from Natural Sources

cells, super capacitors, batteries, etc. (Raghavan et al. 2017). This includes applications in the field 
of bio-medicine, optical-based device, water treatment applications, fuel cells, super capacitors, 
batteries, etc. (Raghavan et al. 2017). Graphene contains carbon atoms with sp2 hybridization 
arranged in a hexagonal honeycomb lattice with p-orbitals above and below the plane of the 
sheet which are partially filled (Edwards and Coleman 2013). Graphene can be monoatomic or 
single-layered (one graphitic layer), bilayer (two graphitic layer), tri-layer (three graphitic layer), 
few-layer graphene (more than 5 layer up to 10 graphitic layer), multilayered graphene or thick 
graphene or nanocrystalline thin graphite (20–30 layers of graphene) (Bhuyan et al. 2016) as 
shown in Figure 7.2. There is zero bandgap between the conduction band and the valance band in 

FIGURE 7.1  Hexagonal layered structure of graphene. (Reprinted with permission from Sun et al. (2011). 
Copyright (2011) American Chemical Society.)

FIGURE 7.2  Different structures of graphene. For more information refer “Graphene chemistry: synthesis 
and manipulation” (Sun et al. 2011). (Reprinted with permission from Sun et al. (2011). Copyright (2011) 
American Chemical Society.)



85Synthesis of Graphene from Vegetable Waste

monolayer graphene due to the half-filled p-orbitals, which permits the free electrons. The adja-
cent graphene layers in layered graphene have weak van der Waals interactions due the p bonds 
present between them (Yang et al. 2018).

In the late 1970s, thin graphite layers were synthesized by the precipitation of carbon on the 
transition metal surface (Bhuyan et al. 2016). Graphene was first synthesized in 2004 using a recog-
nized method known as micromechanical cleavage by Novoselov et al. (2005). Using this mechani-
cal exfoliation method, they extracted single-layer graphene flakes. A scotch tape or adhesive tape 
was used to exfoliate the graphite using micromechanical cleavage technique. The graphite layers 
were cleaved using this adhesive tape, and thus, graphene was obtained. Micromechanical cleavage 
is a top-down method. The repeated cleavage of graphite using this method produces monolayer, 
bilayer, and few-layer graphene (Edwards and Coleman 2013; Novoselov et al. 2005). Graphene is 
the thinnest and toughest material ever created. The interlayer spacing of graphene with different 
layers varies such as the interlayer spacing for turbostratic graphene (few-layer graphene with no 
discernible stacking order) is larger than 0.342 nm, whereas crystalline graphene has an interlayer 
spacing of 0.335 nm (Edwards and Coleman 2013). Since graphene has a hexagonal lattice, if we are 
considering a monolayer graphene then it will be having an armchair or zigzag-shaped edges. Due 
to this different edge shapes, it will have different magnetic and electronic properties. Along with 
appreciable electrical and thermal properties, it possesses antibacterial properties (Arvidsson et al. 
2018). Graphene also has an unusual quantum hall effect (Dong and Chen 2010). Various significant 
properties of graphene are recorded in Table 7.1.

As earlier mentioned, the remarkable mechanical properties of graphene arise from the stabil-
ity of sp2 bonds found in the graphene. Due to this stability of sp2 bonds, graphene can oppose dif-
ferent types of in-plane deformations. It has a young modulus ~1 TPa. The 2p orbitals which form  
the ℼ state bands make graphene extremely stiff (Papageorgiou et al. 2017). Since the single-layer 
graphene is a zero-gap semiconductor or a semimetal, it poses high electrical conductivity and 
very high electron mobility of around 15,000 cm2/(V s) at room temperature. Due to these prop-
erties, graphene is used in nanoelectronics such as ballistic field effect transistor due to its large 
mean-free paths of charge carriers (Dong and Chen 2010). Moreover, the theoretical capacitance 
of single-layer graphene is ∼21 µF/cm2, and the corresponding specific capacitance is ∼550 F/g 
(Ke and Wang 2016). The electrochemical surface area of the film of bilayer graphene flakes was 
significantly higher than that of the film of trilayer graphene flakes. The basic capacitance of the 
bilayer graphene film (373 F/g) was around 1.5 times higher than that of the trilayer graphene 
film (238 F/g) (Mir et al. 2019). Graphene as electrodes show specific energy density of 116 W h/kg 
while lithiation process, making it a potential candidate to be used as an electrode material in 
lithium batteries (Wang et al. 2009). The basic capacitance of graphene materials as electrodes 
for electrochemical double-layer capacitors (EDLCs) has been stated to be 135 F/g  in aqueous 
KOH electrolyte and 117 F/g  in aqueous H2SO4 electrolytes (Yan et al. 2010). The electrochemi-
cal response for different layers of graphene is different. Even though graphene is considered as a 
nontoxic material like carbon, under certain conditions, it behaves as a toxic or as a risk material 
(Randviir et al. 2014).

TABLE 7.1
Properties of Graphene

Properties Value Reference

Electron mobility 15,000 cm2/(V s) Dong and Chen (2010)

Optical transmittance ~97.7% Bhuyan et al. (2016)

Thermal conductivity ~5000 W/(m k) Edwards and Coleman (2013)

Young’s modulus ~1 TPa Edwards and Coleman (2013)

Surface area 2630 m2/g Bhuyan et al. (2016)
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7.2  CONVENTIONAL GRAPHENE SYNTHESIS METHODS

Fabricating or extracting graphene of desired size, shape, and purity relies on its synthesis route 
(Bhuyan et al. 2016). Conventionally, graphene can be fabricated by two techniques: top-down and 
bottom-up. In top-down method, stacked-layered graphite is broken down to form a single graphene 
sheet, whereas in bottom-up method, graphene is synthesized from alternate carbon containing 
sources (Edwards and Coleman 2013).

7.2.1 T op-Down Method

The desired materials which are in the bulk form are broken down into nano-sized particles in the 
top-down method. There are serious restrictions in this method due to the surface imperfections in 
the product (Yadi et al. 2018). Some of the top-down approaches are given below.

7.2.1.1  Mechanical Exfoliation
It is referred as the first recognized method for the synthesis of graphene. Since graphite is layered 
structure of monolayered graphene, which are stacked together by van der Waals forces, it can 
be synthesized by applying force. Since the interlayer distance of graphene is 0.34 nm and the 
interlayer bond energy is 2 eV/nm2, an external force of ~300 nN/µm2 is needed for mechanical 
cleavage. Graphene sheets of different thickness can be synthesized by this method. For exfolia-
tion, different agents can be used such as scotch tape, ultrasonication, electric field, etc. (Bhuyan 
et al. 2016).

7.2.1.2  ARC Discharge
It is a traditional method for synthesis of fullerene and carbon nanotubes (CNT), which is an 
extremely reliable method for graphene synthesis too (Lee et al. 2019). Synthesis of graphene from 
graphite electrode through arc discharge is similar to that of synthesis of carbon nanotube. The 
produced graphene looks like a black powder since it consists of nanoflakes and nanosheets. For 
pure graphene, arc discharge is usually performed at high pressures of hydrogen + helium. Unlike 
other methods, this method does not require substrate or catalyst. The arc discharge method can 
also be used to make doped graphene by incorporating nitrogen and boron-containing gases into 
discharge atmospheres alongside hydrogen or by using ammonia or boron-stuffed graphite elec-
trodes (Jariwala et al. 2011).

7.2.1.3  Chemical Exfoliation
In this method, graphene exfoliation from graphitic layers takes place by adding solvents directly 
or by oxidation process; the oxygen-containing group increases the separation between the graphite 
layers, lowering the van der Waals forces between the layers. Reducing solvents such as hydrazine 
hydrate, N-methyl-2-pyrrolidone, methanesulfonic acid and ionic solvents are used to exfoliate gra-
phene from graphite (Farjadian et al. 2020).

7.2.1.4  Unzipping CNT Method
Multi-walled CNTs (MWCNT) consist of multiple rolled layers (concentric tubes) of graphene. 
Unzipping is a technique that cut MWCNT crossway to form graphene (Rangel et al. 2009). The 
procedure is divided into two chemical steps: the initial of which includes multistage oxidation 
to unzip the CNT. Following that, a reduction step is conducted in order to obtain the final gra-
phene nanosheets (GNS). During the oxidation process, the oxidant substance was optimized and 
adjusted with a longer curing period. The purpose of this modification is to reduce the oxygen-func-
tional groups at the edges of graphene basal planes, reducing the material’s electrical conductivity 
(Al-Tamimi et al. 2018). Cooper et al. (2012) immersed MWCNT in sulfuric acid and then treated 
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with KMnO4 to cut it longitudinally. The oxidized graphene nanoribbons were subsequently reduced 
by chemical processes. Due to the existence of the oxygen defect sites, the fabricated nanoribbons 
have poorer electronic properties (Cooper et al. 2012).

7.2.1.5  Electrochemical
A two-step process was used by Alanyalıoğlu et al. (2012) to synthesize graphene having thick-
ness near to monolayer graphene. This method consists of electrochemical intercalation of 
sodium dodecyl sulfate (SDS) into graphite and electrochemical exfoliation of the SDS inter-
calated graphite electrode using electric current as oxidizing and reducing agents (RAs). The 
electric potential for the electrochemical exfoliation has a significant impact on the produced 
graphene sheets. For the synthesis of monolayer graphene, a strong interaction potential is 
needed. This method has advantage that there will not be a restacking of the produced indi-
vidual graphene films due to the surfactant’s adsorption in the surface of the graphene films 
(Alanyalıoğlu et al. 2012).

7.2.2 B ottom-Up Method

The bottom-up technique is another alternative of obtaining graphene. Major kinds of bottom-
up methods are chemical vapor deposition (CVD), epitaxial method, and pyrolysis (Bhuyan 
et al. 2016).

7.2.2.1  Chemical Vapor Deposition
In this process, graphene is made by high-temperature pyrolysis of carbon-holding gases. This 
technique is commonly used to produce graphene films on transition metal substrates. This method 
is done through a surface catalyst or segregation method based on metal type. In the surface cata-
lyst method, the growth is found at the surface and mainly known as self-limiting to monolayer 
graphene and in the segregation method, the amount of graphene layers created depends on several 
facts such as the quantity of C dissolved and the degree of cooling (Edwards and Coleman 2013). 
The first method of graphene synthesis by CVD is done using camphor as a precursor material 
(Bhuyan et al. 2016). Latest milestone in the development of graphene by CVD method is the rep-
licability of great quality graphene on centimeter scale and efficient transition to several other sub-
strates (Choi et al. 2010).

7.2.2.2  Epitaxial Method
The most lauded method among the synthesis of graphene is the epitaxial method. Epitaxial 
growth is the process of depositing a single crystalline layer on a single crystalline substrate to 
generate an epitaxial film. It produces high-crystalline graphene on single-crystalline substrates. 
Based on the substrate, there are two types of epitaxial methods, heteroepitaxial method, and 
homoepitaxial method. When a film is deposited on a substrate of the similar type, it is defined as 
a homoepitaxial layer; if the film and substrate are made of dissimilar components, it is defined 
as a heteroepitaxial layer. Epitaxial graphene growth has been illustrated as a much more suit-
able strategy for the processing and wide scale making of graphene for electronic applications 
(Bhuyan et al. 2016).

7.2.2.3  Spray Pyrolysis
Spray pyrolysis is a technique for depositing thin films by spraying the precursor onto a heated 
surface where the chemicals react to form chemical compounds. Spray pyrolysis of a mixture of 
iron pentacarbonyl (Fe(CO)5) and pyridine(C5H5N), where carbon atoms from C5H5N are coated on 
iron nanoparticles that operate as a substrate, can yield greater quality GNS with a well-developed 
graphitic structure. The carbonyl and pyridine are mixed and pyrolyzed. The reactive solutions were 
fed into a quartz reactor from the upper part, while samples were collected constantly from the 
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lower part. After eliminating the Fe substrates, GNS with multiple graphitic layers can be formed 
(Zou et al. 2015). Figure 7.3 depicts a diagram of the conventional synthesis procedure.

Graphene can be synthesized using various sources containing carbon as precursors. The need 
for a carbon precursor which is eco-friendly and easily available leads to the investigation of vegeta-
ble waste as a carbon precursor. The next section deals with the discussion of synthesis of graphene 
using various vegetable wastes as precursors.

7.3  SYNTHESIS OF GRAPHENE FROM VEGETABLE WASTE AS A PRECURSOR

Nowadays, synthesizing graphene in an inexpensive way from sustainable and biomass-related 
sources is in arena. The need for preparing graphene from renewable natural material is to reduce 
the cost, the amount of toxic materials released during graphene synthesis when conventional meth-
ods are employed (Kumar et al. 2016). Graphene can be synthesized from vegetable waste such 
as sesame oil, coconut shell, castor oil, and Colocasia esculenta leaves. Hydrocarbon precursors 
produced naturally are cheap, easily available, and less expensive (Kumar et al. 2016). The main 
aim behind using plant-based precursors as a carbon source is due to its sustainable features. A few 
among them have been exploited for graphene synthesis as shown in Figure 7.4. These plant-based 
precursors are having cheap raw materials, and they are renewable (Azmina et al. 2012).

7.3.1  Synthesis of GNS and Rectangular Aligned CNTs (RA-CNTs) Using Sesame Oil

GNS and RA-CNTs were synthesized using sesame oil as a carbon source by Kumar et al. (2014). 
Sesame oil is derived from sesame seeds which is used as an edible vegetable oil (Kumar et al. 2014). 
GNS and RA-CNTs were synthesized by spray pyrolysis method assisted by CVD. The experimen-
tal set up consists of a precursor containing a mixture of ferrocene in sesame oil at a concentration of 
20 mg/ml. There was a quartz tube containing Si/SiO2 substrate placed inside the reaction furnace. 
The whole experimental set up was conducted at a temperature range of 750°C–850°C. The deposi-
tion of RA-CNTs and GNSs takes place at the Si/SiO2 substrate after a time period of 20 minutes on 
cooling. The temperature gradient plays an important role in determining whether the synthesized 

FIGURE 7.3  Flowchart depicting conventional synthesis method.
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material is RA-CNTs or graphene. Using sesame oil as a precursor helps in production of a high 
yield better quality of CNTs bundles (Kumar et al. 2014). The X-ray diffraction (XRD) indicated 
that the interlayer separation for both GNSs and RA-CNTs are almost similar, which is in a range 
of 0.35 nm. The results of the Raman spectrum done at 800°C by Kumar et al. (2014) indicated that 
both GNSs and RA-CNTs had fewer plane defects. Also, the results showed that both RA-CNTs and 
GNSs synthesized using sesame oil have well crystalline structure. The Fourier-transform infrared 
spectroscopy (FTIR) data revealed absence of oxygen containing functional group in GNSs. Also, 
RA-CNTs have both carboxyl C–O and aromatic C=C stretching vibrations. Thermogravimetric 
analysis results showed that a significant weight loss of ~20 wt% was observed at 750°C and 850°C 
and above 350°C for RA-CNTs due to amorphous carbon oxidation. Amorphous carbon was devel-
oped along with RA-CNTs. Also, the results indicated that GNSs has less thermal stability than that 
of RA-CNTs (Kumar et al. 2014).

7.3.2  Synthesis of Porous GNS (PGNS) Using Coconut Shell

PGNS can be synthesized using coconut shells as a carbon precursor through SAG (simultaneous 
activation-graphitization) route as done by Sun et al. (2013). In this method, FeCl3, ZnCl3, and coco-
nut shell were used to synthesis PGNS. An amount of 9 g of ZnCl3 and 3 g of coconut shell were 
mixed in 50 ml of 3 M ferric tri-chloride (FeCl3) solution. The carbon precursor was obtained from 
this mixture by heating under 100°C in a standard oven. In this process, FeCl3 was used as a catalyst 
that can form carbides on reacting with carbon atoms. Graphene was formed by the decomposition 
of these carbides (Xia et al. 2018). The XRD analysis of the sample done by Sun et al. (2013) showed 
that the resultant PGNS has a high crystallinity. The results of Raman spectroscopy showed that IG/
ID value was 3.98 (relative intensity between the G-band and D-band) which suggests that PGNS 
have a high graphitization degree. The spectrum of PGNS obtained in X-ray photoelectron spec-
troscopy analysis showed no trace of impurities in PGNS (Sun et al. 2013). PGNSs are used to make 
supercapacitors because of their superior capacitive properties as mentioned by Sun et al. (2013). 

FIGURE 7.4  Depiction of various vegetable wastes explored for graphene synthesis.



90 Graphene from Natural Sources

Surface area (187 m2/g) of PGNS materials was appropriate for the electrolyte penetration and ion 
diffusion. This provides an extraordinary capability for ion transport within electrode materials 
made of PGNSs. Also, PGNs show a specific capacitance of 268 F/g at 1 Ag−1. These properties 
make PGNSs appropriate for making supercapacitors (Sun et al. 2013).

7.3.3  Synthesis of CNTs and Graphite Nanofibers (GNFs) Using Castor Oil

CNTs and GNFs were prepared using castor oil by Awasthi et al. (2011). CNTs were prepared using 
spray pyrolysis method and GNFs were prepared using Catalytic thermal decomposition by using 
hydrocarbon gas like C2H2. CNT-based nanocomposites are becoming more common viable substi-
tute to traditional smart devices materials due to their greater sensitivity and sound good conductive 
peculiarities. Graphitic nanophase (crystallite size 3.6 nm) and nickel were confirmed by XRD 
analysis. The GNFs recorded d-spacing was ca. 0.342 nm, similar to that of ideal graphite d value 
of 0.335 nm. Internal structure analysis reveals the planar GNFs are obtained at 600°C and helical 
GNFs at 700°C. Brunauer-Emmett-Teller analysis study reveals GNFs carry large surface area (207 
m2/g). At room temperature conductivity is observed as 1.05 × 10−7 S/cm (Awasthi et al. 2011).

The demerits of using chemical RAs can be overcome by using green RAs. The plant extracts 
which are rich in amino acids, polysaccharides, alkaloids, vitamins, proteins, enzymes, etc. can 
effectively reduce graphene oxide (Rai et al. 2020).

7.3.4  Synthesis of Graphene from Colocasia Esculenta Leaves

Mohan and Balachandran (2020) were successfully able to synthesis graphene from C. escu-
lenta. They synthesized graphene using modified Hummer’s method. SnCl2·2H2O was used as 
a precursor for tin oxide. During the XRD analysis, they observed broad peaks which stipulate 
the smaller size of crystalline nanomaterial formed. The FTIR analysis proved the presence 
of oxygen rich surface states in the nanomaterial synthesized. Raman spectra analysis showed 
the existence of defect filled sp2 carbon which elevates the properties of graphenic carbon. The 
synthesized graphene had high antibacterial potential. The tin oxide increases the surface-to-
volume ratio which helps nanoparticle to resist the degradation. The reactive oxygen species 
generation can be activated by SnO2 with release of metal ions and piercing through cell mem-
brane to the death of cell. The synthesized graphene had a robust bactericidal potential over 
natural illumination. The minimum inhibitory concentration value of synthesized graphene was 
recorded as 125 μg/ml, which is reminiscent to the antibiotic drug cephalexin. From the antibac-
terial analysis, the synthesized graphene is effective in annihilating Pseudomonas aeruginosa 
(Mohan and Balachandran 2020).

The use of plant extracts as an RA for the production of graphene by reducing GO (graphite 
oxide) produces graphene that is rich in carbon content. Also, using plant extract as RA would 
reduce toxicity which arises when chemicals like hydrazine etc. are used (Ismail 2019).

7.4 � VEGETABLE WASTE AS A REDUCING AGENT (RA) 
FOR THE PRODUCTION OF GRAPHENE

Vegetable waste from carrot, tomato, onion, spinach, Chenopodium album, and lady’s finger can be 
used as an RA to synthesis graphene by reducing GO.

Carrot: Graphene can be synthesized in a bulk amount using reduced graphene oxide (RGO). 
The processing is done in order to reduce the oxygen content in GO, so that it can be used to pro-
duce graphene more economically. Vegetable waste such as carrot extract can be used to reduce 
GO. GO is usually prepared using Hummer’s method. Carrot extracts are prepared to reduce the 
GO. RGO can be used to synthesize graphene easily by a less expensive method. The complete 
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reduction of GO to RGO was affirmed by the analysis of UV-visible spectra of GO and carrot 
extract RGO (Ct-RGO) done by Vusa et al. (2014).The value of max from 230 nm (at t = 0 min) 
to 270 nm (at t = 60 min) confirmed the change of GO to graphene. The Raman spectroscopy 
analysis showed that the ID/IG ratio of Ct-RGO (1.198) was higher than the ID/IG ratio of GO 
(0.979). The higher value of ID/IG ratio of Ct-RGO was due to the formation of unpaired defects 
as a result of eliminating oxygen functionalities and due to sp2 network restoration. The Ct-RGO 
synthesized by Vusa et al. (2014) was considered to be a bio-compatible product and scientists are 
trying to find different fields like biosensors, drug delivery, and bio-composites where this can be 
effectively used (Vusa et al. 2014).

Tomato: GO prepared by Hummer’s method was used to synthesize graphene using tomato 
juice by Almaadeed and Patan (2017). GO is dissolved in a solvent (deionized water or distilled 
water). The RA that is used to reduce the suspension was tomato juice. The XRD analysis done 
by Almaadeed and Patan (2017) shows that in the case of GO, the XRD spectra showed a peak at 
10.82°. After the addition of tomato juice, the peak at 10.82° vanished, but broad peak appeared 
around 22°–24°, indicating the presence of few-layers graphene. The Raman spectrum of graphene 
done by Almaadeed and Patan (2017) had both G and D bands at 1578 cm−1 and 1348.3 cm−1. In 
addition to this, at 2700 cm−1, a new band also appeared which is referred to as the 2D band. The 
I2D/IG less than 1 intensity ratio of graphene prepared by Almaadeed and Patan (2017) using tomato 
juice indicated that it’s a few layers graphene (Almaadeed and Patan 2017).

Onion: In order to synthesis graphene from GO, onion (Allium cepa) extracts were used as an 
RA by Khanam and Hasan (2019). GO was prepared by modified Hummer’s method. The charac-
teristic studies of the graphene done using XRD indicated that GO showed a peak at 10.82°, and in 
the case of graphene, there was no peak at 10.82° (Khanam and Hasan 2019). This confirmed the 
complete reduction of GO to graphene. The Raman spectroscopy analysis of graphene confirmed 
that the G bands which occurs due to the scattering of E2g phonons of sp2 atoms appears at 1585 cm−1 
and the D band appear at 1355 cm−1 (Khanam and Hasan 2019). The new peak at 2700 cm−1 of the 
graphene spectrum indicated the 2D band. The I2D/IG was found to be less than 1, which indicated 
the multilayered structure of graphene (Khanam and Hasan 2019).

Spinach: Due to the exciting properties, synthesis of graphene has become one among the break-
throughs during recent years. Spinach, a leafy vegetable belonging to Amaranthus family, was 
used to synthesize graphene by Suresh et al. (2015). GO was prepared using hummers method. The 
graphite powder diffraction peak appeared at 26°, which leads to interlayer distance of 0.33 nm. 
Due to the (0 0 2) plane, the diffraction peak of GO was recorded at 10°, with an interlayer distance 
of 0.76 nm. Then the produced GO was reduced by the introduction of spinach extract. Diffraction 
peak shifted from 10° to 26° due to formation of RGO from GO. The absorption peak of GO was 
obtained at 225 nm caused by π-π* transition of aromatic C=C bond which shifted to 282 nm after 
reduction, when analyzed using UV-visible spectroscopy (Suresh et al. 2015).

Chenopodium album: C. album is commonly well-known as “bathua”. It is a green leaf with 
short life span because of its high moisture content. C. album contains high-grade vitamins, pro-
teins, nutrients, and antioxidants. Umar et al. (2020) has shown that C. album can be utilized as 
an excellent reducing and stabilizing agent while preparing reduced graphene. The UV spectros-
copy showed the absorbance peak at 263 nm. Conversion of GO to RGO is done by vitamin C and 
supplementary antioxidants existing in the C. album. In XRD analysis, a diffused peak band 2θ = 
22.50° is observed. In FTIR analysis, a peak at 1570 cm−1 because of the elongation of C=C and a 
broad peak at 1730 cm−1 because of the C-C stretching was exhibited. The reduced graphene formed 
have antibacterial (Gram-positive and Gram-negative) and antibiofilm characteristics. Synthesized 
graphene has also showed anti-breast cancer activity (Umar et al. 2020).

Lady’s finger: Abelmoschus esculentus (lady’s finger) vegetable extract was employed as both 
a reducing and stabilizing agent for GO. The Abelmoschus extract was prepared by boiling 100 ml 
of deuterium-depleted water (DDW) and 20.0 g of lady’s finger. The characterization studies were 
done using UV-visible spectroscopy, where the RGO formation was affirmed by the absorption 
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peak at 263 nm. Also, the vanishing hump in the UV-visible absorption spectra near 298 nm also 
confirmed the formation of RGO (Gnanaprakasam and Selvaraju 2014).

As evident from the literature mentioned in Sections 7.3 and 7.4, vegetable waste classified based 
on its use as a precursor or as a reducing agent is depicted in Figure 7.5.

7.5  CONCLUSION

Graphene is evolving into extremely proficient nanomaterials because of its extraordinary proper-
ties. It’s a good conductor of heat and electricity, mechanically strong, and optically transparent. Yet 
graphene can be synthesized using many ways, the synthesis of graphene using natural precursors 
have lot more advantages. Graphene synthesized using vegetable waste is eco-friendly and cost 
effective. Natural carbon precursors such as vegetable waste are easily available. Recent literature 
reports suggest that vegetables such as sesame oil, coconut shells, castor oil, and C. esculenta leaves 
are the sources from which graphene had been easily synthesized. Also, some vegetables such as 
carrot, tomato, onion, spinach, C. album and lady’s finger stood promising as an RA for graphene 
synthesis. In the case of GNFs prepared using castor oil, the GNFs recorded interplanar spacing 
ca. 0.342 nm, similar to that of ideal graphite interplanar spacing of 0.335 nm (Awasthi et al. 2011). 
XRD analysis of the graphene sample prepared using coconut shell by Sun et al. (2013) showed that 
the resultant PGNS had high crystallinity. The results of Raman spectroscopy showed that IG/ID 
value of graphene synthesized using coconut shell was 3.98 which suggests that PGNS synthesized 
using coconut shell have a high graphitization degree (Sun et al. 2013). Even though the research 
in this field is in infancy, graphene made out of natural precursors have the potential to overcome 
the existing barrier of expensive production cost and can also be used in electronic devices such as 
super capacitors and others effectively.
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8.1  INTRODUCTION

Graphene, a two-dimensional carbon framework, has presented good potential in different usages 
because of its special construction and properties (Geim, 2009; Geim and Novoselov, 2010). 
Graphene has been generated using a variety of methods, the most common of which are mechan-
ical or ultrasonic exfoliation (Hernandez et al., 2008), epitaxial growth (Sutter et al., 2008), elec-
tric arc discharge (Sun et al., 2010), chemical intercalation (Malik et al., 2010), and thermal/
chemical reduction of graphene oxide (GO) (Hong et al., 2013; Hu et al., 2013; Mao et al., 2012). 
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Among the above procedures, the chemical reduction of GO is known as a flexible and cost-
effective process for producing graphene in large amounts. Unfortunately, a significant number 
of commonly used reduction factors, including hydrazine hydrate (HH) and sodium borohydride 
(Shin et al., 2009), are poisonous and/or explosive (Stankovich et al., 2007). As a result, ongoing 
efforts have been focused on the production and expansion of environmentally friendly reduc-
ing agents for GO reduction. Benjamin Brodie discovered graphite oxide in 1859 (Galande et al., 
2014).

Graphite oxide comprises a few layers of graphene with oxygen-containing functional groups, 
including hydroxy, epoxy, and carboxylic acids. GO is a single graphene layer that results from 
complete exfoliation of graphite oxide (He et al., 1996). At first, GO was intensely examined as 
a precursor to large-scale graphene processing to produce a graphene-like substance known as 
reduced graphene oxide (rGO). The layered structure of graphite oxide is similar to that of graphite, 
but its interlayer gap is more and enables the atomic-thick structures to hydrophilize (Novoselov 
et al., 2004). The oxidation of graphite crystals produces GO, which is inexpensive and abundant 
(Stergiou et al., 2014). GO has a hexagonal carbon framework similar to graphene (Freudenberg and 
Neish, 1968). Apart from the easy synthesis process, these oxygenated groups have several benefits 
over graphene, such as higher solubility and the ability to surface functionalize, all of which have 
led to a slew of applications in nanocomposite materials (Smith et al., 2019). GO has two main 
aspects: (i) it could be formed through graphite by utilizing low-cost chemical processes with a 
good yield, and (ii) it is very hydrophilic and could make stable aqueous suspensions by easy and 
inexpensive methods (Ray, 2015).

Recently, researchers have found that GO, as a hot topic, has great features (Stankovich et al., 
2007). According to the need of various fields, it could be utilized as catalytic active centers for 
covalent/non-covalent modification design. Furthermore, the presence of oxygen-containing groups 
expands the GO interlayer gap. Small molecules or polymer intercalations may be used to function-
alize it. The functionalization of GO has made significant progress to date. It has been used in the 
fields of desalination, water treatment, drugs, oil-water isolation, solar panels, healthcare, etc. (Yu 
et al., 2020).

8.2  HISTORY OF GRAPHENE OXIDE

The residual carboxylic acid, epoxide, and hydroxide groups in GO obtained through oxidative 
exfoliation of graphite affect hydrophilicity and other structural and functional characteristics 
of the material. As a result, reducing these residual functional groups aids in the enhancement 
of different GO characteristics synthesized GO for the first time in 1859, several years before 
graphene was discovered (Geim, 2012; Shubha et al., 2017). He developed a technique for pro-
ducing graphite oxide. The technique was made by oxidizing and exfoliating graphite and finally 
produced a significant quantity of single-layer GO. Regretfully, no one had heard of graphene 
at the time. It was only more than a century and a half after “The rise of graphene (Geim and 
Novoselov, 2010)” the old invention resembled as a quick and inexpensive method of making 
the novel important and promising material. Brodie, Staudenmaier, and Hoffman have defined a 
method of preparing GO that requires specific acids (nitric and/or sulfur) and potassium chlorate 
(Dideikin and Vul, 2019). You can see a summary of the history and different methods of prepar-
ing GO in Figure 8.1.

8.3  PREPARATION/SYNTHESIS OF GRAPHENE OXIDE

Graphite, which is used to make GO, is made up of crystals or granules and may come from 
both natural and synthetic resources. The popular source is natural graphite, which is utilized in 
a wide variety of chemically modified usages (Pendolino and Armata, 2017). Carbon layers in 



97Graphene Oxide from Natural Products and Its Applications

FIGURE 8.1  Summary of the history and different methods of preparing graphene oxide (Sun, 2019). RT: 
Room temperature.
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multilayer GO are separated by functional groups bonded to each layer of carbon atoms. While 
graphene and GO are both two-dimensional carbon materials, their properties are significantly 
different. It does not absorb visible light, has very low electrical conductance in comparison 
with graphene, and shows notably greater chemical activity (Dideikin and Vul, 2019). Figure 8.2 
shows the two major stages involved in preparing GO. First, graphite powder is oxidized to make 
graphite oxide, which could be easily spread in a polar solvent such as water, due to the presence 
of hydroxyl and epoxide groups around the basal planes of graphite oxide, as well as carbonyl and 
carboxyl groups at the edges. Second, in various solvents, the bulk graphite oxide may be exfoli-
ated by sonication to form colloidal suspensions of monolayer, bilayer, or few-layer GO sheets 
(Wissler, 2006).

The selection of an appropriate oxidant to oxidize graphite is the key point in the preparation 
of GO. The production of GO can be classified into two categories: bottom-up methods in which 
simple carbon molecules are utilized to build pristine graphene and “top-down” procedures in 
which layers of graphene derivatives are extracted from a carbon source, commonly graphite (Chua 
and Pumera, 2014; Wang et al., 2013c). Dong introduced the most widely used approach in 2012, 
in which citric acid is used to acquire GO (Dong et al., 2012). Many other compounds, such as 
glucose (Shehab et al., 2017), mango leaves (Kumawat et al., 2017), limeade (Suvarnaphaet et al., 
2016), coffee grounds (Wang et al., 2016), or honey (Mahesh et al., 2016), have been proposed as 
potential GO precursors. The features of obtained GO will vary depending on the synthesis method 
and raw material used. Consequently, the choice of the method has to be compatible with the fea-
tures and application that are planned. For realizing graphene derivatives, top-down methods that 
first generate GO and/or rGO are more common, particularly for use in nanocomposite materials 
(Poniatowska et al., 2019). Most GO has been synthesized in recent years by chemical oxidation and 
exfoliation of pristine graphite using the Brodie, Staudenmaier, or Hummers methods, or variants 
of these procedures.

