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Abstract

The remarkable electrical, thermal, mechanical, and optical properties of graphene and its derivative grapheme oxide have
recently gained great importance, along with the large surface area and single-atoms thickness. In this respect, several
techniques of synthesis such as chemical exfoliation, mechanical exfoliation, or chemical synthesis have been discovered.
However, the development of graphene with fewer defects and on a large scale poses major challenges; therefore, it is increas-
ingly necessary to produce it in large proportions with high quality. This paper reviews the top-down synthesis approach of
graphene and its well-known derivative graphene oxide. Furthermore, characterization of graphene oxide nanomaterial is
a critical component of the analysis. The characterization techniques employed to determine the quality, defects intensity,
number of layers, and structures for graphene oxide nanomaterial at the atomic scale. This article focuses on the different
involved characterization methodology for graphene oxide with their percentage utilization for the past 11 years. Additionally,
reviewing all of the characterization literature for the last 11 years would be a difficult task. Therefore, the aim is to outline
the existing state of graphene oxide by different characterization techniques and provide a comparative analysis based on

their percentage utilization.
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1 Introduction

Recent advancement in the field of nanotechnology has
initiated the development of innovative nanoscale fibers
which led to the origin of multifunctional materials [1] with
advanced sensing [2], high-performance nanocomposite
[3-5]. Since the end of 1974, the term ‘nanotechnology’ has
been used by Dr. Norio Taniguchi in his speech titled “Basic
concept of Nanotechnology”. Nanotechnology is associated
with the utilization of extremely smaller constituents in
order of lesser than 100 nm [6, 7]. Precisely, nanotechnology
is defined as the application of very small-sized particles of
materials for the formation of large-sized novel materials [8,
9]. Undeniably, the nanomaterials deal with the innovative
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characteristics of the material at nanoscales and unveiling
their significant properties [10, 11]. As per the report of the
Columbia Engineering team, in Science Daily (2013), stated
that in its perfect crystalline form, graphene is the strongest
material ever measured [12]. The Graphene era of nano-
technology research is growing in a very hotfoot manner, as
a noteworthy potential to widespread in multiple domains.
This development is being made possible with the funding
of RM 156 million for the 10th Malaysia Plan (RMK10),
and by the adoption, in the 11th Malaysia Plan (RMK11) of
the National Graphene Action Plan (NGAP) 2020, defined
as the “Strategic and Calculated Venture on Graphene” [13].
In addition to the above, The European Union has earmarked
one billion Euros on the study the Graphene by Horizon
2020, a program for funding research and innovation as well
as financial instrument for the development of “Innovation
Union”, one of the “Flagship Initiatives” of Europe 2020
[14]. In year 2020, the estimated market value of graphene
was around €100 million that is projected to increase in
range of €150-500 million in 2025 [15]. Altogether, gra-
phene is one of the strongest and most promising nanoma-
terials presenting the novelty in its behavior.
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Graphene is referred to as the monoatomic graphite layer
[16, 17]. Graphene is a 2D planar layer of a single hybrid-
ized atomic dense carbon allotropic, which is kept together
by the strong van der Waals effects, which building block
with the bundled carbon atoms in the shape of a honeycomb
structure (thickness: 0.335 nm) [18]. It is considered as the
backbone for all graphitic materials irrespective of their
dimensionalities and can be enfolded in zero-dimensional
(fullerenes), one-dimensional (nanotubes), or piled in three-
dimensional (graphite) (Fig. 1) [19, 20]. Graphene above 5
and up to 30 layers are generally referred to as multilayer/
thicker sheets [6]. The distance of carbon to carbon bond
is 0.142 nm with a layer height of approximately 0.335 nm
creating a hexagonal layer that allows it to diffuse effec-
tively (Fig. 2) [21]. In 2002, ab-initio calculations showed
that a graphene sheet is thermodynamically unstable if its
size is less than about 20 nm and it becomes the most stable
fullerene (within graphite) only for molecules larger 24,000
atoms [22-24]. The hierarchy for the most stable carbon
phase based on carbon atoms at nanoscale is shown in Fig. 3
[23]. Graphene was recognized since the first graphite oxide
paper mentioned by the Kohlschutter in 1918 [25] and its
structure was determined by Bernal in 1924 from single-
crystal diffraction method [26]. However, it was known in
2004 by Andre Geim and Konstantin Novoselov after their
pioneering research work (awarded Nobel Prize in Phys-
ics, 2010). Graphene films have been effectively developed
by a mechanical exfoliation process (repeated peeling)
[21]. Goyenola et al [27] studied the carbon-based thin film
structure using a synthetic growth concept (SGC) based on
density functional theory (DFT). It is an efficient technique
in analyzing and modeling the properties of carbon-based

Fig.1 Graphene—Backbone of all graphitic carbon allotropes.
Adapted with permission from [20]
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Fig.2 Graphene hexagonal layered structure: a Interlayer thickness
of 0.33 nm; b carbon to carbon bond length of 0.142 nm [21]

nano-structured materials such as graphene. The bonding
distance among the carbon atoms (C-C) distributed in the
formation of its structural element identifies the degree of
disorder, density, and other structural properties. Due to its
novel 2D microstructure, graphene possesses extraordinary
physiochemical properties to constitute of adjacent carbon
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Fig. 3 Hierarchy for most stable carbon phase based on size of carbon
structure [23]
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atoms bonded by single and double covalent bonds arranged
in an alternative manner.

Owing to this astounding phenomenon of micro-
structure, graphene has exceptional properties, with
broad surface area (2630 m? g~!), larger intrinsic mobil-
ity (200,000 cm? V~! s7!) [28], strong Young modulus
(~ 1.0 TPa), and heat conductivity (~5000 Wm™! K1)
[29]. Additionally, it possesses better optical transmission
(~97.7%) [12], greater electrical conductivity, and the ability
to resist a current density of 108 A/cm? [30]. Graphene is
also known as a null-band semiconductor so that a specific
physical and chemical process may change its band gap [29].
Graphene can be synthesized into various forms depend-
ing on its usage and applications in research and industrial
sectors. This includes fabrication of graphene oxide, gra-
phene nanosheets, reduced GO (rGO), multilayer grapheme
(MLG), graphene nanoribbon, few layers grapheme (FLG),
bilayer and tri-layer graphene, graphene microsheet, gra-
phene quantum dots (GQD), graphene nanoplates (GNPs),
and graphene nanoflakes (Fig. 4) [31]. Graphene oxide (GO)
is considered as one of the most prevailing highly oxidized
graphene derivative based on its microstructural properties
such as the presence of abundant oxygen functional groups
and enormous surface area constructing it highly reactive
in nature (especially in field of civil engineering) [32-36].
GO is a kind of two-dimensional (2D) nanomaterial that
possesses not only the property of 1-D nanomaterial but
also includes sp>-bonded carbon atoms that express gra-
phene with outstanding mechanical properties [37]. Exten-
sive structural classes of oxygen functional groups include
hydroxyl (-OH), epoxide (—O-), carboxylic (-COOH), and
carbonyl (-COO) exhibits on GO surface (Fig. 5) which
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Fig.5 Schematic representation of GO fabrication. Adapted with per-
mission from [39, 40]

enhances its dispersion in water [16, 38]. Therefore, gra-
phene has emerged as an exceptional futuristic nanomate-
rial of the twenty-first century, receiving concentration glob-
ally, due to its extraordinary transport, thermal, optical, and
mechanical behavior (Fig. 6).

Graphene developed by micromechanical graphite cleav-
age was a simple, high quality, but time-intensive process
and not possible for bulk production. Different alternative
techniques for producing and synthesizing graphene include
chemical vapor deposition (CVD), chemical exfoliation,
mechanical exfoliation, epitaxial growth, graphite oxide
reduction, CNT degradation, pyrolysis, grafting, and self-
exfoliation have been reported recently [41, 42]. Graphite
chemical oxidation is the most used GO synthesis method
and introduces the oxygen-based functional groups among
graphite layers [43]. GO can be generated with cheap graph-
ite as the raw material by the cost-effective chemical process.
The chemical process involves graphite-to-GO oxidation

@ Springer
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Fig.6 Schematic representation of GO properties

with strong oxidizing agents [44]. The production of a large
amount of powdered GO is both a benefit and convenient
due to its cost-efficiency and a quality gain approach [45].
The method consists of graphite oxidation and exfoliation
into single-layered or few-layered GO sheets. The common
Hummer process usually involves many phases, a repetitive
and long processing period, and temperature control for GO
preparation, so the simpler Hummers process is commonly
used for GO manufacturing [46]. GO characterization tech-
niques include Fourier Transform Infrared Spectroscopy
(FTIR), Energy Dispersive X-Ray Spectroscopy (EDX),
Raman Spectroscopy, Field Emission Scanning Electron
Microscopy (FE-SEM), Nuclear Magnetic Resonance
(NMR) and many more. This article critically reviews the
different methods involved in the top—down approach for
the fabrication of GO. Moreover, this paper also discusses
the recent techniques involved in the characterization of GO
nanomaterial with its varying utilization percentage.

