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Abstract: The unique properties of graphene oxide (GO) have attracted the attention of the research
community and cost-effective routes for its production are studied. The type and percentage of the
oxygen groups that decorate a GO sheet are dependent on the synthesis path, and this path specifies
the carbon content of the sheet. The chemical reduction of GO results in reduced graphene oxide
(rGO) while the removal of the oxygen groups is also achievable with thermal processes (tpGO). This
review article introduces the reader to the carbon allotropes, provides information about graphene
which is the backbone of GO and focuses on GO synthesis and properties. The last part covers some
characterization techniques of GO (XRD, FTIR, AFM, SEM-EDS, N, porosimetry and UV-Vis) with a
view to the fundamental principles of each technique. Some critical aspects arise for GO synthesized
check for and characterized from our group.
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Comprehensive Review. 1.1. Carbon and Allotropes
ChemEngineering 2021,5, 64. Carbon is a chemical element with chemical symbol C, atomic number 6 and atomic
https://doi.org/10.3390/ weight 12.011 u. It is located in group IV A in the periodic table of elements and belongs

chemengineering5030064 to nonmetal. Each carbon atom has four electrons that can be bonded, so its valence is

usually 4. Carbon is one of the few elements found since ancient times. Carbon (ézC ),
one of the most abundant elements in nature, participates in many fundamental systems
and processes, such as DNA formation and photosynthesis [1]. Allotrope refers to a
simple substance composed of the same chemical element but with different structure and
morphology. There are several allotropic forms of carbon, the most common of which
are graphite, diamond and amorphous carbon. There are great differences in physical
properties, including appearance, hardness, conductivity and so on. Carbon has three
isotopes, the }2C and}>C that are stable and the radiocarbon {*C with half-life 5730 years.
Graphenes, diamonds, fullerenes, graphites, quantum dots, nanohorns and nanotubes are
all carbon allotropes. Nowadays, graphene is considered the archetypal structure of all
carbon nanoforms. The graphene materials family also include the graphene flakes, graphene
oxides and many others [2]. Coal is an amorphous, thermodynamically unstable carbon that
is classified as anthracite (90% carbon), lignite (60-70% carbon) and peat (50% carbon).
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1.2. Fullerenes

Fullerenes (Cg), discovered by Professors Kroto, Curl and Smalley in 1985 during
simulations of carbon vapors at red-star atmosphere, are spherical cage-like fused-ring
0D carbon structures of 20 hexagons and 12 pentagons with typical diameter ~0.7 nm.
conditions of the Creative Commons  FOT this discovery, they awarded the Nobel Prize in Chemistry in 1996, while a few years
Attribution (CC BY) license (https://  €arlier, in 1991, fullerene was the Molecule of the Year [3]. The hexagons have three double
creativecommons.org/licenses /by / C\C bonds while the pentagons consist of single bonds. Surprisingly, fullerenes exist both
40/). in nature and interstellar space. Fullerene is the first symmetric nanostructure in carbon
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family and the most symmetrical molecule in the world [4]. Nowadays, there are fullerenes
composed of 32 to 600 carbons. Fullerenes, also called buckyballs, took their name from
the American architect Buckminster Fuller who first envisioned and created such geodesic
domes. Cgps have face centred cubic lattices (FCC) and degrade at temperatures above
1000 °C. Fullerenes are hydrophobic but display low aggregation tendency and require
modification with hydrophilic moieties to become water-soluble [5]. On the other hand,
fullerenes are soluble to organic solvents like chloroform, benzene and toluene. They
act as gas filters and are excellent reinforcing compounds in applications that require
high pressure resistance such as aircrafts and ships. Endohedral fullerenes encapsulate
different species inside the hollow cage relatively easy being applicable to theranostic
and drug carrier systems [6]. In addition, the external surface of the carbon cage can be
functionalized through the C\C double bond cleavage [4,7] allowing fullerenes to cross
the cell membrane and bind with mitochondria [8]. In the same way, fullerenes have
been used for dermatological applications as antioxidant agents to treat acne and hydrate
the skin [9]. Other research fields include hydrogen storage, catalysis, optoelectronics,
electrodes, photosensitizers and organic solar cells; however, their production is still quite
expensive [10]. The main methodologies for fullerenes production are (a) the evaporation
and recondensation of graphite, (b) the combustion of hydrocarbons in sooting flames and
(c) the microwave-induced N, plasma [4].

A recent derivative of fullerene is the corannulene, also known as buckybowl, which
is the smallest curved subunit of fullerene and consists of 20 carbons (CygHjg). While
fullerene forms a stable hexaanion due to its property to stabilize six electrons on its surface
(1 electron per 10 carbons in Cgp), corannulene forms a stable tetraanion and is more
electron rich per carbon atom (1 electron per 5 carbons in Cyj). Development of solar
cells and photocatalysts with corannulene-based materials are studied due to the efficient
energy transfer of these building blocks [11].

Multi-layered fullerenes, also known as carbon nano-onions (CNOs), were discovered
by lijima in 1980. CNOs are polyhedral quasi-spherical graphitic layers with interlayer
distance ~0.335 nm. The number of the carbon atoms to each layer is calculated with
the formula:

Cn =Cgo - 1%, @

where n is the corresponding layer.

Each layer might possess many defects and holes as well as heptagonal rings. The
main synthetic methods of CNOs include (a) thermal annealing of nanodiamonds (NDs),
(b) chemical vapor deposition (CVD), (c) arc-discharge, (d) ion implantation, (e) pyrolysis
and (f) electron-beam irradiation. Depending on the preparation route, the resulting
structures might vary in size (big or small), in shape (spherical or polyhedral), and in core
(dense or hollow). Interestingly, during the thermal annealing of NDs, the CNOs are firstly
transformed into spherical and then into polyhedral onions [12]. Table 1 summarizes the
methods and properties of CNOs.

Table 1. Methods of CNOs synthesis [12].

Method Substrate Condition Size & Shape Yield
Electron- Pristine dense-core
. .. Amorphous carbon soot - spherical CNOs, ca. Low yield
beamirradiation
650 nm
Pristine dense-core
Annealing 800-2100 °C spherical CNOs, High yield
5-10 nm
Arc discharge between High-quality spherical
2 oraphite hollowcore CNOs,
. Amorphous carbon soot srap 15-25 nm Largequantities
Arc-discharge . electrodes, water L -
Ni/ Al catalyst Pristine hollow-core Low yield
5000-6000 K under .
spherical CNOs

water

5-50 nm
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Table 1. Cont.

Method Substrate Condition Size & Shape Yield
Chemical vapour CHy, N . Ni/ Al catalyst, Ni Prlstlr}e hollow-core ..
deposition CHy (60 mL min™") content >60 wt% spherical CNOs, Largequantities