FIGURE 8.2  Preparation of graphene oxide (Yu et al., 2020).
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Brodie discovered that the oxidizing mixture (KClO4 + fuming HNO3) could only form GO 
with graphitizable carbons that have graphitic structure regions (Brodie, 1859). Researchers stated 
the formation of GO while graphite was heated with H2SO4, HNO3, and KClO4 (Staudenmaier, 
1898). Later, Hummers and Offeman developed a simple procedure for preparing GO by H2SO4 and 
KMnO4 (Hummers and Offeman, 1958). The above three methods and their preparation processes 
are depicted in Figure 8.1. Exfoliation is a crucial step in the production of GO, and it is normally 
done in a liquid solution using the ultrasonic process with various solvents (Cui et al., 2011; Paredes 
et al., 2008). The typical procedures involve exposure of graphite or graphite oxide powders to par-
ticular solvents and then exposing these solutions to sonication. Recently, other methods were also 
developed for simultaneously exfoliation and reduction of GO to obtain graphene nanosheets (GNs), 
such as thermal treatment (Cao et al., 2012), the chemical method (Zhang et al., 2010b), plasma 
(Cardinali et al., 2011), and microwave (Zhu et al., 2010).

8.4  GREEN SYNTHESIS OF GRAPHENE OXIDE

Chemically reducing GO is a common synthesis technique among the many available. Reductant 
agents including hydrazine or sodium borohydride are often used in chemical reduction (Ren 
et al., 2010; Shin et al., 2009; Stankovich et al., 2007). The use of the method is limited by 
its high prices, the toxicity of reducing agents (Wang et al., 2012), and the permanent accu-
mulation of GO. Different green synthesis procedures and bio-reduction processes, in which 
plant extracts or microorganisms serve as eco-friendly reductants, are being investigated to 
address these difficulties (Mhamane et al., 2011; Nasrollahzadeh et al., 2015; Salas et al., 2010). 
Microorganisms need aseptic conditions to develop, which makes their maintenance more dif-
ficult (Roy and Das, 2015). The utilization of herb extracts to reduce GO decreases the usage of 
harmful reductant chemicals, rendering the procedure both environmentally and economically 
friendly. As a slower reaction rate, they also aid in the regulation of crystal formation (Singh 
et al., 2010).

Various biodegradable substances, including chitosan, polyethylene oxide, and polyvinyl 
alcohol, can be used to modify the surface of GO. There are a lot of marginal hydrophilic 
groups in GO. Al-Marri et al. (2015) made a highly reduced graphene (HRG)-Ag nanocom-
posite (NP) with Pulicaria glutiinosa plant extract, which served as a reductant and a ligand 
for the binding of silver NPs to HRG layers (Al-Marri et al., 2015). Scientists have shown the 
bactericidal, antitumor, and fungicidal impacts of secondary metabolites isolated from various 
herbs toward different microbes, which allows one to continue exploring the biological poten-
tials of medicinal compounds for utilizing in the pharmacy industry. Citrus sinensis (orange 
peel) (Namasivayam et al., 1996), taro (Colocasia esculenta), and Ceylon ironwood (Mesua 
ferrea Linn) leaf extracts (Thakur and Karak, 2012), and grape extract (Upadhyay et al., 2015) 
are just a few examples.

Plant extracts are a good alternative to dangerous chemicals for reducing GO because of their 
local distribution, cost-effectiveness, and eco-friendliness. Although a variety of herbs had been 
utilized in the reduction procedure, their use is limited due to global unavailability and ineffective 
reduction capacity (Bhattacharya et al., 2017). Herb extracts could serve as reductant and capping 
factors. Iravani et al. examined some plant extracts for metal nanoparticles, including Pelargonium 
graveolens (Shankar et al., 2003), Azadirachta indica (Shankar et al., 2004), Tamarindus indica 
(Ankamwar et al., 2005), Cinnamomum zeylanicum Blume bark extract (Sathishkumar et al., 2009), 
etc., working on environmentally friendly ways to make metal nanoparticles and use them in elec-
trochemical sensing functions in continuous research interests (Emmanuel et al., 2014; Karuppiah 
et al., 2015; Li et al., 2012). Summary of process setting in GO reduction by plant extracts is shown 
in Table 8.1.
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TABLE 8.1
Summary of Process Setting in Graphene Oxide Reduction by Plant Extracts

No
Reducing 
Agent

Type of 
Extract Method Time

Temperature 
(°C)

GO 
Concentration Reference

1 Allium cepa Hydroalcoholic Stirring 6 h RT 50 mg/ml Khanam and Hasan 
(2019)

2 Allium sativum Hydroalcoholic Heated 3 h 100 5 mg Srivastava et al. 
(2014)

3 Aloe vera Ethanolic Refluxing 8 h 80 6 mmol Ramanathan et al. 
(2017)

4 Artemisia 
annua

Ethanolic Sonication 
and stirring

24 h 95 1 mg/ml Hou et al. (2018)

5 Artemisia 
vulgaris

Aqueous Refluxing 12 h 90 0.5 mg/ml Chettri et al. (2016)

6 Cinnamomum 
verum

Aqueous Refluxing 12 h 100 1 mg/ml Han et al. (2016)

7 Cinnamomum 
zeylanicum

Aqueous Refluxing 45 min RT 1.6 mg/ml Suresh et al. (2015b)

8 Colocasia 
esculenta

Aqueous Ultrasonic, 
stirring, and 
refluxing

– RT 0.5 mg/ml Thakur and Karak 
(2012)

9 Citrus sinensis Aqueous Ultrasonic, 
Stirring, 
and 
refluxing

– RT 0.5 mg/ml Thakur and Karak 
(2012)

10 Eucalyptus Aqueous Refluxing 8 h 80 0.5 mg/ml Jin et al. (2018)

11 Ginkgo biloba Aqueous Refluxing 12 h 95 0.5 mg/ml Lee and Kim (2014)

12 Hibiscus 
sabdariffa

Aqueous Stirring 1 h RT 0.4 mg/ml Chu et al. (2014)

13 Melissa 
officinalis

Aqueous Stirring 12 h RT 0.5 mg/ml Elif et al. (2017)

14 Mentha 
piperita

Ethanolic Stirring, 
refluxing

3 h 100 2.4mg/ml Khojasteh et al. 
(2019)

15 Mesua ferrea 
Linn.

Aqueous Ultrasonic, 
stirring, and 
refluxing

– RT 0.5 mg/ml Thakur and Karak 
(2012)

16 Ocimum 
sanctum L.

Aqueous Stirring 4 h 70 1 mg/ml Mahata et al. (2018)

17 Origanum 
vulgare

Ethanolic Refluxing 48 h 70 – Seyedi et al. (2018)

18 Picrasma 
quassioides

Aqueous Stirring 12 h 50 – Sreekanth et al. 
(2016)

19 Rosa 
damascena

Rose water Autoclave 5 h 95 7 mg/ml Haghighi and Tabrizi 
(2013)

20 Salvadora 
persica

Aqueous Refluxing 24 h 98 5 mg/ml Khan et al. (2015)

21 Syzygium 
aromaticum

Aqueous Refluxing 30 min 100 1.6 mg/ml Suresh et al. (2015a)

22 Tribulus 
terrestris

Ethanolic Stirring, 
refluxing

3 h 100 2.4 mg/ml Khojasteh et al. 
(2019)

Note: RT, room temperature.
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8.5  APPLICATIONS OF GRAPHENE OXIDE

GO is a good tool for graphene-based usages in electronics, optics, energy storage, and biology 
(Dideikin and Vul, 2019). Before GO can be used for fundamental applications, it is critical to fully 
comprehend the structure of GO, which is made up of C, O, and H atoms, particularly when con-
sidering some of the biosensing characteristics. Since GO is a graphene derivative, it has the same 
layer structure as graphene and holds an sp3 hybridized carbon atom. GO has a variety of structures 
and characteristics depending on the synthesis procedure and various forms of oxygen species in 
groups, including carbonyl, carboxyl, epoxy, hydroxy, and oxidation (Inagaki and Kang, 2014). 
Figure 8.3 depicts the most significant GO functions.

8.5.1 M embranes

Membrane technology is a rapidly developing field with a variety of applications, including 
desalination and water treatment. Based on the characteristics of the membrane and the species 
to be filtered, a membrane may allow the passage of some species while blocking the passage 
of others. Researchers have been developing this technology to create a more cost-effective and 
accurate membrane (Joshi et al., 2015). Graphene, generally, does not let anything pass through. 
GO is continuing to show its great membrane features and offers great potential for various 
usages (Joshi et al., 2015). GO has emerged as a great membrane material. Nair et al. (2012) 
demonstrated that the GO membrane allows unrestricted water permeation while blocking all 
else in the vapor form (Nair et al., 2012). The ease in forming atomically thin GO layers can be 
created in the form of a membrane, which gives it an advantage over other membranes in terms 
of practical applications.

FIGURE 8.3  Contemporary and prospective applications of graphene oxide.



102 Graphene from Natural Sources

8.5.2  Sensors for Biology

Electronic biosensors made of graphene have been designed to monitor saccharides (Huang et al., 
2010), proteins (Mao et al., 2010; Ohno et al., 2009, 2010; Yang and Gong, 2010), and DNAs in liv-
ing organisms (Choi et al., 2010; Dong et al., 2010). Chen and colleagues created a chemical vapor 
deposition (CVD)-grown graphene sensor that can discover glucose and glutamate (Huang et al., 
2010). The detection is carried out by functionalization by various enzymes. The process handled 
by enzymes makes free radicals, which are electron-withdrawing molecules. Therefore, the conduc-
tance of graphene layers will be enhanced (Liu et al., 2012).

8.5.3  Solar Cells

Widespread curiosity about energy supplies has sparked a boom in research into solar cells. The 
majority of today’s solar cells are made of silicon (Si), which has the benefits of a wide spectrum 
of solar radiation absorption, plentiful resources on Earth, and developed manufacturing methods. 
Different methods have been investigated to decrease the cost and increase the performance of Si 
solar panels. To improve solar cell efficiency, a new graphene (Gr) structure on Si solar cells was 
created by embedding a GO interlayer between the monolayer Gr and Si. The GO interlayer will 
significantly enhance the voltage of solar panels while also suppressing interface recombination. 
The Gr/GO/Si solar panels have efficiency levels ranging from 5.10 to 6.18%.

8.5.4 P hotocatalysts

Graphene-based semiconductor photocatalysts have inspired interest in recent years due to their 
enhanced photocatalytic efficiency (Li et al., 2011; Xiang et al., 2012a). Graphene is an important 
electron acceptor in photocatalysts, enhancing charge transfer and greatly reducing assimilation of 
electron-hole pairs in the composite to increase photocatalytic operation. The use of graphene-based 
semiconductor metal composites to improve photocatalytic operation was developed by Kamat 
(2010). Zhang demonstrated that a TiO2-graphene nanocomposite improves organic pollutant pho-
tocatalytic degradation (Zhang et al., 2010a). Researchers examined various photocatalysts includ-
ing graphene-C3N4 composite, graphene-modified TiO2 nanosheet, and MoS2-graphene-modified 
TiO2 nanoparticles for the increased photocatalytic hydrogen manufacturing (Xiang et al., 2011a,b; 
Xiang et al., 2012b). Another study has exhibited that GO can function as an active photocatalyst 
for water splitting (Yeh et al., 2010). The inherent big bandgap of GO creates opportunities for pho-
tocatalytic applications, including CO2 to methanol conversion, which harvests the sun’s radiation 
while also reducing CO2 (Hsu et al., 2013).

8.5.5 E nergy Storage (Supercapacitors)

Due to the growing need for more environmentally friendly energy storage systems, supercapacitor 
and lithium-ion battery research has accelerated in recent years. Portable energy systems and hybrid 
vehicles have received the most attention. Despite all of the publicity, the creation of practical mate-
rials that improve the overall efficiency of the electrodes has been a challenge for these instruments. 
Although a wide range of energy storage materials utilized in Li-ion batteries and supercapacitors 
have been investigated, there are some limitations (Chidembo et al., 2012). Yoo et al. (2011) define 
a supercapacitor that could reserve energy by using electrical double-layer capacitors (EDLC) and 
pseudocapacitors. Compared with traditional capacitors, the supercapacitor has a higher power den-
sity and long-term cyclic constancy. The EDLC stores charge in a non-radical manner. On the 
opposite, pseudocapacitance results from the faradic reactions caused by the residual oxygen func-
tionalities of reduced GO. To use GO in supercapacitor systems, the GO must be reduced to ensure 
electronic conjugation (Kuila et al., 2013). According to reports, after reduction, GO’s specific 
capacitance rises to 100–300 F/g.
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8.5.6 C orrosion Resistance

The corrosion rate of metals was greatly reduced by graphene films. The number of carboxyl 
groups changed on the GO surface affected how well it dispersed in acrylic resin. In a study, 
thermal reduction of GO yielded it with various carboxyl group contents (Chang et al., 2014a). 
The effect of carboxyl on the corrosion resistance of the photopolymerized polymethylmeth-
acrylate-graphene composite coatings was investigated after that. Their findings revealed that 
the carboxyl group inhibited graphene agglomeration, supported graphene dispersion in acrylic 
resin, and provided an effective barrier to corrosive media. The corrosion resistance of the pure 
polymethylmethacrylate coatings was 27 times higher. Recent investigations have shown that 
incorporating functionalized GO nanosheets into polymeric coatings significantly improves their 
corrosion resistance efficiency. Because of their large surface area, GO sheets are impermeable 
to water, oxygen, and ions diffusion and provide a strong barrier (Ahmadi et al., 2016; Chang 
et al., 2014b). Furthermore, conducting polymers (CPs), which have attracted a lot of attention in 
recent years due to their unusual electrochemical features, can be used to covalently functionalize 
GO. Via a passivation process, CPs have been shown to properly protect metals from corrosion 
(Martins et al., 2009; Ogurtsov et al., 2004).

8.5.7 W ater Purification (Filter)

In the past, activated carbon has been used in water purification technologies for decolorization 
(Santos et al., 2007) and heavy metal ion retention (Mohan et al., 2001). The major derivatives 
of graphene are GO and rGO. Various active functional groups are found on the surface of GO 
(Lujanienė et al., 2017; Wang and Chen, 2015). Because of its highly functionalized operative 
surface, GO may be used to remove toxins from water (Farooq and Jalees, 2020). Nair and col-
leagues were the first to discover that stacking GO films allows for a special water permeation 
pathway (Nair et al., 2012). GO is a new strategy for water treatment at a minimal cost. Numerous 
approaches for chemical derivatization of GNs have been published, including the flexible dia-
zonium grafting chemistry; however, these methods focus on the conductivity and hydrophobic 
end product (Lomeda et al., 2008). The inability of GO to sequester water-soluble contaminants 
including heavy metals would be hampered by the poor accessibility of water molecules in these 
hydrophilic polymers. The nanostructured GO coating may notably develop water treatment 
industries (Gao et al., 2011).

8.5.8 M edicine

In recent years, since the negative impacts of chemical materials are recognized, there is a concern 
in utilizing natural materials, with a focus on the manufacture of nanomaterials containing natural 
extracts. Because of its great physical and chemical characteristics, GO is thought to be a great 
material for medical usages (Chung et al., 2013; Zhou and Liang, 2014). The usage of graphene-
based substances in the biomedical industry, such as medication delivery, has developed rapidly in 
recent years. Graphene and GO have been thoroughly examined as new drugs nanocarrier for carry-
ing drugs, such as antitumor medicines, non-soluble medicines, antibiotics, proteins, nucleic acids, 
and genes. Because of graphene and GO special characteristics, they have been widely promoted as 
great substances for biomedical usages. Wound healing and tissue engineering have also been inves-
tigated using graphene-based materials (Palmieri et al., 2020). Graphene with great mechanical 
characteristics can perform various functions on flat surfaces. As a result, it may be used in hydro-
gels, biodegradable films, and electrospun fibers, as a reinforcement material. Hydrogel scaffolds 
made of GO-chitosan have excellent mechanical characteristics and low degradability. Moreover, 
unlike neat chitosan, these scaffolds maintain their size and shape under various physiological and 
severe pH conditions (Depan et al., 2011).
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8.6  GRAPHENE OXIDE USAGE IN AGRICULTURE

Nanomaterials were first used in agriculture in 2007, and the area has received a lot of attention 
since then (Lin and Xing, 2007; Liu et al., 2015; Mushtaq, 2011). Nanotubes loading into tomato 
seeds enhanced their germination (Novoselov et al., 2007). Lin and Xing found that nanoparticles 
imposed a notable inhibition impact on sprouting and root growth (Lin and Xing, 2007). Also, GO 
decreased dry and fresh weights and radix numbers and increased plant stress. The main applica-
tions of GO in agriculture are shown in Figure 8.4.

8.6.1 A ssisted Promotion of Plant Growth

Controlling and promoting plant growth is a significant global problem. With the world’s expo-
nential population growth and climate change, effective food cultivation and food conservation 
have never been more important. As a result, different methods have been suggested to raise crop 
yields and protect crop and vegetation development in a variety of environmental environments, 
such as extreme temperature changes and natural disasters (Kim and Chung, 2018; Lesk et al., 
2016; Ramankutty et al., 2018). Chemical-based methods have been widely used in seed produc-
tion and plant biology among the different approaches. Park et al. (2020) devised a nanomaterial-
assisted bionic technique for plant growth acceleration. In addition to the fact that nanomaterials 
are poisonous to plants, they reveal that GO can be used as a regulator to improve plant develop-
ment. GO was inserted into the stem of the watermelon plant and applied to the growth medium 
of Arabidopsis thaliana L. Their findings revealed that GO had a positive impact on plant growth 
on growing root length, leaf area, number of leaves, and flower bud development when given in 
an acceptable quantity. Furthermore, GO influenced watermelon ripeness by growing the fruit’s 
diameter and sugar content. GO could be utilized as a mechanism to speed up both plant growth 
and the ripening period of fruits.

8.6.2  Slow-Release Fertilizers

A significant quantity of fertilizer utilized in producing plants is a drift to the ecosystem and is 
unable to be used by herbs, resulting in contamination and also economic failure (Li et al., 2019; 

FIGURE 8.4  The main applications of graphene oxide in agriculture.
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Tang et al., 2017a). Controlled-release fertilizers (CRFs), which support the critical minerals in 
herbs at a gentler rate than conventional fertilizers, have been proposed as a possible solution to 
these issues. CRFs can play a key role in raising crop production by correcting mineral deficiency 
over time and reducing fertilization frequency, lowering costs, and reducing pollution (Tang et al., 
2017b; Zhang et al., 2017). CRFs are almost created by covering traditional fertilizers with safety 
frameworks, including different macromolecules, which causes the nourishment delivery speeds 
to be delayed. Zhang et al. used GO films for manufacturing controlled-release fertilizer (KNO3) 
(Zhang et al., 2014). They showed that GO-coated KNO3 showed a slow-release manner. According 
to the findings of that report, the reason was the low durability and penetrability of coatings. Also, 
various investigations have shown the importance of the enzymatic method that uses the peroxidase 
family to degrade graphene-based products (Allen et al., 2008; Kotchey et al., 2011; Lalwani et al., 
2014). As a result, GO may be effectively degraded on the soil due to having the amount of lignin 
peroxidase in nature (Kabiri et al., 2017).

8.6.3 P esticide Delivery

Pesticides are widely used to improve agricultural production because they are an efficient method 
to avoid and control pests. Industrial pesticide formulations have low target performance and non-
target accumulation, resulting in environmental problems (Gerstl et al., 1998). Just 0.1% of pes-
ticides applied affect the pest; the rest of the losses are caused by pesticide drift (Aktar et al., 
2009). By covering more crop surface areas with nanoformulations, the target efficiency can be 
increased. With polymeric nanoparticles, a few nanoformulations for slow pesticide release have 
been developed (Loha et al., 2011; Sarkar et al., 2012). Pesticides can be adsorbed on the surface of 
GO, according to scanning electron microscope (SEM) findings. The synergistic mechanism may 
be that GO can act as a carrier for pesticides, allowing them to be adsorbed on mites’ surfaces and 
thus increase pesticide efficacy and utilization performance. For the efficient control of plant pests, 
GO-pesticides (integrating pesticides and GO) may be a potential alternative to the shortcomings of 
traditional pesticides. However, there have been few examinations focusing on the usage of GO as a 
synergist to increase the toxicity of pesticides in pest control (Wang et al., 2019b).

8.6.4 F ood Industry (Packaging Films)

Active food packaging substances are prepared to preserve the food from the surroundings and 
also to perform an important role by inhibiting various happenings that change the food quality (de 
Azeredo, 2013). Carbon nanoparticles stand out among the various nanoparticle families because of 
their exceptional characteristics, which allow the production of multifunctional polymer compos-
ites based upon carbon nanotubes, graphite nanoplatelets, and graphene (Gu et al., 2017; Huangfu 
et al., 2019; Wang et al., 2019a). Graphene and its derivatives, such as GO, have evolved into a new 
category of carbon-based nanoparticles with excellent characteristics that could be customized by 
their exfoliation rate and oxidation level. For example, graphene has recently enabled the produc-
tion of various new nanocomposites and polymer composites with uses in supercapacitor electrode 
materials (Deng et al., 2018; Le et al., 2019; Zhang et al., 2019). Graphene plays an important role in 
packaging technology, based on how it is used (Ghanem et al., 2020). It could be used as a reinforc-
ing material in a packaging process, as Loryuenyong et al. did when they enhanced the mechanical 
properties of poly(vinyl alcohol) packaging films. When small quantities of GO are added to a regu-
lated polymer, the findings show a 49% enhancement in elastic strength (Loryuenyong et al., 2015). 
Since graphene has many oxygenated functional groups on its surface, which aids its dispersion 
in hydrophilic matrices (Ahmad et al., 2018; Gudarzi et al., 2016), it is commonly used in packag-
ing applications as oxides. Nonetheless, due to its hydrophilic composition, GO has proven to be a 
significant obstacle when incorporated into hydrophobic polymers. To disperse GO in packaging 
material, especially hydrophobic film, an effective surface modification is needed.
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8.6.5 A ntifungal Agent

As their size-dependent characteristics, large surface-to-volume proportion, and unusual physi-
cochemical characteristics, nanoparticle-based bactericidal potentials have developed as a 
multidisciplinary research area involving medicine, material science, biology, and chemistry. 
They exhibited good potential in herb health. For the first time, fungicidal potential against the 
Fusarium graminearum was evaluated using a GO-AgNPs nanocomposite. The examinations 
showed that the GO-AgNPs nanocomposite exhibited a 3- and 7-time enhancement of efficacy 
than pure AgNPs and GO suspension, respectively. A significantly lower concentration, 4.68 g/ml, 
induced spore germination inhibitory effect. The spores and hyphae were destroyed, which may 
be due to an antibacterial mechanism resulting from GO-AgNPs’ impressive synergistic impact, 
that causes physical harm as well as chemically oxygen radicals production. More specifically, 
the strong bioactivity of GO-AgNPs may be due to the chemical reduction of GO mediated by 
fungi. In an experiment, the GO-AgNPs nanocomposite also demonstrated an important impact 
in regulating the leaf spot disease caused by F. graminearum. The GO-AgNPs nanocompos-
ite produced in that study has the potential to be a promising material for the production of 
novel antimicrobial agents against pathogenic fungi or bacteria (Chen et al., 2016). An updated 
Hummers method was used to make reduced GO nanosheets. Three fungi, Aspergillus niger  
(A. niger), Aspergillus oryzae (A. oryzae), and Fusarium oxysporum (F. oxysporum), were used 
to monitor the antifungal activity of rGO nanosheets. The sharp edges of the rGO are thought to 
be responsible for inhibiting fungi mycelial development. The half-maximal inhibitory concen-
tration (IC50), a measure of the efficacy of the rGO in inhibiting the fungi, was evaluated. The 
rGO has IC50 values of 50, 100, and 100 μgml −1 against F. oxysporum, A. niger, and A. oryzae, 
respectively (Sawangphruk et al., 2012).

8.6.6 A ntibacterial Agent

Nanotechnology has been used in plant disease control in recent years, and it has shown to be an 
important method to reduce herb disorders. Minerals such as copper, zinc, and sulfur are effective 
biocides against plant pathogens (Graham et al., 2016; Kah and Hofmann, 2014; Rao and Paria, 
2013). Many researchers have discovered that GO is a great antibacterial agent, with new possi-
bilities for its use in crop disease control. Wang et al. (2013b) reported that by destroying the cell 
membrane, GO has great antimicrobial potential toward copper-resistant Ralstonia solanaicearum. 
Similarly, Chen et al. stated that intertwining and membrane perturbation could be responsible 
for GO’s antibacterial mechanism against Pseudomonas syringae and Xanthomonas campestris 
pv. undulosa (Chen et al., 2014). Most notably, previous studies have shown that GO has little to 
no harmful effects on higher plants (Ocsoy et al., 2013; Zhao et al., 2015). Leaf blight, which is 
causes by Xanthomonas oryzae pv. oryzae (Xoo), is a disease that harms the growth of rice (Oryza 
sativa L.). Different chemicals had utilized to suppress this disorder, resulting in rice contamina-
tion, resistance among the Xoo, and serious threats to public health. The bactericidal characteristics 
of a GO/silver nanoparticles (GO-Ag) composite against Xoo were also evaluated. Comparing to 
pure AgNPs, the GO-Ag composite showed a nearly 4-times improvement. At a low concentration 
of 2.5 µg/ml, the bacteria were inactivated. The cell’s integrity was affected, and intercellular con-
tents were revealed out due to the slow release of silver from the GO-Ag composite. This composite 
caused the formation of reactive oxygen species and stopped DNA duplication at the molecular 
level. More significantly, the toxicity test revealed that the as-prepared GO-Ag composite was less 
harmful to herbs than AgNPs, indicating that it could be used to suppress crop disease (Liang et al., 
2017). The physicochemical characteristics of GO have a key role in bactericidal properties by 
inducing various lethal interactions. The signaling mechanisms of GO in bacteria have been studied 
extensively (Zheng et al., 2018).
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8.6.7  Soil Moisture Microsensor

Soil moisture monitoring is an important factor in agriculture for improving yield because 
plants steadily absorb the soil moisture. As a result, regular measuring and maintaining soil 
humidity is needed for optimal soil situations (Palaparthy et al., 2018). Sensors installed in 
the field for large-area farms must be low cost, and reliable during measurements, for routine 
monitoring of soil moisture content. To meet the farmer’s needs, economical and stable sen-
sors with good sensitivity are required (Palaparthy et al., 2013; Robinson et al., 2008; Lekshmi 
et al., 2014).

Graphene and its derivatives (graphene quantum dots, GO, rGO, graphene nanoribbons, and  
so on) have great carrier mobility. GO is one of the commonly used graphene derivatives for sens-
ing functions, especially water molecule detection (Palaparthy et al., 2018). Furthermore, since 
GO contains oxygen functional units, it is electrically insulating (Park and Ruoff, 2009), making it 
suitable for use as a capacitive sensor (Bi et al., 2013). To test relative humidity (Palaparthy et al., 
2018) and soil moisture (Kalita et al., 2016), graphene-based micro-sensors have resembled good 
sensitivity and stability (Bi et al., 2013). Finally, the use of GO and its products to measure moisture 
needs to be investigated more.

8.6.8 H eavy Metal Adsorbent

These days, metal contamination may be a public health concern. Cadmium (Cd), lead (Pb), 
and copper (Cu), as main heavy metals, are among the most hazardous contaminants as stated 
by Environmental Protection Agency (Demirbas, 2008). These metals are extremely toxic, 
even in trace amounts (Awual et al., 2014). Many attempts are being made to get rid of heavy 
metals due to their carcinogenicity and toxicity (Sadegh et al., 2017). In the context of water 
purification methods, adsorption is one of the hopeful techniques because of greater removal 
efficacy and environmentally friendly and relatively efficient and economical (Dubey et al., 
2009; Farooq and Jalees, 2020). Because of its wide surface area, graphene could function as 
a suitable adsorbent for a variety of contaminants (Wang et al., 2013a). Unlike graphene, GO 
with various oxygen-containing functional groups is capable to be a binding site for heavy met-
als. Moreover, GO is hydrophilic and effectively dispersed in water and has fast kinetics and a 
higher surface area than graphene. As a result, GO with a good adsorption potential for heavy 
metals removal and can be a suitable candidate to improve water quality and removing salt 
from water (Elgengehi et al., 2020).

8.7  CONCLUSION

Toxic chemicals and environmentally safe reductant factors are the two major forms of reductant 
factors used in the chemical reduction of GO. Because of their negative environmental effects, 
compounds that are potent factors, like hydrazine, must be avoided. Environmentally safe reductant 
factors mostly come from fruits and vegetables. Sometimes, eco-friendly reducing agents are more 
beneficial than powerful reductant factors. In general, the GO reduction has been successfully dem-
onstrated to mitigate environmental concerns using eco-acceptable reducing agents. However, there 
are still challenges with the green reduction procedures. As a result, extensive efforts have been 
focused on the creation and improvement of environmentally suitable reductant factors for reduc-
ing GO. Graphene-based composites are used in many technology fields, including graphene-based 
drug carriers to enhance drug safety, and metabolic kinetics, and many details remain unknown, 
requiring further study and discovery by scientists. As a result, graphene and GO will be thoroughly 
studied and widely used in the future.
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Paredes, J. I., Silvia Villar-Rodil, Amelia Martínez-Alonso, and Juan M. D. Tascon. “Graphene oxide disper-
sions in organic solvents.” Langmuir 24, no. 19 (2008): 10560–10564.

Park, Sungjin, and Rodney S. Ruoff. “Chemical methods for the production of graphenes.” Nature 
Nanotechnology 4, no. 4 (2009): 217–224.

Park, Sunho, Kyoung S. Choi, Sujin Kim, Yonghyun Gwon, and Jangho Kim. “Graphene oxide-assisted pro-
motion of plant growth and stability.” Nanomaterials 10, no. 4 (2020): 758.

Pendolino, Flavio, and Nerina Armata. Graphene Oxide in Environmental Remediation Process. Switzerland: 
Springer, 2017.

Poniatowska, Aleksandra, Maciej Trzaskowski, and Tomasz Ciach. “Production and properties of top-down 
and bottom-up graphene oxide.” Colloids and Surfaces A 561 (2019): 315–324.

Ramanathan, Subramanian, Elaiyappillai Elanthamilan, Asir Obadiah, Arulappan Durairaj, Johnson P. 
Merlin, Subramanian Ramasundaram, and Samuel Vasanthkumar. “Aloe vera (L.) Burm. f. extract 
reduced graphene oxide for supercapacitor application.” Journal of Materials Science 28, no. 22 (2017): 
16648–16657.

Ramankutty, Navin, Zia Mehrabi, Katharina Waha, Larissa Jarvis, Claire Kremen, Mario Herrero, and Loren 
H. Rieseberg. “Trends in global agricultural land use: implications for environmental health and food 
security.” Annual Review of Plant Biology 69 (2018): 789–815.

Rao, Korukonda Jagajjanani, and Santanu Paria. “Use of sulfur nanoparticles as a green pesticide on Fusarium 
solani and Venturia inaequalis phytopathogens.” RSC Adv 3 (2013): 10471–10478.

Ray, Sekhar C. Application and uses of graphene oxide and reduced graphene oxide. Applications of Graphene 
and Graphene Oxide-Based Nanomaterials 1 (2015): 39–55.

Ren, Peng-Gang, Ding-Xiang Yan, Xu Ji, Tao Chen, and Zhong-Ming Li. “Temperature dependence of gra-
phene oxide reduced by hydrazine hydrate.” Nanotechnology 22, no. 5 (2010): 055705.

Robinson, David A., Colin S. Campbell, Jan W. Hopmans, Brian K. Hornbuckle, Scott B. Jones, Rosemary 
Knight, Fred Ogden, John Selker, and Ole Wendroth. “Soil moisture measurement for ecological 
and hydrological watershed-scale observatories: a review.” Vadose Zone Journal 7, no. 1 (2008): 
358–389.

Roy, Swarup, and Tapan K. Das. “Plant mediated green synthesis of silver nanoparticles-A.” International 
Journal of Plant Biology & Research 3, no. 3 (2015): 1044.

Sadegh, Hamidreza, Gomaa A. M. Ali, Vinod K. Gupta, Abdel S. H. Makhlouf, Ramin Shahryari-ghoshekandi, 
Mallikarjuna N. Nadagouda, Mika Sillanpää, and Elżbieta Megiel. “The role of nanomaterials as effec-
tive adsorbents and their applications in wastewater treatment.” Journal of Nanostructure in Chemistry 
7, no. 1 (2017): 1–14.
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9.1  INTRODUCTION

Graphene is essentially a two-dimensional (2D) layer of carbon atoms bonded collectively in a hex-
agonal lattice structure (Nebol’sin, Galstyan, and Silina 2020). Despite the fact that it was isolated 
for the first time in 2004, in recent years, it has conventionally achieved a significant deal of atten-
tion. In 2010, Andre Geim and Konstantin Novoselov were honored with a noble prize in Physics for 
their innovative work on graphene. The prompt increase of attention in graphene is due to mainly 
enormous exceptional properties that it possesses (Cooper et al. 2012). Due to the exclusive proper-
ties of graphene, primarily the chemical and physical properties that include mechanical strength, 
stiffness, and elasticity, also intensely great thermal and electrical conductivity, it is defined as a 
consequential alternative to several conventional resources in a variety of applications, with the 
potential to assist many unmanageable innovations and assuredly present markets (Ghany, Elsherif, 
and Handal 2017).

