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Preface

The existence of “single hexagonal layered” graphene was first conjectured by 
scientists during the late 1940s [1] However, it was not until the early 1960s that the 
material was formally reported [2]. Even so, it remained essentially unknown until 
it was successfully isolated and investigated at the University of Manchester in 2004 
[3, 4]. The successful preparation of graphene then triggered massive interest across 
the world, and soon scientists from around the globe were reporting dozens of variant 
improved methods for its production. The material gained traction, 4 and by 2014, 
just a decade after it was isolated, it was reported that over 14,000 scientific papers 
had been published on this subject. Later in 2022, the global graphene annual revenue 
was estimated at US$380 million with projections to reach US$1.5 billion in the year 
2027 [5].

As graphene continues to attract interest, a growing number of researchers have been 
inspired to write a rising number of review papers to improve the understanding of its 
science. The current book was designed to contribute to this knowledge development 
by consolidating and curating existing knowledge on this important subject. The top-
ics selected and included in Chemistry of Graphene – Synthesis, Reactivity, Applications, 
and Toxicities were aimed to provide readers with a unique resource for promoting our 
understanding of the new trends, concepts, and phenomena in the field of science 
that have captivated material scientists for a period of three decades since 2004 like 
no other. In compiling the literature, attempts have been made toward conducting 
comprehensive searches for present readers with complete syntheses of the research 
status and the emerging trends in this field. The goal was to submit a succinct over-
view of the research status and to point out the key research knowledge gaps and 
opportunities that are yet to be fulfilled.

The book discusses implications for both academia and practice in a multidimensional 
manner. The first is to serve as a reference on multiple topics allowing for seamless 
integration of new ideas into the existing knowledge base of the field while provid-
ing new insights into the rapidly changing research areas. Second, the longitudinal 
approach adopted permits for the materials dealt with in the book to transcend the 
important phases in the development of graphene science right from the laboratory and 
theoretical research to technology innovations, applications, and commercialization in 
a manner that stimulates contribution to lifelong learning.

The individual portions of the book ought to be viewed as representative cases of 
important concepts in graphene science. We endeavored to offer a deeper exploration 
of ideas and concepts laying firm foundations for creating new research ideas. We 
sought a simple approach to the materials to facilitate easier readership and digestion 
by students and early career scholars to provide definitive foundations for research 



careers across the representative fields while also hoping to stimulate new research 
topics, ideas, debates, and critical insights among the readership that is more experi-
enced in research and related practice in this area. 

Enos W. Wambu
Department of Chemistry and Biochemistry,

 University of Eldoret,
Eldoret, Kenya
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Chapter 1

Recent Advances in the Synthesis 
of Graphene and Its Derivative 
Materials
Aafreen, Priyanka Verma and Haris Saeed

Abstract

Graphene (G) is a 2D material of sp2 hybridized carbon atoms, discovered by Geim 
and Novoselov in 2004. The material presents a wide range of peculiar electronics and 
thermal, optical, mechanical, structural, and surface properties, which have attracted 
considerable interest from researchers and technologists. The conevntional techniques 
for graphenization have presented some drawbacks including low yield, costliness, 
high chances of contamination, and their time-consuming nature. These limitations 
have led to proliferation of research, which has led to the discovery of more advanced 
techniques for G synthesis over the years. At the moment, trending approaches to G 
production include chemical vapor disposition (CVD), epitaxial growth on silicon 
carbide (SiC), G oxide reduction, chemical synthesis, electrochemical synthesis, 
and laser-induced graphenization. There is a growing demand to produce G in large 
quantities and good quality. Nonetheless, because the conventional techniques have 
presented significant difficulties and imperfections in large-scale G production, vari-
ous investigations have been conducted to identify new techniques for manufacturing 
cost-effective, large-scale, and high-quality G with novel applications such as energy 
storage, sensors, drug delivery, and biomedical devices. Each technique can be used 
for certain applications and has its own advantages. This chapter deals with the two 
approaches (top-down and bottom-up) for the synthesis of G and their procedure, 
limitations, and applications.

Keywords: biosensors, carbon nanotubes, exfoliation, graphene, graphene oxide, 
graphene synthesis

1.  Introduction

In 1960, researchers Ubbelohde and Lewis successfully isolated a monolayer of 
graphite and determined that graphite is composed of layers, consisting of intercon-
nected hexagonal carbon atom rings [1]. However, as stated by Mouras et al. in 1987, 
the term “graphene” was initially coined to refer to a solitary sheet of graphite during 
that time. Graphite serves as the foundational element in graphitic materials such as 
graphite itself, fullerene, and carbon nanotubes [2]. Although G was discovered to be 
in existance by Benjamin Collins Brodie in 1859 [3], since its first discovery in 1962 
[4] which was observed in an electron microscope, Wallace has spent many years 
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studying it theoretically [5, 6]. However, the properties of the graphenic material 
were only attained in 2004 when Novoselov and Geim successfully isolated and stud-
ied a single-atom-thick crystallite (G) from bulk graphite and transferred them onto 
thin silicon dioxide on a silicon wafer using the well-known scotch tape technique. 
Notably, the pioneering method of producing the first G involved micromechanical 
cleavage of graphite [7]. Konstantin Novoselov and Andre Geim shared the 2010 
Nobel Prize in Physics for their ground-breaking work on this two-dimensional mate-
rial as a result of this feat [8, 9]. The popular nanomaterial G is currently taking the 
place of silicon in a variety of scientific disciplines. This is because of their nanoscale 
mechanical, chemical, thermal, and physical characteristics, and due to its potential, 
G is attracting sponsors and significant donations [10].

The exploration of various commercial applications for these materials is currently 
underway with a particular emphasis on a range of fields, which include sensors, 
energy generation, and energy storage devices, which represent some of the fastest 
growing domains of technology [11–13]. Additionally, the realm of 2D-layered mate-
rials exhibits an extensive array of crystalline structures, corresponding to a diverse 
spectrum of physical properties [1, 14].

The atoms of these bulk layered materials are weakly connected by inter-layer van 
der Waals forces, but they are strongly bound to one another within the same plane 
[14]. The creation of 2D-layered nanoscale materials from these bound sheets through 
chemical or physical interactions opens up interesting possibilities for novel devices 
that are distinct from those made from conventional bulk materials [15, 16]. Plus, due to 
the wide range of shapes and sizes that a single graphitic layer can take, G is sometimes 
referred to as the “mother” of all graphitic-based nanostructures. It can be folded into 
one-dimensional (1D) carbon nanotubes (CNTs), wrapped into a zero-dimensional 
(0D) “buckyball” structure, or layered into multiple-layer 3D G sheets [17–22].

2.  Graphene synthesis

There are numerous ways by which G is produced. The conventional techniques 
include (1) mechanical exfoliation, (2) chemical vapor deposition, and (3) epitaxial 
growth. At the moment, the trending G production techniques are electrochemical 
exfoliation, laser-induced graphenization, hydrothermal synthesis, and microwave-
assisted synthesis. This chapter provides a summary of conventional and trending 
techniques that are used for the synthesis of G. Nonotheless, G needs to be produced 
at a price that is comparable to or lower than that of existing materials in order to be 
successfully applied in industry. The development of G synthesis processes with the 
qualities of high product yield, high product quality, cost-effectiveness, and scalable 
production is, however, difficult. As a result, these properties are the main subject of 
the discussion in the subsequent sections but G’s full production and characterization 
mechanisms have been documented elsewhere in the literature [22].

G must be produced at rates that are compatible with existing materials in order to 
be utilized by various industries [23, 24]. The development of the production pro-
cesses that deliver high yields and high-quality products while being cost-effective, 
reliable, and scalable remains to be a big challenge [25]. As a result, these attributes 
are the main focus of the following discussion on techniques of G synthesis [26]. 
Depending on the desired outcome and purity, different methods have been devel-
oped to create layers and thin films of G. The schematic representation of the bottom-
up (construction) and top-down (destruction) mechanism is depicted in Figure 1.
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Thus, a bottom-up process is the one in which the initial raw materials are found in 
a smaller entity and are then transferred to a larger entity or sustrate. Chemical vapor 
deposition (CVD) is an example of a bottom-up strategy for synthesizing G. Because 
it is more likely to result in fewer flaws, a more homogeneous chemical composition, 
and better short- and long-range ordering of G, the bottom-up strategy is prefer-
able to the top-down approach. On the other hand, a top-down strategy begins with 
large or small-scale structures and reduces the size using a variety of techniques. 
Furthermore, it is believed that the planes or layers (the building blocks) necessary 
to create the desired nanostructure are taken out of the substrate during the synthesis 
process. For better control of G synthesis, the top-down method is typically used. The 
graphite exfoliation in the top-down techniques can be achieved by both mechanically 
and chemically in the top-down approach [27, 28].

The conventional top-down and bottom-up techniques used for G synthesis are 
displayed in Figure 2.

Figure 1. 
Synthesis of G from top-down and bottom-up approaches.
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2.1  Top-down approaches

The top-down approach is defined as a tactic that concentrates on the attack of 
powdered raw graphite. Eventually, the attack will split its layers and create G sheets. 
Chemical synthesis and mechanical or chemical exfoliation are some of the com-
monly used top-down approaches for G synthesis [29] and are discussed below.

2.1.1  Mechanical exfoliation

Multiple single-atomic layers of G make up the structure of graphite. Weak van 
der Waals forces accumulate and hold everything together. The interlayer spac-
ing between each layer is 3.3 Å (0.33 nm), and the interbond energy is 2 eV/nm2 
(eVnm−2). Mechanical exfoliation is the rarest and earliest recognized technique 
for extracting G flakes from a graphitic substrat. This is a top-down approach in 
nanotechnology in which longitudinal or transverse stress is applied to the graphite 
surface using a cheap adhesive tape (scotch tape) or AFM (atomic force microscopy) 
tip. Mechanically cleaving graphitic materials such as highly oriented pyrolytic 
graphite (HOPG), single-crystal graphite, or natural graphite, can produce single-
layer graphene (SLG) to few-layer graphene (FLG) by slicing down the layers [30, 
31]. A single G layer may be separated from graphite using this technique by applying 
an external strain of approximately 300 nN/μm2 [32]. A variety of methods such as 
scotch tape, use of an electric field [33], and ultrasonication [34] or even by transfer 
printing techniques [35, 36] can be used to exfoliate G from graphite. To increase the 
yield of SLG and FLG flakes, the HOPG has occasionally been bonded to the substrate 
using a common adhesives like epoxy resin [34, 37]. A recent study has demonstrated 
how gold films can be used to transfer print macroscopic G designs from patterned 
HOPG [38]. It is undoubtedly the least expensive way to make high-quality G. G is 
exfoliated from a graphite crystal by adhesive tape in this micromechanical process. 
Multiple-layer graphene that is still on the tape after being removed from the graphite 
is separated into numerous flakes of few-layer G through repeated peeling. In order 
to detach the tape, it is then bonded to the acetone substrate, and the last peeling is 

Figure 2. 
Conventional G synthesis approaches.
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done with an unused tape. The resulting flakes have varied sizes and thickness, with 
diameters of a single-layer G based on wafer ranging from nanometers to many tens 
of micrometers. Due to interference effects, single-layer G on SiO2/Si can still be 
seen under a light microscope despite having an absorption rate of 2% [39]. Optical 
microscopy, Raman spectroscopy, and AFM are typically used to characterize G flakes 
produced by mechanical exfoliation techniques.

Despite the absence of sustainable flakes, it is actually difficult to produce high 
quantity of G with this exfoliation technique. Although this process has very little 
difficulty, it requires a lot of labor to locate the G flakes on the substrate surface. 
The prepared G has nearly no defects and a very high quality, which is suited for 
the manufacture of FET (field effect transistor) devices. However, for large-scale, 
defect-free, high-purity G for mass manufacturing in the field of nanotechnology, the 
mechanical exfoliation method still needs to be improved.

2.1.2  Chemical exfoliation

One of the finest methods for producing G is chemical synthesis. The first chemi-
cal production of G oxide occurred in 1860 using the Brodie method [40]. This was 
followed by the development of the Hummers [41] and Staudenmaier [42] processes. 
G is modified from graphite and a graphite intercalation compound using a chemi-
cal processs that produces colloidal suspension. Chemical exfoliation involves two 
steps; it increases the interlayer separation by first reducing the van der Waals forces 
between the graphite layers by creating G intercalated compounds (GICs) [43, 44]. 
Then, fast heating or sonication are used to exfoliate single to few layers of G. 
Ultrasonification is used to produce single-layer G oxide (SGO) [2, 42, 45–48], while 
density gradient ultracentrifugation is used to create different layer thicknesses  
[49, 50]. By using the Hummers process, which involves oxidizing graphite using 
potent oxidizing agents like KMnO4 and NaNO3 in H2SO4/H3PO4, it is simple to 
produce G oxide (GO) [42, 51]. SLG was produced via ultrasonication in a DMF/
water (9:1) combination. Interlayer spacing therefore increases from 3.7 to 9.5 A. High 
density of functional groups make oxidation necessary, and reduction is required to 
get G-like characteristics. Chemical reduction with hydrazine monohydrate is used to 
scatter single-layer G sheets [2, 47].

Elsewhere, G has been produced using polycyclic aromatic hydrocarbons 
(PAHs) [51–53] by utilizing a precursor to the dendrict that has undergone cyclo-
dehydrogenation and planarization [54] to create tiny G domains. According to 
these authors, small domains of G can be produced by using this approach, but 
larger flakes are produced by the precursor of poly-dispersed hyper-branched 
polyphenylene. The first one was synthesized via oxidative cyclodehydrogena-
tion with FeCl3. Orthodichlorobenzene [55], perfluorinated aromatic solvents 
[56], and even low-boiling solvents like chloroform and isopropanol [57, 58] are 
employed to disperse G. G on SiO2/Si substrates exhibits electrostatic interaction 
between HOPG and the Si substrate [59]. HOPG has also been subjected to pulsed 
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser exfoliation in order 
to create FG [60, 61]. Good-quality G, also known as reduced G oxide (rGO), is 
produced via reduction of graphite oxide (GO). Fabrication of energy storage 
materials [62], polymer composites [63], transparent conductive electrodes [64], 
and several types of paper [40], among others, have already employed the chemi-
cal technique to produce G.
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2.1.3  Oxidative exfoliation reduction

The majority of GO is created through the reduction of reduced G oxide (rGO) or 
from G sheets after oxidative graphite exfoliation. Staudenmaier, Brodie, Hummers, 
and Hofmann are the most common methods for producing GO [27].

2.1.3.1  Brodie’s method

The first person to use KClO3 in severely fuming HNO3 to produce a novel com-
pound containing carbon, oxygen, and hydrogen was Benjamin Collins Brodie, at 
the University of Oxford, London. The quality of flake G has improved as a result 
of this innovative approach. The batch was washed to remove any salts that had 
formed throughout the process, dehydrated at 100°C, and then put back into the 
oxidizing atmosphere. A substance with a “light yellow color” that did not change 
with additional oxidation treatment was produced after three successive attempts of 
that method. He provided the final molecular composition of the oxidized graphite 
as C11H4O5, in accordance with the elemental analysis of his product. In addition, 
he discovered that the chemical precipitated in acidic surroundings but dispersed 
in basic or pure water, after which he came up with the name “graphic acid” for 
the newly synthesized substance. The shift in the material’s C:H:O composition to 
80.13:0.58:19.29 was brought about by the reduction in carbonic acid and carbonic 
oxide after heating at 220°C. However, despite the fact that this method can oxidize 
graphite, its application is constrained by the lengthy response time and dangerous 
toxic gas emissions [41, 65].

2.1.3.2  Staudenmaier’s method

Staudenmaier from Freising university, München, Germany, used enormous 
quantities of sulfuric acid and an excess of oxidizing chemicals to enhance Brodie’s 
method. Numerous aliquots of concentrated sulfuric acid (H2SO4) were added, and 
throughout the procedure, potassium chlorate solution was added to the reaction 
mixture in order to improve Brodie’s KClO3-fuming HNO3 formulation’s ability 
to oxidize. These modifications made it possible to produce a highly oxidized GO 
product in a single reaction vessel, greatly simplifying the GO synthesis process. 
Although Staudenmaeir’s approach was improved, Brodie’s method’s shortcom-
ings remained, making the oxidation process time-consuming and dangerous. 
When potassium chlorate is introduced, it can last for more than a week, and when 
chlorine dioxide is removed from the inert gas, deadly gas explosions can occur 
continuously [43, 65].

2.1.3.3  Hofmann’s method

To improve the work of both Brodie and Staudenmaier, Hofmann et al. used 
concentrated sulfuric acid and concentrated nitric acid and KClO3 to synthesize 
GO in place of fuming nitric acid because fuming HNO3 is exceedingly deadly and 
dangerous. In addition to acting as an in situ source of dioxygen in acid solutions, 
KClO3 demonstrated a significant degree of oxidation capacity as the principal 
oxidant. So far, numerous research teams have used this technique to effectively 
manufacture GO [65].
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2.1.3.4  Hummer’s and modified Hummer’s method

So, a different method for producing GO was developed by chemists Hummers 
and Offeman at the Mellon Institution of Industrial Research around 60 years after 
Staudenmaier’s approach. A concentrated sulfuric acid, sodium nitrate, and potassium 
permanganate solution was prepared and held at temperatures under 45°C to oxidize 
graphite. First, 100 g of graphite powder and 50 g of sodium nitrate were added to 
2.3 L of sulfuric acid to chill it to 0°C in an ice bath. After then, the suspension received 
300 g of potassium permanganate gradually. The suspension’s internal temperature 
was raised to 35° when the ice bath was removed, and it was maintained there for 
30 min. The combination turned brownish-gray and pasty, and barely any gas had 
emerged after 20 minutes. After 30 minutes, 4.6 L of water was gradually added to 
the paste, causing it to fizz vigorously and increase in temperature to 98°C. When this 
reaction was allowed to continue for 15 minutes at this temperature, the diluted sample 
turned brown. In order to convert the leftover permanganate and manganese dioxide 
into colorless soluble manganese sulfate, 3% H2O2 was added after the operation. To 
remove the soluble salt of mellitic acid, the diluted solution was filtered and constantly 
washed with warm water. Centrifugation was used initially to obtain the dry form of 
GO and then dehydration at 40°C over phosphorous pentoxide under vacuum.

2.1.3.5  Recent advances in G and G oxide synthesis

Figure 3 illustrates the response patterns of these low-temperature operation G 
production approaches; normally conducted at lowest possible reaction temperatures 
to keep production costs down. However, most of these methods except Hummers 
method result in the production of toxic gases such as nitrogen dioxide (NO2) and 
dinitrogen tetroxide (N2O4) [29] raising public health and environmental safety con-
cerns. The Hummers technique is presently extensively employed for the synthesis of 
GO due to its notable efficiency and safety. Additionally, it does not produce danger-
ous gases like ClO2 (chlorine dioxide) or acidic fog as it uses sodium nitrate (NaNO3) 

Figure 3. 
Various routes of G oxidation.



Chemistry of Graphene – Synthesis, Reactivity, Applications and Toxicities

10

and potassium permanganate (KMnO4) rather than nitric acid (HNO3) and potassium 
perchlorate (KClO4). Overtime, improvements to the Hummers method have led to a 
more environment-friendly method of producing GO.

However, the G research “gold-rush” started in 2004, and GO also became a 
prominent material. Numerous articles on its preparation, reduction, and structure 
have been written. In 2010, Marcano et al. revealed an improved method for making 
GO. They reduced the amount of NaNO3 and raised the amount of KMnO4 in this new 
procedure. They also introduced H3PO4 to the reaction container in the place of the 
original acid. This improved method prevents a significant exotherm and produces no 
toxic gas. GO produced using this approach has a higher yield and degree of oxidation 
than GO produced using Hummers’ process. They also found that the new method 
affects the graphite’s basal plane less than Hummers’ approach [42, 65].

The addition of graphite intercalation components in the oxidation process of 
graphite leads to a notable enhancement in the separation between graphite layers. 
Consequently, this enhancement may facilitate the formation of well-dispersed sin-
gle-, bi-, and few-layer G oxide (GO) structures in suitable solvents. Tetrahydrofuran 
(THF), water, and N-methyl-2 pyrrolidone (NMP) are some of the fluids in which 
GO can disperse due to oxygen-containing functional groups including carboxylic, 
hydroxyl, and carbonyl groups. Electrochemical, thermal, and chemical reduction is 
then employed to eliminate the functional groups and reconstruct the honeycomb lat-
tice of GO as its sp2 bonding is broken. In the chemical reduction techniques, hydra-
zine (N2H4) is typically used to lower the oxygen content of GO. However, N2H4 use is 
restricted due to its high cost and dangerous nature. As a result, a safer alternative to 
the dangerous N2H4 used in GO reduction was developed. Among the reducing agents 
used were proteins, microorganisms, plant extracts, amino acids, metal-alkaline, 
metal-acid, reagents (nitrogen, sulfur, oxygen), hydrohalic acid, aluminum hydrides, 
borohydrides, and hormones.

Nonetheless, even though numerous GO reduction techniques are mentioned in 
the literature [66] including electrochemical reducation, plasma therapy, sonochemi-
cal, photocatalytic, laser, photothermal, and microwave technology, the electrochem-
ical GO reduction has gained more prominence because of its economic viability, 
quick reduction, and simplicity of implementation. More importantly, it uses safer 
reductants than chemical reduction does.

In general, a reasonable cost and good yield are associated with the production of 
GO through the oxidative exfoliation of graphite and subsequent reduction to rGO. 
However, it is found that the product from this approach has a small surface area, 
lower solubility, and weaker electrical conductivity because of van der Waals attrac-
tion, and it is liable to irreversible sheet restacking [67, 68].

Furthermore, it is still not possible to fully reduce GO to produce pure G [69]. 
Nonetheless, although it has some imperfections and different sizes from pure G, the 
resulting rGO is pretty comparable to it. Greater rGO quality is produced via high 
deoxygenation, which is caused by a high C:O ratio.

2.1.4  Liquid phase exfoliation

Liquid phase exfoliation or LPE has traditionally involved two basic methods for 
exfoliating graphite: (1) cavitation in sonication, and (2) shear forces in high-shear 
mixers [68]. Recently, it has been discovered that a microfluidizer may effectively 
exfoliate graphite in appropriate aqueous solutions at high shear rates [70]. LPE is 
an easy-to-use high-shear mixing or sonication instrument that is widely accessible. 
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Additionally, LPE does not need a vacuum or high-temperature systems to oper-
ate because its working conditions are mild. However, the low amount of G and 
the significant energy consumption during the fabrication process has limited the 
widespread use of sonication-assisted LPE as shown in Figure 4. The microfluidizer 
or high-shear mixing is a developing LPE technique, which successfully exfoliates 
graphite using fluid dynamics powered by a high-shear mixer [71, 72].

2.1.4.1  Sonication

At high concentrations, sonication is an effective exfoliation method that has 
the potential to produce monolayer- or few-layer G. By creating cavitation bubbles, 
sonication is frequently used to effect physical or chemical changes in a variety of 
systems [73]. Compressions and rarefactions impose high and low pressure, pushing 
and pulling molecules, as ultrasonic waves move across the medium. With each cycle 
of rarefaction, microbubbles get larger until they reach an unstable state and burst, 
producing enormous shockwaves [74].

Sonication is classified into two types, bath sonication (BS) and tip sonication 
(TS), which have been used together or separately to generate monolayer- or few-
layer G sheets by exfoliating G [75]. Sonication-assisted LPE typically consists of 
three phases [76]: (1) production of graphite dispersion in a particular solvent; (2) 
exfoliation of graphite dispersion using sonication; and (3) G purification. The 
cavitation-induced pressure pulsations are responsible for the formation and collapse 
of microbubbles in liquids during sonication. The cavitation action produces high-
speed microjets and shockwaves, which create normal and shear stresses on graphite 
[77], which are important in the exfoliation of graphite to produce G [75]. The 
exfoliation impact is generally affected by the sonication power, the liquid medium, 
and the centrifugation rate utilized to disperse the G nanosheets [78]. The appropriate 
liquid media are chosen to establish an environment that allows for stable G disper-
sions during sonication, and centrifugation is used in removing big and unevenly 
distributed graphite particles or aggregates.

2.1.4.2  High-shear mixing

Until recently, the exfoliation of graphite by high-shear mixing has not been well 
researched; in particular, few investigations have focused on high-shear mixing in 

Figure 4. 
Liquid exfoliation.
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aqueous systems utilizing ionic- or non-ionic surfactants. Nonetheless, it has been 
demonstrated that G may be exfoliated from graphite using shear force in a suitable 
liquid [79]. Furthermore, strong shear pressures applied by high-shear mixers are 
considered to be scalable techniques of graphite exfoliation [80]. Shear exfoliation 
is analogous to sonication exfoliation in that aqueous liquids may be utilized to aid 
graphite exfoliation and generate stable G dispersions, hence removing the need for 
use of toxic organic liquids. It is critical to develop industrially scalable ways for pro-
ducing high-quality G using novel exfoliation processes such as sonication. Coleman 
and co-workers achieved substantial success in G production by shear exfoliation 
in 2014 [80], which fueled the great growth of the shear exfoliation process. They 
proved that high-shear mixing of graphite in suitable solvents might produce high-
concentrated G nanosheet dispersions. The resulting G flakes had not been oxidized 
and had no basal-plane flaws. Notably, when the local shear rate surpassed 104 s−1, 
graphite was exfoliated in both laminar and turbulent zones. When comparing shear 
exfoliation to sonication, shear exfoliation is more efficient, and when a liquid volume 
of 10 m3 is reached, their scaling rule allowed for a rate of up to 100 gh−1. Recently, the 
modified Hummers’ approach was used to generate G oxide using high-shear mixing 
[81]. Table 1 displays the concentration of G dispersion produced by high-shear mix-
ing with various solvents, with 10 mgmL−1 being the greatest concentration.

2.1.4.3  Microfluidization

High pressure is applied to the fluid during the high-pressure homogenization 
process known as microfluidization, which drives the fluid through a microchannel 
with a diameter of d < 100 μm [83, 84]. It produces mild exfoliation conditions, 
which can assist to reduce the creation of flaws. In general, microfluidization is 
used in nanoemulsification [85], the food sector [86], cell disintegration [87], 
carbon nanotube dispersion [85], and fluidizing active medicinal components [88]. 
Recently, G quantum dots [89] and G-based conductive inks were produced using 
a microfluidizer. The fundamental advantage of mircrofluidization over sonica-
tion and high-shear mixing is that a high shear rate (less than 106 cm − 1) exists 
throughout the fluid area.

Exfoliation medium Exfoliation time (h) Concentration (mg/ml) Reference

NMP 0.5 0.01 [82]

SC/water 2 1.1 [65]

PVP/water 2 0.7 [65]

Black liquor/water 10 10 [82]

Water/black tea 0.5 0.032 [82]

NMP 1 0.65 [78]

40% vol IPA water 1 0.27 [78]

NMP 1 1 [82]

NMP 6 0.251 [48]

OCBD 1.5 0.03 [49]

Table 1. 
G concentrations obtained via high-shear mixing in different solvents.
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2.1.5  Unzipping carbon nanotubes (CNTs)

In this process, cylindrical carbon nanotubes (CNT) are sliced into flat G sheets 
with one, two, or a few layers in either the axial or longitudinal orientation. Starting 
materials can be single-wall carbon nanotubes (SWCNT) or multi-wall carbon nano-
tubes (MWCNT) [90] The unzipping of CNT can be accomplished using a number of 
techniques, including plasma etching [91], chemical unzipping [92], intercalation and 
exfoliation [93], and metal catalyzed cutting [94]. The generation of nanoribbons is 
caused by the longitudinal unzipping of CNT.

In chemical unzipping, H2SO4 treatment and oxidation with KMnO4 results in 
longitudinal cutting of CNTs. After that, chemical reduction of the oxidized G will 
take place utilizing NH4OH and hydrazine monohydrate (N2H4H2O) solution [92]. 
Because the precursor is destroyed during oxidation and G loses some of its electri-
cal properties due to the presence of oxygen defect sites, this approach is regarded 
as being of low significance [95]. When MWCNT is intercalated in oxalic acid, as a 
chemical medium, before the chemical unzipping, G yield is increased. The suitable 
size of oxalic acid, which intercalates nicely between the interlayers of the MWCNT 
[96], resulting in an increase in G yield is 0.34 nm. Polymer films like poly-methyl 
methacrylate are utilized in plasma etching. This technique involves embedding CNT 
into the film, followed by the separation of the film and CNT combination in a KOH 
solution. After that, CNT is exposed to plasma made of argon, and the CNT’s longitu-
dinal C∙C link is dismantled to provide G with clean edges [91]. Another way to unzip 
CNT is through intercalation and exfoliation, where CNTs are exposed to a reaction 
between lithium and ammonia. The separation of the G layers occurs as a result of a 
significant amount of stress being applied between the CNT layers during this pro-
cedure [93]. Researchers looked at other metal nanoparticles like nickel, cobalt, and 
copper and discovered that these nanoparticles broke the C∙C bonds and hydrogen 
bonds in MWCNT [97], but the techniques employed expensive and dangerous chemi-
cals. Using an electric field from a tungsten electrode, MWCNT can be unzipped [98] 
producing highly pure, defect-free G nanoribbons. Therefore, due to its accuracy, 
viability, and environmental friendliness, the electric field approach is preferred.

2.1.6  Ball milling

An innovative technique for producing high-quality G by dissolving layered 
graphite into G is ball-milling method, which is said to have begun some 150 years 
ago, when it was used to produce talc powder, communicate ore size, and for a 
number of other purposes, but now, the method has recently been suggested for 
the producing nanoparticles at room temperature [99–101]. It is an easy and highly 
successful solid-state approach for reducing a variety of materials to fine powders, 
synthesizing nanocomposites, and foxides, making it a potential method for produc-
ing G in large quantities at a reasonable cost [102]. Large graphite sheets undergo 
shear stresses during milling, whereas normal force is used to crush graphite flakes 
into nano-sized materials and expose cracks in the basal plane. Both wet and dry 
conditions can be used to perform the milling procedure [103]. Lv et al. employed 
Na2SO4 salt to make G nanosheets with ripple-like corrugations in hundreds of square 
nanometer range [103, 104]. Elsewhere, ball milling was carried out in a planetary 
ball-mill machine with graphite, dry ice, and stainless-steel balls as shown in Figure 5 
[105]. It is found that the type of media utilized affects the size and quality of the 
materials produced. By using wet ball milling to exfoliate graphite into G flakes in a 
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liquid media, Zhao et al. provided a fresh perspective on the ball milling process. The 
measured thickness was found to be between 0.8 and 1.8 nm, which is equivalent to 
discrete monolayer and few-layer G (up to three layers). Because of this, there has 
been a lot of recent research activities in ball milling [106]. Additionally, Caicedo 
et al. reported on the oxidation of graphite using the ball-milling process in order to 
exfoliate G from graphite using KClO4 and filtered water. It was shown that, as the 
milling time was increased, the degree of oxidation also did. Furthermore, the effects 
of oxidation were investigated using different ball milling time intervals (6, 12, 18, 24, 
and 30 h) in this manner, and the results were compared to those of the samples that 
were obtained form the Hummers methods. Thus, after 18 h of milling, the sample 
displayed improved dispersion and a darker hue as a result of the elimination of func-
tional groups including carboxyl, hydroxyl, and epoxy [99, 107]. Here, the sample 
obtained after 16 h of milling was the best sample in terms of the level of oxidation, 
length, and energy utilization parameters assessed. The advantage of the ball milling 
approach is its ability to produce high-quality and low-cost G. It is a useful technique 
for exfoliating and functionalizing G. However, the prolonged processing times have 
resulted in a significant decrease in synthesis of G [99].

2.2  Bottom-up approaches

In the bottom-up techniques of synthesis, G sheets are generated directly from 
organic precursors such as methane and other hydrocarbon sources as illustrated 
in Figure 2. These methods transform molecular source materials into G-based 
substances [108]. Various examples of these approaches include chemical vapor 
deposition (CVD) [109], epitaxial growth [110], substrate-free gas-phase synthesis 
(SFGP) [111], template routes [112], and comprehensive organic synthesis [113]. 
While bottom-up strategies yield G products characterized by large surface areas and 
minimal defects, they often entail elevated production expenses.

2.2.1  Chemical vapor disposition

Methane (CH4), acetylene (C2H2), ethylene (C2H4), and hexane (C6H14) are a 
few of the hydrocarbon gases that are broken down during CVD in order to develop 
G sheets on metallic catalysts (such as Cu and Ni films) at high temperatures (650–
1000°C) [27]. The carbon precursor separates into free carbon and hydrogen atoms 
when it comes into contact with a metal catalyst’s heated surface. Once the carbon 

Figure 5. 
Ball milling method.
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atom attains the carbon solubility threshold, it undergoes diffusion throughout the 
surface and the bulk of the metal catalyst, ultimately resulting in the formation of 
a G layer on the metal substrate. Substrates such as glass, quartz, silicon, silicon 
oxide, boron nitride, and sapphire have been utilized for G production in an effort to 
optimize CVD techniques described in the work of Chen et al. [114].

Chemical vapor deposition (CVD) enables the production of high-quality G 
characterized by, a densely interconnected structure, substantial surface area, and 
minimal structural defects. Nevertheless, it presents drawbacks such as elevated pro-
duction expenses, modest output, the necessity for additional purification to elimi-
nate catalyst remnants, and the challenge of transferring G to alternative substrates 
[115]. Furthermore, CVD alone falls short of meeting commercialization needs due 
to the demand for substantial improvements in manufacturing cost and yield. To sur-
mount these challenges without compromising G quality, researchers have directed 
their efforts toward refining synthesis conditions, targeting lower temperatures and 
ambient pressure [116]. For example, by employing surface wave plasma-enhanced 
CVD (PECVD), Kalita et al. achieved G synthesis at 450°C. This innovation consider-
ably enhanced the overall process by significantly reducing growth temperature and 
deposition time (5 min) [113, 117]. The conventional CVD setup can be adapted to 
accommodate PECVD. To be practical on a commercial scale, the development of 
CVD must continue in conjunction with other technologies like thermal-based and 
plasma-based CVD.

2.2.2  Epitaxial growth on silicon carbide

G can also be synthesized by thermally decomposing silicon carbide (SiC) hex-
agonal substrate at temperatures between 120o and 1600°C in an inert or vacuum 
environment, as shown in Figure 6. Because silicon (Si) melts at a high temperature 
(1100°C), too many C atoms remain behind and create a sp2 hybridized network, 
which promotes the formation of G [117]. The epitaxial growth of G on SiC is the 
term used to describe this process [118]. The G created using this process, however, is 
not homogeneous [119]. It has been documented that SiC and polytetrafluoroethylene 
(PTFE) undergo a unique exothermic reaction [120]. Due to the energy-intensiveness 
of the technique and constrained size of commercial SiC substrate, epitaxial develop-
ment of G would be expensive under current synthesis conditions. Additionally, the 

Figure 6. 
Epitaxial growth on SiC showing Si (yellow spheres) and C (gray spheres) atoms (under elevated temperatures, 
Si atoms evaporate (arrow), creating a carbon-rich surface that gives rise to the formation of G sheets).



Chemistry of Graphene – Synthesis, Reactivity, Applications and Toxicities

16

epitaxial development might result in polar faces like Si-face or C-face that degrade 
the quality of the finished G product as shown in Figure 6 [113, 121]. This technique 
makes it simple to modify the amount of G layers that are dependent on the heating 
temperature [122].

The most noticeable benefit of G on the Si-face is that we can easily regulate the 
G thickness at the wafer size on the semi-insulating SiC substrate. By adjusting the 
growth temperature optimally, this control is accomplished. Images, captured by a 
high-resolution transmission electron microscope (HRTEM), of the G produced is 
monolayer, bilayer, trilayer, and eight-layer configurations at various temperatures. 
The number of G layers can be calculated directly from HRTEM images. Monolayer 
G is used to layer the buffer layer [123]. Like graphite, bilayer G is AB-stacked 
(Bernal-stacked) [124]. Further HRTEM observation revealed an ABC-stacking 
(rhombohedral stacking) of more than three layers [124]. This is a striking contrast 
to the Bernal bulk stacking graphite. An electric field-induced bandgap is present in 
the ABC-stacked trilayer G. The ABC-stacked trilayer G demonstrates a ferrimagnetic 
spin arrangement, an anomalous quantum Hall effect, and an electric field-driven 
bandgap [125–128]. By using HRTEM observation, the aforementioned atomic-scale 
growth mechanism was also studied.

2.2.3  Pyrolysis

Using the solvothermal approach, G can be formed chemically using the bottom-up 
method throughout the pyrolysis technique. For example, during the thermal reaction, 
the molar ratio of sodium and ethanol is determined 1:1 in the reaction vessel. This 
process involves heating a 1:1 molar reaction between 2 g sodium and 5 mL ethanol in 
a sealed reactor vessel at 220°C for 72 hours to produce the G precursor, also known 
as the solid solvo thermal product. The leftover precursor is then quickly pyrolyzed 
and washed with 100 mL deionized water. After that, the suspended solid is vacuum-
filtered and dried for 24 hours at 100°C. This process yields 0.5 g of G per reaction, or 
0.1 g of G every milliliter of ethanol [123]. Another example is the sonication-based 
pyrolization of sodium ethoxide. A PTFE (Polytetrafluoroethylene) melting pot was 
placed in an inert atmosphere and filled with 5 ml of ethanol and 2 g of sodium. To 
produce sodium ethoxide, the tank was firmly sealed and heated to 180°C for 24 hours. 
This was placed in an ignition dish and ignited in air and left to burn. Keep in mind 
that handling high pressure, sodium, or open flames requires the utmost caution. 
After being gathered, the carbonized product was broken up using a pestle, combined 
with deionized water, and sonated for a number of hours. After that, it was cleaned in 
deionized water using the method in [123]. The procedure might easily improve the 
detachment of G sheets. As a result, the produced G sheets have a thickness of 10 μm. 
To further investigate the graphitic properties, crystalline structure, band structure, 
and various layers of materials is executed by using Raman spectroscopy, selected area 
(electron) diffraction, and transmission electron microscopy [129].

2.2.4  Substrate-free gas-phase method

The substrate-free gas-phase (SFGP) approach is a relatively recent technique 
for producing G materials through gas-phase reactions by eliminating the need for 
substrates [130]. This process involves introducing liquid ethanol and Ar gas into 
microwave-generated plasma under atmospheric conditions. As ethanol droplets 
vaporize and dissociate within the plasma region over a time span of approximately 
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1 second, G is synthesized. Notably, this method reportedly yielded 2 mgmin−1 of 
G from an input of 164 mgmin−1 of ethanol [131]. Dato and Frenklach [132], on the 
other hand, explored the potential of different carbon precursors using this tech-
nique. Isopropyl alcohol and dimethyl ether were identified as possible precursors for 
generating G nanosheets.

2.2.5  Total organic synthesis

Total organic synthesis involves using polycyclic aromatic hydrocarbons (PAHs) 
with specific characteristics to create G. PAHs, often described as 2D G segments, 
composed entirely of sp2 carbons due to their structural resemblance, can be read-
ily modified with aliphatic chains to tailor the solubility of the final product [133]. 
Crucial to this method is the selection of appropriate precursors that produce high 
yield quality G through a straight forward reaction pathway. The process results in 
2D G nanoribbons (GNRs) up to 12 nm in length, as demonstrated by Yan et al. [134, 
135]. However, the relatively narrow size distribution of PAHs might affect the quality 
of G due to reduced solubility and potential side reactions stemming from their 
higher molecular weight. Subsequent improvements by Yan et al. addressed these 
limitations [135].

2.2.6  Template route

The template route employs one-dimensional templates, such as metals, oxides, or 
polymers, to synthesize G derivatives with high throughput, quality, and well-defined 
structures [135]. Wei et al. initiated this approach [136]. Through physical vapor 
deposition (PVD), ZnS ribbons were created as templates for G formation using CH4 
as the carbon source. Subsequent etching with HCl removed residual ZnS nanobelts. 
Another template-based strategy involves G synthesis through the self-assembly of 
G on a meso-structured silica template formed from a pyrrole moiety-containing 
surfactant [137].

2.3  Trending techniques of synthesis of G

2.3.1  Microwave-assisted synthesis

Graphite or GO that has undergone a modified version of Hummer’s process is 
typically used to produce G nanosheets (GNS) [60, 138–140]. Chemical procedures 
are typically used to rGO in the presence of several hazardous reduction agents, 
including hydrazine and NaBH4. Thermal treatment, in contrast, uses no toxic reduc-
tion chemicals, making it a greener option. The environmentally friendly microwave-
assisted method has gained increasing attention as a substitute for the traditional 
preparation of G in traditional heating systems (furnace or oil bath). In this method, 
GO [141, 142] or natural graphite [143] can be treated using the microwave-assisted 
solvothermal/hydrothermal methods in a microwave oven or microwave plasma-
enhanced chemical vapor deposition (MPCVD) system.

In this method, nontoxic solvents are used to exfoliate GO within a short reac-
tion period of 1 to 15 min at a relatively low temperature range of 180 to 300°C 
[138]. According to a study, an easy microwave-assisted solvothermal technique may 
produce a stable G suspension from a GO suspension in an alkaline medium (pH 10) 
or in polar solvents such as N,N-dimethylformamide, ethanol, 1-butanol, and water. 
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Additionally, the water-soluble polymer-grafted G sheets have been produced from 
GO by preparing them for 4 min at 450 W in a standard household microwave [138]. 
A residential microwave was used to create a three-dimensional (3D) nanostructure 
of a “G nano-cup” anchored on a few layers of G substrate [138]. Two stages were 
reported: the one-pot synthesis of G coated metal nanoparticles anchored on the G 
sheets and the subsequent etching of metals. This was done under the microwave 
irradiation in a home microwave oven [138]. More importantly, highly hydrogenated 
G could be created from GO by a one-step microwave irradiation process in hydrogen 
plasma, in which the deoxidation and concurrent hydrogenation were both accom-
plished. Giant G sheets could also be obtained by double microwave-assisted exfolia-
tion of expandable graphite. High local temperatures and pressure are provided by 
microwave irradiation, and energy is sent directly into the inside of the GO. The polar 
link of oxygen-containing functional groups on the surface and edge of GO sheets 
interacts with radiation to produce heat [144]. Additionally, a key element in deter-
mining the regularity of deposits is the interaction between polar solvents and the 
surface oxides on GO sheets. Furthermore, the reduction degree of G sheets is further 
enhanced, and the functional groups on the surface of GO are successfully lowered.

There are several distinct advantages of utilizing microwave technology to create G. 
First of all, the microwave-assisted technique is quick and does not require a difficult 
synthesis process. Second, compared to more traditional methods, this technique is 
very cost-effective because it uses less chemicals. Third, compared to G made using the 
traditional heating approach, those produced using microwave-assisted technology 
may have an average size that is ten times larger. Finally, high-quality G with regu-
lated structure and residual functional groups is produced using microwave-assisted 
technique [138]. Microwave sources enable localized high temperatures, rapid energy 
transfer, and efficient precursor disintegration. These attributes lead to homogenous 
nucleation environments, rapid crystallization, controlled particle size distribution, 
and precise morphology regulation [145, 146]. This technique facilitates the creation of 
G-based nanocomposites with adjustable sizes and shapes, enhancing applications like 
particle/crystal-on-sheet, nanorod/nanofiber-on-sheet, and nanosheet-on-sheet [147].

2.3.2  Electrochemical exfoliation

Electrochemical exfoliation of graphite has become a popular way to make G com-
pounds in recent years. Graphite can be utilized as working electrodes in liquid elec-
trolytes in a range of geometries, such as powders, foils, rods, flakes, or plates [148]. 
There are two types of exfoliation techniques: cathodic, which applies a negative bias 
to graphite electrodes, and anodic, which uses a positive bias. In cathodic exfoliation, 
positively charged electrolyte ions such Li+ would be drawn to graphite electrodes. 
In anodic exfoliation, negatively charged ions, such as SO4

−2, may be drawn to 
electrodes. The van der Waals forces have been hypothesized to be broken by electro-
chemical reactions, which causes graphite’s structural expansion [149]. Additionally, 
during electrochemical exfoliation, chemical interactions with functionalizing agents 
can occur simultaneously in order to perform in situ chemical doping (functionaliza-
tion) of G materials to create a variety of G-based composite materials [150, 151].

2.3.3  Hydrothermal synthesis

Hydrothermal treatment is a thermo-chemical conversion technique that results 
in efficient hydrolysis, pyrolysis, dehydration, polymerization, and aromatization 
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of organic precursors, as well as high oxygenated functional group content and 
condensed aromatic structures [152]. The hydrothermal treatment approach, which 
primarily involves the carbonization and reduction process, can convert biomass and 
GO to solid char and G, respectively [153]. During the hydrothermal treatment of 
biomass, small-molecules soluble byproducts such as aromatic compounds, polysac-
charides, aldehydic, ketonic, and furan derivatives are also created, from which solid 
products are produced by further polymerization [154]. Based on pyrolysis, self-
assembly, and dehydration, water-soluble and low-molecular weight fulvic acid (FA) 
can be transformed into G quantum dots. To our knowledge, however, no parallel 
investigations on water-insoluble, high-molecular-weight humic acid and the associ-
ated reaction mechanism have yet been published.

2.3.4  Laser-induced graphenization

Laser-induced graphitization (LIG) is an innovative technique that transforms 
carbon-rich sources into conductive carbon using lasers [155]. This approach holds 
promise for creating highly conductive graphenic materials suitable for energy storage 
devices, sensors, biomedical applications, and hydrogen evolution [156]. LIG has 
been applied to a variety of bio-based carbon sources, such as paper and wood, to 
achieve significant graphitization, potentially contributing to their use in various 
applications.

3.  Conclusion

Due to its large surface area, thermal, electrical, and physical properties, the 
carbon material known as “graphene” has become important in the fields of micro-
manufacturing, nanomaterials, biomedical, and composite materials. However, 
due to its vast range of applications, G must be produced in large quantities, 
which has recently received a lot of attention from researchers and technologists. 
Therefore, improving the production process is essential for increasing the yield. 
Producing high-quality G is also necessary, but the most critical step is to use an 
easy, affordable, and environmentally friendly method. Future research should 
therefore focus on the yield measurement, biocompatibility as a result of the use of 
nontoxic chemicals, high energy, pressure, and poor transfer processes in chemi-
cal approaches, all of which have significantly contributed to high production 
costs, poor yield, and imperfections in the obtained G. The development of new 
techniques and environmentally friendly materials is crucial for the synthesis of G 
materials in electronics, nanomaterials, and biomaterials, all other factors being 
held constant. The size, shape, and optical properties of the resulting material are 
significantly influenced by the manufacturing processes and the carbon precursor 
sources used. G is suitable for use in electronics, energy storage, sensors, com-
posites, drug delivery, and biomedical devices, because of its high transparency, 
thermal and electrical conductivity, and mechanical strength, in addition to its 
specific area. The improvements in G synthesis have opened up new opportunities 
for exploiting its extraordinary qualities and developing cutting-edge technology 
for a variety of industries. In summary, despite extensive study into producing G 
since its discovery, no method has been found to satisfactorily produce G on an 
industrial scale. This overview covered prospective uses for G as well as a compara-
tive research and potential approaches.



Chemistry of Graphene – Synthesis, Reactivity, Applications and Toxicities

20

Author details

Aafreen1†, Priyanka Verma1† and Haris Saeed2*

1 Faculty of Pharmacy, Shri Ram Murti Smarak College of Engineering and 
Technology, Bareilly, Uttar Pradesh, India

2 Keck School of Medicine, University of Southern California, Los Angeles, USA

*Address all correspondence to: haris6229@gmail.com

† These authors are equally contributed.

Acknowledgements

We would like to express our sincere gratitude to Dr. Arshad Jamal Ansari, 
Postdoctoral Scholar, at University of Southern California and institutions for his 
valuable suggestions and editing to the completion of this research endeavor.

