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Abstract: Graphene is a new and hot research topic due to properties previously not observed on the nanoscale. These properties make

graphene a promising candidate for new devices. However, graphene is not soluble, and this property limits its processability. Therefore,

chemical functionalization is needed. This short review summarizes the covalent chemical reactions that have been performed on indi-

vidual graphene sheets — the production of graphene oxide with subsequent transformation to graphene, the covalent modification of gra-

phene oxide functional groups and the surface chemistry of the aromatic rings of graphene sheets.
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1. INTRODUCTION

Carbon forms many allotropes; three-dimensional allotrope
diamond and graphite are known from ancient times, while zero-
dimensional fullerenes and one-dimensional nanotubes were dis-
covered in the last century [1-3]. The two-dimensional allotrope-
graphene-was first obtained very recently, immediately attracting
attention [4]. The number of publications about graphene increased
by a factor of 10 in the five years since its discovery according to
the Chemical Abstract Service databases [5,6]. The total number of
citations per year also dramatically increased as an indication of the
increasing scientific impact of graphene research. Now, graphene
has become a hot research topic with a strong vow to address the
global demand for new and revolutionary materials.

Graphene, consisting of single planar layers of hexagonally ar-
ranged sp” carbons (it can be viewed as an individual atomic plane
extracted from graphite, as an unrolled single-wall carbon nanotube
or as a giant flat fullerene molecule), is currently the most exciting
carbon-based structure. The coupling of layers is possible due to the
weak Van der Waals forces between them. Structures with up to 10
graphene layers are known as few-layer graphenes, while structures
with more than 10 and less than 100 layers are considered as thin
films of graphite. The number of layers is very important and needs
to be controlled because it may determine the properties and per-
formance of the graphitic material. Single graphene was obtained
the first time by Novoselov from three-dimensional graphite using a
technique called micro-mechanical cleavage [7]. Graphene exhibits
a number of exotic physical properties, previously not observed at
the nanoscale. The observation of its great mechanical strength of
130 GPa, high Young's modulus of 1 TPa [8], high adsorption of
hydrogen and CO, [9], room-temperature quantum Hall effect, ul-
trahigh electron mobility and ballistic transport, long electron mean
free paths, zero electronic band gap, superior thermal conductivity
and remarkable flexibility are among the striking properties of gra-
phene [5,10].

The unusual electronic properties of this new material make it a
promising candidate for future devices. While these applications are
a focus of further investigations, there are some areas where gra-
phene can be used directly. Graphene has attracted increasing atten-
tion for optoelectronic devices [11], super-capacitors [12,13], gas
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sensors [14-18], pH sensors [19], chemical sensors [20-23], strain
sensors [24], biosensors [25], transparent films for liquid crystal
devices [26], biodevices, DNA transistors [27] and nanocomposite
applications [28-31]. The proposed applications have enhanced
properties comparing to carbon nanotube materials.

The aforementioned method of mechanical exfoliation of
graphite (also known as the “Scotch tape” or peel-off method) pro-
vided a small amount of high quality samples for fundamental stud-
ies. Several other methods were subsequently developed and have
been utilized to produce graphene sheets. Reported methods include
the chemical reduction of liquid suspension graphene oxide (GO)
[32], liquid-phase exfoliation of graphite [33], conversion of nano-
diamond [34], epitaxial growth by thermal desorption of Si atoms
from the SiC surface, epitaxial growth by chemical vapor deposi-
tion on transition metals, solvothermal synthesis and unzipping
carbon nanotubes. A discussion about the production of graphene
using colloidal suspensions is provided by Park [35].

Despite the number of methods for its synthesis, as-prepared
graphene itself is not soluble and thus cannot be dispersed in water
or any organic solvent. Suitably modified graphene nanosheets
could display good solution chemistry with properties such as dis-
persability and solubility in water and organic solvents. Therefore,
hydrophilic and organophilic affinities for graphene nanosheets
should be achievable through chemical functionalization. Despite
the recent progress in the production of graphene, the synthesis of
uniform and large enough quantities of single-layer graphene is still
an ongoing challenge [5]. Many researchers are now focusing on
derivatives of graphite, which is inexpensive and available in large
quantities. A particularly popular derivative is GO, which is hydro-
philic and has a larger interlayer distance than graphite. It can read-
ily exfoliate into individual GO sheets in water and forms stable
dispersions after ultrasonication. Subsequent deoxygenation via
reduction can restore the electrically insulating GO to conductive
graphene [36]. Maintaining the individual separation of the gra-
phene sheets is the most important and challenging aspect of all
these synthetic routes. Bulk graphene sheets — if left unprotected —
will spontaneously agglomerate and even restack to form graphite.
Moreover, neat graphene is an insoluble and relatively inert mate-
rial. Chemical functionalization or the use of dispersant is generally
needed to prevent agglomeration [31,37,38]. The GO synthetic
pathway is attractive for stabilizing individual sheets in solutions.
The oxygen functional groups that exist in GO provide reactive
sites for chemical modification using known carbon surface chem-
istry. The chemical attachment of appropriate organic groups leads
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Table 1. The Analysis of Dried GO Prepared by Different Methods According to [51,53,54]

C o H Water Ash
Method C/0O Atomic Ratio
[wt %] [wt %] [wt %] [wt %] [wt %]
Preoxidation of Hummers - Offeman 452 46.5 23 - - 1.3
Hummers - Offeman 47.06 27.97 - 22.99 1.98 2.25
Staudenmaier 52.11 23.99 - 22.22 1.90 2.89
Brodie 60.74 37.41 1.85

to physical separation of the resultant graphene sheets but also
makes it possible to directly form stable graphene dispersions dur-
ing the synthetic process. The successful dispersion of graphene has
enabled the use of low cost solution processing techniques to fabri-
cate various potentially useful graphene-based materials [36].

Although there are some reviews describing the intercalation of
graphite or exfoliated graphite (exfoliated graphite is a highly po-
rous, low dense material consisting of several-nanometer-thick
multilayer stacks that is prepared by the thermal decomposition of
graphite intercalation compounds) [39-43] or chemical modifica-
tions of graphitic surfaces, such as carbon nanotubes [44,45], glassy
carbon, highly ordered pyrolytic graphite, carbon black or pyro-
lyzed photoresist films [46], a comprehensive overview about neat
graphene is missing. Based on the structural similarity of the
aforementioned graphitic structures it is possible to predict that the
organic chemistry of individual graphene sheets or graphene nano-
platelets will also be similar. Therefore, here we give an overview
of the different synthetic strategies leading to functionalized indi-
vidual graphene sheets. This short review tries to summarize only
reactions performed on individual graphene sheets or on carbon
materials that, under the reaction conditions, are transformed into
modified individual graphene sheets. The review is divided into
three parts: the preparation and properties of GO, its reduction to
neat graphene and other covalent modifications of graphene
nanoparticles. Detailed descriptions of the modifications and reac-
tion products are given. The last part is divided into two categories:
reactions of the functional groups of GO and reactions of the aro-
matic rings of graphenes.