9.1.1 G raphene: Structure and Shape

It is a carbon allotrope with a 2D structure. It is composed entirely of carbon atoms arranged in a 
hexagonal pattern resembling chicken wire (Lu and Li 2013) see Figure 9.1. It is basically a carbon 
allotrope with a 0.142-nm molecular bond length and sp2-bonded atoms plane.

A single graphene sheet is made by a single layer of carbon atoms organized in a honeycomb 
structure (Allen, Tung, and Kaner 2009). Multilayer graphene is made up of numerous sheets loaded 
one on top of the other, till the point at which the substance converts to graphite (this generally hap-
pens over about 30 layers, with an interplanar spacing of 0.335 nm).

In graphene, each carbon atoms are bonded to the other three carbon atoms by covalent bond. 
Graphene is extremely stable and has a very high tensile strength because of the strength of the 
covalent bonds that exist between carbon atoms (Zhu et al. 2020). As graphene is flat, so each 
and every atom is on the surface. It is accessible from both sides and allows for more interaction 

FIGURE 9.1  Structure of graphene [2D].
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with surrounding molecules. Furthermore, the carbon atoms are only bonded to three other atoms, 
despite the fact that they have the ability to show bonding with other atoms. This property is then 
combined with graphene’s high surface area to volume ratio and tensile strength (Papageorgiou, 
Kinloch, and Young 2017). It allows it to be engaging for use in composite materials.

9.1.2 G raphene on the Basis of Other Carbon Structures

Graphene can also serve as a parent form for a number of carbon structures (Zhen and Zhu 2018), 
for example, the graphite, carbon nanotubes (which can be thought of as rolled-up sheets of gra-
phene made into tubes), and buckyballs (these are spherical structures with a cage-like structure 
that are formed from graphene only with few of the hexagonal rings that are substituted by the 
pentagonal rings) see Figure 9.2.

9.1.3 C haracteristics of Graphene

Electronic Properties
•	 At room temperature, electron mobility is extremely high, with reported values exceeding 

15,000 cm2/Vs.
•	 Intrinsic graphene is a semiconductor or semimetal with a zero gap.
•	 Low resistivity, improved current capacity, and temperature conditions.
•	 Graphene is thought to operate at tetrahertz frequencies, or trillions of operations per 

second.

Optical Properties
•	 It has an exceptionally high capacity for an atomic monolayer, absorbing πα = 2.3% of 

white light, where α is the fine structure.
•	 Because of its universal optical absorption, graphene can be easily saturated in the visible 

to near-infrared range under strong excitation.

FIGURE 9.2  Graphene carbon structures.
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Mechanical Properties
•	 Great Young’s modulus (1.100 GPa), highest breaking strength (42 N/m).
•	 0.77-mg/m2 density.
•	 The thinnest material conceivable (0.345 nm).
•	 More brittle than diamond.
•	 Capable of retaining its original size after strain elasticity.
•	 It is flexible and can be extended to 20% of its original size.

9.1.4 A dvantages of Graphene

•	 It is ultralight and extremely tough.
•	 It is about 200 times stronger than the steel and is even incredibly flexible.
•	 It is one of the thinnest materials possible and is even completely transparent being able to 

transmit more than 90% of the light.
•	 It is the ultimate conductor and can function as a perfect barrier. Helium, too, cannot pass 

through graphene.
•	 When compared to silicon, it can transfer electrons at a much faster rate. It can travel at a 

speed of 1000 km/s, which is approximately 30 times faster than silicon.
•	 It can be used in clothing that incorporates graphene-based photovoltaic cells as well as 

super conductors. As a result, tablets and smartphones can be charged in minutes while 
still in their pockets.

•	 It has numerous applications mainly in the flexible displays (OLEDs, i.e., organic light-
emitting diode and LCDs, i.e., liquid crystal display), energy efficient transistors, RAM, 
spintronics, thermal management, and so on.

9.1.5 G eneral Applications of Graphene

Graphene is an extraordinary material that is 2D and has piqued the interest of branches of both 
the academia and industry (Yang et al. 2015). It has incredible electrical and thermal conductivity, 
as well as good mechanical behavior, making it a suitable material for electronic equipment, super-
conductors, flexible transparent displays, composites, photovoltaic cells, capacitors, and detectors. 
Several techniques have been used to produce pristine or doped graphene. Mechanical exfoliation, 
chemical vapor deposition (CVD), SiC decomposition, and pulsed laser deposition (PLD), liquid-
phase exfoliation are a few examples. PLD, which is frequently used for developing complex oxide 
thin films, has verified to be an alternative to the more broadly reported CVD method for manufac-
turing graphene thin films due to its advantages (Bleu et al. 2018).

9.2  SUGARCANE PRODUCTION

Sugarcane is India’s most important cash crop, covering 5.06 Mha and producing 341.20 mt. 
Brazil, India, China, Thailand, Pakistan, and Mexico are the major sugarcane-producing countries 
(Nebol’sin, Galstyan, and Silina 2020). Only Brazil and India produce about half of the world’s 
sugarcane. Production & Consumption rate of sugarcane in India (2004-2020) is mentioned in 
Figure 9.3. Sugarcane is grown by more than 45 million people, and sugarcane industries employ 
approximately 7.5% of the rural population. Sugarcane contributes 80% of the sugar, while sugar 
beet contributes the remaining 20%. For the production of sugar, India is primarily reliant on sugar-
cane. However, sugar beet cultivation for sugar is gaining popularity as a result of the commercial-
ization of tropical sugar beet (Panella 2010).
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9.2.1  Sugarcane Bagasse (SBE)

Bagasse is the residual fiber left over after extracting sugarcane juice. Bagasse is classified into 
two types:

1.	Factory bagasse is produced through a series of extraction steps in an industrial setting. 
Bagasse is a fibrous byproduct produced during the milling of sugarcane stalks for juice 
extraction. The fiber is strained to eliminate fine particles that can later be used as a filter 
aid or as a feedstuff (“pith bagasse”) (Hussein, Amer, and Sawsan 2008). Much of the 
bagasse is used to generate the energy needed to run the factory.

2.	Pressed cane stalks, also well-known as “farm bagasse,” are obtained by fractionating 
cane on-farm or in a small-scale factory using only two or three crushers. Because of the 
lower extraction efficiency, it contains more sugar-rich juice and is more valuable to rumi-
nants (50% vs. 70% extraction rate).

Dry bagasse, like other fibrous materials, is frequently used as pig and poultry litter. After that, 
the bagasse is recycled into organic fertilizer.

9.2.2  Sugarcane Bagasse Composition

SBE is mainly composed of hemicellulose, cellulose, and lignin, just like any other lignocellulosic 
material (Pereira and Arantes 2018). These three constituents account for more than 90% of the dry 
weight of the fiber. In general, the ash content is low (Melati et al. 2017). SBE contains a variety 
of minerals, including Ca, P, K, Na, Mg, Zn, Cu, and Fe (Tyagi et al. 2019). Nonfiber compounds, 
also known as extractives, may account for a sizable portion of the dry weight in the raw material. 
Raw bagasse samples were isolated in the current study using water, ethanol, and water followed by  

FIGURE 9.3  Production and consumption data of sugarcane in India (2004–2020) in million tons.
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ethanol (Xu et al. 2020) see Table 9.1. The chemical compositions of the extracted bagasse were 
then determined using a series of analyses based on Browning’s (1967) methods with modifica-
tions. Extraneous materials were removed from bagasse fibers by water extraction in 5.8% (Hamzeh 
et al. 2013). The ethanol extraction resulted in a similar extractive content (5.6%). The successive 
extraction with both solvents reduced the raw material weight by 9.4%, signifying that these two 
solvents could dissolve structurally in different compounds. The chemical composition of sugarcane 
bagasse, amount of minerals present and  its nutritive values are mentioned in Table 9.2, 9.3 and 9.4 
respectively.

TABLE 9.1
The Main Composition of Sugarcane Bagasse (Rezende et al. 2011)

Water (H2O) Ethanol (C2H5OH)
Water + Ethanol  
(H2O + C2H5OH)

Cellulose (%) 42.51 45.26 46.83

Hemicellulose (%) 24.89 27.30 26.85

Lignin (%) 20.91 18.94 19.77

Ash (%) 1.65 1.65 1.65

Extractives (%) 5.84 5.65 9.39

Sum (%) 95.76 98.76 104.45

TABLE 9.2
Chemical Composition of Sugarcane Bagasse, Fresh and Nutritional Value 

Main Analysis Unit
Average  
Value

Standard 
Deviation

Minimum  
Value

Maximum  
Value

No. of Values 
(Samples) Used

Dry matter % as fed 46.1 10.6 31.4 63.0 18

Crude protein % DM 1.9 0.4 1.5 2.5 19

Crude fiber % DM 46.0 3.8 35.9 50.4 20

Neutral detergent fiber % DM 87.0 6.2 72.7 92.0 9

Acid detergent fiber % DM 58.5 2.5 55.2 62.3 9

Lignin % DM 12.6 1.2 11.1 13.7 7

Ether extracted % DM 0.7 0.3 0.5 0.8 4

Ash % DM 6.0 2.1 2.8 10.7 19

TABLE 9.3
Amount of Minerals Present in the Sugarcane Bagasse 

Minerals Unit
Average  
Value

Standard 
Deviation

Minimum  
Value

Maximum  
Value

No. of Values 
(Samples) Used

Ca g/kg DM 1.5 1.9 0.4 7.2 15

P g/kg DM 0.7 0.9 0.3 3.4 15

K g/kg DM 1.4 1.1 0.7 3.4 11

Na g/kg DM 0.2 – 0.2 0.2 3

Mg g/kg DM 0.9 0.4 0.5 1.5 14

Zn mg/kg DM 104 – – – 1.1

Cu mg/kg DM 13 – – 1.1

Fe mg/kg DM 328 – – – 1.1
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9.2.3 M ethods of Sugarcane Bagasse Disposal

1.	Sugarcane Waste Composting: The use of sugarcane waste byproducts for composting is 
becoming more common around the world. It aids the sugar industry in reducing the storage 
problem associated with sugarcane industry waste (Meghana and Shastri 2020). Figure 9.4 
shows the processing of sugarcane waste composting. The following are some of the reasons 
why sugarcane waste by-products can be widely used for composting:
•	 Composting is used to handle a large amount of sugarcane waste by-product, which 

greatly reduces the sugar factory’s processing burden. Composting technology signifi-
cantly reduces pollution and maximizes resource utilization.

•	 A large amount of sugarcane industry waste has the potential to be used in agriculture 
to reduce fertilizer requirements and save money on chemical fertilizers. It can also be 
combined with inorganic chemical fertilizers and can be packed and marketed along 
with commercial fertilizer for a specific cropping system.

•	 Sugarcane waste contains a variety of chemical elements, such as nitrogen (N), phos-
phorus (P), potassium (K), iron (Fe), zinc (Zn), manganese (Mn), and copper (Cu), 
which can improve soil structure, increase organic matter, promote soil permeability, 
and improve soil quality and yield (Christofoletti et al. 2013).

TABLE 9.4
Nutritive Values of Sugarcane Waste 

Nutritive Values Unit Average Value

OM digestibility, ruminant % 49.8

Energy digestibility, ruminant % 46.6

DE ruminant MJ/kg DM 8.7

ME ruminant MJ/kg DM 7.1

Nitrogen degradability % 31

Energy digestibility, growing pig % 18.1

DE growing pig MJ/kg DM 3.4

FIGURE 9.4  Processing of sugarcane waste composting.
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In terms of composting technology, a variety of methods, such as windrow composting, in-vessel 
composting, and other indoor composting methods, have been widely adopted.

2.	SBE Charcoal Machine: SBE is a waste product that can only be disposed of by feeding 
it to animals. The traditional method of removing SBE does not maximize the value of 
sugarcane waste. Beston bagasse charcoal machine has entirely exploited the surplus value 
of SBE in order to achieve resource recycling. Beston Machinery Company’s sugarcane 
charcoal machine can convert SBE waste to artificial charcoal via smoke volatilization, 
high-temperature heating, charcoal enrichment, and sulfur release as shown in Figure 9.5.

Features:

•	 Raw materials should have a moisture content of less than 20% and a particle size of 
less than 30 mm.

•	 The ideal temperature range is 400°C–600°C. The raw material then undergoes sharp 
thermal decomposition and destructive distillation to produce charcoal.

•	 The charcoal product is always maintained at a ratio of 3:1 or 4:1. The yield varies 
depending on the raw materials and batches used.

The following are the benefits of a SBE charcoal manufacturing machine:

•	 It is an environmentally friendly process that can ensure long-lasting enlargement.
•	 The complete sugarcane charcoal carbonization process is sealed, so no pollution is 

released. Then the surface of furnace is therefore covered by the help of casing, which 
protects the workers from scalding. It also reduces heat loss, resulting in lower fuel con-
sumption and cost.

•	 The production of high charcoal yield can assist us in generating additional economic ben-
efits, resulting in an excellent market evaluation.

•	 The Beston biomass sugarcane charcoal making plant can not only process sugarcane 
waste but also municipal solid wastes (MSW), sewage, and other biomass materials such 
as palm shell, rice hull, wood, and sawdust.

FIGURE 9.5  Process of formation of charcoal through sugarcane bagasse.
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•	 Other Methods: Bagasse can also be utilized to manufacture a variety of industrially 
important products such as industrial enzymes, antibiotics, xylitol, ethanol, organic acids, 
pigments, and vitamins (Sindhu et al. 2016) as shown in Figure 9.6. But, on the other hand, it 
will be subjected to a variety of conditions in order to be converted into these industrial prod-
ucts, including mild alkali pretreatment, auto hydrolysis or dilute acid, and delignification.

9.2.4 P rocessing and Extraction of Sugarcane Bagasse

The process of extraction of sugarcane bagasse from sugarcane plants is mentioned in Figure 9.7.

FIGURE 9.6  Other disposal ways of sugarcane bagasse.

FIGURE 9.7  Extraction of sugarcane bagasse.
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9.3  SYNTHESIS OF GRAPHENE FROM SUGARCANE BAGASSE

There are several ways to extract graphene from the sugarcane waste.

9.3.1 A cidic Synthesis of Graphene

In this process of synthesis, deionized water is used to wash the SBE carefully, and the wash-
ings were performed three times. Then it was put into an oven with a temperature of 60°C for 
about 24 hours. Later, it was ground to obtain the powered form of the sample. After this step, 
sulfuric acid (about 300 mL) was added to the SBE-powdered solution (about 400 mL). Then 
it was heated at 60°C and after 5 hours, the mixture obtained from the above process was then 
filtered with the help of 0.45-mm filter so that extract could be obtained. The filtrate obtained 
was stored at 4°C.

The classical procedure for carrying out the process of chemical conversion of graphene oxide 
to reduced graphene oxide can be explained as follows. It could be carried out by taking 300 mg 
of dried graphene oxide and dispersing it into 600 mL of deionized water. The prepared solution 
is then exfoliated with the help of an ultrasonicator for about 30 minutes which consists of certain 
hydrophilic groups. These are situated at the corners and the basal planes to ensure that graphene 
oxide is easily disposed of throughout the water layer after the process is completed.

The graphene oxide nanosheets were prepared using very fine dispersion of graphene oxides, and 
it was supported by the addition of 6000 mL of ammonia and stored at 95°C for about 12 hours. 
Then the extremely reduced graphene oxide (rGO) was composed by the filtration process, and with 
the help of deionized water, it is washed three times, so that any excess extract residue is removed if 
present, and the redistribution takes place into the water for carrying out the process of sonication. 
The suspension formed is then centrifuged for about 30 minutes at the rate of 4000 rpm. After the 
process completion, the precipitate achieved is collected and desiccated in a vacuum chamber and 
frozen for about 48 hours (Li et al. 2018).

9.3.2  Synthesis from Organic Molecules

In this process, the SBE (freshly prepared) is taken as raw material. The main components of SBE 
basically consist of cellulose, hemicellulose, lignin, ash, and waxes. The first step is to grind the 
SBE into a mesh of 0.45-mm powder. It is then followed by a process of drying in the loft drier. This 
is done for about 2 hours at 120°C. The SBE powder that is prepared is then soaked in the ethanol-
water solution of 55 wt.% at pH 3–4. It is then followed by a process of heating at 200°C for about 
100 minutes in a boiler that is designed especially for this purpose.

The initial step of this type of synthesis involves the breaking of the chemical bonds that are 
present among the lignin and hemicellulose. After that, the lignin gets dissolved in the solution of 
ethanol-water. The hemicellulose and cellulose that have been left undissolved are removed from 
the solution and are then transferred to the reactor in which the hemicellulose is further hydrolyzed 
to xylose. It is carried out at 140°C for about 20 minutes in acidic conditions, and this separates 
with the cellulose. The lignin, which is dissolved in the solution of ethanol-water, is recovered by 
the process of solvent vaporization (Tang et al. 2018).

9.3.3  Synthesis from Agro-Based Sugarcane Bagasse

In this process, graphene oxide is obtained from the agro kind of the SBE. It is basically that type of 
an agricultural waste that is also known as agro waste. First, the juice is extracted from it and then 
the fiber remaining as the residue is taken. The fiber obtained is finally crushed and grounded, so 
that a fine powder is produced from it. The process of crushing and separation is repeated till fine 
powder is obtained.
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Approximately, 0.5 g of the SBE powder is first mixed with a small amount, i.e., about 0.1 g of 
ferrocene and is placed in a crucible. It is then put directly in a muffle furnace. It is kept at a tem-
perature of 300°C for about 10 minutes under the atmospheric conditions. The next step is the pro-
duction of the black solid obtained from the previous process. The black solid obtained as a product 
is collected at room temperature. This is further subjected to the different kinds of analysis, mainly 
spectroscopic analysis (Krishna et al. 2015).

9.3.4 H ummer’s Method

This type of synthesis method is very well adapted from the modified hummer’s method. 
Initially, 0.5 g (approx.) of charred SBE was first dispersed in nearly about 125 mL of the 98% 
sulfuric acid contained in an ice bath, and then slow addition of KMnO4 is carried out into the 
mixture with the help of a glass rod with continuous stirring and the temperature conditions are 
controlled below 20°C. The mixture obtained is then transferred into a water bath having a tem-
perature of 40°C with constant stirring and is carried on for 3 hours that produces a brownish 
gray color type of paste. Then a process of mixing is done by adding 100 mL of deionized water 
and constant stirring is carried out for 15 minutes at 95°C. The addition of 100 mL of deionized 
water addition is done one more time, then 25 mL of 30% hydrogen peroxide is slowly added, 
so that any excess of KMnO4 gets removed. It is observed that the sample color is gets changed 
from dark brown to yellowish shade, and after that, the process of filtration is carried out under 
warm conditions. Several washings further are given with the help of distilled water to ensure 
that the pH becomes neutral. The sample in the dissolved form is obtained and is then dried in 
an oven having a temperature of 80°C for 6 hours. The solid sample that is dried is now ultra-
sonically removed with the help of an ultrasonic bath for several minutes and then the analysis 
is carried out (Chen et al. 2013).

9.3.5 G raphene Synthesis with Urea

Initially, 5 g of SBE powder was treated with 6% NaOH (100 mL) solution, and the temperature 
conditions were kept at 60°C for the time duration of 30 minutes. Later, it was settled down and 
cooled at room temperature. Then, the vacuum filtration was carried out and washings were 
done many times with distilled water till the solution that was obtained, and it became neutral. 
The solid was then dried in an oven set at a temperature of 120°C for about 2 hours, and it was 
observed that a light-yellow-colored SBE fiber was obtained as the product. Then a mixture was 
prepared of distilled water, NaOH, and urea in the ratio of 85:10:5, and this solution was kept at 
−10°C for about 8 hours. The SBE that was prepared above was mixed in 200 mL solution 0°C, 
and it was kept for 6 hours with a little bit of stirring. The temperature was raised to room tem-
perature, and 0.5% basic SBE fiber solution was obtained. Then, about 5-mg/mL graphene oxide 
suspension was then added to the solution as prepared above, and this suspension was proceeded 
for filtration and washings were given with the help of distilled water. The wet solid obtained was 
therefore dried in an oven at a 60°C, and finally, the graphene-oxide-modified SBE was obtained 
as the product (Aruna et al. 2021).

9.4  CHARACTERIZATION TECHNIQUES

9.4.1 U V-Visible (UV-Vis) Spectra

The graphene oxide prepared was first analyzed by the UV-Vis spectra of reduced graphene oxide. The 
data collected after the analysis explained that the absorption peak of the SBE extract was at 196 nm, 
and for graphene oxide, it was at 232.5 nm see Figure 9.8. This kind of absorption revealed that there is 
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a π→π* transition that is occurring because of the presence of the aromatic C-C bonds. Also, the 
weak absorption band that was spotted at 300 nm deduced that there is a type of n→π* transition of 
the C=O bonds that are found in the graphene oxide (Li et al. 2018).

9.4.2 F ourier Transform Infrared (FTIR)

It was observed from the FTIR data of graphene oxide that there exists O-H stretching vibration, 
and in one of the strong bands, which was a wide band, it was recorded at 3381.1 cm−1 as shown in 
Figure 9.8. Also, a narrow peak was observed at the absorption value 1730.2 cm−1. This is due to the 
stretching of C=O from the COOH group. The bands were observed at 1613.3 cm−1 and 1048 cm−1. 
These corresponded to the presence of C=C and C=O, respectively. The peak that was marked at 
the absorption value 1594 cm−1 was allotted to the skeletal vibrations of the graphene oxide. Also, 
the band marked at 1060 cm−1 revealed the presence of the epoxy groups (C-O) in the compound.

9.4.3 H igh Resolution Transmission Electron Microscopy (HRTEM)

HRTEM was also brought into use for the determination of reduced graphene-oxide-layered 
structure. It was observed that the graphene oxide layer was folded in some parts as mentioned in 
Figure 9.8. When the observation was done at a higher magnification, the average thickness of the 
reduced graphene oxide layer was recorded at 0.34 nm.

9.4.4  X-Ray Diffraction (XRD) Analysis

XRD analysis showed that the diffraction peak of graphene oxide was observed near 2ϴ = 10.80. 
It basically represents the d-spacing of about 0.83 nm. The value of this d-spacing is much larger 

FIGURE 9.8  Characterization of the synthesized graphene: (a) UV, (b) IR, (c) XRD, (d) Raman spectra, and 
(e) HRTEM. 
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than the value of the d-spacing of the original graphite as its value is 0.34 nm with 2ϴ = 26.50. 
This happened due to the presence of the oxidized functional groups onto the sheets of carbon. 
After the reduction was performed, the peak observed for reduced graphene oxide was at 2ϴ = 
26.50 see Figure 9.8. The peak for graphene oxide at 2ϴ = 10.80 disappeared, which reduced the 
interlayer distance (Li et al. 2018).

9.4.5  Scanning Electron Microscopy (SEM)

The samples of the graphene oxide synthesized were rigid and hard, so they were first grounded 
into fine powder. The SEM images of the sample were recorded, and it revealed that the pres-
ence of the sharp edges and curved surface were observed. These were very similar to those of 
the ceramics. It also tells that graphene oxide had a layered and a sheet-like structure. As there 
were epoxy and the hydroxy groups present, the layer appears to be set apart from one another. 
The particles when observed closely had a well-defined and isotropic shape. The hydrogen bonds 
along with covalent bonds contributed to the surface properties that gradually increased the abil-
ity of the absorption.

9.4.6  Raman Spectra

Raman analysis was also carried out efficiently for the identification of the structure of gra-
phene. Two types of peaks were observed nearly at 1350 cm−1 (high D band) and 1580 cm−1 (low 
G band) as shown in Figure 9.8. The intensity ratio of the reduced graphene oxide corresponded 
to that of the graphene sheet obtained was higher and kind of disordered. Also, the size of the sp2 
in the plane domain got declined after the process of reduction took place. It led to the confirma-
tion that the reduction of the graphene oxide has led to the fragmentation and produced many 
reduced graphene oxide domains.

9.4.7 F luorescence

The excitation of the graphene particles was done at 350 nm. Under the UV filter, a blue-colored 
fluorescence was observed. On carrying out the reduction of the graphene oxide substance, π 
domains became isolated because they formed π-electrons that were sp2 hybridized. The quantum 
dots that were carbon-based had C=C as their core along with as the functional groups (O and H) were 
present on the surface. These have the energy levels that are the reason for series emission. The 
functional groups that are oxygen related and are present at the boundaries are mainly responsible 
for emitting the blue emission of carbon-based quantum dots after the excitation process was 
carried out.

9.5 � APPLICATIONS OF GRAPHENE SYNTHESIZED 
FROM SUGARCANE BAGASSE

9.5.1 M embranes

Due to the impermeability of graphene, a single layer of atoms can act as a perfect barrier when 
commerce with liquids and gases (Berry 2013). However, graphene pores (defects) can selectively 
permit the passage of water and gas molecules, letting graphene to be tuned to allow selective gas 
permeability.
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For example, the GO-FeNPs coated RO membranes (Armendariz-Ontiveros et al. 2018), as men-
tioned in Figure 9.10.

Applications
•	 Using electricity to control the flow of water through graphene membranes.
•	 Gas barriers, such as those found in food packaging.
•	 Demineralization and purification of water.
•	 Organic solvent separation from water.

FIGURE 9.9  Various application of graphene obtained from sugarcane bagasse.

FIGURE 9.10  The GO-FeNPs-coated RO membranes are depicted schematically. 
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9.5.2 E lectronics

The atomic organization of the carbon atoms in graphene is very exclusive as it allows its electrons 
to easily move even at enormously high speed without affecting scattering, saving the lost energy 
observed in other conductors (Trivedi, Lobo, and Ramakrishna Matte 2019). The graphene system 
electronic properties are determined by the number of graphene layers present, as well as the cou-
pling effects from the primary substrate.

For example, fabrication of flow chart of top layer of the graphene-based triboelectric nanogen-
erator (Shankaregowda et al. 2016), as mentioned in Figure 9.11.

Applications
•	 Devices that are stretchable, flexible, and foldable devices.
•	 Printable electronics at a low cost.
•	 Electronic equipment with high frequencies.
•	 Transistors with superior efficiency.
•	 Nano-electronics thermal management and heat dissipation.
•	 Because graphene’s optical properties can be governed through doping, it’s quite well for 

optoelectronic devices (electrical devices that source, detect, and control light).

9.5.3 B iomedical Technologies

Due to its electron (e−) mobility, functionalization capability, and high surface area, graphene can 
improve/boost up the innovative biomedical technologies. Graphene bioelectronics (transistors and 
electrode arrays) provide exciting potential for the formation of new types of biosensors capable of 
sustaining excellent interfaces with soft tissue (Kireev and Offenhäusser 2018).

For example, tumor killing therapy using graphene-based nanocomposites activated by neutrons 
(Ghorai 2019), as mentioned in Figure 9.12.

Applications
•	 Thermal ablation of cancer cells with high resistance.
•	 Detection and neutralization of cancer stem cells.
•	 Bioelectronics (bionics).
•	 Electronics can contact with living cells and nerve tissue.
•	 Bioimaging with luminescent graphene tags.

FIGURE 9.11  Fabrication flow chart of top layer of the graphene-based triboelectric nanogenerator. 
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9.5.4  Sensors

In graphene, every atom is liable to its surroundings, and it is a novel material for chemical, gas, and 
biological sensors (Nag, Mitra, and Mukhopadhyay 2018).

For example, key steps for fabricating the ZnO nanorod-graphene hybrid sensor (Yi, Lee, and 
Park 2011) as mentioned in Figure 9.13.

Applications
•	 Detection of explosives.
•	 Biosensor for detecting Parkinson’s disease biomarkers and bacteria.
•	 Specific gas detection.
•	 Tattoos with self-healing, multifunctional electronic sensors.
•	 Observing the environment (Aïssa et al. 2015).

FIGURE 9.12  Tumor killing therapy using graphene-based nanocomposites activated by neutrons.

FIGURE 9.13  The key steps for fabricating the ZnO nanorod-graphene hybrid sensor architectures are 
depicted schematically.
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9.5.5 E nergy Harvesting and Storage

Graphene and graphene-based nanomaterials have an influence on four energy-related areas. 
Photovoltaics, graphene batteries, superconductors, and catalysis, mostly for fuel cells, are exam-
ples of these (Mamvura and Simate 2019).

For example, flow chart to fabricate Ag/graphene oxide/p-silicone/Ti-Au heterojunction photo-
voltaic cells (Mahala, Gupta, and Singh 2020), as mentioned in Figure 9.14.

Applications
•	 Graphene increases the energy capacity as well as the charge rate of rechargeable batteries.
•	 Activated graphene essentially produces superior supercapacitors, which are required for 

energy storage.
•	 Graphene electrodes could pave the way for a promising approach to producing solar cells 

that are low cost, flexible, and lightweight.
•	 Experimentation designs for graphene-based solar cells in which graphene serves as vari-

ous components of the cell.
•	 Multifunctional graphene mats are promising catalytic system substrates.
•	 Proton transport in graphene holds promise for mimicking photosynthesis artificially.

9.5.6 C omposites and Coatings

Graphene’s mechanical properties, such as its low loading and low mass requirements, distinguish it 
as a reinforcing agent in composites. Graphene-coated objects and graphene-reinforced composites 
can also serve a variety of functions (Das and Prusty 2013).

FIGURE 9.14  Flow chart to fabricate Ag/graphene oxide/p-silicon/Ti-Au heterojunction photovoltaic cells.
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Applications
•	 Body structures made of lightweight composites.
•	 Lubricants with improved anti-wear characteristics.
•	 Nano-laminates as high-permeation barrier films.
•	 Corrosion resistance.
•	 Translucent conductive coating for solar devices.
•	 Protection from lightning strikes and radiation shielding.
•	 Coatings that are superhydrophobic.
•	 Thin films that are translucent, conductive, and flexible.
•	 Highly effective electromagnetic interference (EMI) shielding sheets.

9.6  CONCLUSION AND FUTURE PROSPECTS

This chapter demonstrates a fundamentally simple and quick method for effectively transform-
ing solid sugarcane waste into valuable graphene oxide. The resulting graphene has a well-
graphitized structure. SBE is recyclable and a great source of carbon-based nanomaterials. 
Graphene was synthesized using several different methods. In comparison to commonly used 
methods, the methods discussed in this chapter are more eco-friendly because they avoid the 
emission of toxic gases during the synthesis. This enormously simple and inexpensive synthesis 
method could be exposed up with new possibilities for the low-cost manufacture of graphene-
based materials for gas sensors and other functional devices along with energy storage (Mohan 
et al. 2018).

Graphene-based hybrid nanostructures are presently being considered as ideal materials for 
fields such as biomedical engineering, physics, green chemistry, nanotechnology, and material sci-
ence, due to their tunable physical properties, elevated electronic, high surface area, and thermal 
properties. As a consequence, graphene and its derivatives have revealed excellent commercial 
applications in nanomedicines, composites, bioimaging, and nanoelectronics, in a comparatively 
short period of time. Functionalized graphene nanosheets, for example, have demonstrated an 
upgraded interfacial interface along with the adhesive properties of protein, mammalian cells, 
and microbial, which makes graphene a value-added nanosystem for the next-generation multi-
functional in bioengineering applications. The manufacturing, on the one hand, is inexpensive, 
and research on ultrapure pristine graphene layers, on the other hand, is still in progress. As a 
result, finding a simple and delectable way to yield graphene is a vast challenge and problem for 
materials scientists. Likewise, time-dependent compatibility and interfaces of graphene and its 
derivatives in vitro and in vivo conditions are one of the most challenging tasks for graphene 
researchers employed on several features of graphene. Consequently, it can be determined that 
graphene has exhibited a great competency in practically every division of science and technol-
ogy. An abundant support for supplementary research is vital from the governments and indus-
tries to tackle the complete prospective of graphene and its derivatives for catalyst, bioimaging, 
waterproof coating, UV lens, charge conductor, sound transducers, optoelectronics, radio wave 
absorption, coolant additive, frequency multiplier, Hall effect sensors, conductive ink, spintron-
ics, and piezoelectric applications (Wang 2020).