2 Graphene: sp2-hybridization

In the structure of graphene, the carbon atoms are sp?
hybridized and can be bonded ensuing the development of
a 2D honeycomb structure [47]. A carbon atom has six pro-
tons and six electrons, two electrons occupy the “1s” atomic
orbital and they are strongly bound. Two of the other four
electrons (the valence electrons) are paired and occupy the
“2s” atomic orbital. The remaining two unpaired electrons
occupy different “2p” atomic orbitals; then the electron con-
figuration of the carbon atom can be rewritten in the form
of 1s*2s°2p 2p, (Fig. 7) [48]. The “2s” and “2p” atomic
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Fig.7 Representation of valence electrons of the carbon atoms for sp>
hybridization. Adapted with permission from [48]

z z Z z z 4
y v y y y v
ST X+ =y - § x x#x

atomic orbital 2s  atomic orbital 2p 5% atomic orbital 2py 3 atomic orbitals sz

Fig.8 Graphical representation sp> hybrid atomic orbitals [47]

Fig.9 Planar triangular structure for sp? hybridization. Adapted with
permission from [47, 48]

orbitals of the carbon atom have very similar energies; there-
fore, the electrons belonging to them can move very easily,
generating, in this way, the hybridization phenomenon. The
2s atomic orbital and the two atomic orbitals of 2p (2p, and
2p,) are mixed which results in the formation of three hybrid
atomic orbitals called sp?-atomic orbitals (Fig. 8) [47].
These atomic orbitals are iso-energetic, perfectly equivalent,
oriented symmetrically in a plane, form angles of 120°, and
give rise to the so-called planar triangular structure (Fig. 9)
[48]. The fourth atomic orbital “2p,” is not involved in the
hybridization process and acts perpendicular to the plane on
which sp? hybrid atomic orbitals were located [47].

When two sp? hybridized carbon atoms come close to
each other, they form a strong ¢-bond by overlapping the
sp’—sp” hybrid atomic orbitals. In addition, also the p atomic
orbitals, not hybridized but still present in each carbon atom,
come closer so that they overlap and form a n-bond as shown
in Fig. 10 [47].

In sp>-hybridization, each atom has three c-bonds avail-
able on the x—y plane, which results in the formation of a
honeycomb structure. The p, atomic orbitals come together
and form a m-bond, located above and below the x—y plane
(Fig. 10) [47]. The stronger c-bonds and weak n-bond forms
the two-dimensional honeycomb lattices structure held
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together with one on the other by weak interaction forces
called “Van der Waals (vdw)” forces [47, 48]. The forma-
tion of these bonds by sp? atomic orbitals originates from
the nanostructure of graphene.

3 Properties of graphene nanomaterial

Graphene is the building block for all graphitic materials.
Based on literatures [49, 50], the properties of graphene
presenting its enormous potential (Fig. 11) are as follows:

a. Atomic thickness: Graphene is the world’s first man-
made 2D material consisting of a single layer of carbon
atoms arranged in a honeycomb structure. Its atomic
thickness in about 0.335 nm. For better interpretation,
thickness of one million graphene layers is equal to the
thickness of the human hair [51, 52].

b. Electron mobility: It has the highest electron mobility
among all electronic materials with theoretical limit of

200,000 cm?/V-s. Its electron mobility is even 100 times
faster than silicon material [53].

c. Strength: Graphene is one of the strongest known mate-
rial and even harder than diamond. A defect free, gra-
phene monolayer has strength of 130 GPa that is 100
times stronger than the strongest steel [49].

d. Toughness and stretchiness: It is tougher than steel and
yet lighter than aluminum. Its stretchable properties are
higher by up to 25% that may explore new dimensions
in stretchable optoelectronics field [49, 54].

e. Stiffness: Defect free graphene yielded young modulus
of about 1.0 TPa that is one of the highest value achieved
by any material [49].

f.  Weight and surface area: It is incredibly light weighing
approx. 0.77 mg/m? and possess very high surface area
of 2630m?/g [28]. For better perspective, with less than
3 gm of graphene material an entire soccer field may be
covered up [55].

g. Impermeability: It is the most thinnest impermeable
material (geometric pore size—0.064 nm) that does
not allow even the smallest atom helium (pore size—
0.28 nm) to pass through it except water molecules [52].

h. Electrical resistivity: It is a superb conductor with least
electrical resistivity (1 x 107 Q-m) and greatly reduced
energy losses. It has electrical resistivity is almost 35%
less than copper [53].

i.  Thermal conductivity: It possesses a very high thermal
conductivity up to 5300 W/mK at room temperature.
It conducts heat 2 times better than diamond and non-
flammable in nature [56].

j-  Transparency: It is an incredibly transparent and flexible

material. Its optical transmission rate is around more
than 98%, which is even higher than indium tin oxide
(ITO) glass substrate (85%) [57].

4 Synthesis of graphene nanomaterial

The synthesis of graphene nanomaterial and its oxides
involves two major approaches:

(a) Top—down approach: In this method, the larger structures
are reduced to nanoscale size while maintaining their origi-
nal properties without atomic-level control, i.e., miniaturi-
zation in the domain of electronics or deconstructed from
larger structures into their smaller, composite parts (Fig. 12)
[58, 59]. For example, making a wooden plank from a tree or
fabrication of silicon wafers from silicon ingots. Moreover,
the top-down approach is more advantageous in the synthe-
sis of graphene nanomaterial as they can scale up to produce
larger quantities than bottom-up approaches [60].

@ Springer
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(b) Bottom—Up approach: This technique was introduced by
Drexler et al. [61]. In this method, the materials are engi-
neered from atomic or molecular components through the
process of assembly or self-assembly. This approach is also
known as molecular nanotechnology or molecular manufac-
turing (Fig. 12) [58, 59]

Fig. 13 Graphene synthesis
process flowchart [67]

The method by which graphene nanomaterial and its
oxides are processed or extracted according to the necessary
specifications and quality is known as a graphene synthesis.
To date, several approaches to graphene synthesis and its
derivatives have been established. Extensive investigations
were undertaken about mechanical cleaving (exfoliation),
chemical synthesis, chemical exfoliation, epitaxial growth,
and thermal chemical vapor deposition methods [62, 63].
Other methods have been reported, including electrochemi-
cal exfoliation, microwave synthesis, and CNT unzipping
[64, 65]. While AFM cantilever mechanical exfoliation was
found to be able to generate few graphene sheets, the process
limitations varied graphene thickness to about 10 nm com-
parable to 30 layer grapheme [66]. Specifically, large-scale
graphene synthesis comprising of single-level graphene
(SLG), bilayer graphene (BLG), and few-layer graphene
(FLG) may be acquired using top—down and bottom-up
techniques. Since most contemporary technologies rely on
the “top—down” technique [58], therefore, this review article
presents the different methods involved in a top—down pro-
cess for the synthesis of graphene oxides due to its simplic-
ity, efficient and widespread approach. Figures 13 and 14
presents the flowchart and graphical representation for the
categorization of different fabrication techniques including
both top—down and bottom—up approach with its essential
features and applications [67].

5 Top-down process

Graphene sheets are formed in the top—down process by
exfoliating or separating graphite or graphite derivatives
such as GO.

5.1 Mechanical exfoliation

The first approach to extract graphene flakes on a sur-

face is mechanical exfoliation [68]. It is possible employ-
ing different agents like scotch tape, electric field, and

Flowchart for Graphene Synthesis
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Fig. 14 Conventional methods
used for graphene fabrication
with essential features and
applications [75]
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Fig. 15 a Mechanical exfoliation via AFM; b Exfoliated graphite sur-
face using SEM analysis; ¢ Mechanical exfoliation utilizing scotch
tape; d SiO,/Si substratum containing graphene layers of different
thickness [73]

ultra-sonication [69]. In this technique, the graphite frag-
ment is removed repeatedly with adhesive scotch tape to
eventually unsheathe the graphene layers. The scotch band
stretches over graphite crystals and contributes to graphite
layers trapping [70]. This methodology requires roughly
an external force. 300 nN pm™? for splitting single sur-
face graphite [71]. Before Novoselov et al. [68], Lu et al.
[72] first developed a thin multi-layered graphite retaining
thickness of approximately 200 nm through mechanical
exfoliation technique utilizing AFM tip (Fig. 15) [73].
This approach is, however, not suitable for the mass pro-
duction required for the industry due to its labor-intensive
approach [74].

Jayasena and Subbiah [76] applied a novel mechanical
cleavage method for the synthesis of few graphene layers

HOPG
EROFIX embedded
in epoxy
and

trimmed

‘ HOPG work

Ultrasharp wedge
alignment

Ultra sharp wedge mounted on
an ultrasonic oscillation system

(b) (©

Fig. 16 Novel mechanical cleavage method for graphene synthesis:
a An epofix with embedded HOPG; b Alignment of an ultra-sharp
wedge; ¢ Experimental setup of an ultra-sharp wedge with an ultra-
sonic oscillation system [76]

from bulk graphite. They use an ultra-sharp single-crystal
diamond wedge in the presence of an ultrasonic oscillation
to cleave a highly ordered pyrolytic graphite (HOPG) sample
to generate the graphene layers (Fig. 16) [76]. The cleaved
graphene layers are subsequently transferred to a substrate of
copper or Si/SiO, to carry out the characterization process.

5.2 Chemical exfoliation

The chemical exfoliation process consists of suspension
production, which changes graphite to graphene, by form-
ing graphene-intercalated compounds (GICs) [73]. Chemi-
cal exfoliation is a two-stage system. The interlayer of
‘vdw’ forces initially reduces to expand the interlayer
spacing in a graphite solution through alkaline metal
interference and creates GICs [77]. Afterward, graphene
is exfoliated by fast heating and sonication with one or
several layers. Ultrasonication is utilized for the develop-
ment of SGO and Density Gradient Ultracentrifugation
for the thickness of different layers [78]. Viculis et al. [79]
use a process of chemical exfoliation to produce graphene
nanoplatelets (GNPs) using potassium alkali metal. Aqua
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ethanol (CH;CH,OH) dispersion of the GIC resulted in an
exothermic impact and established the formation of GNP.
Caution should be taken during reactions, because alkali
metals react vigorously with water and alcohol, so an ice
bath is required during the reaction to dissipate heat [80].
The main benefit for alkaline metals, including potassium,
is their smaller atomic diameter and comparatively min-
iature than the interlayer distribution order, thus suits the
spacing of the layer effectively (Fig. 17) [73]. Therefore,
utilizing a chemical exfoliation technique for the synthe-
sis of graphene is an essential and distinctive approach
since it can generate a large quantity of graphene at lower

(c)

XXX egé‘i ;; e %;&f’z":
BT — pa 3
PR 258 ;.fa'.‘fg"';f’

Fig. 17 a Chemical exfoliation process using alkali metal; b SEM
images of exfoliated GNP; ¢ Graphene sheet production. Adapted
with permission from [81]

Fig. 18 Higher efficiency of the
improved synthesized method

temperatures. Additionally, it may also be utilized for the
production of functionalized graphene on a large scale.