2. CHEMICAL MODIFICATION

2.1. Oxidation — Preparation of Graphene Oxide (GO) and its
Properties

The GO formation involves the reaction of graphite with strong
oxidizers. The introduction of oxygen containing functional groups,
such as hydroxyl and epoxide, results in an increase in the interpla-
nar/interlayer spacing of GO as well as a change of hybridization of
the oxidized carbon from planar sp2 to tetrahedral sp3. In analogy to
carbon nanotubes [47,48], GO can assemble into paper-like materi-
als under a directional flow and has very high values of tensile
modulus and fracture strength [49,50].

GO (sometimes called graphite oxide, graphitic oxide or
graphitic acid) has been known for more than one and a half centu-
ries. It was first prepared by Brodie [51] in 1859 by repeated treat-
ment of graphite with an oxidation mixture of potassium chlorate
and fuming nitric acid. The methods most commonly used at pre-
sent time are the original Brodie synthesis, one described by
Staudenmaier [52] in which the graphite is oxidized in concentrated
sulfuric and nitric acids with potassium chlorate, and one described
by Hummers and Offeman [53] in which the graphite is treated in a
water-free mixture of concentrated sulfuric acid, sodium nitrate and

potassium permanganate, respectively. Later it was found that an
additional graphite oxidation with persulfate was needed prior to
the GO preparation of Hummers and Offeman. Without this addi-
tional oxidation, incompletely oxidized graphite-core/GO-shell
particles were always observed in the final product [54]. Recently
the Hummers-Offeman method was modified by microwave heat-
ing [55]. With this newest approach it is possible to produce gram
quantities of large, single layer GO membranes, up to 2000 um? in
size, in ayield exceeding 90%. The microwave pre-exfoliation of
graphites enabled a faster and more uniform functionalization under
milder conditions.

The first two methods (Brodie and Staudenmaier) are consid-
ered as hazardous and have to be performed with constant cooling.
The processes are time consuming and explosive chlorine dioxide is
evolved. The processes also require more than 10 grams of potas-
sium chlorate for each gram of treated graphite. The Hummers-
Offeman procedure requires less than two hours for complete con-
version at temperatures below 45°C and can be carried out safely.
Well reacted samples of GO will have a carbon to oxygen atomic
ratio between 2.1 and 2.9. The color of the product when suspended
in water may be used as a criterion for the degree of oxidation of
the graphite. The product richest in GO will have a bright yellow
color whereas poorer samples with higher carbon/oxygen ratios will
have a green to black hue. An analysis of the dried GO prepared by
the above mentioned methods is compared in Table (1). Brodie's
GO is insoluble in water containing acids or salts but is very
slightly soluble in pure water. The crystals placed on litmus paper
undergo a feeble acid reaction. It combines with alkalis. When agi-
tated with dilute ammonia it is converted into a transparent jelly,
but it does not dissolve [51]. It is very hygroscopic [56] and can
accommodate up to 12 wt% water within its structure [57]. Studies
on the surface charge (zeta potential) of as-prepared GO sheets
showed that these sheets are highly negatively charged when dis-
persed in water, an apparent result of the ionization of the carbox-
ylic acid and phenolic hydroxyl groups. This result suggests that the
formation of stable GO colloids could be attributed to electrostatic
repulsion rather than just the hydrophilicity of GO [58].

A three stage mechanism was suggested by Rodrigez and Jimé-
nez to explain the oxidation of graphite in liquid media [59]:

1) An initial period - functional groups are simply attached to
the layer edges. The samples have hardly obtained any oxidizing
capacity.

2) An intermediate period - oxidizing capacities increase to the
values characteristic for GO.

3) A final period that includes the most strongly oxidized sam-
ples. The oxygen and hydrogen contents have reached their maxi-
mum values in the characteristic range for GO. However, some
groups within the layers still undergo chemical transformations.
Carboxyl groups (-COOH) appear in this last stage of oxidation
attack when layers are cleaved and separated to a distance charac-
teristic for GO.
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Fig. (1).

Prolonged oxidation affords higher acidic strengths to the GOs,
resulting in a nearly linear decrease in pH [60]. It was found during
optical microscopy observations of the oxidation stage of the
Hummer—Offeman method that the invasion speed of the oxidant
into the natural graphite particles was about 10 um.h™ or more [61].

A slower oxidation rate for natural graphite relative to synthetic
graphite was observed. The slower rate was explained by the larger
layers and their more perfect arrangement in natural graphite
[59,62]. It was observed that there is no significant size difference
in the GO products as the size of the starting graphite flakes is
changed, suggesting that the product size is intrinsically determined
by the oxidation process [63]. During the first stage of thermal de-
composition an endothermic effect due to dehydration occurs. In
the second stage (200-240°C) the thermal decomposition of GO
occurs. In this case CO, and CO, in addition to water, evolve. This
stage (internal combustion or proper decomposition) is not finished
at 270°C, when a portion of the decomposition product was taken.
The third stage is combustion and does not occur under an inert
atmosphere. The combustion of the carbonaceous residue in the air
begins at variable temperatures (ranging from 540 to 700°C) that
are higher in the most oxidized compounds and indicate tautness in
the layers of the intermediate oxidation products. In the air, the
ashes at 800°C are always smaller than 1% of the initial weight
[59,62]. The results from thermal analyses agree with this mecha-
nism. Only the strongly oxidized samples deflagrate upon rapid
heating. There is a temperature of flash decomposition when defla-
gration occurs. This temperature has been used in the characteriza-
tion of GOs and corresponds to 170°C for GO obtained by the
Hummers-Offeman method, 210°C for GO obtained in anhydrous
nitric acid and 230°C for GO obtained by the Staudenmaier method
[62].

The Klinowski group studied GO and its derivatives using *C
and "H NMR [56,64]. They found that the concentration of isolated
C=C double bonds is likely to be very low, as they are easily oxi-
dized, and varies with the degree of GO oxidation. The formation of
phenol (or aromatic diol) groups during deoxygenation indicates
that the epoxide and the C-OH groups are very close to one another.
Apart from the double bonds, the “oxidized” benzene rings contain
epoxide (1,2-ethers and not 1,3-ethers) and C-OH groups. It is not
necessary for the distribution of functional groups in every oxidized
aromatic ring to be identical, and both the oxidized rings and aro-
matic entities are distributed randomly. The layers of GO are termi-
nated with C-OH and -COOH groups, consistent with infrared (IR)
spectroscopic results. The structure of GO contains two kinds of
regions: aromatic regions with unoxidized benzene rings and re-
gions containing aliphatic six-membered rings. The relative sizes of
the two regions depend on the degrees of oxidation. Aromatic enti-
ties, double bonds and epoxide groups give rise to a nearly flat car-

bon grid. Only the carbons attached to OH groups are in a slightly
distorted tetrahedral configuration, resulting in some wrinkling of
the layers. The functional groups lie above and below the carbon
grid and form a layer of oxygen atoms of variable concentration.
This arrangement of negatively charged oxygen layers could pre-
vent the nucleophilic attack on carbon atoms and explain the rela-
tive chemical inactivity of the epoxide groups of GO. This struc-
tural model of GO is often called the Lerf-Klinowski model (Fig.
(1)). Additional analysis confirmed these assignments [65]. Al-
though this model is one of the most used in the literature, there are
some other models [66,67].