Competing interests

The authors declare no competing interests.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Recent Advances in the Synthesis of Graphene and Its Derivative Materials
DOI: http://dx.doi.org/10.5772/intechopen.114280

21

References

[1] Shinohara H, Tiwari A. Graphene: 
An Introduction to the Fundamentals 
and Industrial Applications. Beverly, 
Massachusetts, USA: John Wiley & Sons; 
2015

[2] Allen MJ, Tung VC, Kaner RB. 
Honeycomb carbon: A review 
of graphene. Chemical Reviews. 
2010;110(1):132-145

[3] Brodie BC. On the atomic weight of 
graphite. Philosophical Transactions of 
the Royal Society A. 1859;149:249-259

[4] Boehm HP, Clauss A, Fischer GO, 
Hofmann U. Das adsorptionsverhalten 
sehr dünner kohlenstoff‐folien. Zeitschrift 
für anorganische und allgemeine Chemie. 
1962;316(3-4):119-127

[5] Wallace PR. The band theory of 
graphite. Physics Review. 1947;71:622-663

[6] Trivedi S, Lobo K, Ramakrishna 
Matte HSS. Synthesis, properties, 
and applications of graphene. In: 
Fundamentals and Sensing Applications 
of 2D Materials [Internet]. Sawston, 
United Kingdom: Elsevier; 2019. pp. 25-90

[7] Novoselov KS, Geim AK, Morozov SV, 
Jiang D, Zhang Y, Dubonos SV, et al. 
Electric field effect in atomically 
thin carbon films. Science. 
2004;306(5696):666-669

[8] Randviir EP, Brownson DAC, 
Banks CE. A decade of graphene research: 
Production, applications and outlook. 
Materials Today. 2014;17(9):426-432

[9] Shams SS, Zhang R, Zhu J. Graphene 
synthesis: A review. Materials Science-
Poland. 2015;33(3):566-578

[10] Chen D, Feng H, Li J. Graphene 
oxide: Preparation, functionalization, 

and electrochemical applications.  
Chemical Reviews. 2012;112(11): 
6027-6053

[11] Kumar R, Sahoo S, Joanni E, 
Singh RK, Yadav RM, Verma RK, et al. A 
review on synthesis of graphene, h-BN 
and MoS2 for energy storage applications: 
Recent progress and perspectives. Nano 
Research. 2019;12(11):2655-2694

[12] Mas-Ballesté R, Gómez-Navarro C, 
Gómez-Herrero J, Zamora F. 2D 
materials: To graphene and beyond. 
Nanoscale. 2011;3(1):20-30

[13] Singh RK, Kumar R, Singh DP. 
Graphene oxide: Strategies for synthesis, 
reduction and frontier applications. RSC 
Advances. 2016;6(69):64993-65011

[14] Dong R, Zhang T, Feng X. Interface-
assisted synthesis of 2D materials: Trend 
and challenges. Chemical Reviews. 
2018;118(13):6189-6235

[15] Singh DP, Herrera CE, Singh B, 
Singh S, Singh RK, Kumar R. Graphene 
oxide: An efficient material and 
recent approach for biotechnological 
and biomedical applications. 
Materials Science and Engineering: C. 
2018;86:173-197

[16] Farooqui UR, Ahmad AL, 
Hamid NA. Graphene oxide: A promising 
membrane material for fuel cells. 
Renewable and Sustainable Energy 
Reviews. 2018;82:714-733

[17] Yadav SK, Kumar R, 
Sundramoorthy AK, Singh RK, Koo CM. 
Simultaneous reduction and covalent 
grafting of polythiophene on 
graphene oxide sheets for excellent 
capacitance retention. RSC Advances. 
2016;6(58):52945-52949



Chemistry of Graphene – Synthesis, Reactivity, Applications and Toxicities

22

[18] Shuvo MAI, Khan MAR, Karim H, 
Morton P, Wilson T, Lin Y. Investigation 
of modified graphene for energy storage 
applications. ACS Applied Materials & 
Interfaces. 2013;5(16):7881-7885

[19] Tao LQ , Zhang KN, Tian H, Liu Y, 
Wang DY, Chen YQ , et al. Graphene-
paper pressure sensor for detecting 
human motions. ACS Nano. 
2017;11(9):8790-8795

[20] Rosli NN, Ibrahim MA, Ahmad 
Ludin N, Mat Teridi MA, Sopian K. A 
review of graphene based transparent 
conducting films for use in solar 
photovoltaic applications. Renewable 
and Sustainable Energy Reviews. 
2019;99:83-99

[21] Ghawanmeh AA, Ali GAM, 
Algarni H, Sarkar SM, Chong KF. 
Graphene oxide-based hydrogels as a 
nanocarrier for anticancer drug delivery. 
Nano Research. 2019;12(5):973-990

[22] Zhang H. Introduction: 2D 
materials chemistry. Chemical Reviews. 
2018;118(13):6089-6090

[23] Xia W, Dai L, Yu P, Tong X, Song W, 
Zhang G, et al. Recent progress in van 
der Waals heterojunctions. Nanoscale. 
2017;9(13):4324-4365

[24] Ferrari AC, Bonaccorso F, Fal'ko 
V, Novoselov KS, Roche S, Bøggild P, 
et al. Science and technology roadmap 
for graphene, related two-dimensional 
crystals, and hybrid systems. Nanoscale. 
2015;7(11):4598-4810

[25] Singh A, Ahmed A, Sharma A, 
Arya S. Graphene and its derivatives: 
Synthesis and application in the 
electrochemical detection of analytes in 
sweat. Biosensors. 2022;12(10):910

[26] Yu H, Zhang B, Bulin C, Li R, 
Xing R. High-efficient synthesis of 

graphene oxide based on improved 
Hummers method. Scientific Reports. 
2016;6(1):36143

[27] Singh V, Joung D, Zhai L, Das S, 
Khondaker SI, Seal S. Graphene based 
materials: Past, present and future. 
Progress in Materials Science. 
2011;56(8):1178-1271

[28] Soldano C, Mahmood A,  
Dujardin E. Production, properties 
and potential of graphene. Carbon. 
2010;48(8):2127-2150

[29] Gutiérrez-Cruz A, Ruiz- 
Hernández AR, Vega-Clemente JF, 
Luna-Gazcón DG, Campos-Delgado J. 
A review of top-down and bottom-up 
synthesis methods for the production of 
graphene, graphene oxide and reduced 
graphene oxide. Journal of Materials 
Science. 2022;57(31):14543-14578

[30] Lu X, Yu M, Huang H, Ruoff RS. 
Tailoring graphite with the goal of 
achieving single sheets. Nanotechnology. 
1999;10(3):269-272

[31] Lang B. A LEED study of the 
deposition of carbon on platinum 
crystal surfaces. Surface Science. 
1975;53(1):317-329

[32] Liang X, Chang ASP, Zhang Y, 
Harteneck BD, Choo H, Olynick DL, 
et al. Electrostatic force assisted 
exfoliation of prepatterned few-layer 
graphenes into device sites. Nano Letters. 
2009;9(1):467-472

[33] Ci L, Song L, Jariwala D, Elías AL, 
Gao W, Terrones M, et al. Graphene 
shape control by multistage cutting 
and transfer. Advanced Materials. 
2009;21(44):4487-4491

[34] Liang X, Fu Z, Chou SY. 
Graphene transistors fabricated via 
transfer-printing in device 



Recent Advances in the Synthesis of Graphene and Its Derivative Materials
DOI: http://dx.doi.org/10.5772/intechopen.114280

23

active-areas on large wafer. Nano Letters. 
2007;7(12):3840-3844

[35] Chen JH, Ishigami M, Jang C,  
Hines DR, Fuhrer MS, Williams ED.  
Printed graphene circuits. Advanced 
Materials. 2007;19:3623-3627. Available 
from: https://arxiv.org/abs/0809.1634 
[Accessed: December 20, 2023]

[36] Huc V, Bendiab N, Rosman N, 
Ebbesen T, Delacour C, Bouchiat V. Large 
and flat graphene flakes produced by 
epoxy bonding and reverse exfoliation 
of highly oriented pyrolytic graphite. 
Nanotechnology. 2008;19(45):455601

[37] Song L, Ci L, Gao W, Ajayan P.M. 
Transfer printing of graphene using gold 
film. ACS Nano 2009; 3(6): 1353-1356

[38] Casiraghi C, Hartschuh A, 
Lidorikis E, Qian H, Harutyunyan H, 
Gokus T, et al. Rayleigh imaging of 
graphene and graphene layers. Nano 
Letters. 2007;7(9):2711-2717

[39] Stoller MD, Park S, 
Zhu Y, An J, Ruoff RS. Graphene-based 
ultracapacitors. Nano Letters. 
2008;8(10):3498-3502

[40] Brodie BC. Sur le poids atomique du 
graphite. Annales de Chimie Physique. 
1860;59:466-472

[41] Hummers WS, Offeman RE. 
Preparation of graphitic oxide. Journal 
of the American Chemical Society. 
1958;80(6):1339-1339

[42] Staudenmaier L. Verfahren zur 
darstellung der graphitsäure. Berichte 
der deutschen chemischen Gesellschaft. 
1898;31(2):1481-1487

[43] Wu YH, Yu T, Shen ZX. Two-
dimensional carbon nanostructures: 
Fundamental properties, synthesis, 
characterization, and potential 

applications. Journal of Applied Physics. 
2010;108(7):071301

[44] Marcano DC, Kosynkin DV, 
Berlin JM, Sinitskii A, Sun Z, Slesarev A, 
et al. Improved synthesis of graphene 
oxide. ACS Nano. 2010;4(8):4806-4814

[45] Park S, An J, Jung I, Piner RD, An SJ, 
Li X, et al. Colloidal suspensions of 
highly reduced graphene oxide in a wide 
variety of organic solvents. Nano Letters. 
2009;9(4):1593-1597

[46] Park S, Suk JW, An J, Oh J, Lee S, 
Lee W, et al. The effect of concentration 
of graphene nanoplatelets on mechanical 
and electrical properties of reduced 
graphene oxide papers. Carbon. 
2012;50(12):4573-4578

[47] Paredes JI, Villar-Rodil S, 
Martínez-Alonso A, Tascón JMD. 
Graphene oxide dispersions in 
organic solvents. Langmuir. 
2008;24(19):10560-10564

[48] Green AA, Hersam MC. Emerging 
methods for producing monodisperse 
graphene dispersions. Journal of Physical 
Chemistry Letters. 2010;1(2):544-549

[49] Green AA, Hersam MC. Solution 
phase production of graphene with 
controlled thickness via density 
differentiation. Nano Letters. 
2009;9(12):4031-4036

[50] Wu J, Pisula W, Müllen K. Graphenes 
as potential material for electronics. 
Chemical Reviews. 2007;107(3):718-747

[51] Cai J, Ruffieux P, Jaafar R, Bieri M, 
Braun T, Blankenburg S, et al. Atomically 
precise bottom-up fabrication of 
graphene nanoribbons. Nature. 
2010;466(7305):470-473

[52] Yan X, Cui X, Li B, Li L shi. Large, 
Solution-processable graphene quantum 



Chemistry of Graphene – Synthesis, Reactivity, Applications and Toxicities

24

dots as light absorbers for photovoltaics. 
Nano Letters 2010;10(5):1869-1873

[53] Zhi L, Müllen K. A bottom-up 
approach from molecular nanographenes 
to unconventional carbon materials. 
Journal of Materials Chemistry. 
2008;18(13):1472

[54] Hernandez Y, Nicolosi V, Lotya M, 
Blighe FM, Sun Z, De S, et al. High-yield 
production of graphene by liquid-
phase exfoliation of graphite. Nature 
Nanotechnology. 2008;3(9):563-568

[55] Hamilton CE, Lomeda JR, Sun Z, 
Tour JM, Barron AR. High-yield organic 
dispersions of unfunctionalized 
graphene. Nano Letters. 
2009;9(10):3460-3462

[56] O’Neill A, Khan U, Nirmalraj PN, 
Boland J, Coleman JN. Graphene 
dispersion and exfoliation in low boiling 
point solvents. Journal of Physical 
Chemistry C. 2011;115(13):5422-5428

[57] Hernandez Y, Lotya M, Rickard D, 
Bergin SD, Coleman JN. Measurement of 
multicomponent solubility parameters 
for graphene facilitates solvent discovery. 
Langmuir. 2010;26(5):3208-3213

[58] Zheng QF, Guo Y, Liang Y, 
Shen Q. Graphene nanoribbons from 
electrostatic-force-controlled electric 
unzipping of single- and multi-walled 
carbon nanotubes. ACS Applied Nano 
Materials. 2020;3(5):4708-4716

[59] Chae SJ, Güneş F, Kim KK, Kim ES, 
Han GH, Kim SM, et al. Synthesis of 
large‐area graphene layers on poly‐nickel 
substrate by chemical vapor deposition: 
Wrinkle formation. Advanced Materials. 
2009;21(22):2328-2333

[60] Qian M, Zhou YS, Gao Y, Park JB, 
Feng T, Huang SM, et al. Formation 
of graphene sheets through laser 

exfoliation of highly ordered pyrolytic 
graphite. Applied Physics Letters. 
2011;98(17):173108

[61] Zhang Y, Zhou CG, Hua YX, Gao HL, 
Gao KZ, Cao Y. Synthesis of nafion-
reduced graphene oxide/polyaniline as 
novel positive electrode additives for 
high performance lead-acid batteries. 
Electrochimica Acta. 2023;466:143045

[62] Stankovich S, Dikin DA, 
Dommett GHB, Kohlhaas KM, 
Zimney EJ, Stach EA, et al. Graphene-
based composite materials. Nature. 
2006;442:282-286

[63] Wang X, Zhi L, Mullen K. 
Transparent, conductive graphene 
electrodes for dye-sensitized solar cells. 
Nano Letters. 2008;8(1):323-327

[64] Dikin DA, Stankovich S, Zimney EJ, 
Piner RD, Dommett GHB, Evmenenko G, 
et al. Preparation and characterization 
of graphene oxide paper. Nature. 
2007;448:457-460

[65] Somanathan T, Prasad K, 
Ostrikov K, Saravanan A, Krishna V. 
Graphene oxide synthesis from agro 
waste. Nanomaterials. 2015;5(2):826-834

[66] Guo S, Garaj S, Bianco A, 
Ménard-Moyon C. Controlling covalent 
chemistry on graphene oxide. Nature 
Reviews Physics. 2022;4(4):247-262

[67] Khanra P, Kuila T, Kim NH, Bae SH, 
Sheng YD, Lee JH. Simultaneous bio-
functionalization and reduction 
of graphene oxide by baker’s yeast. 
Chemical Engineering Journal. 
2012;183:526-533

[68] Chua CK, Pumera M. Chemical 
reduction of graphene oxide: A synthetic 
chemistry viewpoint. Chemical Society 
Reviews. 2014;43(1):291-312



Recent Advances in the Synthesis of Graphene and Its Derivative Materials
DOI: http://dx.doi.org/10.5772/intechopen.114280

25

[69] Kumar PV, Bardhan NM, Chen GY, 
Li Z, Belcher AM, Grossman JC. New 
insights into the thermal reduction 
of graphene oxide: Impact of oxygen 
clustering. Carbon. 2016;100:90-98

[70] Zheng X, Peng Y, Yang Y,  
Chen J, Tian H, Cui X, et al. 
Hydrothermal reduction of graphene 
oxide; effect on surface‐enhanced 
Raman scattering. Journal of Raman 
Specroscopy. 2017;48(1):97-103

[71] Coleman JN. Liquid exfoliation 
of defect-free graphene. Accounts of 
Chemical Research. 2013;46(1):14-22

[72] Pilli S, Bhunia P, Yan S, 
LeBlanc RJ, Tyagi RD, Surampalli RY. 
Ultrasonic pretreatment of sludge: A 
review. Ultrasonics Sonochemistry. 
2011;18(1):1-18

[73] Flint EB, Suslick KS. The 
temperature of cavitation. Science. 
1991;253(5026):1397-1399

[74] Lotya M, King PJ, Khan U, 
De S, Coleman JN. High-concentration, 
surfactant-stabilized graphene dispersions. 
ACS Nano. 2010;4(6):3155-3162

[75] Ciesielski A, Samorì P. 
Grapheneviasonication assisted liquid-
phase exfoliation. Chemical Society 
Reviews. 2014;43(1):381-398

[76] Han JT, Jang JI, Kim H, Hwang JY, 
Yoo HK, Woo JS, et al. Extremely efficient 
liquid exfoliation and dispersion 
of layered materials by unusual 
acoustic cavitation. Scientific Reports. 
2014;4(1):5133

[77] Lin Z, Karthik P, Hada M, 
Nishikawa T, Hayashi Y. Simple technique 
of exfoliation and dispersion of 
multilayer graphene from natural 
graphite by ozone-assisted sonication. 
Nanomaterials. 2017;7(6):125

[78] Chen X, Dobson JF, Raston CL. 
Vortex fluidic exfoliation of graphite 
and boron nitride. Chemical 
Communications. 2012;48(31):3703

[79] Paton KR, Varrla E, Backes C,  
Smith RJ, Khan U, O’Neill A, et al. 
Scalable production of large quantities of 
defect-free few-layer graphene by shear 
exfoliation in liquids. Nature Materials. 
2014;13(6):624-630

[80] Chong KY, Chia CH, Chook SW, 
Zakaria S, Lucas D. Simplified production 
of graphene oxide assisted by high shear 
exfoliation of graphite with controlled 
oxidation. New Journal of Chemistry. 
2018;42(6):4507-4512

[81] Wang YZ, Chen T, Gao XF,  
Liu HH, Zhang XX. Liquid phase 
exfoliation of graphite into few-
layer graphene by sonication and 
microfluidization. Materials Express. 
2017;7(6):491-499

[82] Pavlova AS, Obraztsova EA, 
Belkin AV, Monat C, Rojo-Romeo P, 
Obraztsova ED. Liquid-phase exfoliation 
of flaky graphite. Journal of 
Nanophotonics. 2016;10(1):012525

[83] Paton KR, Anderson J, Pollard AJ, 
Sainsbury T. Production of few-layer 
graphene by microfluidization. Materials 
Research Express. 2017;4(2):025604

[84] Narsimhan G, Goel P. Drop 
coalescence during emulsion formation 
in a high-pressure homogenizer 
for tetradecane-in-water emulsion 
stabilized by sodium dodecyl sulfate. 
Journal of Colloid and Interface Science. 
2001;238(2):420-432

[85] Jafari SM, He Y, Bhandari B. 
Production of sub-micron emulsions 
by ultrasound and microfluidization 
techniques. Journal of Food Engineering. 
2007;82(4):478-488



Chemistry of Graphene – Synthesis, Reactivity, Applications and Toxicities

26

[86] Burhan M, Chua KJE, Ng KC. 
Simulation and development of a multi-
leg homogeniser concentrating assembly 
for concentrated photovoltaic (CPV) 
system with electrical rating analysis. 
Energy Conversion and Management. 
2016;116:58-71

[87] Azoubel S, Magdassi S. The 
formation of carbon nanotube 
dispersions by high pressure 
homogenization and their rapid 
characterization by analytical centrifuge. 
Carbon. 2010;48(12):3346-3352

[88] Qian J, Yan J, Shen C, Xi F, Dong X, 
Liu J. Graphene quantum dots-assisted 
exfoliation of graphitic carbon 
nitride to prepare metal-free zero-
dimensional/two-dimensional composite 
photocatalysts. Journal of Materials 
Science. 2018;53(17):12103-12114

[89] Santhiran A, Iyngaran P, Abiman P, 
Kuganathan N. Graphene synthesis and 
its recent advances in applications—A 
review. C. 2021;7(4):76

[90] Baig Z, Mamat O,  Mustapha M,  
Mumtaz A, Munir KS, Sarfraz M. 
Investigation of tip sonication effects 
on structural quality of graphene 
nanoplatelets (GNPs) for superior 
solvent dispersion. Ultrasonics 
Sonochemistry. 2018;45:133-149

[91] Jiao L, Zhang L, Wang X, Diankov G, 
Dai H, et al. Narrow graphene nanoribbons 
from carbon nanotubes. Nature. 
2009;458(7240):877-880

[92] Kosynkin DV, Higginbotham AL, 
Sinitskii A, Lomeda R, Dimiev A, 
Price BK, et al. Longitudinal unzipping 
of carbon nanotubes to form 
graphene nanoribbons. Nature. 
2009;458(7240):845-846

[93] Abraham GCM, Macias RF, 
Delgado JC, Gonzalez ECG, Lopez FT, 
et al. Ex-MWNTs: Graphene sheets 

and ribbons produced by lithium 
intercalation and exfoliation of 
carbon nanotubes. Nano Letters. 
2009;9(4):1527-1533

[94] Thess A, Lee R, Nikolaev P, Dai H, 
Petit P, Robert JSG, et al. Crystalline 
ropes of metallic carbon nanotubes. 
Science. 1996;273(5274):483-487

[95] Liu J, Kim GH, Xue Y, Kim JY, 
Baek JB, Durstock M, et al. Graphene 
oxide nanoribbon as hole extraction layer 
to enhance efficiency and stability of 
polymer solar cells. Advanced Materials. 
2014;26(5):786-790

[96] Mahmoud WE, Hazmi FS, Harbi GH. 
Wall by wall controllable unzipping of 
MWCNTs via intercalation with oxalic 
acid to produce multilayers graphene 
oxide ribbon. Chemical Engineering 
Journal. 2015;281:192-198

[97] Bhuyan MSA, Uddin MN, Islam MM, 
Bipasha FA, et al. Synthesis of graphene. 
International Nano Letters. 2016;6:65-83

[98] Sood AK, Chakraborty B. In:  
Rao CNR, Sood AK, editors. 
Understanding Graphene Via Raman 
Scattering. Hoboken, NJ, USA: John 
Wiley & Sons; 2012. pp. 49-90

[99] Mousavi BSM, Sadaf S, Walder L, 
Gallei M, et al. Poly(vinylferrocene)- 
reduced graphene oxide as a high 
power/high capacity cathodic battery 
material. Advanced Energy Materials. 
2016;1600108:1-13

[100] Hassanzadeh N, Sadrnezhaad SK, 
Chen GH. Ball mill assisted synthesis of 
Na3MnCO3PO4 nanoparticles anchored 
on reduced graphene oxide for sodium 
ion battery cathodes. Electrochimica 
Acta. 2016;220:683

[101] Lv YY, Yu LS, Jiang CM. Synthesis 
of graphene nanosheet powder with 



Recent Advances in the Synthesis of Graphene and Its Derivative Materials
DOI: http://dx.doi.org/10.5772/intechopen.114280

27

layer number control via a soluble 
salt-assisted route. RSC Advances. 
2014;4:13350-13354

[102] Kairi MI, Dayou S, Kairi NI. Toward 
high production of graphene flakes–a 
review on recent developments in their 
synthesis methods and scalability. 
Journal of Materials Chemistry A. 
2018;6:15010-15026

[103] Jeon IY, Shin YR, Sohn GJ. Edge-
carboxylated graphene nanosheets 
via ball milling. PNAS. 
2012;109(15):5588-5593

[104] Zhao WF, Fang M, Wu FR. 
Preparation of graphene by exfoliation of 
graphite using wet ball milling. Journal of 
Materials Chemistry. 2010;20:5817-5819

[105] Dash P, Dash T, Rout TK, Biswal SK, 
et al. Preparation of graphene oxide 
by dry planetary ball milling process 
from natural graphite. RSC Advances. 
2016;6:12657-12668

[106] Caicedo CFM, Lopez VE, 
Agarwal A, Drozd V, et al. Synthesis of 
graphene oxide from graphite by ball 
milling. Diamond and Related Materials. 
2020;109:108064

[107] Lee XJ, Hiew BYZ, Lai KC, 
Lee YL, et al. Review on graphene and 
its derivatives: Synthesis methods and 
potential industrial implementation. 
Journal of the Taiwan Institute of 
Chemical Engineers. 2018;18:13

[108] Jacobberger RM, Machhi R, 
Wroblewski J, Taylor B, Gillian- 
Daniel AL, Arnold MS, et al. Simple 
graphene synthesis via chemical 
vapor deposition. Journal of Chemical 
Education. 2015;92:1903-1907

[109] Huang H, Chen S, Wee ATS, 
Chen W. Epitaxial growth of graphene 
on silicon carbide (SiC). In: Graphene. 

Sawston, United Kingdom: Woodhead 
Publishing; 2014. pp. 3-26

[110] Olatomiwa AL, Adam T,  
Gopinath SCB, Kolawole SY, 
Olayinka OH, et al. Graphene synthesis, 
fabrication, characterization based on 
bottom-up and top-down approaches: 
An overview. Journal of Semiconductors. 
2022;43(6):1-15

[111] Albert D, Michael F. Substrate-
free microwave synthesis of graphene: 
Experimental conditions and 
hydrocarbon precursors. New Journal of 
Physics. 2010;12:125013

[112] Yang Y, Liu R, Wu J, Jiang X, Cao P, 
Hu X, et al. Bottom-up fabrication of 
graphene on silicon/silica substrate via 
a facile soft-hard template approach. 
Scientific Reports. 2015;5:13480

[113] Nair RR. Fine structure constant 
defines visual transparency of graphene. 
Science. 2008;320(5881):1308

[114] Brownson DA, Banks CE. The 
electrochemistry of CVD graphene: 
Progress and prospects. Physical 
Chemistry Chemical Physics. 
2012;14(23):8264-8281

[115] Chen X, Wu B, Liu Y. Direct 
preparation of high quality graphene on 
dielectric substrates. Chemical Society 
Reviews. 2016;45(8):2057-2074

[116] Gupta B, Notarianni M, 
Mishra N, Shafiei M, Iacopi F, Motta N, 
et al. Evolution of epitaxial graphene 
layers on 3C SiC/Si (111) as a function of 
annealing temperature in UHV. Carbon. 
2014;68:563-572

[117] Jang J, Son M, Chung S, Kim K, 
Cho C, Lee BH, et al. Low-temperature–
grown continuous graphene films from 
benzene by chemical vapor deposition 
at ambient pressure. Scientific Reports. 
2015;5:17955



Chemistry of Graphene – Synthesis, Reactivity, Applications and Toxicities

28

[118] Wei D, Lu Y, Han C, Niu T, Chen W, 
Wee AT, et al. Critical crystal growth 
of graphene on dielectric substrates at 
low temperature for electronic devices. 
Angewandte Chemie (International Ed. 
in English). 2013;52(52):14121-14126

[119] Mishra N, Boeckl J, Motta N, 
Iacopi F, et al. Graphene growth on 
silicon carbide: A review (Phys. Status 
solidi a 9 2016). Physica Status Solidi 
A: Applications and Material Science. 
2016;213:2269-2289

[120] Riedl C, Coletti C, Starke U. 
Structural and electronic properties 
of epitaxial graphene on SiC(0001): 
A review of growth, characterization, 
transfer doping and hydrogen 
intercalation. Journal of Physics D: 
Applied Physics. 2010;43(37):374009

[121] Manukyan KV, Rouvimov S, 
Wolf EE, Mukasyan AS, et al. 
Combustion synthesis of graphene 
materials. Carbon. 2013;62:302-311

[122] Norimatsu W,  Kusunoki M.  
Epitaxial graphene on SiC{0001}: 
Advances and perspectives. Physical 
Chemistry Chemical Physics. 
2014;16:3501-3511

[123] Zhang F, Jung J, Fiete GA, Niu Q , 
MacDonald AH, et al. Physical Review 
Letters. 2011;106:156801

[124] Lui CH, Li Z, Mak KF, Cappelluti E, 
Heinz TF. Nature Physics. 2011;7:944-947

[125] Bao W, Jing L, Velasco J, Lee Y, 
Liu G, Tran D, et al. Stacking-dependent 
band gap and quantum transport in 
trilayer graphene. Nature Physics. 
2011;7:948-952

[126] Zhang L, Zhang Y, Camacho Y, 
Khodas M, Zaliznyak I, et al. The 
experimental observation of quantum 
hall effect of l=3 chiral quasiparticles 

in trilayer graphene. Nature Physics. 
2011;7:953.957

[127] Shioyama H, Sakakihara H, 
Iwashita N, Tatsumi K, Sawada Y. On 
the generation of fine metallic particles 
in graphite matrix. Journal of Materials 
Science Letters. 1994;13:1056

[128] Choi W, Lahiri I, Seelaboyina R, 
Kang YS, et al. Synthesis of graphene 
and its applications: A review. Critical 
Reviews in Solid State and Materials 
Sciences. 2010;35(1):52-71

[129] Jihn YL, Mubarak NM, Abdullah EC, 
Nizamuddin SK, Mohammad I. Recent 
trends in the synthesis of graphene and 
graphene oxide based nanomaterials 
for removal of heavy metals—A review. 
Journal of Industrial and Engineering 
Chemistry. 2018;66:29-44

[130] Choucair M, Thordarson P, 
Stride JA. Gram-scale production 
of graphene based on solvothermal 
synthesis and sonication. Nature 
Nanotech. 2008;4(1):30-33

[131] Dato A, Radmilovic V, Lee Z, 
Phillips J, Frenklach M, et al.  
Substrate-free gas-phase synthesis 
of graphene sheets. Nano Letters. 
2008;8:2012-2016

[132] Dato A, Lee Z, Jeon KJ, 
Erni R, Radmilovic V, Richardson TJ, 
et al. Clean and highly ordered graphene 
synthesized in the gas phase. Chemical 
Communications. 2009;40:6095-6097

[133] Dato A, Frenklach M. Substrate-
free microwave synthesis of graphene: 
Experimental conditions and 
hydrocarbon precursors. New Journal of 
Physics. 2010;12(12):125013

[134] Choi W, Lee J. Graphene: Synthesis 
and Applications. Vol. 1. Boca Raton, FL, 
USA: CRC Press; 2011. pp. 1-394



Recent Advances in the Synthesis of Graphene and Its Derivative Materials
DOI: http://dx.doi.org/10.5772/intechopen.114280

29

[135] Zheng Q , Kim J-K. Synthesis, 
Structure, and Properties of Graphene 
and Graphene Oxide, in Graphene for 
Transparent Conductors: Synthesis, 
Properties and Applications. Vol. 2. 
New York: Springer New York; 2015. 
pp. 29-94

[136] Yang X, Dou X, Rouhanipour A, 
Zhi L, Rader HJ, Müllen K, et al. Two-
dimensional graphene nanoribbons. 
Journal of the American Chemical 
Society. 2008;130(13):4216-4217

[137] Guo S, Dong S. Graphene nanosheet: 
Synthesis, molecular engineering, thin 
film, hybrids, and energy and analytical 
applications. Chemical Society Reviews. 
2010;40:2644-2672

[138] Wang Y, Sun W, Li H. Microwave-
assisted synthesis of graphene 
nanocomposites: Recent developments 
on lithium-ion batteries. Reports in 
Electrochemistry. 2015;5:1-19

[139] Murugan AV, Muraliganth T, 
Manthiram A. Rapid, facile microwave-
solvothermal synthesis of graphene 
nanosheets and their polyaniline 
nanocomposites for energy 
strorage. Chemistry of Materials. 
2009;21:5004-5006

[140] Wang Y, Liu G, An CH, et al. 
Bimetallic NiCo functional graphene: An 
efficient catalyst for hydrogen-storage 
properties of MgH2. Chemistry, an Asian 
Journal. 2014;9:2576-2583

[141] Chen W, Yan L, Bangal PR. 
Preparation of graphene by the rapid 
and mild thermal reduction of graphene 
oxide induced by microwaves. Carbon. 
2010;48:1146-1152

[142] Hassan MAH, Abdelsayed V, 
Khder AERS, et al. Microwave synthesis 
of graphene sheets supporting metal 
nanocrystals in aqueous and organic 

media. Journal of Materials Chemistry. 
2009;19:3832-3837

[143] Wu ZS, Ren WC, Gao LB, Liu BL, 
Jiang CB, Cheng HM, et al. Synthesis 
of high-quality graphene with a pre-
determined number of layers. Carbon. 
2008;47:493-499

[144] Motasemi F, Afzal MT. A review 
on the microwave-assisted pyrolysis 
technique. Renewable and Sustainable 
Energy Reviews. 2013;28:317-330

[145] Mutyala S, Fairbridge C, Pare JRJ, 
Belanger JMR, Ng S, Hawkins R, et al. 
Microwave applications to oil sands and 
petroleum: A review. Fuel Processing 
Technology. 2010;91:127-135

[146] Vazquez E, Giacalone F, Prato M. 
Non-conventional methods and media 
for the activation and manipulation of 
carbon nanoforms. Chemical Society 
Reviews. 2013;43:58-69

[147] Gallis KW, Landry CC. Rapid 
calcination of nanostructured silicate 
composites by microwave irradiation. 
Advanced Materials. 2001;13:23-26

[148] Nagarajan R, Alan HT. Synthesis, 
passivation, and stabilization 
of nanoparticles, nanorods, and 
nanowires by microwave irradiation. In: 
Nanoparticles: Synthesis, Stabilization, 
Passivation, and Functionalization. 
Vol. 996. Washington, DC, USA: ACS 
Publication; 2008. pp. 225-247

[149] Panda AB, Glaspell G, 
El-Shall MS. Microwave synthesis and 
optical properties of uniform nanorods 
and nanoplates of rare earth oxides. 
Journal of Physical Chemistry C. 
2007;111:1861-1864

[150] Liu F, Wang C, Sui X, Riaz MA, 
Xu M, Wei L, et al. Synthesis of graphene 
materials by electrochemical exfoliation: 



Chemistry of Graphene – Synthesis, Reactivity, Applications and Toxicities

30

Recent progress and future potential. 
Carbon Energy. 2019;1(2):173-199

[151] Su CY, Lu AY, Xu Y, Chen FR, 
Khlobystov AN, Li LJ, et al. High-
quality thin graphene films from fast 
electrochemical exfoliation. ACS Nano. 
2011;5(3):2332-2339

[152] Abdelkader AM, Cooper AJ, 
Dryfe RAW, Kinloch IA, et al. How to get 
between the sheets: A review of recent 
works on the electrochemical exfoliation 
of graphene materials from bulk 
graphite. Nanoscale. 2015;7:6944-6956

[153] Huang G, Kang W, Geng Q , 
Xing B, Liu Q , Jia J, et al. One-step 
green hydrothermal synthesis of few-
layer graphene oxide from humic acid. 
Nanomaterials. 2018;8(4):215

[154] Shi W, Fan H, Ai S, Zhu L, et al. 
Preparation of fluorescent graphene 
quantum dots from humic acid for 
bioimaging application. New Journal of 
Chemistry. 2015;1(10):1-6

[155] Bai Y, Rakhi RB, Chen W, 
Alshareef HN, et al. Effect of pH-induced 
chemical modification of hydrothermally 
reduced graphene oxide on 
supercapacitor performance. Journal of 
Power Sources. 2013;233:313-319

[156] Edberg J, Brooke R, Hosseinaei O, 
Fall A, Wijeratne K, Sandberg M, et al. 
Laser-induced graphitization of a forest-
based ink for use in flexible and printed 
electronics. npj Flexible Electronics. 
2020;4(1):17



31

Chapter 2

Recent Progress on Synthesis of  
3D Graphene, Properties,  
and Emerging Applications
Md. Nizam Uddin, Md. Aliahsan Bappy, Md Fozle Rab, 
Faycal Znidi and Mohamed Morsy

Abstract

Materials based on 3D graphene, such as aerogels, hydrogels, sponges, and foams, 
are attracting substantial interest due to their superb electrical conductivity, remarkable 
mechanical properties, and expedited mass and electron transport. These substances 
preserve the inherent characteristics of 2D graphene sheets and introduce enhanced 
features like low density, substantial surface area, high porosity, and steadfast mechani-
cal properties. The applications for 3D graphene-based materials are vast, ranging 
from flexible electronics, sensors, absorbents, and composites to catalysis, energy 
storage devices, agricultural uses, water purification, biomedical applications, and 
solar steam generation devices, among others. In this book chapter, we consolidate the 
latest advancements in the fabrication of 3D graphene-based materials, discussing their 
properties and the emerging uses in composites and energy storage apparatuses. The 
synthesis of 3D graphene-based materials on a larger scale poses substantial challenges, 
the discussion of which might spur innovation and novel approaches in this domain. 
We aim to provide a comprehensive overview of the contemporary progress in this 
field, emphasizing the synthesis, properties, and diverse applications of these advanced 
materials. Our research is anticipated to establish a groundwork for the widespread 
preparation, understanding of structure–property relationships, and utilization of 3D 
graphene-based architectures (3DGAs) across various fields, including but not limited 
to tissue engineering, electronics, supercapacitors, composites, and energy storage 
devices.

Keywords: 3D graphene, energy storage devices, composites, porous materials, 
graphene foam

1. Introduction

Carbon is a crucial building block of our universe and plays a significant role 
in both natural phenomena and technological advancements. In recent years, our 
understanding of carbon’s versatility has grown significantly, especially in the field of 
sp2-hybridized carbon nanomaterials. Graphene, which is an example of a 2D sp2-
hybridized carbon lattice that is only one atom thick, has remarkable physicochemical 
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properties. Its derivatives have found application in various domains like low-
dimensional physics, energy storage, electronic devices, catalysis, sensors, and 
medical equipment. However, a major challenge in harnessing graphene’s potential 
at macroscopic scales is restacking when using 2D graphene sheets, which reduces 
efficiency and diminishes their unique properties. One solution to this challenge is the 
conversion of 2D graphene layers into interconnected, 3D frameworks that prevent 
restacking and retain 2D graphene’s exceptional properties. This requires large-scale 
production and the conversion of individual graphene sheets into multifunctional 3D 
architectures. A critical step in manufacturing 3D graphene materials, specifically 3D 
reduced graphene oxide (3D-rGO), involves the reduction of graphene oxide (GO), 
which is achieved through different chemical methods designed to eliminate oxygen-
containing functional groups on the GO plane. While early research focused primar-
ily on synthesizing high-quality graphene sheets from GO, numerous strategies have 
since emerged, including thermal reduction in inert atmospheres, chemical reduction 
using various reducing agents, photocatalytic reduction, hydro/solvothermal tech-
niques, laser/flashlight irradiation, electrochemical reduction, hydrogen-plasma/arc-
discharge, microwave treatment, and combinations of these methods. Nonetheless, 
although significant progress has been made in the development of 3D graphene 
materials in recent years, there is a need for a comprehensive understanding of 3D 
architectures and their performance in various applications.

This study aims to bridge this gap by presenting advanced fabrication processes 
and design considerations for 3D graphene-based architectures (3DGAs). It will 
explore the relationship between 3D graphene properties, formation mechanisms, 
and key components, ultimately providing an encompassing overview of the 3D gra-
phene family of materials. This will also highlight the significance of these materials 
in diverse applications and inspire new directions for their development, particularly 
focusing on simplifying the preparation and functionalization of 3D graphene mate-
rials. In the subsequent sections, we will describe the synthesis methods, properties, 
and potential applications of 3DGAs [1].

2. Synthesis of 3D graphene structure

Over the last decade, numerous techniques for synthesizing 3D graphene have 
emerged. These methods include electrospraying, supercritical drying, freeze drying, 
vacuum drying, chemical vapor deposition (CVD), hydrothermal processes, self-
assembly, and various other approaches, which this review will explore and discuss 
the associated distinct advantages and disadvantages of each.

2.1 Template-assisted method

The templates-assisted method involves reducing GO and subsequently extracting 
the template from the structure. The template-assisted approach, outlined by Ding and 
Li [2] as well as by Qiu et al. [3], stands out due to its advantages in controlling the forma-
tion of 3D graphene structures, offering meticulously crafted morphologies compared to 
other fabrication methodologies. Within this technique, the chosen template, predomi-
nantly constructed from materials such as polystyrene (PS) or silicon dioxide (SiO2), 
holds crucial significance, with graphene sheets gathering around it through electrostatic 
forces. These forces originate from the interaction between negatively charged graphene 
sheets and the positively charged templates, culminating in the creation of an organized 
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composite structure. Compared to self-assembly strategies, this technique ensures 
superior control over the final product’s architecture and morphological attributes.

Several research studies have underscored the efficacy of template-assisted meth-
ods in developing 3D graphene-based materials. For instance, positively charged PS 
spheres were used as templates, coated with GO sheets, which were later reduced to 
obtain reduced graphene oxide (rGO) using hydrazine. The process was then final-
ized by calcination to eliminate the PS core, resulting in graphene hollow spheres [4]. 
This example highlights the extensive potential and adaptability of template-assisted 
techniques in creating diversified 3D graphene configurations. One remarkable study 
demonstrated a synthesis pathway for graphene-based hollow spheres, utilizing strong 
electrostatic interactions between polyethylenimine-functionalized SiO2 spheres and 
graphene sheets, forming GO-SiO2 spherical entities (Figure 1). Graphene-based hol-
low spheres were acquired after reducing and treating with hydrofluoric acid to elimi-
nate the SiO2 template, showcasing the method’s versatility [6]. Additionally, Huang 
and his team have studied developing nanoporous graphene foams (GFs), emphasizing 
the role of hydrophobic interactions between GO sheets and modified SiO2 spherical 
templates, resulting in nanoporous GF structures with customizable pore sizes [7]. 
This innovation marks a substantial progression in modifying the structural attributes 
of 3D graphene materials to accommodate specific needs and applications [8].

The template-assisted fabrication of 3DGAs unveils a multifaceted and regulated 
strategy to construct graphene-based configurations with optimal morphologies. 
Employing templates like PS and SiO2, coupled with specialized electrostatic interactions 
and reduction phases, allows scientists to innovate in creating 3D graphene materials 
with a spectrum of applications that range from catalysis, to sensing, and energy storage. 
The continuous evolution in this domain suggests that template-assisted techniques are 
important for fostering groundbreaking progressions in materials science and technology.

2.2 Electrospraying

Electrospinning and electrospraying are simple and versatile techniques that 
can produce graphene-based fibers, spherical structures, and bead-like materials. 

Figure 1. 
Synthesis and water resistance characteristics of nano SiO2 modified graphene oxide composite [5].
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The resulting structures can have diameters ranging from a few micrometers to nano-
meters and have precise control over their shape [9, 10]. The process involves applying 
a strong electric field between a nozzle containing a graphene-based solution and a 
grounded metallic collector plate. When the electric field is strong enough, a droplet 
elongates and forms a continuous jet, ultimately depositing graphene-based fibers or 
spherical structures on the collector plate. One of the great benefits of electrospinning/
electrospraying is its ability to fine-tune the process parameters, allowing for the cre-
ation of materials with specific properties. Researchers have made numerous attempts 
to integrate graphene into fiber structures using both classic and core-shell electrospin-
ning technologies. The core-shell approach has recently gained attention due to its 
ability to address challenges and enhance control over the resulting structures [11].

Poudeh and colleagues introduced a novel design for creating 3D graphene-based 
hollow and filled polymeric spheres through a one-step core-shell electrospraying 
technique (Figure 2) [12]. To achieve the desired spherical morphology, the study 
determined the optimal polymer concentration using Mark–Houwink–Sakurada equa-
tions [12]. Proper polymer concentration and solution viscosity are crucial for obtain-
ing the desired spherical shape. In cases where hollowness is desired, the core material 
should contain a solvent with a higher vapor pressure than the shell solution. By using 
this innovative approach, researchers have overcome challenges such as crumbling and 
agglomeration of 2D graphene sheets and ensured better dispersion of graphene layers 
through the polymer chains. This technique has expanded the potential applications 
of fabricated structures across various fields, including drug delivery, energy stor-
age, sensors, and nanocomposites. The final morphology of the produced materials 
is influenced by a combination of solution properties, such as viscosity and electrical 
conductivity, and process parameters including applied voltage and flow rate.

The interactions that occur between polymeric chains and graphene sheets 
throughout the sphere formation process are essential in determining the character-
istics and capabilities of the subsequently formed materials. The core-shell electro-
spraying method unveils novel prospects for creating sophisticated graphene-centric 
structures characterized by customized properties, thus presenting a promising 

Figure 2. 
Preparation of 3D graphene-based spheres by tri-axial electrospraying technique [12].
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path for assorted materials science and technology applications. In essence, the 
electrospinning and electrospraying techniques grant meticulous control in syn-
thesizing graphene-centric materials, enabling the development of structures with 
the preferred morphologies and attributes. The cutting-edge progress in core-shell 
electrospraying unveils pathways for creating versatile materials with multifunctional 
applications spanning various domains. Incorporating graphene into such structures 
is poised to fuel advancements in sectors like drug delivery, energy storage, sens-
ing technologies, and nanocomposite materials, showcasing immense potential for 
breakthroughs in innovation.

2.3 Supercritical drying method

Traditional drying techniques, including air drying and vacuum drying, present 
substantial challenges when employed on graphene hydrogels due to their minimal 
solid content. The elevated capillary forces induced by solvent evaporation during 
these methods can disrupt and collapse the graphene network structure, inflicting 
irreversible damage. To resolve this problem and uphold the network’s integrity, 
advanced drying approaches such as supercritical drying and freeze-drying have been 
introduced. Supercritical drying emerged as a leading method for synthesizing mate-
rials like SiO2 aerogels. This technique transforms the solvent into a supercritical fluid 
by meticulously modulating temperature and pressure conditions. At the supercritical 
state, the lack of a distinct liquid–gas interface effectively eradicates capillary pressure 
within the network, allowing for the gentle removal of the supercritical fluid through 
depressurization, yielding aerogels. This method has shown tremendous efficacy in 
retaining the pristine network structure of SiO2 aerogels with minimal contraction 
[13]. However, for graphene-based materials such as 3DGAs, certain constraints exist.

In contrast to SiO2 aerogels, which possess a network with robust Si-O covalent 
bonds, 3DGAs have graphene sheets bound by π-π interactions. These sheets are prone 
to slippage during supercritical drying, causing increased volume and density reduc-
tion compared to SiO2 aerogels. Consequently, supercritical drying is not ideal for 
fabricating large-scale, low-density 3DGAs. Additionally, the technique’s requirement 
for high pressure and extended durations elevates production costs, making it less 
advantageous for preparing 3DGAs designated for low-density, large-scale utilization 
[14]. Therefore, alternative methods, like freeze-drying and air drying, might be 
more apt for specific graphene-based materials, considering the respective applica-
tion intents and requisite attributes.

2.4 Freeze drying method

Lyophilization, or freeze drying, is a feasible alternative for mitigating capillary 
forces during the drying phase of materials like graphene-based hydrogels. This 
method entails multiple phases to maintain the structural wholeness of the hydrogel, 
initiated by substituting the solvent in the wet graphene hydrogel with water. The 
hydrogel is then exposed to freezing at sub-zero temperatures, and the encapsulated 
water transitions directly to gas via sublimation under vacuum, avoiding the liquid 
phase completely and thereby preserving the graphene framework. For freeze-
drying, specific considerations are essential. When utilized on SiO2 gels possessing 
diminutive pore sizes, often around tens of nanometers, the volumetric expansion of 
water during freezing might compromise the network structure, potentially decreas-
ing the porosity to levels around 80% and halving the material’s specific surface area 
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relative to outcomes from supercritical drying. In some instances, the stress induced 
by freezing might even induce fractures in the sample [15]. Nonetheless, graphene 
hydrogels, due to their expansive pore dimensions- ranging from several micrometers 
to tens of micrometers—are more compatible with freeze-drying compared to SiO2 
hydrogels. 3DGAs fabricated via freeze drying exhibit diminished densities, possibly 
down to 0.16 mg/cm3, and the method permits structural control by influencing ice 
crystal formation [16].

However, the process is not devoid of challenges; the water freezing can poten-
tially distort and eject the microstructure of the graphene network, thereby reducing 
the specific surface area Moreover, freeze drying demands sub-zero temperatures, 
elevated vacuum levels, and prolonged drying durations, escalating energy usage 
and preparation expenditures. While lyophilization provides a substantial alternative 
for contending with capillary forces in the drying of graphene-based hydrogels. It is 
particularly favorable for graphene hydrogels due to their extensive pore dimensions 
and potential to produce low-density 3DGAs. However, it involves compromises like 
potential reductions in specific surface area and heightened energy and cost inputs, 
which must be weighed against the benefits depending on the intended applications.

2.5 Vacuum drying method

While effective for preserving the structural integrity of 3DGAs, supercritical and 
freeze drying come with certain drawbacks that hinder their suitability for large-scale 
production. The main challenges of specific drying methods arise from the requisi-
tion of low vacuum, low temperatures, or high-pressure states, which significantly 
amplify equipment, energy, and time costs. As highlighted earlier, supercritical 
drying entails modifying a solvent into a supercritical fluid under designated tem-
perature and pressure states, followed by depressurization to yield aerogels. While it 
proficiently preserves the initial network structure of substances like silica aerogels, 
it encounters constraints when implemented on 3DGAs. The π–π interactions con-
necting the graphene sheets tend to displace, causing notable volume reduction in 
the supercritical drying phase, yielding structures with densities higher than what 
is optimal for applications necessitating low-density 3DGAs [17]. Furthermore, the 
time-intensive nature of supercritical drying, coupled with high-pressure conditions, 
escalates production expenditures. Freeze drying is another alternative, proffering 
benefits in maintaining the structural soundness of 3DGAs, especially those with 
expansive pore sizes. Still, it demands elevated vacuum levels, low temperatures, and 
prolonged durations, elevating energy usage and subsequent costs, especially when 
juxtaposed with other drying techniques.

In contrast, vacuum drying is a more economically and temporally efficient 
approach for 3DGAs synthesis, exempting the process from the need for specialized 
apparatus for temperature, high pressure, or solvent exchange and instead utiliz-
ing vacuum conditions for solvent removal. However, the process is challenged 
by the potential collapse of the delicate network structures of 3D graphene gels, 
intensifying the density of the final product. While such collapse can be perceived 
as a constraint, it can also be strategically utilized for the construction of dense 3D 
graphene network assemblies, marked by their enhanced volumetric/gravimetric 
energy density, making them ideal for advanced energy storage devices like high-
performance batteries. Vacuum drying is a pragmatic and economical technique 
for developing 3D graphene network assemblies, especially when high volumetric/
gravimetric energy density is prioritized. The induced collapse of the 3D network can 
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be optimized to develop materials with properties aligned with the needs of diverse 
applications, predominantly in advanced energy storage sectors.

2.6 Air drying method

Air drying serves as a simplistic and economical method conducted under atmo-
spheric pressure conditions, presenting a practical solution for drying substances 
like SiO2 gels. This method is especially beneficial for the mass production of aerogels 
compared to intricate techniques such as supercritical drying and freeze-drying. 
Nonetheless, air drying has challenges; the Young–Laplace equation illustrates that, 
during the process, the interaction between liquid and air within the pores can create 
significant capillary pressure due to the minuscule pore size, typically in the tens of 
nanometers range. This pressure can result in the gradual shrinkage and cracking 
of the SiO2 gel skeleton. Various approaches are implemented to counteract these 
issues, including replacing the solvent in the wet gel with one of lower surface tension 
to minimize capillary forces and chemically treating the SiO2 gel skeleton to avoid 
further condensation of adjacent surface functional groups on the skeleton under 
capillary stresses. Introducing non-polar groups to the skeleton is vital in maintaining 
the structural integrity of SiO2 aerogels throughout the air-drying process [14].

Contrarily, 3DGAs are more adaptable to large-scale production via air drying 
due to their larger pore sizes, diminishing the capillary forces experienced during the 
process. Several research endeavors have effectively employed air drying to construct 
3DGAs with impressive properties. For instance, durable and flexible 3DGAs have 
been fabricated by in situ polymerization of polyacrylamide, fortifying the graphene 
network and allowing it to endure capillary forces during air and vacuum drying 
while preserving low density. Other investigations have utilized diverse methods, 
such as GO liquid crystal-stabilized bubbles and ice crystals and air bubbles as 
templates, to manufacture 3DGAs with the air-drying method, resulting in strong 
and uniformly porous structures with excellent mechanical properties [18]. Recent 
research has evidenced the fruitful application of air drying in creating resilient 
3DGAs, underscoring the role of aspects like graphene sheet sizes, interconnections 
between graphene sheets, and the overall graphene network structure in influencing 
the mechanical characteristics of these materials. Optimization of these elements 
is paramount for the creation of robust graphene networks with tailored properties 
suitable for diverse applications.

2.7 Photoinduced reduction

Photoinduced reduction is an innovative process that reduces graphene oxide 
without the use of chemicals. It delivers high efficiency and rapid processing. This 
approach harnesses photon energy and has shown remarkable progress as a technique 
for GO reduction. Researchers began using photon energy for the reduction of GO 
in solutions as early as 2008 [19]. They employed semiconductor photocatalysts 
like titanium dioxide (TiO2) under ultraviolet (UV) light irradiation. This approach 
paved the way for the development of graphene/semiconductor composites. Later, 
it was discovered that GO reduction could occur directly under UV light, yielding 
by-products such as CO, O2, H2O, and CO2 [20]. Additionally, xenon lamp-equipped 
photographic camera lights and laser lights were found to be capable of thermally 
deoxygenating GO. In the early days, photoreduction of GO in dilute solutions typi-
cally resulted in rGO suspension instead of the desired 3D rGO structures. However, 
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the photoreduction of GO films led to the formation of pore-rich 3D rGO materials 
characterized by high conductivity and expanded interlayer spacing. Photoinduced 
reduction of GO occurs through two distinct mechanisms: the photothermal effect 
and photochemical reduction. Photochemical reduction involves the use of UV light 
with a wavelength below 390 nm. Wavelengths longer than 390 nm induce the photo-
thermal effect, which involves higher temperatures (approximately 200–230°C) and 
is highly effective for GO reduction. Laser lights can create intense localized heating 
by focusing the laser beam on a specific point, leading to rapid reduction [20].

In both mechanisms, strong excitation of the GO surface triggers particle ejection 
and the formation of plasma plumes. Energy transfer from the plume to the lattice 
results in the removal of oxygen groups from GO, leading to the formation of CO and 
CO2, as well as the evaporation of internal water. This process generates interlayer 
pressure, causing the rGO layers to expand and form a porous structure. The photo-
induced reduction process is also applicable to chemically reduced GO films. Laser 
lights are widely employed for this purpose. Laser scribing allows for synchronous 
reduction while patterning GO films. By adjusting laser-processing variables such as 
intensity, shifting pitch, and scanning pitch, precise control over the degree of reduc-
tion in the resulting 3DGAs can be achieved. These 3D graphene patterns, generated 
through laser-induced reduction, hold significant potential in various biomedical 
applications, including tissue engineering and cell culture.

The reaction atmosphere plays a crucial role in laser-induced GO reduction, 
influencing the degree of reduction. The process is notably enhanced in an oxygen-
free environment. When the GO precursor is subjected to laser reduction under liquid 
nitrogen, thermal expansion is suppressed, resulting in 3D rGO films with fewer 
defects and higher conductivity. Laser intensity can also be directly used to assemble 
3D rGO in crystalline GO suspension. By adjusting the focus and intensity of the laser, 
researchers can create arbitrary homogeneous 3D structures on the inside surface. 
This approach is particularly favorable for precise 3D localization in electronics and 
photonics applications. This technique has evolved significantly since its inception, 
allowing for precise control over the reduction process and opening up a wide range 
of applications, from composite materials to biomedical scaffolds and electronics.

2.8 Chemical reduction

Chemical reduction is a widely used method to reduce GO to rGO using vari-
ous chemical routes. Initially, hydrazine was used to reduce dilute GO suspensions, 
leading to rGO dispersions. Later, researchers focused on synthesizing 3D graphene 
hydrogels and aerogels using more concentrated GO colloidal solutions and milder 
reducing agents. The reduction temperature typically ranges from 60 to 100°C, with 
reagents and absorbed water removed through washing and lyophilization. Several 
reducing agents, including Na2S, HI, H3PO4/I2, gelatin, and sodium ascorbate, have 
been explored to simultaneously reduce and construct 3D GO structures. For instance, 
sodium ascorbate has been employed for the reduction of GO, resulting in the devel-
opment of 3D graphene frameworks [21]. The formation of π-π interlinkages among 
sheets has been identified as a key factor governing the self-assembly of chemically 
reduced GO. Additionally, the functional groups attached to reducing agents play a 
crucial role in 3D rGO sheet construction. Covalent bonds form between GO sheets 
and reducing agents, leading to the substitution of oxygen-containing hydroxyl and 
epoxy groups and cross-linking of the GO sheets. Carboxylic groups present in reduc-
ing agents further promote the development of interlayer hydrogen bonds.
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During the chemical reduction of GO, the evolution of CO and CO2 gases is com-
mon, contributing to the restacking of GO and rGO sheets and modulating the pore 
structure of 3D materials. Water bubbles can also be introduced through controlled 
heating, and the number of bubbles plays a critical role. Fewer bubbles may fail 
to suppress restacking, while an excess can affect the self-assembly of rGO sheets. 
Hydrazine is considered favorable for reducing GO into 3D structures due to its ability 
to generate an appropriate number of bubbles. Active metals such as Al, Cu, Al, Fe, 
and Co can also serve as reducing agents, enabling both reduction and the forma-
tion of 3DGAs assemblies on their surfaces. This process relies on redox reactions 
between metals and GO, occurring at room temperature and accelerating at 60°C. 
Interestingly, when a conductive substance is placed on the active metal substrate, no 
reduction in the development of 3D rGO assembly is observed. This unique property 
has been harnessed to create specialized graphene structures, such as microtubes and 
micropatterns, with applications in rechargeable Li-ion batteries and flexible rGO 3D 
thin film devices.

Moreover, vapors produced by reducing agents can also effectively reduce both 
dried GO films and sponges, leading to side-by-side alterations in 3D structures. 
For instance, when a dense GO film is used as a precursor, vapor-based reduction 
significantly alters its 3D configuration. Niu et al. performed the reduction of filtrated 
GO film by positioning it on the top of a hydrazine monohydrate solution at 90°C for 
10 hours (Figure 3) [22]. By controlling the concentration of the hydrazine monohy-
drate solution, the open pore structure can be tuned.

Despite the progress in the chemical reduction of GO, there is still much to learn 
about the changes that occur during the reduction process. Minimizing the amount of 
non-carbon impurities in the final product remains a challenge, necessitating further 
research and optimization of reduction methods. Chemical reduction offers a versa-
tile approach to obtaining 3D graphene structures, with various reducing agents and 
strategies available to tailor the properties and morphology of the resulting materials.

2.9 Electrochemical reduction

Electrochemical reduction is a prevalent technique for producing 3D graphene 
constructs, particularly in crafting electrodes for electrochemical devices directly. 
It permits the formation of resilient 3D graphene frameworks straight on electrode 

Figure 3. 
Schematic of the fermentation process to prepare rGO foam [22].
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surfaces, optimizing the efficacy of several electrochemical setups. The procedure 
of electrochemical reduction requires settling GO on a cathode from a GO mixture. 
Contrasting typical solid graphite strata, the graphene strata in 3D formations are 
aligned in a fortifying manner, establishing a stable and integrated 3D graphene grid. 
This method is frequently termed as the immediate expansion of rGO sheets from the 
electrode interface. The developed 3D graphene lattice presents numerous perks such 
as superior porosity and escalated electrochemical efficacy.

A crucial consideration in developing 3D rGO substances electrochemically is the 
selection of the electrode material. Several substances like stainless steel lattice, plati-
num (Pt) leaf, nickel (Ni) froth, and gold (Au) fiber are feasible as electrode founda-
tions. Utilizing graphene paper as the foundation for the electrode resulted in a closely 
bonded structure of highly porous rGO layers onto the substrate. Consequently, this 
yielded a carbon electrode with outstanding versatility for flexible device applica-
tions. Employing Ni foam as the electrode base results in the interior vacuities being 
occupied by rGO, forging a systematic porous framework with diverse pore dimen-
sions. Moreover, hierarchical 3D structures can be synthesized by employing previ-
ously acquired 3D rGO substances as electrode foundations [23]. The electrochemical 
technique is also viable for reducing pre-shaped GO films on electrodes. This method 
provides superior regulation over the alignment of GO sheets in the casting phase and 
assures proficient reduction via the electrochemical mechanism. The electrochemical 
reduction of GO facilitates the production of high-caliber electrodes with customized 
3D configurations, enriching their utilization in energy conservation apparatuses, 
detectors, and other varied electrochemical setups. Electrochemical reduction is a 
multifaceted and efficient strategy for developing 3D graphene formations, especially 
significant for the advancement of electrodes in electrochemical appliances. The 3D 
graphene frameworks that result possess enhanced electrochemical traits, rendering 
them instrumental in an extensive array of applications.

2.10 Thermal expansion of GO bulk

Expanding GO bulk materials through thermal reduction or annealing is a well-
known and efficient method to eliminate oxygen functional groups from GO, yielding 
3DGAs with increased bulk volumes. This technique entails exposing GO precursors 
to elevated temperatures, usually between 800 and 1000°C, inducing a series of 
structural and chemical modifications. For 3D graphene, high-temperature annealing 
can trigger thermal exfoliation, causing the expansion of dried and pre-shaped GO 
bulk precursors. These precursors may appear in several forms, including granular 
GO, misaligned GO films, tape-cast layers, and bulk GO materials. During the 
thermal evolution of bulk GO, oxygen-containing functional groups such as carboxyl, 
hydroxyl, carbonyl, and ether groups are either partially removed or converted into 
more stable chemical bonds like anhydrides, quinones, and lactones. This leads to the 
emission of trace gases including CO2, CO, and H2O. The degree of purification of the 
graphene surface is augmented with increased annealing temperatures. At maximum 
temperatures of 1000°C, unstable oxygen species are efficiently eradicated, enhanc-
ing the electrical conductivity of the resultant rGO sheets significantly [24].

Concurrently, the GO mass morphs into honeycomb-esque 3D nanostructures 
composed of microscopic sheets and numerous pores. This enlargement process con-
tributes to a notable amplification in the material’s specific surface area. Depending 
on the specific precursor and the subsequent reaction, the surface area of 3D rGO 
structures can generally vary from 400 to 800 m2/g. Thermal annealing is also 
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utilized for the reduction of partially reduced 3D GO and 3DGAs achieved through 
dry processes and intense reduction procedures. In such instances, the main goal 
might not be the modification of 3D structures, but rather the expulsion of oxygen 
functional groups and conductivity augmentation. Nonetheless, exposing GO precur-
sors to elevated temperatures swiftly, without a gradual heating process, can induce 
the creation of additional in-wall pores, increasing the surface areas. For instance, 
subjecting crumpled graphene spheres to thermal shock at 400°C can produce a 
surface area of roughly 567 m2/g, whereas maintaining the sample at the same tem-
perature without rapid cooling can yield a lower surface area of 344 m2/g. Thermal 
expansion through annealing is a flexible and popular approach to fabricating 3DGAs 
with enhanced bulk volumes and superior electrical conductivity. This technique 
involves the elimination of oxygen functional groups and the formation of porous 
3D nanostructures, positioning it as a valuable technique for diverse applications in 
material science and nanotechnology.