5.3 Chemical synthesis

One of the simplest approaches for graphene production is
the chemical synthesis approach. Various paper type materi-
als [84], polymer composites [85], energy storage materials,
and transparent conductive electrodes already used chemi-
cal methods for graphene production [46]. The development
of GO from graphite was generally determined using the
revised Hummer process, which comprises three stages, i.e.,
oxidation, purification, and exfoliation [86]. In 1859, B. C.
Brodie, the British Oxford pharmacist, researched C:H:O
formulations of graphite with a ratio of nearly 2.2:0.8:1
around 169 years ago. Brodie also studied the reactivity
of graphite flakes by the application of potassium chlorate
(KCIO;) and nitric acid (HNO3) via oxidation treatment [87].
Around 41 years later, Staudenmaier in 1898 strengthens the
Brodie process by introducing H,SO, acid to serve as an
oxidant [50]. In 1958, Hummers and Offeman discovered a
better and quick alternative oxide process for graphite oxide
preparation almost 60 years after Staudenmaier [19]. The
updated process was used as an oxidizing component by the
anhydrous mixture of KMnO4, sodium nitrate (NaNO;), and
sulfuric acid-concentrate (H,SO,) [88]. Figure 18 illustrates
traditional, modified, and improved Hummers strategy for
GO fabrication [82]. Tour and his colleagues in the Hum-
mer process recently made progress with the elimination of
NaNO;, improved KMnO, production, and 9:1 mixing ratios
of H,SO,/phosphoric acid (H;PO,) [82]. The benefit of this
process is to raise oxidation levels, to improve the structure
and its effectiveness, without toxic gas being emitted during
oxidation [89]. Figures 5 and 19 reflect the preparation and
synthesis of GO nanomaterial [90].

T NO,

was indicated by the small Bisrace 3KMnO,
amount of recovered powder. H,SO,, 0.5 NaNO,
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[82] |
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Fig. 19 Schematic presentation of GO fabrication. Adapted with permission from [83]

Table 1 Oxidation methods of graphite-to-graphite oxide adopted by various researchers [91]

(»‘BmdieMethod (1859) M Staudenmaier Method (1898) ‘ ﬁ

Hummers Method (1958)

Modified Hummers Method
(1999)

Improved Hummers Method
(2004)

‘Toxicity: Yes ‘Toxicity: Yes ‘ ‘Toxicity: No ‘Toxicity: No Toxicity: No
Oxidants: Oxidants: Oxidants:

KClO;, HNO; KCIO; or NaClO;, HNO;, H,SO, NaNO;, KMnO,, H,SO, H;PO,, KMnO,, H,SO,

‘c:o =216 ‘c:o =185 ‘c:o =225

‘c:o =13 ‘ ‘c:o =18

Reaction Time:

Reaction Time:

Reaction Time:

Reaction Time: ‘

|
Oxidants: ‘
|

Reaction Time: ‘

NaNO;, KMnO,, H,SO, ‘

Oxidants: ‘

1. Weak Toxicity

1. Time Consuming

> Higher degree of Oxidation

> Improved level of Oxidation.

3-4 days 1-2 days ~2hours ~8hours (6h pre-ox. + 2h ox.) 5 days

Interlayer Spacing: Interlayer Spacing: Interlayer Spacing: Interlayer Spacing: Interlayer Spacing:
5.95 6.23 6.67 6.9 83

Limitations: Limitations: Advantages: Advantages: Advantages:

> Reduced defects in Basal

5. Imperfect Structure

2. Soft dispensability in 2. Hazardous approach > High Yield > Higher Performance. Plane.

basic solution. 3. Formation of Inert gas (CO,) > Medium performance > Larger amount of oxidized
3. Small size 4. High risk of explosion — graphite.

4. Limiting thickness 5. Harmful Chemicals Limitations: Limitations: > Higher conductivity.

> Incomplete Oxidation

> High defects in structure

> Used of harmful chemicals.
> Lower conductivity.

> Not environment friendly.

> Higher Performance.

> No toxic gases generated.
> Environment friendly.

> Coherent structure .

> Tedious Process
(Separation and Purification)
> Highly time consuming

Furthermore, different researchers adopted diverse
methodologies for the chemical synthesis of graphite oxide.
Table 1 illustrates a comparative summary for each adopted
approach based on oxidants, reaction time, interlayer spac-
ing, carbon—oxygen ration, toxic nature, advantages and
limitations [39]. Presently, Hummer’s and Offeman modi-
fied method is the most widely adopted procedure to prepare
GO from Graphite Powder. The procedure involved in the
fabrication of GO is described as follows [46].

To prepare GO, 2 g of graphite and 1 g of NaNO; were
blended in cooled concentrated 46 ml of sulfuric acid and
constantly stirred in an ice bath for 45 min. Further, 6 g
of KMnO, was added gradually to the obtained mix with
gradual stirring and cooling. Owing to the strong oxidation
reaction causes the instantaneous change in the color of the
solution from black to greenish-black under the controlled
temperature of 10-15 °C accompanied by the stirring pro-
cess for 15 min. The obtained solution is maintained at room

temperature as its color changes to brown. The reaction mix-
ture was then stirred at 40 °C for 30 min causing the forma-
tion of a dense solution. Thereafter, 80 ml of de-ionized
water was included, supported by an additional 90 min mix
at 90 °C. After that, an additional 200 ml of water added
to stop the oxidation reaction. Sequentially, H,O, (6 ml)
with a 30% concentrated solution was incorporated into
the obtained paste for removal of the excess KMnO, and
terminate the reaction. The complete removal of KMnO,
indicated by a change of color into yellow. The obtained
solution was then rested for the complete night duration and
detached for the attainment of GO. It was then cleaned with
10% of HCI solution for eliminating the sulfate and other
impurities. Afterward, for obtaining the Graphite Oxide the
resultant solution was purified and treated with de-ionized
water ten times. The resultant solution was then diffused in
100 ml of water and subsequently, ultrasonicated for 1 h to
exfoliate the layers and centrifuged for 20 min at 4000 rpm.
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A brownish-black GO nanosheets dispersed aqueous solu-
tion was obtained with 4 mg/ml concentration that may fur-
ther dried to powder state at room temperature.

6 Advantages and limitation of top-down
approach

For the above-discussed top—down fabrication approach, its
advantages and limitations are summarized in Table 2.

7 GO structures

GO has remained undefined in its precise chemical structure
and there is no ambiguous model even today. The variation
in the GO chemical structure mainly depends on graphite
material complexity (sample variations), oxidation condi-
tions, different synthesis approach, the degree of amorphous,
and nonstoichiometric atomic composition [96, 97]. Owing
to the above drawbacks, several structural models have been
proposed by various former researchers through their con-
siderable efforts to understand the structure of GO. In the
year 1939, Hofmann and Holst, recommend the first elemen-
tary model of GO, which consists of only epoxy groups,
bonded on the planar graphene layers [98]. In 1946, Ruess
proposed a modification of Hofmann’s model, also includ-
ing the hydroxyl groups to the basal plane and ether-oxygen
functionalities, which were randomly distributed on the
carbon structure. Scholz and Boehm presented a new corru-
gated carbon backbone structure in 1969, which was bonded
only with carbonyl and hydroxyl groups [99]. Nakajima

and Matsuo proposed a model in 1994 [100], having GO
comprising of two carbon layers connected to each other by
sp°—carbon—carbon bonds vertically to the layers on which
carbonyl and hydroxyl groups were available in relative
amounts. Presently, the most renowned GO model was the
one developed by Anton Lerf and Jacek Klinowski in year
1996 [101], based on Nuclear Magnetic Response (NMR)
spectroscopy for the characterization of GO material. In its
proposed model, it was considered to have an unpredictable
distribution of flat aromatic regions of non-oxidized benzene
rings, and wrinkled areas of alicyclic six-membered rings
with hydroxyl and ether groups. Further, in 1998, Lerf and
Klinowski [102] revisited their previous model, adding car-
boxyl groups only on the edges of the GO material. Recently,
Szabo and Berkesi proposed a new structural model in 2006.
The model comprises a carbon network on two different
sides i.e., trans-linked cyclohexane with flat hexagonal con-
nections of C=C bonds and functional groups comprised of
hydroxyl, ether, carbonyl, and phenolic groups [103, 104].
Figure 20 represents the foregoing chemical structural model
of GO proposed by researchers as discussed above [105].
Several essential structural properties of graphite oxide
have been characterized based upon earlier investigations;
however, a clearer image of the fine GO structure is needed
[106]. As an essential difference, the graphene sheet is made
up exclusively of trigonally bound sp? carbon atoms [109]
whereas the GO sheet has a hexagonal ring based carbon
structure with mostly sp>-hybrids carbon atoms and partially
sp>-hybrids carbon atoms with oxygen-based functional oxy-
gen groups (Fig. 21) [103, 108]. Such as —OH (hydroxyl),
—C—-0O-C- (epoxide), -COOH (carboxyl), and —COO (car-
bonyl). Among them, sp*-hybridized cluster including -OH
and —C—O-C- on the basal plane whereas, the edges portion