P N, (540 mL min~1) 5-50 nm
Pristine dense-core
carbon into Cu, Ni substrate 600-1000 °C spherical CNOs, Low yield
) ) 15-200 nm
Ion implantation Pristine dense-core
Ag substrate >600 °C spherical CNOs, Low yield
5-100 nm
Ferric nitrate catalyst, Pristine dense-core .
Phenol-formaldehyde 1000 °C CNOs, ca. 40 nm Largequantities
Propane/Oxygen flame .
Pyrolysis Propane (1.8 stoichiometric CNOs with many Low yield
. by-product, 10-25 nm
coefficient), Al
Plastic wastes (polyethylene, CNOs with many Low yield

styrene, ethylene terephthalate)

by-product, 50-70 nm

1.3. Carbon Nanotubes (CNTs)

Carbon Nanotubes (CNTs) were synthesized from lijima just after the fullerenes at
NEC laboratories in 1991. Nowadays, CNTs are synthesized by laser ablation, arc discharge
and chemical vapor deposition [5]. CNTs are cylindrical 1D concentric tubes composed
of hexagonal carbon structures, namely the Russian Doll model. The alternative model is
called Parchment, where a single graphite layer is rolled around itself. Occasionally, the
edges are closed by hemispheric structures like half-fullerenes. CNTs could be Single-,
Double- or Multi- Walled with diameter 0.6-2.0 nm for SWNT and 2-100 nm for MWCNT,
and a few micrometers in length. The length-to-diameter ratio could be up to 10%:1.
The distance between the layers is slightly larger than in graphite (~3.60 A) due to the
curvature. CNTs are usually formed in bundles, while according to their orientation, which
is specified by the chiral vector and its indices (n, m), they behave either as metals or
semi-conductors. A CNT is six times lighter than the corresponding steel and ~100 times
stiffer. The unique strength of CNTs derives from the chemical bonding which is composed
entirely of sp? bonds [13]. CNTs possess unique structural, optoelectronic, mechanical and
physicochemical properties, with a specific surface area up to 3000 m? /g [14]. CNTs are
selective sorbents, and have been used as fillers in polymers and structural materials such
as cements (Where the MWCNTs are more beneficial than SWCNTs), in hydrogen storage,
as sensors and bio-sensors, and in drug delivery having the ability to carry or encapsulate
the drug [15,16]. The background on synthesis, characterization and application of CNTs
proved helpful in graphene research. CNTs are synthesized by catalytic decomposition
of gaseous hydrocarbons and electric arc discharge. The two-step catalytic chemical
vapor deposition method provides the highest aspect ratio and excellent purity. Common
oxidizing agents of CNTs are HNO3, H,O, and KMnOy. Surface modification of CNTs
allows stabile dispersions in polar solvents avoiding the aggregation [17]. CNTs should
not be confused with carbon nanofibers (CNFs), which consist of single or double layer
graphitic planes. CNFs were discovered by Hughes and Chambers in 1889, but their
structure was characterized by Radushkevich and Lukyanovich in 1950s [18]. Bioethics
of CNTs are not yet determined. Experiments have shown that CNTs might leach after
certain cycles, disrupt the metabolic functions of microbes and affect the aquatic life. In
addition, CNTs might be responsible for inducing lung cellular proliferation and pulmonary
inflammation. Broadly speaking, the agglomerated CNTs induce more toxicity than the
well dispersed [13].
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1.4. Graphites

Graphite (3D), widely known from the pencil invention in 1564, named by A. G.
Werner in 1789 from the Greek “to draw /write”, is formed when carbon atoms develop
stacked honeycomb layers [8]. The usual stacking of graphite layers follows the Bernal
model where every third carbon layer is at the same position (settlement 1212 ... ). The
high stability of each layer is owned to the strong C-C covalent bonds, with bond length
~0.142 nm, while the weaker (orders of magnitude) van der Waals interactions in the
c-direction hold the layers in a distance of ~0.335 nm [19]. Each atom is connected in
plane with three others under sp? hybridization at 120° (Figure 1). Graphite is less inert
than diamond but thermodynamically more stable and is used in electrodes, resins, ad-
hesives, pencils and lubricants. It is worth mentioning that graphite conducts electricity
anisotropic, with the in-plane conductivity being ~10* times higher than the perpendic-
ular. Especially, for energy storage applications (such as batteries), graphite electrodes
are widely adopted, due to the fact that the higher graphitization degree leads to lower
charge transfer resistance than conventional carbon materials [20,21]. In addition, graphite
has the characteristics of strong oxidation resistance, good thermal insulation [Advanced
Engineering Materials 16.5 (2014): 494-506] and corrosion resistance [22]. Natural graphite
is classified to vein, flake and amorphous/microcrystalline. Vein graphite is the purest
having carbon content over 90%, but is mined in Sri Lanka only and consists of less than
1% of the global production. China, Korea, Canada, Brazil, Australia and Siberia have
vast amounts of natural flake graphite, which is an inexpensive mineral, and the annual
global production exceeds 10° tons. Mechanical separation and flotation are typically used
to remove heteroatom contamination followed by drying. Flake graphite is supplied in
various mesh size and purity.

Covalent bonds 142 A

Figure 1. Graphite structure and van der Waals interactions between graphite layers [23].

1.5. Graphenes
1.5.1. Graphene Properties

The synthesis of graphene has a sincerely lower cost than the aforementioned carbon-
based nanomaterials. The research community showed increased interest for investigation
and modification of its properties. Graphene is highly tunable offering immense design
capabilities [2]. In the beginning, Peierls and Landau stated that 1D or 2D crystalline
materials cannot sustain their structure when the temperature rise [24,25]; hereafter, in
1947, Wallace first wrote about the structure and the unusual semi-metallic character of
graphene [26], but it was Geim and Novoselov in 2004 who isolated and studied a single
layer of graphite contradicting the view that graphite’s mono-layers are thermodynamically
unstable under ambient conditions [27]. They awarded the Nobel Prize in Physics in 2010
for their work; and, since then, graphene is considered the archetypal nanostructure of all
carbon nanoforms. Other known 2D materials isolated after 2004 are the Boron-Nitride
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(BN) and Molybdenum-disulphide (MoS,), with graphene-based publications being more
than 100,000 till 2015, and the corresponding patents more than 14,000. Horizon 2020 is a
European Union programme funded with 1000 million € aiming to take graphene and other
layered materials from the fundamental science to industrial and societal application [28,29].

Graphene is the thinnest known material, and the charge carriers could be more than
n = 10'2 cm~2 possessing high mobility at low temperature (1t ~ 2 x 10° cm?V~1s71). It
is worth mentioning that the mobility to silicon is ~800 cm?V~1s~! at room temperature.
Graphene can be viewed as solid or a macromolecule with molecular weights (MW) more
than 107 g/mol. It has high thermal conductivity (K ~ 5 x 10> Wm'K~!) and low
anisotropic thermal expansion coefficient, high optical transparency (~97.7%) and low
reflectiveness (<0.1%), large surface area (~2630 m?/g), superb mechanical properties
(E =~ 1 TPa) including flexibility up to 30%, high electrical conductivity (~20,000 S/cm),
high stability in air atmosphere up to 400 °C, and acts as a gas barrier [8,28,30,31]. All of
these properties, which refer to an ideal single-layer graphene, make it attractive for a vast
number of applications, including field effect transistors, sensors, electrodes, batteries and
capacitors, composites, solar cells, hydrogen storage, displays, spintronics, drug delivery,
desalination and water treatment and others [29,32-34]. Graphene has the potential to
outclass the other carbon nanomaterials in many markets. It should be noticed that
graphene monolayers are stabilized on support surfaces; otherwise, partial restacking and
graphite-like structures will be formed [35].

Though, in real life, graphene layers are wavy and depend on the synthesis route, they
possess defects, vacancies and impurities which unbrace the properties. These waves could
seize up to 100A in length and 5A in height and result from the C-C bond deformations.
These deformations are responsible for the negative thermal expansion coefficient-graphene
contracts when heated and expands when cooled (like water). Nevertheless, the repetitive
wavy morphology imports energy gap at Fermi level which is necessary for electronic
applications. Adsorption of molecules such as H,, OH and H,O introduce wavy structure.
It has been reported that hydroxyls expand the neighboring bonds about 10%. Graphene
reconstructs the defected network when exposed to carbonaceous molecules, such as
carbohydrates, as well as when bombed with carbon atoms. In addition, the graphene
edges present zig-zag or arm-chair arrangement.