The Fendler group studied preparation of ultrathin films layer-
by layer self-assembled from GO and poly(ethylene oxide) or
poly(diallyldimethylammonium chloride) [68,69]. Part of this re-
search was the study of graphite oxidation to different extents by
the Brodie method. The authors observed [68] that the interlayer
spacing of the untreated graphite (initially close to 3.34A) expanded
upon oxidation up to 3.49A depending on the degree of oxidation.
These data indicated that the oxidative treatment had an important
effect on the thickness of the nanoplatelets, diminishing it with the
extent of the oxidation. The pKa values ranged between 6 and 7.
Unexpectedly, the number of exchangeable protons and the charge
density decreased with the extent of oxidation relative to the hydro-
gen content of the GO powders, indicating that the carboxyl groups
became more labile upon further oxidation. However, the atomic
ratio of [O)/[C] increased linearly with the number of oxidative
steps.

Fiang with Beck prepared GO with the nominal composition
CgOH and C, 4sOH by anodic oxidation of natural graphite in 96%
H,SO, [70]. The degree of oxidation was controlled potentiostati-
cally or galvanostatically. Their results support the conclusion that
the formation of GO goes through the graphite intercalation com-
pound intermediate. The electrochemical oxidization of graphite in
an ammonia medium was successful for the exfoliation of graphite,
producing exfoliated nanoparticles of about 40 nm in diameter [71].
Those nanoparticles consisted of single layer as well as multilayer
sheets that contain oxygen-containing functional groups derived
from the oxidization of graphite. The presence of polar groups
made the nanoparticles dispersible in water, leading to colloid for-
mation of the exfoliated graphite derivatives.

2.2. Transformation of GO to Graphene

The reduction of GO leads to graphene or materials that on the
microscopic level is structurally similar to neat graphene. Different
reagents can be used and the final chemical structure of the gra-
phene is dependent on the type of reagent. The reactions can be
performed on GO nanoparticles dispersed in media, but the result-
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ing graphene re-agglomerates. When GO is embedded in a solid
matrix, the reaction leads to individually dispersed graphene
nanoparticles that are unable to agglomerate.

Reagents that can be used include ammonia (gas or solution)
and chlorine (gas). Elemental analysis confirmed that the product
after treatment with ammonia did not contain a lower proportion of
oxygen. A lower epoxy content and greater hydroxyl content was
found for all of these compounds. The action of chlorine on GO did
not seem to modify any physical characteristics of the compound.
Nevertheless, there was an increase in epoxy group content and a
decrease in C-OH and C=C group content [57].

GO was pyrolyzed by heating it under a dynamic vacuum at
300°C for 10 hours [72]. The composition of the resulting sample
was C;;0, indicating that it contained no hydrogen and very little
oxygen. The number of lost carbon atoms was determined to be one
fifth of the number of total carbon atoms. Rapid heating
(>2000°C.min™") to 1050°C and purging with argon split GO into
individual sheets with the evolution of CO, [73]. Because of the
elimination of oxygen from functional groups and any residual
water during the rapid heating, elemental analysis showed an in-
crease in the C/O ratio from 2:1 in GO to 10:1 in the reduced state.
Similar results were obtained in an argon-hydrogen (8:2) atmos-
phere at 500 and 1000°C for 5 minutes [74].

One possible reagent for transformation of GO to a graphene-
like material is potassium iodide (KI). Elemental analysis showed
that the reaction of GO with KI in an acidic medium led to a prod-
uct that still contained oxygen and hydrogen [59], but the residues
had a graphite-like external appearance.

The reduction performed with nascent hydrogen from alumi-
num powder and hydrochloric acid resulted in a “random-shape-
aggregate” [61]. The scanning electron microscopy (SEM) image
clearly indicated that singular or plural aggregates of the thin-film
particles irregularly bent and deformed. This shows that when the
affinity between the particles and the dispersion medium is very
low, the reduced graphene particle(s) aggregates like a linear flexi-
ble polymer. In addition, X-ray powder diffraction (XRD) profiles
revealed a complete disappearance of the peak corresponding to
0.83 nm, which was observed in the original oxidized thin-film
particles. This property is the result of the deformation and aggrega-
tion of particles that lowered the degree of both interparticular ori-
entation and interlayer orientation inside each particle.

A stable water dispersion of GO nanoplatelets, prepared by ex-
foliation of the GO (1 mg.ml™) via sonication, was treated with
hydrazine hydrate at 100°C for 24 hours [37]. Dimethylhydrazine
can also be used as a substitute for hydrazine (hydrazine is highly
toxic and dangerously unstable, especially in the anhydrous form)
[29]. As the reduction proceeded, the brown-colored dispersion of
exfoliated GO turned black and the resulting nanoplatelets agglom-
erated and eventually precipitated. This precipitated material could
not be re-suspended even after prolonged sonication in water in the
presence of surfactants such as sodium dodecylsulfate (SDS) and
TRITON X-100, which have been found to successfully solubilize
carbon nanotubes. Elemental analysis of both GO and the treated
material indicated that there was a considerable increase in the C/O
atomic ratio in the reduced material (10.3) compared to that in the
starting GO (2.7). Hence, the treated material can be described as
consisting of partially oxidized graphitic nanoplatelets, given that a
fair amount of oxygen is retained even after the reaction. The black
color of the treated materials suggested a partial re-graphitization
and reduction of the exfoliated GO. In addition to the decrease in
the oxygen level, reduction of GO was accompanied by nitrogen
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incorporation from the reagent (C/N = 16.1). GO dispersions with
concentrations less than 0.5 mg.ml" can also be treated with hydra-
zine in alkaline ammonia solution. The particle size of the resulting
graphene sheets did not increase after the reduction was complete
[58]. No sediment was observed even after the dispersion had been
centrifuged at 4 000 rpm for several hours. Atomic force micros-
copy (AFM) showed that the resulting sheets were flat, with a
thickness of ~1 nm. As was the case for the original GO disper-
sions, these results indicated that thus obtained graphene sheets
remained separated in the dispersion without the need for either
polymeric or surfactant stabilizers. The treatment with 1 vol% hy-
drazine solution in dimethylformamide (DMF) at 80°C for 24 hours
resulted in a pronounced increase of conductivity [75]. The conduc-
tivity of the hydrazine-treated GO monolayers was approximately 3
orders of magnitude higher compared to the starting GO. Room
temperature measurements of more than 50 treated GO monolayers
yielded conductivity values between 0.05 and 2 S.cm™. This range
is about 3 orders of magnitude below the values reported for pris-
tine graphene. It is worthy to note that even on the same substrate,
the conductivity of different monolayers varied by up to 1 order of
magnitude. The hydrazine-treated GO samples showed a significant
reduction in conductivity by more than 3 orders of magnitude upon
cooling from 298 to 4 K. This result is in contrast to the conductiv-
ity of unmodified graphene, which was reduced by less than 1 order
of magnitude. Despite the different temperature dependencies of
electrical conductivity, the reduced GO monolayers showed ambi-
polar behavior in the gate dependence of resistance that was similar
to that of pristine graphene. The reduction of GO by exposure to
hydrogen plasma (30W at a pressure of 0.8 mbar) for 5-10 seconds
at room temperature was performed alongside this reduction. Simi-
lar results were obtained for the treatment of GO with hydrazine
hydrate in water [32]. GO was also modified by exposure to hydra-
zine vapor for 20 hours [76]. Hydrazine vapor was generated by
bubbling nitrogen gas through a plastic tube containing liquid hy-
drazine hydrate. This gas then flowed over the GO sheets, which
were heated to 85°C to prevent the hydrazine vapor from condens-
ing. It was found that the hydrazine vapor alone was not sufficient
to achieve the high yield reaction, and annealing alone required
relatively high temperatures. Efficient transformation of the GO to
graphene was therefore achieved through a combination of hydra-
zine vapor exposure and annealing treatment [77,78]. The result
was a graphene with sheet resistivity in the range of 10*-10°
Q.square” with 80% light transmittance. It was later discovered that
the thermal treatment was more effective in restoring electrical
conductivity than was the chemical treatment with hydrazine [79].