Since graphene assists as a model for new kinds of 2D materials like germanene, phos-
phorene, and silicene, and various transition metals such as chalcogenides, hexagonal boron 
nitride, and boron nitride nanosheets are appearing as new and innovative nanostructures 
for next-generation nanotechnology and nanoscience research (Pan et al. 2014). It has been 
expressed that in some cases, these 2D nanomaterials outperform graphene. Deep investiga-
tion on these new nanosystems is currently underway, with increasing success for prototype 
applications.
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10.1  INTRODUCTION

Carbon derives its name of the word carbo, and its meaning is charcoal (Bonaccorso et al., 2012). 
Carbon is significant element due to its significant electronic structure that allows for hybridization 
to shape up sp, sp2 and sp3 networks and, therefore, to form stable allotropes compared to other 
elements (Huang et al., 2011). Graphite is the most popular carbon allotropic, and it is a natural 
mineral. Carbon element was found out in the all known life forms (Wanno and Tabtimsai, 2014). 
Carbon individuality is established in several allotropes in that it happens. This element shows 
smoothness such as graphite in pencil, to hardest known element in diamond (Trivedi et al., 2019). 
The other allotropes of carbon are nanotubes, fullerenes, glassy carbon and amorphous carbon 
(Figure 10.1). The main parameters of carbon-based materials of various dimensionalities are given 
in Table 10.1. Forth suggested naming conventions are also given in Table 10.2. Indeed, the phrase 
graphene must be used for isolated monolayer hexagonally form that organized bonded of carbon 
in configuration of sp2 (Feriancikova and Xu, 2012). The term graphite oxide is the material in solid 
state, provided with oxidation of graphite to functionalize fundamental planes and enhance inter-
layer spacing. The term graphene oxide is graphite oxide exfoliated form and it is usually provided 
with dispersing this very solvable material in an aqueous solvent. To end, reduced graphene oxide 
consequences from reduction of graphene oxide (GO) (Lee et al., 2008).

The carbon catenation property is important and it allows atoms of carbon to bond with the other 
atoms to procedure structures or long chains (Zhu et al., 2011). Graphite contains of sp2 hybridized 
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carbon element layers that are stacked with van der Waals forces. The carbon atoms single layers 
strongly packed in a two-dimensional honeycomb crystal framework is called graphene. This name 
was introduced in 1994 (Subrahmanyam et al., 2011). Graphene is a two-dimensional sheet with single 
carbon atoms layer and hexagonal packed structure. Graphite shows an amazing anisotropic treatment 
by regard to electrical and thermal conductivity properties (Wang et al., 2009). Graphite is very con-
ductive into direction parallel to graphene layers due to in-plane character, but graphite indicates weak 
conductivity in direction vertical to layers due to the weak van der Waals forces interactions among 
them (Schniepp et al., 2006). Graphite amounts interplanar spacing to 3.3 × 10−10 m and is not enough 
huge to inorganic components, organic molecules and host ions. But, numerous intercalation plans 

FIGURE 10.1  Different forms of carbon in various dimensions. (Reprinted with permission of Trivedi et al. 
(2019).)

TABLE 10.1
Significant Carbon Materials Parameters of Various Dimensionalities

Dimension 3-Dimensional 2-Dimensional 1-Dimensional 0-Dimensional

Isomer Diamond Graphene Nanotube Fullerene

Hybridization sp3 sp2 sp2 sp2

Density (kg/m3) 3515 2260 1200–2000 1720

Bond length 1.54 (C-C) 1.42 (C=C) 1.44 (C=C) 1.40 (C=C),  1.46 (C-C)

Electronic properties Insulator Zero-gap semiconductor Metal/Semiconductor Semiconductor

Source:  Modified after Gong et al. (2013).
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have been used to increase the graphite interlayer galleries from 3.3 × 10−10 m to up, that can attain 
more than 1-nm value in some situations, depending on guest components size (Evanoff et al., 2011).

Graphene has been considered by about 60 years; the first investigations on the graphite prop-
erties were presented between 1946 and 1959 and they are still studied as a critical reference in 
describing the features of different carbon-based components (Zhang et al., 2013). The graphene 
was supposed to be unstable with respect to the curved structures forms like nanotubes and fuller-
enes and also supposed not to be in a free state (Peres, 2010). In 1930s, two important papers were 
presented which, according to theoretical investigations, contended that severely two-dimensional 
crystals were thermodynamically unstable consequently, it could not exist. Mermin (1968) devel-
oped the instability argument of the two-dimensional crystal growth using many experimental 
investigations. However, there have been some intentions to extract single sheets of graphene. The 
graphene was first detected in 1960s as a “disordered structure” on surfaces of heated platinum in 
ultrahigh vacuum and recently recognized as the single graphitic sheet deposition (Morgado and 
Silveirinha, 2018). With the mentioned unique structural features, graphene has indicated special 
physical features that have attracted vast research interest in engineering and scientific communi-
ties. One of the most significant graphene features is graphene charge carriers treat as Dirac fermi-
ons or massless particles and under surrounding conditions graphene can move with little scattering 
(Ramanathan et al., 2019). This significant treatment has led to some unique phenomena for gra-
phene (Eigler, 2016): 1 – graphene is a zero-bandgap two-dimensional semiconductor with a small 
overlap between conduction and valence bands. 2 – graphene shows a strong ambipolar electric field 
influence; therefore, the concentrations of charge carrier up to 1.01 × 107 m−2 and T = 298K mobili-
ties of 6 × 109 m2/min are calculated. 3 – a scarce half integer quantum Hall influence for both hole 
carriers and electron in the graphene has been seen using adjusting chemical potential by electric 
area influence. Furthermore, graphene is extremely transparent, by 2.4% absorption rate to observ-
able light (Torres et al., 2020). Graphene thermal conductivity is calculated by an amount of 500 
kW/m. K for a single-layer sheet at ambient condition. The basic mechanical features of freestand-
ing monolayer graphene membranes were calculated using nano-indentation by an atomic force 
microscope (AFM). The strength of breaking is 4.2 × 10−4 kN/cm and Young’s modulus is 1024 
GPa, representing graphene is one of the strongest substances ever measured. In addition, the two-
dimensional graphene-based sheets and other graphene-related substances like zero-dimensional 
graphene quantum dots (GQD), one-dimensional graphene nanoribbons and graphene nanomeshes 
are synthesized. These materials are expected to possess various optical and electrical features, 
because of the changes in geometry and size and also, the presence of a large value of edge defi-
ciencies (Choi et al., 2010). For instance, the one-dimensional graphene nanoribbons and graphene 
nanomeshes have shown band opening by improved on/off ratios in area influence transistors in 
comparison with two-dimensional graphene sheets (Abd Ali, 2019). Introducing significant chemi-
cal and physical features and having dependable synthetic techniques for solution-phase and solid 
processes, graphene material and graphene material derivatives have been combined in a number of 
functional components to construct composites and have been applied as construction blocks for dif-
ferent classes of utilizations, counting field-effect transistors, photovoltaic devices photocatalysis, 

TABLE 10.2
Nomenclature Applied for Graphene Family Substances

Substance Abbreviation Explanation

Graphene – 2D sp2 bonded carbon layer in a hexagonal arrangement by single atom

Graphene oxide GO GO exfoliated form

Graphite oxide – Graphite that has been oxidized to prepare O2 functional groups on basal 
planes and enhance inter-layer space

Reduced graphene oxide rGO Product of reduction (solvothermal, thermal-chemical) of GO

Source:  Modified after Zhu et al. (2011).
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memories, sensors, intracellular imaging and cell cultures (Tewari et al., 2019). The main reason of 
unique features of graphene is its energy band spectrum. Graphene is known as a semi-metal mate-
rial, with no bandgap just at the graphene Brillouin zone six K-points, where the bands of energy 
follow to linear dispersion connection. A nonsquare-like dispersion law consequences in zero actual 
masses for holes and electrons (Li et al., 2017).

Magnetic materials find out different performances in technology, for instance, power produc-
tion and data storage (Chandu et al., 2018). Conventionally applied magnetics materials contain 
Heussler alloys, rare earth metal, nickel, cobalt and iron. The mentioned metals are able of showing 
magnetism owing to their f and d electrons that are capable to equal their spins to setup powerful 
magnetic materials (Basu and Bhattacharyya, 2012). Magnetic features of carbon-based substances 
have involved a great consideration. The presence of p and s electrons only makes graphene coun-
terintuitive to expect magnetism (Wang et al., 2012). The magnetic substances according to carbon 
are an area of significant attention owing to less energy-intensive production, biocompatibility and 
abundance of carbon. Magnets flexible and lightweight can be fabricated by C element for storage 
apparatuses (Elemike et al., 2019). Magnetic carbon; moreover, finds out performances in bio-sensing 
and bio-imaging (Mohan et al., 2018). The magnetic vulnerability of the different carbon forms is 
dependent on carbon forms band structure that can be improved using presenting defects, impurities 
and using adsorbed entities interactions (Sun et al., 2020). The understanding in the graphene mag-
netic features is according to density functional theory. One of the most graphene properties is its 
high surface area. This parameter is determined using Brunauer-Emmett-Teller (BET) method and 
it depends on number of layers and the synthesis technique (Elemike et al., 2019). The more details 
about the surface area features graphene-based substances are given in Table 10.3.

Graphene-based substances have the surface area in the range of 3 × 106 to 3 × 107 cm2/g. The 
single-layer graphene surface area is calculated theoretically as 2.63 × 107 cm2/g. Also, graphene 
thermal exfoliation usually yields a very particular surface area because of single- and few-layer 
graphene (Kurmarayuni et al., 2020). In graphene, the atoms of carbon are bonded by other atoms 
in a hexagonal framework. Maximum of stress, which a substance can tolerate before breaking, 
is related to material defect free framework (Mindivan and Göktaş, 2020). Deficiencies in frame-
work lead to decrease the strength of tensile. Graphene basic tensile strength is 0.127 TPa that is 
related to strength of C-C bond. Consequently, graphene is the strongest substance by a strength 
power around 199 than steel. Young’s modulus of monolayer graphene was also reported to be 1 
TPa (Saeed et al., 2016).

TABLE 10.3
The Surface Area Features of Graphene-Based Substance

Graphene-Based Materials Surface Area (cm2/kg) Synthesis Method

Graphene oxide 3.2 × 108 Gas-based hydrazine reduction

Functionalized graphene (0.7–1.5) × 109 Thermal exfoliation of graphene oxide

G-sheets 6.7 × 108

2.7 × 108

Exfoliation of graphene oxide
Arc graphite deposition under hydrogen

G-sheets 6.7 × 108

2.1 × 108

Exfoliation of graphene oxide
Arc graphite deposition under hydrogen

G-sheets 9.4 × 108 Graphene oxide subjected to thermal shock 
to exfoliate and then reduced by H2

Porous carbon 3.1 × 109 Exfoliated GO chemical activation

Porous three-dimensional  
graphene material

3.6 × 109 Hydrothermal followed by activation using 
potassium hydroxide

Source:  Modified after Trivedi et al. (2019).
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Waste is a substance class that any purpose and no longer serves is usually thrown away (Elsen 
et al., 2019). Organic wastes act a main role in the producing contamination because of human 
activities, such as fermentation and landfill. In the organic waste, the main waste portion is fallen 
dry leaves from trees (Voros et al., 2019). The leaf wastes are not handled correctly and because of 
human ignorance, leaf wastes are not disposed correctly. The contaminants that are generated of the 
leaf wastes enter in atmosphere that consequences in greenhouse gas influence as a whole, in addi-
tion to particulate matter formation of (González et al., 2020). Besides the chemical contaminants 
released, mound spores are dispersed in the fire plume. These particulates can reach deep in lung 
tissue and reason chest pain, wheezing, coughing and sometimes long-term problems (Gokulkumar 
et al., 2020). One of methods to reduce the mentioned human and environmental hazards is to con-
vert them to graphene (Figure 10.2).

The main aim of this chapter was a comprehensive graphene synthesis from leaf wastes. 
Consequently, at the first step, the synthesis methods for graphene production by leaves are dis-
cussed in detail. The characterization and morphology of produced graphene based on scanning 
electron microscope (SEM), transmission electron microscope (TEM), high-resolution transmission 
electron microscope (HRTEM), selected area electron diffraction (SAED), AFM, X-ray analysis 
(EDX), Fourier transform infrared (FTIR) spectroscopy, UV-Vis absorption spectra, or photolu-
minescence (PL) spectroscopy were discussed. Because of unique properties of graphene-based 
materials, the applications of them in various fields are reviewed.

10.2  GRAPHENE SYNTHESIS AND CHARACTERIZATION METHODS

The proteins, carbohydrates and fibers are the main components of dead leaves. Hemi-cellulose, 
lignin and cellulose of fibers and carbohydrates are mainly considered as significant carbon source 
(Biswal et al., 2013). Therefore, researchers are convinced to use these natural carbon sources for 
graphene production and have provided various methods for its synthesis. The leaves of green tea 
were chosen as the carbon resource to synthesis of graphene by Roy et al. (2021) due to the labile 
linkages of its structure and its polyphenols content. The dried leaves were pyrolyzed at 900°C for 
3 h and cooled to ambient temperature under inert atmosphere (nitrogen gas) to prevent graphene 

FIGURE 10.2  Scheme of graphene synthetic from leaf waste. (Reprinted with permission of Shams et al. 
(2015).)
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oxidation and the obtained product was named G9. In second experimental set, pyrolysis of dried 
leaves was done at 1100°C for 3 h (obtained product: G11). The field emission scanning electron 
microscopy (FESEM) and Raman spectroscopy were applied to characterize the production of 
these experimental sets. The FESEM image of G9 indicated the lump-like and porous structure, but 
the flake-like structure of graphene was not observed. By increasing the temperature in the second 
pyrolysis, the sheet-like and rock-like structure was formed after 30 min of graphitization process. 
According to these results, the optimal temperature to synthesis of graphene from green tea leaf is 
1100°C. The X-ray photoelectron spectroscopy (XPS) analysis confirmed the high carbon and low 
oxygen contents in G11 samples, i.e., 92.75% and 6.81%, respectively. The carbon content of G11 
was determined in detail by XPS, as provided in Table 10.4.

According to these results, the highest content is for sp2 carbon (75.2%) while sp3 carbon had low con-
tent percentage (11.6%) in G11 samples. The intensity ratio of D band to G band (ID/IG ratio) and number of 
layers of G11 were predicted by Raman spectroscopy and were 0.88 and 3, respectively, The intensity ratio 
of D band to G band (ID/IG ratio) and number of layers of G11 were predicted by Raman spectroscopy 
and were 0.88 and 3, respectively. These values are similar to the reported values for graphene. HRTEM 
and SAED analyses established the crystallinity of the graphene sheets for G11, as shown in Figure 10.3. 
In SAED pattern of G11, sixfold symmetry in graphene’s structure is distinctly visible (six clear dots).

Formed graphene fringes in samples identified crystalline domain of obtained graphene. The dis-
tance between graphene fingers was measured by using of the atomic resolution images, which was 
0.37 nm for G11. They also used AFM images to predict the thicknesses, lateral sizes and number 

TABLE 10.4
Carbon Content of Produced Sample (G11) during Pyrolysis Process at 1100°C from 
X-Ray Photoelectron Spectroscopy Analysis

Group Position of Peak Content (%) Group Position of Peak Content (%)

C=C 284.3 75 C=O carbonyl 530.5 23

C-C 284.9 12 C=O carboxyl 531.5 18

C-O 286.0 9 C-O hydroxyl 532.0 38

C=O 287.8 4 C-O carboxyl 533.3 20

Source:  Modified after Roy et al. (2021).

FIGURE 10.3  The high-resolution transmission electron microscope image of produced sample (G11) dur-
ing pyrolysis process at 1100°C (a) and selected area electron diffraction pattern of G11 (b). (Reprinted with 
permission of Roy et al. (2021).)
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of layers of the graphene sheets, which were 1.5, 403 and 3 nm, respectively. Roy et al. (2021) also 
used tannic and alginic acid powder as carbonaceous materials to produce graphene. The tannic 
and alginic acids were produced from leaves of oak tree and seaweeds, respectively. Two pyrolysis 
sets were performed for these acids in the same condition and manner as for dried green tea. The 
plausible mechanism of pyrolysis to produce graphene from alginic acid is illustrated in Figure 10.4.

The achieved results indicated that leaf derivatives are also an appropriate source for graphene 
production. The characterization analyses specified that a bilayer and few layers graphene are fabri-
cated from alginic and tannic acids, respectively, after 3 h pyrolysis at 1100°C (the products of this 
experimental set were named A11 and T11). The produced graphene from these acids had high qual-
ity and sixfold crystalline symmetry structure, which characterized by FESEM, XPS, HRTEM, 
AFM images, SAED pattern and Raman spectroscopy. As a result, nonconventional carbonaceous 
sources like green tea leaf, tannic acid and alginic acid were qualified and were suitable resources 
to produce graphene due to their structures, contents and abundance. However, a lot of effort is 
required to provide a facile synthesis method with optimal conditions.

In another study, Chen et al. (2016) converted wheat straw to graphene sheets because of its mul-
tilayer structure and polymeric content using an eco-friendly and low-cost method. They combined 
graphitization and hydrothermal processes for this purpose. After hydrothermal treatment with hot 
KOH solution to convert wheat straw to cellulose fibers, the resulting product was carbonized at 
high temperature (800°C) and in an inert atmosphere and then the obtained carbon nanosheets 
thermally treated at 2600°C to produce graphene film (Figure 10.5).

The morphology, surface structure, the thickness between the nanosheets, porous structure, num-
ber of graphene layers, space between carbon layers and graphitization degree were analyzed. The 
obtained results indicated the successful production of porous layered graphene. According to the 
SEM images (Figure 10.6(a and b)), the thickness of graphene sheets is about 1–4 nm and the ripple 
structure of graphene is quite obvious. The interlocked porous structure of obtained graphene was 
confirmed by analyzing TEM images (Figure 10.6(c–e)); in addition, the red arrows in Figure 10.6(c) 
show some meso pores (2–20 nm) in the graphene structure. As indicated in Figure 10.6(d and e), the 
derived graphene from wheat straw can have 2–10 layers, which the distance between layers is about 

FIGURE 10.4  The plausible mechanism of alginic acid pyrolysis to produce graphene. (Reprinted with 
permission of Roy et al. (2021).)
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FIGURE 10.5  Schematic of the presented method to fabricate graphene from wheat straw. (Modified after 
Chen et al. (2016).)

FIGURE 10.6  The scanning electron microscopy images (a) and (b), transmission electron microscopy 
images (c–e) and selected area electron diffraction pattern (f) of the derived graphene from wheat straw. 
(Reprinted with permission of Chen et al. (2016).)
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0.34 nm. The crystalline structure of graphene was analyzed by SAED pattern (Figure 10.6(f)), 
which indicated the sixfold symmetry and its high graphitization degree.

The prepared graphene had high graphitization degree (90.7%), which indicates its excel-
lent conductivity behavior. In addition, the specific surface area (SSA) and the volume of pores 
were 35.5 m2/g and 0.10 cm3/g, respectively. To investigate electrochemical potential, the pre-
pared graphene was used as anode of lithium-ion battery. The result of charge-discharge profile 
showed higher reversible capacity (502 mAh/g) than graphite capacity but irreversible capacity 
was 295.8 mAh/g. This reduction in capacity is common for carbonaceous materials. Cycling 
performance of graphene during 40 cycles was significant and more than the control sample 
(graphite). The appropriate chemical and physical features of synthesized graphene using a 
novel, low-cost and green process, can show a new way to use large amount of wheat straw 
output in the world.

In the study of shams et al. (2015), dead leaf of camphor was used as carbon source to fabricate 
graphene by a facile, scalable and ecological method. They cleaned the leaves from dirty by acetone 
and dried at 60°C for 4 h. Then fragmented samples were pyrolyzed at 1200°C under nitrogen atmo-
sphere and finally cooled to ambient temperature (Figure 10.7).

After this single-stage pyrolysis at high temperature, the sample was dissolved in the solution 
of D-Tyrosine and trichloromethane and treated during 15-min sonication. The graphene layers 
were suspended in solution after centrifugation and other carbon compounds deposited at the 
bottom. D-Tyrosine was washed from graphene layers and obtained graphene was characterized. 
The thermal gravimetric analysis, which was similar to conventional pyrolysis curve indicated 
that hemicellulose is the largest carbon source in camphor leaves. The analysis of TEM images 
revealed the formation of graphene layers from the leaves, which the thickness and number of 
them were estimated by AFM images and were 2.37 nm and about 7, respectively. On the one 
hand the ID/IG ratio (0.99) was calculated using Raman spectroscopy data, which was close to the 
presented values for pure graphene. On the other hand, the nano porous structure of obtained 
graphene was confirmed by BET test and its surface area was 296 m2/g. Also, the production 
efficiency of graphene from camphor leaves was 0.8%. These results indicated that the leaf waste 
can be used as a potential bio resource to produce graphene without complex method, chemicals 
and catalysts, even on a large scale.

FIGURE 10.7  Synthetic scheme of graphene form dead leaf of camphor. (Modified after Shams et al. (2015).)
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The leaf waste derivatives are also a valuable source of carbon to fabricate graphene. Humic 
acids are important organic redox-active components, which are formed through the decomposi-
tion of plant and animal materials. These eco-friendly complex molecules exist abundantly in 
nature (Jayarathne et al., 2017). The chemical structure of humic acids and its similarity to gra-
phene structure attract the attention to produce graphene from these organic acids. Graphene is 
traditionally synthesized using natural or synthetic graphite but these resources are of high-cost 
and nonrenewable. In 2017, a facile, eco-friendly and inexpensive synthesis method was reported 
by Xing et al. (2017) to produce graphene sheets using humic acid. They used Hummer’s method 
to obtain layered structure of graphite at high temperature and then oxidation-exfoliation-ther-
mal reduction strategy was applied to synthesize nanosheets of graphene. Figure 10.8 briefly 
illustrates the synthesis of graphene from humic acid. The SEM and TEM images are used for 
the characterization of surface structure of the obtained graphene, which showed curved, wrin-
kled and transparent structure with a large number of interconnected nanopores. These results 
indicated that the surface morphology of obtained graphene from carbonization of humic acid 
is very similar to the synthesized samples using natural graphite. Furthermore, the pore mor-
phology and surface area of obtained graphene were analyzed by nitrogen adsorption/desorp-
tion technique, which confirmed the high volume of pores (2.987 cm3/g) and considerable SSA  
(495 m2/g). They also used density functional theory to analyze pore size distribution and con-
cluded that the obtained graphene has excellent capacitance and high electrochemical perfor-
mance. This work emphasized that green, abundant and renewable humic acid is a deserving 
alternative for low-cost production of graphene with unique properties such as excellent SSA, 
high volume of pores, interconnected nanopores morphology and as a result its favorable perfor-
mance in supercapacitors.

Graphene derivatives also have a wide range of applications and have recently attracted 
much attention. Despite all the outstanding properties of graphene, it is a nonluminescent mate-
rial but some of its derivatives do not have this shortcoming. GQD is one of the important 
alternatives to graphene, which possesses remarkable magnetic features because of quantum 
confinement and edge effects. Microwave-assisted hydrothermal, cyclic voltammetry and elec-
tron beam lithography methods are typical synthesis approach to fabricate GQD. The size 

FIGURE 10.8  Synthesis method of graphene from humic acid. (Modified after Xing et al. (2017).)
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of GQD influences its magnetic features. The synthesis of GQD with sizes under 20 nm is 
complex and costly and providing an effective method for resolving existing issues is one of 
the researcher’s interests (Chuang et al., 2016). Roy et al. (2014) presented a novel and facile 
method to synthesize GQD from Neem and Fenugreek leaves without any organic solvent and 
chemical agents. Formation of Neem-derived GQD using hydrothermal method, is presented 
in Figure 10.9.

During pyrolysis process, the temperature has main effect on carbonization so that suf-
ficient carbonization of leaves does not occur under 300°C and higher temperature destroys 
their structure and surface. The average sizes of GQD were estimated by HRTEM and were 5 
and 7 nm for Neem and Fenugreek leaves, respectively. In optical analysis, Neem-derived GQD 
had higher quantum yields (41.2%) than Fenugreek-derived one (38.9%), which indicates that 
Neem and Fenugreek leaves are appropriate renewable resources to prepare GQD, which can be 
used in nanolasers and solar cells. In the continuation of this study, the properties and intrinsic 
magnetic feature of prepared GQD from Neem leaves were investigated (Chuang et al., 2016). 
According to the HRTEM and fast Fourier transform (FFT) images of Neem-derived GQD, 
the orientation of edge in GQD structure was zigzag, which indicates the mechanism of GQD 
formation from GO sheets. Superconducting quantum interference device was used to investi-
gate the GQD magnetization at different temperatures (2–300K). The results showed that the 
temperature affects the GQD magnetization and the GQD spin effect is changed by thermal 
energy. For instance, paramagnetic behavior was changed to diamagnetic behavior at 100K. 
In fact, paramagnetic electron spin moments change and decrease to zero with an increase in 
temperature. This valuable information can give an accurate comprehension of GQD proper-
ties, functions and applications. During the recent years, significant efforts have been made by 
many researchers to produce carbon quantum dots from leaf wastes and green sources using 
facile methods. The synthesis of leaf-derived GQD with different methods is briefly provided 
in Table 10.5.

One of the most important graphene-related materials is GO, which is widely used in material, 
pharmaceuticals, biomedical and biological sciences. This single atomic layer material is produced 
by exfoliation and chemical vapor deposition methods (Georgakilas et al., 2012; Mao et al., 2013; 
Somanathan et al., 2015). In order to fabricate GO or reduced graphene oxide (rGO), graphite is 
generally oxidized by various methods like Hummer’s method and modified one (Gopinath et al., 
2018). Reduction of GO is one of the top-down methods to graphene production from graphite 
derivatives. Graphene with high conversion yield (about 99%) and carbon-to-oxygen ratio can be 
produced by reducing GO. Graphite derivatives are oxidized with oxidizing agents to fabricate 
GO. The electrical conductivity and thermal properties of graphene are affected by the presence 

FIGURE 10.9  Schematic of graphene quantum dots production from Neem leaves. (Modified After Roy 
et al. (2014).)



150 Graphene from Natural Sources

of oxygen after oxidation reaction. The deoxygenating of GO solves this problem by using some 
reduction methods such as thermal or chemical reduction and photocatalytic. In thermal reduction, 
hydroxyl, carboxyl and epoxy groups are removed from GO by heating at high temperature (900°C) 
under an inert atmosphere, as well as various light sources are used in photocatalytic reduction of 
GO. In deoxygenating process of GO with chemical reduction, chemical reducing agents are used 
and this method is facile and reliable for industrial scale production. But these reductants are toxic; 
therefore, rGO cannot be used in biomedical applications (Ismail, 2019). Recently, the development 
and promotion of green GO reduction processes have attracted the attention of many researchers. 
Scientific literatures indicated that leaf extracts can play reducing and capping roles instead of 
chemical agents in the chemical reduction of GO, but some parameters must be considered like 
reduction duration, temperature and concentration of GO. In the study of Chuah et al. (2020), phyto-
extract of Eclipta prostrata was used as reducing agent to fabricate rGO. They used leaves of Eclipta 
prostrata to produce an aqueous phytoextract by drying, powdering, agitating at 50°C and filtering. 
Graphite was used for GO preparation and then the prepared phytoextract was added to the solution 
of GO and water. After dispersing rGO, phytoextract was separated using centrifugation and dis-
tilled water washing. The morphology and structural characteristics of prepared GO and rGO were 

TABLE 10.5
Synthesis of Graphene Quantum Dots from Leaf Wastes by Different Methods

Key Material Final Product Methods Results Reference

Dead Neem 
leaves

Amine terminated 
GQD (Am-GQD)

Pyrolysis and 
chemical treatments 
with H2SO4 and 
HNO3

UV-Vis absorption spectra and PL 
spectroscopy are used to investigate about 
optical properties of GQD and Am-GQD. 
Photoluminescence intensity and water 
dispersity of the modified GQD were 
higher than GQD. Am-GQD showed a 
strong fluorescence quenching for some 
metal ions such as Cu2+, Ni2+, CO2+, Fe2+, 
Fe3+, Hg2+ and Pb2+

Suryawanshi 
et al. (2014)

Mango leaves GQD Perpetration of leaf 
extract with ethanol 
and heating with 
domestic microwave 
oven

The prepared GQD with facile and green 
method showed bright red fluorescence. 
This photostable GQD had magnificent 
cellular sorption (100%) and exhibited 
selective fluorescence emission in the 
near-infrared region. Also, the result of 
temperature sensing analysis indicated its 
stability after several cycles of 
temperature switching

Kumawat  
et al. (2017)

Therapeutic 
guava leaf

Red-fluorescent  
GQD (G-GQD)

Solvothermal 
treatment

The excitation wavelength of prepared 
G-GQD was 300-420 nm, which 
depended on the fluorescence intensity 
and pH. Selective quantification of 
mercury (II) in an aqueous solution was 
investigated by the G-GQD emission 
property. The obtained results confirmed 
the ability of prepared GQD for sensitive 
and rapid response fluorescence for 
detection of Hg2+

Khose  
et al. (2021)

GQD:  Graphene quantum dots; PL: photoluminescence.
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analyzed by FESEM images. The results indicated that the produced rGO has smooth and sinuate 
surface with lattice fringes (Figure 10.10(d)). As shown in Figure 10.10, the shape of edges and 
corners of graphite oxide changes from round to sharp after graphite exfoliation. Also, 3D, porous 
and interconnected structure of GO is observed in Figure 10.10(c). In additionally, the TEM images 
confirmed these results.

Furthermore, the results of energy dispersive EDX and FTIR spectroscopy proved that the oxy-
gen content of rGO decreased after GO reducing with Eclipta prostrata phytoextract. This study 
indicated that phytoextract of leaves can be used as reducing agent for nontoxic rGO production. 
Elemike et al. (2019) reported an innovative approach to synthesize developed rGO using zinc 
oxide (ZnO) and silver nanoparticles. They fabricated GO from graphite flakes using Hummer’s 
method and then the leaf extract of Stigmaphyllon ovatum was used as reductant agent to pro-
duce rGO. The obtained rGO was sonicated in water and then AgNO3 was added to it. Following 
that, ZnO particles and leaves extract were added to this solution in order to produce developed 
rGO, which SEM images and EDX spectroscopy confirmed. Nanoparticles of metals enhanced 
photocatalytic and optical applications of rGO. The bandgap energy and photocatalytic efficiency 
were 2.75 eV and 68.1% (higher than rGO), respectively. This reported reaction for developed 
rGO production is eco-friendly, low-cost and without any toxicity. Some valuable researches are 
summarized in Table 10.6, which indicated that leaf extract has the ability and competence to be 
used in the bio-rGO production.

According to the reviewed literature, the leaf wastes and their derivatives can be used as eco-
friendly sources and reduction agents to produce graphene and its derivatives. But the synthesis 
conditions must be considered and optimized to provide facile methods to produce high quality 
green products.

FIGURE 10.10  The field emission scanning electron microscope images of (a) graphite, (b) graphite oxide, 
(c) graphene oxide and (d) reduced graphene oxide at magnification-scale: 5 μm. (Reprinted with permission 
of Chuah et al. (2020).)
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TABLE 10.6
Summary of Several Studies about the Ability of Leaf Extract as Reductant Agent for 
Reduced Graphene Oxide Production

Reducing Agent 
(leaf extract) Methods Results Ref

Plectranthus 
amboinicus

Hydrothermal treatment of GO 
and AgNO3 and reduction with 
leaf extract of Plectranthus 
amboinicus

The X-ray analysis, SEM and TEM image, 
FTIR and UV-Vis spectroscopy confirmed 
the structure of rGO/Ag nanocomposite. 
The obtained rGO/Ag nanocomposite had 
excellent electrochemical properties and 
good selectivity as electrode surface for 
electrochemical sensor

Zheng et al. (2016)

Lotus garcinii Three steps method for rGO/
Fe2O3 fabrication (Hummer’s 
method to produce GO, 
reduction of GO in colloidal 
suspension, fabrication of rGO/
Fe2O3 by coprecipitation 
method), finally adding leaf 
extract and Ag nanoparticles to 
biosynthesis of rGO/Ag/Fe2O3

The leaf extract of Lotus garcinii played 
important roles as reductant and 
stabilization agent to synthesis of rGO/Ag/
Fe2O3. This modified rGO was used as 
catalyst to removal organic pollutant from 
waste water, which exhibited remarkable 
catalyst activity in comparison with other 
reported nanocatalysts

Maham et al. (2017)

Eucalyptus Fabrication of GO by Hummer’s 
method and reduction with leaf 
extract

Leaf extract of Eucalyptus was used as 
reductant and stabilization agent, which 
enhanced the electrochemical, stability and 
biocompatibility features of rGO. The 
morphology analysis results showed that 
the thickness of rGO was 0.807–1.129 nm, 
which is higher than GO. Eucalyptus 
biomolecules increased the thickness of 
rGO and improved its biocompatibility 
features

Li et al. (2017)

Amla Hydrothermal treatment to 
produce Ag/graphene and 
reduction with green reductant

The spectroscopy analyses confirmed  
and characterized the structure of obtained 
Ag/rGO. Minimum inhibition 
concentrations of Ag/rGO were calculated 
to investigate about its antimicrobial 
efficiency. Xanthomonas campestris, 
Candida albicans, E. coli and Bacillus 
megaterium were used to analysis of 
antimicrobial activity. The results showed 
that this green nanocomposite killed 
bacterial colonies

Chandu et al. (2018)

Eichhornia 
crassipes

Treating obtained rGO (with 
leaf extract) with ZnO to 
fabricate rGO/ZnO 
nanocomposites

The rGO/ZnO concentration influenced  
on the dye degradation efficiency and 
enhanced dye adsorption capacity  
and removal efficiency. The obtained  
rGO/ZnO by leaf extract of Eichhornia 
crassipes had higher degradation  
efficiency than rGO/ZnO produced 
without this green reductant

Ramanathan et al. 
(2019)

(Continued)
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10.3  GRAPHENE APPLICATIONS

Recently, graphene-based substances have been established for many applications, counting plans 
for energy conversion and storage, absorption agent, electrochemical sensor and functional com-
posite substances (Chabot et al., 2014). Graphene stimulated researchers’ enthusiasm, which are 
exploring application of graphene in different areas. The overview of recent consequences in critical 
application of graphene is presented (Rao et al., 2014). The immediate performance of graphene is 
in the polymer nanocomposite component that indicates a strange improvement of some important 
features, like thermal stability, electrical conductivity, tensile strength and elastic modulus upon 
integration of GO or graphene platelets (Phukan et al., 2019).