A special feature of carbon is its hybridization degrees. Each atom has six electrons
that residence the 1s, 2s and 2p orbits. The four valence electrons which allocate the 2s and
2px, 2py and 2p; orbits develop the covalent bonds in carbonaceous materials. Since the
energy difference between the 2p and 2s zones is minor of the required energy for chemical
bonds, the orbits are mixed forming hybrids of lower energy. The mixture of an s orbit
withn =1, 2 or 3 p orbits is called sp™ hybridization. Graphene presents sp? hybridization
in plane, where the s, px and py orbits are combined forming three o orbits; and the
interaction of these o orbits between neighboring carbons result in covalent o bonds which
are responsible for the supreme mechanical properties [36]. The p, orbit is transversely
positioned, and cannot interact with the o orbits when the plane is flat, but interacts with
the neighboring p,. The result of the p, interactions are the 7 and 7* state bands which
are responsible for the graphene’s electrical properties. The electron delocalization over
the layer (formation of an electron cloud due to the p interactions) blocks the passage
through the aromatic rings even to small molecules such as H; (dp2 = 0.314 nm) and He
(dHe = 0.28 nm) for pressures up to 5 atm.

Graphene’s structure is described as an infinite hexagonal network. The unit cell
covers an area of ~0.052 nm? and consists of two non-equivalent atoms (forming bipartite
lattice) with distance acc = 1.42A, which is the mean value of a single (C-C) and a double
(C=C) covalent bond [1]. The primitive lattice vectors are defined as:

Zl = (3‘5“, accg) and 22 = (3’3“, —accg) forming 60° angle where ‘Zl' = ‘;2’ =2.46A,

and the reciprocal-lattice vectors are defined as:
— —
bq= 3277;(1, V3)and b, = %(1, —+/3) forming 120° angle.
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—
The reciprocal-lattice vectors contribute to Brillouin zone definition, where G19 and

801 correspond to Zl and Zz, respectively. If I'(0,0) is the origin, the points K, K" and
M specity the boundaries of Brillouin zone and exhibit high symmetry, while the energy
dispersion at K and K’ points is responsible for the super-conductive properties of graphene
as the conduction and valence bands cross at the Fermi level. The coordinates of K;
and M; are:

Ki= (3%, 5.7575) and M= (5, 0).

There are 8 energy zones of graphene, four valence and four conductive bands, where
the 7t and 7* result from the 7w band while the other 6 (¢ and ¢*) from the o bands. The
unit cell consists of two carbon atoms; thus, the eight valence electrons are allocated to
the four bands with the lower energy. The energy gap between o and o* bands block the
electron transition, but the 7t band isotropic energy dispersion at the high symmetry points
(K) allow the m—m* transition. The electron speed near K points reach the 1/300 of the
light, about 10° m/s. According to the tight-binding Hamiltonian model for electrons, which
neglects interactions between atoms far from each other, the required transition energy to the
first neighbors is t~2.7 eV, while to the second neighbors is estimated to be 0.02t < t' < 0.2t.

1.5.2. Graphene Synthesis

Graphene synthesis is a demanding process, especially when a large area is desir-
able, involving either bottom-up (from atoms to nano) or top-down (from bulk to nano)
methodologies [8,19]. The bottom-up methodologies include growth on SiC and on metals
by precipitation, molecular beam epitaxy and chemical vapor deposition. The top-down
methodologies include dry and/or liquid-phase exfoliation, unzipping of nanotubes and
chemical exfoliation (Figure 2).

Mechanical exfoliation

graphene oxide Synthesis on SiC

Reduction of Ye/‘(

Bottom-up
synthesis

Liquid-phase
exfoliation

0 = None or N/A

1= Low
Chemical vapour 2 = Average
deposition 3 = High

Figure 2. Graphene’s common production methods in a scale of 0-3. G refers to quality, S to scalability,
P to purity, Y to yield of each route, and C to production cost (low value < high cost).

Epitaxial growth by chemical vapor deposition (CVD) is perhaps the most known
bottom-up methodology, while the oxidation of graphite followed by oxygen reduction and
exfoliation is representative of the top-down methodologies. The Scotch-tape method, used
by Geim and Novoselov, isolate the graphene layers mechanically. Mechanical cleavage is
simple and reliable, as the attractive van der Waals forces are weak, producing graphene
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crystals of ultra high quality, but it is hard to control the layers” quantity and dimensions.
The tape’s residue is another major obstacle, and it seems impossible to scale-up the process.

The CVD method (plasma-enhanced, thermal, hot/cold wall and other) is used for
the synthesis of single or few-layered graphene [37]. Although the synthesis of graphite
through heterogeneous catalysis onto transition metals was already known [38,39], the
first graphene synthesis by CVD was performed by Somani who used camphor and
nickel substrate in 2006 [40]. Since then, the technical improvements were many and
nowadays the efforts are focused on the controllable reproduction of n-layered graphene
(n = integer) without impurities and defects. The whole process take place in five broad
steps: (a) pre-heat of substrate and precursors, (b) annealing of the substrate without subli-
mation, (c) insertion of gases/precursors and formation of graphene layer(s), (d) gradual
cooling and (e) insertion of inert gases to withdraw the by-products [41].

CVD s a poly-parametric process involving the carbon source, the type of the substrate,
the auxiliary gases and the dynamic temperature-pressure relationships [31]. Hydrogen
is used for the substrate’s annealing and as a precursor under the proper ratio with the
carbon source. The carbon source is a gaseous carbohydrate (CxHy), usually methane (CHy)
or ethylene (CoHy) or acetylene (C,Hj), but also liquid precursors have been used (pentane
and hexane); and the required energy for dehydrogenation (<1200 °C) depends on the
carbohydrate’s bonds. This energy reduces when the metallic substrate acts as catalyst,
i.e., nickel and copper which are the common substrates. The graphene properties, like
morphology and layers, result from the type of the substrate and the sequential degree of
carbon diffusion. For example, carbon cannot diffuse into the copper; therefore, a graphene
mono-layer is formed to the substrate’s surface. On the other hand, carbon diffuses into
the nickel and the formation of multi-layered graphene takes place during the cooling-step
through precipitation (Figure 3). The total and partial pressure of the reactants is also a
determinant. High vacuum is necessary during annealing (10~4-10~° Torr) to remove any
impurities and reduce the roughness, but low pressures (0.1-1 Torr) are suggested during
the graphene formation. Similarly, high temperatures smooth the substrate during the
annealing and favor the C-H bond break but should not exceed the surface sublime point
during the graphene synthesis. The cooling rate regulates the layers formation and inhibits
the substrate’s oxidation and graphene’s doping.

Furnace

4 F
Exhaust \ Gas Stream GasC:‘d:o(x

H
Growth Substrate

Furnace

Figure 3. Thermal CVD growth of graphene [44].

Concluding this poly-parametric description, the successful formation of single-layer
graphene is followed by the graphene transfer onto a desirable substrate without any
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copper/nickel residues or defects. The liquid-phase transfer involves spin-coating of a
polymer, such as PMMA, onto the graphene and etching of the catalyst into a solution, such
as ammonium persulfate and acetic acid. This route is time consuming, the metallic traces
pollute the environment, and the catalyst is not reusable. The solid-phase transfer involves
polymers with low surface tension, such as PDMS and PVA, and graphene detachment
and deposition through roll-to-roll (RTR) techniques [42]. Bae et al. have attempted the
production of a 30" 'graphene film and nowadays large single-layered graphenes are synthe-
sized to pioneer laboratories [43]. Nowadays, more than 200,000 m? of CVD graphene film
are produced annually.

2. Graphene Oxide (GO)
2.1. GO Synthesis

The common top-down methodology for graphene production is accomplished with
the oxidation of graphite, and then its exfoliation and reduction. The chemical introduction
of oxygen groups to graphite results in an expanded interlayer distance and subsequently
the chemical or thermal reduction (and exfoliation) to graphene. The produced graphene
is actually a reduced graphene oxide (rGO) due to plenty of defects and oxygen residues
and is debatable if it can be classified as graphene. It is worth mentioning that chemically
reduced GO has structural differences from the thermally processed GO. In addition, trace
levels of impurities from the natural graphite (Fe, Co, Ni) might dominate the catalytic
properties and influence the oxygen reduction process.