Table 2 Advantages and limitations of fabrication techniques in top-down approach

Synthesis technique Advantages Limitations References
Mechanical exfoliation Simple process with lesser complexity Time consuming [92, 93]
High quality and purity Low production
Well suited for graphene research Not suitable for large-scale process
Lesser defects Low yield
Easy sample preparation
Chemical exfoliation Faster approach Larger defect density [91, 94]
Easy and safe process Lower electrical conductivity
High yield Lower concentration
Greater quality and purity Use of harmful chemicals
Larger size graphene sheet Longer sonication period
Scalable to industrial level
Chemical synthesis Most used method Medium quality [31, 95]

Larger scale production
Scalable to industrial level

Large production of liquid waste
Higher impurities and defects
Lower electrical conductivity
Longer synthesis Time
Laborious process

Additional chemical costs
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"

() Model by Lerf and Klinowski (1988)

(f) Model by Szabo (2006)

Fig.20 Summary of several previously proposed chemical structural
models of GO. Adapted with permission from [105]
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Fig.21 Schematic structure of graphene and GO. Adapted with per-
mission from [106]

consists of —-COO and —COOH groups (Fig. 5) [109, 110].
The hybridized sp® carbon atoms are positioned evenly, but
arbitrarily, above or below the graphene plane [111]. For
further analyzing the structural behavior of GO, numerous
microscopic and spectroscopic characterization methods
are adopted to explore its diversified structural features (in
Sect. 8).

8 GO characterization techniques

Different methodologies for characterizing GO nanoma-
terial have been implemented based on the evaluated lit-
erature. This technique includes X-ray diffraction (XRD),
Raman Spectroscopy, Atomic Force Microscopy (AFM),

X-ray Photoelectron Spectroscopy (XPS), Fourier trans-
form infrared (FTIR), Transmission Electron Microscopy
(TEM), Scanning Electron microscopy (SEM), Thermo-
gravimetric Analysis (TGA), Nuclear Magnetic Resonance
(NMR), and Ultraviolet—Visible Spectroscopy (UV-Vis)
[112]. The details of these characterization techniques have
been discussed in previous research articles [30, 36, 44,
113-115] However, different researchers have adopted dif-
ferent techniques according to their required analysis. Very
few researchers have adopted all the above-mentioned tech-
niques for the characterization of GO on a mono sample.
The complex structure of GO makes it difficult to suggest
a standard characterization approach because, for different
applications, different characteristics are essential. However,
the basic parameters, which are most relevant to all studies,
include the presence of functional groups, degree of disorder
or defects in its structure, stacking, and lateral dimension.
FTIR and XPS represent the presence of functional groups.
Raman spectroscopy indicates the defect or disorder in its
structure by relating the intensity of D and G band peaks.
SEM, TEM, and AFM illustrate the lateral dimension of GO
sheets. Table 4 summarizes the diversified characterization
techniques adopted for GO analysis. The following section
examines the typological methods of characterization used
in literatures and addresses their strengths and limitations.
The SEM, TEM, and AFM techniques are essential to the
analysis of morphology (shape, shape, structure) and sample
dimensions.

8.1 SEM technique

SEM has been employed by several researchers as the strat-
egy for morphologically characterizing GOs because of the
ease in preparation of the specimen. Shahhriary et al. [116]
noted that the synthesized GO consists of a layered ultra-film
frame that folds in space (Fig. 22). Similar analyzes of the
graphene sample and the GO were conducted by Karimine-
jad et al. [117] (Fig. 23) and identified the bare and smooth
GNP layer without curvature (Fig. 23a). Alternatively, GO
results in packed nanoplatelets where the functional groups
comprising oxygen are similar to high surface roughness.
However, the study conducted using SEM techniques must
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Fig.22 SEM photographs of GO [116]
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Fig.23 SEM image of a graphene and b GO. Adapted with permis-
sion from [117, 119]

be performed carefully as improper handling may result in
inaccurate data and misunderstanding of the obtained out-
come. Shalaby et al. [118]; has described one of the major
limitations of the SEM method, that it wholly relies on the
obtained visual information which may not impart the com-
plete description of the entire sample because of the con-
fined area and examined particle size.

8.2 TEM technique

TEM imaging is the best tool to view nanoscale material at
an atomic resolution [120]. Through converting the electron
beam into the imaging lenses and detector, the very thin
specimen produces an extremely magnified image when the
electrons interact with the samples [121]. Since graphene
and GO thickness are only one dense atomic surface, TEM
methodology appears to be a crucial and effective way of
visualizing its characterization [122]. TEM technique is also
applicable to the perception of nanomaterial morphology
includes carbon nano tubes and graphene, but the single
image obtained may not express the substance it observed
[123]. TEM technique is also applied to perceive the mor-
phology of nanomaterials includes Carbon Nano Tubes
and graphene, however, it has been observing that the sin-
gle obtained image may not be able to express the mate-
rial [124]. Therefore, the TEM imaging technique is used
in combination with alternative techniques such as XRD,
AFM, and Raman Spectroscopy for characterizing the gra-
phene because of size, layers, type, and inter-planar spacing
[112, 125]. TEM analysis has been performed on specimens
(Fig. 24) [117] in which the width of the individual GNPs

Fig.24 TEM image of a
graphene; b GO. Adapted with
permission from [117, 119]

@ Springer

ranges between hundreds of nanometers and ten microm-
eters, and is more visible compared with the nanoplates after
oxidation, due to the presence of oxygen functionalities.

Zhao et al. [126] has implemented the TEM analysis for
observing the graphene structure. Additionally, utilizes the
TEM result in combination with XRD for the analysis of
layers thickness and the inter-planar distances (Fig. 25).

Yang et al. [127] evaluated the morphology and size of
the GO using the TEM and AFM imaging technique and
found the measured thickness between 2 and 3 nm as shown
in Fig. 26.

Recently, high-resolution TEM (HR-TEM) was used to
get direct imaging of atomic structure and topologic defects
in monolayer GO [128-130]. This marks a major achieve-
ment in the exploration of the GO structure. The atomic
properties of graphene and single-layer GO were determined
by Erickson et al. [128] and had three major sections: holes,
graphitic areas, and disordered areas with oxygen function-
alities. The estimated area percentages for holes (blue),
graphitic areas (yellow), and disordered areas representing
oxygen functional groups (red) are in the proportion of 2%,
16%, and 82%, respectively (Fig. 27) [128]. Due to carbon
monoxide (CO) and carbon dioxide (CO,) releases during
severe oxidation and sheet exfoliation the hole in the GO
was expected to form, generally under 55 nm? [131]. In
addition, it was proposed that the graphitic areas arise from
incomplete basal-plane oxidation with retained honeycomb
graphene structure. The disordered regions of oxygen func-
tional groups on the basal plane forms a continuous network
throughout the GO sheet [128, 132].

8.3 AFM technique

AFM technique will effectively assess the surface thickness
at the nanometer scale [133]. GO thickness and layer num-
ber are determined by the AFM process. The thickness of
an exfoliated specimen of GO was found to be consistent
and almost one nm (Fig. 28) [133]. Stankovich et al. [109]
synthesized graphite oxide via Hummer’s method exfoli-
ated it and then deposited it onto the different substrates
(Si/Si0,) and highly oriented pyrolytic graphite (HOPG).
Using the AFM technique, explained that GO sheets have
lateral dimensions of 100-5000 nm and heights in the range
of 1.1-1.5 nm (Fig. 29).
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Fig.25 GO characterization: a TEM image; b XRD analysis.
Adapted with permission from [126]

Paredes et al. [134] have successfully revealed the
thickness of the sheet using the AFM technique. In his
experiment, he observed the thickness of unreduced
GO about 1.0 nm and for chemically reduced GO about
0.6 nm. The contrast in the thickness was appeared due
to the hydrophilic difference, which occurs in the pres-
ence of various functional groups of oxygen (Fig. 30). This
technique has also been further examined regarding the
mechanical behavior of graphene in parallel to the imaging
and thickness detection, as it can resolve the small forces
involved in the deformation process. The limitation of this
technique includes the complexity in imaging the large
area for graphene. Moreover, it’s difficult to distinguish

Height [nm]

100 200 300 400 500 600
Position [nm]

Fig.26 a TEM image of GO; b AFM image of GO, where it is plot-
ted two different scan lines for determining the GO heights. Adapted
with permission from [127]
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Fig.27 HR-TEM image of GO monolayer. Adapted with permission
from [106, 128] (Blue—holes; yellow—graphitic areas and red—dis-
ordered region)

in normal operation between the GO and graphene layers
using this method, since it only offers topography [112]

8.4 Optical microscope imaging technique

The optical microscope technique is utilized to picture the
different graphene layers, as it is one of the affordable, con-
structive, and easily accessible in laboratories. In this tech-
nique, the layer of graphene is placed over an underlying
layer of Silicon dioxide (Si0O,) for better imaging visualiza-
tion. The presence of an underlying layer increases the vis-
ibility of the thin sheet [135]. The most common surface
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Fig. 28 AFM image of exfoli-
ated GO sheets with three
height profiles acquired in dif-
ferent locations. Adapted with
permission from [133]

materials used on silicon for increasing the visibility of gra-
phene layers are SiO, and Silicon Nitride (Si;N,) [136]. Fig-
ure 31 represents the image of various exfoliated graphene
layers on the substrate of silicon and an overlayer of 300 nm
SiO,. The number of various layers was visualized through
different colors and Atomic Force Microscopy (AFM) [137].