2.11 Solvothermal and hydrothermal reduction

The solvothermal and hydrothermal reduction techniques are increasingly 
recognized for their effectiveness in transforming GO to rGO and crafting 3D gra-
phene structures. These procedures revolve around high-temperature reactions in 
autoclaves, usually ranging between 100 and 250°C, using water or organic solvents 
as reducers. In hydrothermal treatments, supercritical water driven by thermal 
activation serves as the reducer, facilitating the transformation of GO sheets into 
3D rGO hydrogels. Early in this process, the surface charges are reduced due to the 
extraction of carboxylic groups from GO sheets. As the reaction progresses, most 
carboxylic groups vanish, increasing hydrophobicity and enhancing the attractions 
and interactions among the rGO sheets. This facilitates the formation of a closely-knit 
3D structure. By-products commonly include CO2, with minor amounts of CO and 
organic acid remnants. Even if some GO sheets remain intact post-treatment, their 
oxygen-functional groups help link the 3D rGO sheets, forming a monolithic design. 
Factors like the initial GO suspension’s size, concentration, and surface traits can 
notably alter the final 3D rGO gel’s makeup.

In solvothermal treatments, organic solvents take the place of water, leading to 
milder reaction temperatures and decreased GO sheet assembly. Given their inherent 
high pressure and the solvent’s low surface energy, solvothermal processes are adept 
at shaping and reducing GO sheets. This results in 3D rGO products with superior 
conductivity but diminished surface areas and bulkier walls compared to their hydro-
thermal counterparts. For example, using ethanol in solvothermal reduction can yield 
3D rGO aerogels with distinct features, like near-zero super-elasticity.

Post-reduction drying is vital in maintaining the eventual 3D shape. Traditional 
drying might induce significant volume contraction and cracks, stemming from 
substantial capillary pressure during solvent evaporation. To mitigate this, alternative 
techniques like freeze-drying or supercritical CO2 drying are adopted. They reduce 
structural degradation since ice or supercritical CO2 have minimal interactions with 
graphene. The capillary pressure experienced during solvent evaporation is influ-
enced by aspects like solvent surface tension, contact angle, and pore size. Several 
methods are explored to achieve ambient drying while preserving the 3D structure 
and elevating material rigidity. While the degrees of reduction achieved in solvother-
mal and hydrothermal reactions are somewhat moderate due to their temperature 
constraints, further treatments like annealing or chemical reduction can be applied 
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to amplify reduction and reinstate π-conjugation. These augmentations also bolster 
electrical conductivity. Moreover, these processes can be employed to manufacture 
3D graphene-infused composites by embedding nanoparticles like Fe3O4 or CO3O4 
into the 3DGAs. Solvothermal treatments especially lead to a more evenly spread 
nanoparticle distribution within the 3D rGO, creating consistent composites. The 
solvothermal and hydrothermal reduction techniques are potent tools for devising 3D 
graphene structures, aerogels, and composites. The selection of solvents and drying 
methods remains essential in shaping the final material’s attributes and structure.

2.12 Freeze-casting process (pre- or post-reduction)

The freeze-casting process is a well-established solution-phase technique widely 
employed for the fabrication of 3D structures from GO or partially reduced GO 
suspensions or gels. This method leverages the freezing point of water and capitalizes 
on ice crystallization to arrange GO or partially reduced GO sheets into a continuous 
3D framework. For this to occur, it is crucial to exceed the percolation threshold by 
concentrating GO or partially reduced rGO sheets. After freeze-casting, a subsequent 
reduction step is usually necessary to transform the porous GO monolith into a 3D 
rGO framework, thereby modifying the surface properties of the sheets. However, it 
should be noted that the freeze-casting process and subsequent reduction may have 
a marginal effect on the microscopic morphology of the final product. In the freeze-
casting of GO suspensions, the chemical characteristics of GO sheets play a pivotal 
role. When GO suspensions are frozen directly, they produce monoliths that are brittle 
and randomly oriented. In contrast, when freeze-drying is applied to GO-filtered gels 
or specific partially reduced GO dispersions, it results in super-elastic structures with 
a honeycomb-like cellular orientation. In part, this contrast in monolith structure 
can be explained by the heightened attraction between partially reduced GO sheets. 
Furthermore, the capacity of partially reduced GO sheets to adsorb onto ice surfaces, 
owing to their hydrophobic properties and the presence of abundant oxygen-contain-
ing groups, facilitates the development of these super-elastic configurations [25].

The term “super-elasticity,” as applied to freeze-cast partially reduced GO mono-
liths, characterizes their exceptional ability to endure substantial deformation and 
rapidly recover, rendering them exceptionally resilient materials. These materials 
exhibit remarkable load-bearing capabilities, sustaining loads up to 450,000 times 
their weight and rebounding from 480% compression quite quickly. Moreover, the 
freezing process’s temperature holds a significant role in shaping the 3D structure 
during freeze-casting. Various freezing temperatures affect ice crystal growth dynam-
ics, resulting in different wall thicknesses, overall dimensions, and pore architectures. 
Through precise control of the freezing temperature, researchers gain the ability to 
tailor the freeze-cast material’s properties to precise specifications. In recent years, 
bidirectional freezing technologies have also emerged as valuable tools for controlling 
the freezing process precisely. This innovative approach facilitates the creation of 
distinctive structures, such as fan-shaped arrangements of GO, which find applica-
tions across diverse fields, including water purification. Moreover, freeze-casting 
can use alternative solvents, such as those characterized by high vapor pressures 
and melting points slightly higher than room temperature. This variation, known 
as room-temperature freeze gelation, presents significant energy-saving advantages 
compared to freeze-drying with water. However, it’s worth noting that the cost associ-
ated with these organic solvents may present challenges for large-scale applications. 
The freeze-casting method stands as a versatile and efficient technique for producing 
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3D structures from GO or partially reduced GO suspensions or gels. The method 
allows the fabrication of super-elastic, highly resilient materials that can be tuned by 
manipulating freezing parameters and applying bidirectional freezing methodolo-
gies. This approach holds great promise across a broad spectrum of applications, 
encompassing domains like water purification and the development of lightweight 
structural materials.

2.13 3D printing before reduction

The extrusion-based 3D printing method, also known as robot-assisted deposi-
tion, robocasting, direct ink writing, or continuous extrusion, stands out for its ability 
to fabricate complex 3D rGO structures that are challenging to achieve using alterna-
tive manufacturing techniques. This technique involves the layer-by-layer deposition 
of GO or partially reduced GO inks, enabling the creation of intricate 3D structures. 
The effectiveness of extrusion-based 3D printing depends on the rheological proper-
ties of the GO ink. Specifically, the ink should exhibit shear-thinning behavior and 
viscoelastic characteristics to ensure proper adhesion between layers while maintain-
ing the desired print shape. The rheological properties of GO inks are influenced by 
various factors, including flake size and GO concentration. Smaller lateral sizes of GO 
sheets, typically in the range of 150–400 nm, display non-Newtonian fluid behavior 
at a concentration of 20 mg/mL. Higher concentrations result in increased viscosity 
and improved printability. To enhance printability further, modified GO suspensions 
are often used, incorporating additives such as pH-sensitive polymers, hydrophobic 
fumed silica powder, and basic compounds. These additives help regulate viscosity 
and shear-yield stress, making it possible to 3D print the inks effectively. In addi-
tion to extrusion-based 3D printing, optical 3D printing has emerged as a precise 
technique for manipulating micrometer-scale structures. This approach combines 
photo-excited polymerization with layer-by-layer 3D printing to generate complex 
macro-3D rGO architectures. The photocurable resin used in this process is created 
by blending diluted GO dispersion with photocurable acrylates and a photoinitiator. 
This resin can rapidly solidify through light-initiated polymerization. During optical 
3D printing, thin layers of the resin are deposited, cross-linked, and solidified using 
patterned light irradiation. This process is repeated for subsequent layers, resulting 
in the gradual construction of 3D structures. A light source with a wavelength of 
405 nm is typically employed, along with a spatial light modulator, to enable precise 
control over 3D patterns and resolutions. This technology allows for the fabrication of 
intricate 3D structures with controlled micron-scale dimensions, maintaining a high 
resolution of approximately 10 μm (Figure 4) [26].

2.14 Wet-spinning before reduction

Wet-spinning is a widely employed technique for the fabrication of 3D rGO 
structures, encompassing a range of forms such as fabrics, films, cylinders, spheres, 
and fibers. This method offers continuous alignment of rGO materials, resulting in 
the development of materials with distinctive properties. The wet-spinning process 
involves extruding a GO suspension through a nozzle into a coagulation bath. The 
concentration of GO within the suspension plays a crucial role in the successful forma-
tion of fibers. High concentrations of GO in the suspension foster strong interactions 
among GO sheets, promoting alignment and coagulation. Conversely, low concentra-
tions can lead to the formation of brittle fibers and collapsed structures. It’s important 
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to note that the formation of graphene fibers through wet-spinning follows a multi-
step mechanism. Initially, a multilayer GO film is generated as negatively charged 
GO sheets repel each other. As the charge neutralizes within the coagulation bath, the 
film undergoes bending and folding, resulting in highly aligned fine particles. The 
versatility of wet-spinning allows for the production of 3D graphene materials with 
diverse shapes and structures by controlling the rotation process. For instance, the 
wet-spinning of liquid GO crystals into a rotating coagulation bath can yield super-
elastic graphene aerogel millispheres. These millispheres possess continuous shell and 
core structures, exceptional mechanical strength, and unique jumping properties. 
Wet-spinning, when followed by a reduction step, emerges as a versatile and efficient 
approach for manufacturing a wide array of 3D rGO structures with tailored proper-
ties. The selection of GO concentration, spinning conditions, and parameters for the 
reduction process can be finely tuned to achieve specific characteristics in the final 
material. This method finds applications across various domains that demand high-
performance graphene-based materials, showcasing its versatility and adaptability.

3. Properties of 3D graphene

Since their initial creation in 2011, 3DGAs have consistently showcased excep-
tional properties. The Table below provides an overview of the physical characteris-
tics that define various 3DGAs, encompassing attributes such as specific surface area 
(SSA), electrical conductivity, pore structure, density, and mechanical properties. It 
highlights the remarkable qualities inherent to three-dimensional graphene networks, 
with a specific focus on GFs, graphene sponges (GSs), and graphene aerogels (GAs). 
These materials stand out for their impressive features, including substantial surface 
areas and pore volumes, reduced densities, noteworthy electrical conductivities, 
and robust mechanical performance. In a general context, it is evident that 3DGAs 
characterized by chemically bonded structures exhibit notably superior properties 
in comparison to those relying on physically assembled structures. As a result of 
these chemically bonded variants, they consistently demonstrate advantages such as 
reduced contact resistance, enhanced electrical conductivity, and superior mechani-
cal properties, such as heightened strength, toughness, and flexibility. As illustrated 
in the Table 1, chemically bonded GAs have a bulk electrical conductivity of approxi-
mately 1 S/cm. This level of conductivity outperforms what has been reported for 

Figure 4. 
Illustration of the optical 3D printing process [26].
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macroscopic 3DGAs exclusively constructed using physical cross-linkers or partial 
chemical bonding. For instance, GO hydrogel, with a conductivity of 5 × 10−3 S/cm, 
and 3D RGO, with a conductivity of 2.5 × 10−3 S/cm, significantly lag in this regard. In 
contrast, GFs exhibit significantly higher electrical conductivity due to their con-
tinuous and interconnected networks. Notably, GAs consistently demonstrate high 
electrical conductivities of around 1 S/cm, regardless of whether or not an organic 
cross-linker is employed.

This phenomenon may be attributed to the cross-linking interactions that occur 
among functional groups present on the surfaces and edges of the graphene oxide 

Synthesis 
method

Specific surface 
area (m2/g)

Pore 
structure

Density 
(mg/cm3)

Electrical 
conductivity 

(S/cm)

Mechanical 
property

Ref.

GF/Ni Foam 
template-
assisted CVD 
growth

∼ 850 (∼3 Layer 
graphene)

Porosity 
∼ 99.7% 
Pore size 
∼400 μm

∼5 (∼3 
Layer 

graphene)

∼7 (∼3 Layer 
graphene)

Flexible [27]

GS/freezing 
drying of GH

53.4 Pore size 
2–100 nm

9 0.54 Good 
Flexibility, 

Young’s 
Moduli 
7.56 kPa

[27]

GS/Self-
assembly 
of GO, 
hydrothermal 
freeze-drying

423 Long axis 
∼570–

620 μm 
short axis 

∼150–
300 μm

12 ± 5 [28]

GA/
supercritical 
drying or 
freeze drying 
of GH

512 Pore 
volumes 

2.48 cm3/g, 
pore size 

2–100 nm

12–96 ∼1 Young’s 
moduli 

1.2–6.2 MPa

[14]

GA/organic 
cross-linker

584 Pore 
volume 

2.96 cm3/g, 
pore size 
1–100 nm

10 ∼1 [29]

GA/organic 
cross-linker

Porosity 
99.7–99.8%

3–5 Highly 
compressible

[16]

GA/Chemical 
reduction

15 0.87 [21]

GH/
hydrothermal

Pore size 
∼ 0.1–7 μm

5 × 10−3 [30]

3D RGO/
hydrothermal 
freeze-drying

30 2.5 × 10−3 Compressive 
strength 

0.042 MPa 
compress 
modulus 
0.26 MPa

[31]

Table 1. 
The physical characteristics of various 3DGAs have been synthesized through diverse methods.
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Figure 5. 
(a–d) SEM images of the porous structures of four 3DGAs fabricated at different freezing temperatures of −170, 
−40, −20, and − 10°C, respectively. (e) Enlargement of the square area in image (a) [32].

during the sol–gel process. Alterations in fabrication conditions lead to variations in 
structural features, including the orientation of graphene sheets, physical or chemi-
cal interconnections between these sheets, pore size, porosity, and the number of 
graphene sheet layers. Consequently, these structural changes affect the properties 
of the material. For example, GFs possess an isotropic structure due to the absence of 
specific graphene sheet orientation, while GSs exhibit anisotropic structures. In the 
case of GSs, large graphene films align nearly parallel to one another, resulting in an 
anisotropic arrangement. The adaptable manufacturing process employed for GFs 
provides precise control over both their macrostructure and microstructure [31]. The 
pore structure within Ni foam can be carefully manipulated to tailor the pore size and 
porosity to meet specific requirements. Simultaneously, the adjustment of CH4 con-
centration plays a vital role in influencing several key characteristics of GFs, including 
the average number of graphene layers, surface area, and overall density. The concen-
tration of CH4 enables more graphene layers to be formed, resulting in a substantial 
change in SSA, density, and electrical conductivity. Intriguingly, it is noteworthy that 
the electrical conductivity of GFs exhibits an initial increase followed by a subsequent 
decrease as the number of graphene layers escalates.

In a similar vein, the microstructure and characteristics of graphene sponges 
(GSs) can be finely tailored by making adjustments to the synthesis conditions. 
Particularly, when GSs are fabricated through the freeze-drying process using 
graphene hydrogels (GH), the freezing temperature emerges as a crucial factor 
(Figure 5). Changing freezing temperatures cause significant pore size and wall 
thickness changes, changes in pore morphology from anisotropic lamellar to uniform 
cellular structures, and changes in Young’s modulus. It’s worth emphasizing that the 
mean pore size exerts a direct influence on water absorption properties, where larger 
pores impart water resistance to the sponge, while smaller pores facilitate water 
absorption. This tunable aspect of GS properties, contingent on freezing tempera-
ture, offers remarkable versatility for an array of applications [32].



47

Recent Progress on Synthesis of 3D Graphene, Properties, and Emerging Applications
DOI: http://dx.doi.org/10.5772/intechopen.114168

   4. Applications of 3D graphene 

  4.1 Drug delivery and cancer treatment 

 In conventional drug delivery methods, a range of challenges can arise, including 
low solubility, insufficient selectivity, and toxicity concerns. To address these limita-
tions, researchers have increasingly used carbon nanotubes (CNTs), a subgroup of 
graphene, as drug delivery platforms. CNTs offer a substantial surface-to-volume ratio, 
enabling the incorporation of significant drug volumes, encompassing both hydrophilic 
and lipophilic drugs. Drugs can be loaded either on the exterior or inside of CNTs, mak-
ing this a viable option for multidrug therapies. Of notable importance, drugs attached 
to the surface of CNTs possess the capability to recognize specific cell receptors and 
traverse cellular barriers without inducing toxicity. This innovative approach has 
demonstrated significant potential in the delivery of medications such as methotrexate, 
epirubicin, and doxorubicin, particularly in the context of cancer treatment [ 33 ].  

  4.2 Tissue engineering 

 Tissue engineering constitutes the development of functional tissues for purposes 
such as transplantation and regenerative medicine. Materials based on graphene 
have proven valuable in the design of scaffolds in this domain. The scaffolds promote 
crucial cellular processes, such as adhesion, proliferation, and differentiation. As a 
noteworthy example, the utilization of graphene oxide-modified 3D acellular car-
tilage extracellular matrix (ACM) scaffolds has yielded substantial advancements 
in the realm of cartilage regeneration. These scaffolds were found to promote good 
cell behavior and biocompatibility, making them promising for repairing cartilage 

  Figure 6.
  Graphene-based scaffolds have been explored for bone tissue engineering [ 34 ].          
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injuries [34]. Additionally, as shown in Figure 6, graphene-based scaffolds have been 
extensively investigated in various tissue engineering applications, including bone 
tissue engineering, cardiac tissue engineering, neural tissue engineering, and skin 
tissue engineering. The versatility and potential of graphene-based scaffolds in tissue 
engineering are underscored by this multifaceted application.

4.3 Sensors for magnetic resonance imaging (MRI)

Graphene’s unique properties have made it suitable for use in medical MRI sensors. 
Traditional sensors made from metals can introduce distortion and inhomogeneity to 
the magnetic field, leading to misdiagnosis. Graphene’s high conductivity, strain resil-
ience, and non-toxic nature make it an excellent candidate for replacing traditional 
metallic conductors in piezoelectric sensors used in MRI. Graphene-based sensors 
have shown promising results in providing clearer images with minimal distortion 
during MRI scans [35].

4.4 Stem cell-based transplant

Transplant therapy based on stem cells holds significant promise for the restora-
tion of damaged tissues and organs, particularly within the realm of neural regen-
eration. Neural stem cells (NSCs) can self-renew and differentiate into a variety of 
neural cell types, making them invaluable for treating nerve damage, promoting 
neurogenesis, and stimulating axonal growth. Within the sphere of regenerative 
medicine, carbon-based materials, including CNTs, carbon nanofibers, and 3DGAs, 
have attracted considerable attention owing to their distinctive electrical, mechanical, 
and biological properties [36].

4.5 Dental and oral application

There has been considerable interest in graphene-based materials in the field of 
dentistry due to their exceptional properties, particularly their potential antibacterial 
properties [37]. These materials have demonstrated their effectiveness against a broad 
spectrum of bacterial pathogens, including both gram-positive and gram-negative 
bacteria [38]. The utilization of 3D GAs in dentistry presents various applications and 
advantages, as outlined below:

a. Tooth filling: Graphene-based materials have been utilized in tooth-filling pro-
cedures. One of their notable advantages is their low cytotoxicity, making them 
safe for dental applications. These materials can be used to fill cavities and repair 
damaged teeth [39].

b. Antibacterial properties: Graphene-based materials exhibit robust antibacterial 
properties, contributing to the prevention of bacterial growth in the oral cav-
ity. This, in turn, reduces the risk of dental infections and enhances overall oral 
health. The effectiveness of this antibacterial action has been extensively investi-
gated and documented in studies [39].

c. Biocompatibility: Graphene materials are biocompatible with oral tissues. This 
means they are well-tolerated by the body and do not induce adverse reactions or 
inflammation when in contact with oral tissues [40].
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d. Enhanced imaging: Graphene oxide materials have also been investigated for 
their potential in enhancing dental imaging techniques such as X-rays. They can 
improve the contrast and quality of dental radiographs, aiding in more accurate 
diagnoses [41].

e. Tooth whitening: Graphene-based materials have been explored for their teeth-
whitening properties [42]. They can be incorporated into dental products to help 
whiten teeth effectively.

f. Bioactive coatings: Graphene coatings can be applied to dental implants and 
orthodontic devices to improve their biocompatibility and reduce the risk of 
infections or complications [43].

Thus, a variety of dental procedures may benefit from graphene-based materi-
als, including antibacterial properties, biocompatibility, and imaging enhancement. 
These properties make graphene-based materials promising candidates for improving 
oral health and dental treatments [42].

4.6 Supercapacitors

Due to their distinctive properties, such as high power density and extended 
cycle life, supercapacitors have received substantial attention as energy storage 
devices. These devices are categorized into two primary groups: pseudo-capacitors 
and electrochemical double-layer capacitors (EDLCs). Pseudo-capacitors, such 
as transition metal oxides and conducting polymers, store charges via chemical 
reactions on their surfaces. In contrast, EDLCs, frequently incorporating carbon-
based materials such as graphene, store energy through ion adsorption at the 
electrode-electrolyte interface. Because of its large surface area and varied dimen-
sions, graphene has gained widespread use in EDLC electrodes [44]. Recently, 3D 
graphene structures have emerged as compelling candidates for supercapacitors, 
thanks to their porous nature, expansive surface area, and interconnected networks, 
which enhance electrolyte ion accessibility and bolster electrical conductivity. The 
following 3D graphene configurations have been investigated for applications in 
supercapacitors:

a. Graphene spheres: Hollow micro/nanostructured graphene spheres deliver 
advantages such as a remarkable surface area and abbreviated diffusion length 
for charge and mass transport. A graphene-wrapped polyaniline hollow sphere 
demonstrated an exceptional specific capacitance of 614 F/g and maintained over 
90% capacitance after 500 charging/discharging cycles.

b. Mesoporous graphene nanoballs: These nanoballs, synthesized via CVD, exhib-
ited a high specific capacitance of 206 F/g at a scan rate of 5 mV/s and retained 
96% of their capacitance after 10,000 charging and discharging cycles [44].

c. 3D graphene networks: Structures like GFs, sponges, and hydrogels have 
garnered attention owing to their porous architectures, which facilitate the 
movement of electrolyte ions within the graphene frameworks. The high energy 
density of spongelike graphene nanostructures enables them to retain 98% of 
their capacitance after 10,000 cycles, for instance [45].
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d. Flexible supercapacitors: Flexible supercapacitors have been designed for wear-
able and portable devices. Graphene hydrogel films have been employed as 
electrodes in flexible solid-state supercapacitors, exhibiting high gravimetric 
capacitance and excellent cycling capability [45]. The films are mechanically 
robust and are well suited to flexible applications.

e. The graphene/MnO2 composite network has been used to manufacture ultralight, 
freestanding, flexible supercapacitors. Using CVD on nickel foam and electro-
chemically depositing MnO2, these networks achieved a high specific capacitance 
of 130 F/g and demonstrated low resistance variations upon vending [46].

So, 3DGAs have shown promise in supercapacitor applications, offering enhanced 
performance, high energy density, and excellent cycling capability. These structures, 
whether in the form of spheres, networks, or films, hold great potential for energy stor-
age in various electronic devices and portable applications. The utilization of graphene 
in flexible supercapacitors further expands their range of applications, making them 
suitable for emerging technologies like electronic textiles and wearable devices [44].

4.7 Lithium-ion batteries

In recent years, 3DGAs have become the focus of extensive research due to their 
potential application as active electrodes in batteries, particularly in lithium-ion bat-
teries (LIBs). These 3DGAs offer numerous advantages, including enhanced lifetime, 
higher energy density, and improved electrochemical performance, addressing some 
of the challenges typically associated with batteries, such as low reversible capacity 
and limited cyclic life. In the design of batteries, such as LIBs, it is crucial to consider 
the role of different components, including electrodes and electrolytes, in enhancing 
overall battery performance. In addition to its exceptional properties, 3D graphene 
is a highly promising candidate for achieving high-performance LIBs due to its large 
surface area, porous structure, rapid mass and charge transfer, and interconnected 
network. Among the key strategies for harnessing 3D graphene’s potential for LIBs 
is to incorporate metal or metal oxides such as Sn, NiO, Fe3O4, and LiFePO4, along 
with CNTs into graphene sheets. 3D graphene composites were formed as a result of 
these efforts, which exhibit remarkable electrochemical properties and significantly 
improve the performance of LIB electrodes. The incorporation of conductive nano-
materials such as graphene into Fe3O4 has attracted considerable attention, primarily 
due to the appealing characteristics of Fe3O4 as a prospective electrode material for 
LIBs. Aside from its high theoretical capacity, Fe3O4 has the advantage of being cost-
effective and non-toxic.

Stable electrode performance has been hindered by previously encountered chal-
lenges, such as Fe3O4’s low conductivity and high volume expansion. To tackle these 
issues, researchers have pioneered the development of 3D GFs-supported Fe3O4 LIBs. 
This innovative approach has yielded LIB electrodes with an impressive capacity of 
785 mA h/g at a 1 C charge–discharge rate, demonstrating stable performance over 
500 cycles [47]. 3D graphene’s incorporation into LIB electrodes confers several 
advantages in all the aforementioned studies. Firstly, it establishes a shorter path length 
for lithium ion transport, expediting charge and discharge processes. Secondly, it 
enhances electron transport and electrode conductivity. Lastly, it curbs the agglom-
eration of active materials, ensuring uniform and consistent electrode performance 
over extended cycling. The 3D graphene structures can significantly enhance LIB 
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performance. Through the integration of diverse metal or metal oxide composites and 
CNTs, researchers have harnessed the distinctive attributes of 3D graphene, resulting 
in improved electrode materials characterized by enhanced capacity, stability, and rate 
capability. These advancements pave the way for the development of high-performance 
batteries, with applications spanning from portable electronics to electric vehicles [48].

4.8 Sensors

In recent years, graphene-based materials adorned with metals and metal oxides 
have emerged as highly promising contenders for a diverse array of sensing devices, 
encompassing electrochemical sensing and biosensing. As a result of graphene’s excep-
tional optoelectronic attributes and the remarkable catalytic activity conferred by 
metals and metal oxides, graphene is attracting a growing amount of attention. Several 
applications involving these materials have yielded impressive results in terms of 
sensitivity, selectivity, and detection limits. Presented below are noteworthy instances 
of graphene-based sensing materials and their respective applications [49–52].

a. Ammonia (NH3) and nitrogen dioxide (NO2) detection utilizing 3D graphene 
networks: Yavari et al. developed a 3D graphene network tailored for the detec-
tion of NH3 and NO2 under standard room temperature and atmospheric pres-
sure conditions [53]. Due to its high sensitivity, this sensor was able to detect 
these gases at minute concentrations within the ppm (parts per million) range. 
The sensor’s exceptional performance can be attributed to the outstanding 
optoelectronic properties inherent to graphene, complemented by its intricate 3D 
structural design. This work holds substantial significance for applications such 
as air quality monitoring and environmental sensing.

b. Detection of hydrogen peroxide (H2O2) utilizing platinum-ruthenium bimetallic 
nanocatalyst-integrated 3D GFs: Kung et al. designed a sensor specifically for the 
detection of H2O2, featuring the integration of a platinum-ruthenium bimetallic 
nanocatalyst into 3DGFs [54]. Through this innovative approach, the surface 
area of the electrochemical reaction was increased, and efficient transport was 
facilitated. The resultant material exhibited remarkable performance in terms 
of electrochemical oxidation of H2O2, showcasing both high sensitivity and an 
impressively low detection limit. The application of these sensors is wide, rang-
ing from healthcare to environmental monitoring to food safety.

c. Utilizing 3D graphene interconnected with polyaniline (PANI) nanofibers for 
the determination of guanine and adenine: Yang et al. fabricated 3D graphene 
structure intricately connected with GO by self-doped PANI nanofibers through a 
simple adsorption and intercalation route via sonication of the mixed dispersions 
of both components [55]. The distinctive free-standing, three-dimensional inter-
connected nanostructure arises from the robust π–π* stacking interaction between 
PANI backbones and GO basal planes, coupled with electrostatic repulsion 
between negatively charged PANI and GO sheets. This nanocomposite exhibits a 
significant specific surface area, maintaining a uniform and stable dispersion with 
PANI. Consequently, it acquires high conductivity and excellent electrocatalytic 
activity. The nanocomposite’s negative charge and specific structure facilitate 
the adsorption of positively charged guanine and adenine through strong π–π* 
interactions or electrostatic adsorption. Leveraging these properties, the hybrid 
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serves as an outstanding sensing platform for the highly sensitive determination 
of guanine and adenine. Beyond its applicability to guanine and adenine, this ver-
satile platform lends itself to the determination of a multitude of other analytes, 
particularly within the realm of bioanalytical and clinical applications. These 
exemplars underscore the adaptability and potential of graphene-based materials 
to diverse sensing applications. Due to their unique properties, such as extensive 
surface areas, excellent electrical conductivity, and amenable functionalization, 
they are ideal candidates for sensor development. Furthermore, the integration 
of metals and metal oxides serves to bolster their catalytic prowess, broadening 
the horizon of possibilities in environmental monitoring, healthcare, and beyond. 
A graphene-based sensor can detect a wide range of analytes and has several 
advantages, such as fast response times, greater sensitivity, selectivity, and a wide 
range of analytes. As continued research in this domain advances, the anticipation 
of even more intricate and efficient sensing devices, spanning industries from 
electronics to biomedicine, becomes increasingly foreseeable.

4.9 Fuel cells

In the pursuit of sustainable energy sources and the transition away from finite 
fossil fuels, scientists and researchers have been exploring various avenues to develop 
renewable energy technologies. Among these, 3DGAs have garnered significant 
attention for their potential applications in fuel cells and microbial fuel cells (MFCs), 
where they serve as catalysts or catalyst carriers. In particular, these graphene struc-
tures improve the performance of oxygen reduction reactions (ORRs) in these energy 
conversion devices. In addition, they have shown promise for improving the power 
density and efficiency of MFCs, which can be applied to both energy production and 
environmental bioremediation [56–60].

a. Fuel cells: enhancing catalyst performance with 3D graphene.

Fuel cells serve as electrochemical devices, directly converting the chemical ener-
gy stored in fuels like hydrogen or methanol into electricity. Fundamentally, they 
operate by catalyzing reactions: anodes oxidize fuel, and cathodes reduce oxygen. 
The efficacy and performance of fuel cells heavily depend on the catalyst materi-
als employed. Researchers are actively studying the potential of 3DGAs as catalyst 
supports or even as catalysts. One illustrative case involves the integration of 3D 
graphene as an anode electrode within microbial fuel cells (MFCs). MFCs repre-
sent devices designed to harness the chemical energy embedded in biodegradable 
organic compounds through a bio-oxidation process, simultaneously yielding 
electricity and contributing to environmental bioremediation. Nevertheless, con-
ventional MFCs have issues such as low power density and low bacterial adhesion 
to electrodes. To tackle these issues, Yong et al. introduced an innovative anode 
electrode featuring a macroporous and monolithic structure, constructed from a 
hybrid material merging PANI with 3D graphene. As a result of graphene’s gener-
ous surface area, it is more robustly integrated with bacterial films, resulting in 
enhanced electron transfer along multiple conductive pathways.

b. Microbial fuel cells (MFCs) offer an innovative avenue for converting organic 
substances, including wastewater, into electricity via microbial-driven pro-
cesses. There are, however, several challenges associated with MFCs, including 
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low power density and limited bacterial adhesion to electrode surfaces. Recent 
investigations have delved into the utilization of 3DGAs to tackle these hurdles 
and enhance MFC performance. To illustrate, researchers developed freestand-
ing anodes for MFCs by adorning 3DGA with platinum (Pt) nanoparticles. This 
inventive configuration yielded an exceptional power density of 1460 mW/m2. 
The superior performance of these MFCs can be attributed to several factors, 
including a heightened bacterial loading capacity, streamlined electron transfer 
between bacteria and the 3D graphene/Pt anode, and expedited ion diffusion 
facilitated by the porous 3D structure.

c. Applications of 3DGAs in MFCs related to the environment and energy.

The integration of 3DGAs in microbial fuel cells holds significant promise for both 
energy generation and environmental bioremediation. These advancements not 
only enhance the efficiency of MFCs but also contribute to sustainable energy pro-
duction while mitigating environmental issues through the treatment of organic 
waste. As a result, the use of 3D graphene in fuel cells and microbial fuel cells 
represents an important advancement in the field of renewable energy and envi-
ronmental technology. These graphene structures contribute to improving catalyst 
performance, power density, and overall efficiency in energy conversion devices. 
As research continues in this area, we can anticipate further innovations and ap-
plications of 3DGAs in addressing global energy and environmental challenges.

5. Conclusion

3DGAs are noble materials for their distinctive 3D porous architectures, expansive 
specific surface areas, remarkable adsorption capabilities, exceptional electrical 
conductivity, mechanical robustness, and swift mass and electron transport proper-
ties. 3DGAs represent a transformative technology with far-reaching implications 
across various facets of human life. This review provides a comprehensive overview 
of recent advancements in 3DGA synthesis and their burgeoning applications in fields 
such as sensors, fuel cells, lithium-ion batteries, supercapacitors, dental materials, 
tissue engineering, drug delivery systems, and many other domains. The synthesis of 
3DGAs has evolved significantly, embracing methods like electrospraying, 3D print-
ing, and chemical and electrochemical reduction, among others. Efforts aimed at 
achieving cost-effective large-scale production and utilization of various 3D graphene 
materials are essential for their widespread adoption in industrial settings. It also 
holds the promise of mitigating toxicity concerns and ensuring safer applications by 
prioritizing the development of biocompatible 3DGAs.
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Surface Functionalization 
Reactions of Graphene-Based 
Nanostructure and Their Practical 
Application
Neeraj Kumari and Meena Bhandari

Abstract

Graphene (G) has captured the attention of scientists and researchers due to its 
remarkable electronic, structural, optical, and mechanical properties. While pristine 
G has been used for various desirable applications requiring high electrical conductiv-
ity, there is also a demand for altered or functionalized versions of G, such as G oxide, 
reduced G, and other functionalized variants, in numerous other applications. The 
structural alteration of G through chemical functionalization unveils a multitude 
of possibilities for adjusting its configuration, and various chemical and physical 
functionalization techniques have been explored to enhance G’s stability and adapt-
ability. Functionalization allows the customization of graphene’s properties, such as 
electronic, chemical, and mechanical characteristics, to suit specific applications. 
This chapter highlights the functionalization of graphene-based nanostructure, 
encompassing both covalent and non-covalent approaches, for a wide range of appli-
cations as well as for addressing current challenges and for outlining potential future 
research directions concerning surface functional modification for G and graphene 
oxide (GO).

Keywords: graphene, functionalization, surface modification, hydrophilic, doping

1.  Introduction

The well-known materials of the carbon family prior to the 1980s were graphite 
and diamond. The discovery of molecular carbon allotropes, including fullerenes, 
carbon nanotubes (CNT), and most recently, 2-D graphene (G), has completely 
altered the landscape of the inorganic chemistry of carbon [1]. Graphene possesses 
a 2D honeycomb-like lattice structure, made up of single-layer sp2-bonded carbon 
atoms (Figure 1) [2].

Single-layer G exhibits a unique characteristic of having a zero-band gap, leading 
to its exceptional optical transparency of 97.7%. Furthermore, G has an impres-
sive specific surface area of 2600 m2/g [3], which is greater than that of CNTs yet 
is less reactive because it lacks the binding stress that CNTs’ curvature produces. 
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Therefore, G is used by researchers and scientists in a large-scale application in 
different fields including drug delivery systems, biosensing, polymer compositing, 
and fabrication of liquid crystal devices. Other exceptional qualities displayed by G 
are its electrical, mechanical, optical, and transport nature and the G bipolar field 
effect [4–6]. These unique properties of G have opened up extensive opportunities 
for surface chemical applications and sparked intense interest among researchers and 
technologies [7].

Despite its advantageous properties, G sheets tend to restack and aggregate 
because of van der Waals interactions between the layers. This propensity poses 
significant challenges in applications linked to nanomaterials and biomaterials-based 
technologies, where maintaining the desired structural arrangement is crucial. The 
attractive van der Walls forces found between G sheets prevent the G dispersion 
in various solvents. Moreover, due to these interactions, the monolayer G tends to 
re-aggregate after exfoliation and dispersion. These additional limitations of the 
single-component materials, including challenging processing, impose significant 
constraints on its practical applications.

However, as compared to G, graphene oxide (GO), a derivative material obtained 
by the partial oxidation of G is gaining more attention as it can be synthesized on 
a large scale with more ease and cost-effectiveness. Thus, GO has experienced a 
remarkable increase in attention in recent times. The surfaces of GO sheets are rich 
in oxygen-containing functional groups that may include hydroxyl, epoxide, diol, 
ketone, and carboxyl sites (Figure 2). These groups play a crucial role in altering the 
van der Waals interactions, leading to a diverse range of solubilities in both water and 
organic solvents [8].

The functional modifications are essential to expanding the potential use of both 
G and its derivatives including (GO). Thus, the fundamental basis for achieving func-
tionalization lies in effecting changes to the intrinsic structure of G and its oxide. The 
two faces, edges, and defect sides of G can all be functionalized through surface or 
substitutional doping [9]. The existence of structural imperfections and the number 
of layers have an impact on G’s properties [10]. For example, G’s electrical conductiv-
ity tends to decrease with the introduction of defects during covalent functionaliza-
tion though the sp2 structure is preserved under non-covalent functionalization [11].

With improved synthetic techniques, G is made more usable in electronics and 
other fields that rely on quick electron transfer mechanisms including photocata-
lytic applications for renewable energy production. Another significant problem 
that needs to be addressed is the need for conversion of the 2-D G material into 
3-D, as the creation of higher-order nanostructures from G continues to show 

Figure 1. 
Structure of graphene.
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promise in applications like supercapacitors, fuel cells, water purification, drug 
delivery, photovoltaics, catalysis, gas adsorption, sensing [12], touch screens, 
spintronic devices, high-frequency circuits, toxic material removal, and flexible 
electronics [13–15].

The ability of the G surface to be altered and functionalized has opened a plethora 
of possibilities to develop specialized practical compounds [10]. The bandgap of 
single-layer G is altered for microelectronic devices [11]. Moreover, highly porous 3D 
structures can be engineered from the naturally non-porous 2D G and used in gas 
sorption, storage, separation, sensing, and electrochemical devices like batteries, fuel 
cells, and supercapacitors. Nevertheless, the vast array of potential applications can 
be expanded through numerous functionalization techniques for G and its deriva-
tives. These diverse functionalization techniques provide numerous opportunities to 
enhance the present applications of G in other areas, such as bioimaging or increasing 
band gaps for electronic use. In this chapter, methods for functional modification 
of G and GO have been discussed focusing on the essential chemical bonds and 
functional groups that affect their structural integrity. The chapter is divided into 
two sections. Firstly, the synthesis and structure of G-based materials are discussed. 
Then, G functionalization and applications of the derived materials are explored. The 
methods of G modification discussed include reactions with organic and inorganic 
molecules, as well as chemical modifications through covalent and non-covalent 
interactions with G [16].

2.  Synthesis of graphene-based nanostructure

2.1  Pristine graphene

The basic structure of all graphitic materials including charcoal, CNT, and 
graphite is based on G which is an indeterminately large atomic molecule. There are 
several approaches that range from mechanical exfoliation of high-quality graphite to 
direct growth on carbides by bottom-up and top-down techniques which are used to 
synthesize G [17].

Figure 2. 
G oxide containing various functional groups like hydroxyl, carboxyl, and epoxy.
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G sheets of different thicknesses can be synthesized through mechanical exfolia-
tion using a simple peeling process. The natural graphite or single-crystal graphite 
is engraved in oxygen plasma to create deep mesas followed by wedging and peeling 
off layers. The collected flakes of G are washed off and transferred to a substrate. 
Another approach to synthesizing defect-free monolayer G is physical exfoliation 
through ultrasonication using a high-boiling-point solvent [18].

One more promising method for synthesizing mono- or few-layer G is the chemi-
cal vapor deposition method (CVD), which also allows for the thickness and crystal-
linity of the G layer to be controlled using this method [19].

An alternative approach for G synthesis is plasma-induced CVD where the syn-
thesis process takes place at low temperature. This method is more commonly used 
to synthesize G as compared to CVD as during synthesis, low temperature and less 
deposition time are required [20].

The chemical exfoliation of graphite is one of the well-established variant meth-
ods to produce G. In this method, the increment of interlayer spacing of graphite is 
achieved by using active functional moieties, which results in the weakening of the 
van der Wall forces. In this technique, the intercalated G compounds undergo exfolia-
tion either through rapid heating, reduction process, or ultrasonication [21].

2.2  Graphene oxide

GO is highly hydrophilic and can easily swell after dispersion in water due to extra 
carbonyl and carboxyl groups that are present at the edges of the GO sheets. Due 
to this hydrophilicity, ultrasonication treatment is done to introduce a single or few 
layers of G which are exceedingly steady in deionized water and other solvents. This is 
necessary to understand that graphite oxide and GO are different [22].

Graphite oxide is a multi-layered system while GO is a few or single-layer system. 
On the basis of oxygen functionalities, numerous models related to GO structure 
have been studied. GO can be synthesized through the oxidation of graphite using an 
oxidizing agent in the presence of concentrated inorganic acids. Thus, GO is widely 
synthesized through various methods like Hummer’s method where potassium 
permanganate, as an oxidizing agent, concentrated sulfuric (VI), and nitric (V) acids 
are used to oxidize the G-to-GO [23].

Another method used to synthesize GO is the Staudenmaier method which 
involves the use of fuming nitric acid and KClO3 as oxidants [24], and the Tour 
method using concentrated phosphoric acid with potassium permanganate oxidant 
[25]. All these methods are known as chemical oxidation methods where various 
oxygen-containing functional groups are created on the edges and surface of G 
(Figure 3). These functional groups are responsible for the hydrophilic nature of GO 
as they break van der Wall forces. The characteristics of GO can be modified through 
functionalization to tailor the materials for specific applications.

2.3  Reduced graphene

When GO undergoes reduction, G is produced due to the removal of oxygen- 
containing functional groups. Various chemical, thermal, and electrochemical 
methods are used for the reduction of GO. The chemical reduction has been done 
using various reducing agents like hydrazine [26], sodium borohydride [27], hydro-
quinone [28], alkaline solution [29], ascorbic acid [30], and glucose [31].
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During the reduction method, a brown precipitate of G, which turns black dur-
ing dispersion, results in aggregation and precipitation of reduced sheets of G oxide. 
During the thermal reduction process, G oxide is heated to remove various oxide 
groups resulting in exfoliations with the evolution of CO2. The electrochemical 
reduction method can also be initiated at −0.8 V and completed at −1.5 V with the 
formation of black precipitates. There are some other methods like photochemical 
and photothermal methods which are used for the formation of reduced G oxide [32].

3.  Surface functionalization

Surface functionalization is one of the most important processes that enable the 
use of G-based materials for various applications. The functionalization affects the 
hydrophobicity and surface charge of G by changing the ionization of G. G’s surface 
can be modified via doping with chemical agents that include elements, compounds, 
polymers, and nanoparticles which enhance its dispersion, stability, and tribological 
properties. Through surface modification, stable G-based hybrid materials can be 
formed. When GO and its composites are used in a water-borne coating system, the 
main problem is to achieve homogenous dispersion of G. Therefore, to overcome 
this problem, the surface functionalization of GO is done by covalent/non-covalent 
reactions involving hydroxyl, carboxyl, and epoxy group using chemical moieties 
such as organic and inorganic, polymer, and nanocomposites (Figure 4). Among 

Figure 3. 
Reduction of GO through different methods.

Figure 4. 
Covalent and non-covalent functionalization of G.
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the groups, the epoxy sites react with the edges and defect sites of G to enhance the 
dispersion ability of G by forming a stable crosslinker between the epoxy binders 
and functional G. To enhance practical nano-electronic devices and sensors, band 
gap widening of G can be achieved through doping, intercalation, and striping 
processes [15, 33].

The appropriate functionalization of G and GO allows to protect their natural 
properties by preventing their aggregation during reduction steps [32] and it forms 
further functional groups to impart additional properties to the materials. As a result, 
the functionalization processes of G materials have been divided into four categories: 
that include: (1) covalent, (2) non-covalent functionalization, (3) substitutional dop-
ing, and (4) hybridization. With organic groups such as epoxide, carboxylic groups, 
amino, and hydroxyl groups, G can be functionalized directly through covalent 
bonding onto the surface sites. To increase dispersibility, for instance, carboxylic acid 
groups at the GO edges are then swapped out for amine groups such as ethylenedi-
amine and ethanolamine.

3.1  Covalent functionalization

For the purpose of enhancing G’s performance, covalent bonds are used to join G 
with newly added groups. When an appropriate functional group establishes a cova-
lent bond with the sp2 carbon structure of the G surfaces, at the edges or basal planes, 
covalent functionalization takes place. The aromatic nature of G can be improved 
by adding functional groups via the covalent method, which alters the electrical 
properties of materials while boosting its solubility and stability and widening the 
bandgap [34].

Covalent organic functionalization offers several advantages, allowing the combi-
nation of G’s properties with other functional materials like chromophores or poly-
mers, and it enhances the dispersibility of the material in organic solvents and water 
[35]. Surface functionalization at the edges and flaw functionalization are all possible. 
The resulting structural defects, which include structural flaws, atoms, and solvent 
molecules randomly adsorbed onto the materials, are brought on by the chemical 
processes used to produce G [5]. These defects also include damage to the carbon 
lattice and structural flaws. Covalent modification can, however, be categorized into 
different types, such as free radical addition, atomic radical addition, nucleophilic 
addition, cycloaddition, electrophilic substitution reactions, carboxyl, carbon-carbon 
skeleton functionalization, and hydroxyl functionalization.

3.1.1  Free radical addition

Functionalization of G based on the free radical addition involves the forma-
tion of covalent bonds through the interaction of free radicals with the G surfaces 
through thermal treatment, photochemical, or chemical treatments (Figure 5) 
[36]. One of the common radical reactions is carried out with aryl diazonium salts. 
Functionalization of G through free radical addition was performed by Tour and co-
workers where aryl radical forms were formed after the removal of nitrogen from aryl 
diazonium ion. It was found that the addition of free radical moiety took place on the 
sp2 surface of G by donating an electron [37]. The organic free radicals generated dur-
ing the reaction then reacted with G through the covalent formation and were found 
to be accountable for self-polymerization of the materials. The free radical addition 
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reaction is controlled by the G layers, and it is observed that G with a single layer is 10 
times more reactive than bi or multi-layered G [38].

This type of reaction is employed to study the antimicrobial characteristics of 
synthesized G and its composites using chlorophenyl groups. On functionalization 
with chlorophenyl groups, G has been found to be more effective as an antimicrobial 
agent. Numerous studies demonstrated the generation of free radicals used to induce 
the denaturation of DNA/RNA, leading to the inactivation of microbial cells.

An alternative method for introducing free radicals involves the reaction of ben-
zoyl peroxide with graphene sheets, which is initiated through photochemical means. 
This process entails focusing an Ar-ion laser beam onto the graphene sheets immersed 
in a solution of benzoyl peroxide and toluene [39].

Figure 5. 
Free radical addition with aryl diazonium salt.
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3.1.2  Nucleophilic addition reactions

In these reactions, G always behaves as an electron acceptor. For instance, when 
poly-9,9′-dihexyfluorene carbazole reacts with G, a base is used to initially form an 
anionic moiety, leading to the generation of nitrogen anions on carbazole (Figure 6). 
Subsequently, this anion reacts with the G surface, resulting in the formation of a 
covalent bond [40].

The primary sites of reactivity in the nucleophilic addition reaction are the epoxy 
groups found in GO. The amine (-NH2) functionality present in the organic modi-
fiers, possessing a lone pair of electrons, initiates an attack on the epoxy groups of 
GO. Notably, nucleophilic addition takes place with remarkable ease, even at room 
temperature and in an aqueous environment. Consequently, this method has gar-
nered significant attention as a promising approach for the large-scale production of 
functionalized graphene when compared to other techniques [41].

3.1.3  Cycloaddition reactions

There are different types of cycloaddition reactions like [2 + 1], [2 + 2], [3 + 2], 
and [4 + 2]. The most prominent reaction is [3 + 2] cycloaddition reaction includ-
ing 1,3-dipolar cycloaddition which was performed by Trapalis and his co-workers 
(Figure 7). G can be used on a large scale in the Diels-Alder reaction as it behaves both 
as a diene and a dienophile [42].

Due to its gentle reaction condition, the Bingel reaction is one of the exceptionally 
valuable reactions for functionalizing carbon nanomaterials, such as graphene. This 

Figure 6. 
Nucleophilic addition reaction with carbazole.
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reaction entails the use of a halide derivative of a malonate ester group in the presence 
of a base. The base extracts a proton from this derivative, leading to the formation of 
an enolate that subsequently attacks the C=C bonds within the graphene structure. 
The resulting carbanion undergoes a nucleophilic substitution, displacing the halide 
and resulting in the formation of a cyclopropane ring [43].

Arynes are well-known reactive intermediates in nucleophilic aromatic substitu-
tion reactions, and they are used on a large scale in various reactions. In recent times, 
there have been several attempts to employ aryne cycloaddition reactions for carbon 
nanomaterials, demonstrating its successful application in functionalizing fullerenes 
and their derivatives. Notably, various research groups have reported the chemical 
modification of graphene through aryne cycloaddition. Based on weight loss analysis, 
it is estimated that the degree of functionalization is approximately more than one 
functional group per 17 carbon atoms. The resulting graphene exhibits exceptional 
solubility and thermal stability, remaining stable even at temperatures as high as 
500°C. Additionally, similar reactions using 1,3-dipolar cycloaddition of azomethine 
ylides and cyclopropanated malonate have also yielded successful chemical function-
alization of G and its derivatives [44, 45].

3.1.4  Reaction with atomic radicals

When the reaction with organic free radicals and atomic species like hydrogen, and 
fluorine is compared, the possibility of side chain reaction is less in case of reaction with 
atomic radicals due to which uniform and homogenous functionalization of G occurs 
(Figure 8) [46]. During hydrogenation, deformation of lattice occurs on attaching of 

Figure 7. 
1,3-Dipolar cycloaddition reaction.
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atomic hydrogen resulting in easy formation of a second C-H bond. G in its hydroge-
nated form is known as graphane [47]. The fluorination reaction of G is found to be 
comparable with hydrogenation as fluorine attached to the carbon atoms of G through a 
single bond with enhanced binding strength results in high functionalization. Generally, 
there are three methods to synthesize fluoroG i.e. through: (1) exposition to XeF, (2) 
etching fluorinated complexes, and (3) graphite fluoride exfoliation [48].

Oxygenated G produced by applying Hummer’s method, exhibits significant hetero-
geneity. In this reaction, it is assumed that oxygen atoms will attach to graphene, result-
ing in the formation of epoxide groups. Researchers have successfully generated these 
epoxide groups by exposing graphene to oxygen plasmas and atomic oxygen beams [49].

3.1.5  Electrophilic substitution reactions

The functionalization of graphene (G) is made possible through electrophilic 
substitution reactions, taking into account its electron-rich structure. Various reac-
tions like Friedel-Craft acylation and hydrogen-lithium exchange can be included 
in electrophilic substitution reactions. In the Friedel-Craft reaction, acyl cation is 
formed as a reactive intermediate after introducing ketone moieties. The reactive 
intermediate is an acyl cation generated in the presence of a Lewis acid. This reaction 
was employed to produce brominated flame-retardant high-density polyethylene 
composites containing graphene nanoplatelets. In the hydrogen-lithium exchange 
reaction, the first deprotonation or carbometallation of G takes place using butyl 
lithium (Figure 9). The derivative of lithium-G reacts with an electrophile resulting 
in the formation of a covalent bond [50].

Covalent bond functionalization is simpler on GO as compared to G due to 
oxygen-containing groups on its surface. Common chemical processes involving these 
groups include addition reactions, carboxylic acylation, epoxy ring opening, isocya-
nation, and diazotization [7].

Figure 8. 
Reaction with gas phase atomic radicals.
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By employing polystyrene particles that have been “armored” using nanoscale GO 
sheets made via aqueous mini-emulsion polymerization of styrene, Wang et al. [51] 
took advantage of GO’s amphiphilic characteristics without the use of conventional 
surfactants. From graphite nanofibers, a unique technique was used to manufacture 
the nanoscale GO sheets of 100 nm diameter. Increased processability and new func-
tions are brought about via covalent bond modification  [51].

It is possible to covalently functionalize GO using a variety of other methods. 
GO nanosheets were chemically modified to include a sulfanilic acid group, which 
enhanced water dispersibility due to ionic repulsion [52].

Covalent bond modification facilitated increased processability and intro-
duced new functionalities. It has been reported that chemical modification of GO 
nanosheets with a sulfanilic acid group improved water dispersibility through ionic 
repulsion. Moreover, covalent functionalization with polyaniline (PANI) not only 
increased the surface area of reduced GO aerogel (rGOA) but also enhanced electrical 
conductivity and prevented G nanosheet aggregation. The functionalization started 
with a free radical reaction where GO donated an electron to aryl diazonium ion 
resulting in the formation of aryl radical. GO attached to aryl group through covalent 
bonding after cleavage from the N of PANI-grafted rGOA as high-performance 
supercapacitor electrodes [53].

The reaction was further preceded by amidation. Lastly, amino group act as 
active sites for polymerization of aniline on rGOA in an acidic medium using 
ammonium persulfate as oxidant resulting in the formation of PANI-grafted 

Figure 9. 
Mechanism of electrophilic reaction with BuLi.
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rGOA as shown in Figure 10. Consequently, the PANI-grafted rGOA exhibited 
superior capacitance performance (396 F/g at 10 A/g) compared to rGOA (183 F/g at 
10 A/g).

Shin et al. [54] prepared GO-LMB 21 (locked nucleic acid molecular beacon) using 
amine functionalized DNA, LMB, and carboxylate GO. The synthesized GO-LMB 
enhanced the detection limit of miRNA sensing to the picomolar level by covalently 
coupling fluorescence-labeled dsDNA probes onto the GO. This approach was 
adopted because interactions between GO and DNA molecules were obstructed by 
the presence of small molecules like lipids, proteins, and nucleic acids, which caused 
nonspecific probe desorption [54].

A porphyrin-G nanohybrid was created by Choi et al. [55]. By adding poly-
mers such as polyethylene glycol, dextran, and chitosan, the amidation process 
has frequently been employed to produce biocompatible GO [55]. The synthesis 
of chitosan (CS) modified graphene nanosheets under microwave irradiation in 
N,N-dimethylformamide medium is the best example of amidation reaction which 
involved the reaction between the carboxyl groups of graphene oxide nanosheets 
(GONS) and the amido groups of chitosan followed by the reduction of graphene 
oxide nanosheets into graphene nanosheets using hydrazine hydrate. The results 
showed that chitosan was covalently grafted onto the surface of graphene nanosheets 
via amido bonds. Solubility measurements indicated that the resultant nanocompos-
ites dispersed well in aqueous acetic acid.