Chemists, physicists and materials scientists have been extensively studied GO over
the last decade. Each carbon grid is decorated on both sites with covalently attached
hydroxyl, epoxy, carboxyl and carbonyl groups, which make it negatively charged and
dispersible to several organic solutions. Monodisperse compounds are not feasible since
the sp> carbons are chiral centres. GO is highly dispersible in polar liquids, such as
water, ethanol, acetone and acetic acid, and this property facilitates its use in downstream
applications [45]. The hydroxyl and epoxy groups decorate the basal plane with a typical
ratio of 2:1, while the carboxyl and carbonyl groups, which often dominate the whole GO
chemistry, are located to the edges of the flakes and to defect sites. Modification of GO
can be done through all these functional groups while its mass production (tones per year)
makes it attractive for industrial application.

The first oxidation of graphite was reported by Brodie in Annales de Chimie in
1855 [46]. However, it was Schafhdeutl who first performed intercalation of graphite
in 1840 [47]. Staudenmaier presented a less tricky and dangerous methodology for GO
formation in 1898 [48], but it was Hummers and Offeman in 1958 who synthesized GO in
such a way that adopted by the community and is widely used nowadays (Figure 4) [49].
Actually, the term Charpy-Hummers model would be more accurate as Charpy reported
a similar methodology 50 years earlier [50]. The advantages and drawbacks of the three
strategies were analyzed by Boehm and Scholz who concluded that the higher O/C ratio is
feasible with the Hummers method (carbon content ~47%) [51]. They also showed that the
deflagration point of GOpHymmers is lower than the GOsiaudenmaier aNd GOpyogdie- A general
rule defines that impurities result in a lower deflagration point. The first thermogravimetric
analysis (TGA) was performed by Matuyama in 1954 [52].
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1859
Brodie Staudemnau:r
method
| Graphite +KCI0, | |
Oxidation Ice bath +B,SO.
for3-4days | TENO, a0°C +HNO,
At 60°C (fuming) (fuming)
St e Oxdstionsor | e,
4cydes of 3-ddaysat | (ooniyar
oxidation +HO — 0°C)
process temp erarure
Gemobite omid
(free of salt and acxd) +H,0
+HC1
o | Exfoliation m——n305)
100C Graphite oxide
GO ] (free of zalt and acad)
Vacuum _
dried Exfoliation
| GO

Figure 4. Synthesis routes of GO [53].

The researchers have modified the primary oxidation methods in order to improve the
yielded GO (oxidation degree) and/or to speed up the process. A popular modification of
Hummers method developed by Marcano et al. requires H,SO4, KMnO,, H,O and Hy,O,
for GO formation, where sulfuric acid is the concentrated acidic medium that intercalates
the graphite and expands it up to 300 times, and potassium permanganate, which is stronger
than potassium chlorate, is the oxidant (as Mn,O7 and/or MnO3*) [54]. Generally, there
are four combinations of reactants, KC1O3;/HNO3, KClO3/H;S04, KMnOy4/H,S0,4 and the
more recent KyFeO4/HCIO,, which might be supported by others such as phosphoric acid.
Graphite is oxidized in water-free conditions and then is exposed to water and hydrogen
peroxide to terminate the process. Manganese heptoxide is dangerous as it explodes at
temperatures above 90 °C, and is formed through the following reaction:

2MnO,~ + 2H* — MnyO; + H,O )

HMnO,, Mn?*, H*, SO42~, and K* are the byproducts from quenching. The removal
of ions requires washes with ~1:10 HCl aqueous solution. In a typical GO, the sp? carbon
atoms are more than the sp? hybridized. When the carbon content is below 55%, which
corresponds to a C/O ratio below 2.5, it is indicative of graphite’s over-oxidation, which is
a process that might degrade/rupture the carbon framework liberating CO,. Care should
be taken during the GO drying. The presence of potassium ions (if any) increases the
flammability, while vacuum freeze-drying seems to be the most suitable technique for the
solvent water removal. However, freeze-drying might enhance GO partial restacking and
spray-drying is an alternative. Unavoidably, all solid/powder GO samples contain more
or less intercalated water [35,55,56]

The exact chemical structure of GO cannot be specified due to the irregular density
of the defects and the oxygen groups. Various models have been proposed since 1930
(Thiele) [57] and several authors have classified GO to amorphous materials, but the model
proposed by Lerf-Klinowski (1998) is widely acceptable (Figure 5) [58]. They describe GO
as a 2-domain layer where graphene areas are randomly distributed to the oxidized plane.
The oxidized plane is heavily decorated with hydroxyl and epoxy groups, while carboxyls
and carbonyls terminate the edges and the defects/holes. The popularity of this model was
raised by the confirmation of the 2-domain layer, with the assistance of nuclear magnetic
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resonance (NMR) spectroscopy; and indeed the graphene areas are like isolated islands
onto the oxidized plane which constitutes more than 70% of the flake. GO is considered
as a non-stoichiometric metastable carbon compound with more than 2-3% defects that
liberates CO; at temperatures as low as 45 °C [59]. Moreover, variations in oxidation degree
might present to the flakes of the same batch and the size of the sp> domains increases
with time [34,55].

LERF-KLINOWSKI

NAKAJIMA-MATSUO HOFMANN RUESS SCHOLZ-BOEHM
O OHO

Oge OH 00 OH

OH 0© 0© OH 0©

Figure 5. The proposed structural models of GO [60].

The resulted acidity of GO solutions is better interpreted by the Dimiev-Tour (DT)
structural model, where diols are formed after the reaction of MnO,~ with the peripheral
isolated double bonds of carbon atoms, and the subsequent breaking of C-C bonds results
in ketones formation. GO solutions have typical pH from 2.0 to 4.5 (often described as
Lewis acid), but, when the flakes are separated from the solution, the pH turns neutral [45].
Thus, the hydronium cations are strictly associated with GO and cannot diffuse to the
water. On the other hand, acidity can be induced after the partial degradation of the
o-framework. Typically, GO contains one acidic site every 6-8 carbon atoms and the
carboxyls in LK model cannot support such a high acidity. On the other hand, phenols
(ketones and enols) are functional groups that present acidic character and are formed
from the decomposition of the tertiary alcohols after the nucleophilic attack by water
molecules. Further transformation of enols to other groups, probably to ketons, is possible
when GO is dried. The divalent nature of oxygen and the formation of carbonyls are
responsible for the C-C cleavage and the generation of holes. The removal of one carbon
atom from the basal plane results in three new edge atoms; thus, the removal of two or
more neighboring carbon atoms generate space for the formation of in-plane carboxyls
and other functional groups. On the other hand, if a carboxylic acid is formed into a
small vacancy, the neighboring carbons may become sterically hindered; therefore, the
carboxylic acids are plausibly located to the flake edges. A thorough understanding of
both the chemical structure and the mechanism of GO formation is critical for developing
functionalization protocols and low-cost products with targeted properties. For example,
the oxidants/chemical compounds are known in the Hummers method, but the actual
oxidizing agents/species that interact with the graphite are not. Furthermore, it is known
that the rate-determining step in GO formation is the diffusion of the oxidant, but the reason
that graphitic domains survive from the oxidizing agent remains unanswered. On the other
hand, it is known that epoxides, which are the first-formed functional groups on graphite,
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convert to organic sulfate and then, after the reaction with water, they further convert
to tertiary alcohols, but the over-oxidation might rearrange the grid with pentagons and
other structures. Classical organic chemistry reactions occur differently with GO functional
groups since their proximity promotes their conjugation and cross-self-protection [55].