Attempts to transform GO into graphene in the presence of SDS
and TRITON-X100 also failed to produce a stable aqueous disper-
sion of graphitic nanoplatelets. However, when the treatment was
carried out in the presence of amphiphilic polymer - poly(sodium 4-
styrenesulfonate) (PSS) - a stable black dispersion was obtained
[37]. This dispersion can be filtered through a membrane to yield
PSS-coated graphitic nanoplatelets that can be readily re-dispersed
in water upon mild sonication, forming black suspensions. At con-
centrations lower than 0.1 mg.ml”, the dispersions obtained after a
30-minute ultrasonic treatment appeared to be indefinitely stable -
samples prepared over a year ago are still homogeneous to date.
More concentrated dispersions developed a small amount of pre-
cipitate after several days. However, they never fully settle, even
upon months of standing. Elemental analysis of the PSS-coated
platelets indicates that they contained ~40% polymer as judged by
their sulfur content. The C/O atomic ratio in the product platelets
alone is thus 9.3 (C/N ratio = 22.1), suggesting that a significant



Preparation of Functionalized Graphene Sheets

reduction of exfoliated GO platelets did take place in the presence
of the polymer. That a large concentration of PSS is required to
prevent the agglomeration of the platelets during reduction while
only a fraction of that amount (5.8% by weight of the PSS em-
ployed is absorbed on the reduced GO) is needed to render the
complex dispersible indicates that the self-association between
reduced GO platelets is a more favorable process than their associa-
tion with PSS. During the reduction, the polymer needs to be pre-
sent at a sufficient concentration for its interaction with the surfaces
of the platelets to effectively compete with the hydrophobic interac-
tion between the platelets. However, once PSS is attached to the
platelet surface, further agglomeration of the platelets is stopped.
When treatments were carried out without any PSS, the platelet
agglomeration was irreversible: sonication of the reduced material
after agglomeration in the presence of excess PSS did not result in
platelet dispersion to any extent. The AFM image of the exfoliated
GO revealed nanoplatelets of uniform thickness (~1 nm). In the
case of PSS-coated reduced GO, nanoplatelets with a thickness of
~4 nm were observed [37].

The reduction of GO in the polyelectrolyte/GO films to gra-
phene was accomplished either chemically or electrochemically
[80]. The chemical reduction involved the immersion of the self-
assembled film into an aqueous hydrazine hydrate (50%w/v) solu-
tion for 1-24 hours or into a 0.10 M HCI solution containing Zn
powder (i.e., into a nascent hydrogen generator) for 2-3 hours. The
electrochemical reduction of GO (in the polyelectrolyte/GO film,
self-assembled on metal or glassy carbon electrodes) was per-
formed by scanning the potential from +0.7 V to -1.5 V vs. a stan-
dard calomel electrode and was monitored by cyclic voltammetry.
The peak at 0.95 + 0.05 V corresponded to the electrochemical
reduction of GO to graphene. The amplitude of the peak was found
to increase initially with the number of GO layers; it levels off
when the number of layers reaches 8-10 units. Interestingly, the
electrochemical reduction of GO is an irreversible process, as indi-
cated by the featureless reverse scan from -1.3 V to +0.7 V. Both
chemical and electrochemical reduction were accompanied by a
drastic darkening of the film. X-ray diffraction measurements indi-
cated that the reduction of GO to graphene was accompanied by a
slight decrease in the interlayer spacing (from 45.2 A to 43.7 A for
the hydrazine reduction, and from 56 A to 45 A for the electro-
chemical reduction). The resistivity value dropped to 12 kQ after
reduction by hydrogen, evolved in situ, amounting to a 27 000-fold
decrease in the overall resistance. This corresponds to a change in
volume conductivity from 1.2 x 10°Q'm™ to 3.1 x 10’Q"'m™". Simi-
lar results were also observed for polycation/GO films [54]. Simi-
larly, when polyaniline-intercalated GO was reduced in aqueous
hydrazine hydrate (50% w/v) solution for 24 hours the conductivity
increased 26-fold from 1.45 x 107 S.cm™ to 3.73 x 102 S.cm™ at
ambient temperature [81].

The chemical reduction of GO to graphite (re-agglomerated
graphene) by either sodium borohydride (NaBH,) or hydroquinone
was also performed [82]. The NaBH, treatment eliminated all oxy-
gen-containing groups. While the parent GO contains 61% C, with
the remaining 39% being oxygen and hydrogen (prepared by Brodie
method), the reduced solid is composed almost entirely of carbon
(98.5% C). Thus, the analysis pointed to the chemical reduction of
GO to turbostatic (randomly ordered) graphite by NaBH,. In con-
trast, the treatment of GO with hydroquinone led to a crystalline
and not a turbostatic graphite under soft thermal conditions. Al-
though the mechanism of reduction was unclear, the authors be-
lieved that the formation of reactive radicals must play a key role in
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the observed transformations. It is worth noting that the chemical
reduction of GO to graphite can also be achieved by employing
either metallic iron or zinc fine powder (resulting in turbostatic
graphite) or sulfide ions from Na,S (resulting is turbostatic graph-
ite) as reducing agents. In all instances, the as-made graphene solids
were infrared inactive.