Four esterification methods, namely direct, carbodiimide activated, oxalyl 
chloride acylation, and via an acid-functionalized GO intermediate, were investi-
gated for the preparation of surface-functionalized GO nanosheets using tannic acid 
(TA). In the first approach, direct esterification of GO was done with TA in an acidic 
medium. In the second approach, acid-functionalized GO (GO-COOH) was pre-
pared through the activation of GO with C2H3ClO2 in a basic medium. In the third 
experiment, the aqueous solution of GO-COOH was ultrasonicated followed by 
the addition of TA under ambient conditions to form the final product GO-COOH-
g-TA-2. In the last stage, the formation of acyl chloride derivative (GO-CO-Cl) 
takes place through the conversion of carboxylic acid into acyl chloride. The cova-
lent grafting of TA onto the GO surface renders it more hydrophobic, leading to 
enhanced organic solvent dispersion. Additionally, TA acts as a crosslinker between 
the GO nanosheets, thereby increasing its thermal resistance. Furthermore, the 

Figure 10. 
Covalent functionalization of rGOA with PANI.
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combined effect of GO and TA results in the suppression of bacterial growth. 
Among the examined methods, esterification using carbodiimide showed the 
highest degree of grafting, maximum thermal stability, and strongest antibacterial 
activity [56].

3.1.6  Carboxyl functionalization

The functionalization of GO has been extensively explored because of the 
 abundance of carboxyl groups near the edge of the material which are highly reactive 
groups [57]. The reactions are often started by the carboxyl functionalization step, 
after which dehydration of an amino group and a hydroxyl group takes place to create 
an ester/amide bond. The chemicals usually employed for carboxyl activation include 
thionyl chloride (SOCl2), 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylu-
ronium hexafluorophosphate, N,N-dicyclohexyl carbodiimide (DCC), and 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC) [58].

Functionalization of semiconducting G nanoribbons (GNRs) with Stone-Wales 
(SW) imperfections was demonstrated using carboxyl (COOH) group. A significant 
change in the properties of GNR was observed due to the SW defect as the electrons 
of unsaturated carbon atoms in COOH interact directly with donor state of GNR 
nanoribbons. The significant rehybridization interaction results in noticeable down-
ward shifts of the states originating from the two bonding carbon atoms to a lower 
energy range. This phenomenon helps to clarify why the defect band shifts downward 
after the adsorption of the COOH group. Essentially, the alteration in electrical 
conductivity with the density of single-wall defective carbon nanotubes (SWDCPs) 
can be attributed to the redistribution of electronic states. When SWDCPs axial 
concentration increases, the behaviors of the system shift from semiconducting to 
p-type metallic. Consequently, G nanoribbons (GNRs) offer promising prospects for 
applications in nano-electronics and chemical sensors [59]. Following the addition 
of CRGO-CN (chemically reduced G oxide having CN group) to a solution of sodium 
hydroxide and methanol, a hydrolysis reaction produced CRGO that was more abun-
dant in carboxyl groups (CRGO-COOH) [60]. A poly(3-hexylthiophene) molecule 
was grafted onto the carboxylic acids to activate them in order to create heterojunc-
tion photovoltaic devices [61].

3.1.7  Carbon-carbon skeleton functionalization

The aromatic basal plane of GO can be directly functionalized using highly reac-
tive intermediates including nitriles, carbenes, and aryl diazonium salts. This process 
could change the basal plane’s sp2 hybridization to sp3 after functionalization. In 
comparison to non-functionalized GO, GO functional groups considerably increased 
dispersion stability in water, dimethyl sulfoxide, and N,N-dimethylformamide 
(DMF). In the aromatic ring of G or GO, the C=C bond is mostly used for the func-
tional alteration of the carbon skeleton. Both the Diels-Alder reaction and the GO 
diazotization reaction have been documented [62]. The functionalization of G sheets 
was done through the one-pot process using anthraquinone molecules. In this process, 
the G electrode undergoes oxidative electrochemical exfoliation in the presence of 
0.1 M H2SO4 solution containing anthraquinone diazonium ions. Functionalization 
takes place through the spontaneous reaction of newly formed graphene sheets with 
diazonium ions (Figure 11) [63].
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Xiong et al. [62] produced 4-propargyloxyphenyl G (GCCH) through a two-step 
process. They mixed solution-phase G with 4-propargyloxydiazobenzenetetrafluo-
roborate at 45°C for 8 hours [62]. Then, the G carbon skeleton was treated and further 
functionalized using a click chemical reaction with azido polyethylene glycol car-
boxylic acid [64]. This approach proved to be versatile and practical, allowing for the 
creation of biosensors and composite materials with G by modifying the functional 
groups connecting the layers.

The underlying mechanism involves the formation of a diazonium salt or a diazo 
compound through the diazotization of an aromatic amine-containing material with a 
reactive functional group, leading to the generation of a free radical during deaeration 
[65]. The benzene derivative linked through sigma bond with the reactive functional 
group undergoes an addition reaction with a carbon double bond (C=C) to form a 
new single C-C bond. Eventually, G with the reactive functional groups undergoes 
functional modification with G oxide.

3.1.8  Hydroxy functionalization

Another significant method of modifying G is through hydroxy functionalization, 
in which the occurrence of several hydroxyl groups present on the GO surface enables 
the functionalization of hydroxyl-based via amidation reaction or esterification. The 
ester produced by GO is then further modified using other functional groups [66]. 
The hydroxyl groups were substituted after esterification in order to create aziolated 
GO. Stirring GO with 2-bromoisobutyryl bromide for 2 days proceeded by dispersion 
of the esterified GO in dimethylformamide and sodium azide for 24 hours produced 
azido functionalized GO resulting in improvement in the solubility of the functional-
ized GO in polar solvents like chloroform and tetrahydrofuran [67].

Figure 11. 
The one-pot electrochemical exfoliation of graphite leads to the spontaneous functionalization of graphene sheets 
(EG) with anthraquinone.
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The researchers utilized tris buffer (TB) and diethanolamine (DEA) which are 
water-soluble, non-toxic, and biocompatible to easily produce alcohol-functionalized 
GO material. This alcohol functionalization on GO resulted in the expansion of inter-
layer space and specific surface areas, allowing for the molecular grafting of amines 
to G. In a 60% KOH solution with a density of 1 A g−1, in a 6% KOH solution with a 
density of 1 A g−1, the synthesized materials exhibited high specific capacitance values 
of 372 and 252 F g−1 [68].

Erythritol, a promising medium-temperature candidate, was combined with 
GO nanosheets as an additive to increase the dispersion stability of the composites. 
GO nanosheets treated with hydroxyl groups were used for this purpose. Moreover, 
the application of functionalized GO nanosheets as an additive has proven effective 
in enhancing erythritol performance, which is a promising medium-temperature 
candidate. To optimize overall performance, a trade-off evaluation on the loading of 
the additive is necessary. By combining GO nanosheets with erythritol, the disper-
sion stability improved significantly while using GO nanosheets after treatment with 
hydroxyl-containing compound, the highest loading of 1.0 wt% GO nanosheets led to 
a twofold increase in thermal conductivity and a reduction in supercooling from 64°C 
to 48°C. It has been demonstrated that functionalized GO nanosheets are effective 
in enhancing the performance of erythritol, however, to obtain the greatest overall 
performance, a trade-off analysis on the loading would be necessary [69].

In other words, the hydroxyl groups were selectively functionalized using a 
variety of chemical strategies. The Williamson reaction with an amino-terminated 
linker derivatized the hydroxyl groups, resulting in the production of ether bonds. In 
contrast to most derivatization methods for hydroxyl groups, this reaction occurred 
under benign conditions at ambient temperature, preventing the reduction of GO. 
Then, effective esterification of the hydroxyls using aminocaproic acid at room 
temperature has been carried out. Overall, the hydroxyls’ reactivity in the Williamson 
reaction and esterification was quite similar [70].

When dispersing gold nanoparticles (GNPs) in pyridine, Georgakilas et al. [39] 
employed 1,3-dipolar cycloaddition of azomethine ylide to add the hydroxyl group to 
G surfaces. For 30 days, the functionalized GNPs could persistently be disseminated 
in ethanol [39]. Using a ball mill to exfoliate graphite and potassium hydroxide, the 
authors were able to produce hydroxyl-functionalized G. The G with the hydroxyl 
functional is very electroactive, hydrophilic, and water dispersible. The functional-
ized G is made up of single- to few-layer GNPs. Esterification has been reported by 
the addition of poly(vinyl) alcohol to GNPs [71]. The carboxylic group was added to 
the pre-functionalized GNPs by oxidizing them in a cold nitric/sulfuric acid solution 
while subjecting them to extended sonication. Amiri et al. [70] functionalized GNPs 
with ethylene glycol via a microwave-aided electrophilic process. In water/ethylene 
glycol conditions, the functionalized GNPs exhibit good dispersibility [70].

3.2  Non-covalent functionalization

The stable dispersion of G materials in organic solvents can be achieved through 
covalent functionalization using aromatic compounds [72–73] isocyanates, 
and aliphatic amines [74]. However, this covalent approach comes at the cost of 
reducing many of the advantageous characteristics of G-based materials (GBMs), 
such as their barrier, electrical, and mechanical properties. In contrast, the non-
covalent approach focuses on achieving stable dispersion by relying on physical 
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adsorption and/or enfolding of molecules or polymers through weak interactions 
like hydrogen bonding, van der Waals forces, and H-π, π-π, cation-π, and anion-π 
interactions. This non-covalent method allows for the preservation of the electrical 
properties of GO [32].

Non-covalent functionalization procedures have a significant benefit over covalent 
functionalization approaches since they lessen the impact on the G structure and its 
inherent material qualities [74]. GBMs can be non-covalently functionalized using a 
variety of techniques, including polymeric grafting, interaction of small molecules 
with aromatic rings, or use of surfactants [75].

The G structure suffers little harm from the non-covalent change, and maximum 
properties can be preserved [13, 76]. Previously, conjugated molecules such as 
1-pyrenebutyrate, sulfonated polyaniline, dendronized perylene bisimides, polyacet-
ylenes, and carboxylated oligoanilines have been used to disperse G [39, 77]. Through 
dispersant, van der Waals interactions or electrostatic repulsion prevails which may 
aid in G stability in solution.

3.2.1  π-π interactions

G interaction with other compounds or nanomaterials is influenced by two 
 different forms of π-π interactions that take place between the electron-rich and 
electron-poor areas. This is frequently observed in C6R6 (R is substituents like hydro-
gen or other groups altering the ring’s polarity) where C and R arrange through face 
and edges interaction. Beyond benzene, these interactions also occur with biologically 
significant compounds such as DNA and porphyrins. These interactions, which are 
also present in small molecules, can be used to functionalize GO and G systems for 
processing and property modification.

A novel approach to non-covalently functionalized GO involved using hyper-
branched polyesters with terminal carboxyl (HBP) to produce HBP-GO through 
strong π-π coupling between hyperbranched polyesters and GO nanosheets. This 
method was aimed at enhancing the interfacial characteristics between GO and 
epoxy resin (EP). The presence of hyperbranched polyesters embedded within the 
GO layer created a steric hindrance effect, effectively preventing the aggregation of 
GO nanosheets, and greatly improving their dispersibility. Additionally, this non-
covalent functionalization increased surface energy, interfacial energy, and adhesion 
work, reduced the contact angle of HBP-GO with EP, and significantly enhanced the 
wetting property of HBP-GO [78].

The G compounds with non-covalent functionalization spread easily in polar 
aprotic liquids. According to Marcia et al., non-covalent pyrene derivatives were 
applied to GBMs to prevent agglomeration and improve compatibility with the 
polymer matrix [79]. Layek et al. [80] found that functional groups on the pyrene 
basal plane edge also improved the interface between G and the polymeric matrix 
[79]. Similar to this, non-covalently functionalized G composites with enhanced 
barrier characteristics and G dispersion utilizing pyrene derivates and polyketones 
[80]. The fluorescence qualities of the dispersant with conjugated structure are typi-
cally present; however, once the G is combined, the fluorescence capabilities will be 
significantly quenched [81].

The reduction of GO through the wet chemical method produced a G-based mate-
rial having aggregation-induced emission (AIE) properties. During the GO reduction 
process, TPEP, a conjugated molecule containing tetraphenylethylene (TPE) and 
pyrene, was used as a stabilizer. The resulting rGO-TPEP exhibited AIE property 
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and high dispersion in solution compared to TPEP alone. The fluorescence intensity 
of rGO-TPEP was 2.23 times stronger. rGO-TPEP proved to be a sensitive chemical 
sensor for explosive detection in both aggregated and solid states, owing to its unique 
optical features and AIE effect. In the aggregated state, rGO-TPEP demonstrated the 
ability to detect even small concentrations of 2,4-dinitrotoluene (DNT) at 0.91 ppm, 
with a high quenching constant of 2.47 × 104 M−1 [82].

3.2.2  Functionalization with polymers, drugs, and biomolecules

The π-π interactions between G derivatives and polymers containing aromatic 
rings provide an excellent example of how tight binding can result in highly homo-
geneous polymer composites with improved mechanical, electrical, and thermal 
properties [81, 82]. For instance, Kevlar, an aromatic ring-containing polymer, can 
strongly interact with G through stacking, and when incorporated into a G nanorib-
bon (GNR) composite, it enhances the mechanical properties significantly. For 
example, the addition of 1 wt% GNR to Kevlar/PVC composite increased the Young’s 
modulus and yield strength by approximately 72.3% and 106%, respectively.

Non-covalent functionalization of G has been explored in other applications. 
One method involves non-covalently functionalizing G with amine-terminated 
polystyrene, which enhances its dispersibility in organic environments [71]. Another 
approach uses self-assembled monolayers of 1,4-benzenedimethanethiol (BDMT) to 
anchor gold nanoparticles on the G surface, enabling highly sensitive electrochemical 
detection of H2O2 [83].

A novel method for modifying G in field-effect transistors (FETs) application was 
developed, involving positive and negative doping effects induced by sequentially 
treating G with gold nanoparticles (AuNPs) and thiol-SAM molecules [82]. This 
technique demonstrated a Dirac voltage switcher on a G FET using heavy metal ions.

Similar to this, a G structure that self-assembled and adorned with glucose oxidase 
was employed to support the sensing of glucose within the 20 nm detection limit 
[84–86]. To detect nitrate, copper nanoparticles and adorned self-accumulated G 
was synthesized by Wang, Kim, and Cui [87]. Non-covalently functionalized G with 
60 nm thickness and 300 nm diameter was obtained with dextran and chitosan via 
layer assembly on the GO surface for an anticancer function [88–89].

Jung et al. [90] introduced a novel G probe functionalized with single-stranded 
DNA (ssDNA) for the accurate detection of H2S and NH3 in exhaled breathing. The 
functionalization of G with ssDNA creates an ion-conducting channel, enabling effi-
cient proton hopping at humidity levels above 80%. This process results in excellent 
carrier density modulation, which has the potential to detect biomarkers for illnesses 
such as kidney diseases and halitosis. The chemiresistive probe was fabricated using 
a hybrid configuration, where non-covalent π-stacking interactions between ssDNA 
and G play a crucial role in facilitating the detection process [90].

Concha et al. [91] utilized self-limiting monolayers of ammonium-substituted 
pyrenes to impart a general positive charge to the G surface and sulfonate-substituted 
pyrenes to impart a general negative charge. Both types of pyrenes resulted in a stable 
hydrophilic surface, which allowed for the specific immobilization of macromolecules 
that carried either negative or positive charges. This straightforward and versatile 
non-covalent approach is applicable to G on various substrates, including Cu, SiO2, 
suspended G, and graphite. By transforming G from hydrophobic to hydrophilic, this 
method facilitates the use of electrostatic interactions to control the adsorption of 
macromolecules [91].
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Gan et al. [92] developed a nanocomposite to functionalize G with D-glucose using 
poly (vinyl alcohol) (PVA) and poly (methyl methacrylate) (PMMA) as matrices. 
The interaction between the polymer blend and D-glucose moieties through hydrogen 
bonds connected to the fillers led to the uniform diffusion of functionalized G within 
the matrices. This resulted in a significant improvement in the thermomechanical 
properties of the nanocomposite [92].

Chhetri et al. [89] used a catalyst based on 3-amino-1,2,4-triazole (TZ) in KOH to 
functionalize GO nanoparticles and then incorporate them into epoxy resin resulting 
in better thermal and mechanical resistance. More specifically, compared to compos-
ites containing pure GO, both the tensile strength and elastic modulus increased by 
roughly 30%, while fracture toughness increased more than a magnitude [89].

Functionalization of high-density polyethylene (HDPE) with maleic anhydride 
(GO-g-MA), GO with ethylenediamine (GO-EDA), and oxidized CNTs (MWCNTs-
COOH) were used in a complicated system that Bian et al. [93] developed. To connect 
GO-EDA and MWCNTs-COOH, L-aspartic acid was employed, creating a hybrid 
network. This hybrid network was then melted into HDPE-g-MA [93].

The packaging business is a significant additional area where the utilization of 
G and its derivatives may be of tremendous relevance. Given the growing environ-
mental concerns around waste disposal, two significant areas of application are food 
and electronic packaging, both requiring excellent barrier properties against gases, 
particularly water vapor. Functionalization of G has also been employed in packag-
ing materials, where it can enhance mechanical qualities, chemical endurance, and 
barrier properties [86]. Examples include G functionalized with D-glucose to improve 
thermomechanical properties in polyvinyl alcohol and poly(methyl methacrylate) 
matrices [93], as well as GO functionalized with 3-amino-1,2,4-triazole to enhance 
thermal and mechanical resistance in epoxy resin [94].

G’s utilization in electronic packaging holds particular promise due to its ability to 
enhance mechanical properties, chemical resistance, and barrier performance [79].

Nanocomposites were formed using vinyl silicone resin prepolymer. The addition 
of 1% of functionalized G nanoplatelets (GNP) resulted in a substantial improvement 
in mechanical properties, increasing the tensile strength by approximately 500% and 
the elastic modulus by up to 1000%. Moreover, at higher percentages of functional-
ized GNP (10–15%), there was a significant enhancement in thermal conductivity, 
reaching 16 to 38 times the initial conductivity of the resin [94].

Hierarchical structures were created by growing in situ SiO2 nanoparticles on 
reduced G oxide (rGO) nanoplatelets that had been non-covalently functionalized. 
These were discovered to serve as a reinforcing agent for the matrix made of hydroge-
nated nitrile butadiene rubber, significantly resulting in a significant improvement in 
both the static and dynamic mechanical properties [95–96].

Ou et al. [97] developed an eco-friendly polyurethane comprising of poly (L-lactic 
acid) as flexible fragments and G. The process involved initiating the ring-opening 
polymerization of L-lactic acid with phenol-derivatized G, resulting in a polymer 
grafted with G. Subsequently, the polymer endured condensation polymerization 
with diphenylmethane-diisocyanate to produce the polyurethane. This polyurethane 
exhibited superior hydrolysis and antifouling behavior compared to the clean poly-
urethane, thus making it a suitable coating for flat surfaces [97].

Layer-by-layer assembly propelled by electrostatic contact was used to alternately 
deposit polyethyleneimine and functionalized GO (FGO) on poly (vinyl alcohol) 
(PVA) film surface, giving the coated PVA film remarkable flame retardancy. The 
PVA matrix was enclosed in a shield of defense created by the multilayer FGO-based 
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coating, which successfully stopped the mass and heat transfer that occurs during 
combustion. Compared to plain PVA, coated PVA shows an initial decomposition 
temperature of 260°C and a nearly 60% lower total heat output [98].

3.3  Nanoparticle functionalization

Another common type of functionalization is the addition of various nanoobjects, 
such as nanoparticles (NPs), nanowires, nanorods, and nanospheres (NSs), to G het-
erostructures and nanocomposites. In contrast to pure G, nanoobjects are equipped 
with a variety of capabilities based on the inherent features of materials. To expand 
G’s potential in a variety of electronic and optoelectronic processes, the nanoobject-
based G nanocomposites in particular combine specialized optical and electrical 
capabilities. The semiconductor nanoobjects that can outperform the low-absorption 
behavior of pure G have certain exceptional optical properties. For instance, when 
coupled with G to create nanocomposites, the semiconductor cadmium sulfide 
quantum dots/nanoparticles (CdS QDs/NPs) have significantly enhanced the photo-
absorption as well as photoelectrical reactions [99].

When paired with G/ZnO heterostructures, ZnO nanowires/nanorod semi-
conductors with UV activity have a wider bandgap, which can enhance G’s UV 
responsiveness. Likewise, when mixed with G to create nanocomposites, the TiO2 
NPs demonstrated better photocatalytic and photoelectric activity [100–101]. The 
G/nanoobjects also demonstrate exceptional activity in electrical and electrochemi-
cal fields; according to one study, in a hydrogen evolution reaction, MoS2 NSs/G 
nanocomposites displayed superior electrocatalytic properties to pure MoS2 [102]. 
Additionally, Ni (OH)2, the NSs/G nanocomposites have shown improved perfor-
mance in investigations pertaining to electrochemical capacitors [103].

Pure Co3O4 NPs and Co3O4 NPs/G nanocomposites demonstrated significantly 
higher oxygen reduction than a C/Pt catalyst. During the oxidation of methanol, the 
metal NPs, which are only Pt-functionalized with G, demonstrate excellent electro-
catalytic activity [104]. Shahid et al. demonstrated the functionalization of G with 
nanoscale particles which show selectivity for hydrazine [105].

G-gold nanostructures (G-AuNS) have emerged as highly effective sensing 
substrates, enabling the development of electrochemical biosensors that are 
affordable, dependable, rapid, and sensitive. These electrochemical devices have 
found significant applications in the biomedical domain, for detecting glucose 
through enzymatic or catalytic approaches, as well as H2O2, biomolecules (DNA, 
protein), small molecules (dopamine), microorganisms, foodborne pathogens, 
environmental pollutants, and a wide range of other analytes. In general, elec-
trochemical biosensors present remarkable advantages, including customization, 
miniaturization, and rapid analysis capabilities. Nevertheless, they also come with 
certain common analytical limitations, such as susceptibility to interferences from 
complex biological sample matrices and the inability to simultaneously detect 
multiple analytes [106].

3.4  Plasma hydrogenation

G is an example of a 2D material with exceptional qualities that can be used for 
huge on/off ratio devices and hydrogen storage. G’s outstanding electrical, optical, 
mechanical, and thermal capabilities have propelled it to the forefront of cutting-edge 
research and industry. However, a significant barrier to its use has been G’s lack of a 
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sizable band gap. Various methods have therefore been developed to open and control 
a band gap in functionalized G.

The most straightforward chemical modification of G involves hydrogena-
tion. In this process, each lattice carbon can bond with only one hydrogen atom, 
assuming no carbon-carbon bonds are broken. Surprisingly, due to the similar 
electronegativities of carbon and hydrogen, the C-H bond is expected to be 
nonpolar, not significantly impacting the G’s doping. Based on our knowledge of 
organic chemistry, the C-H bond in organic molecules is relatively unreactive, 
leading to the anticipation that hydrogenated G would be chemically stable and 
inert. This hydrogenated form of G was envisaged as a chemically stable, nonpolar, 
two-dimensional material with potential applications in electronics, and possibly 
hydrogen storage (Figure 12) [106].

On the other hand, hydrogen plasma treatment for surface modification of single-
layered G has garnered significant scholarly interest due to its potential for conven-
tional wafer-scale production. Researchers have successfully created a monolayer 
chemical-vapor-deposited G, hydrogenated by an indirect hydrogen plasma, with 
no structural defects. They observed that adjusting the hydrogen coverage allows for 
precise control of the band gap, achieving values of up to 3.9 eV [107].

Plasma containing H3
+ ions having 3.45, 5.35, and 7.45 eV energies was used to 

expose G sheets. Only the specimen subjected to the lowest energy plasma could be 
thermally annealed back into G; the other specimens had irreversible features as a 
result of vacancy defects caused by ions having high energies. By employing plasma 
with the proper ion energy and Joule heating, the alterable property in G FETs has 
been demonstrated, proving that the damage caused by plasma was minimal [108].

The photoluminescence of hydrogenated G exhibits an intriguing optical char-
acteristic. This phenomenon arises from the creation of electronically disconnected 
conjugated polycyclic regions, exhibiting a diverse range of absorption outlines and 
remarkably fluorescent emission features as atoms randomly populate the G lattice 
[109]. These luminous regions possess functionality comparable to carbon nanodots. 
Consequently, highly hydrogenated G has garnered interest for applications involv-
ing white light fluorescence, optoelectronic characteristics, and imaging capabilities, 
akin to quantum dots [110]. Elsewhere, Elias et al. discovered that the hydrogenation 
had a strong p-doping behaviour. However, it was discovered that once the sample 

Figure 12. 
Plasma hydrogenation of G.
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was dried, hydrogen showed the n-doped behaviour in the G and p-doping effect was 
initiated by adsorbed water molecules [111].

These studies highlight the importance of surface modification of GO in tuning its 
properties and enabling novel applications in analytical chemistry. Fortunately, GO 
possesses numerous active surface functional groups, which allow for surface modi-
fication through various interactions, including covalent and non-covalent interac-
tions. Additionally, successful surface modification of GO has been achieved through 
the doping of heteroatoms or nanocomposites.

3.5  Substitutional doping of graphene

The most realistic and appropriate approach to amend the band structure of G 
is doping where G changes from semi-metal to n or p-type semiconductor. This is 
accomplished by substituting or replacing carbon atoms from G lattice with foreign 
elements, a process known as substitutional doping of G. Substitutional doping is 
going to be interesting as it introduces the charge in the structure of G.

In this type of doping, G’s carbon atom is replaced by another atom like nitrogen, 
phosphorous, boron, sulfur, etc., near the opening (Figure 13). In a pristine G, the 
unpaired electrons are tightly bonded and passivated within its delocalized structure, 
rendering it chemically unreactive and limiting its energy absorption capacity [112]. 
However, G can be easily p-type doped through surface absorption. When pristine G 
is exposed to molecules with electron-withdrawing groups (such as H2O, O2, N2, NO2, 
PMMA, etc.), noticeable p-type doping occurs, but it can quickly return to its original 
state once the doping molecules are removed.

In contrast, achieving stable n-type doping in G presents more challenges. 
Although some electron-donating molecules like ammonia, potassium, phosphorus, 
hydrogen, and poly(ethyleneimine) (PEI) can induce n-type doping through surface 
electron transfer, these doping effects often prove to be unstable. As an alternative 
approach, introducing nitrogen-containing precursors during the growth process 
can partially replace lattice carbon atoms with nitrogen atoms, leading to effective 
n-doping.

Combining both p-type and n-type doping methods enables the creation of p-n 
junctions in mono- or bi-layer G. These hetero-doped G p-n junctions have paved the 
way for novel functional devices like photothermoelectric devices [113].

Heteroatom insertion can produce extraordinarily abundant active sites in G. 
The addition of a heteroatom with a different electronegativity from the carbon 
atom could break the electroneutrality of G resulting in the generation of unstable 
charged zones and such zones might act as active sites. These active sites may exist as 

Figure 13. 
Doping mechanism in G layer.
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structural defects (arising from the lattice strain). The lattice strain is mainly due to 
the difference in size of dopant and carbon atom. The base of these active sites intro-
duces the band gap and semiconducting properties of G by improving their chemical 
properties. The heteroatom can be substituted into G through various methods like 
solid-phase synthesis, liquid-phase synthesis, and direct synthesis [114].

CVD and segregation-growth approach are the direct synthesis methods. The 
most prominent method to introduce the heteroatom in G is the CVD method where 
heteroatoms are directly incorporated into lattice of G [114–116]. This method is 
used to synthesize n-type semiconductors using G and nitrogen element as dop-
ant accompanied by alteration of charge mobilization and transference of electron 
results in the transition of G from metal to semiconductor. As a result, nitrogen-
doped graphene finds applications in both the electronic and optoelectronic 
realms [117].

Another method used to synthesize doped G is a segregation-growth method 
which is also a direct synthesis method. In this method, some selective doping is 
possible as a heteroatom incorporated into some selective surface of G. Recently, 
Wang et al. confirmed the fabrication of nitrogen-doped G via this method exhibited 
a bandgap of 0.16 eV. This method is used to control the concentration and position of 
doping materials hence the synthesized G used for FET application [118].

4.  Conclusion, challenges, and future prospectives

The chapter delves into the ability of G materials for various applications such as 
energy storage, conversion devices, and many more. To leverage the unique proper-
ties of G, it can be combined with other nanomaterials like metal, metal oxide, 
magnetic nanoparticles, quantum dots, etc., using surface functionalization and 
nanoparticle functionalization, along with plasma dehydrogenation and substitu-
tional doping. The appropriate modification of the surface through doping and/or 
functionalization creates promising opportunities for the use of these materials in 
device applications.

Surface functionalization can be achieved through covalent and non-covalent 
functionalization. Non-covalent functionalization, while easy and rapid, relies on 
hydrophobic, van der Waals, and electrostatic interactions, making it susceptible 
to leaching out functions from the G sheets during application. On the other hand, 
covalent functionalization capitalizes on oxygen functional groups present on G 
surfaces, such as carboxylic acid groups at the edges and epoxy/hydroxyl groups on 
the basal plane, to modify the surface functionality of G. Covalent functionalization 
addresses the drawbacks of non-covalent functionalization and allows for the precise 
decoration of desired functions on suitable platforms.

Regarding surface transfer doping, its long-term stability is lacking as 
adsorbed species can desorb from the G surface and react with reactive molecules. 
Substitutional doped G, where metal or heteroatoms are attached to the carbon 
linkage of G, offers improved stability. However, it faces critical challenges in terms 
of large-scale production, doping controllability, and mechanisms. The production of 
G indeed faces several challenges, including the need for specific conditions and high 
temperatures in some methods such as the CVD method where high temperatures are 
required (typically above 1000°C) to create the necessary conditions for graphene 
growth. These high temperatures can be energy-intensive and may limit the scalabil-
ity and cost-effectiveness of production. Developing a controlled synthesis of doped 
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G could provide a desirable solution. As the field of novel materials and innovative 
applications continuously advances, understanding the mechanisms for reactions in 
many electrochemical systems remains complex. Further investigations into doped 
G materials hold promise for contributing to energy systems. Controlled reduction 
offers a viable pathway for mass-producing semiconducting G.

GO has proven its versatility in various applications, including optoelectron-
ics, drug delivery materials, biodevices, and polymer composites. Consequently, 
G emerges as a promising candidate for immobilizing various substances, such as 
metals, biomolecules, fluorescent molecules, drugs, and inorganic nanoparticles.
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AIE aggregation-induced emission
BDMT 1,4-benzenedimethanethiol
CdS QDs/NPs cadmium sulfide quantum dots/nanoparticles
CVD chemical vapor deposition
DA dodecyl amine
DCC N,N-dicyclohexyl carbodiimide
DEA diethanolamine
DMF N,N-dimethylformamide
DNT 2,4-dinitrotoluene
EDA ethylenediamine
EDC 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
FET field-effect transistor
FGO functionalized GO
G graphene
GBMs G-based materials
GO graphene oxide
G-AuNS G-gold nanostructures
GNPs gold nanoparticles
GNS graphene nanosheets
GNRs G nanoribbons
HBP hyperbranched polyesters with terminal carboxyl
HDPE high-density polyethylene
LMB locked nucleic acid molecular beacon
MA maleic anhydride
MWCNT multi-walled carbon nanotube
NPs nanoparticles
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ODA octadecylamine
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PMMA poly (methyl methacrylate)
PNVP poly-N-vinyl-2-pyrrolidone
PVA poly (vinyl alcohol)
rGO reduced graphene oxide
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ssDNA single-stranded DNA
SW Stone-Wales
SWDCPs SW defect COOH pairs
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TPE tetraphenylethylene
thiol-SAM thiol self-assembled monolayer
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Chapter 4

The Graphene Surface Chemistry 
and Adsorption Science
Enos W. Wambu

Abstract

Graphene (G) has attracted immense attention due to its exceptional physi-
cochemical and electronic properties, and quite a large amount of literature has 
accumulated on this subject over the last few decades. The current work, based on a 
systematic review of the relevant literature, was designed to provide an overview of 
G surface chemistry with respect to its adsorption science. The aim was to improve 
knowledge of the graphene surface chemistry while informing new strategies for 
designing and implementing new G materials for emerging applications. The key 
G surface reactions include: molecular adsorption of gases, bandgap tuning, gas 
detection tests; alkali metal storage for battery technology; G vacancy engineering; 
environmental amelioration of pollutants; and sensors and biosensors technology. 
GO (graphene oxide) or G has been surface-modified using nonmetals, metals, metal 
oxides, or organics. In general, GO and related functionalized materials have high 
affinity and adsorption efficacy for ionic adsorbates, whereas pristine G, and reduced 
graphene oxide (rGO), exhibits enhanced hydrophobic surfaces with propensity to 
strong π-π interactions. The metals’ adsorption and doping can impart G magnetic 
and metallic character, whereas molecular intercalations tend to induce a G bandgap 
for nano-electronic and nanophotonic uses among other interactions.

Keywords: adsorption, bandgap tuning, graphene defect engineering, DNA, energy 
storage, environmental remediation, graphene, biosensors

1. Introduction

Graphene (G), a new layered carbon material, is one of the most studied  materials 
over the last few decades. Investigations about G have centered on new fabrication 
methods [1]; improving understanding of its properties [2], designing and develop-
ment of new derivatives [3], and exploring prospects for the new G materials [4]. In 
examining G properties, most studies focused on specific surface reactions, especially 
the adsorption of organic contaminants [5] and simple molecular gases [6], as well 
as heavy metal doping [7], and interaction with pharmaceutical agents [8]. The 
adsorption performance of G and its derivatives, primarily graphene oxide (GO), 
reduced graphene oxide (rGO), nonmetal- and transition metal-doped graphene 
(TM-Graphene), has been assessed extensively for their adsorption potential towards 
various adsorbates in terms of the reaction conditions; equilibrium, kinetic, and 
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thermodynamic analyses; and the electronic characterization of adsorption energies, 
geometries, DOS, dipole moments, the reaction work functions, etc. The Langmuir 
[9], Freundlich [10], Temkin, Polanyi [11], and the Dubinin–Radushkevich [12] 
isotherms are widely used for evaluating the adsorption capacities, reaction mecha-
nisms and thermodynamic of the adsorption processes. The adsorption kinetics, on 
the other hand, are often evaluated using the Lagergren first-order [13] and pseudo-
second order [14] kinetics equations. Pristine graphene (G) surface presents basically 
three adsorption sites: the hollow site (H), at the center of a carbon hexagon; the 
bridge site (B), in the middle of a C∙C bond; and the top site (T), on the top of a 
carbon atom. Molecular orientations are used to determine the most stable adsorption 
configurations and the adsorption energy, Ead, is defined according to Hess’ law as:

 = + @–ad molecule graphene molecule grapheneE E E E   (1)

where, Emolecule, Egraphene, and Emolecule@graphene are the energies of the isolated gas 
molecule, graphene, and molecule–graphene adsorption complex, respectively. The 
first-principles electronic calculations are used basing on the spin-polarized density-
functional theory (DFT) via the Vienna ab initio simulation package (VASP) [15] 
with the exchange and correlation energy included through a generalized gradient 
approximation in PBE format [16]. Similarly projected augmented-wave (PAW) 
potentials [17] are also used to describe the ion-electron interactions.

However, comprehensive overview of the surface chemistry of G is lacking in the 
literature and the current work was, therefore, designed to provide an inclusive update of 
the surface adsorption of G and the related materials. The main goal was to improve the 
understanding of the graphene chemistry and, thus, contribute to information of emerg-
ing strategies for designing new G materials and their applications. GO is characterized 
by several reactive surface groups with strong acidity and high adsorption capacities for 
basic and cationic species. G on the other hand, exhibits a hydrophobic surface present-
ing high adsorption capacities for chemicals that show strong π-π interactions. Suitable 
modifications of GO or G with metal oxides and/or organic groups can produce nano-
composites with more enhanced tailored adsorption capacities and separation efficien-
cies for specific diverse applications, including fuel gas adsorption and storage, battery 
technologies, G vacancy electronic and photonic engineering, pollution ameliorating, 
and sensors and biosensors fabrications. The current work aims to consolidate relevant 
literature and provide new insights for understanding G chemistry and spur new strate-
gies, and application of G and its derivatives.

2. Application of graphene in fuel gas storage

The search for sustainable clean energy remains one of the fundamental socio-
economic development goal of the 21st century. Actions toward realization of this 
goal include fuel gas storage techniques using efficient adsorbents and graphene (G) 
materials have attracted particularly intense attention due to their unique proper-
ties that lend them to diverse versatile modifications and applications. The large 
specific surface area of G has attracted researchers to explore it for diverse adsorp-
tive applications. Ma et al. [18], for example, evaluated hydrogen adsorption using 
pristine single-layer G samples with a BET-specific surface area of 156 m2/g and found 
that only 0.4 wt.% hydrogen could adsorb on G at 77 K under 100 kPa pressure. 
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Furthermore, even lower hydrogen adsorption rates of <0.2 wt.% were obtained at 
ambient temperature under elevated 6 MPa-pressure. The small gravimetric hydrogen 
uptake by G samples were attributed to low specific surface area of the materials 
and to the weak hydrogen binding into the G surfaces. Elsewhere, while using high 
pressures of about 40 bars, and Szczęśniak et al. [19], obtained optimum H2 adsorp-
tion of 5.5–7 wt.% and 4.4–4.8 wt.% for activated rGO, and for transition metal (TM) 
nanoparticles doped-rGO, respectively.

Meanwhile, while investigating different hydrogen adsorption sites of G, Arellano 
et al. [20], observed that the most stable configuration was obtained when H2 mol-
ecules physisorbed over the hollow (H) site, although the barriers for classical diffu-
sion were, particularly, small. Nevertheless, in an ab initio study of atomic hydrogen 
adsorption on G, Ivanovskayaet al. [21], focused their investigations on the adsorp-
tion characteristics of the hydrogenation surface coverage of G. They observed that 
at high surface coverage, the resulting strain from substrate relaxation controlled H 
chemisorption leading to localized surface curvature. The chemisorption energy bar-
rier was caused by the relaxation and by the adsorbent carbon atom rehybridization. 
This showed independence from the optimization technique and the system size. The 
H desorption barrier was, however, very sensitive to the correct structural relaxation 
and it was controlled by the degree of system hydrogenation.

According to Miura et al. [22], the carbon atoms reconstructions played an 
leading role in G interactions with H2 molecules. The activation barrier for H2 
dissociation from an unrelaxed G was ~4.3 eV for a T–H–T geometry, and ~4.7 eV 
for a T–B–T geometry. The center of mass position of H2 was, therefore, at the 
hollow site, and the two H atoms of the molecule were directed toward the top sites 
on the G structure. When the carbons relaxed, the activation barrier decreased to 
3.3 eV for the T–H–T geometry and 3.9 eV for the T–B–T geometry, in which case, 
the two carbon atoms near the H atoms moved 0.33 Å toward the gas phase for the 
T–H–T geometry and 0.26 Å for the T–B–T geometry. Elsewhere, while investigat-
ing H atoms adsorption on G using first-principles while employing plane-wave 
based periodic density functional theory (DFT), Casolo et al. [23] selected a 5 × 5 
surface unitcell to study H atoms’ single- and multiple-adsorptions on G surface. 
They computed the binding and barrier energies for sequential sticking of several 
H atoms’ configurations on top of G carbon. The authors recorded binding energies 
of 0.8–1.9 eV per atom with barriers to sticking of 0.0–0.15 eV. Magnetic structures 
formed in which spin density localized on a 3 × 3R30° sublattice and the binding 
(barrier) energies for sequential adsorption increased/decreased with the  
site-integrated magnetization. These results could be explained on the basis of 
the valence-bond resonance theory of planar π-conjugated systems. It suggested 
that preferential sticking due to barrierless adsorption was limited to the formation 
of hydrogen pairs.

According to Kim et al. [24], however, presence of certain metals at G’s vacancy 
defects increased the binding energy and hydrogen adsorption of the metals tested; 
however, the Ca-vacancy complexes showed most favorable binding energy and 
overall hydrogen adsorption capacities. So, Ataca et al. [25], were able to demonstrate 
the capacity of Ca-adsorbed G has a recyclable hydrogen adsorption media. They 
found that Ca chemisorbed onto G by donating part of its 4 s charge to the empty 
π* G band imparting it with a positive charge and the metallic character, which 
increased its H2 adsorption, in turn. The H2 uptake capacity of Ca-modified G could 
be improved further by adsorbing Ca on both sides of the G nanosheets and utterly by 
saturating the Ca surface coverage as because Ca does not agglomerate on G surfaces 
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at high surface concentration. This due to the high coulombic repulsions between the 
adsorbed Ca atoms.

Besides hydrogen, Gao et al. [26] reviewed G adsorbents for CH4. They observed 
weak interactions and charge transfer from intrinsic G to CH4. The authors noted 
that the affinity of methane for graphene surfaces could, however, be promoted by 
doping the Ni atom, setting a single vacancy defect, and/or adding oxygen-containing 
functional groups into the G surfaces.

3. Application of graphene in electronic technology: bandgap engineering

The unique electronic properties of G means that G could continue to attract 
attention in potential electronic and photonic applications. The charge carriers in 
G behave, such as massless Dirac fermions, and G shows ballistic charge transport 
ideal for circuit fabrication. However, the lack of appreciable bandgap around the 
Fermi level, which is the key concept for semiconductors critical for controlling 
electronic conductivity, restricts its applications in nano-electronic and nanophotonic 
devices. Recent interests in G were, therefore, inspired by its promise in fashioning 
two-dimensional semiconductor materials with tunable bandgap lending itself to 
diverse uses. For this, several bandgap engineering methods have been proposed and 
Berashevich & Chakraborty [27], for example, described adsorption of water and 
other gases on G and showed that the molecules behaved like defects on nanoscale G 
surface facilitating bandgap tunability and permitting magnetic ordering of localized 
states at the G edges. This showed that the molecules pushed the wave functions cor-
responding to α -spin (up) and β -spin (down) G states to the opposite (zigzag) edges 
breaking the sublattice and molecular point group symmetry of the material. The 
wave-function displacement was controlled by the adsorbed molecule lending itself 
to tunable bandgap opening.

Accordingly, Balog et al. [28] demonstrated a G bandgap tunability using atomic 
hydrogen adsorption on the Moiré superlattice positions of G supported on an Ir(111) 
substrate. Then Takahashi et al. [29], while performing high-resolution angle-resolved 
photoemission spectroscopy of oxygen-adsorbed monolayer G on 6H-SiC(0 0 0 1), 
found that the energy gap between the π and π-bands increased with oxygen adsorp-
tion. This led to a systematic shrinking of π-electron Fermi surface and highlighted the 
potential of monolayer G oxidization in its bandgap inducement and tunability. On 
their part, Yavari et al. [30] engineered a tunable G bandgap of ≈ 0.2 eV by revers-
ible H2O adsorption and showed that the energy gap decreased to ≈ 0.029 eV when 
humidity was reduced to zero.

According to Şahin & Ciraci [31], bonding of a single Cl atom in G occurs by 
ionic interaction through charge transfer from G to Cl. This results in a stable direct 
bandgap semiconducting structure with tunable bandgap controlled by applying 
uniform strain. Then, by examining structural and electronic properties of F2 adsorp-
tion between the G bilayers, Shayeganfar [32] observed that charge transfer between 
F2 and G, and the presence of sp2 and sp3 orbitals of C∙C and C∙F bonds disrupted 
the G layers symmetry inducing an energy gap that depended on F orientation on the 
G surfaces. The adsorption of F2 between the G bilayers also led to linear behavior 
between dipole moment and the energy gap and its electronic properties. This sug-
gested existence of a tunable bandgap controlled by surface functionalization of G. 
Also, Tayyab et al. [33] predicted that Br-doping of G could induce sufficient bandgap 
width for optoelectronic applications.
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On the other hand, Quhe et al. [34] demonstrated a tunable bandgap opening 
attributed to G metal adsorption. They illustrated a single-gated field effect transistor 
(FET) based on Cu-adsorbed ABC-stacked trilayer G. There was a clear transmission 
gap comparable to a bandgap showing the promise of metal-adsorbed G as a channel 
in single-gated FET device. Furthermore, while examining the metal dopants' effect 
on the structural, electronic, and charge transfer mechanism of G using DFT calcula-
tions, Tayyab et al. [33] observed that substituting Al atoms into G lattice induced 
a bandgap of 0.40 eV, and further predicted values of up to 0.82 eV for Al- and Be- 
doped G.

Other workers have assessed band gap tuning effects of organic agents interca-
lated into G surfaces. Chang et al. [35], for instance, while investigating the effect of 
borazine (B3N3H6), triazine (C3N3H3), and benzene (C6H6) on G’s electronic structure, 
found that the molecular adsorptions were accompanied by bandgap opening of up to 
62.9 meV under local density approximation. The band opening scale was controlled 
by the adsorption site type, for C3N3H3 and the heterocyclic molecules were more 
effective in inducing bandgap opening than the monocyclic ones. Also, most stable 
configurations led to the largest bandgap opening at the particular adsorption sites, 
and the charge redistribution patterns controlled the gap on-and-off bandgap switch-
ing, which opened whenever the charge redistributed to the bridge site position. 
This suggested that ionic ability of the dissimilar atoms in the heterocyclic molecules 
controlled the charge redistribution and the gap tuning efficacy in G. Elsewhere, 
Hildebrand et al. [36] proposed, a model of self-assembly of halogenated carbene 
layers on G. They predicted a tunable bandgap opening controlled by adsorbates’ 
self-assembly and surface coverage, which provided for a mechanism for modulated 
engineering of G electronic structure and its application to electronic technologies.

Thus, graphene is a gapless semiconductor that cannot be used in optoelectronic 
applications, such as solar cells in its pristine form. This necessitates for its bandgap 
tuning, which can be achieved by adsorptive doping with different species atoms 
including simple molecules, metal atoms or organic molecules etc.

4. Application of graphene in water adsorption

The laminar G structure confers unique physicochemical attributes usable in 
a wide range of applications to G, which are relating to material hygroscopy [37]. 
According to Liu et al. [38], the oxygen content of GO materials controls its H2O 
adsorption capacity, which diminishes with increasing levels of GO reduction. 
Therefore Lian et al. [37] have reported high water uptake capacity of 0.58 g/g for GO. 
Also, they found that the adsorption-desorption kinetics of H2O uptake by GO was 
5-times higher due to high capillary pressure in the GO laminates and micro-sized 
tunnel-like wrinkles in the GO surfaces. As already reported elsewhere [38], the 
reduction of GO diminishes its oxygen content to form reduced graphene oxide, rGO 
[39]. Water adsorption onto rGO is, however, enhanced at high humidity due to water 
vapor multilayer formation at the rGO surface [38]. Thus, GO is a loosely defined G 
material containing variable oxygen content, which is dependent on conditions of its 
production, and it is generally characterized by high capacity to sorb and store H2O 
molecules.

So, Leenaerts et al. [40], while investigating H2O adsorption on pristine G using 
first-principles calculations, indicated that there were four possible orientations of 
H2O molecule on G surface. Water can adsorb, starting from the O atom, with the 
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H∙O bonds pointing up (u), down (d), or parallel to the G surface (n) or based on 
another orientation (v) with one O∙H bond parallel to the surface while the other 
pointing to the surface. The energy of H2O adsorption depends on its orientation in the 
G surfaces and on the site of adsorption. The energy difference between the various 
configurations is 5–6 meV between the orientations, and about 1–2 meV between the 
positions. It was noted that H2O acts as an acceptor on G and the acceptor character (C, 
v) was the most energetically favored. So, Wehling et al. [41] while investigating the G 
electronic properties after water adsorption examined the effects of SiO2 substrate and 
found that perfect suspended G was unresponsive to H2O adsorption because doping 
required highly oriented H2O clusters. However, adsorbed H2O molecules shifted the 
SiO2 substrate’s impurity bands and changed their hybridization with the G bands. So, 
the H2O molecules led to doping of G supported on SiO2 for lower concentrations than 
those for the free suspended G. This effect was, however, dependent on microscopic 
substrate properties.

Sanyal et al. [42] found that certain molecules interacted with divacancy in G 
layers, but, for H2O molecules, the large DOS in the vicinity of the Fermi level was 
absent. Accordingly the authors observed a pseudo-gap at the Fermi level, which 
was comparable to that for pure G. The DOS of the H2O-adsorbed system was 
intriguing and the peaks in the C and O atom projected DOS occurred around 4 eV 
above the Fermi level. Ma et al. [43] determined the H2O adsorption energy on G 
using the quantum Monte Carlo and random-phase approximation. Elsewhere, 
Hamada [44] while using the van der Waals density functional (vdW-DF) to study 
water interaction with G highlighted the promise of G in water adsorption applica-
tions and indicated that the adsorption potency of the materials was controlled 
by their the intrinsic properties, mode of preparation, and surface modifications 
employed.

5. Application of graphene in atmospheric detection and amelioration

5.1 Adsorption of nitrogen species

Emmisions of nitrogen compounds, especially the oxides, NOx, present one 
of the major environmental concerns today. NOx gases are responsible for vari-
ous significant environmental problems and they contribute to the poor of human 
health by resulting in lung dysfunction and respiratory complications. Application 
of environmentally friendly, mild, and low-cost methods in mitigating presence 
of NOx in the environment is desirable both for a healthier and more eco-friendly 
environment [45]. The affinity of G surfaces for N-species has attracted the attention 
of a significant number of researchers. Sanyal et al. [42] studied G having divacancy 
defects on its surface, as an eco-friendly, mild, and inexpensive adsorbent for N2 and 
found that N2 molecule chemisorbed onto G in plane with the G surface with the two 
N atoms substituting in the usual positions of the G hexagonal network as substitu-
tional impurity with chemisorption energies, Ech, of −4.53 eV. The N2 inclusion in 
the G plane resulted in a perfect honeycomb lattice with electrons doped into the G’s 
conduction.

Elsewhere, Leenaerts et al. [40] proposed two orientations for NH3 adsorption on 
G. In one orientation, NH3 adsorbs with the H atoms pointing away from the G sur-
face (u) and in the other with the H atoms pointing to the surface (d). This indicated 
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that both the adsorption site and the orientation influenced the adsorption energies 
of NH3 but charge transfer was determined only by the surface orientation of the NH3 
molecule. The authors found that there was a small charge transfer of 0.03 eV from 
NH3 to the G surface in the u orientation but almost no charge transfer in the d ori-
entation. The u orientation, which was consistent with the donor character observed 
elsewhere [46], was therefore more energetically favored. So, Zhou et al. [47] then 
compared NH3 adsorption on pristine G and on transition metal (TM) doped G (TM–
graphene) and confirmed that the lowest-energy configurations for NH3 adsorption 
on pristine and TM–graphene were through the N atom. However, for TM–graphene, 
NH3 bonds via the N atom to the metal atom, by coordinating N lone-pair orbital with 
the metal valence bands.

It has been stated that adsorbates with a magnetic moment result in a larger 
doping [48]. So, Leenaerts et al. [40], while examining NO2 adsorption on G and 
proposed that adsorbed NO2 molecule can adopt three orientations on G. Thus, 
starting from the N atom, the NO2 molecule can adsorb on G with the N∙O bonds 
pointing up (u), down (d), or parallel to the G surface (n). The authors found 
that the total G and NO2 magnetic moment in the (B, d) orientation was 0.862 μB, 
and the corresponding charge transfer from G (M = 0 μB) to NO2 (M = 1 μB) was 
0.099 e. The orbital mixing, therefore, led to a charge transfer of ±0.039e from NO2 
to G but, when compared with NO, the charge transfers for the latter were an order 
of magnitude smaller. Accordingly, Zhou et al. [47] have stated that the NO2 molecule 
can bind to G surfaces through the N atom (nitro configuration), through an O atom 
(nitrite configuration), or through both O atoms (cycloaddition configuration). 
Thus, for pristine G, NO2 bonds by the cycloaddition configuration at the bridge 
site position with adsorption energy (Ead) of ~0.18 eV and charge transfer of 0.2e to 
NO2. However, for TM–graphene, the cycloaddition configuration is preferred with 
enhanced Ead ∼ 2 eV, followed by the nitro configuration with Ead ∼ 1.8 eV. This is by 
a large charge transfer of ∼0.6e from G to NO2. However, Tang and Cao [49] found 
that the adsorption of NOx on GO was stronger than that on G leading to enhanced 
binding energies and charge transfers from NOx to GO through chemisorption 
interaction and with transition of the doping properties of NO2 and NO from accep-
tor to donor character. Therefore, the interaction of NOx with GO forms H-bonds 
OHO (N) between -OH and the NOx besides other covalent bonds, including C‒N 
and C∙O. This is also accompanied by H abstraction to form nitrous acid- and nitric 
acid-like moieties. The spin-polarized DOS revealed hybridization of frontier orbit-
als of NO2 and NO3 with the electronic states around the Fermi level of GO resulting 
in strong acceptor doping and remarkable charge transfer characteristics from the 
molecules to GO.

Elsewhere, Dai et al. [50] evaluated NO and NO2 adsorption on G modified with 
B, N, Al, and S dopants using DFT. They found that both B and N atoms retained 
their planar configuration on G surface but both Al and S atoms protruded out of the 
G plane. Nevertheless, both NO and NO2 molecules were bonded to B-doped G but 
only NO2 was adsorbed on S-doped G surfaces. The Al-doped G was, however, most 
reactive toward the gases although B- and S-doped G presented the most plausible 
prospects for practical NO and NO2 gas adsorption and detection. So, the most 
relevant work to environment detection and remediation has been dedicated to NOx 
molecules mobilization on G, TM-graphene, and GO, but GO. Nonetheless, both 
TM-graphene and GO displayed enhanced NOx adsorption compared to pristine G 
adsorbents.
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5.2 Adsorption of carbon oxides

Controlling toxic gas emissions is the foremost goal of the twenty-first century 
environmentalists. The adsorption technique offers a credible approach to dealing 
with these challenges and many carbon nanostructures, due to their unique surface 
morphologies and divergent potential for modification, have shown promise in 
fashioning plausible CO2 sequestrators [19]. So, Mishra & Ramaprabhu, [51] reported 
high CO2 adsorption capacity of 21.6 mmol/g for G at an 11-bar pressure and 25°C, 
based on a physisorption process. According to Szczęśniak et al. [19] polymers- and/
or metal species-modified G nanomaterials possess high specific-surface areas and 
tailored surface attributes, which confers effective adsorbent properties for CO2 and 
other gases.

Several scientists have focused their research on the mechanism of molecular 
adsorption onto G surfaces. While investigating adsorption of several molecules on 
G, Leenaerts et al. [40] showed that CO molecule assumed three different orienta-
tions on G, two of which involve the CO molecule in perpendicular position to the 
G surface, with the O atom toward the C atom (u) or away from the carbon (d), and 
one orientation with the CO molecule parallel to the G surface (n). In this case, CO 
acts as a donor molecule with charge transfer governed by the orientation assumed by 
the molecule on the G plane. Nevertheless, minor variations in charge transfer results 
due to differences in orbital overlap between the HOMO of the CO molecule and G. 
So, the C and O atoms remain bonded to each other, while CO is bonded to two pairs 
of G’s carbon atoms. However, the CO molecule does not align perfectly in the plane 
of G nanosheets so that the C atom of the CO molecule stays in the G plane, making 
the usual hexagonal planar structure while the O atom stays out of plane. So, Zhou 
et al. [47] found that the most stable adsorption sites for CO on pristine G involved 
physisorption interactions at the hollow site, and the CO molecule preferentially 
assumes a parallel orientation to the G surface at an adsorption distance of ~3.6 Å 
and adsorption energy of ~0.017 eV. For TM–graphene, however, CO bonds to the C 
atom bonding the metal atom with enhanced adsorption energy and charge transfer 
accompanied with shortened adsorption distance. Intriguingly, the magnetic moment 
of TM-graphene gets enhanced from 1 μB (without adsorption) to ~3 μB.