2.2. GO Properties

GO behave like an insulator with sheet resistance Ry ~10'?> Q/sq due to defects and
oxygen groups that isolate the sp? areas, but a reduced GO (rGO) could present 3-9 times
higher conductivity due to the decreased amount of oxygen groups and the restoration
of the honeycomb network. Conductivity of 1314 S/cm and C/O ratio of 246:1 has been
reported for rGO, while 5% of oxygen presence reduces the thermal conductivity ~90%. A
theoretical specific surface area of ~890 m?/g has been calculated for GO and a Young’s
modulus of ~250 GPa. The typical thermal conductivity of GO is around 3 W/m-K and the
C/O ratio from 2:1 to 3:1, while that of rGO from 4:1 to 12:1 [61-63]. Paradoxically, surface
areas of ~3000 m?/g have been reported for rGOs treated with KOH and microwave-
exfoliation as a result of heptagon and octagon patches to the network [55].

GO has superb photoluminescence properties, making it excellent for bio-sensing
and photoelectronics. GO is used in fluorescence imaging, both in vitro and in vivo, due
to its ability to photoluminescence in the near infrared (NIR) in combination with the
natural transparency of biological tissues in that spectral region. It can also be used
in composites, sorption materials, drug/gene delivery and energy storage. Hybrid GO
fibers find application in supercapacitors, aerogels, stretchable conductors, biomarkers and
functional fabrics [36,62,64-66]. GO thin films can be easily produced either by filtration or
drop casting, and form membranes which present high permeability to water molecules
and impermeability to other molecules and even atoms such as nitrogen and oxygen. Tuned
GO with a bandgap range from 1.7 to 2.1 eV has been used in field-effect transistors (FET)
utilizing its p-type semiconducting behavior [55].

The optical properties of GO, including absorbance and photoluminescence, are
alterable through its bandgap modification. Electronic transitions in GO are revealed
in the range of ultraviolet to visible. The two characteristic absorptions in GO occur at
~230 nm and ~300 nm, where the former results from the t—7t* transitions in the aromatic
C=C bonds and the latter, which is less energetic, from the n—m* transitions in the C=0O
bonds [56]. The p orbitals could be in-phase or out-of-phase allowing combined transitions
between the low-energy 7 orbital and the high-energy n* (Figure 6). In the case of rGO,
the absorption from n—7* transitions exhibits decreased intensity followed by spectrum
broadening due to the less carbonyls, and increased absorption in the visible appears. If
the GO reduction leads to restoration of the sp? network, then the intensity of the C=C
peak appears increased.

Photoluminescence is the excitation/emission process over a certain bandgap of the
functionalized graphene. An electron absorbing an incoming photon and jumping to higher
orbital leaves behind a positively charged hole. This electron-hole pair is called an exciton.
Intrinsically, the electron is transferred to the LUMO (lowest unoccupied molecular orbital)
and the hole to the HOMO (highest occupied molecular orbital). After a short time period,
the exciton reunites and a photon with lower energy than the incoming is emitted. The
ratio of the absorbed to emitted photon is called fluorescence quantum yield. The reported
quantum yields for GO are between 0.02-0.5%. The fluorescence lifetimes in GO last from
picoseconds (for the red emission) to nanoseconds (for the blue emission). In general terms,
the m—7t* gaps are on the order of 0.3-4.0 eV [55].

GO is highly permeable to cell membranes and shows low toxicity both in vivo and in
cellular assays. However, GO cytotoxicity measurements are not reliable for MTT-based
assays. Its negative charge, due to the many oxygen functionalities, and the low-molecular-
weight impurities, residuals from the synthesis/purification, induce toxicity, but this factor
is quite controllable through modification with polymers, dendrimers, etc. Interestingly;,
GO shows moderate cytotoxicity at low concentrations (<10 ug/mL), but, at higher doses,
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the toxicity depends on its size, charge and aggregation state. Moreover, the biological
fluids have an impact on GO toxicity as their proteins interact/bind with GO and modulate
its properties. The latter is a crucial parameter in GO-based targeted therapy, such as
cancer therapy, where specific drugs, proteins and nucleic acids are loaded on the basal
plane. GO shows high permeability and retention effect (EPR effect) in various cancer
cell tumors, while its property to absorb light in the NIR range heats up the system and
causes the cell death through hyperthermia [8]. Although hemoglobin and water of the
healthy neighboring tissues can absorb in NIR, when the radiation is between 700-980 nm
(first biological window) as well as 1000-1400 nm (second biological window), the light
triggers/heats the GO platform only. Such light can travel several centimeters from the
skin to human tissue, while optical fibers are used for deeper located tumors. It has been
reported that highly efficiently nano-GOs (less than 300 nm in size) absorb at 808 and
1200 nm. Moreover, GO can be functionalized with folic acid (FA) which acts as ligand
which binds to cancer cells that over-express the FA receptor. This non-invasive targeted
therapy, namely photothermal therapy (PTT), is highly attractive nowadays as it reduces
the side effects of chemotherapy, while, when these two therapies are combined, they
exhibit synergistic effects [55].
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Figure 6. The in-phase and out-of-phase carbon p orbitals (A,B), the energy diagram and transitions
between n, 7t and m* orbitals (C), and a typical UV-Vis absorption spectrum of GO (D) [55].

Synthesis of GO membranes is a recent trend that applies to gas-selective perme-
ability and to water purification [64,67]. So far, the membranes were based to polymeric
compounds due to the ease of formation and modulation, low-cost and mass production.
However, the lack of tradeoff between permeability-selectivity leads to the production
of novel, hybrid or not, membranes where both parameters show high-high statistics.
In general terms, the flux of a membrane is inversely proportional to its thickness; thus,
monolayer graphene-based membranes have emerged as a hot spot. An intact single layer
graphene is impermeable to gases and ions due to its high electron density and efforts to
generate ordered sub-nanometer pores by ion-beam irradiation are on the go. On the other
hand, an engineered GO with high purity, orientated porosity and specific pore width
constitutes a good candidate for membrane material [55].
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The first report of water-permeable GO membrane was published by Boehm et al. in
1961 [68], and a nanometer-thick film was synthesized by Japanese scientists 30 years later.
An anhydrous GO membrane with thickness ~500 nm that was synthesized by Geim’s
group in 2012 showed fast permeation of water molecules but complete impermeability to
other liquids and gases [69]. The water permeability was interpreted by the hydrophilic
nature of GO and the subsequent interlayer opening. The unorganized dispersion of the
functional groups on the GO layers affects the diffusion of the molecules and ions, while
the irregular presence of defects (~2%) generates geometrical pathways different from the
conventional/simplified slit-cylindrical-spherical as well as steric hindrances. Nowadays,
it is well known that the transport properties are also affected by the GO size and stacking
manner, the degree of oxidation, and the amount of the intercalated water. Generally, the
gas permeability follows the kinetic diameter (He > Hy > CO; > Oy > N > CHy). A very
important parameter for gas diffusion is the feed to permeation pressure ratio, which must
be higher than the potential resistance inside the GO pores [55].

Regarding the water transportation in GO membranes, the oxygen groups in the
hydrophilic domains interact with the water molecules strongly and impede their momen-
tum, while the hydrophobic sp? patches accelerate them. The water flux has a pressure-
dependent character but not a linear one. The water molecules are actually trapped between
the GO layers and form water-pockets under an applied pressure. As the pressure increases,
the shape of the pockets converts from round to flattened rectangle and the cross-sectional
area increases allowing higher permeation, whilst the further pressure increment results in
round ripples and shrinkage of the path. Consequently, the rejection rate is increased due to
the reduced cross-sectional area. After the pressure release, the compressed nano-channels
retrieve their original state as the stored strain energy surpasses the van der Waals forces
around the provisional contact region.