8.5 Fluorescence quenching microscopy (FQM)
technique

Currently, for instant evaluation of the sample, the FQM
technique is adopted to image graphene, GO and reduced
graphene oxide (rGO). This approach improved the synthesis
process over optical microscope imaging technique and is
both cheaper and time efficient [138]. This imaging tech-
nique implies the usage of dye-coated GO/rGO for sample
preparation. The dye coloring can be easily stripped without
harming the sheet samples. The quenching of fluorescence
occurs due to the transfer of charge from the dye molecule
to GO. The transfer behavior is dependent on the chemical
reaction among GO and dye molecules [139]. FQM image
is presented in Fig. 32 in contrast to the AFM image. FQM
method provides the feasibility to envisage the GO/RGO
microstructure even on the substrate of plastic. The limita-
tion of this method involves, the addition of dye on the sur-
face of graphene, as a result, it restricts the more utilization
of the same specimen.

XRD and Raman Spectroscopy were shown as effective
tools for structural characterization of GO.

8.6 XRD technique

XRD testing is among the most useful and easiest tech-
nique for GO characterization. Several researchers utilized
this method to assess the distance between the surface
of GO. In all, the diffractive angle (20) was decreased
from 26° (graphite) to 9.45°-10.7° (GO). The variance
mainly depends on the experimental method and the
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Fig.29 a AFM image on a SiO, membrane of a GO monolayer; b
AFM outlines a single, double, and triple-layer framework; ¢ AFM
image obtained on a HOPG substrate for a single layer of GO.
Adapted with permission from [109]

products used. The interlayer range was raised from 0.34
to 0.94 nm, as a result of the presence of active oxygen-
containing groups during the oxidation process [140, 141].
Moreover, it was found that the appearance of GO in an
amorphous stage is induced by a slight diffuse dispersion
[119] (Fig. 33). Figure 34 presents the obtained XRD
analysis of GO and bulk graphite. Owing to the obtained
result, the increase in the interlayer spacing of GO is due
to the formation of a large number of oxygen-containing
functional groups such as hydroxyl, epoxy, and carboxyl
between the layers of graphite during oxidation [142]. The



Carbon Letters (2022) 32:1-38 15
10.0 nm i 150 A —
G- Graphene
GO -Graphene Oxide
1 10
>
=
&
S
Q
o
00 20pm 00 2.0 pm G
e S L.
R
L} | L) I L] I L] "
0.0 10.0 20.0 30.0 40.0

LI )
0.0 2.0 pm 00 2.0 ym

Fig.30 a, b Represent the AFM image of non-reduced GO, ¢, d rep-
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Fig. 31 Optical microscopy analysis for single (1L); double (2L); and
triple (3L) layer graphene on Si substrate and over-layer of 300 nm
SiO,. Adapted with permission from [137]

Fig.32 a AFM image displaying monolayer GO placed on a SiO,/Si
substrate; b FQM image of the same area, presenting clear similarity
to the AFM image. Adapted with permission from [138]
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Fig.33 XRD pattern of graphene and GO. Adapted with permission
from [119]
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Fig. 34 XRD pattern of graphite and GO. Adapted with permission
from [141]

formation of covalent bonding between oxygen and carbon
atoms causes an increase in the graphite crystal length
[143].

Lv et al. [144], have performed the structural characteri-
zation of graphite and GO using the XRD spectra technique
(Fig. 35). In his findings, the distance between two layers
(d) of GO enlarges to 8.02 nm (dry state) in contrast to
that of graphite with 3.38 nm. Figure 35(b) represents the
downfall and stretching in the peak intensity of GO. The
obtained result signifies the loss in the interaction between
graphite layers due to the penetration of oxygen-based func-
tional groups into its inter-layers. This weakens the layers
inter-linkage and eases the dispersion of GO in the aque-
ous solution resulting in the formation of stable nanosheet
suspension.
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Fig.35 XRD pattern of (a) graphite and (b) GO. Adapted with per-
mission from [144]

8.7 Raman spectroscopy technique

Raman spectroscopy is among the most efficient method
for characterizing graphene and its derivatives. It is usually
very advantageous to measure the order or defects in the
crystal structure [82]. The D, G, and 2D band sets of Raman
spectroscopy primarily reveals the allotropes of carbon.
Because of electron band variations D, G and 2D are about
1350 cm™!, 1580 cm™' and 2700 cm™, respectively. On
recognizing these features, graphene layers characterization
is feasible because of the existing number of layers, strain
effect, doping concentration, temperature effect, and the
presence of defects [145]. The ‘D’ band (nearly 1350 cm™")
is associated with a structural disorder of sp>-carbon atoms
or structural deficiencies at the borders of the graphene sheet
during oxidation process. The G band (almost 1580 cm™)
is linked to the characterization of large crystalline graphite
by the in-plane bonding of sp>-carbon atoms. The 2D or
G’ (about 2700 cm™") band nearly doubles the D band and
is the product of the second-order phase of Raman disper-
sion [146]. As the number of layers increases, there is a
downfall in the relative intensity of the 2D band and a rise
in its full width at half maximum value [147]. Using the
Raman spectra, many other effects such as thickness cal-
culation, strain results, defects, and doping have also been
examined in graphene layers [137]. The structural charac-
terization of the pure graphite and GO was observed via
the Raman spectrum [119]. Figure 36 illustrates the pres-
ence of the GO band (blue line) and pristine graphite (red
line). In the graphite spectrum, the observed three-band
includes D band at 1313 cm™', G band at 1580 cm™', and
2D-band at 2641 cm™!. The appearance of the D-peak sug-
gests the disordered arrangement of the blue moved G bands

@ Springer

(1599 cm™Y) in comparison to the graphite. Moreover, XRD
method is unable to detect the cement hydration component
such as C—S—H gel. So, to overcome this limitation, Horszc-
zaruk et al. [148] utilized Raman spectroscopy method to
analyze the GO based cement composites (Fig. 37). In
Fig. 37a, the red color graph represents GO based cement
composites with formation of two peak bands; D band and
G band at intensity ~ 1311 cm™', 1601 cm™!. The additional
curvature that develops in between D and G band ensures the
presence of alite (tricalcium silicate) in cementitious matrix
(Fig. 37b, c). However, as the saturation level of sample
increases with time, there is a downfall in its peak value.
Lastly, at 7 days, the peak value of alite (tricalcium silicate)
curve completely diminishes under the influence of D and G
bands and the curve intensifies with formation of hydration
component (Fig. 37d).

Raman technique has been widely utilized to analyze gra-
phene structural defects [149]. Beam et al. [150] studied the
defects in graphene and categorized them into point, edges,
and crystallite border defects. Point defect is the simplest
and symmetrically most common form of defect in a gra-
phene structural matrix because of its high localization in
real space and wider frequency range. Edge defects indicate
one-dimensional defects and can impart the only momen-
tum in the direction perpendicular to the edges. Lastly, the
crystallite border defects are considered as 1-D defects and
are represented by the defects in the borders of the crys-
tallite structure of grapheme [151, 152]. You et al. [153]
analyzed the edge defects in a monolayer graphene sample
at a different relative angle of 30°, 60°, and 90° (Fig. 38).
The D-band intensity was extensively studied whereas the
G-band intensity was uniform over the whole portion of gra-
phene samples. The green arrow signifies the direction of the
incident laser in all samples.

In Fig. 38a, the D-band intensity at 30° relative angle on
the upper edge is remarkably higher than the lower edge.
The atomic structure of the upper edges resembles an arm-
chair pattern whereas the bottom edges to that of a zigzag
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and compared with the controlled sample at different time interval.
Adapted with permission from [148]

pattern. A similar pattern was observed for the edges at 90°
relative angle (Fig. 38c). Figure 38b represents the edges of
the graphene sheet at a 60° relative angle. The D band fol-
lows a similar zigzag pattern at both edges. This may be due
to the identical crystallographic orientation. In Fig. 38d, a
similar situation was observed forming an armchair pattern
at both the edges at 60° relative angle. The D-band intensity
in Fig. 38b was noticeably weaker at the edges as compared

(b)60° Zigzag

D band intensity D band intensity

G band intensity

G band intensity

(d)60° Armchair

D band intensity D band intensity

Vi

G band intensity

G band intensity

Fig. 38 Raman imaging of single-layer graphene sample at varying
relative angles to each other. Adapted with permission from [153]
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Fig. 39 Raman spectra for graphene and GO. Adapted with permis-
sion from [154]

to that Fig. 38d. The formation of either armchair or zigzag
pattern may be due to the orientation of carbon atoms at the
edges. Hence, the edge arrangement patterns may help to
predict the orientation of the monolayer graphene sheets.
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Moreover, Johra et al. [154] characterized the prepared
graphene and GO samples using Raman spectra technique.
In Fig. 39, the spectrum for GO characterized as G band
(1605 cm™") and D band (1353 cm™") whereas for graphene
the G band observed at 1600 cm™' that is shifted slightly
from the spectra of GO. The observed G-band spectra sig-
nifies to the presence sp>-carbon atoms and D band indi-
cates the disorder intensity that may occur due to vacancies,
grain boundaries and amorphous carbon types [155, 156].
In Raman analysis, the intensity ratio (I,/I;) determines
the quality of product [147]. The Ip/I; ratio for GO was
calculated as 1.00 which was reduced to 0.96 for graphene
spectra. The difference indicates the repair of defects or dis-
order by the aromatic structures. Moon et al. [157] reported
an increase in the Ip/I; ratio for reduced GO when treated
with hydroiodic acid (HI) and acetic acid (CH,;COOH).
This indicates the presence of large quantity of structural
defects for reduced GO structure. Additionally, the 2D band
for graphene was observed at 2700 cm™' that indicates the
number of graphene layers. Thus, it can be concluded that
the prepared graphene contains layers with few defects.
The S3 band for graphene was observed at 2900 cm™! that
results from the peak combination of D—G band. The S3
band intensity defines the reduction in structural defects that
is due to lower oxygen content in graphene layers [158].
The higher peak intensity for graphene as compared to GO
indicates better structural graphitization [157]. Thus, Raman
spectroscopy technology has been widely preferred for stud-
ies of GO dispersion due to its constructive behavior, rapid
preparation of the samples, and simplified interpretation of
GO distribution.