According to Lee and Kim [52], CO2 chemisorption energies on graphene-C40 at 
high pressure are 71.2–72.1 kcal/mol for the lactone systems are controlled by C∙O 
orientations at the UCAM-B3LYP level of theory. Nonetheless, the physisorption ener-
gies of CO2 on G are only 2.1 and 3.3 kcal/mol at the single-point UMP2/6-31G** level 
of theory for the perpendicular and parallel orientations, respectively.

5.3 Dioxygen and ozone molecules

Ozone and other reactive oxygen species play an important role in atmospheric 
photochemistry of pollutants. Detection and removal of reactive oxygen species is, 
therefore, of essence. Dai et al. [50] analyzed the adsorption of several gases on G and 
showed that O2 molecules adsorbed well onto B- and S-doped G samples. On the other 
hand, Sanyal et al. [42], have suggested that O2 adsorbs on G by dissociating the two 
O atoms, which bond to two pairs of C atoms around divacancies in the G structure. 
The O atoms get oriented in opposite directions out of plane with the G surface. 
They, however, retain their bond length as in the isolated dimolecular state. In the 
absence of divacancy, however, O2 adsorbs on pristine G via the hollow site with low 
adsorption energy of <0.1 eV and with the O∙O bond oriented perpendicularly to 
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the G surface at an adsorption length 3.7 Å [47]. The length of the O∙O bond remains 
almost the same as in the free dioxygen molecule (1.24 Å). The Bader charge popula-
tion analysis showed that the adsorption involved weak physisorption interaction. For 
metal-embedded G, however, O2 bonds with the O∙O bond parallel to the G plane 
with increased adsorption energies (> 1 eV) and decreased adsorption lengths (~2 Å). 
This is accompanied by charge transfer for O2 adsorbed on TM–graphene samples and 
a large expansion in the O∙O bond of 1.44 Å.

Lee et al. [53], who investigated O3 adsorption on G using the ab initio DFT, found 
that O3 molecule adsorbed on G basal plane with binding energies of 0.25 eV via 
physisorption interaction before it undergoes G-surface epoxidation with release of 
an O2 molecule. The activation energy barrier for the physisorption to chemisorption 
reaction is 0.72 eV, and the binding energy of the chemisorbed state is about 0.33 eV. 
Ozone adsorption on G is, thus, a gentle reversible reaction relevant to covalent 
functionalization of the G basal plane.

5.4 Adsorption of sulfur species

Volatile sulphur compounds represent another class of species of relevance to 
environmental hygiene. Gao et al. [26] while using first principles based on DFT 
method , discussed in depth the stable configuration, adsorption energy, DOS, and 
charge transfer of H2S adsorption on intrinsic G, GO, Ni-doped G, and vacancy 
defect G samples. They observed weak adsorption and charge transfer for intrinsic G, 
which was enhanced by introducing oxygen-containing functional groups, doping 
with Ni atom, and setting its single vacancy defect. The single vacancy defect, in 
particular, promoted G interaction with H2S molecule imparting excellent adsorption 
performance for H2S molecule relevant to studying G-based sensors for the gas.

In another study, Shao et al. [54] investigated SO2 adsorption on intrinsic G and 
on heteroatom-doped G samples containing B, N, Al, Si, Cr, Mn, Ag, Au, and Pt 
atoms using first principles based on DFT. They reported that the structural and 
electronic properties of the adsorption adducts of the molecules depended on the 
dopant type. SO2 adsorbed weakly on intrinsic G, on the G samples doped with non-
metals B-, and N. However rapid and strong SO2 chemisorption occurred on metal 
and semimetal Al-, Si-, Cr-, Mn-, Ag-, Au-, and Pt-doped G. The analyses of the 
adsorption mechanisms showed the sensitivity of G-based SO2 sensors was enhanced 
by introducing appropriate dopants with both Cr and Mn giving particularly promis-
ing results.

5.5 Halogens and halides

In Section 3 of this chapter, we discussed the role of Cl2 and F2 molecules in 
tuning the G bandgap. Şahin &and Ciraci [31] found that a single Cl atom bonding 
in G occurs by ionic interaction via charge transfer from G to Cl with local distortion 
in the underlying G layer. Meanwhile, a single Cl adatom migration on perfect G 
surfaces occurs unhindered but Cl adatom accumulation on the G surface to produce 
various conformations becomes unsustainable because strong Cl∙Cl interactions 
occur leading to desorption and formation of Cl2 molecules. Fully chlorinated G with 
single Cl atoms bonded alternately to each carbon atom from opposite sides of the G 
sheets with sp3-type covalent bonds is buckled. So, Shayeganfar [32] discovered that 
F2 adsorbs on G via mixed mechanisms involving both in-plane and out-of-plane 
molecular orientation on the G surface.
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Consequently, Chen et al. [55] presented a detailed Br2 adsorption and charge 
transfer study of G by combining in situ Raman spectroscopy and DFT techniques. 
They observed that when G is encapsulated in hexagonal boron nitride (h-BN) layers 
on either sides, the G surface is protected from Br2 doping, but when G is supported 
on only one side by h-BN layer, it undergoes strong hole doping by adsorbing Br2. The 
authors obtained molecular adsorption isotherm by plotting surface coverage versus 
pressure using a combination of Raman spectra and DFT calculations. They saw that 
the adsorption data fitted the Fowler-Guggenheim model with an adsorption equilib-
rium constant of ∼0.31 per Torr. The repulsive lateral interaction between adsorbed 
Br2 molecules was ∼20 meV, whereas the binding energy for the Br2 molecule was 
∼0.35 eV. At the monolayer coverage, each Br2 molecule accepts 0.09 e− of charge 
from single-layer G, but when the adsorbent was supported on SiO2 instead of h-BN, 
a threshold pressure was observed for which the diffusion of Br2 along the SiO2/G 
interface resulted in Br2 adsorption on both sides of the SiO2-doped G.

On the other hand, Sun et al. [56], while studying HF molecules’ adsorption on 
intrinsic and on Al-doped G by first-principles calculations, found that HF adsorp-
tion mechanisms were different for the adsorbents. The Al-doped G depicted greater 
adsorption energy and stronger interactions with HF molecule than the intrinsic G. 
The calculated net electron transfers, electronic density difference images, and DOS 
provided evidence that HF adsorption on Al-doped G was a chemisorption process, 
while the molecule’s uptake by intrinsic G was physisorption.

6. Adsorption of alkali metals

Atomic-level investigations of metal adsorption and migration on G surface offer 
a plausible way of dealing with the challenges of developing novel alkali metal battery 
technologies [57]. Yang [58] pioneered work in which they reported that Li atoms 
bonded on a G layer interchangeably on both sides of the nanosheets by distorting 
the relative positions of the C atoms in the G honeycomb plane. They compared the 
results with graphane obtained by hydrogenation in which each C is pulled out of 
the plane by H and found that for Li-doped G, the carbon atom is pushed off by the 
attached Li instead. This resulted in a conducting counter-intuitive structure. Xue 
et al. [59], then, studied the adsorption of single Li and the formation of Li clusters 
on G using first-principles including van der Waals interactions. They found that 
while Li can exist on the surface of defect-free G under favorable conditions, the 
bonding was weaker and the surface concentration lower than in the metal adsorp-
tion on graphitic surfaces. At low concentrations, Li ions spread out on G surfaces 
due to coulombic repulsions between the adsorbing metal ions. However, as the Li 
content on the G surfaces increased, small Li clusters formed so that even though G 
has higher ultimate Li adsorption capacity than graphite, the nanoclusters nucleate Li 
dendrites, leading to failure. So, while studying Li adsorption using first-principles 
DFT calculations and surface diffusion on pristine and defect G structures, Fan et al. 
[60] observed that Li/C ratios lower than 1/6 for the single-layer G were energetically 
favorable. Further more, the existence of vacancy defects increased the Li/C ratio of 
the material. For double-vacancy and higher-order defects, however, Li ions diffused 
more freely in the direction perpendicular to the G sheets boosting the diffusion 
energetics in turn.

Indeed, Jin et al. [61] compared alkali metals; adsorption on single-layer G using 
first principles and observed a common trend in binding distance, charge transfer, 
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and work function relating to increasing metal adsorption proportion ρ (adatom/C 
atom) on the G surface. There was a dip in the properties at ρ ≈ 0.04 for all metals 
except for Li, for which the dip occurred at ρ ≈ 0.08. This represented the transition 
of the adsorbed metals from individual atoms to two-dimensional metallic sheets 
exerting a depolarizing effect. Thus, G exhibited asymmetric function showing 
dependence on ρ with a dip on the adatom layer side and saturation on the G side, 
which was different from the case of bulk graphite.

Therefore, in order to appreciate the influence of G point defects on its Li adsorp-
tion, Zhou et al. [62] studied the uptake and diffusion of Li on G with divacancy 
and Stone−Wales defect using first-principles calculations. They found that in the 
presence of divacancy, Li adatom adsorbed on the hollow site above the center of an 
octagonal ring rather than on the top site of carbon atoms next to vacancy site. For 
the Stone−Wales defects, however, the Li atom adsorbed on the top site of the carbon 
atom in a pentagonal ring shared by two hexagonal rings. This resulted in buckling of 
the G sheet. In the case of both the divacancy and Stone−Wales defects, the interac-
tions with Li adatom were attractive and the analysis of both the difference charge 
density and the Bader charge showed a significant charge transfer from Li adatom 
to the adjacent carbon atoms. Yang et al. [63], then, investigated sodium adsorption 
and intercalation into the G bilayers using DFT calculations. They systematically 
assessed the specific capacity, voltage, and migration energy barriers for Na storage 
in pristine and mono-vacancy defective bilayer G using DFT. The authors found 
that with an appropriate voltage (>0.5 V), the mono-vacancy defects improved the 
specific capacity from 123.97 to 382.54 mAh/g. Thus, Na+ ions transported from 
the defect-free regions (low energy barriers, 0.15–0.32 eV) to defect regions (large 
energy barriers, 0.56–0.59 eV) and decelerated. It demonstrated that a defect bilayer 
G was a promising material for making negative electrodes of the Na-ion batteries. 
Nonetheless, according to Olsson et al. [57], Li and K adsorption on pristine G was 
more favorable than Na adsorption. According to these workers, N- and O-containing 
defects dominated on the G surfaces, acting as metal trapping sites, and hindering the 
metal diffusion and migration on the G surfaces. This diminished the battery cycling 
performance.

Kim et al. [24] while studying the impact of intercalating G surfaces with alkali 
metal on its hydrogen uptake, however, found that G surface defects enhanced its 
metal binding energy and its dispersion and a considerable increase in binding energy 
was observed for alkaline earth metals. Furthermore, additional alkali metal adsorp-
tion of G was studied by Ataca et al. [25]. These studies could therefore give conse-
quence to use of alkali-G material in metal storage devices.

7. The graphene-transition metal doping

Exploring new ways to diversify the basic properties of G continues to attract 
immense research interest. Transition metal-doping has also gained attention in the 
recent past, paving way to developing improved G materials with improved magne-
tism, and other fascinating properties with promise for diverse applications. Chan 
et al. [64], for instance, explored the adsorption of 12 metal adatoms on G using 
first-principles and computed the adsorption energy, geometry, DOS, dipole moment, 
and work function of each adatom-G system. They found that the adsorption groups 
I-III elements on G aligned with ionic bonding and it was characterized by large charge 
transfer and minimal change in the G electronic states. However, for the TMs, noble 
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metals, and group IV metal, the adatoms interacted covalently with G surfaces lead-
ing to strong hybridization between adatom and G electronic states. Dipole moments 
across individual adatoms but the work-function shift correlated to the induced 
interfacial dipole of the G-adatom system and to the ionization potential of the isolated 
atom. According to Hu et al. [65], chemisorption of 3d and noble metals adatoms on G 
occurs at the bridge site and at the top site with hybridization between the adatom and 
the G electronic states, which resulted in distorted G layer. The half-filled 3d shell metal 
atoms as well as Zn, Ag, and Au atoms depicted low adsorption energies with a general 
decrease in the magnetic moment compared to the corresponding free adatoms. This 
was attributed to charge transfer and electron shift between the states of the adatom.

Elsewhere, Sevinçli et al. [66] while assessing the electronic and magnetic 
properties of 3d TM atoms’ adsorption on G and on G-nanoribbons, reported 
metal-dependent binding energies of 0.10–1.95 eV. The metals’ adsorption imparted 
magnetic and metallic properties of G with armchair edge shapes (AGNR’s) of 
adsorbed TM yielding minimum energy states. The resulting nonmagnetic semicon-
ductor AGNR assumed metal/semiconductor and ferromagnetic/antiferromagnetic 
spin alignments. So, Cao et al. [67], while studying the geometries, electronic states, 
and magnetic properties of TM adatom and dimer adsorption on G, found that, 
except for Cu, chemisorption interactions yielded the most stable adsorption and 
dimerization on G surfaces controlled by exchange-correlation.

According to Valencia et al. [68], who modeled G and (8,0) single-walled carbon 
nanotubes (SWCNTs) functionalized with 3d TM atoms, the 4 s occupation with 
Pauli repulsion was responsible for the Cr, Mn, and Cu physisorption behavior of G. 
Using a new physical model involving coulomb interaction, 3dn4sx → 3dn + x electronic 
promotion energy and occupation of the 1e2(δ), 2e1(π), and 2a1(σ) metal orbitals, the 
authors found that Sc, Ti, Fe, and Co metals were present in the G surface as isolated 
individual atoms but all other 3d TM atoms diffused with clustering. In another 
work, Amft et al. [69] conducted density functional investigations on Cu, Ag, and 
Au adsorption on pristine G. While accounting for van der Waals (vdW) interactions 
using the vdW-DF and PBE + D2 methods, the authors analyzed the favorable adsorp-
tion sites, the adsorption-induced distortions in G sheets, and adatom diffusion paths 
and found from the vdW schemes that the three metal atoms adsorbed on the G 
sheets with buckling of the G layer. Only the results for Ag qualitatively differed from 
those obtained from generalized gradient approximation, which gives no binding for 
it. Otherwise, the results for the rest of the metals showed quantitative variations for 
the vdW-DF and PBE + D2 models.

Thus, by applying DFT calculations for elements of atomic number of 1–83, 
Nakada and Ishii [70] focused their work on the adsorbed adatoms' migration on G 
and showed that, adsorption favored the H6-site for the metals and the B-site for 
the nonmetals. Nonetheless, the migration energy was particularly high for the 3d 
TMs and for certain nonmetals. In the same way, Liu et al. [71], while applying first 
principles, noted that the H6 was the favored site for the rare earth adatoms of Nd, 
Gd, Eu, and Yb adsorption. The adsorption energies and the diffusion barriers of Nd 
and Gd were, however, larger than those of Eu and Yb, and all the adatoms induced 
significant electric dipole and magnetic moments in the adsorption complex. Eu 
formed flat islands on G attributed to its low diffusion barrier and large adsorption 
energy compared to the bulk cohesive energy. Nonetheless, the adsorption of Nd and 
Gd adatoms led to in-plane G lattice distortions.

Vacancies or defects in G nanostructures present sites of altered chemical reac-
tivity and open possibilities for tuning G properties by defect engineering. The 
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understanding of the chemical reactivity of G defects is, thus, critical in implementing 
carbon materials in several advanced technologies. Pašti et al. [72] investigated atomic 
adsorption on G surfaces with single vacancy (SV) using DFT analyses of elements. 
They based their calculations on PBE, long-range dispersion interaction-corrected PBE 
(PBE + D2 and PBE + D3), and nonlocal vdW-DF2 functionals. They found that most 
elements, except groups 11 and 12 elements and the noble gases for which the contribu-
tion of dispersion interaction was most significant, bonded to the vacancy sites with 
interaction strengths that correlated to the cohesive energy of the elements in their 
stable phases. As most atoms could be trapped at the SV site, the calculated dissolu-
tion potentials showed that the adsorbed metals became more “noble” than they were 
in their respective stable phases. Then, Malola et al. [73] reported that Au adatoms 
adsorbed in-plane at G double-vacancies with diffusion barriers >4 eV and < 2 eV at 
the larger vacancies in line with the results earlier reported by Gan et al. [74].

8. Graphene adsorption of organic molecule

G materials present attractive pore volume, high conductivity, rich surface 
 chemistry, and exceptionally large aspect ratio, among other promising properties, 
relevant to adsorptive catalytic applications in organic chemistry [5].

8.1 Pristine graphene

According to Lazar et al. [75] acetone, acetonitrile, dichloromethane, ethanol, 
ethyl acetate, hexane, and toluene adsorb on G surfaces with adsorption energies that 
range from 5.9 to 13.5 kcal/mol. The interaction strength of the organic molecules 
with G surface sites and the corresponding adsorption enthalpies were controlled 
by London dispersive forces, which dominated (∼60%) the interactions. Basing on 
DFT calculations, Chi & Zhao [76] investigated formaldehyde (H2CO) adsorption 
on intrinsic and Al-doped G. They found that the process was characterized by high 
binding energies and short connecting distances controlled by chemisorption interac-
tions between the adsorbing molecule and G surfaces. The DOS showed the presence 
of orbital hybridization between H2CO and Al-doped G, but there was no evidence of 
hybridization between H2CO molecule and intrinsic G surfaces. So, Cortés-Arriagada 
[77] analyzed 1,4-dioxane adsorption on Al-, Ti-, Mn-, and Fe-doped G and found 
that the metal-doped G displayed enhanced interaction with 1,4-dioxane molecules 
compared to intrinsic G. The adsorption energies (1.2–1.6 eV), in this case, were 
accompanied by changes in the electronic structure of the substrates, especially for 
the Mn and Fe dopants. The ab initio dynamics simulations showed stable adsorbent–
adsorbate interactions of highest aqueous stability of interaction for Al- and Fe- fol-
lowed by the Mn- and Ti-doped G, respectively.

While applying 50 mg/L initial adsorbate concentration at pH of 6.3 and 285 K 
reaction temperature, Li et al. [78], on their part, reported G adsorption capacity 
of 28.26 mg/g for phenol. The phenol adsorption equilibrium simultaneously fitted 
the Langmuir and the Freundlich isotherms while the adsorption kinetics could be 
described by pseudo-second order kinetics model. Elsewhere, Xu et al. [79], reported 
that aqueous bisphenol A (BPA) adsorption on G is also spontaneous and exothermic. 
According to the authors, the reaction was the Langmuir isotherm and the pseudo-
second order kinetics with a high BPA adsorption capacity of 182 mg/g reported at 
302.15 K. They suggested that both π-π interactions and H-bonding contributed to BPA 
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immobilization into G. Notwithstanding, Pei et al. [80] investigated 1,2,4-trichloro-
benzene (TCB), 2,4,6-trichlorophenol (TCP), 2-naphthol and naphthalene (NAPH) 
adsorption on both G and GO by applying batch equilibrium technique and micro-Fou-
rier transform infrared spectroscopy. The results showed that the adsorption isotherms 
for the four aromatic compounds were nonlinear, which indicated that both general 
hydrophobic interactions and specific interactions played part and the four aromatic 
compounds depicted similar adsorption efficiencies at pH 5.0. In the case of G, how-
ever, greater adsorption efficacy of 2-naphthol displayed under alkaline conditions due 
to π-π interactions resulting from the higher π-electron density of anionic 2-naphthol 
than that of neutral 2-naphthol. For GO, however, the affinity for the four compounds 
was in the order of: NAPH < TCB < TCP < 2-naphthol, and the FTIR spectroscopy 
revealed dominant π-π interaction for TCB, TCP, and 2-naphthol adsorption on G.

8.2 Graphene oxide

According to Pei et al. [80], high GO adsorption for both TCP and 2-naphthol 
was attributed to existence of H-bonding between the adsorbates and O-containing 
groups in GO. However, Chen and Chen [81], while studying m-dinitrobenzene, 
nitrobenzene, and p-nitrotoluene adsorption on GO, rGO, and G-nanosheets using 
IR spectroscopy, observed that the hydrophilic GO displayed inferior adsorption 
capacity for the three nitroaromatic compounds (NACs). This was ascribed to the 
greater hydrophobic π-conjugation of the active sites in the adsorbents. Even so, 
greater adsorptions observed for rGO over those of pristine G were linked to the π-π 
electron donor-acceptor interactions between the NACs phenyls and the π-electron-
enriched G lattice, and to charge electrostatics and the polar interactions between G 
defects and the NACs nitro groups groups. Accordingly, while investigating bisphenol 
A, nitrobenzene, phenol, benzoic acid, and salicylic acid adsorption on GO, Tang 
et al. [82], also opined that the aromatic compounds’ π-stacking ability controlled 
the adsorption processes of the compounds. So, Wang & Chen, [83] compared the 
adsorption and co-adsorption of naphthalene, 1-naphthol and Cd2+ on graphene 
oxide (GO), chemically-reduced graphene (CRG) and annealing-reduced graphene 
(ARG). They found that CRG had superior adsorption capacity the adsorbates than 
either ARG and GO. This, together with observation that the affinity of 1-naphthol 
for the adsorbents was greater than that of naphthalene was attributed to additional 
n-π electron-donor-acceptor (EDA) interactions between the 1-naphthol -OH groups 
and the electron-depleted G sites besides the π-π interactions. Furthermore, 1-naph-
thol uptake, by both the CRG and the ARG, had a maximum near the respective pKa 
values, which was consistent with the n-π EDA interaction mechanism. However, GO 
with greater surface functional groups density than both CRG and ARG, displayed 
greater affinity for Cd2+. This somehow enhanced naphthalene and 1-naphthol 
co-adsorption on GO and CRG through surface-bridging cation-π interactions. 
Nonetheless, somewhat suppressed naphthalene co-adsorption with Cd2+ on ARG was 
attributed to the sieving effect of hydrated Cd2+ on the micropore edges of ARG.

8.3 Reduced graphene oxide

Meanwhile, Yu et al. [84] synthesized rGO and utilized it in benzene and toluene 
adsorption under dynamic conditions. The synthesized rGO samples displayed 
maximum adsorption of 276.4 and 304.4 mg/g for benzene and toluene, respectively. 
In a comparative study, greater adsorption capacities and breakthrough times were 
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observed for rGO than GO, and the spent rGO was readily regenerated by heating at 
150°C. So, Wang et al. [85], while investigating effect of change in concentration of 
oxygen-containing groups in rGO observed that higher degrees of reduction of GO 
enhanced the interactions between the π system of G and the π unit of the phenolic 
molecules. Thus, the adsorption, which was an exothermic and spontaneous process, 
was promoted by enhancing GO reduction and introducing electron-donating/with-
drawing functional groups on the rGO benzene ring.

9. DNA adsorption and bio-sensing tests

Interfacing DNA oligonucleotides with G materials has paved the way to the pro-
duction of diverse new sensor devices. GO is an outstanding fluorescence quencher 
and fluorescently-labeled DNA molecules get quenched when they adsorb on GO. 
However, when a complementary DNA (cDNA) is introduced, it desorbs the probe 
DNA molecule from GO, and the fluorescence is restored. This permits for devising 
GO-based DNA optical sensors [86]. This also provides a fascinating topic for bio-
interface science. DNA adsorb on GO via π–π stacking and H-bonding while over-
coming electrostatic repulsion. The mechanism by which cDNA induces probe DNA 
desorption from G is, however, still a subject of intriguing discussion [87].

Whereas the analytical aspects of this phenomenon have been demonstrated 
extensively, the fundamental understanding of the binding mechanisms has lagged 
behind. Wu et al. [86] therefore studied 12-, 18-, 24-, and 36-mer single-stranded 
DNA adsorption on GO as a function of DNA length, pH, ionic strength, solvents, 
temperature, and cDNAs. They found that faster more robust DNA adsorption on 
G was experienced using shorter DNAs or cDNAs, at low pH, high ionic strength, 
appropriate solvents, and optimum temperatures. At the same time Lu et al. [39] com-
pared DNA adsorption of GO and rGO using fluorescently labeled DNA and showed 
that, under similar conditions, DNA adsorbed with a 2.6-fold higher capacity on rGO 
than on GO. However, the corresponding GO systems showed a higher absolute rise in 
sensing and signaling kinetics.

10.  Application of graphene materials in studies on remediation of water 
pollution

Environmental pollution is one of the leading global challenges of the twenty-first 
century and the removal of various pollutants from the environment is of essence 
[88]. Adsorption methods are effective in the remediation of water and air pollu-
tion, but their efficiencies depend on intrinsic porosity, surface characteristics of the 
adsorbent, and on the applied conditions. Graphene lends itself to tailored surface 
modification suited for wide range of application in water and atmospheric remedia-
tion and pollution prevention.

10.1 Heavy metals removal from water

10.1.1 Pristine graphene

Many studies on environmental water amelioration have focused on individual [89] 
and competitive [90] adsorption of hazardous metals. Hao et al. [91] obtained SiO2/G 
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composite for selective removal of Pb(II) ions from water with 113.6 mg/g adsorption 
efficiency Cortés-Arriagada & Toro-Labbé [92], on the other hand, while investigating 
adsorption capacity of Al- and Fe-doped G for trivalent and pentavalent methylated 
arsenic using quantum chemistry computations, observed that trivalent methyl arseni-
cals adsorption was reached under neutral pH conditions with adsorption energies of 
1.5–1.7 eV whereas for the pentavalent methyl arsenicals’ the adsorption was achieved 
more optimally in acidic to neutral media with adsorption energies of 1.2–2.4 eV and 
3.3–4.2 eV, respectively. The interacting σAs [sbnd] O bond weakening in the pollutant 
structure influenced the capacity and the stability of the adsorption complex.

10.1.2 Graphene oxide

Sitko et al. [93] while studying Cu(II), Zn(II), Cd(II) and Pb(II) adsorption on GO 
reported high adsorption capacities of 294, 345, 530, and 1119 mg/g for the metals, 
respectively. The metal affinities for GO surfaces, which was based on chemisorption 
reactions, was in the order: Pb(II) > Cu(II) ⪢ Cd(II) > Zn(II). Meanwhile, Wang & 
Chen [83] reported strong affinity of GO for Cd2+ ions, while studying Zn(II) adsorp-
tion on GO, Wang et al. [94] reported a high Zn(II) adsorption capacity of 246 mg/g, 
which was achieved in 20 min under adsorption conditions of neutral pH of 7.0, 2 mg 
adsorbent dosage, and 20°C temperature. The process had a Langmuir equilibrium con-
stant was 5.7 L/g based on pseudo second-order kinetics [14]. Elsewhere, Lingamdinne 
et al. [95] elucidated Co(II) adsorption properties of GO and obtained a maximum 
adsorption of 21.28 mg/g while using medium pH of 5.0–8.0 and GO adsorbent dosage 
of 1.0 g/L. It was found that the adsorption process followed pseudo-second order [14] 
kinetics based on mixed reaction mechanism involving the π∙π bonds electrons interac-
tion Langmuir, which was described by Langmur, Freundlich, and Temkin isotherms.

10.1.3 Functionalized graphene oxide

While investigating EDTA-functionalized GO (EDTA-GO) for aqueous Pb(II) 
removal, Madadrang et al. [96], reported high adsorption capacity of 479 ± 46 mg/g 
achieved at pH 6 in 20 min. They showed that experimental data fitted the Langmuir 
adsorption model and the EDTA-GO adsorbent was regenerated by washing in HCl. 
Yet, in another study, White [97] while evaluating aqueous Cu(II) adsorption on 
GO and on carboxylated graphene oxide (GO–COOH) under conditions of ambient 
temperature, pH of 6 and 60 min equilibration, Cu2+ removal reached 97–99.4%, 
with 277.77 and 357.14 mg/g maximum adsorption capacities for GO and GO‒COOH, 
respectively. The process, which was spontaneous and exothermic, was also described 
by the Langmuir-type adsorption equilibrium. Kumar & Jiang [98], at the time 
proposed a chitosan-functionalized GO adsorbent for aqueous arsenic adsorption and 
reported that arsenic oxyanions adsorption onto the novel adsorbent was facilitated 
via cation-π interactions, based on RNH3

+-aromatic π moieties; electrostatic interac-
tions involving H2AsO4

−, HAsO4
2−–+NH3R; intra- and intermolecular H–bonding; and 

on anion-π interaction based on the R-COO--aromatic π moieties with the oxygen-
containing groups on GO surfaces.

10.2 Adsorption of nutrient ions from water

On their part, Vasudevan & Lakshmi [99] evaluated aqueous phosphate adsorp-
tion on G at varying pH, ionic strength, and temperatures conditions and determined 
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the G adsorption capacity for phosphate to be 89.37 mg/g using 100 mg/L initial 
phosphate concentration and 303 K temperatures. The time-dependent phosphate 
adsorption fitted the second order kinetics [14], while the adsorption equilibrium was 
a spontaneous, endothermic process governed by Langmuir adsorption mechanism.

10.3 Dyes removal from aqueous solutions

While investigating aqueous methylene blue (MB) adsorption on G, Liu et al. 
[100] found that the adsorption data followed the Langmuir isotherm with maximum 
adsorption capacity of 153.85 mg/g at 293 K. The corresponding kinetics fitted the 
pseudo-second order kinetics model [14], and the process was both spontaneous and 
endothermic. At the time, Yao et al. [101], testing the potential of magnetic Fe3O4@
Graphene composite for aqueous MB and Congo red (CR) removal, reported respec-
tive adsorption capacities of 45.27 and 33.66 mg/g for the dyes.

Wu et al. [102], then, utilized rGO and also evaluated MB adsorption alongside 
that of acrylonitrile (AN), p-toluenesulfonic acid (p-TA), and 1-naphthalenesulfonic 
acid (1-NA) and found that the larger molecules with greater number of benzene 
rings showed greater propensity to adsorb on GO than the smaller compounds. 
Accordingly, MB uptake by G was a π-π stacking process, which allowed for up to five 
adsorbent reuse cycles. The recorded MB, p-TA, and 1-NA adsorption capacities were 
∼1.52 ∼ 1.43, and∼1.46 g/g, respectively. At the same time, Sun et al. [103] studied the 
enhanced GO for aqueous adsorption of acridine orange based on in situ GO reduc-
tion by sodium hydrosulfite and observed an improved GO adsorption capacity from 
1.4 g/g to 3.3 g/g, which was based on sodium hydrosulfite conversion of carbonyl 
groups on GO surfaces into hydroxyl groups forming the principal dye adsorption 
sites in rGO.

Yan et al. [104], then, assessed aqueous MB adsorption on oxidized G samples 
with varying oxidation oxygen levels and found that GO samples displayed a fast 
and efficient pH independent adsorption process, which increased with the increas-
ing oxidation of G surface. The MB adsorption behavior was transformed from 
Freundlich-type at low G oxidation levels to Langmuir-type at high oxidation levels. 
The binding features of MB-adsorbed GO also changed from parallel stacking of MB 
molecules on the graphitic plane through hydrophobic π-π interaction to a vertical 
standing interaction via groups forming MB surface adsorption. The adsorption effi-
ciency of the regenerated GO displayed little loss up in efficacy to four cycles of reuse. 
Later, Molla et al. [105] when studying MB, rhodamine B, and methyl orange adsorp-
tion on GO samples, observed that, unlike negative dyes, which did not adsorb, the 
positive dyes (methylene blue and rhodamine B) adsorbed on GO surfaces through 
electrostatic interactions between their positive dipoles and the GO negative dipole of 
the oxygen surface groups. This process was fast and reached 97% and 88% in just 15 
min, for MB and for rhodamine B, respectively. Accordingly, the ab initio molecular 
dynamics showed that favorable adsorption configuration was at 2298 fs for methyl 
orange and 2290 fs for MB but MB was more strongly (−2.25 eV/molecule) adsorbed 
than methyl orange (−1.45 eV/molecule).

At the time, Nguyen-Phan et al. [106] studied the role of GO in photocatalytic 
removal of MB by titanium dioxide/GO composites reporting enhanced adsorption-
photocatalysis for TiO2/GO composites compared to those of pure TiO2. Both the 
removal efficacy and the corresponding MB photodegradation increased with the 
GO proportion in the composite up to 10 wt%. The enhancement of these proper-
ties was attributed to the components’ synergy in increasing the composite specific 
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surface area, π-π conjugation between the dye and the aromatic rings, and in the ionic 
interactions between MB and oxygen-containing functional groups in GO.

10.4 Pesticides and other organic pollutants

Cationic surfactants present a considerable water pollution problems. They are 
 difficult to degrade, leading to persistence in water sources. Chen et al. [107] evalu-
ated aqueous adsorption of a cationic dodecyl amine hydrochloride (DACl) surfactant 
on GO by analyzing its zeta potential and applying FTIR and X-ray photoelectron 
spectroscopy (XPS). They found that the adsorption equilibrium was consistent with 
the Freundlich isotherm while the adsorption kinetics followed pseudo-second order 
model [14]. Accordingly, they reported an adsorption process that was endothermic 
and consistent with electrostatic interaction and H-bonding between DACl and GO.

Then, Wuest & Rochefort [108] while studying amino triazines adsorption 
on G using DFT calculations reported strong adsorbate affinity for G, which they 
attributed to specific attractive interactions of -NR2 groups within the underlying 
surfaces as the driving force for the process. Afterwards, the authors [109] reported 
unprecedented aqueous GO and rGO adsorption of capacities of ∼1200, 1100, and 
800 mg/g for chlorpyrifos (CP), endosulfan (ES), and malathion (ML) respectively. 
They noted that the process was mediated through water because direct interactions 
between G and the pesticides were weak and unlikely. However, the adsorption of the 
compounds was both pH- and background ions-independent.

10.5 Pharmaceuticals and other emerging pollutants

Pharmaceutical agents have been become common persistent pollutants in in 
many water bodies around the world [7]. The occurrence of such emerging contami-
nants in water bodies poses unique threats to living things. Conventional techniques 
of pharmaceuticals removal from water are complex, expensive and generate 
secondary hazardous residues. Due to inefficient wastewater management systems, 
new treatment technologies are needed to deal with new products for the safety 
of the environment [110]. The adsorption technique has gained popularity but the 
engineering of new adsorbents for emerging trace pollutants is desired. G materials 
have lent themselves to application in various fields due to their robust physicochemi-
cal attributes and several researchers are already exploring them in environmental 
remediation. Gao et al., for instance, investigated removal of three tetracycline 
antibiotics, including tetracycline, oxytetracycline, and doxycycline [111] from water 
using GO. They reported that the tetracycline antibiotic deposited on GO surfaces via 
the π-π and cation-π interactions. The adsorption data could be fitted the Langmuir 
and Temkin isotherms with Langmuir adsorption capacity of 313, 212, and 398 mg/g 
for three antibiotics, respectively. The kinetics adsorption data fitted the pseudo-
second order kinetics model [14] with a sorption rate constant (k) of 0.065 g/mg/h. 
Nonetheless, the adsorption capacities of GO for tetracycline decreased with increas-
ing solution pH and increasing Na+ concentration.

In another study, Nam et al. [112], while studying the adsorption behaviors of 
diclofenac (DCF) and sulfamethoxazole (SMX), evaluated the effect of GO dosage, 
contact time, pH, and sonication. They predicted binding energies between the drugs 
and GO surface groups and found that GO adsorption of the drugs was controlled 
by the oxygen-containing functional groups in GO, which exhibit negative surface 
charge over a wide range of pH values of 3–11. DCF showed favorable binding energy 
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of −18.8 kcal/mol compared to that of SMX, which was −15.9 kcal/mol. The removal 
efficiencies for the two agents reached 35 and 12% within the initial 6 h respectively. 
however they were strongly enhanced to 75 and 30% under sonication, respectively. 
This is because sonication facilitates dispersion of exfoliated GO particles diminish-
ing their surface density of oxygen-containing functional groups. It was found that 
the equilibrium data for both adsorbates fitted the Freundlich model.

Zhu et al. [110], on the other hand, while testing GO for metformin removal 
from water, observed an initial rapid and efficient metformin uptake, which was 
also strongly temperature-, pH-, ionic strength-, and the background electrolyte-
controlled. The GO optimum adsorption of metformin was achieved at pH 6.0 and 
288 K. The authors then found that the adsorption process was both spontaneous and 
exothermic and suggested that both π–π interactions and H-bonds played the lead-
ing role. The adsorption kinetics showed that 80% metformin removal was achieved 
within 20 min with high-rate constants of k1 (0.232 per min) and k2 (0.007 g/mg/
min) for Lagergren first order [13] and pseudo-second order kinetic [14], respectively.

In the same way, Pavagadhi et al. [113] employed GO the removal of microcystin-
LR (MC-LR) and microcystin-RR (MC-RR) –two common algal toxins in natural 
water. The adsorption experiments employed typical aqueous matrix containing 
environmental water anions and cations. The authors reported 1700 and 1878 μg/g 
GO adsorption capacities for MC-LR and MC-RR, respectively. The adsorption kinet-
ics for the process were achieved within 5 min and the GO samples could be recycled 
up to ten cycles without significant loss in their adsorption potency.

11. Conclusions

G exhibits hydrophobic surfaces presenting high adsorption to chemicals that 
exhibit strong π-π interactions. GO, on the other hand, has a number of reactive 
functional groups with strong acidity suited for high adsorption for basic and cationic 
adsorbates. We find that the key application for G materials in the last decades have 
included hydrogen and other fuel gas adsorption and storage; alkali metal storage and 
battery technology; design and development of nano-electronic and nanophotonic 
devices; vacancy engineering for modifying the G surface reactivity for various 
application; G environmental application in water and atmospheric amelioration of 
both organic and inorganic pollutants; and in fashioning sensors and biosensors for 
most diverse applications. Suitable modifications of GO or G with nonmetals, metals, 
metal oxides, or organics can produce nanocomposites with enhanced adsorption 
capacities and separation efficiencies toward various groups of adsorbate species. 
The metals’ adsorption, for example, imparts magnetic and metallic character to G. A 
number of molecular intercalations have also been found useful in inducing sufficient 
bandgap opening into G, which is critical for controlling electronic conductivity and 
opening up the materials to application in nano-electronic and nanophotonic devices 
among other applications.
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Chapter 5

Mechanical Performance of 
Carbon-Fiber-Reinforced 
Composite Textile Laminates 
Integrated with Graphene 
Nanosheets
Vishwas Jadhav and Ajit D. Kelkar

Abstract

This chapter discusses the fabrication and mechanical characterization of nano-
engineered composite laminates fabricated using variable-thickness graphene sheets 
incorporated in non-crimp carbon fiber prepregs. The effect of graphene sheet 
thickness on interlaminar strength (Mode I fracture toughness) of the carbon fiber 
composites was evaluated. The graphene lattice structure used in the present research 
had linear and square grids. Linear grids were arranged parallel and perpendicular 
to the 0° fibers in the composite laminates and labeled as vertical and horizontal grid 
patterns, respectively. Mechanical characterization involved the study of the effects 
of sheet thickness and grid pattern with and without nanoengineered enhanced 
laminates at the midplane. The composite laminates fabricated using a lattice gra-
phene structure had better interlaminar strength than those fabricated with straight 
graphene sheets. Nanoengineered sheets with minimal thickness showed better 
interlaminar strength than the thicker sheets. The polymer used to manufacture the 
graphene sheet could not bond with the epoxy used in the composite laminate. In the 
literature, when the graphene nanoparticles are dispersed in the epoxy, the challenge 
is a uniform distribution of the nanoparticles. To overcome this dispersion problem, 
sheets made using nanomaterials can be used to enhance the mechanical properties of 
the composite laminates.

Keywords: carbon-fiber-reinforcement, composite textile laminates, doble cantilever 
beam, fabric characterization, graphene nanoplatelets, graphene sheet, non-crimp 
fibers

1. Introduction

Due to superior specific properties over traditional materials, the use of textile 
composites for aerospace, automotive, and marine applications has increased dra-
matically. Metal failure depends on the yield strength of the material, whereas the 
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applied stresses influence the failure of composite material, the interaction between 
the two phases, the stacking sequence, and voids or defects in the composite laminate. 
Composite laminates are bonded together by a thin layer of resin between them. The 
function of this interface layer is to transfer the displacement and the force from one 
layer to another. As this matrix is a weaker element in the composites, the matrix fails 
at the beginning and then the fibers. When these layers get damaged or weakened, 
they form a crack between adjacent plies, separating the adjacent layers. This results 
in a failure of the lamination, which is known as delamination. The weak interlaminar 
region of each ply is the primary reason for the interlaminar-induced delamination 
of composite laminates. Researchers have developed various methods from different 
perspectives in diverse fields to overcome this challenge and enhance interlaminar 
strengths. The next-generation reinforcements, non-crimp fibers (NCF), are being 
explored for various structural applications. Non-crimp fabric provides excellent 
laminate strength, and the fabrication cost is lower than that of traditional composite 
manufacturing due to its drape ability and lack of fiber crimp in the woven fabric.

Various techniques such as three-dimensional weaving, stitching, Z-pinning, edge 
notching, braiding, fiber hybridization, and edge capping have been explored. These 
techniques suppress delamination but degrade in-plane laminate properties and incur 
additional manufacturing costs due to the process modifications. Degradation of 
in-plane properties and an increase in the weight of the composite laminate also lead 
to macroscale defects in the composite laminate, which may act as a crack initiation 
point for failure.

Tsai and coworkers studied the effect of delamination and tensile strength in the 
thick and thin ply composite laminate. To achieve a thickness of less than one-third 
of conventional plies (thin ply), a constant airflow through a sagged fiber filament 
technique was used to spread thick tows without damaging the fibers. Smaller ply 
thickness provides more choice in optimizing the laminate composite structure. The 
authors found that the tensile strength was higher for the thin-plies than the thicker-
plies composite laminates due to the less resin-rich area used, but manufacturing 
thinner plies is more challenging [1]. With the advanced technology and concept 
of Prof. Stephen W Tsai’s theory, known as the CHOMARAT, which was founded 
in 1998, four industrial sites in France, Tunisia, the USA, and China, manufactures 
non-crimp fabric (NCF) [2].

Nanomaterials, such as carbon nanotubes (CNTs)/graphene nanoplatelets (GNPs) 
incorporated polymer composites, are becoming popular due to their excellent 
mechanical, thermal, and electrical properties. Adding a small portion of nanoma-
terials improves the mechanical properties of the composite laminates, such as their 
strength, stiffness, impact toughness, and electrical and thermal conductivity by 
several orders of magnitudes, and allows them to work with inner plies However, 
due to strong intermolecular interactions based on dipole interactions and van der 
Waals forces, non-functionalized nanomaterials form bundles or agglomerates. 
Agglomeration causes the collection of bundles of these nanomaterials together, 
distributing them unevenly in the matrix.

Nanomaterials can be aligned and dispersed in the polymer composite by applying 
external force. Various techniques, such as mechanical stretching, electrical fields, 
spinning processes, and magnetic fields, are used to overcome the agglomeration 
issue. Mechanical methods, such as ultrasonication (bath or probe), three-roll 
milling (calendaring) ball milling techniques, or a combination of these methods 
in series or parallel, are used to achieve dispersion. Each method has its pros and 
cons. High energy created during the sonication or milling process often damages 
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the nanomaterials. So, surface modification techniques became famous for dealing 
with agglomeration problems. In these methods, the nanomaterials are treated with 
chemicals such as nitric, phenolic, and carboxylic groups to improve the interaction 
with the solvent, which leads to uniform dispersion and avoid agglomeration.

Various tactics are used to integrate carbon nanotubes or graphene into fiber-
reinforced plastic structural composites to improve the mechanical properties of the 
composite laminate. Micro/nanoscale materials incorporation into the matrix resin to 
enhance the interlaminar properties have become popular compared to mechanical 
insertion due to both in-plane and out-of-plane enhancement of the properties per 
unit mass. Furthermore, even though mechanical insertion improves the interlami-
nar strength, it degrades in-plane properties due to cutting of the fibers during the 
insertion and adding mass to the composite laminate. To overcome the agglomeration 
problem, researchers have used nanoengineered interleaving sheets typically inserted 
at various locations through the thickness of the laminate [3].

In the present research work, graphene sheets of various thicknesses were 
incorporated into composite laminate and the interlaminar strength investigated 
by performing a double cantilever beam test. Graphene sheet-embedded composite 
laminates showed degraded interlaminar strengths, due to low bonding between 
the resin and graphene sheets. To overcome this problem, grids were formed on 
the graphene sheet, which helped to form the thin layer of resin at the midplane by 
enhancing the interlaminar fracture toughness of the composite laminates. After the 
test to check the bonding at midplane, the tested specimens were opened at midplane 
for microscopic analysis.

2. Literature background

Nanomaterials have superior specific (per unit mass) mechanical properties as 
compared to resins and fibers. A small amount of nanomaterial added to the com-
posites increases the mechanical properties by a few orders of magnitudes. Carbon 
nanotubes (CNTs)/graphene nanoplatelets (GnPs)-incorporated polymer composites 
have become popular in composite industries. The carbon nanotubes (CNTs) improve 
mechanical properties such as strength, stiffness, impact toughness, and electrical 
and thermal conductivity of the composites.

Toughening of the matrix resin, interleaving with short fibers or micro/nanoscale 
particles, became popular in recent years to overcome delamination issues by avoiding 
mechanical inserts (pins). The addition of nanofillers leads to additional toughening 
mechanisms such as fiber pull-out, peeling/pull-out hackle formation, and stick-
slip mechanism, which are controlled by: (i) the method by which the laminate is 
manufactured, (ii) the even dispersion of the nanofiller, and (iii) the matrix mixing 
method. Table 1 presents the techniques used to improve the interlaminar using dif-
ferent nanofillers with various results/laminar improvements reported by researchers 
in the last few decades.

A key method of incorporating nanomaterials in composite processing is based on 
the use of vacuum assisted resin transfer molding method (VARTM). However, the use 
of nanomaterials in composite processing using VARTM presents a significant challenge 
due to the narrow gaps between fibers as nanoparticles filter out during infusion as 
depicted in Figure 1. To overcome these challenge, researchers utilize advanced three-
roll mills, centrifugal mixers, functionalization, sprayers, etc., for uniform dispersion of 
nanoparticles into the resin to produce nanomodified prepregs [19].
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Improvement techniques Key results/improvements Reference

The adhesive layer of 0.008″
Load-carrying capacity was increased by 
50%, with a loss of in-plane strength. Lagace et al. [4]

Graphene platelets Mode I fracture toughness enhanced by 
~53% over that of neat epoxy. Rafiee et al. [5]

Alumina nanoparticles

Mode I fracture toughness was increased 
by 51% for non-functionalized 
alumina nanoparticles, while 74% with 
functionalized silica nanoparticles.

Kelkar et al. [6]

Electrospun nanofibers

Mode I fracture toughness of composites 
with electrospun nanofiber interleaving 
increased by 80% as compared to neat 
composite.

Kelkar et al. [7]

Multi-wall carbon nanotubes 
(MWCNTs), graphene nanoplatelets, 
and carbon blanks polymer 
nanocomposite

The interlaminar shear strength of 
the carbon fiber reinforced composite 
increased marginally.

Shrivastava et al. 
[8]

0.2 wt.% of highly dispersed rGO 
(reduced graphene oxide)

A 52% improvement in fracture toughness 
(KIC) of the cured epoxy.

Long-Cheng 
Tang [9]

0–7 wt.% GO with an increment of 1 
wt.% as a function of PVP content

Mode I fracture toughness improved by 
~100% for 7 wt.% GO.

Vaidyanathan 
et al. [10]

POSS-PVP (polyhedral oligomeric 
silsesquioxanes-polyvinylpyrrolidone) 1, 
3, 5, and 10 wt.% to PVP

For 5 wt.% of POSS loading 70% increase 
in interlaminar fracture toughness. Mishra et al. [11]

CNT concentration of 0.02% to 5% 0.047 wt.% caused an increase in the 
fracture toughness by 22%.

Han Zhang et al. 
[12]

Aligned CNTs in unidirectional carbon 
tape composite

The Mode I fracture toughness increased 
by 1.5–2.5 times and Mode II by three 
times.

Enrique and 
coworkers [12]

Buckypaper intervals carbon nanofibers 
unidirectional prepregs [0]12 fabricated 
by hand layup

ILSS increased by 31%, whereas Mode II 
interlaminar fracture toughness increased 
by 104%.

Khan et al. [13]

CF/Biaxial NCF/Toray T1700Sc 50C) 
0.5 and 1 wt.% CNT premixing, shear 
mixing/degassing

Mode I fracture toughness increased from 
428 ± 27 (pristine) to 462 ± 25 (0.5 wt.%) 
and 537 ± 34 J/m2 (1 wt.%).

Quan et al. [14]

Polyphenylene-sulfide (PPS) veils doped 
with multiwall carbon nanotubes and 
GNPs

Fracture toughness of MWCNTs veils 
improved while the incorporation of GNPs 
on the veils decreased adhesion.

Quan et al. [15]

0.5 wt.% GO-epoxy nanocomposites + 
use of high pressure & shear rates

Fracture toughness increased up to 220% 
with adequate process. Guijosa [13]

Graphene nanoplatelets (GnPs)
Fracture toughness was found optimum at 
1 wt.% for higher loading, the properties 
deteriorate due to agglomeration of GnPs.

Valorosi et al. 
[16]

Laminates interleaved by multiwall 
carbon nanotubes loadings of 5, 10, and 
15%

Mode I interlaminar fracture toughness 
increased by 206% as compared to the 
controlled sample.

Liu et al. [17]

Table 1. 
Summary of the techniques used to fabricate nanoengineered composite laminates and their effect on the 
mechanical properties.
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Furthermore, the use of nanofillers poses additional challenges of nonuniform 
dispersion resulting from nano-agglomeration, which degrades the properties of the 
laminate. The advanced method of inserting the carbon nanotube buckypaper was 
used by various researchers with promising results. Wang et al. [20], for example, 
studied glass fiber reinforced polymer composite with and without buckypaper. They 
reported 25% more shear strength due to incorporating carbon nanotubes (CNTs) 
buckypaper. Li et al. [21], on the other hand, studied the effect of curing pressure on 
glass fiber reinforced plastic (GFRPs) laminates fabricated by adding CNTs bucky-
paper to the midplane layer resulting in fracture toughness increments of 174.81% for 
initiation and 179.97% for propagation relative to baseline composite for 2 MPa curing 
pressure. Then, Chen et al. [22] investigated fracture toughness by incorporating 
buckypaper at the midplane of reinforced fiber and found the initiation interlaminar 
fracture toughness was increased by 29% compared to that of the one without the 
buckypaper composite laminate. These studies demonstrated that the interlaminar 
fracture toughness of fiber-reinforced plastics could be significantly enhanced by 
incorporating CNTs buckypaper interleaf. The researchers used nanomaterials with 
a small percentage of the composite and the nanoengineered micro thickness sheets 
were incorporated into composite laminates.

On the other hand, the use of graphene sheet interleaf is not found in the litera-
ture. So, in the present study, the graphene sheets with 50, 120, and 240 μm thickness 
were incorporated at midplane in order to study the initiation and propagation frac-
ture toughness of quasi-isotropic layered non-crimp carbon fibers. Straight graphene 
sheets of 50, 120, and 240 μm thickness incorporated composite laminates degraded 
the initiation interlaminar fracture toughness by 75, 92, and 86% compared to the 
composite laminate without graphene sheet. To overcome this problem, uniform grids 
were formed on the graphene sheet, aligned parallel or perpendicular to 0o fibers at 
the midplane, and labeled as either vertical or horizontal grids in the present research 
work.

3. Materials and the process

3.1 Procurement and characterization of graphene sheets

Graphene sheets of three different thicknesses: 50, 120, and 240 μm (PN40003, 
PN40008, and PN 40009) are supplied by XG Sciences Inc, Lansing, MI, USA, 
were used as interleaving material. SEM images of the graphene sheet, as shown in 
Figure 2, depict the two-dimensional graphene nanoplatelets (GnPs).

Figure 1. 
Filtering of larger particles by fiber array and infiltration of smaller particles between fibers [18].
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Figure 3. 
Fabrication set up for nanoengineered composite laminate.

3.2 Panel fabrication from NCF-MTM45-1 Prepreg

Almost all high-tech composite companies manufacturing aerospace and sport-
ing goods use prepreg because of the high quality of fiber alignment and uniform 
fiber volume fraction. In the present study, NCF-MTM45-1 pre-impregnated 
prepregs supplied by SHD composites, NC, USA, were used to fabricate nanoen-
gineered composite laminates. The graphene sheets were employed as interleaf at 
the midplane of the composite laminate to analyze the fracture toughness at the 
initiation and the propagation point. Other supporting materials, including glass 
mold, vacuum bag, release film, breather, and sealant tape, were assembled as 
shown in Figure 3.

The NCF composite laminates were fabricated using 48 layers (24 bilayers) 
of biaxial spread-tow carbon NCF fabric prepreg. Each NCF prepreg layer had 
[0/−45] orientation. These 24 bilayers were symmetrically stacked about midplane 
with the orientation of [0/−45/90/45] to achieve a balanced layup in the final cured 
laminate. Hand-cutting fibers produced the composite laminate with dimension 
12″ × 12″, with layup [(0/−45/90/45)6/GS/(45/90/−45/0)6] [22, 23]. Figure 4a 
depicts the debulking, using vacuum pressure to remove the entrapped air in the 
prepregs. Then, the 12 layers of biaxial spread-tow carbon fibers were placed on 
the mold, and a Teflon sheet of 14″ × 3″ was inserted at one end such that the 14″ 
side is perpendicular to 90o fibers in the laminate, as shown in Figure 4b and c. 

Figure 2. 
SEM images of the graphene sheet.
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The graphene sheet (either 50, 120, or 240 μm) was incorporated next to the Teflon 
sheet at the midplane to produce nanoengineered composite laminate. The fab-
rication process included composite laminate, with and without nanoengineered 
graphene as depicted in Figure 4d [2, 23, 24].

Weak bonding between the matrix and graphene resulted in degraded interlami-
nar resistance causing delamination and separation at the midplane when manual 
force was applied. This was then corrected by perforating the graphene sheets form-
ing a lattice structure.

3.3 The curing cycle of the process

The curing cycle for the process is shown in Figure 5. After oven curing, the cou-
pons were waterjet cut as shown in Figure 6a, and tested as per American Society for 
Testing and Materials (ASTM) D5528 standards [25]. The edges were made smooth 
and uniform using the grinding machine to achieve uniform width, as depicted in 
Figure 6b.

3.4 Fracture toughness (GIC)

Strain energy release rate G, expressed as Mode I interlaminar fracture toughness 
in ASTM D 5528 standards is given as:

 
( )

δ
=

+ ∆
3

2 l lIC
PG

b a
 (1)

Figure 4. 
Fabrication—nanoengineered composite laminate. (a) Debulking of Prepregs. (b) NCF prepreg layer 
preparation. (c) NCF prepreg layer arrangement. (d) GS at midplane.
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where P = load, δ = load point displacement, b = specimen width, a = delamination 
length and Δ is constant, determined experimentally by generating the least-square 
plot of the cube root of compliance, 1/3C  as a function of delamination length. 
Compliance C is the ratio of crack opening displacement to the applied load, δ/P. For 
more details, readers are referred to appropriate literature sources [25]. Instron elec-
tromechanical system is used to record the load and displacement at every 10 s after 
test analysis was done to calculate fracture toughness and coupons were separated 
about midplane to observe the midplane bonding using microscopic images.