The stable graphene suspensions could be quickly prepared by
simply heating an exfoliated-GO suspension under strongly alkaline
conditions at moderate temperatures (50-90°C) [83]. The addition
of NaOH to the GO suspension was accompanied by a fast, unex-
pected color change (from yellow-brown to homogeneous black).
Careful experiments revealed that exfoliated GO can undergo fast
disproportionation with deoxygenation in strongly alkaline solu-
tions, resulting in stable aqueous graphene suspensions. After the
reaction, the exfoliated GO showed a significant reduction in the
amount of epoxide and hydroxyl groups present. In addition, many
sp’ carbon atoms were introduced, suggesting the formation of
graphene-based materials. This result was confirmed by X-ray pho-
toelectron spectroscopy (XPS) analysis, which shows that the O/C
ratio in the exfoliated GO decreases after the reaction. Remarkably,
the m—n* peak, characteristic of aromatic or conjugated systems,
resumes after the reaction. These results, combined with XRD and
thermogravimetric analyses (TGA), indicate the formation of gra-
phene. The graphene suspensions obtained showed impressive
long-term stability (several days), which is desirable for processing.
Considering the incomplete removal of the negatively charged ox-
ide functional groups, this stability can be attributed to a strength-
ened electrostatic stabilization under alkaline conditions, as the
repulsion between negatively charged graphene sheets should in-
crease at higher pH values. The single-sheet nature of the graphene
obtained was confirmed by AFM. The thickness of the graphene
sheet was about 0.8 nm. Notably, the reaction can even start at tem-
peratures as low as 15°C when the pH of the suspension is high
enough.

Rapid and mild thermal transformation of GO to graphene-like
material was achieve with the assistance of microwaves in a mixed
solution of N,N-dimethylacetamide and water [84]. The mixed so-
Iution worked as both asolvent for the graphene produced and
amedium to control the temperature of the reactive system up to
165°C. The reduction time was on the scale of minutes. The con-
ductivity of graphene paper prepared by the microwave reduction
method was increased by about 10 000 times that of GO paper.
The degree of reaction was similar to that of the typical alkaline
chemical reduction process [83].

A novel approach was used in preparation of poly(arylene di-
sulfide)/carbon nanosheet composites [85] with GO acting as an
oxidizing reagent for the in situ polymerization of aromatic dithiols
while the resulting reduced GO acted as the host for the composites.
Raman spectra of the carbon host suggested that a zigzag array
structure of GO changed into a planar graphene sheet structure in
the composites. GPC analysis of the prepared nanocomposites
showed that the average molecular weight (4,) of the soluble part
of the resulting nanocomposite was 14 501 g.mol” (M, = 10 704
g.mol™), indicating that the in-sifu redox reaction between the GOs
and the aromatic dithiolic salts produced macromolecules of
poly(arylene disulfide). A similar approach was used for the pro-
duction of graphene/SnO, nanocomposites, in which GO was re-
duced by SnCl, to graphene sheets in the presence of HCI and urea
[86]. The reduction process was accompanied by the generation of
SnO, nanoparticles.
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The GO in the GO-titanium oxide (TiO,) nanocomposites was
successfully reduced by UV-assisted photocatalytic reduction with-
out the need for hazardous chemicals or high temperature annealing
[87]. Charge separation occurred upon UV-irradiation of the TiO,
particles. In the presence of ethanol, the holes were scavenged to
produce ethoxy radicals and electrons accumulated within the TiO,
particles. These accumulated electrons interacted with GO sheets to
reduce certain function groups. The sheet resistance became 45
times lower after 2 hours of UV-irradiation. A reduction process
where GO can be photothermally reduced upon exposure to a xenon
flash under ambient conditions was performed [88,89]. The direct
interaction between TiO, particles and graphene sheets hindered the
collapse of the exfoliated sheets of graphene. After UV-irradiation
the suspension remained stable for about an hour. A slow settling of
the composite was seen after this period. Stirring or mild sonication
of the TiO,-graphene sample facilitated re-suspension. Irradiating
the suspension for two hours resulted in an order of magnitude de-
crease in the resistance [89]. Elemental analysis showed that the
C/O atomic ratio was increased from 1.15 for GO to 4.23 for flash-
reduced GO [88]. Because flash reduction is triggered by light, it
has a great advantage over conventional GO reduction processes in
that it readily allows photopatterning.

2.3. Covalent Functionalization of Graphene

Graphene sheets of non-oxidized graphene, GO and reduced
GO can be further functionalized by chemical reactions with vari-
ous functional groups. The carboxylic, hydroxyl and epoxy groups
present on the basal plane or edges of the graphene sheets of GO
allow for functionalization of the graphene by simple organic reac-
tions. Moreover, some organic reactions can also proceed on the
aromatic entities of GO or its reduced (non-oxidized) form.

2.3.1. Reactions on Oxidized Carbons of GO

A simple method often used for the functionalization of gra-
phene is based on reactions of the carboxyl groups, present in GO
and located at the edges of graphene sheets, with various amines or
alcohols. Reactions of the graphene carboxyl groups with amines,
leading to the formation of amides, were performed via various
more reactive intermediates (see Scheme (1)). Subrahmanyam et al.
reported the functionalization of exfoliated GO and graphene pre-
pared by the thermal conversion of nanodiamond (DG) [9]. Both
types of graphene possessed 3 to 6 graphene layers as observed by
AFM. To prepare graphene soluble in non-polar solvents, the acid-
treated graphene was reacted with an excess of thionyl chloride
(SOCl,) and subsequently heated with dodecylamine. It was noted
that DG required a harsher acid treatment over longer periods to

enable its further functionalization. The functionalization was con-
firmed by a shift in the C=O stretching band to 1650 cm™ due to the
amide band and an appearance of C-H and N-H stretching bands at
2800 and 3300 cm™ as observed by FT-IR spectroscopy. Dodecy-
lamide-functionalized graphenes were readily dispersible in di-
chlormethane, carbon tetrachloride (CCly) and tetrahydrofuran
(THF).

A similar approach via an acyl chloride intermediate was also
used for the modification of graphite oxide with octadecylamine
(ODA) [38,90]. The functionalization was again confirmed by FT-
IR spectra measured in a CCly solution at a concentration of 0.156
mg/ml, where the asymmetric C-H stretch of the alkyl groups at
2854 and 2918 cm™ was observed. Moreover, a peak at 1653 cm’™
corresponding to the carbonyl stretch of the amide was present in
the FT-IR spectra. As reported by Niyogi [38], based on TGA
analysis the product showed 7 wt% loss due to the oxidative de-
composition of the organic functional groups. AFM images of sam-
ples prepared from THF solutions showed the irregular graphite
crystallites with thicknesses of 1.5-2.5 nm in addition to single
layer graphene sheets. ODA functionalized GO had a solubility of
0.5 mg.ml'1 in THF and was also soluble in CCly; and 1,2-
dichloromethane.