10.3.1 A bsorber

Because of the significant features of materials based on graphene, they can be applied as forming 
composite materials and an additive substance, by some preferred features and performance (Chabot 
et al., 2014). Some graphene sponges are powerful in compressive stress; however, fracture in higher 
loads. In certain concentration conditions or lower cross-linked, shaped graphene sponges can show 
powerful reversible compression loads, however, graphene sponges still continue delicate through 
handling (Phukan and Sahu, 2020). But high strength and big surface area of sponge structure in the 
optimal mass ratios have made the mentioned properties desirable in preparing polymer matrices 
reinforcement by increased tailored and strength features. Consequently, graphene sponge matrices 

Palm Oil Sonicating graphite oxide 
solution to produce GO, 
refluxing GO solution and leaf 
extract mixture, centrifuging 
and drying to fabricate rGO

The structural analysis results indicated that 
interspace distance of rGO planes depends 
on the oxidization progress. The distance 
increased during graphite oxidization and 
enhanced from 0.33 to 0.84 nm. Hydroxyl 
group of GO removed by using palm oil 
leaf extract as green reductant and also 
changed the amorphotization of structure 
of sp2 carbon. C/O ratios increased from 
1:1 to 3:1 during reducing process. Finally, 
voltammetry analysis of obtained rGO 
confirmed its electrical conductivity

Faiz et al. (2020)

Erythrina 
senegalensis

Reduction of produced GO by 
leaf extract using a facile 
one-pot synthesis

The reduction of GO was confirmed using 
X-ray and UV-Vis spectroscopy. Further, 
the TEM images showed sheet-like and 
transparent of produced rGO. A 
concentration dependent toxicity to SICH 
cells was observed for produced rGO, 
which shows its ability to use in medical 
applications

Qi et al. (2021)

FTIR:  Fourier transform infrared; GO: graphene oxide; rGO: reduced graphene oxide; SEM: scanning electron  
microscope; SICH: cardiac cell lines of Catla catla; TEM: transmission electron microscope.

TABLE 10.6  (Continued)
Summary of Several Studies about the Ability of Leaf Extract as Reductant Agent for 
Reduced Graphene Oxide Production

Reducing Agent 
(leaf extract) Methods Results Ref
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can prepare great conductivity, high strength and superhydrophobicity, in addition to, reversible 
elongation or flexibility to some compositing usages (Siong et al., 2019). GO and three-dimensional 
graphene structures have vast surface area and can be made freestanding that must prepare a good 
surface area for absorption process (Huang et al., 2019).

10.3.1.1  Gas Absorption
Wide functionality on GO acts as a well-organized site for, resistive detection, leading to physical 
and reduction gases events. The instance of mentioned phenomena complicated GO application 
to catalyze sulfur dioxide oxidation to sulfur trioxide adsorbed on gas decreased GO at 298K (Li 
et al., 2019a). Later brown sponges, gas exposure twisted black and trapped sulfur trioxide could 
be changed to H2SO4 on exposure to H2O, permitting for simple restore GO structure impurities 
filtration (Lazar et al., 2013). Otherwise, high quality sheets of graphene show some main features 
that make graphene sheets appropriate to ultrasensitive gas sensing, depressed to single molecule 
adsorption measures for nitrogen dioxide (Shakak et al., 2020). The ammonia trace sensitivity, 
hydrogen cyanide, carbon monoxide, chlorine and water have also been indicated or modeled using 
principal measurements. Further, electronic features indicate powerful dependence on absorbents 
surface counting molecules of gas and significant 2D crystal framework can result in high sensitiv-
ity and low electrical noise (Huang et al., 2017). Indeed, graphene sheets are potential for sensing 
is hindered using individual graphene sheet susceptibility to chemical agents and extraneous envi-
ronment that affect the device reliability and repeatability (Wu et al., 2016). Yavari et al. (2011) 
presented applying of robust using chemical vapor deposition technique, to sense toxic nitrogen 
dioxide and ammonia gases. In another study, sponge sheets of graphene were cut in 5 × 10−5 m2 
strips and also, fixed to a five chips by interconnects of copper element for making low reducing 
electrical noise and contact resistance (Chen et al., 2019). The robust and simple sensor plan was 
capable to consistently sense resistance variation on exposure to 19 ppm ammonia and nitrogen 
dioxide at 25°C, by steady state response times round 300–6000 s (Zhang et al., 2020a). Desorption 
process of the mentioned gases was incomplete in pure air; however, by heating a totally revers-
ible sensor can be attained. The graphene sensors are moreover practical for detection of gas than 
sensors based on semiconducting metal oxide, which work at high temperature (>473K) (Li et al., 
2019b, Yavari et al., 2010).

Carbon dioxide and methane are two main gases responsible for harmful effects like global warm-
ing. Carbon-based materials that can store and adsorb methane and carbon dioxide are gaining con-
sideration because of their light weight, low-cost, high surface area and chemical inertness (Yavari 
et al., 2011). Graphene, carbon nanotube and carbon fibers would be predictable to be appropriate 
materials for this purpose. Activated carbon and graphene have high surface area to adsorb methane 
and carbon dioxide at 25°C and high pressure (Kumar et al., 2011). The amount of adsorbed methane 
and carbon dioxide increases with an increase in carbon-based material surface area. BxCyNz (boro-
carbonitrides), which have sequestering B- and N-doped and conducting graphene (and graphite) as 
limiting materials, have several possible uses (Kumar et al., 2011). BxCyNz provided with the reaction 
of urea, H3BO3 (boric acid) and activated carbon possess remarkable surface areas and they are pos-
sible to include borocarbonitride rings in addition to graphene and B- and N-doped domains, perform 
as well material storage for methane and CO2 (Rao et al., 2014). The adsorption of carbon dioxide 
using the borocarbonitrides samples was calculated at −78°C and 1 bar. The highest carbon dioxide 
uptake was obtained for BC2N that moreover had the highest surface area. The carbon dioxide uptake 
for BC2N, obtained at 25°C and 50 bar, was 65 wt.%. Carbon dioxide is acidic and therefore the N2 
in the borocarbonitrides acts a key role in attaining high carbon dioxide absorbance (Keramatinia 
et al., 2021). The methane uptake contrasts from 7.6 to 18 wt.% at 25°C and at 20°C it was 16 wt.% 
for BC2N. Uptake of methane and carbon dioxide furthermore is depending on borocarbonitrides 
materials surface area and the obtained results show the absorption of gases enhance exponentially 
by surface area. Adsorption of carbon dioxide using borocarbonitrides was found out to be nearly  
9 times selective over nitrogen at 0.99 atm and 20°C (Ao et al., 2012).
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10.3.1.2  Dye Adsorption
Natural microporous adsorbers like zeolites, expanded perlite, wool and sawdust have been applied 
for spill clean-up. However, the mentioned conventional substances have little oil loading and fur-
thermore adsorb large making extraction values, water and the oil absorbents recycling imprac-
ticable. Microporous, hydrophobic polymers are moldable, able of adsorbing 4–26 times of own 
weight in organic solvents and oils (Liu et al., 2020). In place of a powerful substitute for cheap oil 
removal, graphite has indicated high loading, and up to 71% of composed oil can be eliminated. 
However, particulates do not show significant organic solvents adsorption, powder shape makes for 
complicated usage and substance can be used a few times (Chuah et al., 2020). The development of 
novel materials capable to reversibly and effectively remove oil spill and organic solvents pollutes 
is dangerous to the oil spill water remediation future and cleanup is necessary for protection of the 
environmental. Subsequently, graphene sponges by highly oleophilic and hydrophobic surfaces, 
chemical stability into organic solvents, high surface area, ability to withstand high temperature and 
uniform structure, have been established to be possible for adsorbers (Bi et al., 2012). For instance, 
graphene/carbon nano tube and graphene have been established as an adsorber for an extensive 
organic solvents variety, water soluble alcohols, alkanes and oils by special performance as given 
in Table 10.7.

Bi et al. (2012) applied 453K autoclaved reduction to persuade self-assembly a restore GO struc-
ture sponge with 4.3 × 108 cm2/g surface area that indicated restore GO sponge was capable to 
adsorb high volume of substance in comparison with its own weight, i.e., 21–86 kg/kg. Zhao et al. 
(2012) informed a 400 × 108 cm2/g restore GO sponge provided using a similar thermal reduction 
however, by addition of urea to crosslinking and functionalize the substance, and they indicated this 
restore GO sponge had higher capacities of adsorption about 74–55 kg/kg. Furthermore, absorption 
of dye in H2O was also test indicating high dyes adsorption to color production, like methylene blue 
and rhodamine B (Chabot et al., 2014). Higher adsorption of dye was detected for Cu2O/graphene 
(Wu et al., 2013). The composite graphene/Cu2O sponges were tested using methylene blue, methyl 
orange and rhodamine B.

10.3.2 E nergy Conversion and Storage

Graphene sponges treated or doped by metal oxides, indicating high electroactive surface area and 
limited sheet restacking, have been established to be appreciate components for conversion and 
energy storage devices (Chabot et al., 2014). Continuing attention for graphene sponges usage in 
energy storage is an additional reason to promise of mechanical stability and high elasticity, high 
electrochemical stability, 3D porous microstructure and high conductivity of interconnected net-
works (Liu et al., 2019). The mentioned devices contain the fuel cells, batteries, supercapacitors 
and solar cells. For polymer electrolyte membrane fuel cells, graphene-based materials are usu-
ally applied by catalyst supports and catalysts; for batteries like lithium batteries, graphene-based 
materials are applied as anode and cathode substances; for supercapacitors, fuel cells are applied as 
electrode substances for pseudo-capacitors and two-layer capacitors; also for solar cells, graphene-
based materials are applied as dye-sensitizer (Chang et al., 2020).

10.3.2.1  Fuel Cell
A fuel cell is an electrochemical device that produces electricity over the fuel oxidation at the anode 
electrode and reduction of oxygen at the cathode electrode (Berktas et al., 2020). To get an impor-
tant current density, oxygen reduction reaction kinetics must be increased with reduction reaction 
activation energy (Yu et al., 2010). General catalyst applied in oxygen reduction reaction is Pt that is 
not available and it is costly in large quantity on the crust of earth. But catalysts based on Pt suffer 
of poor tolerance in contradiction of fuel crossover and CO poisoning. Carbon-based catalysts have 
indicated improved activity of catalytic equal to that of Pt by good durability, low-cost and low fuel 
crossover. The most widely traveled fuel cell usages of materials based on graphene are in field of 
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TABLE 10.7
Several Non-Aqueous Liquids Absorption Capacity Using 
G-Sponges

Absorbing Components Capacity of Adsorption (kg/kg)

Oils

Gasoline 2.7 × 105

Crude oil 2.89 × 105

Pump oil 6.8 × 104, 8.5 × 104

Kerosene/paraffin oil 4.5 × 104

Castor oil 7.5 × 104

Soybean oil 5.5 × 104

Diesel oil 1.24 × 105

Motor oil 3.45 × 105

Olive oil 4.60 × 105

Vegetable oil 9.5 × 104, 1.03 × 104, 4.18 × 105, 81 × 104

Alkane

C6H14 4.3 × 104, 2.15 × 105

C7H16 2.1 × 104, 7.5 × 104

C8H18 45 × 104

C10H22 35 × 104

Dioxane 4.89 × 105

C6H12 3.20 × 105

Dodecane 5.0 × 104

Aromatic compound

Ethylbenzene 3.3 × 104

1,2-Dichlorobenzene 4.5 × 104, 1.27 × 105, 4.50 × 105

Toluene 5.5 × 104, 1.25 × 105, 2.0 × 105, 3.50 × 105

Nitrobenzene 6.3 × 104, 3.70 × 105

Organic solvent

Acetic ester/ethyl acetate 9.2 × 104

Dimethyl sulfoxide 6.2 × 104, 4.30 × 105

Tetrahydrofuran 5.5 × 104, 2.50 × 105

Acetone 5.1 × 104, 3.50 × 105

Chloroform 8.6 × 104, 1.08 × 105, 1.54 × 105

Dimethylformamide 1.05 × 105

Phenoxin 6.0 × 105, 7.43 × 105

Ethylene glycol 1.33 × 105

Alcohols and aldehyde

MeOH 4.9 × 104, 2.90 × 105

C2H5OH 5.1 × 104, 8.0 × 104, 3.0 × 105, 3.50 × 105

Ionic liquid

1-Butyl-3-methylimidazolium 
tetrafluoroborate ([Bmim][BF4])

5.27 × 105

Source:  Modified After Chabot et al. (2014).
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nitrogen coordinated metal catalysts and nonprecious metal oxide that have been followed as alter-
native catalyst to substitute expensive catalyst based on Pt (Liang et al., 2011). Though conventional 
nanostructured carbon support materials like carbon black (active carbons) that have high surface 
area could significantly recover performance of catalyst, insufficient electrochemical/chemical con-
stancy of the mentioned supports is their limitation (Wang et al., 2011a). Due to graphene-based 
materials electrochemical/chemical stability, good surface area, promising conductivity, they were 
recognized as a good choice for catalyst usages. In addition to their high adhesion to catalyst par-
ticle. Moreover, the functional groups on GO can prepare extra opportunity for catalyst nanoparticle 
anchoring and nucleation, besides electron transport (Wu et al., 2013). Though Pt-based electro-
catalyst indicated enhanced oxygen reduction reaction activity, its higher price hinders applications 
of platinum in fuel cells. A few researches are according to nonprecious transition metals (cobalt, 
iron) applied as cathode catalyst in fuel cells. N2-doped G composites by transition metal oxides 
indicate unique improvement in electro-catalytic activity (Wang et al., 2014). Peng et al. (2013) 
presented Co-NOx doped GO (N-rGO/Co3O4) based bifunctional catalysts for the oxygen evolution 
reaction and oxygen reduction reaction. The mentioned catalysts indicated positive onset potential 
and higher cathodic currents when associated to Co3O4 and N2-doped reduced graphene (N-rGO).

The strong features of graphene as a catalyst support for Pt was lately investigated (Maiyalagan 
et al., 2012). Freestanding chemical vapor deposition graphene sponges supporting for Pt nanopar-
ticles created better durability of catalytic and efficiency in comparison with carbon-based fiber 
supports. Wu et al. (2012) established Fe3O4 nanoparticles similar to deposition on a graphene 
sponge. The sponge was provided using autoclaving a GO solution including iron acetate and 
poly-pyrrole by different concentrations at 453K, followed using freeze-drying process. The 
process permitted simultaneous self-assembly for iron oxide growth on graphene site and N2 
source incorporation in graphene sponge lattice. N2-doped restore GO structure sponges includ-
ing crystalline iron oxide nanoparticles were formed with 873K thermal behavior under N2 for 
180 min. In comparison with nanoparticles that grown on carbon black and N2-doped graphene 
sheets, N2-doped restore GO structure had positive onset potential for O2 reduction reaction and 
higher O2 reduction reaction current density in alkaline solutions (Wang et al., 2012). Moreover, 
graphene-based materials cannot be applied as catalyst supports for nonprecious metal catalyst 
and platinum; however, have moreover been discovered as metal-free catalysts in the fuel cell 
usages (Parvez et al., 2012).

10.3.2.2  Dye Solar Cell
A usual solar cell based on dye sensitized has three key substances counting an iodide electrolyte, 
counter electrode and dye adsorbed titanium dioxide photo-anode (Grätzel, 2003). In practice, 
in the light beam on the titanium dioxide photo-anode, iodide can be oxidized to the triiodide, 
releasing an electron in titanium dioxide. Subsequently, to make trioxide reduction reaction fast 
sufficient, the catalyst like Pt catalyst is typically required (Xue et al., 2012). Like to fuel cells 
mentioned above, many energy has been put on substituting costly platinum-based electrodes by 
nonprecious catalysts, especially by heteroatom doped carbons like graphene-based materials 
though their catalytic activities and conductivity still underperform those of Pt catalysts (Zhang 
et al., 2011a). As mentioned above, G-sponges can prepare a great surface area for catalytic con-
version and acceptable porosity for increased electrolyte diffusion phenomenon. To establish the 
mentioned application, Xue et al. (2012) performed a N2-doped restore the GO structure sponge 
covered on the doped tin oxide glass top by way of counter electrode to attain efficiency of power 
conversion about 7% that was equal to 7.45% performance attained by the Pt counter electrode 
and also, better than applying un-doped restore the graphene sponge or a spin covered N2-doped 
restore the GO film (Roy-Mayhew et al., 2010). It was detected that the N2-doped restore the 
GO sponge could show higher current density and lower resistance than Pt. It was supposed by 
additional optimization; N2-doped G-sponges applied as an efficient replacement for Pt in the dye 
sensitized solar cells (Ahn et al., 2013).
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10.3.2.3  Lithium-Ion Battery
Lithium-ion battery has become main in battery technology because of its excellent storage charac-
teristics, high reversible capacity, good cycle life, high power density and high energy density. The 
carbon electrode acts a significant role in battery efficiency (Ramanathan et al., 2019). Graphitic 
material usually is applied as anode components in commercial lithium-ion batteries. But, to 
improve efficiency, a novel anode material generation is required to prevail the capacity of inter-
calation limitations of graphite materials. Graphene shows a great reversible capacity compared 
to commercial graphite as anode material due to its high chemical stability, significant electrical 
conductivity and surface area. Doping boron or N2 in graphene framework increases graphene 
sheets reversible capacity (Sun et al., 2018). Reddy et al. (2010) deposited N2-doped graphene 
on copper foil using the chemical vapor deposition process and indicated its capacity for two 
reversible discharges. Enhancement in the capacity of reversible discharge can be ascribed from 
defects created using N2-doped. N2-doped graphene attained of thermal annealing of GO in NH3 
indicated an increase in the specific capacity with an increase in the charge/discharge cycles by 
stability of superior cyclic (Niu et al., 2013). Iron oxide/N2-doped graphene composites indicated 
capacity of 1.012 Ah/g afterward 101 cycles that was higher than those of iron oxide/G and pure 
iron oxide itself (Du et al., 2012). Tin (IV) oxide/N2-G indicated very well reversible rate of 
capability and capacity and well cyclic efficiency. Improvement in the electrochemical efficiency 
was attributed because of synergistic consequence among N2-doped graphene and metal oxides 
(Vinayan and Ramaprabhu, 2013).

Graphene sheet has a big aspect ratio, is highly conductive and flexible, proposing possibil-
ity as the structure of confining to avoid pulverization and also, increase stability of cycle and 
improve retention capacity at beneficial discharge rate (Ren et al., 2013). It was presented that effi-
ciency gains can be appreciated when coagulation was impeded using appropriate anchoring or mix-
ing nanoparticles to graphene through growth (Huang et al., 2012a). Zhou et al. (2010) established the 
anode assembly by graphene/iron oxide, which gave 0.7 A.h/g afterward 101 series at 7 × 10−4 A/g,  
about two times upper than reversible commercial iron oxide capacity afterward 31 series at 
0.35 A/g. Furthermore, the developed graphene composites increase cathode efficiency. Hu et al. 
(2013) increased commercial lithium iron phosphate material capacity 22%–25% and consider-
ably increased the cycle life using coating components by a simple dropwise graphene solution.  
S (sulfur) has a great theoretical capacity when sulfur is applied as anode substance for battery that 
is numerous times greater than that of conventional cathode substances; however, like many high 
capacity anode substances, it suffers of little electrical conductivity, volume expansion issues and 
dissolution that result in a poor cycle. Wang et al. (2011b) indicated usage of decreased GO sheets 
to wrap S particles result in capacity of 36 A.min/g at 0.830 A/g, by 12% decay after 151 series. 
These consequences show that 2D graphene has a unique potential for improvement of cathode and 
anode substances in Li-ion battery. As documented, increasing the electrode materials porosity in 
lithium-ion battery can meaningfully reduce the Li-ions diffusion time in the chaotic graphene lay-
ers, increasing cycling performance and efficient capacity. Graphene, as a composite, could improve 
anchoring sites number yielding porosity, result in better capacity. Inappropriately, porosity can 
decrease the capacity of materials and can related to the large electrolyte intercalation value, result 
in an enhancement in irreversible capacity such as in the graphite-based materials (Liang and Zhi, 
2009). For instance, Zhou et al. (2011) presented a restore the GO sponge ready using thermally 
annealing of a freeze-dried GO sponge. Original capacity of mentioned materials was more than 
63.54 A.min/g (the low rate, 0.50 A/g). But large material surface area caused in an improvement 
in irreversible capacity, showed using retaining capacity only 2.4 A.min/g afterward a few capac-
ity dropping and cycles to 13.80 A.min/g at higher discharge rates. In total, the Li diffusion time; 
furthermore, acts an important role in lithium-ion battery efficacy that can be improved by advent 
of nano-architectures. For instance, Yang et al. (2013) lately presented one pot synthesis of the 
freestanding sponge involving interconnecting V2O5 nanoribbons and restore the GO sheet, where 
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the mixture of GO and vanadium oxide were decreased in the autoclave at 453K. GO composites 
were dried, tested and pressed as a freestanding electrode. Consequently, the graphene sponges can 
be applied as the cathode and anode materials for lithium-ion battery by high rates of discharge 
and improved efficiency using expressively decreasing inactive electrode mass. Further, combining 
chemical vapor deposition technique and the resulting graphene sponge by higher energy density 
substances like silicon and metal oxides can lead to a in much higher volume energy density (Gong 
et al., 2013).

10.3.2.4  Supercapacitor
Electrochemical capacitors are uses in many areas like power supply devices, mobile electronics 
and hybrid vehicles because of their high energy and power density, cost effectiveness and long 
cycle life (Kötz and Carlen, 2000). Carbon-based supercapacitors have best capacitance perfor-
mance due to their high electrical conductivity and high surface area (An et al., 2001). The motiva-
tion why graphene is an appropriate base-material for supercapacitors is due to electron mobility at 
298K and moreover graphene high surface area. First graphene-based supercapacitor was presented 
with Rao et al. (2014); they indicated that the specific graphene-based supercapacitors capacitance 
can reach 7.5 × 104 and 1.17 × 105 F/kg in ionic liquid (IL) and aqueous electrolytes, respectively. 
Theoretical electrochemical two-layer graphene capacitance is 5.2 × 105 F/kg supported using 
intrinsic graphene capacitance (Chuang et al., 2016). It is supposed, which graphene assembly in 
porous 3D supercapacitor electrode layers have potential to increase boost network conductivity, 
create large macro-pore channels and electrode active surface area to improve and facilitate ionic 
transport in the electrolyte. Subsequently, graphene materials freestanding networks can moreover 
decrease inactive electrode mass base from current collectors, polymer binders and conductive 
additives (Nhlane et al., 2021). By optimized processing, the graphene aerogels can outperform 
with respect to 2D graphene. Lately, Xu et al. (2012) showed possibilities of high power density 
G-carbon nano-tube sponge composites in ILs, where ILs conventionally propose poor rate effi-
ciency. Electrodes created by spongy substance showed 89%–97% capacity retention afterward 104 
series and established efficiency calculated up to 120 V/s or 102 A/g (Vivekchand et al., 2008). In 
dissimilarity, freestanding sponges formed using Xu et al. (2010) with 453K autoclaved GO reduc-
tion without cross-linkers and reducing agents were capable to yield 1.75 × 105 F/g at 0.01 V/s, 51% 
improved than separate graphene produced using similar process. But, freestanding, which restores 
GO sponge conductivity was still not sufficient to validate remarkability efficiency retention at rate 
>0.050 V/s even in the aqueous media by high conductivity of ionic. By continued improvement, the 
freestanding restore the GO sponges experienced secondary processing in 363K solution including 
the strong reduction agent, which efficiency was enhanced significantly because of an increase in 
conductivity (Zhang et al., 2011b).

Additional approach is in-situ restore GO sponge growth with Ni foam using a self-assembly 
process reduction, which shapes an electrode composite. This procedure prepares highly intercon-
nected restore GO sheets in porous sponge by high surface area and limited restacking (Zhang et al., 
2012). In addition, the 3D Ni foam support makes the short path to very conductive metal collector 
and enhances durability compared to overall strength by freestanding restore the GO sponge alone. 
Chen et al. (2012) used the mentioned technique using impregnating Ni foam by a 2000–6000 g/
m3 GO, followed with reduction self-assembly at 333–373K in the C6H8O6 solution. The electrode 
surface area reached 1.26 × 109 cm2/kg and electron conduction and high ion diffusion in compos-
ite electrode allowed outstanding electrovalence retention by electrovalence reducing just 9% for 
density (Chen et al., 2012). For supercapacitors, by aqueous electrolytes hold numerous benefits like 
easy handling, lower toxicity, high ion mobility, in addition to safety related to organic electrolytes 
applied in profitable electrochemical two-layer capacitors. But, low aqueous cells voltage limits 
density of energy (Wu et al., 2010). These substances have low conductivity that limits application at 
discharge rates needed for applied super-capacitive usage. Consequently, chemical vapor deposition 
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GO sponges could prepare some important advantages to increase pseudo-capacitance (Sun et al., 
2011). The high surface area prepared sufficient to efficiently anchor nanostructured materials 
growth that results in the short electron transport distances by low transport resistance (Olabi et al., 
2021). Indeed, high graphene network conductivity permits for useful utilization of pseudo-capaci-
tive substance even at the high rates, enhancement making cycle life and high power retention more 
competitive by electrochemical double layer capacitors devices (Conway et al., 1997).

10.3.2.4.1  Supercapacitor Fuel Cell
Fuel cell is an apparatus that is applied for direct conversion of the fuel chemical energy in electric-
ity by high performance and had showed promising consequences in several applications (Nassef 
et al., 2019). The support for catalyst on the membrane for fuel cell particularly proton exchange 
membrane is typically made of graphene (Rezk et al., 2019). Nowadays, many studies are being per-
formed to assess replacing Pt-catalyst possibility by other nonprecious metal oxides/metal in addi-
tion to N2 coordinated metal catalyst (Khatib et al., 2019). The mentioned catalysts have issues in 
the terms of activity and stability in compassion with Pt-catalyst. The active carbon is chain of miti-
gating of these challenges; however, they be disposed to have their own limits as well (Ogungbemi 
et al., 2019). The active carbon has a tendency to have a great surface area; however, active carbon 
support being un-stable increases a main concern without coupled by another material (Bai et al., 
2011). Graphene technological development has alteration exemplum as active carbons are nowa-
days being investigated as a stronger alternative to Pt due to their conductivity, high surface area and 
adhesion to the catalyst particles (Abdelkareem et al., 2020). GO with functional groups is appropri-
ate for nucleation in addition to catalyst nanoparticles being devoted to the surface (Liu et al., 2011). 
The graphene is widely applied in fuel cell mostly for anode catalyst support material, in addition 
to even substitute cathode catalyst, standalone electrolyte membrane and composite. Moreover, it is 
applied in bi-polar plates (Wang et al., 2011c). Platinum and platinum alloys are traditional active 
catalyst into fuel cell electrode, whether at cathode and anode at the low temperature fuel cell fed 
using H2 and other hydrocarbons with low Mw (molecular weight) like MeOH (Abdelkareem et al., 
2014), and C2H5OH (Akhairi and Kamarudin, 2016). But platinum is expensive; however, limited 
in resources, in addition to affected using intermediate products through oxidation of various fuels 
(Feng et al., 2013). Several techniques have been carried out to decrease completely replace plati-
num catalyst or catalyst loading by nonprecious catalysts at the both anodes (Abdelkareem et al., 
2018) and fuel cells cathode (Dombrovskis and Palmqvist, 2016).

10.3.3 G raphene Catalyst Material

Catalyst is a material, which can accelerate chemical reaction rate and increase reaction selectiv-
ity without consuming itself (Higgins et al., 2016). The catalyzed reactions carry out through high 
energy well-organized routes that feed are capable to be applied more professionally and pollut-
ants and byproducts are to be decreased (Haag and Kung, 2014). For instance, catalysts have been 
applied in synthesizing novel drugs, which increase human health. Catalyst materials are exten-
sively used in the systems associated to storing energies, converting and generating like fuel cell, 
battery, new fuel production and oil refinery (Li et al., 2016). Catalyst materials are furthermore 
necessary to monitoring and removing pollutants from water, soil and air, reducing modern cars 
emissions and protection of environment (Jariwala et al., 2011). Catalyst materials can be synthetic 
materials or natural like metal oxides, metals, organic compounds and enzymes. Carbon nanomate-
rials containing graphene, carbon nanotube, carbon black and other derivatives are main substances 
of many catalyst-based synthetics. Carbon nanomaterials have been applied as useful catalysts and 
as the other catalysts supports (El-Gendy et al., 2019). Among carbon-based materials mentioned 
previously, graphene has newly attracted intense consideration. This is mostly because of the fact 
that graphene has many genuine benefits over the other carbon-allotrope to develop novel catalysts 
(Zheng et al., 2016). At the first, the theoretical SSA of graphene is about 2.6 × 107 m2/g and it is 
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twice of single walled carbon nanotubes and much higher than activated carbon and carbon black. 
Consequently, this structure makes graphene desirable for potential usages as two-dimensional sup-
port for catalyst loading. Also, locally conjugated structure dedicates graphene by increased capaci-
ties of adsorption to materials in catalytic reaction (Wang et al., 2020). Second, the graphene-based 
materials, particularly chemically modified graphene, can be determined at comparatively low-cost 
on a large scale using graphite and graphite oxide. The graphene-based substances are free from 
almost current unavoidable metallic impurities in carbon nanotubes that would decrease the carbon 
nanotube performance in the catalytic reactions (Zhang et al., 2020b). Third, greater electron flex-
ibility of the graphene facilitates electron transfer through catalytic reactions, increasing the activity 
of graphene catalytic. Lastly, the graphene furthermore has great electrochemical, thermal and opti-
cal chemical constancies that can possibly improve catalysts lifetime (Alam et al., 2020).

The graphene-based catalysts can be only categorized in two kinds: composite and inherent 
catalyst. The inherent catalyst is composed of pure graphene material and usual instances are GO, 
rGO and also, heteroatom doped graphene (Saleh and AL-Hammadi, 2021). The graphene-based 
catalyst is the graphene component mixed by one and more other catalyst. In graphene-based cata-
lyst, graphene typically plays as the conductive component for immobilizing of second catalytic 
substrate (Vatandost et al., 2020). Activities of catalytic of intrinsic catalysts are mostly associated 
by graphene sheets structures and compositions (Bai et al., 2021). But the efficiency of the graphene 
composite catalyst depends on inherent interfacial interaction and features and synergistic influ-
ence of graphene-based composite components. Sometimes, intrinsic catalyst is dispersible in the 
reaction medium and behaves similar to homogenous polymer catalysts, though composite catalysts 
are typically insoluble and play as heterogeneous catalysts (Kuniyil et al., 2021). Intrinsic cata-
lysts lifetime depend on graphene materials structural stability and morphological, though those of 
composite catalysts were mostly controlled with catalyst immobilized stability on graphene sheet  
(Li et al., 2021). The composite catalyst is regularly provided using in-situ and mixing growth. As 
mentioned above, the graphene material can be applied to synthesize intrinsic and composite graphene 
catalysts. Graphene-based catalysts have useful thermal, optical, mechanical and graphene materials 
electrical features by abundant functions of other catalysts. As a consequence, graphene-based cata-
lysts have been discovered for photochemical, electrochemical and catalyzing organic reactions (Garg 
and Ling, 2013). The most catalysts graphene-based and their uses are listed in Table 10.8.