For thermal degradation stability, evaluation of GO, ther-
mogravimetric analyses (TGA) approach proves to be an
essential technique.

8.8 Thermogravimetric analysis (TGA)

Various researchers had examined that the inclusion of
graphene and GO, may significantly improve the thermal
deterioration stability of polymers, such as epoxy, HDPE,
poly(arylene ether nitrile), polycarbonate [159, 160]. To
determine the characteristic decomposition temperature of
GO and the oxygen functionalities bonded over it, many
authors have examined the behavior following the Ther-
mogravimetric Analyses. The observations concluded were
almost quite similar:

a. The loss detected at 100 °C, is very minute and occurs
due to the disappearance of water molecules.

b. Due to the decomposition of easily altered oxygen
groups, loss between 100 and 300 °C was observed.
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c. The small increment has been observed in the loss rate
for temperature between 300 and 600 °C, due to the
separation of most stable oxygen-based functionalities.

d. Beyond 600 °C, the ignition of the carbon firmness has
been observed of the GO.

Jeong et al. [161] specifically studied the effect on ther-
mal stability of the oxygen functionalities in GO due to
change in weight at temperature from 200 °C increased up
to 1000 °C (heating rate@50 °C/min.) for 2 h, 5 h, 6 h, and
10 h, respectively (Fig. 40). In his observation, two major
peaks are observed around 240 °C and 650 °C that further
dispersed into four on magnification (Fig. 40f). Formation
of peak 1 corresponds to water evaporation from the solu-
tion. Peaks 2 and 3 attribute to the strong bonding of -OH
and —C-O groups whereas Peak 4 occurs due to vaporiza-
tion of carbon [162] groups. However, the attributed loss
of oxygen functionalities is very small, when GO is treated
at 200 °C@6 h and even after for 200 °C@10 h treatment
more than 15 wt% of oxygen functionalities remains in GO
solution. It signifies that the thermal treatment causes only
a partial reduction of GO, i.e., some oxygen functionalities
had still been survived (Table 3). Based on the above litera-
ture analysis, GO validates the potential of having superior
thermal stability, proving it to be beneficial for future elec-
tronics, energy storage devices, concrete materials, and other
applications.

For the chemical characterization of GO, various spec-
troscopic techniques have been utilized to study the oxygen
functional groups bonded randomly on the surface of GO.
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Fig.40 TGA of; a GO treated at 200 °C; b for 2 h; ¢ for 5 h; d for
6 h; e for 10 h and f GO magnification for peak features. Adapted
with permission from [161]
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Table3 Loss in atomic ratio of O:C and water evaporation due to
thermal effect [161]

Specimen O:C (Loss in atomic ratio) ~ Water evap.
GO 0.39 0.18
GO@2h 0.34 0.16
GO@5h 0.12 0.07
GO@6h 0.10 0.02
GO@10h 0.10 0.08

The involved techniques include Solid State Nuclear Mag-
netic Resonance (SS-NMR), X-ray Photoelectron Spectros-
copy (XPS), and Fourier Transform Infrared Spectroscopy
(FTIR). Compare to XPS and NMR techniques, IR spec-
troscopy is the most employed technique for the Chemi-
cal Characterization of GO. XPS and NMR techniques are
determined to be an efficient and strong approach, but its
execution is quite difficult and result interpretation is also
not easy. Alternatively, IR is simple, rapid, and does not
involve sample preparation.

8.9 FTIR technique

A convenient, quick-operated, and non-destructive technique
for chemical characterization is infrared spectroscopy (IR).
No sample preparation or specific substrates are needed, as
opposed to other techniques [163]. IR techniques are focused
primarily on correlations between radiation and matter when
they contribute to the absorption of radiation in the elec-
tromagnetic spectrum. It is used to obtain information on
different functional oxygen groups produced during the
graphite oxidation process. Figure 41 represents the forma-
tion of the GO spectrum and its related functional groups
through IR technique [164]. The observed results include the
existence of different oxygen functional groups at oscillating
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Fig.41 FTIR spectra of GO. Adapted with permission from [164]

modes such as hydroxyl (phenol, C-OH) (3530 cm~! and
1080 c¢cm™"), ketonic (C=0) (1600-1650 cm™' and
1750-1850 cm™}), carboxyl (-COOH) (1650-1750 cm™!),
C=C (sp? in-plane vibrations) (1500-1600 cm™'), epoxide
(C-0-C) (1230-1320 cm™"), and other chemical groups.
The overlapping regions mostly include functional groups
of ether types (C—O) and ketonic types (C=0) in oscil-
lating range of 850—-1500 cm™!. This overlapping portion
are categorized into three different zones such as a-zone
(900-1100 cm™"), p-zone (1100-1280 cm™!) and y-zone
(1280-1500 cm™!). Functional groups illustrated in differ-
ent colors includes green spectrum for epoxide groups, red
spectrum for C-O, blue spectrum for C—OH, brown spec-
trum for COOH, grey spectrum for C=0 and light blue for
C=C groups [164].

Ambra Romani [165] in her research work had mixed the
GO in water solution in a beaker and observed that most of
the GO tend to segregate at the beaker bottom while others
remain in the upper part of the solution. Two different sam-
ples of GO were obtained from the same group: One from
the segregated portion (GO Down) of the solution at the
beaker base and the other from the upper portion of solu-
tion (GO Up) at the beaker top and followed the same by the
Infrared Spectroscopy analysis for each sample. As per the
observations, the two spectra, shown very identical spectral
patterns having few differences in the relative intensities of
some bands (Fig. 42).

Rise or peaks in the graph has been visualized for both
the samples as follows:

a. At3400cm™', a strong and broad absorption, due to —
OH stretching modes of hydroxyl groups bonded on the
carbon backbone;

b. At 2400 cm~' and 2900 cm™!, two small and broad
absorption, making the presence of hydrogen-bonded
carboxyl groups;

—GO UP —GO DOWN

P 1592 em-!
Hydrogen
bonding

Arbitrary unit (a.u.)

3600 3200 2800 2400 2000 1600 1200 800
Wavelength (cm™)

Fig.42 FTIR spectra of GO Down and GO Up [165]
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Fig.43 Magnification of a part of the FTIR spectra from 800 to
1500 cm™! of GO Down and GO Up [165]

c. At 1735 cm™!, C=O0 stretching of the carboxyl groups
bonded on the edges of graphene sheets has been
reported;

. At 1592 cm™!, the stretching of the sp* carbon backbone;

e. At 1279 cm™! and 880 cm™!, overlapped bands of
C-0-C and C-O stretching had been notified, because
of the oxygen functionalities bonded on the carbon back-
bone.

The band of the IR spectra ranging in between 800 to
1500 cm™! has been further magnified (Fig. 43) [165], for
simple identification of the peaks describing the presence
of oxygen functionalities in the samples. Thus, concluding
the oxidation phenomenon for both GO Up and GO Down.

From the magnification part of the IR spectra, it had been
observed that GO Up presents a higher relative intensity
for the band of 800-1500 cm™' as compared to GO Down.
The above observation signifies, that the GO Up sample
had been characterized by a higher amount of oxygen func-
tional groups, whereas, GO Down might be less exfoliated
and tends to separate from the solution. There may be other
more approaches for characterizing GO nanomaterial such
as extended X-ray absorption fine structure (EXAFS) [166,
167], X-ray absorption near-edge structure (XANES) [168],
resonant inelastic X-ray scattering (RIXS) [167], electron
energy loss spectroscopy (EELS) [169]; however, this
review paper covers the most widely used methodologies
specifically in the field of civil engineering.

8.10 XPS technique

X-ray photoelectrons (XPS) are among the commonest and
most efficient techniques used to examine the chemical sur-
face composition of graphene and their derivatives concern-
ing carbon content (C), oxygen (O), and the binding energy
(eV) of functional groups [113, 170]. The calculation of
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carbon and oxygen in conjunction with elemental testing is
a detailed procedure because it is complicated to absolutely
dehydrate a GO specimen [82]. The X-ray light that pen-
etrates deep into the sample irradiates the specimen layer
in this procedure. Several electrons are, therefore, thrown
away and their kinetic energy is further calculated [171].
Toh et al. [172] uses the XPS range to research GO and
ERGO characterization and structural advancement. Elec-
trochemically reduced graphene oxide (ERGO) is referred
to as electrochemically reduced graphene oxide. The fea-
tures are different from pristine graphene as it conserves
some graphene structures, which preserves some oxygen
functions in the carbon basal plane [173]. GO and ERGO
XPS spectrum demonstrate the peak development of O, and
C,, at~530 eV and ~284 eV binding energy, respectively
(Fig. 44) [174]. To determine oxygen concentration in the
oxidized graphene, the peak-intensity ratio between O, and
C, is considered [175]. The spectrum of both O, and C|;
may, therefore, be utilized to assess oxygen components in
the backbone of graphene carbon. The GO maximum O,
spectrum indicates the presence of several functional groups,
including C=0 (530.4-530.8 eV), C-OH, and/or C-O-C
(532.4-533.1 eV) and chemically adsorbed oxygen and/
or water (534.8-535.6 eV) [176]. In contrast to one sharp
peak, in the C graphite spectrum, the high-resolution GO
C,, generally show a complex band with two peaks roughly
2 eV apart (Fig. 45a) [134]. The two major peaks are sp>
and sp’-carbon with various configurations of C—O linkage.
The relative intensities of both peaks vary depending on
the oxidation degree [177]. The GO spectrum of C,, was
deconvoluted in four individual functional group peaks
(C-C or C=C, C-0-C, C=0, COOH) at various binding
energies [172]. Furthermore, the bulk of the C, spectra in
the GO comprised of C—O-C functional group with binding

ERGO
‘ GO
¢ L
2
5
8 Graphite
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) T T T T T T T T T T T
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Binding Energy / eV

Fig.44 XPS spectra of graphite, GO, and ERGO. Adapted with per-
mission from [174]
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Fig.46 XPS spectra of GO. Adapted with permission from [113]

energy close to C—OH, although the group may have binding
energy within the C=0 range (Fig. 45b) [175]. The peak
intensity of C-0O, C=0, and O—C=0 falls to a much lower
value with electrochemical reductions (Fig. 45c) [174]. The
spectrum of ERGO C|, is comparable to graphite but has a
wider band form, indicates that major oxygen functions in
GO are eliminated after electrochemical reduction [178].
While the optimum bonding intensity of sp?> (C=C) rises in
the ERGO spectrum of C,, therefore, revealing that the sp2
bonded graphene carbon network is partially restored [174].