2.3. GO Composites

Broadly speaking, polymers are lightweight, chemically resistant, and easy to manu-
facture materials with molecularly tunable and controllable properties. Their combination
with other materials is the centre of attention for chemists and materials scientists, who
aim to develop hybrids that preserve the advantages of the matrices. The main purpose of
using GO to such composites is to increase the mechanical properties, but its hydrophilic
nature makes it incompatible with organic polymers. Thus, the surface functionalization
of GO is a generic feature, with aliphatic amines being top-candidates for tailoring its
properties. On the other hand, the oxygen groups, especially the carboxyls, charge the
GO thin films negatively, and layer-by-layer composites can be formed via electrostatic
interactions with positively charged polymeric substrates [55].

Polymers could be soft, elastic, hard and/or brittle. The core principle of a GO
reinforced matrix is the load transfer from the polymeric phase to the filler. Ideally, the final
composite should be reproducible and its final properties easily predictable. For instance,
it is well known that, when a polymer with Young’s modulus ~5 GPa is well-mixed
with 10 vol% graphene (~1 TPa), the expected composite’s modulus will be ~100 GPa.
However, hybridizing a polymer with nano-particles should be economical and GO is a
cost-effective alternative to graphene and CNTs. Moreover, the optimum loading of GO
that maximizes the toughness and stiffness is usually very low, from tenths of 1% to 5%.
Care should be taken to avoid the filler agglomeration, which results in reduced toughness
and degradation. Similarly, the weak interfacial energy results in fracture propagation
from the filler into the matrix. The rich GO chemistry toward functionalization is also
advantageous over other nano-particles. Continuum mechanics and molecular dynamics
are employed to predict the behaviour of graphene-based composites [55].

GO, as reported by Hofmann and his colleagues in 1962 [70], can also induce conduc-
tive properties to polymers upon chemical or thermal reduction. In general terms, GO
should be perfectly dispersed when reinforcing matrices, while a lower homogeneity with
interconnected network is more beneficial for electrical applications. GO itself presents
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low conductivity (6go ~ 1072 S/m), thus reduction and doping are commonly applied to
enhance its electrical properties. Furthermore, the type of the matrix and the subsequent
filler-matrix interactions are crucial parameters of the composite’s electrical properties.
Ideally, parallel assembly of the filler provides anisotropic conductivity (one direction),
enhances the filler’s efficiency, and improves the composite’s total conductivity. It is worth
mentioning that, when conductive particles are in a vicinity of less than 10 nm, the elec-
trons hop, and these contact points/bridges, especially if they form series, decrease the
conductivity. Thus, if conductivity enhancement is the only demand, a single graphene
wire along the polymeric matrix is enough.

The three common routes to synthesize conductive graphene-based composites are:
the latex-blending, the polymer-blending, and the aero-blending. The first method involves
micro-latex rigid particles dispersed into GO (or rGO) solution where the two phases
become one after drying and pressing. The second route, which is perhaps the most
intellective, requires two immiscible polymers that form a co-continuous phase where the
graphenic sheets are self-deposited to the interface. The third way involves a 3D graphene
network produced by CVD using nickel substrate or with freeze-drying in the case of GO,
and then the incorporation of the elastomer. The graphene loading could be less than
0.5 wt% while the resulting conductivity could reach 1000 S/m [71].

Several strategies have been developed for composite preparation aiming at the ho-
mogenous graphene dispersion into the polymeric matrix. Otherwise, the mechanical
reinforcement will be inadequate and a product of low quality. The necessity for fine
dispersion and exfoliation dates back to 1915 when Aylsworth used expanded graphite
to synthesize polymeric-graphite composites. He faced difficulties due to graphite’s high
surface energy and inert nature. The two key points for fine dispersion are the aspect
ratio of the filler and the nature of the interface between the graphene and the matrix.
The solution compounding is a facile and fast technique where the graphene suspension
is mixed with a solid or dissolved polymer. Simple or shear mixing and ultrasonica-
tion are used to homogenize the suspension and then molding for the solvents’ removal.
Filler agglomeration, as a result of the van der Waals interactions and its high specific
surface area, should be carefully avoided due to the induction of failure points. The in
situ polymerization technique describes the mixture of solid graphene with monomers or
pre-polymers followed by polymerization. The filler grafts on the polymer, which could
be functionalized to enhance the components compatibility. Increased viscosity during
polymerization might limit the loading fraction. In addition, the reduction of graphene
oxide is possible during the polymerization. The melt mixing is a fast, simple and inexpen-
sive methodology implemented by industries to produce graphene-based thermoplastic
nanocomposites. The polymer melts at elevated temperatures and is mixed with powdered
graphene into extruders. Although this technique results in poorer dispersion than the
aforementioned, it has the potential to induce adequate properties to the composite as
well as to scale-up. In conclusion, the layer-by-layer assembly allows for novel functional
composites which could be applied to Li-ion batteries, field-effect transistors, superca-
pacitors and others. In this versatile technique, various nanomaterials are combined to
produce multilayer films of specific thickness and hierarchical architecture. This technique
is poly-parametric involving pH, temperature, ionic strength, hydrogen and/or covalent
bonding and chemistry interactions [35,55].

Micromechanical studies are developed to predict the behaviour of graphene compos-
ite materials. Small amounts of the high-modulus graphene can reinforce the low-modulus
polymeric matrix significantly, and a typical evaluation method is based on the acquisition
of stress-strain curves from tensile tests. The parameters that affect the composite properties
are the filler dispersion into the matrix and their interactions, its synthesis method and the
orientation. Strong bonding of filler and matrix results in efficient stress transfer. Occasion-
ally, graphene oxide is preferred over graphene platelets due to the presence of functional
groups which promote the filler-matrix interactions. Interestingly, graphenes exhibit higher
modulus when the matrices possess high Young’s modulus (Figure 7). Further studies
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in such behaviours/plots may reveal the reinforcement mechanisms of graphene-based
composites. A recent trend is the application of hybrid fillers that consist of graphene and
inorganic materials, which aim to utilize the additive or synergistic effect as well as to
reduce the product’s final cost [35].
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Figure 7. Graphene Young’s modulus as a function of the matrix modulus [35].

2.4. Reduced Graphene Oxide (rGO)

Reduction is the GO reaction that has the most obvious signs as the solution color
turns from yellowish to black due to the restoration of the sp? network [61]. However, the
complete restoration is impossible due to the residual defects from GO synthesis, where
the holes are generated from the liberation of carbon dioxide and the successive water
washings [59]. On the other hand, the oxygen groups can be reduced more or less effec-
tively [72-74]. Tertiary alcohols and epoxides are cleaved quite easily, but the functionalities
at defect points, such as carbonyls, show higher resistance. The chemical reduction of GO
is not a recent trend as the first attempt was made by Kohlschtitter and Haenni in 1919 [75],
and the popular hydrogen sulphide-reduced GO by Hofmann and Frenzel was published
in 1934 [76]. Nowadays, sodium borohydride and the combination of hydrogen iodide
with acetic acid are used for reducing GO. Interestingly, solvothermal deoxygenation of
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GO occurs in strong bases’ solutions of NaOH and KOH in mild temperatures (<100 °C).
Moreover, sodium hydroxide can also cleave the organosulfate groups of GO. Other popu-
lar methods include hydrazine as well as green reductants such as ascorbic acid, alanine
and glucose (Figure 6). Evaluation of rGO involves its electrical conductivity (o) and the
C/O ratio. Generally, if the lattice is not damaged, a C/O ratio around 10 is indicative of
good electrical conductivity [30]. Elemental analysis is less accurate as it tends to show
higher oxygen content than the real one. Thus, X-ray photoelectron spectroscopy (XPS) is
suggested. On the other hand, conductivity of rGO, which is commonly evaluated with
four-point-probe measurements, provides higher accuracy, but the experimental process
is trickier, mainly due to the film thickness (d) and the substrate that is deposited. An
alternative expression of conductivity is resistivity which is expressed as Rs =1/ 0-d (€2/5sq).