10.3.3.1  Organic Reaction
Pure graphene is a substance by rare functional groups and also zero bandgap. Consequently, the 
activity of this kind of catalyst is weak. But, chemically modified graphenes like GO and rGO 
are semiconductors or insulators (Sahoo et al., 2021). Therefore, graphene-based materials are as 
potential catalysts for several organic reactions. Catalysts extensively applied for oxygen incorpora-
tion in organic components are transition metal-based materials that are typically toxic, expensive, 
limited in their resources and difficult to remove (Coros et al., 2020). Indeed, GO catalyst not only 
indicated great catalytic activities for several chemical reactions, but also, they could furthermore 
be usefully reused or eliminated using filtering it of reaction systems (Fouda et al., 2021). For 
example, GO was verified to be catalyzing capable the C7H8O (benzyl alcohol) oxidation reaction 
to C7H6O (benzaldehyde) by a good selectivity and high yield (>93%). GO is moreover capable to 
catalyze cis-stilbene oxidation and several alkynes hydration (Ngameni et al., 2021). Aldehydes 
and methyl ketones are often applied for the chalcones synthesis via Claisen-Schmidt reaction and 
chalcones are of iso-flavonoids and flavonoids main precursors. For instance, GO was applied as a 
catalyst for polymerization of dehydrative to produce carbon reinforced poly (phenyl-enemethylene) 
composites via a step reaction (Mohammadkhani et al., 2020). Carboxyl-modified GO has inherent 
peroxidase such as activity that can catalyze reaction of 3,3,5,5-tetramethylbenzidine, peroxidase 
substrate in the presence of hydrogen peroxide. The GO activity as a mimic peroxidase depends 
on reagent concentration, T and pH value (Jariwala et al., 2011). Furthermore, the GO catalyst has 
various benefits counting preparation ease, high surface/volume ratio, low cost and high stability. 
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TABLE 10.8
Graphene-Based Catalysts and Their Applications

Intrinsic Catalyst Application Composite Catalyst Application

Graphene oxide Oxidation reaction
C–C coupling reaction
Polymerization
Mimic peroxidase
Photoreaction
Glucose sensor

Palladium/Reduced graphene oxide C–C coupling reaction

Graphene/Graphitic 
carbon nitride

Selective oxidation Gold/Reduced graphene oxide Suzuki coupling reaction

l-Cysteine-graphene 
oxide

Matrine sensor Calcium oxide/RGO Transesterification

RGO
Hydrogen peroxide  
sensor
β-nicotinamide adenine 
dinucleotide sensor

Acetaminophen sensor
Dopamine sensor
Ascorbic acid sensor
Uric acid sensor

Hemoglobin/Graphene oxide Peroxidatic reaction

Ionic liquid-Reduced 
graphene oxide

β-nicotinamide adenine Platinum/Reduced graphene oxide Methanol oxidation reaction

Sulfonated polyaniline-
Reduced graphene 
oxide

Ascorbic acid sensor Platinum-Ruthenium/
Reduced graphene oxide

Methanol oxidation reaction

Sulfonated-RGO H2O2 sensor
Sodium nitrite sensor

Platinum/ poly 
(diallyldimethyl-ammonium 
chloride)-Reduced graphene oxide

Methanol oxidation reaction

N2-doped G O2 reduction reaction  
in fuel cells

Hydrogen peroxide  
sensor

Platinum-Gold/poly 
(diallyldimethyl-ammonium 
chloride)-Reduced graphene oxide

Formic acid oxidation 
reaction

N2-doped Edge-
functionalized 
graphene

O2 reduction reaction  
in fuel cells

Platinum/N2-Reduced  
graphene oxide

Methanol oxidation reaction
Oxygen reduction reaction

Carbon nitrate 
modified graphene

O2 reduction reaction  
in the fuel cell

Platinum- Ruthenium/N-doped  
carbon

nanotube-graphene hybrid 
nanostructure

Methanol oxidation reaction

Graphitic carbon 
nitride modified 
graphene

O2 reduction reaction  
in the fuel cell

Cobalt oxide/Reduced mildly  
oxidized GO or

N2-Reduced mildly oxidized  
graphene oxide

Oxygen reduction reaction
Oxygen evolving reaction

Carbon nitride 
modified graphene

O2 reduction reaction  
in the fuel cell

MnCo2O4/Reduced mildly oxidized 
graphene oxide or N2-Reduced 
mildly oxidized graphene oxide

Oxygen reduction reaction
Oxygen evolving reaction

Nitrogen-doped 
graphene quantum dots

O2 reduction reaction  
in the fuel cell

Fe-N2-Reduced graphene oxide Oxygen reduction reaction

Polyelectrolyte/
Graphene

O2 reduction reaction  
in the fuel cell

Manganese oxide/RGO-Ionic liquid O2 reduction reaction

Source: Modified after Huang et al. (2012b).
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Consequently, it is hopeful for usage in sensing glucose in the real systems, like in buffer solution 
of fruit juice and diluted blood (Awaludin et al., 2020). Long et al. (2011) presented that GO foam 
had high capacity of adsorption for sulfur dioxide and could convert sulfur dioxide to sulfur trioxide 
using reacting by oxygen. GO played not only as the oxidant in reaction, but also, as a catalyst for 
sulfur dioxide and oxygen reactions. GO has moreover been applied as the solid acid catalyst for 
calix-4-pyrroles and dipyrromethane preparation in several solvents at 298K.

10.3.3.2  Photoreaction
It is famous that fundamental graphene features and graphene derivatives like surface chemical 
and physical properties, very well electrical conductivities and strong capability in accepting elec-
trons are fundamentally dependent on graphene unique surface, structure and interface proper-
ties, like molecular adsorption, charge transport, electronic structure, surface chemistry and atomic 
arrangements; therefore, considerably influence the photocatalytic efficiency of graphene-based 
photo-catalysts (Xiang et al., 2012). Significantly, the electrical and surface features of graphene 
can be furthermore tuned through suitable chemical controlling and modification graphene struc-
tural order, respectively. Therefore, to realistically implement graphene and graphene derivatives 
features in designing composite photo-catalysts, a deep understanding on graphene and features of 
graphene derivatives is necessary (Long et al., 2011). The first report on heterogeneous photocata-
lytic environmental pollutants remediation (cyanide in H2O) on Ti (titania) using Frank and Bard 
(1977) heterogeneous photocatalysis has been extensively applied in the widespread environmental 
purification like purification of water and air. In specific, it was indicated that some usual proper-
ties like crystalline shape and size, surface area, crystallinity, exposed facet and phase structures 
are main for increasing of photocatalytic performance in pollutants degradation in air or water. 
Consequently, a variety of ways for enhancement of photo-decomposition pollutants efficiency over 
semiconductors have been exploited (Mamba et al., 2020). Between them, specific consideration has 
been paid to creation of graphene composite photocatalysts containing superior volume of adsorp-
tion of separation and transfer capability, charge and light-harvesting and pollutants (Li et al., 2015).

It is well established that the graphene co-catalyst has moreover been extensively applied to 
extract electrons of excited semiconductors and consequently accelerate oxygen-reduction reactions 
on it, which have been observed as determining of rate step in the solar photocatalytic mineraliza-
tion of organic contaminants (Kuang et al., 2020). It is identified that silver, gold, copper and plati-
num clusters/nanoparticles have been established to be best co-catalysts for photocatalytic oxidative 
organic pollutants decomposition of over titanium dioxide nanophotocatalysts (Singh et al., 2020). 
Photocatalytic water splitting in O2 and H2 by solar semiconductors and energy has concerned many 
proven and attention to be a hopeful way to solve green low-cost and hydrogen fuel production and 
solar energy storage. But, from the Gibbs energy change viewpoint, thermodynamically uphill pho-
tocatalytic H2O splitting is more complicated than downhill photocatalytic degradation reactions 
like organic compounds oxidation by O2 molecules (Wang et al., 2019). Subsequently pioneering 
works with Fujishima and Honda in 1972, several heterogeneous photocatalysts (like metal-free SiC 
and C3N4, organic dyes, [oxy]nitrides, sulfides and metal oxides) have been extensively used in pho-
tocatalytic H2 production from H2O reduction in recent years (Mishra and Acharya, 2021). Usually, 
photocatalytic splitting of H2O systems can be separated in half reaction splitting of H2O (for O2 and 
H2) and overall splitting of H2O systems. Fascinatingly though, graphene has been widely integrated 
in composite photocatalysts in the two mentioned systems to improve their photocatalytic activity 
for splitting of H2O (Maham et al., 2017).

The fast increase in anthropogenic CO2 level related to fossil fuels shortages and global warming 
have become one of most important worldwide problems. Consequently, from lookout of maintain-
able energy extension, the carbon dioxide conversion to appreciate energy-bearing substances (like 
CH4, methanol and CO) by sunshine as source of energy would be one of best explanations to solve 
the mentioned difficulties. Consequently, based on the first photocatalytic carbon dioxide dem-
onstration reduction using Inoue et al. (1979), unique developments have been made in extraction 
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performance and practical semiconductors for carbon dioxide with H2O during the last two decades. 
Among the semiconductor components, combination of rGO/GO and semiconductors has become a 
common strategy to increase the semiconductor activity for photocatalytic CO2 conversion to valu-
able hydrocarbons, because of its low price, innocuity and excellent stability (Li et al., 2016). Also, 
more details are given in Table 10.9.

First, though the adsorption capacity of carbon dioxide and electron nanocomposite photocata-
lysts conductivity increase by increasing graphene content, the light protecting caused using excess 
values of graphene could in turn related to the reduced CO2 photo-reduction activity. Consequently, 
the optimized values of graphene in composite photocatalysts are very critical to increase CO2 
photo-reduction efficiency (Li et al., 2016).

10.3.4 B iomedical Applications of Graphene

There have been several conflicting presents in field of the antimicrobial and biocompatibility activ-
ity of GO. Recently, it is maybe becoming stronger that well-prepared and purified GO is not anti-
bacterial (Kumar et al., 2014). In one experiment (Ruiz et al., 2011) Luria-Bertani nutrient broth 
containing 2.5 × 10−10 kg.m/L GO was injected using Escherichia coli bacterial cells to a concen-
tration of 0.025 OD600 (optical density of a sample measured at a wavelength of 600 nm) and raised 
for 960 min at 310K. The obtained results indicated, which the GO-containing samples attained an 
average value absorbance was 1.71 during 960 min and the bacteria growing in Luria-Bertani broth 
only attained an absorbance of 1.31. These mentioned results indicate that bacteria grew quicker 
and to a higher optical density than in the case of without GO and revealed that GO is not a bac-
teriostatic or bactericidal material; however, in its place a general growth enhancer that plays as a 
scaffold for proliferation and cell surface attachment.

Growing biomedical area of graphene-based substances applications increases questions about 
their toxicity of long- and short-term. It is identified that graphene cytotoxicity flakes depend on 
size of flake. The smaller flakes are cytotoxic and indicate effect of cellular functionality and higher 

TABLE 10.9
Photo-Catalytic Reduction of Carbon Dioxide over Nano-Carbon-Based Photocatalysts

Semi-Conductor Co-Catalysts By-Product

Graphene oxide Copper Methanol, Acetaldehyde

Reduced graphene oxide Titanium dioxide Methane

Reduced graphene oxide Ti0.91O2 Carbon monoxide, Methane

Reduced graphene oxide Titania nanosheet Methane

B-doped reduced graphene oxide Titanium dioxide Sodium sulfite, Methane

Solvent-exfoliated graphene Titanium dioxide Methane

Reduced graphene oxide Cadmium sulfide nanorod Methane

Graphene oxide Tungsten trioxide Methane

RGO Copper oxide
Copper oxide
Tantalum pentoxide
Zinc oxide
Fe2V4O13-Cadmium sulfide
Titanium dioxide-Cadmium sulfide
Graphitic carbon nitride

Carbon monoxide
Methanol
Methanol, hydrogen
Methanol
Methane
Methane
Methane

Graphene oxide Cobalt phthalocyanine Methanol

Reduced graphene oxide Multianthraquinone-substituted porphyrin Formic acid

Source:  Modified after Li et al. (2016).
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cellular internalization to the greater level (Kumar et al., 2014). The number of O2 functional groups, 
which are devoted to surface furthermore act a significant role. For larger levels of carbon/oxygen, 
flakes are less toxic that can be correlated to the structures of partially rGO. Shi et al. (2012) have 
indicated that cell treatment is powerfully responsive to rGO structure. Indeed, Shi et al. (2012) 
formed out few layer rGO films and controlled surface O2 content and reduction level. It was addi-
tional detected that performance of cell reduced considerably with an increase in thermal reduc-
tion level. Numerous investigations have discovered toxicology and biocompatibility of GO using 
several human and animal cell kinds and generally, GO has proven biocompatible and nontoxic at 
moderate dosages (Liu et al., 2013). Zhang et al. (2011a) evaluated GO biocompatibility using moni-
toring influence of concentration of GO and incubation time on morphological variations of human 
erythrocytes. It was detected almost all erythrocyte membranes were retained integration when 
they incubated using phosphate buffer saline for up to 240 min. Though GO flakes were adhered to 
red blood cells surface, GO suspension indicated little influence on membrane integrity and eryth-
rocyte morphology at dosage of 10−8 kg.m/L for 60 and 240 min. But an erythrocyte membrane’s 
part was separated and ghost cells were detected when erythrocytes exposed to 8 × 10−8 kg.m/L of 
GO for 240 min. Since GO is biocompatible by blood cells, this will pave way for additional devel-
opment of GO for other biomedical applications like targeted drug delivery (Chung et al., 2013).

Graphene is very hydrophobic, whereas GO is decorated using O2-including hydrophilic groups. 
This significant surface chemistry permits for π-π electrostatic and stacking interaction to happen 
by other molecules in the vicinity of graphene. This permits for chemical and physical binding of 
drugs to surface of graphene/GO for application of drug delivery (Tadyszak et al., 2018). Liu et al. 
(2008) used PEGylated GO to deliver a camptothecin analogue. GO and graphene were used as vehi-
cles for the drug delivery, containing anticancer drug, poor-soluble drug, antibodies, peptide, genes 
and antibiotic (Ghosal and Sarkar, 2018). It stays challenging to attain proper anticancer behavior 
because of factors like poor targeting and low bioavailability of chemotherapeutics. Graphene and 
GO have been widely discovered as biomolecule sensors, drug carriers and cellular imaging agents 
in anticancer treatments. The simplest strategy is a hybrid/nanocomposite built fabrication from 
drugs and GO. In one case, chlorogenic acid and GO were given as a power of hydrogen sensitive 
platform for chlorogenic acid slow release from GO. In another instance, GO was functionalized, 
chemically, by amino groups and joined by carboxymethyl cellulose as an anticancer system by a 
Doxorubicin drug controlled and targeted release (Cheng et al., 2020). Recently, folic acid mixed by 
polyethyleneimine functionalized GO was applied as a carrier for new Cu complexes to nasopha-
ryngeal carcinoma cell line. Developed folic acid/polyethyleneimine/GO showed good biocompat-
ibility and H2O solubility and in vitro cytotoxicity investigations revealed that Cu complexes have 
an appreciate deterrence influence on carcinoma cell line (Iravani and Varma, 2020).

10.4  CONCLUSIONS

Graphene is a unique material by a single carbon atoms sheet packed in a hexagonal structure. 
Several morphologies of graphene have also been detected, containing zero-dimensional GQD, 
one-dimensional graphene nanoribbons and two-dimensional graphene nanosheets. The properties 
of zero-dimensional and one-dimensional graphene can be adjusted using their size and edges. The 
significant graphene features, like strong Young’s modulus, fast charged carrier mobility, high ther-
mal conductivity and high surface area lead to increase its new applications of it. Due to the inimi-
table properties of graphene and its wide application in electronics, medical, automotive, energy, 
heat dissipation, composites, sensor and aerospace fields, the production of graphene and its deriva-
tives from low-cost and renewable carbon sources is noteworthy.

Leaf wastes can be considered as promising source to produce graphene because of their abun-
dance, significant carbon content and structure. The leaves of plants and trees contain hemicellu-
lose, lignin and cellulose, which are important carbon source. The pyrolysis of dried leaves at high 
temperature and under inert atmosphere can be one of the facile methods to produce graphene from 
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these valuable resources. In this synthesis approach, temperature has key role in the formation of 
graphene with high carbon and low oxygen contents, lump-like, porous and flake-like structure and 
sp2 or sp3 carbon content. Also, synthesis conditions influence the thickness of graphene sheets, 
porous structure, the number of graphene layers and distance between them, graphitization degree 
and crystalline structure of produced graphene. Therefore, a lot of effort is required to provide a fac-
ile synthesis method with optimal conditions. On the other hand, some derivatives of leaves such as 
tannic acid, alginic acid and humic acids are appropriate source for graphene production. According 
to the characterization analyses, bilayer and few layers graphene can be produced from pyrolysis 
of alginic and tannic acids. The FESEM, XPS, HRTEM, AFM images, SAED pattern and Raman 
spectroscopy approve high quality and sixfold crystalline symmetry structure of produced gra-
phene from these acids. Humic acids and organic redox-active components have chemical structure 
similar to graphene. These complex molecules can be converted to graphene during carbonization 
at high temperature and oxidation-exfoliation-thermal reduction. According to the SEM and TEM 
images, the surface morphology of obtained graphene from humic acid is very similar to that of syn-
thesized samples from natural graphite. Graphene derivatives also have wide applications in various 
fields and compensate some shortcomings of graphene. GQD is one of the important alternatives 
to graphene, which possesses remarkable magnetic features because of quantum confinement and 
edge effects. The synthesis of GQD from leaves is a novel achievement to produce GQD without 
any organic solvent and chemical agents. Like the synthesis of graphene from leaves, temperature 
plays a very important role in the production of GQD from leaves. The reviewed literature indicated 
that the carbonization of leaves does not occur at low temperature, while at high temperatures the 
structure and surface of product are destroyed. Also, the effect of GQD magnetization and GQD 
spin are changed with temperature. Leaf extracts can also play reducing and capping roles instead of 
chemical agents in the chemical reduction of GO to fabricate graphene. But some parameters must 
be considered such as reduction duration, temperature and the concentration of GO. The results 
of energy-dispersive X-ray and FTIR spectroscopy proved that the oxygen content of rGO was 
decreased after GO reduction by leaf extract. Therefore, leaf extract has the ability and competence 
to be used in production of bio-rGO. As a result, the leaf wastes and their derivatives can be used 
as eco-friendly sources and reduction agents to produce graphene and its derivatives. The produced 
graphene has the same structure and properties in comparison with produced samples from nonre-
newable carbon sources. To expand this green graphene production, much effort must be made to 
improve synthesis conditions and provide facile methods.
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11.1  INTRODUCTION

Graphene is a wonder material as it finds several energy-based applications in the fabrication 
of sensors, supercapacitors, solar cells, fuel cells, etc. It also possesses greater thermal con-
ductivity (Balandin et al. 2008) values, exhibits magnetic properties, and also claims to be the 
strongest material (Lee et al. 2008) ever tested. Graphene has ultrahigh intrinsic mobility of 
about 200,000 cm2/v/s (Bolotin et al. 2008). There are several methods of obtaining graphene, 
most notably the Scotch Tape method by Novoselov et al. (2004) and Geim in 2004. Other con-
ventional methods involve chemical vapor deposition (CVD) (Naghdi, Rhee, and Park 2018), 
epitaxial growth (Tetlow et al. 2014), arc discharge (Borand, Akçamlı, and Uzunsoy 2020), 
exfoliation (Ma and Shen 2020), etc. A schematic of different synthesis methods is shown 
in Figure 11.1.

Today, there is a need for sustainable materials processing and recycling and hence our focus 
should be on green synthesis methods. Therefore, adapting inexpensive starting materials like 
wastes to produce carbon nanotubes (CNTs) and graphene is very beneficial. Figure 11.2 gives 
information regarding different carbon precursors such as biomass, waste plastics, and conventional 
precursors required for the synthesis of graphene and its derivatives.

Graphene can also be synthesized using carbon wastes via pyrolysis (Shams et al. 2015). Several 
innovative methods also have been explored, such as burning Mg metal in dry ice (Chakrabarti et al. 
2011) to produce few-layer graphene (FLG). Several precursors have been identified for graphene 
production such as glucose (Li et al. 2014), rice husk (Muramatsu et al. 2014), hemp (Wang et al. 
2013), disposable paper cups (Zhao and Zhao 2013), coal (Ye et al. 2013), chitosan (Terzopoulou, 
Kyzas, and Bikiaris 2015), etc. Ruan et al. (2011) used different raw low-valued carbon-containing 
materials such as cookies, chocolate, grass, etc. to synthesize high-quality monolayer graphene. 
Using exfoliated GO as a precursor, Zhu et al. (2010) synthesized graphene nanosheets using glu-
cose, fructose, and sucrose as reducing agents.

Using flash joule heating, Algozeeb et al. (2020) converted plastic waste into flash graphene. 
Several other light hydrocarbons were also formed in addition to flash graphene. For every ton of 
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FIGURE 11.1  A diagrammatic representation of synthesizing graphene using bottom-up method and top-
down method. (Reproduced with permission from Kumar et al. 2021, Elsevier.)

FIGURE 11.2  Different carbon precursors for the synthesis of graphene and its derivatives). (Reproduced 
with permission from Lee et al. 2019, Elsevier.)
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plastic waste, 125 USD (23 J/g) worth of electricity was required for flash joule heating, and hence 
it was very economical. Transmission electron microscopy (TEM) analysis showed the interlayer 
spacing as 3.45 A. Gao et al. (2010) employed another environment-friendly technique to synthe-
size graphene using amino acid and vitamin C as a stabilizer and reductant, respectively. Wang, 
Shi, and Yin (2011) used tea polyphenols for graphene oxide reduction that was able to remove the 
O-containing groups very effectively. A schematic of the preparation method is given in Figure 11.3. 
It can be observed that the color of graphene oxide has changed to black from brownish yellow and 
it was attributed to the electronic conjugation restoration.

Moosa and Noori Jaafar (2017) used black tea leaves extract for the environment friendly conver-
sion of graphene oxide. These were synthesized targeting removal of lead ions and the usage of tea 
leaves extract served as a natural reductant. Vatandost et al. (2020) used green tea extract to prepare 
rGO from GO precursor via the refluxing method for 6 h at 60°C. This material was targeted toward 
application in the detection of coloring agents added to food products. A schematic of the prepara-
tion methodology is represented in Figure 11.4. Purkait et al. (2017) have produced graphene of a 
couple of layers from peanut shell.

11.2  CARBON-BASED MATERIALS FROM DIFFERENT BIOMASS

Among different categories of biomass, oil palm wastes including shells, fiber, fruit bunches, etc. 
contribute to energy production (Abdullah, Sulaiman, and Aliasak 2013). Subramanian et al. (2007) 
used banana fibers to synthesize carbon materials with enhanced surface area via effective pore 
generations by treating them with ZnCl2 and KOH. Increased specific capacitance and current den-
sity values were obtained targeting supercapacitor applications.

FIGURE 11.3  (a) Tea polyphenols (TPs) and its chemical structure. (b) Schematic of the synthesis of TP 
reduced graphene. (Reproduced with permission from Wang, Shi, and Yin 2011. Copyright 2011, American 
Chemical Society.)
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Ismanto et al. (2010) prepared carbon-based electrodes from cassava peel. Oxidative chemi-
cal agents were used for modification of the surface of the activated carbon and HNO3 led 
to increased values of specific capacitance targeting electric double layer capacitor (EDLC) 
applications.

Li et al. (2011) used sunflower seed shells and prepared a series of nanoporous carbon for 
EDLC applications. Guo et al. (2003) used rice husk to synthesize porous carbon and the car-
bons constituted capacitance values greater than its commercial-grade counterpart. Yang et al. 
(2008) explored walnut shells as starting material for developing activated carbon electrode 
materials. Kim et al. (2006) studied activated carbons used for EDLC applications using bam-
boo activation. ZnCl2 activation of bagasse produced from sugarcane for supercapacitor elec-
trode applications was studied by Rufford et al. (2010). Steam activation method was used by Wu 
et al. (2004) to synthesize activated carbons from firwoods. Adewumi et al. (2018) used coconut 
fiber to synthesize CNTs and carbon nanospheres. Sujiono et al. (2020) used shell waste of coco-
nut and produced GO using the modified Hummers method. Waste ground coffee treated with 
ZnCl2 was studied by Rufford et al. (2008) for activated carbon synthesis. Yadav et al. (2021) 
used waste rice to produce porous graphene oxide nanosheets. Somanathan et al. (2015) used 
sugarcane bagasse agricultural waste to produce graphene oxide. Using pulping black liquor, 
a biomass waste, Ding et al. (2020) adapted a one-pot activation-synthesis method to fabricate 
graphene sheets.

11.2.1 Q uantum Dots

Suryawanshi et al. (2014) prepared graphene quantum dots (GQDs) from bio-waste using H2SO4 
and HNO3. Turbostratic carbon is generated during incomplete graphitization when pyrolysis of the 
biomass is carried out below 1000°C. This carbon is refluxed with strong acids for a long time to 
produce GQDs. Wang et al. (2016) used rice husk biomass to produce high-quality GQDs that not 
only exhibited bright and tunable photoluminescence but also showed excellent biocompatibility 
characteristics.

FIGURE 11.4  Schematic presentation of formation of rGO and use of rGO in the electrochemical sensor for 
the oxidation of colors. (Reproduced with permission from Vatandost et al. 2020, Elsevier.)
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11.3  CARBON-BASED MATERIALS FROM LEAVES OF PLANT

Biswal et al. (2013) used dead Neem and Ashoka leaves to fabricate functional microporous con-
ducting carbon targeting supercapacitor applications. The enhanced conductivity and microporos-
ity values along with the carbonaceous materials of high surface area stressing the importance of 
natural constituents for energy applications.

Ray et al. (2012) produced graphene by heating lotus and hibiscus flower petals for 30 min under 
Ar atmosphere. With increased preparation temperature from 800°C to 1200°C, the graphene qual-
ity was improved.

11.4  REDUCED GRAPHENE OXIDE

Graphene oxide has immense biomimetic potential due to its similar features to that of plant cell 
walls w.r.t. applications such as water transport, and hence, GO can also be termed – synthetic leaf 
(Lamb et al. 2015). rGO is prepared by first employing oxidative-exfoliation reaction of graphite 
and then reduction to form rGO. The schematic presentation is shown in Figure 11.5 (Yang et al. 
2010). Brodie in 1859 (Botas et al. 2013) who is an Oxford Chemist first prepared graphene oxide 
by treating graphite with KClO3 and fuming HNO3 (Brodie 1859) at 60°C for 3–4 days. Another 
method devised by Staudenmaier performs the above reaction at 0°C that involves an intermediary 
suspension method. Hofmann used non-fuming acids to synthesize GO. It was observed that gra-
phene prepared following conventional Hummers method exhibited enhanced heterogeneous elec-
tron transfer compared to other methods as the former employs potassium permanganate as oxidant 
(Poh et al. 2012). Moreover, it does not produce toxic and explosive ClO2, hence this method is also 
termed eco-friendly. Today, usage of the improved Hummers method by not using NaNO3 is gaining 
importance, which eases the disposal of water (Chen et al. 2013). Partial replacement of KMnO4 
with K2FeO4 and NaNO3-free Hummers method was also studied by Yu et al. (2016).

Li et al. (2017) synthesized rGO using Eucalyptus leaf extract. Similar biosynthesis was carried 
out by Lin et al. (2020). Similarly, rGO nanosheets were synthesized using Annona squamosa leaves 
by Chandu et al. (2017). Chettri et al. (2016) used an extract from Artemisia vulgaris dry leaves for 
the conversion of graphene oxide. Nasir et al. (2017) used wastes from palm oil to produce rGO. 
Palm oil leaves were used by Amir Faiz, Che Azurahanim, Raba’ah, et al. (2020) in the reduction of 
GO. They used modified Hummer’s method to produce GO and later it was used to reflux with palm 
oil leaves extract to form rGO. Several countries like Malaysia generate plenty of lignocellulosic 
biomass and this could lead to waste disposal issues. These studies lead to the generation of wealth 
from waste and also the unwanted palm oil leaves from Malaysia.

Omid Akhavan et al. (2014) used ginseng to prepare rGO from chemically exfoliated graphene 
oxide. They also used green tea polyphenols for the reduction of GO and to increase their antioxidant 

FIGURE 11.5  (a) Production of individual sheets of rGO from graphite using oxidation, exfoliation and 
reduction route (b) schematic presentation of graphene production through chemical vapor deposition (CVD) 
process (left or method II) or solvothermal route (right or method III). (Reproduced with permission from 
Yang et al. 2010, Wiley.)
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activity it was carried out in the presence of iron (Akhavan et al. 2012). Lingaraju et al. (2019) used 
Euphorbia heterophylla (L.) for the biocompatible synthesis of rGO. Mahmoud (2020) used aquatic 
macrophytes or agricultural byproducts to avail plant extracts, by using which graphene oxide was 
reduced in an eco-friendly manner. Lee and Kim (2014) used extracts from seven different types of 
leaves to study the biological reduction of graphene oxide. Different plants such as pine, cherry, per-
simmon, etc. were chosen to prepare plant extracts. Neem oil, also known as margosa oil is a very 
rich source of carbon and Kumar, Tiwari, and Srivastava (2011) used them to synthesize bundles of 
aligned CNTs. Fenugreek also contains fatty acid distributions with an increased amount of hydro-
carbons and nitrogen-containing groups (Ciftci et al. 2011). In an alternate study, four different plant 
leaf extracts such as Malabar nut, Neem, tea, and drumsticks were considered to prepare reduced 
graphene oxide (Roy, Jing, and Basu 2017).

11.5  GRAPHENE USING LEAF WASTES

Fathy et al. (2019) used oil palm leaves to prepare graphene oxide using the catalytic acid spray 
method. The first step is hydrolysis where oil palm leaves were reacted with H2SO4 at 120°C for an 
hour. Amorphous microcrystalline cellulose that remained as residue after this step was subjected 
to an alkaline peroxide delignification process. Silica and cobalt silicate were used in later steps for 
the preparation of GO sheets. Fourier transform infrared spectroscopy (FTIR) results showed three 
characteristic peaks for the functional groups. Using XRD analysis, it was observed in reflection mode 
the presence of a strong (0 0 1) peak. The results from Raman spectroscopy showed the presence of 
low defects and disorders in the synthesized GO. p–p* corresponding to aromatic C–C bonds was 
observed in UV–V is spectroscopy corresponding to two bands at 270 nm. A larger distance of 1 
nm between GO layers was observed in HRTEM, which indicated its growth on the surface of the 
nanoparticles of cobalt silicate. This study mainly targeted the removal of copper ions from the efflu-
ents in the industry. Amir Faiz, Che Azurahanim, Yazid, et al. (2020) used tea waste for the synthesis 
of graphene oxide. At first, they powdered the dried tea waste and it was then graphitized via carbon-
ization under an inert atmosphere at 650°C–850°C. Using Hummer’s method this carbonized sample 
was oxidized to synthesize GO and rGO was formed using a bed reactor furnace when it is heated at 
250°C for 30 min. XRD and Raman peaks indicate shifts with respect to the commercial graphite and 
it was assigned to the functional units in it (Amir Faiz, Che Azurahanim, Yazid, et al. 2020).

Shams et al. (2015) used dead camphor leaves to synthesize a few (about seven) layered graphene 
(FLG) without any catalytic reaction. The synthesis scheme is represented in Figure 11.6. First, 
acetone was used to wash the collected camphor leaves to remove the dirt and using a vacuum oven 
at 60°C. Second, the leaves were dried for 4 h to remove the presence of any solvent. Third, leaves 
were cut uniformly into small pieces and it was introduced inside a ceramic boat with a lid in an N2 
atmosphere-filled vacuum oven at 1200°C. The sample after pyrolysis was sonicated in an ice bath 
with chloroform and D-Tyrosine for 15 min. High rpm of centrifugation was set such that amor-
phous carbons were precipitated out. After this process, the suspended material was few-layered 
graphene that was filtered and the remaining forms of carbon got retained in the sediment.

A bio-based dispersion agent, called as D-Tyrosine was used to separate the char and FLG. 
Thermogravimetric analysis (TGA) shown in Figure 11.7 indicated rapid degradation between 
220°C and 315°C, which resembled that of hemicellulose (one of the primary constituents of leaves) 
pyrolysis curve (Yang et al. 2007). The scanning electron microscope (SEM) cross-sectional micro-
structure shown in Figure 11.7 revealed porous morphology that is responsible for the thin layer of 
graphene due to rapid heat transfer during the pyrolysis process.

The purified product was confirmed via TEM analysis as shown in Figure 11.8 and the 
porous structure of the leaves is responsible for graphene production. Atomic force micros-
copy (AFM) analysis is shown in Figure 11.8 estimated the thickness of a few (seven) layered 
graphene to be 2.37 nm. Raman spectra of FLG led to weak D, G, and 2D peaks and this was 
attributed to the defect structure (Shen et al. 2013). Brunauer-Emmett-Teller (BET) surface area 
analysis of the product resulted in a surface area of 296 m2/g.
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FIGURE 11.6  Synthetic scheme for the preparation of graphene. (Reproduced with permission from Shams 
et al. 2015, Elsevier.)

FIGURE 11.7  (a) Thermogravimetric analysis of leaves; and (b) scanning electron microscopy of the cross-sec-
tional area of a leaf presenting its porous nature. (Reproduced with permission from Shams et al. 2015, Elsevier.)

FIGURE 11.8  (a) TEM micrographs of graphene produced from leaves; (b) AFM micrograph of graphene 
(produced from leaves) presenting a layer thickness of 2.37 nm; and (c) spectrum presenting thickness of the 
graphene layer. (Reproduced with permission from Shams et al. 2015, Elsevier.)
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Wang et al. (2019) transformed waste leaf into 3D graphene with enhanced surface area for appli-
cations in water treatment. It was successfully employed in the removal of residues of tetracycline 
antibiotics from the aqueous solution. This 3D graphene showed excellent adsorption characteristics 
– 909 mg/g as calculated via the Langmuir model.