Novel graphene nanohybrid materials with increased non-linear
optical performance were prepared using the same approach by
activation of carboxyls with SOCI, and their subsequent reaction
with either amino-porphyrine (APP) or pyrrolidine-fullerene
[91,92]. In these cases triethylamine was also used as a scavenger
of HCL. The presence of a porphyrine ring in graphene/APP adducts
led to changes in the absorption band at 268 nm related to graphene,
while the APP Soret absorption at 419 nm did not change. On the
other hand, the fluorescence of the APP moiety in graphene/APP
adducts was quenched and shifted to lower wavelengths. These
typical changes are related to photoinduced electron transfer or
energy transfer quenching between porphyrine fluorophores and
highly m-conjugated carbon-based materials such as graphenes,
carbon nanotubes or fullerenes. In FT-IR spectra, new bands at
1640 and 1260 cm™, corresponding to the C=0 and C-N stretching
bands of the amide groups, respectively, appeared after functionali-
zation of graphene with amino-porphyrine. Similarly, for
pyrrolidine-fullerene-functionalized graphene a broad peak at 1725
cm™, which was attributed to the overlapping of the remaining car-
boxyl group in the graphene with the ester group present in the
pyrrolidine-Cgy group, was observed in the FT-IR spectra along
with a new peak at 1636 cm™ from the newly formed amide car-
bonyl group. On the basis of UV spectra and elemental analysis of
carefully purified products, one fullerene unit per 104 carbon atoms
and one porphyrin unit per 874 carbon atoms of the functionalized
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graphene were estimated. Both types of functionalized graphene
were soluble in DMF and other polar solvents.

Oxalyl chloride was also used for the activation of carboxyls on
exfoliated GOs prior to condensation with the -NH, group of 1-(3-
aminopropyl)imidazole [93]. Subsequent N-alkylation of the imida-
zole ring allowed for the preparation of hybrid graphene materials
with an ionic liquid functionality of the imidazolium/counter anion
moiety. These materials had advantages that include the modulation
of wettability and introduction of extra functionality. The successful
formation of ionic liquid graphene hybrid materials was confirmed
by ATR-IR and Raman spectroscopy. In the ATR-IR spectra the
characteristic carbonyl moiety from the amide bonds appeared at
1640 cm™. In addition, the C-H stretching vibrations from alkyl
chains of alkylated imidazole groups in the 2900-2980 cm™ region
were detected. In Raman spectra a broadening of the G-band and
their shift to a higher frequency of 1595 cm™, a growing intensity of
the D-band and a broadening and blue shifting of the 2D-band were
observed after functionalization of the graphite. Excitation of the
porphyrin counter anion in imidazolium-modified GO at 408 nm
gave an emission at 630 nm, even though the originally strong
emission of the free disodium porphyrin was significantly de-
pressed and broader in the hybrid material due to quenching by
graphene. The prepared hybrid material formed stable dispersions
in DMF and water (0.8 mg.ml™) and exhibited 9 % loss of organic
moieties by TGA analysis. AFM images were representative of
single and/or bilayers of exfoliated, modified graphene sheets.

Liu et al. used a carbodiimide-catalyzed amidation of single-
layered and few-layered GOs to modify the GO with six-arm
poly(ethylene glycol)-amine terminated stars [94]. PEGylation was
confirmed by ATR-IR spectroscopy of water solutions (3 mg.ml™),
where the peaks at 2850 and 1100 cm™ from C-H and C-O bonds of
PEG were observed in PEGylated GO. The particle size of the
modified GO, as estimated from the AFM images, was 5-50 nm.
While non-functionalized GO aggregated in solutions rich in salts
and proteins, such as cell medium or serum, due to the screening
effect of the electrostatic charges and nonspecific binding of pro-
teins to the GO, PEG-functionalized GO exhibited excellent stabil-
ity in all biological solutions including serum. The modified GO
was subsequently used in a conjugation reaction with a hydrophobic
(aromatic-based) drug, SN38. While the enhanced water solubility
of GO-PEG was not discussed there, the solubility of the SN38/GO-
PEG complex was ~ 1 mg.ml™ (in terms of SN38), which is several
times higher than the solubility of free SN38.

The reaction of the graphene carboxyl groups with poly(vinyl
alcohol) (PVA; M, ~ 89 - 98 kDa) was performed using either a
direct esterification or through preparation of the acyl chloride and
subsequent esterification (see Scheme (2)) [95]. Similarly to PVA,
the final modified GO was soluble in DMSO and water with the aid
of heat. From the 'H NMR spectra, where a decrease in the ratio of
iso to syndio triad signals was observed after functionalization, it

was concluded that the esterification reaction occurs in the isotactic
configuration of PVA. Based on the new signal at 4.2 ppm (very
close to the rr triads) related to the hydroxyl protons next to the
acetate groups, a PVA functionalization of around 1.8% was calcu-
lated. The authors demonstrated that the degree of functionalization
depends on the tacticity of PVA even though the number of carbox-
ylic groups in GO is quite high. FT-IR spectra showed the forma-
tion of the C=0 stretching band of the ester group at 1715 cm™ as a
confirmation of covalent bonding. Moreover, the decrease in the
intensity ratio of C-O bands of doubly H-bonded OH in crystalline
regions (1144 cm™) and unbonded hydroxyl groups in amorphous
zones (1096 cm™) after esterification suggested a large decrease in
the degree of crystallinity of the modified PVA. Finally, it was
reported that its solubility in water was also retained after reduction
of modified GO with hydrazine.

The covalent bonding of PVA (M,, ~ 70 - 90 kDa) onto gra-
phene sheets through an esterification process was also reported by
Veca et al. [96]. They effected the covalent functionalization
through a carbodiimide-activated esterification reaction. The pres-
ence of ester linkages was confirmed by FT-IR spectra, where a
peak at 1730 cm™ characteristic of the C=0 stretching mode was
observed. 'H NMR spectra showed the diminishing peaks of all
three hydroxyl protons in functionalized PVA at 4.2 ppm, 4.5 ppm
and 4.7 ppm, related to the isotactic, heterotactic and syndiotactic
triads, respectively. According to TGA the functionalized sample
contained about 15 wt% carbon nanosheets, almost one order more
than that reported by Salavagione [95]. The PVA-functionalized
nanosheets were readily dispersed in DMSO or hot water to form
stable solution-like dispersions. The thickness of the functionalized
nanosheets was measured by transmission electron microscopy
(TEM) imaging on the order of 5 nm, which corresponds to around
6-7 graphene layers.

The poly(ethyleneglycol) (PEG) functionalization of graphene
was also done via the esterification of carboxyls with the hydroxyl
end-groups of PEG [9]. The authors used this modification to in-
crease the water solubility of graphene prepared by the acid-
treatment method. The height of the graphite particles was 4-5 nm,
corresponding to 3-6 graphene layers. Reactions were performed
with an excess of PEG at elevated temperature (100 °C) in the pres-
ence of HCL. The structural characterization of the PEGylated gra-
phene was not provided.