The present work uses the modified beam method to calculate fracture toughness 
as per ASTM 5528 standards.

4. Results and discussion

Strain energy release rate (GIC) values for with- and without-graphene sheet 
reinforced-composite laminate were calculated using Eq. (1) and the results are 
shown in Figure 7. The initiation and propagation values of strain energy release rate 

Figure 5. 
Cure and post cure time-temperature cycle (MTM 45-1).

Figure 6. 
(a–c) Preparation and DCB test. (a) Waterjet cutting, (b) edge grinding of coupons and (c) DCB Test.
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(GIC) with brittle graphene-epoxy for graphene sheet reinforced-composite reduced 
initiation fracture toughness by 75, 92, and 86% for 50, 120, and 240 μm thick gra-
phene sheets, and similar trends observed for propagation fracture toughness [26].

Weak bonding between the matrix and graphene resulted in degraded interlami-
nar resistance. Because of this, the specimens were easily delaminated and separated 
at the midplane when manual force was applied, as shown in Figure 8. To overcome 
this challenge, the graphene sheet was perforated by forming a lattice structure.

The lattice grids were developed with 5 mm spacing horizontally, vertically, and 
in square form, as shown in Figure 9. The gap between the graphene sheets helped to 
form the fiber-epoxy bonding.

Figure 10 represents the delamination resistance curve (R curve) for the horizon-
tal, vertical, and square grid embedded graphene sheet at midplane in the composite 
laminate. It then compares it with the composite laminate without a graphene sheet. 
Delamination resistance for composite laminate without nanoengineered graphene 
sheet was dominant as compared to the plain and lattice structure graphene sheet-
embedded composite laminates. The lattice structure formed on the graphene sheet 
helped to improve the delamination resistance of the composite laminate.

Figure 11 compares the fracture toughness of the 24 bilayers, NCF carbon fiber 
with and without incorporated lattice structure graphene sheet at the midplane with 
bare composites. Irrespective of the thickness, the vertical grids (grids parallel to 
90° fibers in the laminate) had better performance than horizontal and square grids. 

Figure 7. 
Initiation and propagation of GIC with and without graphene sheet.

Figure 8. 
Testing of coupon manually. (a) Waterjet coupon, (b) manually applied force and (c and d) separation of the 
laminate at the midplane.
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Figure 10. 
Delamination resistance curve (R curve) for all GS.

Figure 11. 
Fracture toughness for all samples.

Figure 9. 
Lattice structure formed on a graphene sheet.



137

Mechanical Performance of Carbon-Fiber-Reinforced Composite Textile Laminates Integrated…
DOI: http://dx.doi.org/10.5772/intechopen.114200

The graph for the horizontal grids showed a sudden change in values due to graphene 
strips, because of the alternating resin patch.

The fracture toughness of the vertical grid 50 μm graphene sheet was the highest 
and was almost the same as the baseline composite laminate. The fracture toughness 
of the square grids was observed to be less than that of the other grid patterns. The 
fracture toughness of a straight 120 μm-thick graphene sheet was the lowest com-
pared to those of similar groups.

Sample images for the above configurations are shown in Figure 12a and b.
For the straight graphene sheet-incorporated panels, it was observed that there 

was very little binding between the graphene sheet and adjacent plies. This degraded 
its interlaminar fracture toughness compared to the other configurations. In straight 
graphene composite laminates, laminates fabricated using 50 μm-thick graphene 
sheet-embedded showed higher fracture toughness when compared to that of the 120 
and 240 μm thick graphene sheet-embedded composite laminate. This could be due to 
the smaller thickness of the sheet. Also, the vertical lattice structure on 50 μm sheet 
showed a fracture toughness of 0.28 kJ/m2 as compared to 0.18 and 0.24 kJ/m2 when 
120 and 240 μm vertical lattice structures graphene sheets were used, respectively, 
as the matrix formed a thin layer in between the lattice structure, which helped to 
improve the interlaminar resistance. As vertical grids were arranged parallel to 0° 
fibers in the composite laminates, which formed the thin alternate layer of epoxy 
along the length of the DCB test specimen, it helped to increase the interlaminar 
strength of the composite laminate. The grids are aligned horizontally perpendicular 
to the 0o fibers in the composite laminate, which forms alternate thin layers of the 
matrix between two strips of graphene sheet along the length of the DCB test speci-
men, resulted in instability that was observed for delamination resistance (in the 
delamination curve) of horizontal grid pattern of graphene sheet embedded compos-
ite laminates.

Figure 12. 
(a and b) Images of the coupons after the DCB test. (a) 50 μm straight GS and (b) 50 μm horizontal grid.
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To maintain uniformity in the fabrication process, horizontal-grid-formed sheets 
were arranged in a manner that a graphene sheet follows the same gap after the 
Teflon at midplane. Experimentally, maximum fracture toughness was observed 
for vertical grids. Furthermore, all the vertical grid samples exhibited fiber pullout, 
which showed bonding between the top and bottom layers at midplane, and this 
was not observed in the specimens with other grid patterns. Khan and Kim [13] 
used buckypaper intervals and reported a 31% increase in the Mode II interlaminar 
shear strength while reporting doubled fracture toughness, the cost of making CNT 
buckypaper is way too expensive compared to the commercial graphene sheets used 
in the present study. Also, Kelkar et al. [6] reported an 80% increase in interlaminar 
strength as compared to neat composite using electrospun fibers.

5. Conclusion

Graphene sheets-embedded composite laminate was used to incorporate the 
nanoparticles and avoid the nanoparticles’ uniform dispersion problem in the epoxy 
resin. Mode I fracture toughness (strain energy release rate) studies indicated that 
when graphene sheets were inserted in the midplane of the carbon fiber composite 
laminate, the results for fracture toughness were poorer as there was no bonding 
between the graphene sheet and adjacent prepregs. Therefore, the graphene sheets 
were converted into three different lattice configurations, including horizontal, 
vertical, and square structures, so as to alleviate this problem. Grids formed on 
the graphene sheet showed enhanced properties and vertical grids showed peak 
mechanical properties as compared to horizontal and square grids. The addition of 
grids helped to form a tiny epoxy layer and to improve the fracture toughness of the 
50 μm lattice structure sheet, more than that of the composite without a graphene 
sheet. Vertical grids formed on 50, 120, and 240 μm thick graphene sheets showed 
improvement in the fracture toughness by 4.5, 10, and 7 times compared to the 
straight graphene sheet, but the values were always less compared to composite 
without graphene sheet. Overall use of two-dimensional nanoengineered graphene 
sheet showed degraded interlaminar strength as compared to the composite laminate 
without a graphene sheet.
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Chapter 6

Advanced Graphene-Based 
Materials for Electrochemical 
Biomarkers and Protein Detection
Carmen Ioana Fort, Liviu Cosmin Cotet, Lucian Cristian Pop, 
Monica Baia and Lucian Baia

Abstract

In this chapter, recent advances in the field of graphene materials-based (bio)sen-
sors that are used for biomarker and protein electrochemical detection are presented. 
Approaches related to the synthesis of electrode material for (bio)sensors construc-
tion as well as to their morphological and structural characterization, are highlighted, 
pointing out the advantages of using graphene-based materials for (bio)sensors 
applications. This chapter focuses on obtaining graphene-based electrodes, detecting 
biomarkers and proteins, and evaluating the performance of the sensors. Different 
methods for designing sensors for a large variety of biomolecules are described and 
comparatively discussed. In order to increase their electroanalytical performances, 
such as sensitivity, selectivity, detection limit, linear range, and stability, the research 
performed in the last years was focused on different types of graphene structures 
including graphene oxide, reduced graphene oxide, graphene nanofoams, graphene 
nanocomposites, different functionalized graphene, etc. The detection of analytes 
including neurotransmitters and neurochemicals (dopamine, ascorbic acid, uric 
acid, serotonin, epinephrine, etc.), hydrogen peroxide, and proteins, have been 
discussed. The studies related to electrochemical (bio)sensors are presented in three 
subchapters, and the key results—electroanalytical performances—of the sensors are 
summarized. The final chapter provides the conclusions derived from the compara-
tive analyses of different approaches related to these types of (bio)sensors based on 
graphene materials.

Keywords: biosensors, electrochemical sensors, graphene materials, graphene oxide, 
reduced graphene oxide, graphene-based composites, graphene nanomaterials

1. Introduction

In the last decade, the necessity for rapid, simple hand-held testing devices 
in medicine has prompted the development of biosensors for clinical purposes. 
Biological sensors were developed as optical, electrical, piezoelectrical devices or 
systems, which consist of biological and electronic components and are able to 
discover and detect biological compounds like nucleic acids, proteins, enzymes, and 
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genes. Nowadays, biosensors are known as devices that are employed for qualitative 
and quantitative detection of biological analytes [1]. The biomolecules, the biologi-
cal structures, or the microorganisms can play the role of biological analytes. As it is 
well-known, an electrochemical (bio)sensor involves three components, which are 
responsible for (i) the recognition of the analyte and the signal formation, (ii) the 
transducer of the received signal, and (iii) the reader device [2]. Owing to an inter-
disciplinary combination of approaches from physics, chemistry, biology, nanotech-
nology, and medical science, the achievements in the biosensor field are impressive. 
Consequently, they are becoming essential devices developed for diagnosis of life-
threatening syndromes [3, 4].

Electrochemical sensors are of high interests in different applications because of 
their great sensitivity, selectivity, inexpensive and simplistic production, and facile 
miniaturization [5, 6]. They depend on the use of sensitive biological molecules 
immobilized on the surface of solid electrodes that are able to capture target mol-
ecules by specific recognition [2, 3]. This process, at the electrode surface, occurs with 
a reaction signal. The modified electrode transforms the produced chemical signal 
into a measurable electrical signal, such as current, voltage, conductivity, impedance, 
etc. This way, the technique enables both the qualitative and quantitative analysis of 
target species [7, 8].

Electrochemical biosensors have some advantages as compared to other biosensor 
categories. First of all, the theory behind it is well-developed, and it involves a facile 
design based on simple structures for easy measurements [5, 9]. As compared to other 
analytical methods including fluorescence [10, 11] colorimetric [12], and chemilumi-
nescence methods [13, 14], electrochemical biosensors can be used in many important 
fields such as biomedicine, pharmaceutical industry, food industry, and environ-
mental analysis [3, 4, 15]. In order to increase the sensor performances with respect 
to detection limits, sensitivity, selectivity, time stability, and linear detection range 
and to lessen the time of response, recent research was focused on developing a new 
preparation method for biosensor electrodes using different electrode materials.

Thus, due to their low cost, compared to other materials such as Pt and Au metals, 
and because of their good conductivity, a variety of modified electrodes incorporat-
ing carbonaceous materials [16], such as graphite [17, 18], carbon aerogel [19–22], 
glassy carbon [23–28], graphene [25, 29–33], carbon fiber [34], and screen-printed 
electrode [35], have been developed for sensing of numerous biological compounds. 
Also, various materials including metals nanoparticles Au [25, 36–39], Ag [40]; 
phosphates such as zirconium phosphates [28, 41] and titanium phosphates [27]; 
mediators [42], polymers (PANI [37, 43], chitosan [44–46]), enzymes (HRP) [17, 23, 
47], plasmodium falciparum lactate dehydrogenase (PfLDH) [48], cellobiose dehy-
drogenase (CDH) [20]; oxides (α-Fe2O3 [49], Al2O3 [50], ZnO [36, 51], Cu2O [52]), 
and non-metals (N [53]) have been used widely to modify different carbonaceous 
electrode materials.

Among the carbonaceous modified electrodes, those based on graphene matrix, 
i.e., graphene (G), graphene oxide (GO), and reduced graphene oxide (rGO) [54, 55], 
exhibit important advantages over the conventional ones. This is because the latter 
classes of materials, present significant drawbacks that range from limited active 
surface areas easy inactivation and high cost of production. G structure is composed 
only of carbon atoms that are all sp2-hybridized and organized in a single atomic layer. 
Every carbon atom belonging to G is bonded to three other neighboring carbon atoms 
using three of its valency electrons, and the fourth electron is delocalized, thus facili-
tating the electrical conductivity of G [15]. The use of G for sensors’ development is 
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attributed to its additional unique features that include its ease of production; good 
chemical, morpho-structural, and mechanical characteristics, joined with other 
atypical properties including the high surface area to volume ratio, exceptional optical 
characteristics, outstanding carrier mobility, and extraordinary electrical and thermal 
properties as compared to those exhibited by other carbon allotropes [56]. Besides 
its exceptional properties, G can be functionalized easily, and many of its biomedi-
cal applications can benefit from non-toxic, biocompatible, and water-dispersible G 
layers obtained by chemical functionalization with different ligands [57].

The grafting of functional groups on the G surface structure is extremely reliable 
for binding molecules so as to further examine their communications with well-
defined targets. In this respect, oxidized G presents one of the best solutions to obtain 
surface charges by anchoring on its surface oxygen-containing substituents like 
hydroxyl, carbonyl, carboxyl, and epoxide groups, which make it easier to understand 
the future specific interactions that take place on the surface of the G structure. Thus, 
G and its oxidized derivatives (GO or rGO) combine well-known properties of the 
carbonaceous structures, i.e., the great electric and thermal conductivities, mechani-
cal strength, and impermeability to gases, with those related to the enhancement of 
their surface response after interaction with specific molecules. Accordingly, G-based 
materials are desired because of their essential functional groups such as those found 
in GO or N-G, very beneficial and effective in aligning with biomedical and related 
fields [58]. This is the reason why, in the last years, investigations were focused on 
different types of G structures including GO, rGO, G nanofoams, G nanocomposites, 
and different functionalized G derivatives [59], and the biosensor applications are 
now focused on biomarkers and protein detection.

In this chapter, the latest developments in the domain of biosensors, based on G 
materials, are described. Details about the synthesis and their morpho-structural 
investigations are also provided. Different approaches for designing sensors for a 
great variety of biomolecules are described and discussed. The detected analytes 
contain neurotransmitters and neurochemicals (dopamine, ascorbic acid, uric acid, 
serotonin, epinephrine, etc.), hydrogen peroxide, proteins, DNA, glucose, and others. 
The aim was to highlight biosensor performances for glucose, hydrogen peroxide, 
neurotransmitters and neurochemicals, and cancer and disease biomarkers detection. 
A special importance was accorded to dopamine, ascorbic acid, uric acid, serotonin, 
and epinephrine detection. The conclusions resulting from the presented research on 
the biosensors are summarized in the last subchapter.

2.  Synthesis, structure, and morphology of graphene materials for sensing 
applications

G materials have been widely promoted due to their suitable properties and 
versatility in biomedical applications as like biosensors, diagnosis-imaging, and drug 
delivery [58]. G consists of a one-atom-thick carbon structure that forms a 2D hex-
agonal honeycomb nanomaterial (Figure 1a), but besides the pristine G materials, the 
functionalized G structures (containing hydroxyl, carbonyl, carboxyl, and epoxide 
groups on the edge or plane of the nanosheets) such as GO (Figure 1b) and rGO 
(Figure 1c) are tremendously involved and tested in the same biomedical application 
fields. As a convention, the limits of 2D G are accepted to have the thickness of up to 
10 atomic layers (i.e., a few nanometers) and the lateral size larger than 10 nm up to 
more than 20 μm [61]. Those having less than 10 atomic layers and a few thousand 
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nanometers in size will be termed as nanosheets. The properties that make G materi-
als suitable for various purposes can be adjusted by selecting the appropriate synthe-
sis pathway. If the target is represented by the sensing applications, then the obtained 
structures are desired to recognize entities having similar physical properties and to 
provide information about them [58].

One very important parameter of G for electrochemical sensing applications 
is its semiconductor behavior with zero band gap energy, which shows that G 
has electrical conductivity much greater than that of copper, resulting from its 
extended π-π conjugation of sp2 hybridized carbon atoms. In the same way, rGO 
is considered an electrical conductor that contains electrically insulating oases 
(Figure 1c), whereas GO is an electrical insulator with electrically conductive oases 
(Figure 1b). The electrical insulation behavior of GO results from the presence 
of sp3 hybridized carbon atoms that are involved in anchoring oxygen-containing 
groups on the edges or planes of GO/rGO nanosheets. Among them, the carboxyl 
and epoxide groups are very commonly involved in biomolecular immobilization 
for biosensor construction [58].

Generally, the synthesis of G materials can be grouped into two main classes: 
bottom-up and top-down methods [62]. The representative pathway for the first 
class is carbon vapor deposition (CVD) that consists of a G growth on catalytic sup-
port (e.g., nickel or copper) using a carbon-source gas (e.g., CH4, CH4/H2 mixture, 
C2H4) at a high temperature (around 1000°C). Free-standing monoatomic layer G 
as a crystal sheet with the size of catalytic metallic support is released after support 
etching [62].

Among the top-down methods is the one proposed by Paton et al. [63], which 
enables the obtaining of G nanosheets in a large-scale production method by physi-
cal exfoliation based on shear mixing of graphite. Even though, the obtained G has 
a high yield, good conductivity, and strong mechanical properties, its poor disper-
sion in common solvents (e.g., water and ethanol) is the primary disadvantage [64]. 
The most efficient ways to overcome this drawback is to use a dispersing agent (e.g., 
amphiphilic polymers, alkylamines, and molecules with hydrophilic carboxyl groups) 
or to generate organic functional groups (e.g., hydroxyl, carbonyl, carboxyl, and 
epoxide) on the planes and the edges of G sheets. The most known of such methods 
are Hummer [65] and its derivates [66], which are based on chemical oxidative 
exfoliations of graphite using concentrated sulfuric acid (H2SO4) and sodium nitrate 
(NaNO3) as the reaction medium combined with potassium permanganate (KMnO4) 
as oxidant. But toxic and hazardous gases (e.g., NO2 and N2O4) are generated if the 
reaction temperature overcomes certain limits. Marcano et al. [67] proposed an 
improved method of Hummers that consists in an oxidative exfoliation, in which 
phosphoric acid (H3PO4) was involved. Better efficiency in GO production and no 

Figure 1. 
Suggested structural models for monoatomic layered nanosheet of G (a), GO (b), and rGO (c); the blue square 
(b) depicted the electrical conductor oasis of GO. The red ovoid (c) depicted electrical insulator oasis of rGO. 
Reproduced from Ref. [60] with permission from the Royal Society of Chemistry.
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hazardous gas generation were claimed. By using sonication and a lower reaction 
temperature, a more controlled sono-oxidative-exfoliation process is obtained [60, 
68]. A new GO preparation route is proposed by Peng et al. [69], who used the potas-
sium ferrate (K2FeO4) as the oxidant and concentrated H2SO4, as acidic medium for 
the reaction. Besides the higher quantity of GO that can be obtained in comparison 
with the other reported pathways, the approach presented a simple way of prepara-
tion with the additional benefit brought about by the recycling of H2SO4. In another 
pathway version promoted by Yu et al. [70], an oxidant mixture of K2FeO4 and 
KMnO4 was employed with boric acid (H3BO3) as a stabilizer in H2SO4. By involving 
such liquid phase exfoliation methods, GO nanosheets that are proper to form stable 
aqueous suspensions can be obtained. For sensor construction, the obtained 2D GO 
nanosheets have to be capable to form stable individual 3D structures as nanobricks 
or to form (nano)composites/modified structures by combination with other 
components.

Generally, the 3D structures of G materials can be grouped into three main classes: 
films (i.e., supported membranes), membranes (i.e., unsupported films), and porous 
structures (e.g., foams, aerogels/xerogels, frameworks, etc.).

In the case of G obtained by using the CVD technique and flat metallic support, 
a large-area continuous 2D film or membrane can be obtained after etching the sup-
port by using acid solutions. But, if the template is a porous 3D metallic structure 
(e.g., nickel foam, copper powder, magnesium, or aluminum oxide nanoparticles), 
a 3D G, as a coating film of metallic framework support, stabile hollow or macro-
porous scaffolds without metallic part can be achieved after the metallic support is 
etched [71]. Due to the lack of promoter-link groups on the surface of G it is dif-
ficult to obtain stable 3D structures if non-functionalized G nanosheet/nanoflake 
suspensions are involved. Besides, although the individual G nanosheets exhibit 
a very high electrical conductivity, because of the poor connection between the 
resulted 3D materials, a lower conductivity is measured. To overcome this drawback, 
the G nanosheets should be functionalized. The most known and used functional-
ized G material is GO. In this case, the most common methods for obtaining films 
are vacuum filtration, dip or drop-casting, spraying, screen printing, and the 
Langmuir–Blodgett method [62]. Due to the strong connection between functional 
groups of neighboring GO nanosheets, such as hydroxyl, carboxyl, carbonyl, and 
epoxy (see Figure 1b), very stable 3D laminar structures are formed as 3D GO films 
on the support materials after their drying. By removing (generally by a simple 
exfoliation) the forming support, stable free-standing GO membranes (i.e., unsup-
ported films) can be obtained [68].

Besides this, Cotet et al. [60] proposed an elegant method that enables the harvest-
ing of a stable membrane formed as a self-assembled pellicle at air-liquid interface 
after performing an isopycnic separation of a certain GO fraction. A proposed sche-
matic distribution of functional groups present in the obtained dried GO membrane 
is illustrated in Figure 2.

For a deep understanding of the interaction processes between GO nanosheets that 
build up such a GO membrane, an assessment of the zeta potential was performed 
for initial GO suspension [72]. A variation in time of the zeta-potential values with 
high negative values (i.e., −63 and −67 mV) at about 3 weeks from the GO synthesis, 
followed by a stabilization (at about −45 mV) after 4–6 weeks, was observed. These 
high values of negative charge indicated a high density of functional groups present 
both on the plans and edges of GO nanosheets [72]. The presence of high number of 
functional groups is beneficial for functionalization due to the potential of attaching 
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specific groups or structures including sensitive biological molecules that can be 
involved in targeted sensing activity.

Porous 3D structures from the class of aerogel/xerogel/cryogel are obtained 
by drying in supercritical conditions of liquid CO2, in ambient conditions or by 
freezing-sublimation of wet hydrogels. A simple way to obtain hydrogels with GO 
nanosheets in their structure was promoted by Worsley et al. [73]. A GO suspension 
was involved as reaction medium for the polycondensation reaction of resorcinol with 
formaldehyde catalyzed by sodium carbonate (Na2CO3). In another approach based 
on a hydrothermal route [71], the added carbohydrates (e.g., glucose, cyclodextrin, 
and chitosan) played both the role of morphology-oriented agents and of reduction 
agents, which define the structural, physical, and electrochemical properties of the 
obtained 3D interconnected-pore aerogel.

A cheaper method for 3D GO porous structure synthesis without the necessity of 
complex equipment and supporting substrates is the room-temperature vacuum cen-
trifugal evaporation of a properly concentrated GO suspension, which is described in 
the literature [71].

During the research and testing of GO materials for sensing applications, a very 
important step is represented by the reduction process that partially restores the 
structure and electrical properties of G. In this way, a conversion from insulating GO 
into electrically conductive rGO occurred with the increase of the C:O molar ratio. 
These reduction processes can be thermal, chemical, electrochemical, irradiation-
induced, etc. [62, 68]. Among these approaches, the thermal and chemical reduction 
methods are identified as the most used techniques, and we will therefore refer to 
these methods later in this chapter.

In the case of GO materials modified with bio-structures, particular sensitiv-
ity (e.g., pH and temperature) of this kind of class of substances have to be taken 
into account. Moreover, if the modification will be carried out with more sensitive 
bio-structures, the reduction process, which is harsh, should be performed prior 
to this process. Additionally, it is known that the higher electrochemical properties 
of G materials are due to their intrinsic favorable properties represented by the π-π 
stacking interactions. These can enhance electrochemical signals and the irrevers-
ible anchoring of catalytic sites onto G materials. Thus, it is important that the new 
3D structures formed present these structural advantages [68]. A method used 
to improve these properties is the doping of G material with nitrogen. Shao et al. 
[74] obtained nitrogen-doped G by exposing G materials to nitrogen plasma. The 

Figure 2. 
Suggested 3D laminar GO structure with intraplanar (ovoid) or interplanar (rhombic) interactions, hydrogen 
bonding involving H2O (square) or not (rectangular), and ester linking (circular). Reproduced from Ref. [60] 
with permission from the Royal Society of Chemistry.
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as-obtained N-doped G materials produce the best result in the detection of hydrogen 
peroxide (H2O2) due to nitrogen and oxygen-containing groups. Interesting results 
were obtained by Fort et al. [21], who observed that the presence of Fe in the carbon 
aerogel matrix led to the formation of G-like structure as single-layer nanosheets 
(Figure 3), which increased the conductivity of the electrode materials and the elec-
troanalytical performance of the obtained modified electrode for H2O2 detection [21].

The graphitic nanostructure formation in the presence of Fe and Bi was observed 
by Rusu et al. [75]. The graphitic structure obtained (Figure 4) is relevant in charge 
transport and thermo-chemical processes.

del Pino et al. showed that the use of the ultraviolet laser irradiation of flexible 
free-standing GO membranes in the ammonia-rich atmosphere and liquid environ-
ments generates significant integration of nitrogen groups, especially amines, in a 
partially reduced GO structure [68]. This method allowed for the obtaining of films 
with controlled geometry of reduced areas up to hundreds of square centimeters 
of N-doped rGO materials with high potential for (bio)sensing applications. So, 
flexible electrodes prepared on flexible polymeric supports with 10 μm thickness 
and low resistivity (6 × 10−4 Ω m) were obtained by an innovative laser reduction 
protocol [76].

There are various chemical agents that are used in GO reduction: hydrazine 
(N2H4), alcohols, sodium borohydride (NaBH4), hydriodic acid in acetic acid (HI/
CH3COH), sodium/potassium hydroxide (NaOH, KOH), iron/aluminum powder (Fe/
Al), ammonia (NH3), hexylamine (CH3-(CH2)5-NH2), sulfur-containing compounds, 
hydroxylamine hydrochloride (HONH2·HCl), urea (CH4N2O), manganese(II) oxide 

Figure 3. 
TEM (transmission electron microscopy) images of Fe-doped carbon aerogels showing G-like nanosheets (a and 
b); carbon nanoribbons, which are isolated (c) or around the Fe nanoparticles (a and c); and carbon nanotubes 
(d). Reproduced from Ref. [21] with permission from the Elsevier.
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(MnO), enzymes, vitamin C, bacteria, etc. [77]. However, the most used reducing 
agent is hydrazine, which allows for the obtaining of rGO materials with a C:O of 
about 12.5:1 and a conductivity of 99.6 S cm−1 [78]. But, because of its toxicity, green 
alternatives are encouraged to be developed. From these, reduction with alcohols 
[79], hydriodic acid [80], and vitamin C [81] are reported [82].

Thermal reduction of GO materials consists of organic (i.e., hydroxyl, epoxy, 
carbonyl, carboxyl, etc.) group removal as O2, CO, CO2, and H2O by the aid of high 
temperatures (>120°C) [83]. Because hazardous reagents are not involved, this reduc-
tion method is considered to be safer than certain chemical reduction approaches. 
The degree of reduction can be adjusted by controlling the reaction temperature and 
the process time. A high temperature (of about 400–1050°C) and an oven equipped 
with an inert atmosphere (i.e., Ar or N2) or in hydrogen flow are required to obtain 
rGO materials with high electrical conductivity [62]. Nonetheless, even by the use of 
these methods, the materials obtained show a low surface and a smaller number of 
insulated oases (Figure 1c) due to the remaining functional groups from rGO materi-
als that could be further involved in applications related to the sensing electrode 
construction.

To the best of our knowledge there has not yet been established a direct relation-
ship between the morphology-structure of a composite and its sensing properties. 
However, there are several studies reported in which particular correlations between 
the structure and sensing properties were made by keeping in mind the possibility 
of improving the sensing performances as a result of understanding the structural 
particularities.

Figure 4. 
Graphitic nanostructures evidenced in carbon matrix that contains bismuth-iron nanoparticles: (a) TEM 
and HR-TEM (high resolution-Transmission Electron microscopy) images after heating at 900°C with two 
highlighted regions during the in situ TEM experiment, (b) electron tomography results on a grain representative 
for the graphitized sample. On the left, a 2D projection extracted from the tilt series was used to reconstruct the 
grain volume; on the middle and right, two orthoslices took at different depths within the reconstructed volume 
evidencing a tubular morphology of the graphitic structure having a length of roughly 120 nm [75]. Reproduced 
from Ref. [75] with permission from Cambridge University Press.
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Besides the excellent electrical conductivity, another remarkable property of G, 
when used in sensing applications, consists of its high specific surface area (theo-
retical specific surface area ~2630 m2/g), which promotes the attachment of (bio)
molecules, polymers, or nanoparticles to the G surface by exposing all carbon atoms 
to sense biomolecules. These results indicate an increased G’s sensitivity as biosen-
sor [84]. After synthesizing cobalt oxide (Co3O4) nanowires using a hydrothermal 
method based on 3D G foam grown by CVD, Dong et al. used this composite (G/
Co3O4) as a monolithic free-standing electrode for free-enzyme electrochemical 
detection of glucose. The porous structure of the G foam proved to play the role of a 
scaffold for the sensors fabrication [85]. A double-layered membrane of rGO-and-
polyaniline (PANI) nanocomposites (to enhance the sensitivity of sensor) and molec-
ularly imprinted polymers decorated with gold nanoparticles was prepared by Xue’s 
research team in order to obtain an electrochemical serotonin sensing interface. When 
the morphology of the material was studied by SEM (Scanning Electron Microscopy), 
a uniform distribution of rGO/PANI nanocomposites spheres with the diameter of the 
single sphere of approximately 93 nm was observed. A rough and foliated structure 
embedded with AuNPs was observed. This indicates the achievement of imprinted 
membrane embedded with AuNPs, which led to an increased conductivity and elec-
trocatalytical activity of the membrane [37]. By employing electrophoretic deposition 
in a magnesium salt/GO electrolyte, Akhavan et al. prepared GO nanowalls with 
extremely sharp edges and preferred vertical orientation, and then they deposited 
them on a graphite electrode. The results revealed a uniformly deposited film of GO 
nanowalls on the electrode surface. Interesting petal-like G nanosheets with lateral 
sizes of ∼500 nm and very sharp edges (1–15 nm thickness) were observed. Because 
of the formation of a large fraction of graphitic edge-plane defects that can lead to 
the obtaining of a higher surface activity than the G nanosheets placed parallel to the 
substrate, the authors speculate that such vertical nanosheets may exhibit distinctive 
electrochemical properties [86]. By SEM investigation [60] of free-standing self-
assembled GO membranes (Figure 5), a continuous wavy feature (Figure 5a) and 
a compact layer-by-layer stacking (Figure 5b) were observed at the surface and the 
cross-section of obtained dried GO membranes.

In the meantime, in the case of this preparation pathway, by changing the time used 
for self-assembled process from 15 to 120 min, GO membranes with about 2.85 μm 
and 11.40 μm thickness, respectively, were obtained. This kind of GO membrane 
type could be properly reduced (e.g., by protected laser irradiation, Figure 5, [76]) to 

Figure 5. 
SEM images of the self-assembled GO membrane surface (a), and its 3D view (see the inset), the cross-section (b) 
obtained by dispersing a certain GO fraction on an open area framework support and harvesting it after 15 min, 
and the average membrane thickness evolution against the self-assembly time (c) [60]. Reproduced from Ref. [60] 
with permission from the Royal Society of Chemistry.
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obtain 3D rGO membranes or films with controlled geometry, reduction degree, and 
morpho-structural properties suited for biosensor construction.

3. Biosensor applications

As already reported, the attractive properties of G-based nanomaterials can be 
successfully used in biomedical applications as electrochemical-based biosensors with 
improved analytical performance with respect to low detection limits, selectivity, 
high sensitivity, low response time, reproducibility, and large linear detection range 
[54, 56, 59, 71]. In addition, a significant improvement in the sensors is mechanical 
properties, relating to flexibility. An important work focused on the importance of 
flexible sensors was reported by Giaretta et al. [87]. They compared the biosensors 
performances based on the obtained material substrates. It was concluded that the 
polymeric substrates are the cheapest, but their performances were inferior when 
compared to those of the other substrates obtained from carbonaceous materials. This 
is due to the poorer electrical conductivity, reduced permeability and lack of porosity, 
respectively.

A bioelectrochemical sensor transforms a biological modification occurrence into 
an electrical signal. Hence, the working principle is based on the transfer of a negative 
elementary charge (the electron) between the G interfaces and species that present 
electrical activity. The species can be either the molecule to be analyzed or a species 
whose electrochemical measured signal can be associated with the existence of the 
target analyte.

3.1 Biomarkers and protein detection

Real-time quantitative monitoring of biomarkers, which represent a particular 
class of biological compounds whose presence in serum and saliva shows a relation-
ship with a certain disease, has become essential for early disease detection, leading 
to adapted treatments and investigation of treatment efficiency. Guo et al. synthe-
sized Ni nanosheet/G composites, which have an exceptional electrocatalytic signal 
for the detection of L-alanine by using a direct current (DC) arc plasma jet CVD 
method [88].

The obtaining of 1 to 10-layered G nanosheets, G nanoribbons, and core-shell 
Ni/G nanosheets by the above-mentioned method was evidenced. These G-based 
composites were used as sensors to detect proteins. It was revealed that the higher 
value of the specific surface area of the G, the higher adsorption ability for L-alanine, 
and the good transfer of the electron between the Ni nanosheet/G composite and 
the surface of glassy carbon electrodes (GCE) had considerably improved the per-
formances of the obtained sensor (Table 1). Furthermore, by means of the obtained 
sensor, without enzyme presence, the direct electrooxidation process of amino acids 
was achieved [88].

Zhang and co-workers developed functionalized graphene oxide (FGO), which 
exhibited high affinity to (His)-tagged acetylcholinesterase (AChE) for paraoxon 
manufacture, an acetylcholinesterase inhibitor, biosensors [89]. In order to estimate 
the functionalization of GO and their capacity to be involved as multipurpose enzyme 
immobilization nanomaterials for the bioelectrochemical sensor design, the AChE 
was nominated as being a perfect enzyme. The authors evidenced the existence of an 
optimum amount of Nα,Nα-bis (carboxymethyl)-L-lysine hydrate (NTA-NH2) and 
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that Ni2+ (Ni-NTA) needed to attach on the GO surface. This connection has suc-
ceeded to an increased enzyme loading, which lead to an enhanced electrocatalytic 
activity and sensitivity. This work proved excellent stability, for both short-term and 
long-term, being the effect of the stable binding between Ni-NTA and His-tagged 
AChE. The paraoxon concentrations also influence the inhibition response, and a low 
detection limit value was reached (Table 1). The authors showed that the obtained 
FGO composite can be changed to multipurpose biosensor construction [89].

3.1.1 Glucose

Glucose, a monosaccharide, serves as an energy source and metabolic fuel and 
is involved in the processes of photosynthesis and respiration in most organisms. 
The high blood-glucose concentration, recognized as hyperglycemia, or the reduced 
glucose presence, identified as hypoglycemia, is caused by the effect of insufficiency 
of insulin in the body, known as Diabetes mellitus, an incurable disease. By monitor-
ing the glucose concentration in blood, as an illness marker, it is possible to extend 
life expectancy. Thus, people with diabetes, people who have problems with glucose 
concentration in blood, can manage episodes of hypo- or hyper-glycaemia, hence 
providing improved control over their conditions and avoiding some of the inca-
pacitating side effects. Moreover, by monitoring the glucose, the patient’s treatment 
strategies can be optimized, and also, the effect of medications, physical exercise, and 
nutrition on the patient can be controlled.

Xue and co-workers prepared a biocompatible AuNPs/PPy/rGO nanocomposite 
that demonstrated exceptional electro-catalytical activity toward O2 reduction [37]. 
By encapsulating glucose oxidase (GOD) via chitosan (N-deacetylated derivative of 
chitin) cross-linking in the obtained composite, AuNPs/PPy/rGO/GOD/chitosan 
modified electrode was fabricated. The developed electrochemical sensor revealed 
a linear range for glucose from 0.2 to 1.2 mM with a good sensitivity value of 123.8 
mA M−1 cm−2 (Table 2). The obtained performances were correlated with (i) the 
high surface area and high electric conductivity of rGO, (ii) good shielding of PPy 
and fixing capacity on rGO surfaces, (iii) biocompatibility of the dispersed small 
AuNPs and their electron transfer promotion ability. The authors showed that the 
enzyme, GOD, has a good connection with AuNPs/PPy/rGO nanocomposite, which 
was proved by the fast electron transfer between the used enzyme and electrode. 
Also, between the electrode surface and the enzyme, there seems to be a rather low 
barrier. Furthermore, the achieved AuNPs/PPy/rGO ternary nanocomposites can be 
favorable for encapsulating some other biomolecules, indicating, thus, a potential 
substitute in constructing multipurpose bioelectrochemical sensors and additional 
devices [37]. Chitosan, due to its uncommon mixture of properties including the 
exceptional membrane-forming capability, good bond, high mechanical strength 

Electrodes Analyte Linear range Sensitivity Detection limit Ref.

Ni nanosheet/G/GCE L-alanine 1–7 μM
0.1–1 μM

2.15 A M−1

8.34 A M−1
0.1 μM [88]

(His)-tagged (AChE) Paraoxon 10 μM–1 mM 2.23 mA M−1 6.5∙10−10 M [89]

GCE—glassy carbon electrodes, AChE—acetylcholinesterase.

Table 1. 
Electrochemical parameters of some G-based biosensors for different analytes detection.
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and water permeability, and extraordinary biocompatibility, is one of the best-suited 
biopolymers for the surface-deposition of nanocomposite for the electrode fabrica-
tion [45, 46, 92, 93].

With the aim of encapsulating redox enzymes, rGO film with adsorbed pheno-
thiazine represents another composite that was synthetized by Ravenna et al. [90]. 
The prepared composite was very efficient for the electron transfer process between 
flavin adenine dinucleotide (FAD)-dependent glucose dehydrogenase and the 
obtained modified sensor. The study showed that for the glucose oxidation process, 
the determined redox potential was lower than 0 V vs. Ag/AgCl reference electrode. 
Furthermore, the obtained rGO-based biosensor presented an increased value of 
sensitivity and a large linear range for glucose detection (Table 2). Also, the obtained 
biosensor achieved reasonable reproducibility and stability, a great selectivity for 
different interfering compounds. The results demonstrated a promising sensor for 
several bioelectrochemical applications [90].

Luo and co-workers showed that by combining the rGO with poly(amidoamine) 
and silver (rGO–PAMAM–Ag), the newly developed nanocomposite offers an excep-
tional microenvironment to assure the direct electron transfer process of GOD enzyme 
fixed on the modified surface of GCE [40]. Besides, it was confirmed that the devel-
oped arrangement can preserve a great electrocatalytic activities of the enzyme. By 
using GO self-assembled with PAMAM-G3.5, as a growth pattern, and microwave irra-
diation, rGO-PAMAM-Ag new nanocomposite electrode material was prepared. Then, 
based on this type of sensitive nanocomposite, a biosensor for glucose detection was 
manufactured. A high value of sensitivity, a low value of the detection limit, and a wide 
linear range, were the analytical performances of the obtained biosensor (Table 2). 
The authors also showed that the interference between the signals originating from uric 
acid (UC) and ascorbic acid (AA), which are regularly detected in blood fluids together 
with glucose, is insignificant compared to the signal attained by the glucose biosensor. 
The achieved characteristics recommended the obtained rGO-PAMAM-Ag nanocom-
posite as an innovative exceptional electrode material for the construction of glucose 
biosensors, involving a direct electron transfer process [40].

Electrodes Analyte Linear 
range
/mM

Sensitivity Detection 
limit

Ref.

AuNPs/PPy/rGO/GOD/
CS

Glucose 0.2–1.2 123.8 mA M−1 cm−2 — [37]

GCE/rGO/PTZ-O/GDH Glucose 0.5–12 42 mA M−1 cm−2 — [90]

rGO/PAMAM/Ag Glucose 0.032–1.89 75.72 mA M−1 cm−2 4.5 μM [40]

3D G/Co3O4 Glucose Up to 0.08 3.39 A M−1 cm−2 25 nM [85]

Pt-CuO/rGO Glucose Up to 12 3577 mA M−1 cm−2 10 nM [35]

Cu2O/GNs Glucose 0.3–3.3 0.28 A M−1 cm−2 3.3 μM [52]

H2O2 0.3–7.8 — 20.8 μM

Au nanocubes/G Glucose 0.1–0.8 221.0 mA M−1 cm−2 — [91]

GCE—glassy carbon electrodes, CS—chitosan, His—histidine, GOD—encapsulated glucose oxidase, AuNPs—
gold nanoparticles, PPy—polypyrrole, GDH—glucose dehydrogenase, PTZ-O—phenothiazone, PAMAM—
poly(amidoamine), GNs—G nanosheets.

Table 2. 
Electrochemical parameters of some G-based modified electrodes for glucose and H2O2 detection.
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An interesting study is related to the involvement of an easy synthesis path for 3D 
G/Co3O4 composite production, which was further used as a sensor for glucose [85]. 
Thus, the synthesis process was based on the (i) Co3O4 nanowires achievement by in 
situ hydrothermal synthesis, and (ii) CVD growth of G foam. Through this study, it 
was shown that Co3O4 nanowires possess high crystallinity and constant diameter and 
form a compact nanomesh covering the 3D G matrix, which can function as a free-
standing electrode due to the higher mechanical strength of G. 3D G/Co3O4 obtained 
composite was employed as electrode material and the acquired results proved 
significant in performance as sensor for glucose and as a supercapacitor. These results 
were based on the synergistic incorporation of the two, G and Co3O4, nanomaterials 
and represent an important step for developing enzyme-free ultrasensitive sensors 
for glucose. Co3O4 nanowires proved excellent electrochemical and electrocatalytic 
properties (Table 2). The authors showed that the 3D multiplexed and extremely 
conductive matrix provided by the defect-free G foam depicted fast electron transfer 
and conduction, and offered a high available active surface area. In addition, the open 
pores of 3D G/Co3O4 composite were found to be advantageous to ion diffusion and 
transport kinetics. Thus, the G foams showed unique morphological properties, and 
these could serve as 3D supports for embedding great capacity to homogeneously 
bind metal oxides with well-defined properties (size, shapes, and crystallinity), as 
demonstrated by Dong et al. [85]. Agglomeration, which represents a regular fact of 
metallic oxide synthesis, is no longer a problem. The multifunctional character and 
the improved performance of composites based on G and metal oxides were achieved 
thanks to the synergies between components, representing a positive aspect for 
developing novel applications [85].

In their work, Dhara et al. presented an easy and low-cost fabrication process 
with no enzyme-limited screen-printed electrodes [35]. Thus, it was possible to 
synthesize Pt-CuO/rGO nanocomposite electrocatalyst by a one-step chemical 
reduction. The electronic microscopy measurements of the composite revealed 
the nanocubes structure for Pt, and nanoflowers structure for CuO. The obtained 
sensor for glucose oxidation process exhibited exceptional sensitivity (Table 2) 
and good selectivity. The acquired linear response for glucose and the detection 
limit value are presented in Table 2. When the newly developed sensor measured 
the glucose quantity in blood sample, the results could be considered as being 
satisfactory [35].

Another study that is worth mentioning was performed by Liu et al. and was 
focused on glucose detection. They demonstrated that by the use of a non-enzymatic 
sensor composed of G nanosheet-covered Cu2O nanocubes (Cu2O/GNs), good 
sensor’s characteristics for glucose oxidation could be obtained (Table 2) [52]. They 
also showed that Cu2O/GNs hybrids can be produced by an easy technique at low 
temperatures, and additionally, an outstanding electrocatalytic activity for electro-
reduction process of H2O2 can be obtained (Table 2). Therefore, electroanalytical 
detection of glucose and H2O2 was achieved, and the developed sensor revealed low 
limits of detection, good selectivity, good linear response, and a large detection range 
due to the enlarged electroactive surface area and the enhanced capacity for electron 
transfer of the fabricated G-hybrid nanostructure. Furthermore, the authors affirmed 
that due to the surface covered by G nanosheets, the Cu2O/GNs composite revealed 
enhanced electrochemical stability related to that acquired for Cu2O nanocubes only. 
The innovative Cu2O/GNs nanocomposite led to new possible applications in different 
categories of biosensors, such as sensitive electrode materials, bioelectronic devices, 
and (electro)catalysts [52].
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By a simple electrodeposition method without any template, Chu et al. syn-
thesized in situ an originally designed Au nanocubes/G composite film [91]. The 
obtained composite film possessed exceptional performance for glucose detection 
under a low potential value of −0.4 V vs. Ag/AgCl (Table 2). A possible explanation 
for this behavior was the synergistic consequence of regular morphology and uniform 
isolated distribution. The authors stated that Au nanocubes/G composite film pres-
ents the possibility of being used in applications for trace analysis for new physiologi-
cal activators by changing the corresponding proteins. The high catalytic activity and 
conductive capacities of the new composite material represent important properties 
that were demonstrated not only in biosensor construction but also offer the possibil-
ity of being successfully used in other studies closely related to electrocatalysis [91].

3.1.2 Hydrogen peroxide

The production of reactive oxygen species represents a process that can 
be  associated with early signs of cancer or neurodegenerative diseases such as 
Alzheimer’s, Parkinson’s, and multiple sclerosis. Precisely, reactive oxygen spe-
cies appear as a consequence of changed cellular metabolism rising from a given 
disease state. These species are extremely reactive and induce redox reactions of cell 
structures leading to activation of immune response and apoptosis. Between these, 
hydrogen peroxide (H2O2) was intensively investigated as analyte to describe disease 
conditions. Easier H2O2 detection is as well a challenge in various domains like medi-
cine, manufacturing, food production, and pharmaceuticals. Among the variety of 
possible applied techniques, electrochemistry consists of the simplest way of getting 
rapid and accurate results while demanding only a simple device, and it is realized by 
analyte oxidation or reduction (Figure 6) [21, 94–96].

By electrochemical reduction of GO-horseradish peroxidase (GO-HRP) to rGO-
horseradish peroxidase (rGO-HRP) a new biocomposite was obtained by Selvakumar 
et al. [97]. The enzyme immobilization process was facile, and the obtained compos-
ite material was employed for the preparation of rGO-HRP modified screen-printed 
carbon electrode (SPE) in order to detect H2O2. The obtained sensor characteristics 
were a wide linear range, high selectivity, and good stability, which recommended 
its extended practical applications. The sensitivity value toward H2O2 reduction is 

Figure 6. 
I vs. [H2O2] calibration curve recorded at (Fe-CA)-CPE (a) and undoped CA-CPE (b). Inset: amperograms 
recorded at an applied potential of 0.3 V vs Ag/AgCl, KClsat, and a rotating speed of 500 rpm, in 0.1 M phosphate 
buffer (pH 7) at (Fe-CA)-CPE (a) and CA-CPE (b) for consecutive addition of 1 mM H2O2. Reproduced from 
Ref. [21] with permission from the Elsevier.
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presented in Table 3. The authors suggested that the fabrication process used for 
obtaining of rGO-HRP biocomposites can be utilized for the construction of G-based 
composite materials of a large range of electrochemically essential molecules with 
redox properties [97].

Elsewhere, an innovative biosensor based on GCE, which was modified with 
the AuNPs and hemin-G nanosheets (H-GNs), was successfully fabricated by Song 
et al. [98]. Their work demonstrated that the newly fabricated H-GNs/AuNPs/GCE 
bioelectrochemical sensor exhibited an improved electrocatalytic activity for H2O2 
reduction process, when compared with the AuNPs/GCE, H-GNs/GCE, and bare 
GCE. The authors proved that the improved electrocatalytic signal was the result of 
two properties: (i) the improved specific surface area of the electrode surface, and 
(ii) the great loading of the H-GNs on the modified electrode surface. Therefore, an 
enhanced synergistic electrocatalytic influence was revealed concerning the AuNPs 
and H-GNs. Enhanced electroanalytical parameters of the developed biosensor (high 
value of sensitivity, wide linear response range, good stability and reproducibility, 
fast response time, and good analyte specificity) were the result of the new sensor 
material properties (Table 3) [98].

Another interesting research was done by Zhou et al., who achieved a new H2O2 
biosensor based on the modification of GCE using G, chitosan CS, Au, and HRP 
[23]. They prepared individual G sheets by the insertion of ∙SO3∙ radicals. By EDS 
(Energy Dispersive Spectroscopy) and TEM measurements, it was proved that the 
reduction and sulfonation techniques used for sensor material preparation did not 
produce the destruction of G morphology. As previously observed, the unaltered G 
structure is significant for the maintenance of the exceptional properties of G. By 
cyclic voltammetry techniques, the authors proved the existence of a direct electron 
transfer process among the fixed enzyme (HRP) and the surface of the electrode. 
Thus, a usual electrocatalytic reduction process of H2O2 occurs on the electrode sur-
face. This work showed that in identical experimental conditions, the recorded cur-
rent response of HRP/CS/GCE, Au/HRP/CS/GCE, sulfonated and reduced G/HRP/
CS/GCE, and Au/sulfonated and reduced G/HRP/CS/GCE can significantly enhance 

Electrodes Analit Linear range Sensitivity Detection limit Ref.

Cu2O/GNs Glucose 0.3–3.3 mM — 3.3 μM [52]

H2O2 0.3–7.8 mM — 20.8 μM

SPCE/rGO-HRP H2O2 9–195 μM 0.09 A M−1 cm−2 — [97]

H-GNs/AuNPs/GCE H2O2 0.3–1800 μM 2.77 A M−1 cm−2 0.11 μM [98]

H-GNs/GCE H2O2 0.5–400 μM — 0.2 μM [99]

Au/G/HRP/CS/GCE H2O2 5–5130 μM — 1.7 μM [23]

Pd/HRP/G H2O2 25–3500 μM 0.092 A M−1 cm−2 0.05 μM [17]

Hb/AuNPs/ZnO/
rGO/GCE

H2O2 6–1130 μM — 0.8 μM [36]

GCE—glassy carbon electrodes, CS—chitosan, His—histidine, AChE—acetylcholinesterase, GOD—encapsulated 
glucose oxidase, AuNPs—gold nanoparticles, PPy—polypyrrole, GDH—glucose dehydrogenase, PTZ-O—
phenothiazone, PAMAM—poly(amidoamine), GNs—G nanosheets, HRP—horseradish peroxidase, SPCE—screen-
printed carbon electrode, H—hemin, Hb—hemoglobin.

Table 3. 
Electroanalytical parameters of some G-based electrodes for H2O2 detection.
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the sensitivity of the developed biosensor due to the G structures presence (Table 3). 
It was also stated that a wide linear range, low detection limit, and long-term stability 
represent other excellent characteristics of this type of sensor [23].

The easy, low-priced, and highly sensitive and selective amperometric assess-
ments employed for H2O2 and glucose detection, based on hemin functionalized G 
nanosheets (H-GNs), were developed by Guo et al. [99]. The obtained H-GNs hybrid 
nanomaterial combines the G nanosheet properties of high electrical conductivity 
and high surface area value with hemin properties (i.e., exceptional electrocatalysis 
and synthetic enzyme simulation). The study showed that the H-GNs are able to com-
pete with the natural enzymes. The advantages of the obtained H-GNs are their facile 
synthesis method, the strength of materials, and the stability of materials in irregular 
conditions. Moreover, due to their excellent recorded results (Table 3), the obtained 
biosensor presents favorable possible applications in different fields, including clini-
cal diagnostics, biotechnology, and chemical or pharmaceutical industry [99].

Another electrochemical biosensor for H2O2 selective detection was established 
by Nandini et al. [17]. The preparation method of this new electrode was realized 
by a co-deposition process of palladium and HRP, on the functionalized G-modified 
graphite surface electrode. The fabricated biosensor revealed an increased electrocat-
alytic activity concerning the reduction process of H2O2 at 0.02 V vs SCE. It was found 
that Pd, by its presence, decreases the over-potential of H2O2 reduction and grows the 
active surface area of the modified electrode. Furthermore, the HRP and Pd co-depo-
sition escapes the poisoning occurrence of the modified graphite-based electrode. 
The sensor performance exhibited a fast response within less than 2 s and exceptional 
linear concentration range under determinate optimal experimental conditions 
(Table 3). For the acquired properties of the biosensor (i.e., selectivity, repeatability, 
feasibility and stability), acceptable results were obtained. The presented technique 
could be applied to produce biosensor for a wide range of applications [17].

Based on the hemoglobin (Hb) immobilized on an rGO, flower-like ZnO, and 
AuNPs nanocomposite modified GCE (AuNPs/ZnO/rGO/GCE), a new amperometric 
H2O2 biosensor was proposed by Xie and co-workers [36]. Each biosensor compo-
nent was found to have an important contribution to the H2O2 reduction process. 
Therefore, the ZnO flower-like nanoparticles exhibit good biocompatibility and 
conductivity. Then, the ZnO-aminopropyl triethylene silane (APS)-AuNPs composite 
was found to have good uniformity and be suitable for protein attachment. rGO 
possesses high specific surface area and can increase the ZnO-APS-AuNPs composite 
conductivity and its mechanical resistance. The authors showed that by combining 
the advantages of each component used for bioelectrical sensor preparation (i.e., 
nanosized ZnO, AuNPs, and rGO), the Hb/AuNPs/ZnO/rGO/GCE), the obtained 
modified electrode can lead to acceptable sensors performances of high sensitivity, 
satisfactory construction reproducibility, and good storage stability. Their study has 
shown that AuNPs/ZnO/rGO/GCE amperometric third-generation biosensor offers 
an advantageous application for nanoparticles-based electrode materials in order to be 
employed in the investigation of direct electron transfer of proteins and the improve-
ment of biosensors (Table 3) [36].

It is also important to reveal that the study performed by Liu et al., which focused 
on glucose detection and H2O2 reduction, demonstrated that with the non-enzymatic 
electrochemical sensor fabricated from G nanosheet-wrapped Cu2O nanocubes 
(Cu2O/GNs), good sensor characteristics for glucose oxidation can be obtained 
[52]. Also, they proved that Cu2O/GNs hybrids can be produced by an easy process 
at low temperature and that they exhibit excellent electrocatalytic activity toward 
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H2O2 reduction. Therefore, they tested the electrochemical detection capacity of 
glucose and H2O2 (Table 3). The developed sensor revealed good performances. An 
explanation for this behavior can be the enhanced electrocatalytic surface area of 
the electrode and the high conductivity of the G-hybrid nanostructure, reflected in 
the improved electron transfer ability through this matrix. Additionally, the authors 
stated that their synthesized Cu2O/GNs structure revealed enhanced electrochemical 
stability in contrast with the Cu2O nanocubes alone due to the G nanosheets that cov-
ered the oxide nanocubes. The advanced Cu2O/GNs nanocomposite material opens 
up new opportunities for applications in several varieties of biosensors, bioelectronic 
devices, and catalysts [52].

Some advances in in vivo electrochemical analysis of H2O2 were reported by Deng 
and co-workers. Their interest was directed toward the electrochemical redox process 
of H2O2 at the electrode surface and on the diversity of catalysts (synthetic electrocat-
alysts or biomolecular electrocatalysts) used for improved electrochemical analysis of 
H2O2. A higher selectivity and sensitivity of the proposed biosensors were followed. 
The new technique, the photoelectrochemical (PEC) method for H2O2 detection 
was also discussed. The developments in the high selectivity analysis of H2O2 at the 
cellular and in vivo levels was highlighted [30]. Another review focused on the G as 
electrode materials for (bio)sensors applications was written by Shao et al. [32], who 
demonstrated the performances for hydrogen peroxide, NADH, dopamine, DNA, or 
heavy metals detection.