Ravani et al. (2013) produced graphene via dissociation of camphor molecules on Ni substrate. 
Kavitha et al. used camphor precursors and used low-temperature CVD to grow graphene lay-
ers on Cu substrate. Chaliyawala et al. (2019) studied the controlled island formation of camphor-
based mono-/bilayer graphene (MLG) sheets via CVD. Pyrolysis of camphor via CVD to yield 
planer nano-graphenes was studied by Somani, Somani, and Umeno (2006). Kalita et al. (2010) also 
reported graphene sheets from solid botanical derivative camphor.

11.5.1 G raphene Quantum Dots (GQDs)

Using raw Neem and fenugreek plant extracts, Roy et al. (2014) synthesized GQDs for white LED 
applications. The quantum yields obtained using Neem (Azadirachta indica) and fenugreek (Trigonella 
foenum-graecum) are 41.2% and 38.9%, respectively. Figure 11.9 depicts the formation of GQDs from 
a Neem leaf extract via a hydrothermal method. The leaf extract was prepared by grinding fresh leaves 
into a fine powder and boiling at 80°C for an hour. As Neem exhibited higher quantum yield, it was 
chosen to prepare white UV-LED. To remove residual solids, the mixture was subjected to centrifu-
gation and the supernatant was further filtered. Then it is sonicated for some time, which was then 
subjected inside an autoclave for 8 h at 300°C. With a yield of 25.2%, the GQDs obtained consisted of 
brown transparent suspension, which was subjected to further treatments to obtain pure GQDs.

The TEM analysis is shown in Figure 11.10, where GO sheets formed via hydrothermal treat-
ment could be seen in Figure 11.10(a). The spherical GQDs could be seen in Figure 11.10(b) along 
with the histogram. Pyrolysis temperature was chosen such that above 300°C, the resultant mate-
rial would not provide adequate photoluminescent properties due to its structure, and below 300°C 
temperature is not enough to carbonize Neem leaves to GO. The high-resolution TEM micrograph 
of GQDs as presented in Figure 11.10(c) is used to calculate the d-spacing, which is 0.34 nm. The 
value is similar to that presented by Tang et al. (2012) and Peng et al. (2012). The bottom inset of 
Figure 11.10(c) shows the fast-Fourier transform pattern that indicates the GQD’s spherical nature. 
X-ray photoelectron spectrometry (XPS) and FTIR measurements confirm the functionalization 
of GQDs with hydroxyl, carbonyl, and carboxylic groups. Raman spectroscopy showed G band at 
1546 cm−1 and D band at 1306 cm−1.

The TEM analysis of GQDs obtained from fenugreek leaves is shown in Figure 11.11. The results 
are similar to Figure 11.10, but the size distribution showed an average value of 7 nm, as compared 

FIGURE 11.9  Schematic presentation for the preparation of the GQDs from the Neem leaf extract using 
hydrothermal method. (Reproduced with permission from Roy et al. 2014, RSC.)
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FIGURE 11.10  TEM image (a) of the N-GO layer (a high magnification micrograph is presented as inset); (b) a low magnification TEM micrograph presenting diam-
eter of the N-GQD; (c) HRTEM micrograph of a single N-GQD and a FFT pattern of a single N-GQD is presented as a inset; (d) XPS spectrum of Cls presented with a 
de-convoluted XPS spectra of the N-GQD is presented inside; (e) FTIR spectra of N-GO and N-GQDs is presented; and (f) Raman spectra of the N-GO and N-GQDs. 
(Reproduced with permission from Roy et al. 2014, RSC.)
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FIGURE 11.11  (a) High-resolution TEM micrograph of the F-GQDs (diameter distribution is presented inside); (b) FTIR spectra of the F-GO and F-GQDs; (c) Raman 
spectra of the F-GO and F-GQDs; (d) the XPS spectrum C 1s species; (e) XPS spectra after deconvolution; and (f) XPS spectra of the F-GQDs for N1s. (Reproduced 
with permission from Roy et al. 2014, RSC.)
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to 5 nm for Neem leaves. Also, the presence of nitrogen-related peaks was observed in FTIR spectra 
that were absent in the former, and hence such N-doped GQDs find energy-based applications. This 
is due to the intrinsic modulation of electron donors, which were studied by Sun et al. (2012) and 
Hu et al. (2013).

11.6  CONCLUSION

We have explored the bio-based fabrication of graphene and graphene-related materials in this 
chapter, with emphasis given to leaf wastes. Waste disposal these days typically involves burn-
ing plant wastes including dry leaves. These are unused waste materials that can yield significant 
results w.r.t. graphene production owing to applications in the field of energy management. Many 
synthesis methods avoid the usage of toxic chemicals and do not generate any hazardous wastes. 
These leaves and their extracts also play a major role as an alternative reducing agent that also plays 
a major role in minimizing the reduction time. Hence, these bio-based materials also can pave way 
for the cheaper and large quantity production of graphene sheets. Future research work has to be in 
a direction that accounts for production scalability and sustainability.
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12.1  INTRODUCTION

In recent years, graphene has gained importance due to its outstanding physical, mechanical, ther-
mal, electrical, optical, chemical and biological properties attributed to distinctive single atom 
thick two-dimensional structure. The graphene-based materials are extensively utilized in the 
fields of electronics, optics, photovoltaics, catalysis, green chemistry, fuel cells, wastewater treat-
ment, sensing, tissue engineering, cancer therapy, drug delivery, imaging etc. (Maddinedi et al. 
2014, Maddinedi et al. 2015, Xu et al. 2018, Nguyen et al. 2019, Noorunnisa Khanam and Hasan 
2019, Vargas et al. 2019, Dat et al. 2020). Thus, studies have been concentrated on the preparation, 
characterization and applications of nearly graphene equivalent material, reduced graphene oxide 
(rGO). The electrically insulating, oxygen containing functional group (epoxy, hydroxyl, carbonyl, 
carboxyl, ether) rich GO is obtained from the oxidation of graphite, during which no of layers of 
graphite are decreased. The electrically conductive, rGO with a higher surface area is obtained by 
reduction/deoxygenation of GO using various methods.

The current review briefly focuses on the biosynthesis of rGO employing various biological 
reductants and its characterization. The applications of rGO as an antibacterial template for the 
functionalization of different agents, fabrication of rGO nanocomposites and antibacterial action of 
the nanocomposites on a vast number of bacteria are detailed. The mode of action of rGO nanocom-
posites on bacteria is touched upon.

12.2  BIOSYNTHESIS

Various methodologies have been standardized for the bulk production of rGO, such as microme-
chanical exfoliation, chemical vapor deposition, epitaxial growth, pyrolysis, chemical reduction etc. 
Among the methods, the chemical reduction is widely practiced for obtaining the rGO by deoxygen-
ation of GO using an array of reductants, including hydrazine, dimethyl hydrazine, phenyl hydrazine, 
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hydroxylamine, borohydride, hydroquinone, pyrrole etc. Some of the chemical reduction methods 
are limited by low yield and irreversible agglomeration of rGO. Moreover, the chemical reduc-
tants are explosive, highly reactive, harmful and pose a threat to flora and fauna of the environment 
(Maddinedi et al. 2015, Luo, Xu, and Zhao 2017, Xu et al. 2018, Noorunnisa Khanam and Hasan 
2019, Ikram, Jan, and Ahmad 2020, Narayanan, Park, and Han 2021). Thus, the trust has been shifted 
to nontoxic, environment friendly, renewable, biodegradable, alternative dual functional biological 
reductant and stabilizing agents to synthesize rGO from GO.

Generally, the synthesis of rGO is carried at an alkaline pH of 12 from the GO precursor, 
which is produced by Hummers, modified Hummers or Offenman process (Luo, Xu, and Zhao 
2017, Narayanan, Park, and Han 2021). An array of reductant and stabilizing agents such as 
biomolecules (pyrogallol, glucose), biopolymers (casein, silk fibroin, starch), antibiotics (van-
comycin), extracts of seed, fruits, leaves, bulbs etc. and bacteria are extensively utilized for the 
biosynthesis of rGO by heating at different temperatures for a variable duration (Table 12.1). 

TABLE 12.1
A Comparison of Biosynthesis of Reduced Graphene Oxide (rGO), in Terms of Reductant, 
Precursors, Reaction Conditions and rGO Morphology

Reductant Precursors Reaction Conditions rGO Morphology Reference

Pyrogallol Pyrogallol 
(1 mg/mL), GO 
(0.1 mg/mL)

pH 12, 100°C, 8 h Transparent silk like 
sheet

Luo, Xu, and Zhao 
(2017)

Glucose Glucose (9 mg/mL), 
GO (1 mg/mL)

pH 8–9, 95°C, 3 h Few-layered sheet Sadhukhan et al. (2019)

Casein Casein (10 mg/mL), 
GO (1 mg/mL)

pH 12, 90°C, 7 h Few-layered nano 
sheets, 419 nm

Maddinedi et al. (2014)

Silk fibroin Silk fibroin 
(100 mg/mL), GO 
(1 mg/mL)

125°C, 5 h 4–5-layered nano 
sheets

Zhang, Wang, Fan et al. 
(2021)

Potato soluble starch Starch (0.2%), GO 
(0.5 mg/mL)

pH 12, 120°C, 15 min Few-layered sheet Narayanan, Park, and 
Han (2021)

Vancomycin Vancomycin 
(2 mg/mL), GO 
(1 mg/mL)

pH 8.5, 60°C, 24 h Lamellar structured, 
1.45 nm

Xu et al. (2018)

Terminalia chebula seed 
extract

Seed extract (0.8%), 
GO (0.5 mg/mL)

pH 12, 90°C, 24 h Silk like ultrathin 
3-layered sheets, 
1014 nm

Maddinedi et al. (2015)

Platanus orientalis leaf 
extract

Leaf extract (0.7%), 
GO (0.5 mg/mL)

pH 12, 100°C, 10 h Silk like thin, 
transparent curled 
sheet

Xing et al. (2016)

Tagetes erecta flower 
extract

Flower extract 
(13.3%), GO 
(3.3 mg/mL)

90°C, 24 h Curve and wave like 
sheets

Navya Rani et al. 
(2019)

Allium cepa bulb extract Bulb extract (3.3%), 
GO (5 mg/mL)

Room temperature, 6h Thin, multilayered 
sheets, 140 nm

Noorunnisa Khanam 
and Hasan (2019)

Gram-negative (Escherichia 
coli, Enterobacter cloacae, 
Shewanella baltica) and 
Gram-positive (Bacillus 
sp.) bacteria, extremophilic 
consortium

Bacterial biomass 
(30 mg/mL), GO 
(0.4 mg/mL)

20–25°C, 72 h Single sheets Vargas et al. (2019)



195Biosynthesis of Reduced Graphene Oxide and Its Functionality

The biomolecule pyrogallol (1 mg/mL) was utilized as a dual functional reducing and stabilizing 
agent for the biosynthesis of rGO by heating the alkaline (pH 12) solution of GO (0.1 mg/mL) 
at 100°C for 8 h. The hydroxyl groups of the pyrogallol mediated the deoxygenation of GO  
(Luo, Xu, and Zhao 2017). The monosaccharide, glucose (9 mg/mL) was employed for the alka-
line (pH 8–9) reduction of GO (1 mg/mL) at 95°C for 3 h (Sadhukhan et al. 2019). The milk 
protein, casein (10 mg/mL) was used for the green synthesis of rGO by refluxing the pH-12-main-
tained solution of GO (1 mg/mL) at 90°C for 7 h. The aspartic and glutamic acid residues of the 
casein molecules were involved in the reduction of GO (Maddinedi et al. 2014). The silk fibroin 
(100 mg/mL) was employed for the reduction of GO (1 mg/mL) at 125°C, 5 h and preparation of 
regenerated silk fibroin (RSF)/rGO fibrous mats (Zhang, Wang, Fan et al. 2021). The rGO was 
hydrothermally synthesized from GO (0.5 mg/mL) within 15 min at 120°C, pH 12 by the bio-
polymer soluble starch (0.2%) (Narayanan, Park, and Han 2021). The seed extract of Terminalia 
chebula (0.8%) was employed for facile biosynthesis of rGO from GO (0.5 mg/mL) and the poly-
phenols, including gallic acid, methyl gallate, ascorbic acid and pyrogallol were involved in the 
reduction and stabilization of rGO (Maddinedi et al. 2015). In another study, polyphenols in the 
leaf extract (0.7%) of Platanus orientalis were employed for the biosynthesis of rGO from GO 
(0.5 mg/mL) at 100°C for 10 h at a solution pH of 12 (Xing et al. 2016). The flower extract of 
Tagetes erecta (13.3%) was employed for the reduction of GO (3.3 mg/mL) at 90°C for 24 h (Navya 
Rani et al. 2019). The bulb extract of onion (Allium cepa) was used for the biological reduction 
of GO into rGO (Noorunnisa Khanam and Hasan 2019). The Gram-negative (Escherichia coli, 
Enterobacter cloacae, Shewanella baltica) and Gram-positive (Bacillus sp.) bacterial strains iso-
lated from the natural environment and the extremophilic consortium (30 mg/mL) were used for 
the biological reduction of GO (0.4 mg/mL) under aerobic conditions without addition of nutrient 
or carbon source at 20–25°C for 72 h (Vargas et al. 2019).

The nanocomposites of rGO either loaded, functionalized or cosynthesized along with antibiot-
ics, streptomycin (Zhao et al. 2020), vancomycin (Xu et al. 2018), ciprofloxacin (Bhattacharya et al. 
2021); anticancer drug, sorafenib (Xu et al. 2019), citrus flavonoid naringenin (Shanmuganathan 
et al. 2020), nanoparticles (NPs) of silver (Ag) (Zheng et al. 2016, Chen, Li, and Chen 2019, Song 
and Shi 2019, Veisi et al. 2019, Dat et al. 2020, Esmaeili et al. 2020, Moghayedi et al. 2020, Pan et al. 
2020, Tan et al. 2020, Gu et al. 2021), silver sulfide (Ag2S) (Huo et al. 2018), copper (Cu) (Zhang 
et al. 2020), copper oxide (CuO) (Alayande, Obaid, and Kim 2020), cuprous oxide (Cu2O) (Navya 
Rani et al. 2019), gold (Au) (Saikia et al. 2016), iron (Fe) (Wang et al. 2019), magnetite (Fe3O4) 
(Sadeghi Rad et al. 2021), iron oxide (Fe2O3) (Naseer et al. 2020), titanium dioxide (TiO2) (Wanag 
et al. 2018,Zhang, Wang, Liu et al. 2021,), cerium doped TiO2 (Behera, Barik, and Mohapatra 2021), 
cadmium oxide (CdO) (Sadhukhan et al. 2019), bioactive glass (Ashok raja et al. 2018), polyaniline 
(Mirmohseni, Azizi, and Dorraji 2020); Schiff’s base (Omidi, Kakanejadifard, and Azarbani 2017) 
etc. were synthesized by biological, chemical, hydrothermal, UV, microwave assisted reduction; and 
co-precipitation methods.

12.3  CHARACTERIZATION

The rGO and rGO nanocomposites synthesized by various methods are characterized by differ-
ent analytical instrumentation techniques, including UV-Vis absorption spectroscopy (UV-Vis), 
X-ray diffraction (XRD), transmission electron microscopy (TEM), Fourier-transform infrared 
spectroscopy (FTIR) etc. The reduction of GO into rGO is evident from the solution’s color 
change, i.e., yellowish brown to black (Narayanan, Park, and Han 2021). The rGO biosynthe-
sized using potato soluble starch via autoclaving at 121°C for 30 min is depicted in Figure 12.1. 
The GO exhibited a characteristic absorption peak at 235 nm in the UV-Vis absorption spectra, 
attributed to π-π* transitions of the aromatic C-C bonds. Upon reduction, the peak was shifted 
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to 260 nm confirming the reduction of GO by starch (Figure 12.2) (Maddinedi et al. 2015, Luo, 
Xu, and Zhao 2017, Narayanan, Park, and Han 2021). Also, the biosynthesis of rGO by starch was 
confirmed from the broad diffraction peak in the XRD pattern at a 2θ angle of 21.6° from (002) 
crystal plane of rGO (Figure 12.3(a))(Maddinedi et al. 2014, Narayanan, Park, and Han 2021). 
The TEM image of Ag/rGO nanocomposite indicated the homogeneous distribution of silver NPs 
(Ag NPs) on the surface of thin, transparent, silky and wavy rGO nanosheets (Figure 12.3(b))
(Veisi et al. 2019, Shanmuganathan et al. 2020).

FIGURE 12.1  The autoclave mediated biosynthesis of reduced graphene oxide (rGO) from graphene oxide 
(GO) by starch at reaction conditions of pH 12, 121°C, 30 min.

FIGURE 12.2  The UV-visible absorption spectra of graphene oxide and  starch reduced graphene oxide.
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12.4  APPLICATIONS OF rGO AS AN ANTIBACTERIAL TEMPLATE

The utilization of rGO as an antibacterial agent was investigated by various researchers and found 
to depend on physicochemical characteristics, such as concentration and size of the nanosheets. 
Most of the studies indicated that the antibacterial action of rGO was either low or required a higher 
dosage or longer duration of incubation (Chen, Li, and Chen 2019, Noorunnisa Khanam and Hasan 
2019, Norahan et al. 2019). However, the rGO can function as a template or matrix for loading, 
coating, decorating and functionalizing various antibacterial and bioactive molecules, such as anti-
biotics, drugs, metals, metal oxides, NPs and ligands and fabrication of nanocomposites. The func-
tionality of rGO as a template for different agents was known to augment the antibacterial activity 
of nanocomposites against target bacteria, leading to synergistic action (Naseer et al. 2020, Zhang 
et al. 2020, Zhao et al. 2020, Narayanan, Park, and Han 2021).

The antibacterial and bactericidal action of rGO and rGO nanocomposites were studied against 
an array of bacteria, including Gram-negative (E. coli, Pseudomonas aeruginosa, Klebsiella pneu-
moniae, Proteus mirabilis, Salmonella typhimurium, Vibrio cholerae) and Gram-positive (Bacillus 
cereus, B. subtilis, Listeria monocytogenes, Rhodococcus rhodochrous, Staphylococcus aureus,  
S. epidermis, S. saprophyticus, Streptococcus pyogenes, Enterococcus faecalis) bacteria. Various 
assays, such as disc diffusion, well diffusion, micro and macro broth dilution; absorbance, agar 
dilution, colony count, growth curve, viability, live/dead staining, biofilm inhibition, reduced 
nicotinamide adenine dinucletide content, glutathione oxidation, DNA fragmentation, lipid per-
oxidation, reactive oxygen species (ROS), membrane permeability assays; scanning electron 
microscopy etc. were used for evaluating the biocidal action of rGO nanocomposites (Table 12.2). 
The rGO sheets of 140-nm thickness biosynthesized by onion bulb extract hindered the growth  
of E. coli, P. aeruginosa, S. aureus and S. faecalis by 90.5, 93.1, 95 and 94%, respectively, at  
10 µg/mL and 5 days of incubation (Noorunnisa Khanam and Hasan 2019). The RSF/rGO fibrous 
mats at 1% prevented the colony growth of E. coli and S. aureus by 84.9 and 98.6%, respectively. 
Whereas the respective values for RSF/rGO were 70.3 and 92.8%, after 12 h of treatment (Zhang, 
Wang, Fan et al. 2021).

The glycopeptide antibiotic, vancomycin-decorated rGO inhibited the growth curve of S. aureus 
and S. epidermidis at 2-µg/mL concentration. The vancomycin-decorated rGO film suppressed the 
bacterial growth in well diffusion assay and reduced the bacterial cell adhesion on the film surface. 
In a rat infection model, the wound infection induced by S. aureus was healed after 14 days of 
treatment with the composite film confirming its utility as a wound dressing (Xu et al. 2018). The 

FIGURE 12.3  (a) XRD pattern of starch reduced graphene oxide and (b) TEM image of Ag/rGO 
nanocomposite.



198 Graphene from Natural Sources

TABLE 12.2
A Comparison of Antibacterial Action of rGO Nanocomposites towards Various Bacterial 
Strains, with Reference to Nanoparticle Particle Size and Concentration

Nanocomposite Size (nm) Concentration Bacterial Strains
Antibacterial  
Action Reference

rGO Curve and  
wave like 
sheets

20 µg/well Escherichia coli
Bacillus subtilis

Inhibition zones of 
1.9 and 2 mm

Navya Rani et al. 
(2019)

Vancomycin-
decorated rGO

1.45 2 µg/mL Staphylococcus aureus
Staphylococcus 
epidermidis

Growth curve 
inhibition

Xu et al. (2018)

Ciprofloxacin-
loaded rGO

– Pseudomonas  
aeruginosa

Cell rupture, biofilm 
reduction

Bhattacharya et al. 
(2021)

Streptomycin-
loaded 
polyethylene 
glycol-MoS2/rGO

– 150 µg/mL E. coli
S. aureus

Structural damage, 
protein synthesis 
inhibition, thermal 
injury, oxidative 
stress

Zhao et al. (2020)

Ag NPs-decorated 
rGO

16.3 5.4 µg/disc E. coli
Vibrio cholerae
Proteus mirabilis
Salmonella typhi
S. aureus
S. epidermidis
Rhodococcus rhodochrous

Inhibition zones of 
10, 12, 11, 10, 9,  
10 and 10 mm

Shanmuganathan 
et al. (2020)

Ag/rGO 12.7–73.3 60 µg/well E. coli
P. aeruginosa
Salmonella typhimurium
P. mirabilis
S. aureus
Staphylococcus 
saprophyticus

Streptococcus pyogenes
B. subtilis

Inhibition zones of 
14.6, 23.4, 9.6, 0, 
16.4, 23.6, 20.8  
and 21.2 mm

Veisi et al. (2019)

Ag/rGO 12.7–73.3 2000, 1000,  
4000, 8000, 2000, 
1000, 1000 and 
1000 µg/mL

E. coli
P. aeruginosa
S. typhimurium
P. mirabilis
S. aureus
S. saprophyticus
S. pyogenes
B. subtilis

MIC Veisi et al. (2019)

Ag/rGO 12.7–73.3 4000, 1000, 4000, 
8000, 4000,  
1000, 2000 and 
1000 µg/mL

E. coli
P. aeruginosa
S. typhimurium
P. mirabilis
S. aureus
S. saprophyticus
S. pyogenes
B. subtilis

MBC Veisi et al. (2019)

Ag/rGO 16 100 µg/mL E. coli
P. aeruginosa
S. aureus

Growth inhibition  
of 95.6, 99.9 and 
89.3%

Dat et al. (2020)

(Continued)
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Ag/rGO 15 100 µg/mL E. coli 99.9% killing Chen, Li, and 
Chen (2019)

Ag/rGO 58.9 15 µg/mL
30 µg/mL

E. coli
Multidrug resistant
Klebsiella pneumoniae

100% killing Tan et al. (2020)

Ag/rGO 6  2 µg/mL E. coli 99.9% killing Song and Shi 
(2019)

Ag/PMo/rGO 70 256 µg/mL
512 µg/mL

E. coli MIC
MBC

Moghayedi et al. 
(2020)

Ag/Ag2S/rGO 37–63 100 µg/mL E. coli 97.7% colony 
inhibition

Huo et al. (2018)

Chitosan wrapped 
Ag NPs/rGO 
sandwich film

15 4.45 At% E. coli
S. aureus

Inhibition zones  
of 3.3 and 4 mm

Gu et al. (2021)

PLC Ag/rGO 
membrane

20.7 2% E. coli
S. aureus

Colony growth 
inhibition of 99.4 
and 99.5%

Pan et al. (2020)

Cellulose acetate/
polyurethane  
Ag/rGO scaffolds

8 2.5% Pseudomonas
S. aureus

Colony growth 
inhibition of  
100 and 96%

Esmaeili et al. 
(2020)

Cu2O/rGO 40–60 20 µg/well E. coli
B. subtilis

Inhibition zones  
of 3 and 3.5 mm

Navya Rani et al. 
(2019)

Au/rGO 8–15 50 µg/well P. aeruginosa
K. pneumoniae
S. aureus
Bacillus cereus

Inhibition zones  
of 18.5, 19.5,  
16.3 and 19.6 mm

Saikia et al. (2016)

Chromium and 
cerium co-doped 
Fe3O4/rGO

22 50 µg/mL
200 µg/mL

S. aureus MIC
MBC

Sadeghi Rad et al. 
(2021)

Ce-TiO2/rGO 8–14 50 µg/well E. coli
S. aureus

Inhibition zones of 
9.5 and 3 mm

Behera, Barik, and 
Mohapatra (2021)

Ce-TiO2/rGO 8–14 30 µg/mL E. coli
S. aureus

Photoinduced 
bacterial inactivation 
of 90 and 100%

Behera, Barik, and 
Mohapatra 
(2021)

TiO2/rGO 17 100 µg/mL E. coli 100% photocatalytic 
inactivation

Wanag et al. 
(2018)

CdO/rGO 4–8 3.9, 6.1, 9.6,  
4.0, 4.4 and  
4.9 µg/mL

E. coli
S. typhimurium
K. pneumoniae
B. subtilis
Listeria monocytogenes
S. aureus

MIC Sadhukhan et al. 
(2019)

rGO/BGNR 60–120 1000 and 500 µg/
mL

P. aeruginosa
S. aureus

100% viability loss Ashok raja et al. 
(2018)

P/rGO+ 10–70 5% E. coli
Salmonella
S. aureus
B. cereus

Colony count 
reduction of 74, 79, 
95 and 88%

Mirmohseni, 
Azizi, and 
Dorraji (2020)

TABLE 12.2  (Continued)
A Comparison of Antibacterial Action of rGO Nanocomposites towards Various Bacterial 
Strains, with Reference to Nanoparticle Particle Size and Concentration

Nanocomposite Size (nm) Concentration Bacterial Strains
Antibacterial  
Action Reference
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fluoroquinolone antibiotic, ciprofloxacin-loaded rGO caused cell rupture and reduced the biofilm 
of P. aeruginosa (Bhattacharya et al. 2021). The synergistic antibacterial activity of aminogly-
coside antibiotic, streptomycin (50 µg/mL)-loaded polyethylene glycol-MoS2/rGO (150 µg/mL) 
was studied against E. coli and S. aureus. Under near-infrared (NIR) irradiation (808 nm, 2 W/
cm2) for 30 min, the antibacterial action was enhanced in terms of bacterial structural damage, 
protein synthesis inhibition, thermal injury and oxidative stress. The nanocomposites showed 
low cytotoxicity towards human colon cancer cells and can serve as a photothermal antibacterial 
agent (Zhao et al. 2020).

The hybrid nanocomposites made up of Ag NPs (16.3 nm) decorated and naringenin reduced GO 
exhibited inhibition zones towards E. coli, V. cholerae, P. mirabilis,  S. typhi, S. aureus, S. epider-
midis and R. rhodochrous in disc diffusion assay at 5.4 µg/disc. The corresponding inhibition zone 
values were 10, 12, 11, 10, 9, 10 and 10 mm (Shanmuganathan et al. 2020). The Pistaciatlantica leaf 
extract biosynthesized 12.7–73.3-nm-sized Ag/rGO exhibited inhibition zone values of 14.6, 23.4, 
9.6, 0, 16.4, 23.6, 20.8 and 21.2 mm at 60 µg/well against E. coli, P. aeruginosa, S. typhimurium, 
P. mirabilis, S. aureus, S. saprophyticus, S. pyogenes and B. subtilis in well diffusion assay, respec-
tively. The corresponding minimum inhibitory concentration (MIC) values were 2000, 1000, 4000, 
8000, 2000, 1000, 1000 and 1000 µg/mL towards these bacteria. The respective minimum bac-
tericidal concentration (MBC) values were 4000, 1000, 4000, 8000, 4000, 1000, 2000 and 1000 
µg/mL (Veisi et al. 2019). The Ag/rGO nanocomposite integrated with 16-nm-sized Ag NPs sup-
pressed the growth of E. coli, P. aeruginosa and S. aureus by 95.6, 99.9 and 89.3% at 100 µg/mL 
concentration, respectively (Dat et al. 2020). In a different report, Ag/rGO nanocomposite deco-
rated with Ag NPs of 15 nm size caused 99.9% killing of E. coli cells at 100-µg/mL concentration 
in 3-h duration (Chen, Li, and Chen 2019). The Ag/rGO nanocomposite demonstrated synergetic 
antibacterial activity against E. coli and multidrug resistant K. pneumoniae compared with GO, 
rGO and Ag NPs. Under NIR irradiation (0.30 W/cm2, 10 min), E. coli and K. pneumoniae were 
100% killed at 15and 30μg/mL of Ag/rGO concentration (Tan et al. 2020). At 2-µg/mL concentra-
tion of biosynthesized S. oneidensis Ag/rGO nanocomposite decorated with 6nm of Ag NPs, the 
viability of E. coli decreased to 99.9% after 15-min treatment (Song and Shi 2019).

The Ag NPs/phosphomolybdate/rGO (Ag/PMo/rGO) nanocomposite exhibited superior bacteri-
cidal action against E. coli compared to PMo and rGO. The MIC and MBC values of Ag/PMo/rGO 
were 256 and 512µg/mL, respectively. Whereas PMo and PMo/rGO showed high MIC values of 
3920and 512µg/mL, respectively (Moghayedi et al. 2020). The Ag/Ag2S/rGO nanocomposite pre-
pared by hydrothermal and UV reduction method decorated with Ag NPs of 37–63-nm size demon-
strated 97.7% inhibition of E. coli colonies in 24 h, at 100-µg/mL concentration (Huo et al. 2018). 
The chitosan wrapped Ag NPs/rGO sandwich film exhibited controlled release of silver ions for 14 
days. The nanocomposite film impregnated with15-nm-sized Ag NPs showed inhibition zone values 
of 3.3 and 4 mm in well diffusion towards E. coli and S. aureus, respectively, at 4.45 At% of Ag. The 
durable film can be utilized as safe packaging material for shelf life extension of various foods (Gu 
et al. 2021). The hybrid membranes were fabricated by electrospinning the poly (ε-caprolactone) 
(PCL) with 20.7-nm-sized Ag NPs anchored on the rGO surface (2%). After 120 min of contact, 
the fibrous membrane demonstrated enhanced bactericidal activity towards E. coli and S. aureus by 
reducing the viability by 99.4 and 99.5%, respectively. While the pristine PCL membrane amended 
with rGO inactivated the cells of respective bacteria by 72.4 and 65.5% only (Pan et al. 2020). 
The cellulose acetate/polyurethane nanofibrous scaffolds containing 2.5% nanocomposites of rGO 
decorated with 8-nm-sized Ag NPs (2.5%) were fabricated by electrospinning. The polymer scaf-
folds inhibited the colony growth of Pseudomonas and S. aureus by 100 and 96%, respectively. The 
nanofibrous mats were biocompatible and promoted in vivo healing of artificial wounds (Esmaeili 
et al. 2020).

The Cu/rGO nanocomposite decorated with Cu NP of 4000 nm was prepared at a copper depo-
sition time of 12 h and the nanocomposite completely (100%) prevented the bacterial growth of  
E. coli and S. aureus (Zhang et al. 2020). The hydrothermally synthesized CuO/rGO nanocomposite 
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film exhibited contact mediated complete inactivation of P. aeruginosa cells (Alayande, Obaid, and 
Kim 2020). The cuprous oxide NP (40–60 nm) anchored rGO (Cu2O/rGO) ceramic nanocomposite 
biosynthesized by T. erecta flower extract showed improved antibacterial activity compared to rGO. 
The Cu2O/rGO nanocomposite indicated inhibition zone values of 3 and 3.5 mm against E. coli and 
B. subtilis in well diffusion assay at 20 µg/well, respectively. The corresponding values for rGO 
were 1.9 and 2 mm (Navya Rani et al. 2019). The Au/rGO nanocomposite decorated with Au NP 
of 8–15 nm, biosynthesized by Piper pedicellatum fruit extract, was evaluated for its antibacterial 
action towards P. aeruginosa, K. pneumoniae, S. aureus and B. cereus. In the well diffusion assay, 
inhibition zones of 18.5, 19.5, 16.3 and 19.6 mm were noted towards the nanocomposite for the cor-
responding bacterial strains at 50µg/well (Saikia et al. 2016).

The nanocomposite of chromium and cerium co-doped Fe3O4/rGO showed MIC and MBC 
values of 50 and 200 µg/mL towards S. aureus. The nanocomposite caused bacterial cell mem-
brane damage, deformation and cell structure distortion and leads to cell death (Sadeghi Rad 
et al. 2021). The Fe2O3nano-rod-decorated rGO (Fe2O3/rGO) nanocomposite demonstrated a 
MIC value of 5 μg/mL against ciprofloxacin resistant S. aureus (Naseer et al. 2020). The titanium 
dioxide NPs (17 nm) modified with 1.5% of rGO (TiO2/rGO) caused 100% photocatalytic inacti-
vation of E. coli cells at 100 µg/mL concentration, after 75 min of artificial solar light irradiation 
(Wanag et al. 2018). The hydrothermally synthesized cerium doped (0.2%) titanium dioxide NP 
(8–14 nm) deposited rGO (10%) (Ce-TiO2/rGO) demonstrated inhibition zone values of 9.5 and 
3 mm against E. coli and S. aureus in well diffusion assay under visible light irradiation, at  
50 µg/well. At 30 µg/mL concentration of the photoinduced bacterial inactivation was 90 and 100% 
for E. coli and S. aureus, respectively (Behera, Barik, and Mohapatra 2021). The rGO@TiO2 hybrid 
nano filler reinforced electrospun RSF scaffolds inhibited the colony growth of S. aureus by 
84.9%. The biocompatible, multifunctional nanocomposite is a promising biomaterial for tissue 
engineering (Zhang, Wang, Liu et al. 2021). The cadmium oxide NP (4–8 nm)-decorated rGO 
(CdO/rGO) nanocomposite biosynthesized by glucose exhibited MIC values of 3.9, 6.1, 9.6, 4.0, 
4.4 and 4.9 µg/mL towards E. coli, S. typhimurium, K. pneumoniae, B. subtilis, L. monocytogenes 
and S. aureus, respectively (Sadhukhan et al. 2019).