Some reagents, such as isocyanates, can react with both the
edge carboxyl and surface hydroxyl groups of GO (see Scheme
(3)). The ability of isocyanates to react with hydroxyl groups,
which unlike carboxyl groups are also located on the basal plane of
the graphene sheets, allows for a higher degree of GO functionali-
zation and thus also better dispersability of large graphene sheets.
The chemical modification of GO by aryl and alkyl isocyanates led
to the hydrophobization of GO that was readily dispersible in water
before the modification [97,98]. The structural changes that oc-
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curred after the reaction of the isocyanates with -OH and COOH
functionalities of graphene sheets were observed by FT-IR spec-
troscopy. Upon treatment with phenyl isocyanate, the C=O stretch-
ing vibration at 1733 em™ in GO became obscured by the stronger
absorption at 1703 cm™ from the carbamate esters. In addition, a
new stretching band at 1646 cm™ appeared and was assigned to an
amide carbonyl-stretching mode and band at 1543 cm™, which
originated from the C-N stretching vibration of either amides or
carbamate esters. The approximate degree of functionalization for
various isocyanates was calculated from the carbon to nitrogen
atomic ratio as was determined by elemental analysis. The extent of
functionalization with various aromatic and aliphatic isocyanates
appeared to correlate with their relative reactivities. Depending on
the isocyanate structure the degree of functionalization was one
carbamate group per 4 to 20 graphene carbons. Because the degree
of functionalization could also be controlled by the reaction time, it
was possible to prepare GO with only partial isocyanate function-
alization and then subject it to a second chemical treatment to func-
tionalize the remaining hydroxyls. In all cases, the AFM images
showed the complete exfoliation of the functionalized GO in DMF
with platelets that were about 1 nm thick. Such functionalized gra-
phenes formed good dispersions in aprotic polar organic solvents
such as DMF, DMSO and N-methylpyrrolidone (NMP). Other sol-
vents, such as THF, toluene, acetone, methylene chloride, methanol

Y

R Br
R’J

and ethanol, did not disperse these materials. On the contrary,
Wang er al. reported a better dispersibility of graphene, functional-
ized by reaction with phenylisocyanate, in DMF as well as in non-
polar organic solvents like THF and n-hexane [98]. Good exfolia-
tion of the functionalized GO was further used for the preparation
of electrically conductive graphene/polystyrene (PS) nanocompo-
sites. The composites were prepared by solution phase mixing of
the exfoliated phenyl isocyanate-treated GO with PS followed by
their chemical reduction [29]. Such material exhibited a very low
percolation threshold of fillers at 0.1 vol% as a consequence of the
perfect homogeneous exfoliation and high aspect ratio of individual
graphene sheets.

In two works [99,100] the hydroxyl groups of GO were used for
a reaction with a-bromoisobutyryl bromide (see Scheme (4)). By
this approach an atom transfer radical polymerization (ATRP) ini-
tiator was covalently bonded to the graphene surface. Such a func-
tionalized graphene was subsequently used as a multifunctional
initiator for the polymerization of styrene, butyl acrylate, methyl
methacrylate and 2-dimethylaminoethyl methacrylate. For steric
reasons this “grafting from” method has advantages for achieving
higher and controlled degrees of functionalization in comparison to
a “grafting to” method, in which already prepared polymer is react-
ing with the graphene surface. The attachment of the ATRP initiator
was confirmed by XPS, where signals attributed to C-Br bonds
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emerged and the intensity of the signals attributed to C-O groups
diminished after modification. Based on elemental analysis, the
functionalized GO materials were calculated to contain 1.2% initia-
tor by weight, corresponding to one initiator per 33 carbons, or
0.115 mmol of initiator per 100 mg of functionalized GO. Because
the reaction conditions caused a slight reduction of the oxide func-
tionality present on the surface of GO, powder of the initiator-
functionalized GO showed electrical conductivity 100 times higher
than that of the starting material. Polymerization of the monomers
was performed using a catalyst system consisting of copper wire
and tris(2-aminoethyl)amine as a ligand. Analysis of the polymer
chains via solution phase '"H NMR spectroscopy verified that
the polymerizations from the functionalized GO surfaces were
successful for all the investigated monomers. The absolute mo-
lecular weights were calculated using end-group analysis. The
authors also showed the ability to control the molecular weight of
the grafted PS through simple adjustment of the initiator:styrene
ratio. TEM and diffraction analysis confirmed exfoliation of poly-
mer-functionalized GO into single layers. The solubility of the
polymer-functionalized GO proved to be dependent on the type and
chain length of the polymer as well as on the concentration of the
composite. PS-functionalized GO was soluble in both polar and
relatively nonpolar organic solvents, including DMF, toluene, chlo-
roform and methylene chloride, up to 30 mg.ml1™.

The hydroxyl groups of GO were also used as reaction sites for
the silanization of the graphene surface. In two works, Matsuo et al.
[101,102] showed silane modification of GO with different alkyl-
chlorosilanes in the presence of butylamine and toluene. Only sily-
lating agents with two or three chlorine atoms at silicon
(C«SiMeCl,, C,SiCl;) reacted successively with the hydroxyl groups
of oxidized graphene to form Si-O bonds (see Scheme (5)). No
reaction occurred when silylating reagents with only one chlorine
atom (C,SiMe,Cl) were used. FTIR analysis was used for the struc-
tural characterization of the main new bonds formed during silani-
zation. Bands around 2920, 1450, 1115 and 890 cm™' were observed
after the reaction of GO with alkylchlorosilanes. In addition to
these, peaks at 1270 and 815 cm™ appeared for the sample reacted
with C,SiMeCl,. On the other hand, bands related to water and C-
OH band at 1620 and 1380 cm™ became smaller for the silylated
samples. Optimization of reaction conditions with respect to both
reaction time and amount of butylamine agent was also performed.
The role of butylamine in this reaction was to both stabilize the
exfoliation of GO against the fast Van der Waals interactions of

or (CH30),Si-R
or (CH50),Sn-R

particular sheets and scavenge HCl molecules, which cause decom-
position of silylated GO. It was shown by X-ray diffraction that the
interlayer spacing of the silylated GOs obtained increased almost
linearly with the corresponding increase in alkyl chain length. The
angle 26 decreased from 14° for GO to 6.5°-6.1° for silylated sam-
ples. From the elemental analysis it was determined that the ratio of
silylating reagent/GO was almost 0.6 for the samples obtained us-
ing C4SiCl;, CgSiCl; and C(SiCl;. The content of acidic hydroxyl
groups in GO being 0.9-1.2 mol/mol GO unit indicated that one
alkyl silane molecule reacted with two hydroxyl groups of GO.
Surprisingly, reactions of the silane molecules with longer alkyl
chain lengths led to a higher content of silicon on graphene, reach-
ing 1.7 silylating reagents/GO in the case of C;3SiCl;. The reason
for this effect is not clear, but as a possible explanation the authors
noted the effects of intramolecular reactions of GO-bound silicon
atoms with adjacent hydroxyl functionalities leading to a bridging
effect on the surface.