In general terms, the chemical reduction alone is not enough for production of highly
conductive rGO. Increased conductivity is obtainable (200-300 S/cm) with reconstruction
of the network by annealing at elevated temperatures around 900 °C. However, annealing
without chemical reduction generates many defects on the grid due to the liberation of
carbon monoxides and dioxides. Such type of rGO is ideal in electrode-form for supercapac-
itors and batteries due to the increased porosity, which allows easy cross-plane diffusion of
ions and the large surface area [62,77,78]. The main reduction of functional groups occurs
between 160-300 °C, while the carbonyls are cleaved at temperatures above 500 °C. Recon-
struction of the network takes place at above 700 °C, and temperatures more than 900 °C
are required for less than 1% oxygen content. However, complete elimination of hydroxyl
and epoxide groups is achievable even at 100 °C in vacuum. The most conductive rGO has
been prepared through photoreduction, while, among the chemical reduction methods,
rGO prepared with HI/ AcOH exhibits the best electrical properties [79,80]. The most con-
ductive tpGO has been synthesized by Yang et al. and Wang et al. [81,82]. Broadly speaking,
rGO samples with a C/O ratio of up to 5 retain their swelling properties in water. In addition,
when the porosity increases to the scale of macro-porosity, the surface area diminishes [55,83].

The thickness of a typical rGO monolayer varies between the thickness of a graphene
(0.5-0.6A) and a GO monolayer (0.8-1.2A) (Figure 8) [84]. Typically, an increase in rGO
thickness leads to higher conductivity and lower transparency, and, with the suitable
tradeoff, the rGO films have the potential to decrease the cost in many products such
as liquid crystal displays (LCDs), touch panels, organic light emitting diodes (OLEDs),
and even replace the expensive indium tin oxide (ITO) in solar cell panels. Indium is
a rare element, while ITO-based electrodes are brittle, incompatible with strong acids,
and unstable at high temperatures. An extra advantage of graphene-based electrodes in
photovoltaic systems that results in higher efficiency is the increased electron collection
through their ability to absorb in a wider spectrum [35,55].
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Figure 8. Synthesis of rGO from pristine graphite [84].
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3. Characterization Techniques
3.1. X-ray Diffraction (XRD)

X-rays, discovered by Roentgen in 1895, are a form of electromagnetic radiation with
wavelengths less than 3A. X-rays are highly energetic ionizing radiation produced by
the scattered electrons that are impinged on the matter, and their diffraction is a tool for
investigating the atomic structure of the specimen [85]. Interference patterns are produced
when a monochromatic X-ray hits the sample’s crystal lattice. The use of monochromatic
radiation is preferred due to the high intensity and the ideal generation of characteristic
lines. The characteristic radiation, termed K«, results from the replacement of K shell
electrons by L shell electrons to the metal target. The most commonly used target is
copper and the produced CuK« radiation has wavelength A = 1.54A. Alternative metallic
targets/radiations are the CrKa with A = 2.28A, FeKo with A = 1.94A, and MoK« with
A = 0.71A. X-ray diffraction occurs when the radiation is scattered by the atoms of the
specimen which reemit X-rays of the same wavelength as the incident radiation. The
scattered X-rays could be in-phase with the sample’s atomic spacings or out of phase. The
in-phase X-rays interfere constructively and emerge from the crystal as intense/diffracted
beams. The collimators and the receiving slit reduce the noise and the spread of the
beam, and increase the resolution by reducing the unwanted radiation, such as K3 by
M shell electrons. Subtraction of the parasitic background caused by factors, such as the
apparatus, the thermal agitation of the atoms and the air, is necessary [86]. Crystallinity is
quantified by measuring the diffraction of the X-rays from the planes of the atoms within
the specimen. The diffractogram presents the relative intensity of the diffracted X-rays as a
function of the scanning angle 26, which is the actual angular deviation from the incident
beam. Diffraction occurs from planes in those crystallites that are coplanar with the focal
plane and fulfill the Bragg condition (Equation (3)). Crystalline substances present discrete
characteristic peaks in their diffraction patterns:

n-A =2d-sind 3)

where n is an integer, A is the radiation wavelength, d is the distance between a given set of
planes in the atomic lattice of the sample, and 0 is the diffraction angle in degrees. Thus,
for a given wavelength of radiation and constant interlayer distance, the diffraction will
occur at a unique angle. The dominant peak of graphite is located at 20 ~ 26° while that
of GO at 20 ~ 10°. Occasionally, depending on the synthesis route, a secondary peak at
20 =~ 43° is visible [87-91].

3.2. Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS)

The morphology of a large specimen can be quickly scanned/visualized by electron
microscopy, thus SEM is broadly used in daily routine analysis [34]. A tungsten filament
(cathode) emits thermionic electrons which are accelerated across a potential difference
(1.0-30.0 kV) towards the anode. The beam is aligned to the sample through condenser
and objective electromagnetic lenses under vacuum (<1072 Pa). Secondary and back-
scattered electrons as well as Auger electrons and X-rays are emitted during the scan, and
their interaction with the detectors sends signals to the software which converts them to
grayscale images. Secondary and back-scattered electron detectors deliver images of the
specimen while the X-ray spectrometer provides information about the chemical compo-
sition [92,93]. Secondary electrons are mainly outer shell electrons produced by inelastic
scattering while the backscattered electrons result from large angle elastic scattering be-
tween the sample and the incident electrons. Care should be taken for soft samples, such
as polymers, to avoid surface and structural damages from the beam. Samples that are not
conductive require pretreatment of their surface. Usually, a gold or carbon overlayer is
sputter-coated to the specimen. The whole process involves Argon gas, ultra high vacuum
and a gold/carbon target, and lasts a few minutes. A strong potential difference ionizes
the Argon gas, and the ions are accelerated to the target, thus releasing atoms from the
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target. These atoms travel and coat the substrate, allowing a detailed visualization. The
typical graphite flakes have shiny squamous structure while GO presents wrinkles due to
the oxidation process [87,90,94].

3.3. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy is a qualitative characterization technique; however, it occasion-
ally is used quantitatively when other more suitable methods, such as ultraviolet or nuclear
magnetic resonance spectroscopy, are not applicable. Infrared radiation ranges on the right
of visible till the microwaves, from 0.75-1000 um, being subdivided to the (i) near infrared
(0.75-2.5 um), (ii) middle infrared (2.5-25 um) and (iii) far infrared (25-1000 um). The
wavelength (um) is converted to frequency (cm™1) for characterization purposes. When a
molecule absorbs infrared radiation, the flipping dipole changes, and the intensity of the
peaks in the spectrum depend on these changes. However, a specific vibration frequency
might correspond to more than one molecule, while vibrations that slightly differ (less than
1 cm™ 1) might overlap.

Vibrations could be symmetric or asymmetric, and are categorized as stretching (v) and
bending (9). Stretching vibrations are characterized by a continuous distance change along
the bond axis, while the bending by angle changes between two bonds. Scissoring, rocking,
wagging and twisting are the four types of the bending vibrations. The deformation of the
first two occurs ‘in plane’ while the other is ‘out of plane’. A molecule of more than two
atoms could present all the aforementioned vibrations.