GO characterization was analyzed using XPS spec-
trum and high peak intensity for C,; and O was observed
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Fig.47 C,, expanded view indicating the formation of functional
groups at different binding energy. Adapted with permission from
[113]
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Fig. 48 C,-XPS spectra of GO. Adapted with permission from [133]

(Fig. 46) [113]. The C,, and O, elements showed the exist-
ence of different functional oxygen groups. The functional
groups comprise of C=C/C-C (aromatic rings), C—O-C
(epoxide), C=0 (carbonyl), and -COOH (carboxyl) with
285, 286, 287, and 289 eV binding energy (Fig. 47) [113].

GO-XPS range illustrates significant deviations from
graphene owing to the development of the symmetrical
and narrower C,, graphene band into a broad, widened
band of two maximums [179]. Figure 48 shows the pres-
ence of many functional groups such as C-C, C-O, C=0,
and O-C-O with distinct binding energies of ~284.6 eV,
~286.2eV,~287.8 eV, and 289.1 eV[133].

Additionally, the level of GO oxidation with the XPS
spectrum was researched by Lu et al. [180]. The result
states the formation of carbon—oxygen functionalities
includes -COOH, C=0, C-0, and —C-C at binding energy
289.0, 288.3, 286.4, and 284.4 eV (Fig. 49). The ratio
observed for C:0 is approximately two, which indicates
a scattered solution consisting primarily of 1 to 2 layers
with oxygen functional groups. In a similar study, Xu
et al. [181] characterized the GO sample using an XPS
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Fig. 50 XPS result of GO [181]

spectrometer. The XPS result states the heavy oxidation
of GO for carbon (C,) to oxygen (O,,) in a ratio of 2:1
(Fig. 50).

Furthermore, Johra et al. [154] also uses the XPS spec-
trum to evaluate graphene and GO behavior. GO spec-
trums for the C,, represented three peaks corresponds to
sp2-carbon, epoxides, and carboxyl-functional groups at
284.6, 286.5, and 288.5 eV (Fig. 51) after the deconvolu-
tion [182]. Another peak was observed at 287.5 eV for gra-
phene, which suggests the presence of the C=0 functional
group. With an extremely strong band at 284.6 eV, the XPS
spectrum of graphene obtained after a thermally hydraulic
reduction is almost twice the peak of GO. In contrast, to
GO, the band intensity related to carboxyl, epoxide, or other
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Fig. 51 XPS spectrum of graphene and GO. Adapted with permission
from [154]

functional groups had been decreased. In addition, there
were no elements other than C and O in the XPS graphene
spectrum, which indicated the lack of any impurities [180].

8.11 NMR Spectroscopy Technique

Nuclear Magnetic Resonance (NMR) spectroscopy is a
non-destructive and analytical technique in the quantitative
and structural determination of nanoscale materials [183].
It provides detailed information about the chemically reac-
tive environment surrounding the magnetically active nuclei
of the respective nanomaterials [184]. With a net mag-
netic moment (/#0), the nuclei is coupled with an angular
momentum in a unilateral direction (/ is the spin quantum
number of the nucleus). The influence of extrinsic magnetic
field promotes the precession of nucleus around it. As all the
nuclei, precess about the extrinsic magnetic field this pro-
cess generates a quantifiable oscillating signal used for NMR
spectroscopy (Fig. 52) [185-187]. NMR method may be uti-
lized in any nucleus that has an odd number of protons or
neutrons, or both [(for example, hydrogen nuclei (1H), car-
bon (13C), phosphorus (31P), etc.]). The magnetic moment
of hydrogen is relatively substantial (u=14.1x 1072 J/T)
and is, therefore, applied in NMR studies [188]. The hydro-
gen nucleus consists of a single proton (4 ve charged), which
may be seen as a current loop that generates a magnetic field
as shown in Fig. 53 [188, 189].

Solid-state > C-NMR spectroscopy is a unique tool that
can provide site-specific structural information for all carbon
nanostructures [190]. '>*C-NMR chemical shifts are highly
sensitive in nature and helps to identify the morphology
of carbon-based nanomaterials, such as structural defects,
impurities and functional groups [191]. This method is
also advantageous in removal of any sort of paramagnetic
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Fig. 53 Randomly arranged hydrogen nuclei [189]

impurities and improve in structural sensitivity of carbon
nanostructure [190]. Solid-state '3 C-NMR spectroscopy is
a considerably efficient method of examining the GO chemi-
cal structures [192]. The most recognized and familiar GO
model is the one obtained by Lerf and Klinowski using the
NMR spectroscopy (Fig. 54). It indicates that GO structure

COOH

COOH

HOOC
HOOC

Fig. 54 GO-structural model developed by Lerf-Klinowski. Adapted
with permission from [102]
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Fig. 55 High-resolution solid-state NMR for graphite oxide charac-
terization; a 1D-'3C MAS spectrum; b 2D-'3C chemical shift corre-
lation NMR spectrum; ¢ selected 2D spectrum at intensity 70, 101,
130, 169 and 193 ppm in o, axis. Adapted with permission from
[193]

includes aromatic areas with un-oxidized benzene rings and
the six-membered aliphatic ring comprising -OH, —-C-O-C,
—COO0, and —COOH functional groups [102]. This was one
of the most revolutionary research in characterization of GO
as the previous models relied primarily on elemental compo-
sition, reactivity and X-ray diffraction studies [101].
High-resolution solid-state '*C-NMR utilize magic
angle spinning (MAS) method to characterize GO at the
molecular level. Figure 55a show 1D-13C MAS spectrum
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[193]. The three major peak represents functional groups
such as epoxide (59.7 ppm), C—OH (69.6 ppm), and sp>
hybridized *C (129.3 ppm). Figure 55b illustrates 2D-'C
chemical shift correlation NMR spectrum of graphite oxide
that was prepared using a modified Hummer’s method with
13C-labelled graphite. It helps to identify *C—'>C pairs
that are directly bonded or separated by two bonds [193].
The cross peaks were observed at the positions (®;, ®,) in
ppm. For green spectrum two cross peaks noted at 133 ppm,
70 ppm and 130 ppm, 59 ppm (Fig. 55b). The cross peaks
represent sp>-carbon observed at~ 130 ppm (o), C~-OH
groups (70 ppm, ®,) and epoxide groups (59 ppm, ®,). The
relatively higher intensities of cross peak illustrates the
formation of strong bonding of sp’>~!*C to C-OH '*C and
epoxide-13C [194]. Similarly, the red signal illustrates strong
bond formation in between '3C-OH and !*C-epoxide. The
blue spectrum indicates the presence of sp>-'>C groups and
bonded with each other. The minor groups cross peaks are
highlighted in orange box at 101 ppm [105, 193]. It was
concluded that for analysing chemically modified graphene,
using solid-state '>*C-NMR spectroscopy technique is a con-
structive and precise approach [103]. However, due to its
limitations such as lower sensitivity, high magnetic field
requirement, difficulties in execution and result interpre-
tation [195] makes its lesser effective as compare to other
available techniques, particularly in construction materials
domain.

Figure 56 illustrates the NMR spectrum of graphene and
GO [154]. The spectrum peak intensity centered at 130 ppm
signifies the sp> C=C; at 59 ppm for C—-O—C; at 167 ppm
for C=0 and around 68 ppm corresponds to —OH groups
[196]. However, after reduction the spectrum peak at 59,
68 and 167 ppm disappeared whereas 130 ppm reduces to
117 ppm which attributes to the modification in behavior of
sp? C=C [133].

600 | 4
500 |
400
300
200 -
100 -

Intensity (a.u.)

0 D&convoluted GO

_100 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

Chemical shift (ppm)

Fig.56 NMR spectrum of graphene and GO. Adapted with permis-
sion from [154]
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Fig. 57 NMR spectrum of graphite oxide, GO-SO;H and graphene at
90.56 MHz and 9.4 k rpm. Adapted with permission from [197]

Figure 57 demonstrates the solid-state '>*C-NMR spec-
tra (90.56 MHz and 9.4 k rpm) for graphene, sulfonated
graphene oxide (GO-SO;H) and graphite oxide [197]. For
graphite oxide two distinct spectrum is visualized. The spec-
trum peak at 134 ppm attributes to sp> C=C and the other at
70 ppm signifies hydroxylated carbon groups. At 167 ppm,
a weaker spectrum is observed which indicates the exist-
ence of —COO groups [198]. Furthermore, after reduction
to GO-SO;H and graphene, the peak spectrum at 70 ppm
and 167-ppm fades off, the spectrum at 134-ppm shift
to 123 ppm and a minute spectrum emerges at 140-ppm.
The rise in small peak spectrum corresponds to covalently
bonded carbon groups [133, 199].