An important work dedicated to the significance of flexible sensors on H2O2 detec-
tion was realized by Giaretta et al. [87]. They compared the electroanalytical param-
eters for H2O2 detection obtained on different biosensors based on various material 
substrates. It was concluded that the carbonaceous materials are better in comparison 
with the polymeric substrates, which are the cheapest. The carbon materials-based 
biosensors results were based on the corroborated effect of the increased electrical 
conductivity, increased permeability, and increased porosity, respectively.

Different types of materials (noble metals, metal oxides, polymers, carbon 
materials, and other two-dimensional materials) employed in sensor development 
for H2O2 detection were presented in the review work of Yu and co-workers [100]. 
Additionally, their work presents the challenges and future prospects in the biological 
applications of electrochemical sensors for H2O2 detection.

3.1.3 Neurotransmitters and neurochemicals

Neurotransmitters are endogenous compounds that permit the transmission of 
nerve impulses between two neurons or between neuron and effector, named ‘target’ 
cell. Thus, the nervous system is based on the role of chemical couriers of the neu-
rotransmitters, which transfer the information across the synapses by excitation or 
inhibition of the subsequent neural or effector cell. Neurotransmitters are ordered into 
monoamines (histamine, adrenaline, dopamine (DA), noradrenaline, serotonin, and 
melatonin), amino acids (aspartate, D-serine, glutamate, gamma-aminobutyric acid, 
and aminoacetic acid (glycine)), peptides (somatostatin, cocaine, and opioid), and 
other (including acetylcholine, adenosine, anandamide, and nitrogen monoxide) [101].

3.1.3.1 Dopamine, ascorbic acid, uric acid

It is well-known that monoamine neurotransmitters have in their structure one 
amino group connected by a chain of two atoms of carbon (∙CH2∙CH2∙) with 
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an aromatic ring. These types of neurotransmitters have a significant importance 
in secreting and producing neurotrophins via astrocytic glial cell. It is an essential 
local cellular source of trophic support, present both in healthy and unhealthy brain. 
Growth of neutrophins stimulates the survival of neurons and is known as neuro-
trophic factors. Based on the neuron behavior, the neurotransmitters act antagonisti-
cally, namely neurotransmitters that play an inhibitory role to relax the brain and 
those that play an excitatory role in stimulating the brain [102]. Dopamine (DA) owns 
both excitatory and inhibitory classification, being thus a unique neurotransmitter. 
DA vital roles lie in adjustable attention, motor control, cognition, executive func-
tions, pleasure, motivation, arousal, reinforcement, reward, and hormonal processes. 
Also, dopamine is extensively dispersed in the main systems of the human body, such 
as central nervous, renal, hormonal, and cardiovascular.

Neurological problems in the human body can be due to the anomaly in the 
amount of dopamine. Thus, the illness such as Parkinson’s disease (degenerative dis-
order of the central nervous system that mainly affects the motor system), restless leg 
syndrome (like Parkinson’s disease, this is another long-term disease that manifests 
itself through the uncontrolled movement of the legs), attention deficit hyperactivity 
disorder (ADHD) (characterized by lack of ability to concentrate, hyperactivity and 
impulsivity), schizophrenia (a disease in the psychiatric spectrum in which episodes 
of psychosis occur), and infection with human immunodeficiency viruses (HIV) 
(a virus that over time can cause AIDS—the gradual collapse of the immune system 
leading to the onset of opportunistic infections and cancers) are strongly associ-
ated with a low level of dopamine. Also dopamine is also greatly correlated with the 
reward mechanism in the brain. On the other hand, the consumption of prohibited 
drugs or substance abuse leads to an increase in dopamine levels. Thus, the forbidden 
substances such as heroin or cocaine, and not compulsory substances such as nicotine 
or alcohol, block the DA carrying that inhibits the reuptake of dopamine. As was 
shown before, dopamine, a neurotransmitter, which is vital for message transfer func-
tions, produces, in this case, an amplified risk of depression and drug dependence. 
Thus, the discovery of a reliable analytical technique is significant and necessary in 
order to estimate the disease evolution.

A simple and “green” technique to produce G flowers that were exploited to mod-
ify carbon fiber electrode (CFE) in order to detect AA, DA, and UC was employed by 
Du et al. [34]. The G flowers, well deposited on the surface of CFE, detect separately 
electroactive compounds as AA, DA and UC. Besides, this study proved that the 
obtained G flowers based modified electrodes, can detect simultaneously AA, DA and 
UC, with distinct signals from each other. Thus, great electrocatalytic activities of 
the electrode material toward the oxidation process of electroactive AA, DA and UC, 
good selectivity and sensitivity, were demonstrated (Table 4). Excellent performance 
was obtained with the modified electrode when the detection of real samples was pro-
posed. The obtained results offer appreciable evidence for the use of G as a sensitive 
modifier material electrode in order to detect electroactive biomolecules [34].

Using a solution-gated G transistor (SGGT) with a G gate electrode, a very sensi-
tive dopamine electrochemical sensor was achieved by Zhang et al. [103]. The detect-
ing mechanism of the obtained system was ascribed to the electrooxidation process 
of DA at the gate electrode. This electrode changed the potential distribution at the 
boundaries between the G gate electrode and the G channel. A perfluorinated mem-
brane with ionic properties and excellent selectivity for dopamine was obtained after 
the addition of a thin layer of Nafion to G gate electrode. The obtained sensor showed 
a limit of detection for dopamine down to 1 nM. This represents a worthy result for 
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dopamine detection in medical uses. The dopamine interference measurements with 
AA and UA showed good selectivity of the device, proved by a recorded signal up to 
four orders of magnitude lower when compared with that obtained for dopamine. 
Since the channel and the gate of the device are both made of G, they have the advan-
tage that they can be produced on different substrate materials (containing flexible, 
elastic, pliable, and stretchy ones) at low temperatures by suitable procedures. 
Centered on the equivalent mechanisms, various additional types of biosensors could 
be imagined and designed in the following years, and the whole-G SGGT represents a 
good solution for one-use, bendable, and very sensitive biosensors [103].

Li and co-workers demonstrated that nitrogen-doped rGO (N-rGO) with a very 
porous matrix and adjustable structure can be produced in three steps: first, the 
molecular functionalization; second, the fast thermal expansion–exfoliation, and 
third, the covalent binding [53]. The nitrogen-doped configurations, controlled by 
varying the temperature of expansion–exfoliation process, were used for the prepara-
tion of screen-printed electrodes. Judging by the potential value of the peak current 
recorded to the oxidation process of AA, DA, and UC among the nitrogen-doped 
sample, the pyrrolic-N revealed the maximum electrocatalytic activity. Nevertheless, 
the corresponding peak currents, of the oxidation of AA, DA, and UC, are related to 
the corroborated effect of the nitrogen-doped sample distribution, and structural 
properties (specific surface area and porosity) and the electroanalytical parameters 
presented in Table 4. The prepared SPEs exhibited high peak currents (for bio-
molecules’ electrooxidation process), good selectivity (good peak separation), and 
sensibility for the detection of AA, DA, and UC from a blend [53]. A molecularly 
imprinted polymers (MIPs) based on Chi–G composite, as the functional matrix, was 
used by Liu et al. to develop a sensor for DA electrochemical detection [44]. Thus, 
the obtained MIPs-GR composite was used to modify GCE, in order to fabricate the 
sensor (MIPs-G/GCE). The improved sensitivity and low value of the detection limit 

Electrodes Analyte Linear range Sensitivity Detection limit Ref.

GEF/CFE AA 73.52–2305.53 μM 0.011 A M−1 73.52 μM [36]

DA 1.36–125.69 μM 1.02 A M−1 1.36 μM

UA 3.98–371.49 μM 0.074 A M−1 3.98 μM

SGGT DA 10 nM–1 μM — 1 nM [103]

AA 1 μM–100 μM — 1 μM

UA 10 μM–100 μM — 10 μM

NG DA 0.1–0.45·mM 0.044 A M−1 0.93 μM [53]

MIPs-G/CS DA 1–100 nM
0.1–100 μM

188 A M−1

0.94 A M−1
10 pM [44]

ZnO NWAs/3D-GF UA 0.5–40 μM 4.25 A M−1 1 nM [51]

DA 0.5–40 μM 4.81 A M−1 1 nM

AA 0.5–80 μM 0.38 A M−1 —

CS—chitosan, AA—ascorbic acid, DA—dopamine, UA—uric acid, GEF/CFE—G flowers/carbon fiber electrode, 
SGGT—solution-gated G transistor, NG—nitrogen-doped G, MIP—molecularly imprinted polymer, ZnO 
NWAs/3D-GF—nanowire arrays fabricated on 3D G foam.

Table 4. 
Electroanalytical parameters of some G-based electrodes for ascorbic acid, uric acid, and dopamine detection.
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of MIPs-G/GCE sensor for DA oxidation (Table 4) can be explained based on the spe-
cial characteristics of G. The selectivity, stability, and reproducibility remained just as 
for the MIPs sensor. It was stated that the achieved information could offer a possible 
rapid and reliable method for DA determination in biological samples [44].

Another significant G-based sensor for dopamine was produced by Yue et al. 
[51]. Thus, the detection of three biomolecules (UA, DA, and AA) was realized by 
employing 3D G foam containing ZnO nanowires, vertically arranged at the elec-
trode surface. Differential pulse voltammetry (DPV) technique was used for UA, 
DA, and AA electrochemical detection. The new structural design combined (i) the 
large mesoporous surface area 3D G structures that facilitated easy diffusion of ions 
through the electrode material, with (ii) the increased conductivity of 3D G foam, 
which led to a good electron transfer process, and (iii) the active sites of ZnO nanow-
ires, which assure a high selectivity. The present study proved that the UA, DA, and 
AA selectivity was the result of thermal annealing of ZnO surface.

A high selectivity and a low value of detection limit for UA and DA were obtained 
with the optimized ZnO nanowire/3D G foam electrochemical sensor (Table 4). 
The obtained results were clarified by the gap variance among the LUMO (lowest 
unoccupied molecular orbitals) and HOMO (highest occupied molecular orbitals) 
of a biological molecule for a set of specified electrodes. For the Parkinson’s disease 
test, the UA level was 25% lower than in healthy individuals. It was concluded that 
the reported work can open new perspectives for UA application as a biomarker for 
Parkinson’s disease, which can offer better medical diagnostic control in addition to 
the possibility of tracking the disease [51].

3.1.3.2 Serotonin

Several chemically different types of G nanosheets were synthesized by Kim et al. 
with the aim of using them as electrocatalysts for serotonin (5-hydroxytryptamine, 
5-HT) [24]. In order to estimate the G nanosheets surface morphologies, X-ray 
photoelectron spectroscopy (XPS) and field emission scanning electron microscopy 
(FE-SEM) techniques were used. By electrochemical impedance spectroscopy (EIS) 
technique the electrocatalytic activity was investigated. In this study, the three 
different arrangements of rGO obtained did not reveal some significant changes in 
the obtained XPS spectra and FE-SEM images but showed dissimilar electrochemical 
performance. Thus, EIS recorded spectra exhibited a dissimilarity in the electron 
transfer resistance. This result is in good agreement with the reducing agent. The 
obtained parameters for 5-HT determination and the acquired EIS results were in 
agreement as well. The rGO-based GCE sensor obtained for 5-HT detection exhibited 
high sensitivity, good selectivity, and smaller electron transfer resistance compared 
with previously obtained sensors. Between the evaluated G-modified GCEs, the 
best electrochemical sensor properties (i.e., lowermost detection limit, uppermost 
sensitivity and selectivity, broadest linear range, fastest response time, alongside the 
greatest defined peak of 5-HT) were obtained for rGO reduced using hydrazine and 
ammonia solution (Table 5). This study proved an irreversible diffusion-controlled 
electrode process for a 5-HT electrooxidation reaction mechanism [24].

A two-layered membrane sensing interface for serotonin detection was con-
structed by Xue et al. [37]. The production of the obtained device was based on the 
use of nanosized rGO/polyaniline (PANI) composites and molecularly imprinted 
polymers (MIPs) surrounded with AuNPs (AuNPs@MIPs). With the aim of obtain-
ing a good sensitivity and selectivity of the elaborated device, the rGO/PANI 
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nanocomposites were produced by the electrodeposition method. First, the proton-
ated anilines were anchored by electrostatic adsorption on the rGO sheets. Afterward, 
the rGO/PANI nanocomposite film was made by cyclic voltammetry process on the 
surface of bare GCE. Over the nanosized rGO/PANI composites membrane, the 
AuNPs@MIPs were deposited. Interestingly, the obtained material interface showed 
improved properties for (i) selectivity to 5-HT, (ii) electric conductivity, and (iii) 
electrocatalytic activity (Table 5). The new AuNPs/PPy/RGO/GOD/chitosan-
modified electrode was efficaciously applied toward 5-HT detection in human serum 
specimens. In the meantime, the interferences produced from AA, DA, UA, and 
epinephrine (EP) did not affect the 5-HT detection. Therefore, the approach was 
recommended by this research team for a sensitive and selective detection of targeted 
biomolecules in real sample [37].

3.1.3.3 Epinephrine

Adrenaline or epinephrine, manufactured by the suprarenal glands and certain 
neurons, is a hormone neurotransmitter. It is also a medication and fulfills a pivotal 
function in the fight-or-flight reaction. Thus, under its action, the blood circulation to 
muscle tissues, cardiac output, pupil dilation, and blood sugar increase. This happens 
because of the adrenaline binding to alpha and beta receptors. Due to its importance, 
many research works were focused on this subject [18, 25].

In order to prepare a sensor for epinephrine (EP), Cui et al. started from a method 
based on chemical reduction of both Au (III) and GO, to prepare rGO/Au nanocom-
posites [25]. Then, the prepared rGO/Au nanocomposites, used as modifier-sensitive 
material for GCE surface (rGO/Au/GCE) were found to confirm an improved 
electrochemical activity toward EP (Table 5). The role of gold nanoparticles (nano-
Au) included in rGO matrix was that of a spacer in order to avoid the rGO sheets 
aggregation. The achieved rGO/Au/GCE proved high sensitivity for the detection of 
EP. The recorded CV in the presence of ascorbic acid (AA), which show total peak 
separation between EP and AA, demonstrated good electrochemical sensor selec-
tivity. Furthermore, rGO/Au/GCE revealed exceptional electron transfer capacity 

Electrodes Analyte Linear range Detection limit Ref.

rGO/PANI Serotonin 0.2–10.0 M 11.7 nM [37]

GO-S-(CH2)4-SH/GCE 1–100 μM 16 μM [24]

GO-SH/GCE 0.38 nM

rGO3/GCE 0.52 nM

GO/GCE 18 μM

G/Au/GCE Epinephrine 0.05–8.0 μM 7 nM [25]

rGO/Thi/AuNPs CEA 5.55 × 10−5–1.66 nM
1.48 × 10−4–4.44 nM

3.61 fM [38]

rGO/PB/AuNPs AFP 13.11 fM

G/MBs–Ab1/CEA/Ab2–AuNPs–HRP CEA 27.7–33.3 pM 27.7 pM [39]

GCE—glassy carbon electrodes, GO—graphene oxide, rGO—reduced graphene oxide, AuNPs—gold nanoparticles, 
PANI—polyaniline, CEA—carcinoembryonic antigen, MBs—magnetic beads, Ab—antibody, AFP—α-fetoprotein, 
PB—Prussian Blue, Thi—thionine.

Table 5. 
Electroanalytical parameters of some G-based electrodes for different types of analytes.
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and exceptional electrocatalytic ability to additional biomolecules, including DA, 
AA, NADH, and pyrocatechol, opening up, thus, new perspective for applications 
improvement of rGO/Au nanocomposites in (bio)sensors [25].

3.1.4 Cancer and disease biomarkers

Cancer biomarker detection represents one of the most important achievements in 
the field of biosensor production. An interesting review work was done by Alsharabi 
et al., who highlighted the capacity of G and its various derivatives to conjugate 
their unique chemical structure and characteristic optical, electronic, mechanical, 
and thermal properties. These special materials may represent an excellent sensing 
platform for cancer biomarkers detection, representing a possible response to the 
important challenge in the diagnosis of cancer at the initial stages [29]. The G-based 
electrochemical biosensors for cancer biomarker detection were fabricated by using G 
surface that was improved with magnetic beads and enzyme-marked antibody-AuNPs 
[39]. One should emphasize that the development of an electrochemical biosensor for 
cancer biomarker determination remains essential for early discovery and diagnosis. 
In addition, the electrochemical sensor presents the advantages of improved char-
acteristics (i.e., rapid, precise, and sensitive) in comparison with other investigation 
techniques.

In order to prepare a new biosensor for cancer-related biomarker, Jin and 
co-workers used a G platform that was prepared by CVD. Then, the MBs and 
enzyme-marked antibody-AuNP bioconjugate were added [39]. The attachment of 
MBs, covered with capture antibodies (Ab1), to the G sheet surface, was realized 
by applying an external magnetic field, with the aim to avoid the reduced G matrix 
conductivity. With the aim of increasing the sensitivity of the multi-nanomaterial-
built biosensor, the AuNPs were improved with HRP and detection antibody (Ab2), 
forming the conjugate Ab2–AuNPs–HRP. In this electrode arrangement, the fast 
electron transfer between the multi-nanomaterial present on the electrode surface 
and analyte target was realized, and a low value for carcinoembryonic antigen 
detection limit was reached (Table 5). The acquired results evidenced a fast response 
and recovery time, which was more improved compared to that achieved when the 
old-style approaches were used. The good sensors achieved properties (sensitiv-
ity, specificity, simplicity of construction technique, ease of use, fast analysis, and 
reusability) confirm that the developed biosensor can be used for cancer’s medical 
diagnosis [39].

A label-free electrochemical multiplexed immunosensor based on G nanocom-
posites was fabricated for the recognition of both carcinoembryonic antigen (CEA) 
and α-fetoprotein (AFP) by Jia et al. [38]. The indium tin oxide (ITO) sheets were 
used to be modified with anti-AFP fixed on G nanocomposite matrix. The electrode 
fabrication and voltametric sensing technique were centered on the electron transfer 
delay determined by the engineered antibody-antigen immunocomplex present 
on the ITO electrode surface. The obtained multiplexed immunosensor facilitated 
the concomitant detection of both CEA and AFP, and the found linear ranges are 
presented in Table 5. The limit of detection value for CEA and for AFP, are depicted 
in Table 5. A few aspects were pointed out as follows: (i) the fabricated immuno-
sensor escaped the marking of both antigens or antibodies, making it easier and 
preventing the cross-talk among diverse analytes; (ii) G nanocomposites used as 
supporting scaffold were synthesized by a facile route, and the shapes and quantity 
of the immobilized AuNPs, by this method, could be easily controlled; (iii) the 
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immunoassay having a worthy stability, large linear ranges received a good cor-
relation with ELISA (enzyme-linked immunosorbent assay) and could be used in 
medical diagnosis. It was also stated that this simple approach could be adapted and 
combined for new biosensor applications [38].

4. Conclusions

Since its discovery, G has been tested in a large diversity of biosensing 
 applications owing to its remarkable electrical, mechanical, and optical properties 
as well as its unique structure. If one compares G-based biosensors with conven-
tional ones, clear benefits, such as high sensitivity and selectivity, low detection 
limit, reproducibility, stability, fast response, or easy miniaturization, make 
G-based biosensors a real candidate for a novel and efficient class of biosensors for 
medical applications.

Electrochemical biosensors offer an inexpensive, facile, fast, sensitive, and selec-
tive detection of biomolecules, and the use of G and its composites for biosensors 
development is due to its unique features combined with some peculiar properties. 
Moreover, the reusability of the biosensors is aimed. The present chapter sum-
marized the G-based electrochemical sensors developed for sensing biomolecules 
and highlighted their significant advances. Thus, G and GO present a wide range of 
electrochemical potential and fast electron transfer rate. The drawback of using G in 
biosensors construction is its possible toxicity, as stated in the international nano-
technology guidelines. On the other hand, G can be easily functionalized/modified 
by electrodeposition, polymerization, electrochemical doping, or other methods, and 
even if G could be cytotoxic, biomedical applications can benefit from non-toxic, 
biocompatible and water-dispersible G layers obtained by chemical functionalization 
with different ligands. By biosensors incorporation into strong, transportable, and 
miniaturized devices, the detection of biomolecules and toxins for usability in clinical 
and diagnostic fields can be achieved.

Although there is a massive investment both in academia and industry, G-based 
biosensors are still at an incipient level, and commercial biosensors are yet to come. 
Nevertheless, there is a slow but promising translation into medical applications.
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Abstract

Graphene has excellent conductivity, large specific surface area, high thermal 
conductivity, and sp2 hybridized carbon atomic plane. Because of these properties, 
graphene has shown great potential as a material for use in lithium-ion batteries 
(LIBs). One of its main advantages is its excellent electrical conductivity; graphene 
can be used as a conductive agent of electrode materials to improve the rate and 
cycle performance of batteries. It has a high surface area-to-volume ratio, which can 
increase the battery’s energy storage capacities as anode material, and it is highly flex-
ible and can be used as a coating material on the electrodes of the battery to prevent 
the growth of lithium dendrites, which can cause short circuits and potentially lead 
to the battery catching fire or exploding. Furthermore, graphene oxide can be used as 
a binder material in the electrode to improve the mechanical stability and adhesion 
of the electrodes so as to increase the durability and lifespan of the battery. Overall, 
graphene has a lot of potential to improve the performance and safety of LIBs, 
making them a more reliable and efficient energy storage solution; the addition of 
graphene can greatly improve the performance of LIBs and enhance chemical stabil-
ity, conductivity, capacity, and safety performance, and greatly enrich the application 
backgrounds of LIBs.

Keywords: conductivity, electrochemical processes, electrode materials, graphene 
oxide, graphene materials, lithium storage, lithium-ion batteries

1. Introduction

During the Industrial Revolution, the world rapidly developed and economically 
prospered with clean, affordable and reliable energy [1]. The consumption of tradi-
tional fossil energy has attracted widespread attention from various industries, and 
environmental protection has driven research on alternative energy supplies, espe-
cially renewable energy, and efforts are being made to develop new renewable energy 
types while providing an effective environmental protection approach [2, 3].

In order to meet the growing energy demand and reduce greenhouse gas emis-
sions, many countries have recently conducted extensive research on low-cost and 
environmentally friendly renewable energy sources, such as solar, tidal, wind, bio-
mass, and geothermal [4]. At the same time, it is necessary not only to develop energy 
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but also to maximize energy storage. In addition, there has been a renewed interest in 
electric vehicles as substitutes for internal combustion engine vehicles, which account 
for 25% of greenhouse gas emissions [5], making energy storage a priority for the new 
global energy management system.

Electrochemical energy storage technology has obvious advantages among the 
various energy storage technologies. The battery is not limited by geographical 
location, convenient and efficient charging and discharging processes, and higher 
efficiency [6]. As the main force of energy storage technology, electrochemical energy 
storage has received widespread attention in market development and scientific 
research fields. At present, mainstream electrochemical energy storage technologies 
include LIBs [7], lead batteries [8], and flow batteries [9]. Among them, the LIBs have 
the characteristics of long cycle characteristics, fast response speed, and high system 
comprehensive efficiency and are widely used in portable charging equipment, 
transportation systems, aerospace, and other fields [10, 11].

However, the energy storage processes of the LIB electrode systems are different 
from each other. With the demand for reliable and durable energy storage devices 
in portable electronic products and power grids, improving the power density and 
cycle life of LIBs has become an important goal [12, 13]. It is crucial to design and 
manufacture efficient electrode materials that can provide high specific capacity 
and energy density to meet the growing demand for high-performance electrical 
equipment [10, 14].

Since the energy density of LIBs depends largely on electrode materials, the 
research direction is aimed at high-specific capacity electrode materials. It has been 
recognized that nanostructured electrode materials with special electrochemical 
properties will be necessary to achieve the purpose. The dimensionality reduction of 
nanomaterials can shorten the diffusion time of Li+ [15].

2. Overview of the graphene chemistry

Graphene and carbon nanotubes [16] have played important roles in nanomateri-
als, which can be applied to portable communication equipment, electric vehicles, 
and large-scale energy storage systems. Many research results have shown that energy 
storage technology could achieve a qualitative leap by breaking through the techni-
cal difficulty of electrode nanomaterials named graphene, a novel two-dimensional 
carbon material that was discovered by mechanical exfoliation of graphite in 2004 
[17]. As illustrated in Figure 1, the typical structure of graphene [18] is composed of 
a carbon material 1 million times thicker than the diameter of a single hair comprising 
a hexagonal two-dimensional honeycomb lattice of sp2 hybridized carbon atoms. The 
structure can be divided into single-layer, double-layer, and multilayer, with an ultra-
high specific surface area of about 2630 m2 g−1.

Graphene has many desirable properties, with very high electron mobility at room 
temperature and rapid heterogeneous electron transfer at the edges, with values 
exceeding 15,000 cm2 V−1S−1 [19]. Graphene also has a significantly high Young’s 
modulus (1.0 TPa), high breaking strength, extraordinary mechanical strength, 
excellent thermodynamic, electrical conductivity (5–6.4 × 106 S m−1), optical trans-
mittance activity (about 97.7%), material density (less than 1 g cm−3), stability, 
catalytic properties, and other graphene tunable properties [20, 21].

The continuous two-dimensional conductive network formed by graphene can 
effectively improve the electron and ion transport kinetics of electrode materials, and 
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graphene is used to improve the rate performance and cycle stability of LIBs because 
of its high specific surface area, stable chemical properties, excellent electrical and 
thermal conductivity [18]. With its excellent characteristics, graphene has lots of 
applications in electronic devices, photonic devices, photocatalysis, and advanced 
composite materials applicable in the military, aerospace, and other fields.

Although graphene shows excellent properties in chemical and mechanical 
aspects, its application in electronics and energy storage devices needs to be continu-
ously explored [22]. Researchers have developed many methods in graphene applica-
tions, such as combining with other materials to develop graphene-based composites 
[23] including graphene/polymers [24], graphene/metals [25], and graphene/carbon 
nanotubes [26] composites for energy storage devices.

In addition, recent scientific advancements have allowed the development of 
various low-cost and environmentally friendly methods for preparing graphene. This 
is particularly important for large-scale production and application. The following 
analysis analyzes the application of graphene and graphene-based nanocomposites as 
electrode materials in LIBs, and provides possible development paths in the future.

The main production methods for graphene include bottom-up and top-down 
methods, and graphene properties have great differences in structural integrity, sheet 
size, and cost with different methods [27, 28]. As illustrated in Figure 2, the top-down 
approach refers to the method of obtaining a product by crushing or peeling off a 
large amount of material. The bottom-up approach, on the other hand, refers to the 

Figure 1. 
(a) and (b) Typical structure of graphene [18].

Figure 2. 
(a) Schematic diagram of top-down and bottom-up approaches, (b) schematic diagram of graphite structure [29].
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method of synthesizing the desired product from smaller materials, continuously 
growing graphene by breaking the chemical bonds of carbon-containing compounds 
and depositing carbon atoms on a suitable substrate [29–32]. Various forms of 
graphene nanomaterials have been prepared, including graphene spheres, graphene 
scrolls, graphene networks, graphene tubes, graphene cages, and other structures of 
graphene [21].

3. Lithium-ion batteries, LIBs

As shown in Figure 3, lithium-ion batteries (LIBs) consist of two electrodes and 
a separator impregnated with an electrolyte to provide the electrons and ions needed 
for electrochemically active nanomaterials [33].

The metal-foil anode is the negative electrode of the battery, and it is made of 
lithium-containing material. During discharge, lithium ions are released from the 
anode and travel through the electrolyte to the cathode, where they are intercalated 
(inserted) into the electrode material. The anode also serves as the current collector 
for the negative terminal of the battery. The cathode, or positive electrode, is made of 
an electron-rich material that can store the lithium ions after they are released from 
the anode. It is typically coated onto a metal foil current collector. During discharge, 
electrons flow through the external circuit to the cathode, where they combine with 
the lithium ions to form the discharge product. The separator is a thin film that 
separates the anode and cathode to prevent direct contact between them. It is made 
of a material that is permeable to lithium ions but impermeable to electrons, ensur-
ing that the electrons flow through the external circuit during discharge and charge. 
The separator also helps to prevent short circuits within the battery. The electrolyte 
is a liquid or solid material that transports the lithium ions between the anode and 
cathode. It is typically a lithium salt dissolved in a non-aqueous solvent.

The LIBs are based on the movement of lithium ions between the anode and 
cathode during discharge and charge cycles. When the battery is discharged, electrons 

Figure 3. 
Schematic diagram of the structure of commercial LIBs [33].
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flow through the external circuit to the cathode, where they combine with lithium 
ions to form the discharge product. At the same time, lithium ions travel through the 
electrolyte.

At the moment, LIBs are regarded as one of the most promising energy storage 
technologies due to their high energy density, energy conversion efficiency, and out-
put voltage [34]. With the development of information electronics, electric vehicles, 
and smart grids, there is a huge demand for LIBs with high energy density, long 
cycle life, and lower cost [35, 36]. However, the electrode materials of LIBs generally 
have poor conductivity, and the charge-discharge reaction cannot be completely 
carried out due to electrode polarization during the charging and discharging 
process. Moreover, the effective capacity of the electrode material cannot be fully 
exerted [37–39].

At present, the conductive agents on the market mainly include conductive car-
bon black, conductive graphite, and carbon nanotubes [40]. The excellent thermal 
conductivity of graphene can improve the thermal stability of LIBs. The “face” 
contact between graphene and electrode materials can improve the conductivity of 
electrodes [41]. Based on the special physical and chemical properties of graphene, 
and it has great potential as an electrode material for LIBs. LIBs are composed of 
four parts: cathode electrode material, anode electrode material, separator, and elec-
trolyte, and the electrode material plays an important role in battery performance 
[42, 43]. According to application fields, the application of graphene mainly has 
three directions in LIBs: (1) graphene use as an active electrode material: graphene 
can be used as an anode material for LIBs to provide reversible storage space for 
Li+, improving specific capacity and rapid charge and discharge efficiency [44]. (2) 
Graphene can be combined with cathode or anode materials to improve the perfor-
mance of electrodes: the combination of graphene with a cathode active material 
enhances electrode conductivity [45]. In this respect, graphene can be compounded 
with anode-active materials to construct a three-dimensional structure and provide 
space for volume expansion [46]. (3) Graphene is used as a conductive additive to 
provide a fast channel for electron and Li+ transport and improve the conductivity of 
the electrode [47, 48].

4. Graphene as LIBs electrode conductive agent

At present, the development of energy storage technology has made higher 
requirements for LIBs in terms of energy density, ion transport rate, and cycle perfor-
mance [49]. However, the poor conductivity of electrode materials greatly limits the 
performance of LIBs. Adding a conductive agent can enhance the electron transport 
efficiency and reduce the polarization of the electrode. It is important to utilize the 
effective capacity of the active material. Compared with conductive agents such as 
commercial conductive agent carbon black (CB), graphene has higher conductivity 
and specific surface area, and studies have shown that advanced carbon materials, 
including carbon (one-dimensional) [50], graphene (two-dimensional) [51, 52], and 
3D graphene backbones (three-dimensional) [53], have been used to build continuous 
conductive networks for LIBs [54].

Graphene is a powerful planar conductive additive, which is considered to be one 
of the most promising conductive additives due to its unique physicochemical prop-
erties including high aspect ratio, chemical resistance, excellent conductivity, and 
low dosage of effective characteristics [55–57]. Compared with the “point-to-point” 
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contact mode constructed by the traditional graphite conductive agent, graphene can 
form a “point-to-surface” contact mode with the electrode material in the electrode, 
providing a long-range and fast conduction path for electrons and Li+, reducing the 
amount of conductive agent is equivalent to increasing the content of the active mate-
rial of the electrode and increasing the capacity of the electrode [54, 58]. Therefore, 
using a small amount of graphene as a conductive additive can greatly improve the 
electronic conductivity of the electrode.

It has been proposed as a simple and effective method to prepare graphene 
conductive slurry as a conductive agent for LIBs by combining mechanical stirring, 
ultrasonic dispersion, and dispersant modification [48]. Figure 4a shows the sche-
matic diagram of graphene dispersion. Graphene slurry also exhibits excellent battery 
performance as a conductive agent for LIBs. At 100 mAg−1 current density, the first 
charge and discharge capacity are 1273.8 and 1723.7 mAhg−1, respectively, and the 
coulombic efficiency is 73.9%. The capacity retention rate of the anode is 84% (1070.2 
mAhg−1) after 100 cycles at 200 mAg−1. Another article reported that graphene 
nanosheets (GN) with different sizes as conductive additives can affect the electro-
chemical performance of LiFePO4 (LFP) [61]. Compared with conventional conduc-
tive additives, GNs and Super P Conductive Carbon Black (SP) can construct an 
effective electronic conductive network and significantly improve the electrochemical 
performance of LFP as conductive additives. It also shows that with the increase 
of GN size, the specific capacity and rate performance of nanoscale LFP tended to 
deteriorate, which is due to the “barrier effect” of GN extending the length of the 
ion transport path and greatly reducing the ion conductivity. The small-size GN can 
effectively balance the rapid diffusion of Li+ and the electron transport of nanoscale 
LFP. The effect of the amount of graphene used in different thicknesses electrode 
on the electrode performance was also studied [59]. The results showed that when 
the thickness of the electrode is thin, the cycle performance and rate performance of 

Figure 4. 
(a) Schematic diagram of graphene dispersion, (b) schematic diagram of the evolution of electrode thickness from 
laboratory half-coin battery to commercial soft-packaged battery [59], and (c) schematic diagram of lithium-ion 
transport path in LiFePO4 cathode with GN or HG + SP as conductive additive [60].
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the electrode increase with the increase of graphene addition (Figure 4b). When the 
electrode thickness is higher, the rate performance of the electrode has a linear rela-
tionship with the amount of graphene. The Li+ diffusion path is greatly extended, and 
the spatial effect of GN is amplified, causing slower ion transport kinetics. Different 
research results indicate that the conductivity of the electrode material is significantly 
improved when the amount of graphene is appropriate. However, when the size or 
the amount of the graphene nanosheet (GN) is too large in the higher-thickness 
electrode, the Li+ diffusion path will be greatly extended. The steric hindrance effect 
of graphene on the diffusion of Li+ is amplified, the polarizability is higher at high 
rates, and the rate of performance of the electrode is reduced. So, researchers should 
pay attention to maintaining the balance between ion diffusion kinetics and electron 
conduction when using graphene as a conductive agent.

In order to improve the conductivity and the rate performance of LIBs, researchers 
have studied a lot on graphene composite conductive agents and graphene modifica-
tion. Graphene nanoribbons (GNBs) have been used as a conductive agent for LFP 
[62]. The cathode with olivine structures is used to promote rapid redox reactions 
and achieve high-rate cell performance. The results have shown that the cathodes 
with 5 wt% graphene nanoribbons and 10 wt% conductive carbon nanoparticles 
exhibited a capacity of 163.25 mAhg−1 at 0.1 C and 130.60 mAhg−1 at 2 C, the capac-
ity retention rate is 98.21% after 100 cycles at 2 C. Graphene nanoribbons play the 
role of bridges creating connected networks to facilitate electron transport. Porous 
graphene (HG) has been prepared by KOH activation [60]. HG, with a large number 
of pores and a large specific surface area, greatly improved the electronic conductiv-
ity of the LFP electrode, but it did not affect the efficient transport of ions. LFP cells 
with traditional graphene additives exhibit lower rate performance because graphene 
with a planar structure hinders the transport of Li+. Binary conductive additives 
containing only 1 wt% HG and 1 wt% carbon black (such as SP) can make LIBs 
obtain higher rate performance comparable to batteries containing 10 wt% SP, and 
the schematic diagram of the Li+ transport path of the composite conductive agent 
is shown in Figure 4c. A small amount of SP complements the remote conductive 
network formed by HG, which can fully contact LFP so that the entire LFP electrode 
has excellent conductivity. The simultaneous use of HG and SP can achieve a balance 
of electron conductivity and ion diffusivity.

5. Application of graphene as LIBs cathode materials

As the cathode of LIBs, the electrode material should have the requirements of 
high reversible capacity, high stability potential, and lower manufacturing cost [63, 
64]. At present, the cathode materials of LIBs are mostly LiFePO4, LiCoO2, LiMn2O4, 
Li3V2(PO4)3, and LiNixCoyM1-x-yO2, which have the characteristics of high specific 
capacity, non-toxicity, and low cost, but the conductivity is poor, and the mobility of 
lithium-ion is low [65–67].

When LiFePO4 material is compounded with graphene, theoretically, the rate 
performance can be improved as conductivity improves [68, 69]. The LPF-graphene 
composite, LFP@C/G, was successfully synthesized, as illustrated in Figure 5, using 
the high energy ball milling-assisted rheological phase method [70]. The multilayer 
graphene film is not stacked on the carbon-coated LiFePO4 nanospheres, thus form-
ing rich mesopores forming unique 3D “ball-in-chip” and “ball-on-chip” conductive 
network structures. High conductivity and rich mesopores facilitate the transport of 
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Figure 6. 
(a) Preparation and electrochemical reaction protocols of LFP@TC and LFP/GN, (b) rates data of LFP@TC 
and FP/GN [66].

electrons and ions. The results show that the mixed materials with graphene content 
of about 3 wt% show excellent rate performance, and the initial discharge capacities 
were 163.8 and 147.1 mAhg−1, respectively. In addition, the composites also showed 
excellent cycling stability, with a capacity decay of only 8% after 500 cycles at 10 C. 
However, there are also reports that graphene composite LiFePO4 exhibits unfavor-
able electrochemical performance when used in cathode materials of LIBs. The effect 

Figure 5. 
Schematic diagram of the synthesis of LFP@C/G composites [70].
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of carbon coating on the electrochemical performance of LiFePO4 has been discussed 
[71]. The schematic diagram of the synthesis of lFP@graphene nanosheets (LFP@
GN), sucrose-derived amorphous carbon-coated LFP (LFP@TC), and LFP/GN (par-
tial wrapping) is shown in Figure 6a. Graphene partially wrapped LiFePO4 enhances 
the conductivity of LFP/GN material, but when the cathode material (LFP/GN) is 
fully wrapped in graphene, the ion transport efficiency decreases, leading to a decline 
in rate performance (Figure 6b). The results show that although graphene coating 
improved the conductivity of Li+ and electrons, the complete and dense coating of 
high graphitic carbon is not conducive to the transport of electrons due to the influ-
ence of steric hindrance effect on Li+ diffusion in the cathode material. Therefore, the 
ideal coating structure should maintain a balance between increased electron trans-
port and rapid ion diffusion.

6. Application of graphene as LIBs anode materials

As the most widely used anode material for LIBs, graphite anode has the 
 advantages of easy access to abundant raw materials and low costs, but its low specific 
capacity falls short of meeting the requirements of LIBs [72–74]. The lithium dendrite 
formed during the charging and discharging process of graphite anode makes it dif-
ficult for LIBs to achieve high rate and cycle life [75], in addition to the fact that they 
can cause short circuits and potentially lead to the battery catching fire or exploding. 
Therefore, many studies are devoted to the modification of graphite anodes and the 
development of new anode materials.

At present, the typical lithium-ion battery anode materials can be divided into 
three categories: intercalation reaction electrode materials, conversion reaction 
electrode materials, and alloy electrode materials. The intercalated electrode materials 
are mainly composed of carbon materials [76]. There are many studies on the applica-
tion of carbon materials in LIBs, and the research on graphene application in anode 
materials is more extensive and in-depth than in cathode. Graphene can react with Li+ 
on both sides of the graphene nanosheet to form LiC3, and each C atom corresponds 
to about 0.33 Li+, which is twice the amount of lithium intercalation in the traditional 
graphite electrode with a theoretical specific capacity of 744 mAhg−1 [77, 78]. Porous 
graphene foam (GF) has been prepared and applied as the anode of lithium-ion 
batteries. It comprises a loosely porous three-dimensional network structure with 
excellent electrical conductivity and chemical stability. GF has high performance in 
specific capacity and cycle stability. However, graphene as the anode material for LIBs 
may cause stacking between graphene sheets, reducing the specific surface area of 
the material, resulting in a decrease in lithium storage and failure to achieve higher 
capacity as a single anode material.

The graphene-metal composite material produced by the graphene coating 
method can, however, improve the electrochemical performance of LIBs [79]. The 
flexible characteristics of graphene can effectively inhibit the metal electrode volume 
expansion during the charging and discharging process, and the morphology of 
graphene can change with changes in the preparation method [52, 80, 81]. With excel-
lent electrical conductivity, graphene can establish a conductive network between 
particles, and the high specific surface area can also increase the storage capacity of 
lithium. Numerous studies have shown that the graphene-metal composite materials 
applied as anode materials can greatly improve the performance of LIBs [52, 80–82]. 
The bilayer graphene (BGra) was synthesized by the thermal evaporation-deposition 
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assisted chemical vapor deposition (CVD) method by coating on Si nanoparticles 
[83], as shown in the process diagram in Figure 7a–c. The results showed that the 
electrode composed of this material, Si@BGra, can provide a capacity of 2500 
mAhg−1 at the current density of 3 Ag−1. At the same time, the capacity retention rate 
was 85% after 1000 cycles, exhibiting excellent cyclic stability (Figure 7d–f). The 
graphene-MnO2 composite was also prepared as anode materials for LIBs [84]. The 
material also demonstrated excellent cycle stability at current rates of 2 C, 5 C, and 10 
C after 500 charge-discharge tests.

The excellent cycle stability and higher rate performance of these composites 
can be attributed to the integration of graphene and mesoporous metallic material. 
Graphene, as an exceptional charge carrier, enhances the electronic conductivity 
of composite materials and enables complete reversible redox reactions in metallic 
materials. As in LIBs anode materials, graphene can also act as a buffer medium for 
large volume changes of the negative electrode material during the charging and 
discharging process and inhibit mechanical strain and the crushing of electrodes.

7. Application of other graphene derivatives in LIBs

Although graphene exhibits excellent electrochemical performance in electron 
and ion transport kinetics, its hydrophobic properties are challenging in electrode 
applications. As a strong and flexible carbon atom thin film, graphene offers a variety 

Figure 7. 
(a) Schematic diagram of the preparation process of Si@BGra and Si@BGra/Ni (yellow represents silicon 
nanoparticles, orange is copper powder, gray is double-layer graphene, green is nickel foam), (b) SEM image of 
Si@BGra/Ni, (c) HRTEM image of Si@BGra/Ni, (d) Si@BGra/Ni magnification performance image at 1.0-50 
Ag−1, (e) Si@BGra/Ni cycle performance at 20 Ag−1, and (f) cycling performance of Si@BGra/Ni at 3, 5, and 7 
Ag−1 [83].
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of possibilities for the modification and functionalization of its carbon backbone, 
such as chemical modification of H and O functional groups, so that its hydrophilic 
version of oxygen/hydrogen functionalization has recently gained popularity [85–87]. 
At present, the doping of heteroatoms into graphene to produce more Li+ storage 
sites has been widely studied. Heteroatom doping produces a large number of defects 
on the graphene surface, which not only prevents the irreversible aggregation of the 
graphene layer but also provides a rich lithium reservoir [86]. At the same time, the 
surface of graphene derivatives such as graphene oxide (GO), nitrate graphene, and 
fluorographene, has a large number of functional groups, defects, and other active 
sites, which enhance the electronic and mechanical properties of graphene [88].

Graphene oxide is usually prepared by stripping of graphite oxide generated by 
chemical oxidation, and the use of strong oxidants to generate graphite oxide is the 
most common method for preparing graphene oxide [89]. At present, the production 
of GO and reduced graphene (r-GO) have been commercialized. They form the basic 
units for forming other 3D graphene complex material, which also has the problem 
of low relative conductivity [90, 91]. High-quality foamed graphene and vertical gra-
phene prepared by chemical vapor deposition (CVD) and plasma-enhanced chemical 
vapor deposition (PECVD) have emerged in the latest report, but the preparation 
process involves high temperatures and complex techniques. It is inferred that high-
end 3D graphene derivatives with few defects and high electronic conductivity are the 
development direction in the future [92, 93].

Many researchers have devoted themselves to the study of graphene derivatives 
as lithium-ion cathode materials. A series of reduced porous graphene oxide (rhG-x) 
has been synthesized by the chemical oxidation and annealing reduction process of 
porous waste graphite (hSG) [94], and the schematic diagram of the process is shown 
in Figure 8. Because of the unique oxygen-containing groups and electronic conduc-
tivity, the rhG-x series with “worm-like” segments and porous structure diagrams 
shows excellent lithium storage performance as the cathode for LIBs.

Few-layer graphene (FLG) has been prepared by a simple method to modify FLG 
using nitrogen doping. With the doping of heteroatoms, the rate performance and 
cycle stability of graphene were significantly improved [95].

In addition, graphene-based compounds are also widely used in LIBs. Uniformly 
dispersed Cu-hexahydroxytriphenyl (HHTP)/graphene (G) composites were synthe-
sized using an in-situ growth strategy, and electrochemical performance was studied 

Figure 8. 
Schematic diagram of rhG-x synthesis process [94].
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for the first time as anode for LIBs [96]. It was observed that graphene formed a 
two-dimensional network of conductivity in the composites and effectively improved 
the energy storage of Cu-HHTP.

8. Application of graphene in thermal management of LIBs

Lithium-ion batteries have a wide range of applications in mobile communications, 
automobiles, and aerospace. With the rise of electric and hybrid electric vehicles (HEVs), 
there is another push for battery technology [97]. The battery and its management sys-
tem are two of the three main technologies of electric vehicles, and the thermal manage-
ment technology of the battery is an important part of the battery system. The operation 
life and efficiency of batteries are affected by high temperatures during working, 
thereby affecting the maintenance, life, and cost of electric vehicles [98–100]. Extending 
battery life and safe use of batteries requires controlling the operating temperature of 
LIBs within a safe range, and high or low temperatures will create adverse effects on 
LIBs. In addition, the electrolyte could solidify and fail to transport electrons at a lower 
temperature. Thus, the LIBs could experience thermal runaway or battery rupture or 
even explosion at high temperatures.

Many studies have shown that high, low, or uneven temperatures affect the 
charge-discharge efficiency and cycle stability of the power battery [101–103]. 
Therefore, it is necessary to design a reasonable battery thermal management system 
to effectively control and maintain a stable and uniform temperature of the battery 
in the battery pack. At present, the cooling methods of lithium-ion battery thermal 
management systems are mainly divided into three cooling methods: air cooling, 
liquid cooling, and phase change material (PCM) [104, 105].

A common method of thermal management of lithium-ion battery packs is based 
on the utilization of phase change materials (PCM) [106]. Phase change materials are 
a special class of functional materials that, in the phase change process, keep a small 
temperature change range or constant temperature and can absorb or release a large 
amount of latent heat [107, 108]. During the technological development of PCMs, 
researchers have studied many different kinds of materials, including inorganic sys-
tems (salts and salt hydrates), organic compounds (such as paraffins or fatty acids), 
and polymeric materials (such as polyethylene glycol) [109]. Paraffin wax is widely 
used as a phase change material in LIBs due to its excellent characteristics such as 
safety and non-toxicity, low price, small volume change during phase change, stable 
chemical properties, and low vapor pressure [110, 111]. However, there are some non-
negligible shortcomings in the use of paraffin, such as easy leakage and low thermal 
conductivity during use of paraffin. Some materials with high thermal conductivity 
are usually combined with paraffin wax to improve their thermal conductivity and 
performance as PCM [112–114], considering the defect of low thermal conductivity 
of paraffin.

Researchers have combined some carbon materials with paraffin wax while using 
it in the thermal management of LIBs, and graphene is widely used due to its excellent 
thermal conductivity [115]. Graphene-epcm hybrid composites have been prepared 
by dispersing liquid phase stripping (LPE) graphene and FLG solutions in paraffin 
[116], and mixing them with high shear with a magnetic stirrer on a hot plate at 70°C. 
It is proved that graphene and FLG as fillers in organic phase change materials can 
improve their thermal conductivity by more than two orders of magnitude while 
maintaining their latent heat storage capacity. Graphene-coated nickel foam was 
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prepared using chemical vapor deposition technology, and paraffin wax was used as 
a phase change material to penetrate into the voids of graphene-coated nickel foam. 
The thermal characteristics of saturated paraffin graphene-coated nickel foam and 
its application in the thermal management of LIBs were studied [117]. The results 
showed that: (1) the thermal conductivity of graphene @Ni/saturated paraffin wax 
was increased by 23 times compared with pure paraffin; (2) the melting temperature 
and freezing temperature of graphene-coated nickel foam composites of nickel 
foam/saturated paraffin were higher than paraffin wax and lower than paraffin, 
respectively.

9. Conclusions and perspectives

In conclusion, the application of graphene in lithium-ion batteries has shown 
significant potential in improving battery performance. Graphene’s exceptional 
electrical conductivity, high specific surface area, and excellent mechanical proper-
ties make it an ideal candidate for enhancing the capabilities of these batteries. The 
various approaches, graphene derivatives, and graphene-based electrodes have been 
successfully utilized to improve the capacity, rate capability, cycling stability, and 
thermal stability of lithium-ion batteries.

However, there are still challenges that need to be addressed for the widespread 
application of graphene in lithium-ion batteries. One of the main challenges is the 
production of high-quality graphene in a scalable manner. The development of effi-
cient and cost-effective methods for the synthesis of graphene is crucial for its com-
mercialization in battery applications. Additionally, understanding the mechanisms 
behind the electrochemical performance of graphene-based electrodes is crucial for 
optimizing their properties.

Future perspectives in this field include exploring new applications of graphene 
beyond electrodes, such as in separators, electrolytes, and other battery components. 
The combination of graphene with other materials, such as metal oxides, carbon 
nanotubes, or polymers, may lead to the development of novel electrode architectures 
with improved performance. Furthermore, the development of 3D-printed graphene 
composites for battery applications is a promising direction that could lead to the 
production of customized battery components with improved mechanical properties 
and conductivity.

Overall, the application of graphene in lithium-ion batteries holds great promise 
for the development of next-generation energy storage devices with higher energy 
density, longer cycle life, and better rate capability. Continuing research efforts in this 
field are expected to lead to further advancements in the field of energy storage and 
pave the way for a sustainable future.
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Graphene Oxide Nanotoxicity: A 
Comprehensive Analysis
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Abstract

Graphene oxide (GO) has emerged as a promising nanomaterial with physicochemi-
cal properties that make it a candidate for a wide range of applications. However, the 
potential toxicity of GO is a significant threat that must be addressed before GO’s safe use 
in biomedical and environmental applications can fully be realized. Numerous studies 
have demonstrated that GO has the ability to induce oxidative stress, inflammation, 
genotoxicity, and cytotoxicity in cell types and animal models. Importantly, the toxicity 
of GO is influenced by its size, morphology, charge, and surface functional groups. The 
current review summarizes recent research findings on the toxicity of GO by focusing 
on its cellular uptake, biodistribution, and biological effects. It provides an overview of 
the current understanding of GO nanotoxicity and highlights the need for additional 
research to assess its safety in various applications. By addressing these concerns and 
developing appropriate safety measures, we can fully exploit the potential of GO while 
ensuring its safe utilization in biomedical and environmental settings. Thus, the compre-
hensive evaluation of GO’s potential risks is crucial for its full exploitation and utilization.

Keywords: biodistribution, cellular uptake, genotoxicity, graphene oxide, 
inflammation, nanotoxicity, oxidative stress

1.  Introduction

Graphene oxide (GO) has garnered significant attention as a highly promising 
nanomaterial due to its exceptional physicochemical properties, including its large 
surface area, high mechanical strength, excellent electrical conductivity, and remark-
able optical properties [1–4]. These characteristics make GO an attractive candidate 
for a wide range of applications in the fields of biomedicine, electronics, energy stor-
age, and environmental remediation among others [5, 6]. However, numerous in vitro 
and in vivo studies using different cell types and animal models have demonstrated 
that GO can induce various adverse effects, including oxidative stress, inflammation, 
genotoxicity, and cytotoxicity, among other toxicities [2, 7, 8]. These toxic effects have 
raised concerns about the safe use of GO in biomedical and environmental applica-
tions highlighting the need to investigate its potential toxicity (Figure 1).

The mechanisms underlying the toxic effects of GO involve its interactions with 
cellular components such as proteins, lipids, and nucleic acids. These interactions 
can disrupt cellular functions and cell signaling pathways, leading to cellular dam-
age and other adverse biological effects [9–13]. The toxicity of GO is influenced by 
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its physicochemical properties, including size, morphology, charge, and surface 
functional groups [14–16]. Ou et al., for example, reviewed the toxicity of graphene 
family nanomaterials (GFNs) and found that the nanotoxicity of the material was 
influenced by, among other factors, the size, surface structure, functionalization, 
charge, impurities, aggregations, and corona effect. Different mechanisms have been 
identified to explain GFN toxicity, including physical destruction, oxidative stress, 
DNA damage, inflammatory response, apoptosis, autophagy, and necrosis. Toll-like 
receptors (TLRs), transforming growth factor β (TGF-β), and tumor necrosis factor-
alpha (TNF-α) dependent pathways are involved in the signaling pathway network, 
with oxidative stress playing a crucial role in these pathways [17]. Understanding the 
relationship between these properties and the toxicity of GO is crucial for designing 
safer nanomaterials and minimizing the risks of their use.

Thus, in order to assess the toxicity of GO comprehensively, it is essential to evaluate 
its cellular uptake, its biodistribution through the various biological matrices, and the 
accompanying biological effects. The understanding of how GO is internalized by cells, 
and how it gets distributed within the body leading to the specific biological responses 
that it elicits can provide valuable insights into its potential hazards and, therefore, guide 
the development of appropriate mitigation measures [18]. Moreover, the full analysis of 
the current knowledge of GO nanotoxicity can help identify knowledge gaps and high-
light areas where further research is required in assessing its safety in various applications.

By addressing these concerns and developing effective strategies to minimize the 
adverse effects associated with GO, we can exploit its immense potential while ensuring 
its safe applications. The current analysis, therefore, aims to summarize recent research 
findings on the toxicity of GO and underscore the need for additional research to assess 
its safe use in different fields. The physicochemical properties of GO are important in 
understanding its nanotoxicity because they determine the interactions between the 
nanomaterials and living organisms. The combined effect of size and shape in nanotox-
icity studies is paramount, influencing cellular uptake, biodistribution, clearance, and 

Figure 1. 
Shape and size-dependent nanotoxicity of GO.
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overall interactions with living organisms [19]. The size and shape of GO nanoparticles 
are linked to their reactivity and cellular uptake in biological systems. The potential 
toxicity of GO nanoparticles can affect the nervous tissues and other crucial body 
systems [20] and understanding these factors, therefore, is essential for designing safer 
and clinically relevant GO-based nanosystems. Furthermore, the different shapes of 
nanomaterials, such as sheets [10], flakes, and nanoribbons, can influence the speed 
and extent of their internalization and interactions with biological structures. GO 
nanosheets, for example, have a higher potential for membrane penetration than the 
other GO morphologies, leading to increased cytotoxicity. In contrast, GO nanoribbons 
have been implicated in inducing greater genotoxic effects due to their ability to cause 
DNA damage [9, 12]. Additionally, GO sheets with irregular shapes are cleared more 
slowly from the body, resulting in prolonged exposure and increased toxicity over time. 
Conversely, GO nanoparticles with a more spherical shape are cleared more quickly 
from the body, reducing their potential toxicity over time [21]. These findings empha-
size the critical role of the shape of the GO nanoparticles in controlling the toxicity and 
safety of GO-based materials. Consequently, the size of GO materials is another critical 
determinant of its cytotoxicity [18, 22].