The common FTIR sampling techniques are the transmission mode with the use of KBr
pellet and the attenuated total reflection (ATR). The configuration of the latter simplifies the
characterization of the sample as it allows direct measurements without the need for sample
preparation, which might affect both the sample and spectra, and lasts just a few minutes.
Moreover, the penetration depth of the beam (~2 um) provides reliable information for the
entire specimen under a small pressure of less than 100 N. Different approaches are applied
due to the form of the sample (powder, film, wax and liquid) and the tip geometry (flat,
conical, spherical). However, all measurements start with recording the background spectra
which results from the cleaned crystal surface [95]. The common crystal plates consist of
diamond, zinc selenide (ZnSe) or germanium (Ge). The crystal must possess a greater
index of refraction than that of the sample. The refractive index of Ge is ~4.0 while that
of diamond and ZnSe ~2.4 [96]. In addition, the IR light angle of incidence must be small
enough to reflect totally and avoid transmittance into the sample. The absorption spectrum
occurs from an evanescent wave that partially penetrates the sample. The reflected beam
conveys information characteristic of the absorbing molecules [97]. Ge crystal is brittle
and used for highly absorbing materials, diamond for rigid or caustic samples and ZnSe
for viscoelastic samples [98-100]. Although ZnSe is relatively inexpensive, it is soft and
tends to scratch so a thin diamond layer is commonly laminated over the ZnSe crystal
for protection. Similarly, ZnSe is used as support element to diamond crystals to reduce
the cost [101]. The characteristic peak of graphite is located at ~1557 cm~! (C=C). GO
hydroxyls (O-H) appear ~3400 cm !, the carbonyl groups (C=0) are located at ~1730 cm ™!,
the carboxyl groups (C-OH of O=C-OH) are presented at ~1400 cm~!, and the band at
~1044 cm ™! corresponds to the alkoxy groups (C-O) [34,56,87,92].

3.4. Ultraviolet-Visible Spectrophotometry (UV-Vis)

Absorption of electromagnetic radiation from the functional groups of an analyte is
recorded between 190-780 nm, and is quantified through the Beer-Lambert law:

A = —logT =log(ly/I) = e-b-c 4)

where A (—) is the absorption; T (—) is the transmittance; Iy and I is the incident and existing
intensity of radiation; ¢ (cm~!-mol~!-L) is the extinction or molar absorption coefficient
ranging from 1 to 5 x 10°; b (cm) is the path length; and c (mol/L) is the concentration of
the absorbing species.
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Absorbance and concentration have a linear relationship because ¢ and b are fixed
under the experimental conditions, so quantitative analysis is obtainable for materials that
obey Beer’s law. The common parameters that influence the absorbance spectrum are
the pH, the temperature and the solute’s concentration. Instrumentation usually involves
the deuterium lamp for the ultraviolet area (190-380 nm) and the tungsten lamp for the
visible area (380-780 nm); the monochromator; the blank and the solute cuvettes; and
the detectors. The far UV area (below 190 nm/above 50,000 Cm_l) is the area where
the air oxygen absorbs, so vacuum in the chamber is required for accurate measurements.
Standard solutions are used for the acquisition of the calibration curve using the wavelength
of the maximum sensitivity. Proper solvents for UV-Vis measurements are those that do
not absorb in these areas. Water, 95% ethanol (CH3CH,OH) and hexane (CH3(CH,),CH3)
are widely used. Conventional non-polar solvents are methanol (205 nm) and chloroform
(240 nm). The major difference between the polar and non-polar solvents is that the former
develop hydrogen bonds with the solute while the latter are more inert.

The absorption of the electromagnetic radiation derives from the structural changes of
the analyte’s electrons. Transitions of the valence electrons from the ground state to excited
states require energy in quantized amounts. The change in the molecule’s flipping dipole is
responsible for the radiation-molecule interactions. The electrons are classified as o, mand n.
The o-electrons are strongly bonded to the nucleus and require high energies for transition,
while the 7- and n- electrons are described as non-bonding and require less energy for
transition (where the n-electrons require even less energy than the 7-electrons). The energy
amount for transition corresponds to certain areas/wavelengths; for example, the c—0*
require energy of wavelengths in the Far-UV area, the m—7* and n—n* transitions require
energies around 200 nm, and the n—7* transitions could be either in the UV or the visible
area. It is worth mentioning that changes in the structure of the atoms (nucleus and
electrons) result in changes in the required transition energy. UV-Vis spectroscopy may
provide details about GO in dispersion form, in terms of its absorption and the optical
band gap. The GO spectrum presents two characteristic peaks, an intense peak at ~230 nm
which corresponds to the t—7* transition of the sp?> C=C and a minor peak/shoulder at
~300 nm revealing the n—7* transition of the C=0 functionality [56,87-89].

3.5. N, Porosimetry

The materials’ surface area can be determined by physi-sorption, which is a process
that involves the weak van der Waals forces (20-50 kJ /mol) [102]. The molecules of an inert
gas, such as nitrogen or argon, are adsorbed in layers allowing the calculation of the surface
area and the total pore volume. The isotherm graph, that consists of the adsorption and
desorption curves, provides information about the volume of the adsorbed gas per different
(relative) pressures under constant mass and temperature of the adsorbent. The shape of the
isotherm (type I-VI) reveals the porous morphology. The adsorbent might present micro-
(<2 nm), meso- (2-50 nm) and/or macro-porosity (>50 nm) [83]. When the gas desorption
requires less relative pressures (P/Pg) than those for adsorption, a hysteresis bronchus
occurs. Physisorption measurements require extremely low temperatures, typically 77 K
and a precise amount of adsorbent mass. Adsorbents with different physicochemical
properties require different methods for the data evaluation [90,92]. BET, BJH and QSDFT
are frequently used covering a wide range of materials. The typical specific surface area
(SSA) of graphite is ~6 m?/g, graphene has ~2600 m?/g and GO ~50 m? /g [34,37,62,87].

3.6. Atomic Force Microscopy (AFM)

Limitations of scanning tunneling microscopy (STM/1981), such as the necessity for
conductive specimens, led to the invention of atomic force microscopy (AFM/1985). Bin-
ning and Rohrer awarded the Nobel Prize in Physics for their contribution in scanning
probe microscopy in 1996; and AFM has been widely used in industry since 1995. Nowa-
days, over 10,000 AFM-related papers are published each year. AFM is a multifunctional
instrument through which the topography of a specimen can be visualized, its roughness
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becomes measurable and the identification of a composite’s different phases is achiev-
able [34,88]. Additionally, modern instruments allow the quantification of the surface
adhesion and the electrical conductivity. The latter requires conductive tips acting as top
electrodes, and relative software. Moreover, the mechanical properties such as Young's
modulus and hardness can be measured by nano-indentation [44]. AFM is non-destructive
and its performance is based on the balance between the sample and the probe through
van der Waals forces [103]. The probe tip, with typical diameter ~10 nm, is located at the
edge of a cantilever that scans the surface continuously. An aligned laser beam reflects
during the lever deflection and the photodiode collects the spatial changes. The feedback
system retains the deflection constant by adjusting the sample’s z-position. Although the
lateral resolution is strongly dependent on the tip diameter, the vertical resolution is in the
Angstrom scale. Measurements can be done in air and liquid environments, but are length-
ier than SEM and could last from several minutes to a couple of hours. Broadly speaking,
soft samples require levers with a low spring constant. The three basic ways of operation are the
non-contact mode, the tapping mode where the tip flaps the surface and the contact mode. A
low oxidized GO synthesized by our group presents roughness R, ~ 3.14 A [87].

4. Conclusions

The appropriate synthesis of GO has many advantages in its future application. The
abundance in functional groups is priceless in sorption and reinforcing applications; a less
decorated GO is useful in capacitors and filtration applications, while a highly reduced
GO, with similar structure to bottom-up synthesized graphene, is valuable in biosensors
and electronics. A major advantage in GO synthesis is the low cost of the reactants and
its availability for mass production. GO is metastable so care should be taken during
the characterization. In our opinion, XRD should be the first characterization technique
followed by FTIR and AFM. X-rays reveal its crystallinity through the adequate oxidation
of graphite; FTIR confirms the existence of various functional groups; and AFM determines
the dimensions and roughness of GO. Specification of the surface area and porosity using
N, porosimetry and investigation of impurities using EDS are also necessary. A comple-
mental technique for GO characterization is TGA while Raman and XPS are absolutely
vital for rGO characterization.
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