The rGO-decorated with 60–120-nm-sized bioactive glass nano rods (rGO/BGNR) caused 100% 
viability loss for P. aeruginosa and S. aureus at 1000 and 500 µg/mL, respectively. The nanohybrid 
biomaterials find applications in the field of bone and dental implants (Ashok raja et al. 2018). The 
nanohybrids (10–70 nm) made up of cationic rGO intercalated with polyaniline nanofibers (P/rGO+) 
caused 74, 79, 95 and 88% reduction in the colony count of E. coli, Salmonella, S. aureus and B. 
cereus, respectively at 5% (Mirmohseni, Azizi, and Dorraji 2020). The polyiodide doped starch 
rGO (SrGO-PI) nanocomposite caused inhibition zones of 22 and 20 mm against E. coli and S. 
aureus in well diffusion assay at 2 mg/well (Figure 12.4). The SrGO-PI exhibited MIC and MBC 
values of 2.5 and 5 mg/mL for both E. coli and S. aureus strains. At an MBC value of 5 mg/mL, the 
bacterial lawns of E. coli and S. aureus grown in petriplates were inhibited entirely, evident from 

FIGURE 12.4  The inhibition zones of (a) Escherichia coli and (b) Staphylococcus aureus towards polyio-
dide doped starch reduced graphene oxide (SrGO-PI) nanocomposite in well diffusion assay at 2 mg/well. Left 
well: SrGO-PI and right well: SrGO.
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no colony formation (Figure 12.5). The IC50 value for the corresponding strains was 0.4 mg/mL. 
Thus, the sustained release of iodine from the nanocomposite can be utilized for food packaging 
(Narayanan, Park, and Han 2021). The Schiff base assembled on rGO surface (rGO-L2) caused a 
67.4 and 84.6% decrease in cell viability of E. coli and S. aureus at 40 µg/mL, respectively (Omidi, 
Kakanejadifard, and Azarbani 2017).

12.5  MECHANISM OF ANTIBACTERIAL ACTION

The mode of antibacterial action of structurally intercalated rGO nanocomposite is complex 
and involves diverse mechanisms. The synergistic antibacterial action of metal NP/rGO nano-
composites is attributed to direct contact with the sharp edges of rGO nanosheets and metal 
ions release (Ag, Cu, Fe), leading to bacterial cell membrane disruption and ROS generation. 
The intracellular cytoplasmic contents, including proteins and nucleic acids are leaked outside 
owing to the loss of membrane integrity. Also, the generated ROS oxidize the various macro-
molecules of the cell, such as polysaccharides, lipids, proteins and nucleic acids, and hamper 
their function. The nanocomposite induced oxidative stress and cell membrane damage lead to 
cell structure distortion and ultimate cell death (Wanag et al. 2018,Song and Shi 2019, Vargas 
et al. 2019,Naseer et al. 2020, Tan et al. 2020,Zhang et al. 2020, Behera, Barik, and Mohapatra 
2021, Sadeghi Rad et al. 2021). In the case of CuO/rGO nanocomposite, contact mediated ROS 
independent pathway was established in the bacterial inactivation. It is attributed to the direct 
electron transfer mechanism and increased surface roughness and surface area of the nanocom-
posite (Alayande, Obaid, and Kim 2020).

FIGURE 12.5  The inhibition of colony formation by polyiodide doped starch reduced graphene oxide 
(SrGO-PI) nanocomposite in petriplates, at (a, c) 0 mg/mL and (b, d) 5 mg/mL against Escherichia coli and 
Staphylococcus aureus.
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12.6  CONCLUSIONS

The biosynthesis of rGO from GO using different biological reductants has gained importance 
compared to the chemical reduction due to the abundance of low cost, nontoxic, renewable, biode-
gradable, dual functional biological reductant and stabilizing agents. The rGO served as a template 
for functionalizing various antibacterial agents and fabricated rGO nanocomposites demonstrated 
superior antibacterial activity against target bacteria via ROS dependent and ROS independent 
pathways. The antibacterial rGO nanocomposites are finding applications in water purification, 
wastewater treatment, anticorrosion coatings, catalyst, photocatalysts, dental implants, drug deliv-
ery, photo thermal therapy, cancer treatment, tissue scaffolds, cardiac patch, wound dressings, food 
packaging, clothing etc.
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13.1  INTRODUCTION

The ever-growing need of energy coupled with power inadequacy has initiated advanced research 
on renewable energy sources and its efficient storage. In addition to it, the quick development of 
business sectors, like portable electronic gadgets, has also made a steady increasing interest for an 
eco-friendly, superior energy storage device. Supercapacitors are such systems that comprise high 
power density, high cycling stability (>100 000 cycles) and quick mobility of charged particles[1, 2]. 
Nowadays, they are used in electronic gadgets, memory backup, etc. A more ongoing use of hybrid 
vehicles has exhibited its protected and authentic function. Its energy per unit area has considerably 
been enhanced compared to traditional electrostatic capacitors, the energy of which is still lesser 
than that of batteries[3, 4]. A large portion of the commercialized supercapacitors has particular 
energy density under 10 Wh/kg that was three to multiple times lesser than that of batteries. Thus, 
there exists a great need to explore more enhanced and efficient energy storage devices than that of 
existing commercialized products[5, 6].

An ultracapacitor is a device which can store charges via two types of mechanisms such as 
(i) electric double layer capacitance (EDLC) and (ii) pseudocapacitance. Based on the material, 
either one or both the types of mechanisms were used to store charges. The commonly used 
electrode materials for the EDLC type are carbon-based materials like activated carbon, gra-
phene, carbon nanotubes [7]. On the other hand, pseudocapacitance electrodes make use of metal 
oxides, sulphides and conducting polymers. However, the electrode materials still cannot meet 
the requirement of day-to-day applications. Hence, hybrid electrode materials comprising both 
the EDLC and redox behaviour with rational optimization and design are expected to meet the 
requirements of modern society[7, 8].

On the consideration of stated discussion, graphite was regarded as a potential candidate 
because of its superior electrical and mechanical properties and unique morphology. It is a 
two-dimensional (2D) single-layered carbon bond with sp2 hybridization, which raises each and 
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every graphitic carbons like graphene[9, 10]. Due to its vast applications in different fields, it was also 
exploited in supercapacitors where its composition with other compounds yielded a better electro-
chemical performance which was studied here in detail.

13.2  SUPERCAPACITOR PRINCIPLES AND CHARACTERISTICS

As discussed, a supercapacitor comprises two types of mechanisms. In the EDLC type, charges 
are stored via electrostatic attraction, while in pseudocapacitance, charges are stored via reversible 
redox mechanism. As same as battery, a supercapacitor consists of two electrodes namely anode and 
cathode in contact with an electrolytic solution with a separator in between. All the components of 
supercapacitors contribute to the total specific capacitance of a device. Hence, much attention has 
been paid to designing an efficient supercapacitor. The ability of the device is majorly characterized 
on basis of the standards stated in the following: (i) power density considerably larger than com-
mercial energy storage devices along considerably prominent energy per unit area (>10 Wh/kg), 
(ii) stable cyclability (>102 of batteries), (iii) rapid charge-discharge kinetics (< a minute), (iv) lesser 
self-discharging, (v) reliability and (vi) cost-effective. Also, the period demanded for the current 
or voltage in a circuit to increase or decrease exponentially by nearly 63% of its amplitude shows 
that capacitance was an integral multiple of resistance which was the other significant parameter in 
assessing operation from an ultracapacitor[6, 11, 12].

The anode and cathode were fabricated from a mixture of prepared materials, binder PVdF, 
activated carbon in 75:5:15 ratio, respectively. Then the mixture was grained using N-methyl pyrrol-
idone (NMP) solvent until homogeneous paste was formed. The paste was coated on cleaned nickel 
foam (1 × 1 cm2) and dried in an oven at 80°C for 24 h. The as-prepared electrode was analysed for 
electrochemical performance in a 1-M KOH electrolyte solution with a three-electrode system. The 
synthesized material loaded current collector, Hg/HgO and platinum sheet are applied as working, 
reference and counter electrodes. The specific capacitance was estimated in charge-discharge mea-
surements using the following relation[7, 9]:

	 = ∆
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where ‘I’ corresponds to current intensity, ∆ t represents time difference, m was the mass of syn-
thesized sample, and ∆v stands for voltage. Hence, the mass ratio of working electrodes was set by 
a charge-balance equation (q+ = q−). Also, the following equation represents mass balancing:
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where m, C (F/g) and ∆v are the active mass (g), capacitance and potential window, respectively. 
By using the following equation, specific capacitance (F/g), power density (W/kg) and energy den-
sity (Wh/kg) were calculated:
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where I, ∆ ∆  t,  v and m were discharge current (mA), charging or discharging time (s), potential 
and the mass of two electrodes, respectively.
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13.3  OTHER GRAPHITIC CARBON

Graphite was a characteristic form of carbon element for almost 50 decades and was broadly used 
for daily chores, like oil paints lubricants to charcoal pastels. It can excellently transfer thermal 
energy accompanied by less constrain to electrical energy mobility, which made it an efficient anode 
material. Furthermore, between the graphite layers, different components may be inserted that may 
create graphite-based intercalated materials. Moreover, the replacement of carbon in lattice forms 
of different components, for example, boron in carbon lattice, creates p-type materials. Enlarging 
the interlayer spacing of graphite was depicted through ionic radicals. Through polarizing anodes or 
cathodes, ions can be inserted in between the layers of graphite by which the accessibility of electro-
lyte was enhanced. Asymmetric capacitors comprising different types of electrode materials could 
combine the properties that facilitate higher efficiency to the system where the synergistic effect of 
composite materials boosted its overall performance.

Fullerenes with its derived materials are the other graphite elements, regarded as a potential 
candidate for electrodes in a supercapacitor because of its exceptional dimension that combines 
faradic capacity attributes along a large surface area. Theoretic forecasts demonstrated that least 
vacant sub-atomic orbital of fullerene fits tolerance in any case of 6e− decrease. The electrochemical 
properties of pristine fullerenes are firmly subject to solute–dissolvable interactions[13].

Carbon onions, comprising several graphene circular layers, possess a 350- to 520-m2/g surface 
accompanying some nanopores. The available large surface to ionic solution shows these materials 
as a great possibility of having rich power density to energy storage devices. The recent galvanostatic 
study on it, at high current density, disclosed the reduction of explicit capacity because of molecular 
graphiting process and deformity development upon molecule outer boundary. Capacitance of this 
kind of stuff ranges from 20 to 40 F/g in a 1-M of H2SO4 electrolytic arrangement and from 70 to 
100 F/g in a 6-M KOH electrolytic arrangement[14–16].

Regardless of the enhanced attributes and ionic transport capacities of listed allotropes of car-
bon, it was scarcely utilized as an anode and a cathode, for the most part because of lesser capaci-
tance. In carbon allotropes like graphene, it was unclear how ionic particles of solution could enter 
layered morphology of it, and unique contributions from basal planes and edges to all-out capacity 
was unknown. Hence, some hypothetical and major examinations during the process of energy stor-
age in this stuff ought to be done in the prospect of progressing energy storage device betterment.

13.4  HETEROATOM-DOPED GRAPHENE

The heteroatom atom-doped graphene involved both EDLCs and pseudocapacitive behaviour and 
it exhibits electrochemical properties. The efficient faradic attributes manipulation was done by the 
addition of impurity atoms through the introduction of hetero atoms (nitrogen, sulphur, boron and 
phosphorous) into layered sp2 hybridized graphene framework. The activation area was generated via 
a dopant atom. Electro activity of the surface through offering electronegative site favourable to oxy-
gen fixation plus encouraging the redox process suitable for electro catalytic applications determines 
the spin density and charge distribution of neighbouring atoms. The generations of additional psuedo-
capacitance in junction boost its applications as electrodes in energy devices. Activation intensifies the 
native EDLC of graphene[17]. The increasing conductivity and the pseudocapacitance as well as electro 
catalytic activity play an important role in the heteroatom-doped graphene for supercapacitor appli-
cations. Nitrogen-doped graphene (N-Gr) exhibited that three configurations, namely pyridinic-N, 
pyrrolic-N and quaternary-N, showed excellent attributes for faradic process. Comparing boron and 
sulphur-doped graphene the latter could be a better positively charged accelerator to oxygen reduction 
reaction (ORR) for alkaline medium. The most potent dynamic area on a graphene surface to more 
beneficial electro catalytic with electro capacitive activity is nitrogen/sulphur. The heteroatom-doped 
or co-doped graphene required adhering candidates like Nafion to fabricate anode or cathode, which 
results in rendering powdered final products[18]. Heteroatom-doped graphene has been synthesized by 
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two different methods such as direct synthesis and post-treatment, where the direct synthesis consists 
of a solvothermal method, chemical vapour deposition (CVD) and arc discharge method and segre-
gation growth. From these, the CVD method is mostly used in direct synthesis. The post-treatment 
method includes thermal treatment, mechanical exfoliation, hydrothermal method, anodic polariza-
tion and plasma process. Compared to direct synthesis, the post-treatment methods are mostly used 
for the preparation of heteroatom-doped graphene[19]. For instance, Liming Xu[20] successfully pre-
pared the indole-functionalized N-doped-reduced graphene (INFGN) for energy storage applications 
by vacuum freezing, drying process and hydrothermal method. The pore structure, element compo-
sition, thickness and microstructure and electrochemical performance were analysed by Brunauer-
Emmett-Teller (BET), atomic force microscopy (AFM), transmission electron microscopy (TEM), 
scanning electron microscopy (SEM) and electrochemical technologies. The surface morphology of 
INFGN shows the wrinkle-like structure, and no obvious stacking was found using BET analysis, the 
value of specific surface area was identified as 135 m2/g for INFGN. The electrochemical properties 
of INFGN were analysed by three electrode system. The cyclic voltammetry (CV) can be recorded 
between the scan rate of −0.2 and 1.04. The quasi-rectangular shape with redox peaks is obtained 
in the CV curves. The galvanostatic charge discharge (GCD) curves show triangle and symmetrical 
shape and confirms the electrode are psuedocapacitance behaviour. The electrode of INFGN exhibits 
the good specific capacitance as 622.3 F/g at 2 A/g and high energy density (21 Wh/kg in 800 W/kg) 
as the electrolyte of 1-M H2SO4. It exhibits excellent cyclic stability 100.5% capacitance retention over 
5000 cycles. The INFGN electrodes have good electrochemical properties and used for the superca-
pacitor applications. The electrochemical behaviour of INFGN electrodes is shown in Figure 13.1.

Taslima Akhter et al.[14] described the N/S incorporated with flexible graphene for supercapacitor 
application through thermal treatment. The works described the nitrogen and sulphur incorporated 
with graphene exhibit good specific capacitance of 305 F/g at 100 mV/s and energy density as 28.44 
Wh/kg, which also delivers excellent cyclic stability 95.4% capacitance retention over 10 000 cycles. 
The fabricated electrode has been used for the energy storage application. Followed by S. Suresh Balaji 
et al.[21] have been successfully synthesized the S-doped graphene (SGO) for energy storage applica-
tion via supercritical fluid (SCF) processing. The electrochemical analysis of sulphur-doped graphene 
exhibits specific capacitance of 261 F/g at 1 A/g. The cyclic stability of SGO 90% over 10 000 constant 
charge discharge in addition possesses better energy density (39 Wh/kg) as the electrolyte of 20% of 
KOH solution. The prepared SGO electrode is promising material for supercapacitor application.

FIGURE 13.1  The overall performance of SSC based on InFGN electrodes with a loading of 10.12 mg/cm2.
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13.5  GRAPHENE – CONDUCTIVE POLYMER HYBRID

Nowadays, the world would face the problem of efficient energy storage device. Here, in various 
types of materials performed as electrode for supercapacitor, such as conducting polymers, carbon-
based materials, metal oxides. The conducting polymers show the pseudocapacitors behaviour and 
this kind of material have high specific capacitance, large surface area, high energy density and low 
cyclic stability[19, 22–24]. Graphene is also included in the materials for supercapacitor electrodes due 
to excellent electrochemical performances, large surface area, superior electrical conductivity and 
possess mechanical properties. The polymers are widely used in electrode material for supercapaci-
tor and provide specific capacitance, but it exhibits poor cycle stability due to shrinkage and swell-
ing polymers during charge/discharge process. This problem can be solved by polymer composite 
with graphene. An optimized ratio of graphene composite with conducting polymers will increases 
the electrochemical performances of the device. The types of conducting polymers used in energy 
storage devices were polypyrrole (PPy), polyaniline, PEDOT:PSS. Recently, hybrid nanocomposite 
of conducting polymer/graphene has been most attracted application of sensors, memory devices, 
catalysis and mostly used for energy storage devices[25, 26]. In polymer/graphene nanocomposite has 
both psuedocapacitance and EDLC behaviour. The graphene enhanced the electrical conductivity 
and mechanical stability of polymers. The electrons will transfer in conductivity polymers to gra-
phene during redox reaction with high electrical conductivity. Graphene/polymer nanocomposite 
has been synthesized through different techniques like mechanical cleavage, ultrasound-induced 
liquid phase exfoliation (ULIPE), reduction of graphene oxide, CVD and electrochemical and exfo-
liation. The nanocomposite of graphene/polymer was synthesized by either covalent or noncovalent 
approaches, by interaction between two components. The prepared nanoparticles are carried out by 
either a dry sample or liquid media. The graphene synthesized by noncovalent approaches is pre-
pared by physical adsorption via electrostatic or hydrophobic interaction. Similarly, the graphene 
synthesized by covalent approaches is prepared by chemical reaction[27, 28]. Compared to noncova-
lent functionalization, covalent approaches are more stable. The hybrid nanocomposite of graphene/
polymers is the excellent parameter of supercapacitors application because of high surface and good 
physiochemical properties. Among different polymers, polypyrrole (PPy) and polyaniline (PANI) 
were mostly used as composite with graphene as electrodes for supercapacitors. Figure 13.2 depicts 
the fabrication of symmetric and asymmetric supercapacitors (ASC) using prepared electrodes.

For instance, P. Muhammed Shafi et al.[29] successfully described the LaMnO3/reduced graphene 
oxide (RGO)/ PANI ternary nanocomposites for high-energy supercapacitor applications. The 

FIGURE 13.2  Fabrication of symmetric and asymmetric supercapacitors of prepared electrodes.
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ternary nanocomposite electrode was fabricated by the polymerization route with high-energy den-
sity. The structure and internal morphology have been analysed by TEM and further closer inspec-
tion was carried out by high resolution transmission electron microscope (HRTEM). The TEM 
images represent the particle size of prepared composite materials ranging between 20 and 30 nm. 
The composite material of RGO and PANI is confirmed by HRTEM analysis, which shows an inter-
connected structure. In this work, they fabricated both symmetric and ASCs as LaMnO3/RGO/poly-
aniline/LaMnO3/RGO/polyaniline and LaMnO3/RGO/polyaniline/RGO, respectively. However, the 
composite electrodes have both positive and negative spans and render a large loop region, which 
represents EDLC behaviour. During a large loop area, the composite electrodes have large specific 
capacitance. Finally, they concluded that an asymmetric capacitor has the excellent specific capaci-
tance of 111 F/g at 2.5 A/g compared to a symmetric capacitor and also it delivers a maximum energy 
density of 50 Wh/kg at 2.25K W/kg of power density. Further, ASCs can excel the cyclic stability 
retention of 117% over 100-K cycles. Following that, Zubair Ahmad et al.[30] described the nano-
composite of graphene oxide/polypyrrole for an energy storage device. Initially, the electrochemical 
analysis has been carried out by a three-electrode system, using H2SO4 electrolytes. Applying BET 
analysis, the high surface area (61 m2/g) was calculated, and from the analysis the electrodes exhibit 
an excellent specific capacitance of 566 F/g at a scan rate of 1 A/g. The outstanding cyclic stability 
exhibited the electrode as capacity retention at 97% even after 2000 cycles. Although it performs 
a good electrochemical behaviour, there are still drawbacks that forbid its commercialization. The 
main challenge is to determine a possible way for cheap bulk yield of graphene/polymer nanocom-
posites, neither compromising the structures of graphene due to the restacking or aggregation nor its 
performance. Rational design of a porous structure should also be enhanced instead of bulk collapse 
and aggregation of composites. In addition to it, despite having great potential, its integration with 
other electronic devices (e.g., batteries, supercapacitors) stays an objection for practical application.

13.6  GRAPHENE METAL OXIDE HYBRID

The pristine form of graphene is not suitable for charge storage process because of poor electrochemi-
cal performance. But the metal oxides (MnO2, Fe3O4, RuO2, NiO, etc.) have excellent electrochemi-
cal properties and are tremendously used in energy storage devices. In transition metal oxide, the 
electrocatalytic properties are low due to their high electrical resistivity. From these results, it spon-
taneously affects the rate of capability in charge storage mechanism. To overcome this result, two 
tactics have been used to improve their electrochemical performances, such as functionalization of 
electrode (or) fabrication of graphene/metal oxide nanocomposites[24, 31–33]. In comparison of two tac-
tics, the graphene/metal oxide nanocomposites have many advantages like rich energy density, excel-
lent specific capacitance, and a combination of ionic and electronic conductivities. Various methods 
have been used to prepare the nanocomposite of graphene/metal oxide, such as (i) hydrothermal and 
solvothermal methods, (ii) electrochemical methods and (iii) CVD method. For instance, Yongmin 
He et al.[34] prepared the graphene/MnO2 nanocomposite for energy storage application. He prepared 
the 3D graphene from nickel foam, and it has flexibility and mechanical strength. Further, MnO2 
has been loaded on the prepared graphene. It exhibits the excellent specific capacitance (130 F/g), 
large specific area (392 m2/g) and good cycling performance. Moreover, this type of nanocomposite 
materials makes the promising electrode for flexible supercapacitors and so on. Further, Xiaonig Tian 
et al.[35] also described the synthesis of Co3O4/N-RGO at 550°C by annealing process. It has a good 
specific capacitance at 355 F/g at 1 A/g and excellent cycling stability over >90% capacity after 3000 
cycles. The interaction between the prepared graphene nanocomposites forms the smallest crystalline 
size, and due to this, it forms the large pore size and specific surface and makes stable energy storage. 
The Co3O4/N-RGO nanocomposites have better electrochemical performance than the other Co3O4 
composites. Further, Zhaoling Ma et al.[36] successfully prepared the N-Gr with Fe2O3, by one pot fac-
ile hydrothermal method. He described the 6.7% of nitrogen incorporated in graphene and it helps to 
increase the specific capacitance of graphene (267 F/g). The Fe2O3 in N-RGO played an important key 
to increase the electrochemical capacitance and electrical conductivity. The prepared Fe2O3/N-RGO 
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is used as promising materials for energy storage applications. Xion-Chen Dong et al.[37] described 
the cobalt oxide (Co3O4) incorporated in 3D graphene nanocomposites, which were developed by 
two steps (Co3O4 nanowires by hydrothermal synthesis and 3D graphene grown by CVD). In Co3O4, 
nanoparticles have light crystallinity, and a uniform diameter forms the nanoparticle 3D graphene 
skeleton. 3D graphene/Co3O4 nanocomposites provide good electrocatalytic and electrochemical 
properties. The prepared electrode was used for supercapacitor applications, and it exhibits excellent 
specific capacitance (1100 F/g at 10 A/g) and cycling stability. Madury Chandel et al.[38] successfully 
prepared Ag and Ni nanoparticles embedded on the graphene oxide (RGO). The nanocomposite of 
(AgxNi(1−x))RGO has the hierarchical structure and provides the enhanced electrochemical perfor-
mances and good cycling stability. The prepared electrodes of (AgxNi(1−x))RGO show good specific 
capacitance (897 F/g at 1 A/g) and energy density (80 Wh/kg at 400 W/kg). This nanocomposite is 
considered the promising electrode material for supercapacitor applications. Furthermore, Amrita De 
Adhikari et al.[15] described the Cds-CoFe-G nanocomposite for energy storage devices synthesized 
by chemical process. The hierarchical morphology was analysed by field emission scanning electron 
microscope (FESEM) and TEM, and it exhibits the excellent specific capacitance (1487 F/g at 5 A/g) 
of a large surface area due to its ions’ diffusions and electron transportation. Further, the nanocom-
posite materials that have been cycled reversibly in the potential window of 0–1.6 V provide good 
energy density (528.8 Wh/kg) and high power density (4000 W/kg). Following that, Arpankumar 
Nayak et al.[39] synthesized the graphene/WO3 nanocomposite by facile and green solvothermal pro-
cess. The active electrode material of prepared graphene/WO3 delivers excellent specific capacitance 
(465 F/g at 1 A/g) in the electrolyte of 0.1-M H2SO4 and a superior cycling stability of 98% after 
2000 constant charge discharge. The device also exhibits high energy density (26.7 Wh/kg at 6K W/
kg power density). The excellent specific capacitance and good energy density are obtained by the 
nanocomposite of graphene/WO3 and it enhanced the promising electrode material for highly super-
capacitor applications and Figure 13.3 shows the fabrication of a graphene/WO3 electrode device.

FIGURE 13.3  Graphene/WO3 electrode device with its CV curve at 50 mV/s.
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Recently, Subrata Karmakar et al.[40] successfully prepared the RGO reinforced NiGa2O4 through 
sol-gel techniques for high supercapacitor performance. From the analysis of XRD, FTIR and Raman 
deliver the huge cubical parameters for the Ga grown on NiO. The prepared electrodes of NiGa2O4 
exhibit a good specific capacitance of 415 F/g along a cyclic stability of 96% throughout 3000 constant 
charge discharge. From the other hand, RGO/NiGa2O4 nanocomposite possesses an excellent specific 
capacitance of 643 F/g at the same current density along a cyclic stability of 99% throughout 3000 
constant charge discharge. These results show that the graphene metal oxide nanocomposite is better 
than the transition metal oxides, and it suggested that electrodes are used in the highly supercapacitor 
applications. Figure 13.4 shows the electrochemical performance of RGO/NiGa2O4.

13.7  GRAPHENE – METAL SULPHIDE HYBRID

In recent time, transition metal oxide is mostly used as an electrode material because of its avail-
ability and affordability. Despite its advantages, transition metal oxide has poor electrical conduc-
tivity, e.g., MnO2 (10−5–10−6 S/cm). Compared to metal oxide, metal sulphide has better electrical 
and metallic conductivity. Recently, carbon materials with composites are widely used in the energy 
storage devices. The carbon-based materials can perform EDLC behaviour. From other carbon 

FIGURE 13.4  Electrochemical performance of RGO/NiGa2O4.
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materials, RGO had superior physiochemical attributes, including large active region, good energy 
density, great chemical stability. Therefore, metal sulphide coated on RGO at this combo of nano-
composites could meet the requirement of a high performance energy storage device[15, 16, 41]. For 
instance, Ka-Jing Huang et al.[42] successfully synthesized the RGO embedded on copper sulphide 
(CuS) by a facile solvothermal method. The morphology structures were analysed by SEM that 
obtained uniform hallow spheres with a 250-nm diameter. The electrochemical analysis of CV, 
GCD and electrochemical impedance spectroscopy (EIS) was carried out by three-electrode system 
using the electrolyte of 6-M KOH. The composite of CuS-RGO confirms that the electrodes are a 
pseudocapacitor device. CV can be analysed between the scan rate of 2 and 50 mV/s. Further, GCD 
was used to analyse the specific capacitance of prepared electrodes and recorded between the poten-
tial ranges of 0.2 and 0.4 V in the current density. The GCD current shows a pseudocapacitor device, 
which is well agreement with curves. In GCD, the specific capacitances of CuS and CuS/RGO 
are determined 917.6 and 2317.8 F/g, respectively, at a current density of 1 A/g. Finally, obtained 
copper sulphide with grapheme (CuS-RGO) is better than the CuS for high supercapacitor appli-
cations. Further, Wei Liu et al.[16] described the transition metal sulphide embedded on graphene 
sheet for an energy storage device. The transition metal sulphides, such as MoS2, FeS2 and CuS2, 
are mostly used for the anode materials for electrochemical performances due to good chemical 
conductivity, low electronegativity and excellent specific capacitance. Here, CoFeS2 was embedded 
on grapheme nanosheets under hydrothermal condition. The internal morphology and microstruc-
ture were analysed by SEM, as shown in Figure 13.5. It clearly shows that a polyhedral structure 
of FeS2 is about 1–1.5 µm in size. After the Co species are incorporated on the FeS2 particles, the 
polyhedral size decreases (200–300 nm in size) compared to FeS2 because ions exchange between 
Co2+ ions and FeS2 nuclei (Figure 13.5(b)). Figure 13.5(c) shows FeS2/graphene. The composite 

FIGURE 13.5  SEM images of (a) pure FeS2, (b) CoFeS2, (c) graphene/FeS2 and (d) CoFeS2/graphene 
nanocomposites.
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materials have huge dispersed irregular particles with 80–120 nm in size and grow uniformly on the 
graphene which forms a sandwitched structure. After Co species are introduced on the composite 
material (FeS2/graphene), the CoFeS2/graphene shows a sandwiched structure that becomes smaller  
(30–60 nm in size) than pure FeS2 and FeS2/graphene. Meanwhile, CoFeS2/graphene has a large 
specific surface due to the decrease of particle size and this nanocomposite is more suitable for 
electrochemical application. The CoFeS2/graphene nanocomposite exhibits a capacitance of  
310 C/g, while the potential ranges between 2 mV/s and a good cyclic stability 62% and 200 mV/s 
in the aqueous electrolyte of 3-M KOH. In fabricated ASC, delivery provides good energy density 
(69 Wh/kg at 300 W/kg of power density), which is highly better than the other transition metal sul-
phides. These electrode materials obtained a long cyclic stability of capacitance retailing 97% over 
3000 cycles. From these results, CoFeS2/graphene shows excellent electrochemical performance.

Further, Kaiyang Zhang et al.[43] successfully prepared cobalt nickel sulphides (CoNiS2) on RGO 
by one-step pyrolysis method. The metal sulphides are promising electrodes for energy storage, but 
they combine with RGO to improve their capacitance behaviour. Herein (CoNiS2/RGO) nanocom-
posite has good specific capacitance 1526 F/g at 2.4 A/g. Also, the electrode exhibits more active 
sites and diffusion in electrode ions, respectively. In ASC, CoNiS2/RGO acts as a positive electrode 
and AC as negative electrode and delivers a high energy density of 55 Wh/kg at 798 W/kg of power 
density. Following that, Rajendran Ramachandran et al.[41] derived the zinc sulphide (ZnS) deco-
rated on graphene (ZnS/G) nanocomposites for an energy storage device by a solvothermal method. 
The morphology of the prepared electrodes was identified by TEM and HRTEM. It has spherical 
particles (ZnS) with a good agreement with the XRD pattern of ZnS/G nanocomposite. The electro-
chemical measurements were analysed by electrochemical process by using three-electrode system 
in an electrolyte solution of 6-M KOH. From CV, the specific capacitance of prepared electrodes 
(ZnS/G) is derived as 197 F/g at the scan rate of 5 mV/s. It shows 94% efficiency following 1000 
constant charge discharge process. The GCD and EIS show high reversible and a conductivity of 
ZnS/G nanocomposite and suggest that it is more suitable for supercapacitor applications.

13.8  CONCLUSION

Overall literature reports that graphene was established as a potential candidate for electrode mate-
rials in supercapacitors. Regardless of producing vast articles on graphene and its oxide, an eco-
friendly and low budget strategy for the growth of graphene is still in high demand. Governance 
across quality with an amount of outcome on blending graphene needs a total comprehension of 
material sciences with a science of its various synthetic procedures. Various basic issues, like total 
exfoliation of graphite, stabilizing layers in different solutions and holding the pure attributes of 
pristine 2D graphene that should have been dealt earlier to synthetic exfoliation technique would 
practically be utilized in synthesizing it.

The synergistic effect of other substances comprises faradic nature with pure graphene, for 
example, metal oxide, sulphide and polymer with graphene that are potential candidates in super-
capacitors. The prospective examination of endeavours ought to be put on upgrading the interaction 
among the constituents of composites to enhance the redox process along the junction in order to 
accomplish effective redox reaction, notwithstanding EDL capacity. Utilizing these composites may 
form pillars with graphene sheets, which may be decent exploration bearing towards using one of 
kind properties of graphene for electrochemical applications.
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