9 Summary of GO characterization methods

Various methodologies for the characterization of GO
nanomaterial have been used based on reviewed litera-
ture. These techniques include XRD, Raman, AFM, XPS,
FTIR, TEM, SEM, TGA, UV-Vis, and NMR. However,
different researchers have adopted different characteriza-
tion techniques according to their required analysis. Very
few researchers have adopted all the above-mentioned tech-
niques for the in depth characterization of GO on a mono
sample. Therefore, it is very difficult to recommend any
particular characterization technique as a standard method.
Table 4 represents the mapping summary of the diversified
characterization techniques adopted for GO analysis in last
11 years (2010-2021). For better-refined study, 150 litera-
ture samples were examined, assessed, and classified based
on their utilization percentage (U).
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Table 4 Mapping summary of GO characterization techniques in last 11 years (2010-2021)

Year XRD Raman AFM XPS FTIR TEM SEM TGA UV-Vis NMR References

2010 A A [200]
A [201]

A A [202]
A A [203]

> > > >

A [204]
2011 A A A [205]
A A A A [174]

A [206]

A A A A [207]

A A A A [209]
2012 A A [210]

A A [145]

A A [211]

A [212]

A A [213]

[214]

A A [215]

A A A [216]

A [217]
A A A [52]

A [218]

A A [219]

A [220]

A A [221]

[216]

A A [222]

A A A [154]
A [94]

[223]

A A A A [224]

2013

> > > > >
|

2014

> > > > >
| 2

| 2
| 2
|
|

A A [225

A A A [226

A A A A [227

A A [228
A A [229

[150

2015

> > > >

| 2
>
| 2

A A A [230]
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Table 4 (continued)

Year XRD Raman  AFM XPS FTIR TEM SEM TGA UV-Vis NMR  References
2016 A A A [126]
A A A [84]
A A A [231]
A
A A A A
A A A
A A A [232]
A A A A [233]
A [234]
2017 A A A A [41]
A A [54]
A A [235]
A A A [66]
A A A A [236]
A A A [237]
A A A [127]
A A A [238]
2018 A A A [43]
A A A [46]
A A [114]
A [239]
A A A A A [240]
A A A A [241]
A A A [242]
A A A A A [130]
A A A A [80]
A A A A [243]
2019 A A A A A [244]
A A A A A A [44]
A A A A A A [245]
A [246]
A A A A A A A [247]
A A A A [248]
A [249]
A A A A A [250]
A A A A A [251]
A A A [252]
A A A A [253]
A A A [254]
A A A [255]
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Table 4 (continued)

Year XRD Raman AFM  XPS FTIR TEM SEM TGA UV-Vis NMR  References

2020 A A A [104]
A A [190]
A A A A [256]
A A A A [257]
A A A A A [258]
A A A A [259]
A A A A [260]
A A A A A [261]

A A A A [30]

A A A [98]
A A [262]
A A A A A A [263]
A A [264]
A A A A A A A [265]
A A [266]
A A A A [267]
A A A A A [268]
A A A A A [269]
A A A A A [270]
A A A A [271]
A A A A A [122]
A A [272]
A A A [273]
A A A A A A [274]
A A A A A [275]
A A A A A [151]
A A A A A A [276]
A A A A A A A [277]
A A [278]
A A A A [279]
A A A A [280]
A A A A A [281]
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Table 4 (continued)

Year XRD Raman  AFM XPS FTIR TEM SEM TGA UV-Vis NMR  References
2021 A A A A A A [123]
A A A A A [282]
A A A A A A [283]
A A A A A A [284]
A A A A A [285]
A [286]
A A A A A A A [287]
A A A A A A A [288]
A A A A [289]
A A A A A A A [290]
A A A A A A A [291]
A A A A A [124]
A A A A A A [292]
A A A A A [293]
A A A A [294]
A A [295]
A A A A A A [296]
A A A A [297]
A A A A A [298]
A A A A A [299]
A A A A A [300]
A A A A A [301]
A A A A [302]
A A A A A A A A [120]
A A A A A [303]
A A A [304]
A A A A A A A [125]
A A A A A A [152]
A A A A [305]
A A A A A [306]
A A A A A [307]
No. of studies 97 103 61 57 92 72 86 37 34 23 150
Utilization% (U)  64.67 68.67 40.67 38.00 61.33 48.00 57.33 24.67 22.67 15.33
Classifications U>60% Primary technique (P) 40% <U < 60% Secondary tech- U<40%
nique Tertiary technique (T)
S)
P P S T P S S T T T -
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Characterisation technqiues adapted for GO study (2010-2021)
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Fig. 58 Number of studies for GO characterization using different techniques from year 2010-2021
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(Note: Reviewing all of the characterization literature for the last 11 years would be an impossible task. However, the objective is to illustrate the present techniques

for GO characterization in contrast to their utilization weightage)

Fig. 59 Comparison of GO characterization techniques concerning their utilization percentage

10 Conclusion

This article provides a thorough review of the current lit-
erature regarding different synthesis methods adopted in
a top-down approach for the fabrication of graphene and
its derivative GO nanomaterial. Based on the literature
reviewed, the chemical process is one of the most widely
employed methods for the synthesis of graphene and GO.
However, there are many challenges yet to come over.

Synthesizing large areas and high-quality single-layer gra-
phene oxide is still a major challenge faced by the industries.
Therefore, the availability of high-quality graphene oxide
for research studies is still limited; however, rapid progress
is being made which may overcome this limitation shortly.
Furthermore, this article also reviews the weightage of dif-
ferent characterization techniques adopted for the study of
2D-GO nanomaterials. According to the literature, there is
no common or standard approach for GO characterization.
The reason behind this is completely not clear and may be
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due to instrument unavailability, author’s opinion regarding
the adoption of particular techniques. Figure 58 presents the
number of studies carried on for GO characterization using
different approaches from year 2010-2021. Figure 59 illus-
trates the comparative analysis of different characterization
techniques based on their utilization percentage. The com-
parative results from 150 different literature studies were
categorized into three different classifications based on their
utilization proportions. Methods with utilization proportion
greater than 60% are referred to as primary techniques (P),
whereas greater than 40% and less than 60% are termed
as secondary techniques (S). Lastly, utilization proportion
less than 40% categorized as tertiary techniques (T). From
Fig. 58, an incremental trend in number of studies can be
observed for XRD, Raman, FTIR and SEM techniques in the
last 05 years (2017-2021). It states them as the most pre-
ferred methods adopted by researchers for characterizing the
GO nanomaterial. Similarly, from Fig. 59, based on the utili-
zation scaling proportion Raman (68.67%), XRD (64.67%),
and FTIR (61.33%) are the most endorsed approach for GO
characterization and cited as primary techniques. Three
other different techniques most frequently used includes
SEM (57.33%), TEM (48%) and AFM (40.67%). Since dif-
ferent techniques are utilized for different characterization
parameters in accordance with research objectives and dis-
ciplines. Therefore, the lesser utilization weightage of other
techniques does not represents their lower effectiveness and
incompetency. It only illustrates the further need for in-depth
research on the relevant parameters determined by these
methods and probability to explore the unrevealed potential
of this wondrous GO nanomaterial. Moreover, the complex
structure of GO makes it difficult to suggest a standard char-
acterization approach as for different applications different
characteristics are essential. However, the basic parameters
which are most relevant to all studies include the presence of
functional groups, degree of disorder or defects in its struc-
ture, the elemental composition of carbon and oxygen (C:0O),
stacking, and lateral dimension. FTIR and XPS represent the
presence of functional groups. Raman spectroscopy indi-
cates the defect or disorder in its structure by relating the
intensity of D and G band peaks. Stacking and interlayer
spacing can be easily determined using the XRD approach.
Flake size measurement and elemental composition (C:0)
may be acquired using the SEM technique. TGA technique
is adopted to analyze the thermal stability. TEM and AFM
illustrate the lateral dimension of GO nanosheets whereas
UV-Vis. spectroscopy helps to determine the degree of GO
dispersion in an aqueous solution.

@ Springer

11 Future prospects

Extensive research on synthesis process and characteriza-
tion methods for graphene and its oxides are available, still
it trends as a subject of broad and current interest among
researchers for technological advancements in different
fields of engineering, medical and material sciences [264,
308]. Currently, there is no systematic synthesis approach
available for its mass production in industrial process [309].
Thus, fabricating it as an expensive material and restricting
its usage for practical applications on a substantial scale.
Recently, in field of civil engineering, a construction firm,
Nationwide Engineering in a joint venture with the Uni-
versity of Manchester (Graphene Engineering Innovation
Centre) has laid the world’s first graphene enhanced con-
crete slab commercially in Amesbury Solstice Park, United
Kingdom (UK) [310]. It was reported that the usage of only
tiny amount of graphene enhances the concrete performance
almost 30% as compared to standard concrete. However, due
to its costly nature and lesser production limits its usage on
a wider scale [311]. Moreover, in bulk synthesis of superior
quality monolayer GO is still a major challenge faced by
both industries and researchers. Therefore, there is a need
to establish an industry and academia joint research col-
laboration to develop a graphene-manufacturing model unit
(G-MMU) that may examine the challenges and limitations
occurs during its production process and mitigate them
through the support of comprehensive research and tech-
nological development for manufacturing of high-quality
graphene on larger-scale. This approach may explore the
possibilities of graphene-undiscovered potential beyond the
known properties that may encompass the required transfor-
mation in bulk synthesis of graphene and its derivative GO
nanomaterial within economical scale.
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