Surface functionalization of GO has been widely studied in its performance in 
biomedical applications, such as drug delivery and diagnostics. This technique allows 
tailoring the properties of nanomaterials to improve their interactions with biological 
systems for specific applications [23, 24]. Surface functionalization involves modify-
ing the surface properties of nanomaterials by attaching various molecules to alter 
their stability, solubility, and interactions with biological systems [25, 26]. Different 
functional groups can influence the toxicity of nanomaterials by affecting cellular 
uptake, biodistribution, and biocompatibility [27]. However, surface functionaliza-
tion can also affect particle agglomeration and enhance stability [28], which can 
impact their behavior and toxicity in biological systems. Also, functionalization of 
GO nanoparticles can alter the physicochemical properties of GO, influencing its 
toxicity [16]. For instance, functionalization with hydrophilic groups can reduce 
aggregation and enhance biocompatibility, while functionalization with targeting 
ligands can improve the specificity of GO-based drug delivery systems [29]. By 
carefully selecting appropriate surface functionalization strategies, researchers can 
mitigate potential nanotoxicity risks associated with GO.

In the realm of biomedical applications, surface functionalization emerges as 
a promising strategy in enabling targeted delivery of therapeutic agents using GO 
nanoparticles. However, the selection of functional groups and their stability is 
a crucial consideration in ensuring both the safety and effectiveness of targeted 
applications. This multifaceted approach to utilizing GO, in conjunction with a com-
prehensive understanding of its concentration-dependent effects on cell viability, 
paves the way for innovative and tailored applications with potentially far-reaching 
benefits.

The resulting surface GO nanoparticles control their interactions with biologi-
cal systems and it plays a critical role in determining the toxicity of GO in cells and 
tissues by impacting their stability, aggregation, and interactions with biological 
systems [12, 30–32] as well as their cellular uptake pathways (Figure 2). Positively 
charged sheets are taken up through phagocytosis and clathrin-mediated endocyto-
sis, while negatively charged sheets cross the membrane through phagocytosis and 
sulfate-receptor-mediated endocytosis [33]. Also, the charge of nanoparticles controls 
their affinity for cell membranes, leading to variations in cellular uptake and toxicity 
[34]. Furthermore, the surface charge of nanoparticles can lead to an imbalance in the 
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redox state of cells, which, in turn, can cause malfunctions in the internal metabolism 
of cells and in pathologies at the organismal level [8].

Whichever the case, the surface chemistry of GO has a significant influence on its 
nanotoxicity, affecting various aspects of their behavior and interactions with biologi-
cal systems. Understanding the role of surface chemistry in GO nanotoxicity is there-
fore essential for assessing potential risks and developing strategies to mitigate toxicity.

2.  Biodistribution

2.1  Effects of GO size and shape on biodistribution

The effects of particle size on biodistribution have different aspects, impacting 
circulation time, organ accumulation, and the kinetics of clearance. Smaller nanopar-
ticles tend to have a longer circulation time within the body and can accumulate in 
specific organs or tissues, magnifying their toxic potential. On the other hand, larger 
nanoparticles are cleared more rapidly from the body, reducing their overall toxicity. 
For example, nanomaterials smaller than 20 nm tend to accumulate in the kidney, 
while those in the range of 20–100 nm preferentially deposit in the liver [35].

Nonetheless, different shapes, such as spheres, rods, or sheets, can exhibit varying 
degrees of cellular uptake, distribution, and toxicity. GO sheets with irregular shapes 
are cleared more slowly from the body compared to those with more regular shapes. 
Prolonging the exposure period through slower rates of clearance intensifies the toxici-
ties of the particles over time [36]. Conversely, GO nanoparticles with a more spherical 
shape are cleared more rapidly from the body, reducing their potential toxicity over 
time. Figure 3 shows the clearance and biodistribution of GO in the different study.

Figure 2. 
Key points regarding the effect of GO surface functional group on nanotoxicity.
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2.2  Functional group effects on biodistribution

Functionalization of GO nanoparticles strongly influences their biodistribu-
tion. For example, intravenous administration of dextran-functionalized GO led to 
extensive fecal excretion [37, 38], whereas PEGylated GO showed lesser feces excre-
tion suggesting that the choice of functional groups can impact the biodistribution 
and clearance pathways of GO nanoparticles [39]. This also indicated that dextran-
functionalized GO might be excreted through the gastrointestinal system, while 
PEGylated GO may be cleared differently [40]. Table 1 provides the clearance and 
biodistribution of 10–30 nm GO with 1 nm thickness and the corresponding tracking 
methods and the influencing factors.

Figure 3. 
Clearance and biodistribution of GO. (A) Proposed pathway for the photo-Fenton reaction, which contributes to 
the degradation of GO, potentially leading to the formation of oxidized polycyclic aromatic hydrocarbons [18]. 
(B) The blood circulation curve of GO is depicted, highlighting its behavior in the bloodstream. (C) The number 
of black spots observed in liver sections at different time points post-injection (PI) indicates the accumulation 
of GO in the liver. (D) The time-dependent distribution of GO in different organs, including the LI: liver; SP: 
spleen; K: kidney; H: heart; LU: lungs; ST: stomach; I: intestine; SK: skin; M: muscle; BO: bone; BR: brain; and T: 
thyroid, is presented. (E) The signal of GO in the liver and spleen is shown at different time points PI. (F) The 
presence of GO in urine and feces is demonstrated at different time points PI [18].

Functional group Organ of biodistribution Clearance speed Tracking method

PEG [39] Spleen [39] Slow1 Radiolabeling [39]

Cyclic R10 
peptide [41]

Liver [39]

DNA [42] Stomach [39] TEM, confocal Raman 
mapping [43]MicroRNA [44] Lungs [39]

Boron doping [45] Kidneys [39] Mass spectrometry imaging [46]

Liposomes [47]
1Slow biodegradation means that over half of the material degrades more than 1 month.

Table 1. 
Clearance and biodistribution of 10–30 nm GO with 1 nm thickness and the corresponding tracking methods and 
the influencing factors [18].
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In a study by Yang and colleagues, PEGylated GO biodistribution was tracked over 
time. The pharmacokinetics analysis revealed a two-compartment model: the central 
compartment with fast material exchange (e.g., blood, heart, and liver) and the 
peripheral compartment with slow material exchange (e.g., muscle, bone, and fat). 
The blood circulation of GO was found to consist of a rapidly distributed component 
and a slower elimination component. The half-lives of the blood circulation in the 
first and second phases were 0.39 ± 0.097 and 6.97 ± 0.62 hour, respectively [18]. At 
1-hour post-injection, GO was distributed across different organs of the mice. Strong 
signals were observed in the bone marrow, which may be due to macrophage uptake 
of GO into the bone marrow. The radiation signal was mainly concentrated in the 
mononuclear phagocyte system (MPS), such as the liver and spleen. This experience 
evidenced the influence of circulation time of GO nanoparticles in various body com-
partments. They were found to distribute across different organs, including the bone 
marrow, liver, and spleen. It showed that the surface chemistry of GO nanoparticles 
influences their interactions with macrophages in the MPS, affecting their accumula-
tion in these organs [18].

Long-term biodistribution studies found that GO was significantly present in the 
liver, indicating accumulation, which was attributed to enzymatic and photo-Fenton 
degradation. However, a small amount of GO remained in the liver even after 20 days, 
raising concerns about potential long-term toxicity [48]. GO also accumulated in the 
kidneys and intestines, suggesting its excretion through urine and feces [18].

2.3  Organ toxicity

The biodistribution of GO in various organs, such as the liver, lungs, and spleen, 
depends on the route of administration and dosage. Higher doses of GO can lead to 
organ toxicity, characterized by inflammation, oxidative stress, and histopathological 
changes. These findings spotlight the importance of dose and route of administration 
in organ toxicity GO [39, 49].

Animal studies have been conducted to assess the in vivo toxicity of GO. 
Intravenous injection of GO of various sizes in mice resulted in acute and chronic 
damage to the lung and kidney. This highlights the potential adverse effects of GO 
on vital organs and the importance of considering toxicity in animal models. Similar 
in vivo studies have shown that blood exposure to GO can cause accidental death 
in mammals, including non-human primates and mice, due to acute anaphylactic 
reactions. The severity of GO’s toxic effects on living cells and organs varies based 
on factors such as administration route, dose, synthesis method, and physicochemi-
cal properties. Smaller GO nanoplatelets have shown lower toxicity and potential as 
drug carriers while enhancing the anticancer effect of chemotherapeutic drugs. This 
emphasizes the need for further studies to fully understand the potential toxicity of 
GO and its impact on various aspects, including behavior, reproduction, develop-
ment, and genotoxicity [49].

2.4  Clearance

The size and shape of GO nanoparticles also play a crucial role in their clearance 
from the body, impacting the resident contact time with tissues and long-term poten-
tial toxicity. Smaller and thinner 2D GO sheets exhibit distinct clearance patterns in 
the body. Well-dispersed and smaller GO sheets have the capability to pass through 
the lung capillaries and get excreted through the glomerular filtration barrier (GFB) 
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in the kidney, a process facilitated by their structural features, such as thinness, flex-
ibility, and orientation in flow [50]. The urinary excretion of GO sheets following sys-
temic circulation administration has been reported in several studies [37, 39, 51, 52]. 
In an animal study using a direct bladder puncture method, about 50–60% of GO 
was excreted in the urine 2 hours after injection [53, 54] and no significant changes 
in kidney function or structural damage to the glomerular and tubular regions were 
found after injection of well-dispersed GO nanosheets. GO’s ability to pass through 
the kidney’s filtration barrier is remarkable, considering that most GO nanosheets are 
larger than the pore size in the kidneys. Nevertheless, they can traverse these pores 
through rolling, crumpling, or folding, facilitated by their mechanical flexibility. This 
process allows thin graphene with high mechanical flexibility to be easily discharged 
from the body (Figure 4) [18].

It is noteworthy that the feces excretion of GO has also been observed, although to 
a lesser extent. The extent of feces elimination has been linked to specific functional-
ization moieties and routes of administration. For instance, intravenous administra-
tion of dextran-functionalized GO [37, 38] resulted in extensive feces excretion, while 
PEGylated GO showed it to a lesser extent [39]. Oral administration of GO similarly 
led to extensive feces elimination [50].

Although most GO nanosheets are excreted in the urine, a small but significant 
part remains isolated in the spleen at approximately 1.6% ID/g at 60 days after 
intravenous injection [51]. GO accumulates in the marginal zone macrophages of 
the mouse spleen [43]. Over time, the quantity of GO in the spleen decreases, but a 
portion remains inaccessible for removal due to slow degradation, a process taking 
over 270 days [50]. The spleen-residing GO gradually accumulates defects, resulting 
in structural changes and a transition from the initial sp2-hybridized carbon structure 
to mainly tetrahedral sp3 amorphous carbon [18, 43]. The physiological environment 
of the spleen is essential for the degradation process of GO, as GO incubated in vitro 
without exposure to light at 37°C did not exhibit similar structural changes [50].

This extensive exploration of GO’s distribution and elimination in the body 
emphasizes the complex relationship between its size, shape, and to a lesser extent, 
mode of administration and surface functionalization, and the body’s clearance 
processes. Smaller and thinner as well as more regular-shaped GO sheets exhibit 
unique excretion pathways and faster clearance, while larger, thicker sheets with 
more irregular morphology tend to accumulate in specific body organs, especially the 
spleen, leading to a prolonged clearance process and simultaneous toxic damage.

Figure 4. 
Morphological reconfiguration of GO nanosheets during entrance to the glomerular filtration barrier that enables 
the thin and flexible GO nanosheets to cross the GFB and be excreted in the urine [18].
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3.  Penetration

The size of GO also plays a crucial role in its interaction with living organisms. 
Smaller nanoparticles exhibit a larger surface area-to-volume ratio, enhancing their 
reactivity and cellular uptake over those of the larger particles.

3.1  Influence of size and shapes

This is because the smaller nanoparticles experience less steric hindrance and have 
an increased propensity to penetrate biological barriers, which can result in greater 
interaction and higher toxicity levels. Also, smaller particles possess a larger surface 
area-to-volume ratio, enhancing their potential for interactions with biomolecules 
[31]. It has been reported that both sizes of GO (a ∼500 nm protein-coated commercial 
GO and GO sheets of 1 μm particle range) crossed over into the lysosomes for excretion 
and that the smaller nanoparticles induce more pronounced cellular stress responses 
and oxidative damage exacerbating their cytotoxic effects compared to their larger 
ones [8]. In a study on mouse mesenchymal progenitor C2C12 cells, a ∼500 nm protein-
coated commercial GO was internalized through clathrin-mediated endocytosis, 
while larger GO sheets of 1 μm particle range were taken up through phagocytosis. 
Enhanced cellular uptake can result in higher toxicity, as internalized nanoparticles 
interact with cellular components and induce adverse biological responses. On the 
other hand, different shapes of GO materials possess varying degrees of surface area, 
surface charge, and functional groups, all of which influence their binding affinity and 
interactions with biomolecules [7, 19, 31]. Rod-shaped nanoparticles, for instance, have 
been observed to exhibit greater cellular internalization relative to spherical nanopar-
ticles, although some studies have yielded contradictory conclusions [55]. This effect, 
which is influenced by shape, underscores the importance of different shapes of GO in 
determining the safety and nanotoxicity of the material. Moreover, studies involving 
GO nanoflakes have shown their uptake by both cancerous and non-cancerous cell 
lines through cellular uptake pathways tracked by label-free Raman imaging [56].

Mendes et al., illustrated during a 12-hour incubation period, human macrophages 
(differentiated THP-1 cells) were exposed to nano-graphene oxide (NGO) at dif-
ferent concentrations. The data from the study did not show a clear difference in 
internalization between the concentrations or sizes of NGO flakes. Regardless of the 
conditions, the NGO was observed as large collections of flakes rather than individual 
flakes inside the cells. Notably, at a concentration of 100 μg/mL, the cells were able 
to internalize agglomerations of NGO with diameters of up to 4 μm. The study also 
conducted a detailed transmission electron microscopy (TEM) analysis to differenti-
ate the NGO flakes from other intracellular structures, such as cellular membranes 
and endosome membranes. The TEM analysis confirmed the ability to distinguish 
NGO flakes from other internal cellular structures (Figure 5).

It illustrates a key concept that the surface area-to-volume ratio of small nanopar-
ticles enhances their reactivity and propensity for cellular uptake. Furthermore, the 
shape of nanomaterials significantly influences their interactions with cells and tissues.

3.2  Influence of surface chemistry

The charge of GO nanoparticles also has a strong impact on their cellular uptake 
mechanisms and, in turn, their potential toxic effects [19, 33, 43, 55]. The electrostatic 
interactions between the charge of GO and cell membranes are essential determinants 
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of the cellular uptake of GO nanoparticles. This means that the surface charge of GO 
nanoparticles directly affects their ability to internalize into cells and the specific cel-
lular endocytosis pathways they utilize. In particular, positively charged GO nanopar-
ticles exhibit a strong electrostatic attraction to negatively charged cell membranes, 
making them more readily absorbed by cells compared to negatively charged and 
neutral GO nanoparticles. This difference in cellular uptake mechanisms can have pro-
found implications for the potential nanotoxicity of GO [31]. Studies have shown that 
negatively charged GO nanoparticles have a lower rate of endocytosis and do not typi-
cally utilize the clathrin-mediated endocytosis pathway, which is a common mecha-
nism for cellular uptake. In contrast, positively charged GO nanoparticles internalize 
more rapidly via the clathrin-mediated pathway. This difference in uptake mechanisms 
can have implications for the intracellular fate of GO nanoparticles and the potential 
biological responses they trigger [57]. For example, research by Yang et al. in 2017 
confirmed that positively charged GO nanoparticles were internalized more efficiently 
compared to negatively charged or neutral GO nanoparticles in human lung epithelial 
cells (A549). Once internalized, GO nanoparticles interface with intracellular compo-
nents and trigger complex inflammatory responses. This observation highlights the 
importance of the surface charge of GO in influencing its cellular uptake, which can 
subsequently impact its nanotoxicity [58]. The extent of cellular uptake and internal-
ization is, however, tied to the physicochemical characteristics of GO, underlining the 
significance of these properties in shaping the toxic outcomes [31].

4.  Protein interaction

4.1  Effect of size and shape on GO protein interactions

Recent research has illuminated the profound influence of the GO shape on its cellular 
interactions. For instance, GO micropatterns with different shapes, including triangles 

Figure 5. 
Differentiated THP-1 cells that treated by NGO flakes for 12 hours. The NGO flakes had an average diameter of 
453, 277, and 46 nm and were used at concentrations of 10 μg/mL (a–c) and 100 μg/mL (d–f). The red-shaded 
areas indicate the internalized NGO flakes or clusters. Additionally, the red arrows in (c) and (e) point to the 
NGO flakes and clusters that are in contact with the cellular membrane.
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and squares, impact differently the cell migration parameters, such as distance, speed, 
and directionality, underlining the critical role of shape-dependent effects of GO in liv-
ing organisms [33]. However, the impact of shape and size on GO nanotoxicity extends 
beyond cellular interactions and encompasses its influence on protein interactions. The 
size and shape of GO nanomaterials play a critical role in governing their interactions 
with biomolecules, particularly proteins and DNA. GO size and shape play a pivotal role 
in dictating its interactions with subcellular components in living organisms, leading to 
the induction of functional perturbations in cells and tissues. The shape and size-depen-
dent GO nanotoxicity is, therefore, a critical aspect to be considered when examining 
the potential hazards associated with GO nanomaterials. In this context, the size of GO 
nanoparticles assumes significance, as smaller nanoparticles exhibit an enlarged surface 
area-to-volume ratio, intensifying their reactivity in biological systems. Consequently, 
the size of GO nanoparticles emerges as an important factor in shaping their interactions 
with biomolecules. The shape of GO materials also affects their surface area, which, in 
turn, has a direct bearing on their proteins and other bio-molecular pharmacokinetics 
[59]. GO nanoflakes, characterized by a higher surface area, have been found to adsorb 
a greater amount of proteins compared to GO sheets with a lower surface area, signifi-
cantly enhancing their biological activities and toxicity over those of the nanosheets 
[33]. Moreover, the shape of nanomaterials significantly determines their interactions 
with cells and tissues. Nanomaterials characterized by sharp edges or high aspect ratios 
have been associated with more pronounced damage to cells and tissues [22, 34]. Thus, 
comprehending the influence of nanomaterial shape on cellular interactions is vital for 
designing safer and more clinically relevant nanosystems. This highlights the significance 
of shape-dependent interactions with cells, irrespective of their physiological state.

4.2  Effect of surface chemistry on GO protein interactions

The functional groups and the resulting surface charge of GO nanoparticles strongly 
influence GO’s interactions with proteins and, in turn, the extent of its cytotoxicity. The 
charge of GO nanoparticles can lead to damage of cells through its effects on cellular 
proteins and nucleic acids. Positively charged nanoparticles have been shown to dis-
rupt cell membranes, induce oxidative stress, and trigger inflammatory responses. In 
contrast, negatively charged nanoparticles interfere with cellular processes and induce 
genotoxic effects. Overall, positively charged GO nanoparticles are often found to be 
more cytotoxic compared to negatively charged or neutral GO nanoparticles [60]. This 
was illustrated in a study by Peng et al. in 2018; the effect of charge on GO’s protein 
adsorption was investigated using human serum albumin (HSA). The study revealed 
that positively charged GO nanoparticles adsorbed more HSA compared to negatively 
charged or neutral GO nanoparticles. This observation was attributed to the electrostatic 
attraction between positively charged GO and negatively charged HSA, highlighting the 
role of charge in influencing protein interactions with GO [61].

The charge of GO nanoparticles not only affects their interactions with proteins but 
also their compatibility with blood components. Again, positively charged nanopar-
ticles tend to interact more with blood proteins, leading to the formation of protein 
coronas [62]. These protein coronas can significantly impact the behavior of nanopar-
ticles, including their circulation time and potential for clearance from the blood-
stream. These interactions play a crucial role in influencing the overall toxicity of GO 
nanoparticles. A study by Zhang et al. in 2018 investigated the effect of charge on GO’s 
hemolytic activity using red blood cells (RBCs) [63]. The study found that positively 
charged GO nanoparticles were more hemolytic compared to negatively charged or 
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neutral GO nanoparticles. This observation suggested a greater electrostatic interaction 
between positively charged GO and negatively charged RBC membranes [63].

In addition to charge, the surface functional groups of GO nanoparticles also 
play a vital role in modulating the cellular proteins’ interactions with GO. These 
functional groups can affect protein adsorption, leading to the formation of a protein 
corona. The composition and structure of the protein corona have a significant impact 
on the biological effect, fate, and toxicity of GO nanoparticles [62]. This aspect 
provides opportunities to control protein corona formation and mitigate potential 
adverse effects, making it an important consideration in the design and evaluation 
of GO-based nanomaterials. Furthermore, the surface functional groups alter the 
surface charge, hydrophobicity, and other properties of GO nanoparticles. These 
modifications affect interactions with various blood components and different organs 
inducing such changes as in circulation time, rate and extent of accumulation in 
specific tissues, and clearance from the body, which bear direct implications for the 
overall toxicity profile of GO nanoparticles [18, 62].

The intricate reciprocity between the surface chemistry of GO and its potential 
to induce oxidative stress, specifically reactive oxygen species (ROS) generation, is a 
multifaceted phenomenon with significant implications for nanotoxicology and cel-
lular responses. GO nanoparticles have been widely recognized for their propensity to 
cause oxidative stress, which is linked to genotoxicity and cytotoxicity [60, 64]. While 
several studies have elucidated the role of surface chemistry in modulating these 
outcomes, the impact of GO’s surface area and functionalization on ROS generation 
is an intriguing facet that merits further exploration. Notably, a study conducted 
with SH-SY5Y cells revealed that GO with a surface area of 750 m2/g exhibited an 
unexpectedly lower potential to induce oxidative stress through lipid peroxidation, 
as evidenced by significantly decreased malondialdehyde (MDA) levels [65]. For the 
150 m2/g graphene, no significant increase in MDA was observed at any concentration 
or time compared to the control group (p > 0.05). However, a significant decrease 
in MDA levels was observed at a concentration of 400 μg/mL after 24 and 48 hours 
compared to the cell control group (p ≤ 0.01, p ≤ 0.001) [65]. Figure 6 shows the 
impact of two different types of graphene on MDA levels in SH-SY5Y cells [25, 65].

This unexpected finding challenges traditional notions about the pro-oxidative 
potential of GO and highlights the importance of GO surface area considerations. 
Furthermore, the observed increase in cellular glutathione (GSH) levels following 
exposure to GO, a known antioxidant marker, hints at a potential antioxidant role for 
certain GO formulations (Figure 7) [26, 65].

Figure 6. 
The impact of two different types of graphene, (A) 150 m2/g and (B) 750 m2/g, on MDA levels in SH-SY5Y cells [65].
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However, it is essential to note that the pro- or anti-oxidant behavior of GO is not 
solely dictated by surface area, but also by surface charge and functionalization. A study 
by Liu et al. demonstrated that single-layered GO (SLGO) induced lower levels of ROS 
production compared to multi-layered GO (MLGO), highlighting the consequence of 
the GO layer structure and oxidation levels [66]. Additionally, pristine graphene, charac-
terized by lower surface oxygen content, was found to exhibit reduced cytotoxicity, and 
magnitude of the role of surface chemistry in modulating toxicological outcomes [11].

Furthermore, the generation of ROS by GO coatings has been recognized as an effec-
tive mechanism for preventing bacterial colonization on various surfaces, demonstrating 
the potential utility of ROS generation in GO applications. Researches demonstrated 
that the toxicity of graphene nanomaterials (GNMs) to bacteria is linked to surface 
functionalization, but the exact mechanisms involved are not fully understood. One 
study investigated the toxic mechanisms of differently functionalized GNMs on bacteria, 
focusing on physical interaction, oxidative damage, and cell autolysis. Three basic func-
tionalizations of GNMs, including carboxylation (G-COOH), hydroxylation (G-OH), 
and amination (G-NH2), were examined. G-COOH (66% viability vs. CT group) and 
G-OH (54%) graphene exhibited higher toxicity to Escherichia coli (E. coli) than G-NH2 
(96%) within 3 hours at a concentration of 50 mg/L. The three materials displayed dis-
tinct physical interaction modes with bacterial cells. G-COOH and G-OH made contact 
with the cell membrane via their sharp edges, causing more damage than G-NH2, which 
covered the bacteria by attaching along the basal plane. The three GNMs demonstrated 
similar radical generation capacities, indicating that direct radical generation is not the 
mechanism causing the toxicity. Instead, the GNMs can oxidize the cellular antioxidant 
glutathione (GSH), leading to oxidative damage. The oxidative capacity followed the 
order: G-COOH > G-OH > G-NH2, which correlated with the antibacterial activity. Cell 
autolysis, the degradation of the cell wall component peptidoglycan, was found to be a 
new mechanism inducing bacterial death. G-COOH and G-OH caused more cell autolysis 
than G-NH2, which partially accounts for the different toxicity of the three GNMs [26].

5.  Cytotoxicity and genotoxicity

The cytotoxicity of GO nanoparticles is intricately influenced by their size and 
shape, both of which play effective roles in determining the extent of cellular damage 

Figure 7. 
The impact of two types of graphene, (A) 150 m2/g and (B) 750 m2/g, on total GSH production was evaluated. 
Statistical analysis showed that *p < 0.5, **p ≤ 0.01, ***p 0.001, and ****p ≤ 0.0001 for the observed effects [65].
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and the specific mechanisms underlying it. This complex relationship is crucial 
for understanding the potential hazards associated with GO and its applications. 
Graphene family nanomaterials (GFNs) can enter cells through various means, 
which can lead to the generation of ROS, increase in lactate dehydrogenase (LDH) 
and MDA, and release of Ca2+ (Figure 8). As a result, GFNs can cause different types 
of cell damage, including harm to the cell membrane, inflammation, DNA damage, 
mitochondrial disorders, and cell death through apoptosis or necrosis [17].

5.1  Effect of GO size and shape on its cytotoxicity

The higher surface area graphene samples, linked to smaller-size graphene nanopar-
ticles, induces greater cell damage, illuminating the correlation between surface area 
and cytotoxicity [65]. Smaller GO particles can readily penetrate cellular membranes 
and interact with various cellular components to trigger a cascade of events, includ-
ing oxidative stress, inflammation, and ultimately cell death. These particles induce 
these responses, in part, through the generation of intracellular reactive oxygen species 
(ROS) and the activation of the mitochondrial pathway, ultimately leading to apoptosis 
[67]. The larger GO particles, on the other hand, tend to exert their cytotoxic effects 
through physical damage to cells and the induction of mechanical stress. They may not 

Figure 8. 
GFNs cytotoxicity mechanism [17].
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penetrate cells as easily as their smaller counterparts, but their sheer size and presence 
can disrupt cellular structures and induce mechanical stress, leading to cell damage and 
death [67]. The size of NGO flakes, for example, was found to impact cell viability, with 
larger flakes showing more pronounced reductions in cell viability compared to smaller 
flakes. Moreover, the size of NGO flakes was found to impact cell viability, with larger 
flakes showing more pronounced reductions in cell viability compared to smaller flakes 
[68]. Elsewhere, GO’s lateral size has been identified as a significant parameter affecting 
its cytotoxic effects. Larger lateral sizes have been associated with stronger cytotoxic 
impacts on liver cells, emphasizing the importance of size in nanotoxicity [32]. Several 
studies have shown that GO nanosheets possess a higher potential for membrane pen-
etration, leading to increased cytotoxicity and nanomaterials with sharp edges or high 
aspect ratios have been associated with greater damage to cells and tissues [22, 34].

5.2  Effect of GO size and shape on its genotoxicity

Investigating the genotoxicity and cytotoxicity of GO in the context of its physico-
chemical properties is of paramount importance to comprehensively assess its safety 
and potential impacts on cellular health and genetic material. GO’s physicochemical 
attributes can exert a significant influence on its genotoxic and cytotoxic effects.

Recent investigations have delved into the impact of GO nanoparticle size and 
surface area on genetic materials. Smaller nanoparticles have displayed heightened 
interactions with cellular components and genetic material, culminating in escalated 
genotoxic effects [65]. This phenomenon is further corroborated by research that 
examined the neurotoxicity of graphene with varying surface areas in a dopaminergic 
neuron model [65]. While both sizes of graphene demonstrated an intriguing trend 
of increased cell viability as concentration decreased, an unexpected twist unfolded 
concerning the surface area aspect, which is a function of the GO particle size as well 
as shape. These findings collectively shed light on the knotty relationship between 
nanoparticle characteristics and their biological consequences.

Furthermore, studies have revealed that the shape of nanomaterials plays a crucial 
role in influencing proliferation, differentiation, and metabolism in both mammalian 
and microbial cells [31]. Domenech et al., discussed that graphene-based materi-
als (GBM), like other nanomaterials, can induce genotoxicity through primary or 
secondary mechanisms (Figure 9). The primary genotoxicity arises from the direct 
interaction of GBMs with DNA or its associated histones or by GBMs interfering 
with DNA replication and/or repair processes, such as by triggering lipid peroxida-
tion or the production of ROS. On the other hand, secondary genotoxicity occurs 
when GBMs interact with inflammatory cells, leading to downstream effects in the 
target cells. It is important to note that standard in vitro assays typically focus on 
non-inflammatory cell monocultures, limiting their ability to detect genotoxic effects 
caused by secondary mechanisms. In contrast, in vivo experiments conducted on 
whole organisms provide a broader perspective and can capture genotoxic effects 
induced by both primary and secondary mechanisms [69].

5.3  Effect of GO surface chemistry on its cytotoxicity and genotoxicity

The surface chemistry of GO, characterized by the presence of functional 
groups, emerges as a key player in its cytotoxic and genotoxic potential. The oxygen-
containing functional groups, such as hydroxyl, carboxyl, and epoxy groups, interact 
with cellular components and genetic material, leading to genotoxic effects [70]. 
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Furthermore, the presence of these functional groups significantly influences the 
cellular uptake and internalization of GO, thereby modulating its cytotoxicity. Studies 
reveal that non-covalent conjugates based on GO and an alkylating agent demon-
strated significant cytotoxicity toward specific cell lines [34].

The electronic charge of GO nanoparticles plays a prominent role in determining 
their genotoxic and cytotoxic effects. Positively charged nanoparticles are associ-
ated with higher cellular uptake and internalization, potentially leading to amplified 
genotoxicity and cytotoxicity. In contrast, negatively charged or neutral nanoparticles 
exhibit different interactions with cellular components and genetic material, resulting 
in varying levels of genotoxic and cytotoxic effects [12]. The zeta potential distribu-
tion of various GO derivatives, such as LA-PEG-GO, PEG-GO, and PEI-GO, influences 
their genotoxicity and cytotoxicity profiles (Table 2). Notably, the surface charge of 
GO derivatives has a profound effect on cell damage, and GO derivatives with lower 
positive electronic charges appear to mitigate their toxic effect on cells [12].

Furthermore, pristine graphene, a closely related material to GO, has been 
shown to induce cytotoxicity in various cell types. It can deplete mitochondrial 

Figure 9. 
Genotoxicity mechanism of graphene-based materials, and the methods used to identify these effects both within 
cells and living organisms [69].



Chemistry of Graphene – Synthesis, Reactivity, Applications and Toxicities

218

membrane potential, increase intracellular ROS generation, and trigger apoptosis 
through the activation of the mitochondrial pathway [71]. Additionally, GO has 
been found to generate ROS, leading to inflammation and apoptosis in alveolar 
macrophages and alveolar epithelial cells, further accentuating its influence on 
cytotoxicity [72].

The aggregation state of GO nanoparticles holds significance in determining 
their genotoxic and cytotoxic potential. Aggregated nanoparticles may experience 
reduced cellular uptake and internalization, which can lead to lower genotoxicity and 
cytotoxicity compared to dispersed nanoparticles. The formation of stable colloid 
dispersions, especially in hydrophilic graphene nanomaterials, is critical for avoiding 
aggregation and enhancing cellular internalization and removal [67].

In addition, exposure to higher concentrations of GO has been shown to result 
in genotoxic effects, encompassing DNA damage, chromosomal aberrations, and 
alterations in gene expression. The genotoxic potential of GO has been evaluated 
using techniques such as the comet assay and micronucleus assay, which have 
become standard methods for assessing the genotoxic effects of GO. Intriguingly, 
GO nanosheets have been demonstrated to have the capacity to intercalate into DNA 
molecules, hinting at their ability to interact with genomic DNA. These findings rein-
force the importance of studying genotoxicity not just in isolation but in concert with 
cytotoxicity, as GO nanoparticles have demonstrated dose-dependent DNA damage, 
alterations in gene replication, and changes in gene expression patterns [58].

This complex relationship between GO’s physicochemical properties and its 
genotoxic and cytotoxic effects highlights the multifaceted nature of evaluat-
ing the safety and potential applications of GO in various biological contexts. It 
emphasizes the need for thorough characterization, the modulation of surface 
properties, and an acute awareness of dose-dependent effects of the genotoxicity 
and cytotoxicity of GO in diverse cell types and biological systems. It underlines 
the need for further research and vigilance concerning the safety aspects of 
graphene nanoparticles.

In vitro studies have demonstrated that the concentration of GO plays a pivotal 
role in determining its cytotoxicity and impact on cell viability [33, 57, 60, 73]. One 
such study by Zhang et al. exemplified the concentration-dependent cytotoxicity of 
GO. Utilizing purified natural graphite as a starting material, the authors synthesized 
GO with irregular morphology and small-sized sheet structures. The cytotoxicity 
of GO was assessed using the Cell Counting Kit-8 (CCK8) assay on MDA-MB-231 
human breast cancer cells, with GO concentrations ranging from 100 to 500 μg/mL. 
The results unequivocally revealed dose-dependent cytotoxicity, emphasizing that 

Type of GO Functional group Size (nm) Lateral width 
(nm)

Zeta potential 
(mV)

LA-PEG-GO Lactobionic acid-polyethylene 
glycol (LA-PEG)

100–200 2 18.4 ± 4.85

PEG-GO Polyethylene glycol (PEG) 50–150 1.9 −8.86 ± 6.93

PEI-GO Polyethylenimine (PEI) 200–500 2.5 +60.5 ± 5.27

GO — 200–500 1 −65.1 ± 8.66

Table 2. 
Zeta potential distribution of GO, lactobionic acid-polyethylene glycol (LA-PEG)-GO, PEG-GO, and 
polyethylenimine (PEI)-GO [12].
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higher concentrations of GO correlate with reduced cell viability [74]. This outcome 
serves as a fundamental illustration of the direct relationship between GO concentra-
tion and its impact on cell survival.

Ribeiro et al., illustrated the nuanced interaction between GO surface chemistry 
and cell viability by investigating the interaction of GO with human breast cancer 
cells. The study explored the effects of 24, 48, and 72-hour exposure to GO, GO modi-
fied with DAB-AM-16 (GOD), and PAMAM dendrimers (GOP) at a concentration of 
2.4 μg/cm2. Intriguingly, the results demonstrated that at this particular concentra-
tion, there was no detectable toxicity in the cells during the specified exposure times. 
However, when higher concentrations of GO were employed, low cytotoxic effects 
became evident, revealing the sensitivity of cell viability to GO concentration [74]. 
Moreover, the research revealed that the affinity of GO, GOD, and GOP particles 
to cellular membranes induced morphological alterations and modifications in the 
organization of microfilaments and microtubules. However, when cells were treated 
with 24 μg/cm2 of GO, GOD, or GOP for 24 hours and then allowed to recover for 
an additional 24-hour period in normal medium, the nanoparticles persisted in the 
cytoplasm of some cells, without causing significant alterations in cellular morphol-
ogy. This observation aligned with the results of the cell proliferation experiment, 
which indicated that the cells remained viable for up to 72 hours (Figure 10). These 
findings accentuate the dynamic nature of GO-cell interactions and the significance 
of concentration-dependent effects.

Figure 10. 
The immunofluorescence reaction of GOX, GOXP, and GOXD treated and untreated MCF-7 cells at a 
concentration of 2.4 μg/cm2 over a 48-hour period. The scale bar is 200 μm. The nuclei were stained with DAPI 
(blue), actin was stained with Alexa 633-phalloidin (red), and microtubules were evidenced by a monoclonal 
antibody against α and β tubulin and anti-mouse FITC-antibody (green). The figure also includes zoomed-in 
inserts of selected areas (white rectangles) [74].
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6.  Inflammation and other immune response

6.1  Inflammation response

In the realm of size and surface area, the dimensions of GO nanoparticles emerge 
as decisive determinants in modulating their interaction with immune cells, which, in 
turn, has a fundamental bearing on the ensuing inflammatory response. Smaller GO 
nanoparticles, owing to their larger surface area per unit mass, exhibit an enhanced 
proclivity for interaction with immune cells, which translates into a heightened 
activation of inflammatory pathways and the subsequent release of pro-inflammatory 
cytokines. The increased contact area with immune cells substantiates their pro-
inflammatory potential, marking a notable contribution to the overall inflammation 
induced by GO [75].

6.2  Immune responses

The immune response elicited by GO exposure has become a crucial element 
of its biocompatibility and its possible biomedical applications. GO elicits dose-
dependent immune responses characterized by the activation of immune cells and 
the subsequent release of pro-inflammatory cytokines. Higher doses of GO have 
been correlated with more pronounced immune reactions and notable alterations 
in immune components. These alterations extend to changes in the populations of 
different hepatic macrophage types and platelet infiltration in vital organs such as 
the liver and spleen. The uptake of GO nanomaterials by macrophages within these 
organs plays a central role in promoting the secretion of pro-inflammatory cytokines 
and has been robustly associated with inflammation [8, 75, 76]. Studies have pointed 
to the secretion of pro-inflammatory cytokines, including interleukin-6 (IL-6), IL-12, 
tumor necrosis factor-β (TNF-β), and interferon-gamma (IFN-γ), as a significant 
outcome of GO nanomaterial uptake by macrophages, thus magnitude the intricate 
link between GO exposure and the immune response. Moreover, the dose-dependent 
cytotoxicity of GO nanomaterials has been widely observed, underscoring the impor-
tance of balancing the immune response and cytotoxicity in determining the overall 
impact of GO [75]. Strikingly, the interplay between GO exposure, immune response, 
and inflammation has illuminated a novel avenue for mitigating inflammation 
through the modulation of autophagy. GO nanomaterials have been shown to disrupt 
lysosomal function, thus impeding autophagy flux. Paradoxically, this disruption of 
autophagy has been linked to a decrease in the levels of pro-inflammatory cytokines 
such as IL-6, IL-8, TLR4, and CXCL2, while concomitantly enhancing the levels of 
the anti-inflammatory cytokine IL-10. This results in the amelioration of conditions 
such as colitis [77]. In addition to these intriguing insights, GO nanostructures have 
exhibited multifaceted properties, including the ability to suppress the migration 
and metastasis of cancer cells and to inhibit prostaglandin-mediated inflammatory 
responses. These findings not only highlight the extensive potential of GO in bio-
medical applications but also emphasize the significant impact of dose-dependent 
immune responses on shaping its safety and effectiveness profiles [75].

Overall, the intricate balance between GO exposure and the immune response 
holds significant implications for the safe and efficacious utilization of GO in diverse 
biomedical applications. The collaboration between GO, the immune system, and 
inflammation unveils a dynamic and multifaceted relationship that warrants fur-
ther exploration and offers new avenues for the development of strategies aimed at 



221

Graphene Oxide Nanotoxicity: A Comprehensive Analysis
DOI: http://dx.doi.org/10.5772/intechopen.114205

optimizing the potential of GO in various medical and therapeutic contexts. These 
findings collectively spotlight the importance of fine-tuning GO dosages and its 
effects on the immune system to harness its full potential while mitigating potential 
immune-mediated side effects.

6.3  Role of GO physicochemical properties on inflammatory and immune 
responses

Inflammation is a key indicator of the nanotoxicity exhibited by GO. It serves as a 
multifaceted orchestrator of cellular and tissue responses, setting in motion the intri-
cate cascade of events leading to the production of pro-inflammatory cytokines and 
recruitment of immune cells. Several studies have elucidated the role of GO’s physico-
chemical properties, including its charge, in mediating the magnitude and duration of 
the ensuing inflammatory responses [34]. It is imperative to explore this connection 
to harness a comprehensive understanding that would empower the development of 
strategies aimed at mitigating the inflammatory consequences of GO and improv-
ing its biocompatibility. The presence of oxygen-containing functional groups on 
the GO surface, such as hydroxyl, carboxyl, and epoxy groups, governs its interac-
tion with immune cells and the subsequent induction of pro-inflammatory cascade 
responses. These GO functional groups engage immune cell receptors, initiating 
intricate signaling pathways that culminate in the production of pro-inflammatory 
cytokines. The density and distribution of these functional groups on the GO surface 
critically influence its pro-inflammatory potential [75]. ROS generation, incited by 
GO exposure, adds another layer of complexity to the inflammation response. GO’s 
surface chemistry and size wield profound influence over its capacity to induce ROS 
generation, and ROS, which in turn, activate inflammatory pathways and amplify 
the release of pro-inflammatory cytokines. This intricate relationship between GO’s 
physicochemical attributes and ROS generation reinforces the dynamic and multifac-
eted nature of GO-induced inflammation [76]. Moreover, the interplay between GO 
nanoparticles and proteins in biological systems serves as an additional regulator of 
inflammatory reactions. The binding of proteins to the GO surface can profoundly 
change their structure and function, leading to immune responses and inflammation. 
Furthermore, the interaction between GO and immune-related proteins or recep-
tors can stimulate inflammatory signaling pathways, introducing another level of 
intricacy to the reciprocal impact between GO’s physical and chemical properties and 
inflammation [61].

7.  Dose-dependent nanotoxicity of GO

7.1  Effect of concentration

The dose-dependent nanotoxicity of GO represent a key aspect of its safety pro-
file and efficacy in various biomedical, electronics, energy storage, and environmen-
tal remediation applications. It has been consistently demonstrated that GO elicits 
a dose-dependent response, where higher concentrations correlate with increased 
cytotoxicity and adverse effects, both in in vitro and in vivo settings. In in vitro 
experiments, the impact of GO on cells has been investigated, revealing the dose-
dependent nature of its nanotoxicity. High concentrations of GO have been associ-
ated with the inducement of oxidative stress, DNA damage, and cell death [64]. 



Chemistry of Graphene – Synthesis, Reactivity, Applications and Toxicities

222

Doses of GO exceeding 50 μg/mL have been shown to induce cytotoxicity in human 
fibroblast cells, leading to decreased cell adhesion and promoting cell apoptosis [78]. 
Furthermore, GO’s impact on immune cells has been demonstrated, with dendritic 
cells experiencing decreased functional activity and immune proteasome unit 
down-regulation in response to GO exposure [11]. Commercial pristine graphene 
dispersed in 1% Pluronic F108 at concentrations up to 20 mg/mL interacted with 
murine macrophage-like RAW 264.7 cells. The thickness of graphene dispersed in 
Pluronic ranged from 2–3 to 500–1000 nm. The cells underwent apoptosis in a dose-
dependent manner, which was associated with a decrease in mitochondrial potential 
and an increase in ROS levels. Autophagy was induced in murine macrophage-like 
RAW 264.7 cells when incubated with approximately 100 μg/mL of GO, and Toll-
like receptors associated with inflammatory responses were expressed. Dendritic 
cells treated with up to 25 μg/mL of GO showed a decrease in functional activity. 
Specifically, antigen inhibition and down-regulation of intracellular levels of an 
immune proteasome unit responsible for antigen processing in these cells have been 
reported [11]. Similarly, the cytotoxicity of GO-PEG nanoparticles was concentra-
tion-dependent in the regulation of human myeloid suppressor cells (MDSC) [73]. 
Nonetheless, doses of up to 100 μg/mL of both GO sizes GO (a ∼500 nm protein-
coated commercial GO and GO sheets of 1 μm particle range) did not inhibit cell 
proliferation [19, 33].

Similarly, in vivo studies have reinforced the significance of dose-dependent nano-
toxicity of GO. Exposure to elevated concentrations of GO has been shown to result in 
dose-dependent lung inflammation and organ damage [49, 79]. Elsewhere, the effects 
of NGO sheets on the viability and motility of spermatozoa were investigated in vivo. 
Figure 11. shows the dose-dependent effects, indicating that the viability and motil-
ity of spermatozoa decreased from approximately 75% to 40% as the concentration 
of NGO sheets increased from 0 to 2000 μg/mL. At concentrations of ≤20 μg/mL, 
there was only a slight reduction (~10%) in viability and motility, suggesting minimal 

Figure 11. 
The viability, motility, and progressive motility of spermatozoa in male Balb/C mice after approximately ~8 weeks 
of weekly injections of NGO sheets at different concentrations ranging from ~2 to 2000 μg/mL. The control samples 
were untreated mice spermatozoa. The study used at least three mice per group (N = 3), and significant results are 
indicated with asterisks (*) for p-values less than 0.05 [80].
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toxicity. However, significant in vivo toxicity was observed at injected concentrations 
≥200 μg/mL, with a reduction of approximately 45% in sperm viability and motility 
at 2000 μg/mL or ~4 mg/kg of body weight [80].

However, it is essential to note that not all cell types and concentrations exhibit 
high cytotoxicity when exposed to GO. For example, GO nanoparticles of different 
sizes demonstrated low cytotoxicity on mouse neural stem cells (mNSCs) at a concen-
tration of 20 μg/mL [81].

Nevertheless, these findings underline the importance of understanding the 
dose-response relationship to establish safe exposure limits and to design appropriate 
dosing strategies when considering GO for biomedical applications [57, 60, 73]. These 
observations are crucial in understanding the potential systemic effects of GO and are 
instrumental in determining safe exposure limits in clinical applications [49, 79]. The 
establishment of appropriate dosing strategies and safe exposure limits will ultimately 
facilitate the development of GO-based biomedical interventions with a high degree 
of precision and effectiveness.

7.2  Time-dependent nanotoxicity

While GO exhibits dose-dependent toxicity, time-dependent factors play a sub-
stantial role in understanding the persistence of GO within biological systems and 
its potential for long-term biocompatibility. Time-dependent nanotoxicity of GO 
provide crucial insights into its fate and potential long-term effects within biological 
systems. One noteworthy observation is the gradual degradation of GO within living 
organisms. In vivo studies have revealed dynamic changes in GO behavior over time, 
shedding light on its biodegradability, biodistribution, and clearance mechanisms. 
Research has shown that GO can be broken down and metabolized over time, as 
evidenced by the disappearance of the Raman signal associated with GO in the 
spleen after 9 months [43]. The temporal aspects of GO’s toxicity are, therefore, 
linked to its clearance mechanisms. Studies have indicated that GO particles can be 
rapidly excreted through the urinary system, with evidence of GO presence in urine 
within just 2-hours post-injection. This signifies that GO has efficient excretion 
pathways, contributing to its time-dependent behavior within the body [53]. The 
interaction between time-dependent nanotoxicity and GO’s physiological fate is of 
great significance in evaluating its safety profile and potential biomedical applica-
tions. The dynamic degradation and clearance mechanisms offer insights into how 
GO may be processed by the body, which is critical in determining the long-term 
effects of GO exposure.

Siqueira et al., discuss the potential environmental impact of residual traces of 
GO and rGO in aquatic environments and their effects on zebrafish hepatocytes. The 
study found that GO and rGO nanosheets were internalized by the fish cells, and 
exposure for 72 hours caused harmful effects such as higher ROS production and 
stopping cell replication. Both GO and rGO were found to be toxic after 72 hours, but 
with different mechanisms of toxicity [82]. Akhavan et al., investigated the time-
dependent biodistribution of NGO sheets in Balb/C mice after intravenous injection. 
The results showed high uptake of NGO sheets by residual organs like the liver and 
spleen, indicating effective filtering of the blood circulation and the kidneys also 
exhibited high uptake, suggesting regular renal clearance. Additionally, the thyroid 
and testis showed significant uptake, indicating potential effects on hormone secre-
tion and spermatozoa performance (Figure 12) [80].
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Overall, the time-dependent nanotoxicity of GO serve as a valuable aspect in the 
comprehensive evaluation of its safety, efficacy, and translational potential. These 
findings highlight the dynamic nature of GO’s interaction with biological tissues and 
its potential to undergo transformation within the body [43]. However, these findings 
point to the need for further exploration of the kinetics and dynamics of GO within 
living organisms, facilitating the development of safer and more effective applica-
tions in biomedicine.

7.3  Systemic effects

The widespread impact of GO exposure on the body has attracted significant 
interest because of its implications for the safe use of GO in medical and related 
applications. Significant systemic effects have been linked to high doses of GO, mak-
ing it a crucial factor in assessing its safety. Research has identified various systemic 
factors affected by GO, emphasizing the importance of careful dose selection and 
careful monitoring in different applications [19, 42, 74, 75, 83]. Hematological 
parameters have surfaced as a key area of impact, with findings suggesting that GO 
nanoparticles contribute to a decrease in red blood cell count, hemoglobin con-
centration, and mean corpuscular volume in a dose-dependent manner [83]. Such 
alterations in hematological parameters underline the systemic effects of GO and 
their potential consequences for biological systems. Furthermore, GO’s influence 
extends to biochemical parameters, encompassing cholesterol, triglyceride, glucose, 
protein, albumin, creatinine, and bilirubin levels. These changes, when elucidated, 

Figure 12. 
Time-dependent biodistribution of fluorescent-labeled NGO sheets in male mice treated with NGO at an injected 
concentration of 2000 μg/mL. The measurements were taken at various post-injection times, starting from the first 
weekly injection. Error bars were included in the figure, representing the standard deviations calculated from three 
mice per group (N = 3) [80].
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could provide further insights into the systemic ramifications of GO exposure 
although specific changes in these parameters following GO treatment still remain 
inconclusive [83].

Liver enzymes, including aspartate aminotransferase (AST), alanine amino-
transferase (ALT), alkaline phosphatase (ALP), and lactate dehydrogenase (LDH), 
have also been scrutinized in the context of GO exposure, albeit without specified 
alterations [83]. The impact on liver enzymes hints at potential liver damage induced 
by GO, emphasizing the importance of assessing hepatic function. Mendonca et al., 
demonstrated that the intravenous administration of rGO at a single dose of 7 mg/kg 
resulted in minor indications of toxicity, not only in the blood, but also in the liver, 
and the kidney after 7 days, with no evidence of an ongoing inflammatory process. 
These effects were temporary and did not cause permanent harm. Despite a previous 
study showing disruption of the blood-brain barrier and the presence of rGO in the 
hippocampus, no noticeable changes were observed in the response of hippocampal 
neurons or astrocytes. Additionally, the behavior of both control and rGO-treated 
animals in their cages was similar, with no observable clinical signs of toxicity. The 
data suggested that systemic GO administration posed no significant health risk for 
rats under these experimental conditions. However, it was evident that the interac-
tions between graphene-based materials and biological systems depend on the experi-
mental design and the physicochemical properties of the nanomaterial. Therefore, 
comprehensive toxicological investigations are therefore necessary for understanding 
the biological effects and addressing safety concerns before the practical application 
of graphene-based materials in clinical settings. This study provided a foundation for 
further toxicological examinations of rGO following long-term in vivo exposure and 
it encouraged research into the mechanisms underlying the interaction between rGO 
and biological systems [84, 85].

Renal dysfunction has emerged as another facet of GO-induced systemic effects, 
with elevated levels of blood urea nitrogen (BUN) and creatinine observed in animal 
models post-GO exposure [86]. These markers of renal function underscore the 
potential nephrotoxicity associated with GO exposure.

Nonetheless, it is essential to note that the systemic effects of GO are com-
plexly dependent on factors such as dose, exposure duration, and the specific 
biological system under investigation [19, 42, 74, 75, 83]. Thus, while certain 
studies have reported substantial systemic alterations, others have found GO 
nanoparticles to be relatively benign, with no significant impact on lung, liver, 
kidney, and blood parameters in rats. Notably, in these studies, GO nanoparticles 
were retained in the body, primarily as agglomerates, without adverse effects on 
systemic parameters. Presence of nanoparticles was detected in the body tissues 
of all groups treated with GO. The largest solid aggregates, which could be up 
to 10 mm in diameter, were found near the injection site in the stomach serous 
membrane, between the connective tissues of the abdominal skin, muscles, and 
peritoneum. There were also many smaller, spherical-shaped aggregates with 
diameters around 2 mm that were lodged among the mesentery. The mesentery in 
the GO was almost black due to the high concentration of nanoparticles. Smaller 
aggregates were also observed in abdominal lipid tissue near the injection site and 
mesentery (Figure 13). This suggested the possibility of GO application in drug 
delivery systems without causing systemic harm [86].

These contrasting findings emphasize the necessity for in-depth research into the 
dose-dependent systemic effects of GO, clarifying the conditions under which it may 
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be safely utilized in various biomedical applications. Moreover, these investigations 
highlight the paramount importance of establishing precise dose thresholds and 
safety protocols to ensure the effective and secure application of GO-based materials 
in medicine and other fields.

8.  Conclusion

Over the past few years, graphene-based nanomaterials have become popular for 
a variety of technological and biomedical applications, including biosensing, drug 
delivery, tissue engineering, and diagnosis. However, it is essential to establish the 
potential risks and safety levels of using graphene materials in biomedical applica-
tions. Currently, there is limited information available about the in vitro and in vivo 
toxicity of graphene and GO, and more studies are needed. The toxicity of graphene 
and GO depends on various factors, including the surface, size, number of layers, cell 
type, administration route, dose, time of exposure, and synthesis methods. Reactive 
oxygen species generation in target cells is the most important cytotoxicity mecha-
nism of graphene. Small and hydrophilic graphene nanomaterials tend to form a 
stable colloid dispersion and are more likely to be internalized and removed/excreted 
from the application site.

Understanding the complex relationship between these properties and graphene 
and GO’s potential toxicity is essential for the safe and effective use of graphene and 

Figure 13. 
Systemic effects of GO nanoparticles after multiple intraperitoneal injections into rats taken by digital camera. 
Solid aggregates were found in injected body regions (a, b, c) and mesentery (d). Average-sized dots of GO 
nanoparticle aggregates were also localized in abdominal lipid tissue (e). Black arrows were used to indicate the 
presence of the GO nanoparticles. The macroscopic structure of the kidney (f), lungs (g), heart (h), spleen (i), 
and liver (j) was also examined. No pathological features were found [86].
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GO in biomedicine. By considering these properties and their effects on oxidative 
stress, inflammation, genotoxicity, and cytotoxicity, researchers can develop strate-
gies to minimize the risks associated with graphene-based materials.

Graphene-based materials are promising candidates for biomedical applications due 
to their unique properties and lack of metallic impurities. However, toxicological studies 
must consider the purity of the sample and the non-molecular behavior of graphene-
based nanomaterials. With further research and advancements, graphene and GO hold 
great promise in revolutionizing biomedicine while ensuring patient safety.
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