The modification of GO consisting of 4-6 layers with silane de-
rivatives was also reported by Subrahmanyam ez a/. [103]. In addi-
tion to reactions with hexadecyltrimethoxysilane, the hydroxyl
groups on the graphene surface were also reacted with dibutyldi-
methoxytin. Functionalization was confirmed by IR spectroscopy
where bands due to the alkyl groups as well as Sn-O or Si-O (1100
cm™) vibration bands were observed. The functionalized samples
were dispersible in CCly and the dispersions were stable for at least
6 hours.

The epoxide is yet another functional group located on the basal
plane of graphene sheets in GO that can allow for the functionaliza-
tion of the graphene surface. Bourlinos et al. [82] modified the
surface of GO with aliphatic amines and functional amines such as
amino acids and aminosiloxanes. Structurally, all modified graph-
ites were strongly evidenced by FTIR and "H NMR spectroscopies,
where strong absorptions below 3000 cm™ and chemical shifts at
0.9 and 1.1 ppm confirmed the presence of aliphatic CH;- and —
CH,- groups. They showed that the main insertion pathway is a
nucleophilic attack of an amine on the epoxy groups of GO (see
Scheme (6)). XRD proved that the interlayer distance increased
with the length of the alkyl substituents of the amines. The basal
spacing fit the equation: dyy; = 6.1 + /.sind, where 6.1 is the thick-
ness of the GO layers in A, /. is the length of the hydrocarbon chain
of the amine molecule and 6 is the hydrocarbon chain inclination.
Modification of GO with longer aliphatic amines such as ODA led
to an organophilic solid and its dispersion increased in the follow-
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ing order: chloroform > THF > toluene, dichlormethane. The basal
spacing for GO modified with ODA was dyy, = 28 A. Similarly,
treatment of the GO with (CH;0);SiCH,CH,CH,;NH,; led to an
organosilasesquioxane-pillared GO structure with dgo; = 13.7 A. In
contrast to the aforementioned amine molecules, the insertion of
amino acids such as H,NCH,COONa and H,N(CH,);COONa in-
duced only small changes in the basal spacing of GO irrespective of
their chain length, even though the covalent bonding of the amine
groups to the GO surface was confirmed. The authors suggested
that the amino acid molecules adopt a flat orientation in the
interlayer zone of GO due to the hydrogen bonding interactions of
the carboxylate groups of the grafted amino acids with oxygen con-
taining groups of GO. On the other hand, such modified GOs
formed aqueous colloidal dispersions. The addition of
C16H33N(CH3); Cl led to ionic bonding of the ammonium ion with
the carboxylate of the modified GO as observed by a sharp reflec-
tion in the XRD at dyy; = 37 A, characteristic of a bilayer arrange-
ment of the surfactant cations within the interlayer space of the
modified solid.

The aforementioned study was completed by Herrera-Alonso et
al. [104], who investigated the modification of GO with diaminoal-
kanes (n = 4 — 10). A gradual increase in the basal spacing of GO
was observed as the hydrocarbon chain length of the diamine in-
creased from butane to decane, suggesting that intercalation takes
place and the interlayer spacing was sensitive to the size of the in-
tercalant. However, the interlayer spacing of GO modified with
diaminoalkanes did not reflect the values of an interlayer spacing of
GO modified with monoaminoalkanes with the same number of
methylene groups. Finally, it was demonstrated that the reaction of
GO with diaminoalkanes under reflux for extended periods (>72
hours) resulted in the chemical reduction of the GO to a disordered
graphitic structure. The presence of new groups on graphene was
followed by FTIR spectroscopy. New bands appeared in the FTIR
spectra at 1470, 1570, 2924 and 2852 em’! and were attributed to
the bending vibrations of —CH,- and —N-H groups and the asym-
metric and symmetric vibrations of methylene groups, respectively.
The positions of both the diaminooctane modified GO bending
vibration at 1467 cm™ and asymmetric vibration at 2929 cm™ can
be used to establish the chain conformation (gauche/trans ratio).
Higher frequencies are indicative of all-frans chains.

The ring-opening reaction of the epoxy groups of GO catalyzed
by potassium hydroxide was also used for ionic-liquid functionali-
zation of graphene sheets with 1-(3-aminopropyl)-3-methylimi-
dazolium bromide [105,106]. The characteristic asymmetric stretch-
ing absorption bands of the imidazolium ring in FTIR spectra were
found at 1164 cm™. The electronic conjugation of graphene was
proved using UV-Vis spectroscopy following red band shifts from
230 nm to 260 nm for graphene before and after the reduction pro-
cedure. Functionalized GO was well dispersed in water, DMF and
DMSO due to an enhanced solubility and electrostatic inter-sheet

repulsion provided by the ionic liquid units. The authors reported
that the dispersions were stable for more than three months while it
was proved that good exfoliation was obtained. The final material
after reduction of the residual oxygen groups was immobilized onto
chitosan film on the surface of glassy carbon electrodes. The elec-
trode was then used as a sensor for ethanol through an NADH am-
perometric response.

Modification of the graphene surface of GO by ODA was de-
scribed in another two works [107,108]. Functionalized GO could
be exfoliated to give dispersions in THF, toluene, DMF, cyclohex-
ane, chlorobenzene and dichloromethane, which were stable for
more than 6 months. Covalent functionalization was confirmed by
FTIR, where asymmetric vibrations of the methylene group at 2874
and 2918 cm™ were observed. Similarly, N-H vibrations observed
at 1468 cm’™' confirmed the modification, as well. The functional-
ized GO was subsequently reduced by heating. Elemental analysis
and FTIR confirmed that two—thirds of the oxygen and one-half of
the alkyl chains were lost by heating at 300°C. The conductivity of
the GO films was also reported [107]. The annealing of the film of
functionalized GO at 300°C led to a rapid rise in conductivity from
less than 107 S em™ to 10 S cm™.

Wang et al. [98] modified GO by thermal treatment of
GO/water dispersions with allylamine/ethanol mixtures in an auto-
clave. Such processing led to the enhanced water solubility of gra-
phene from 0.69 mg ml™ to 1.55 mg ml”.

2.3.2. Reactions on Aromatic Rings of Graphene Sheets

One possible way of functionalizing graphene aromatic rings is
by substitution of metalized graphite. Chattopadhyay et al. [109]
described an electrophilic substitution of the lithium graphite with
n-dodecyl iodide for the preparation of exfoliated soluble graphite.
The C-Li bond was first introduced onto graphite by treatment of
graphite with lithium metal in the presence of ammonia under an
argon atmosphere according to Scheme (7). Subsequently, the addi-
tion of n-dodecyl iodide led to the covalent hydrophobization of
graphite by n-dodecyl chains. Covalent attachment of the dodecyl
radicals was demonstrated by Raman spectroscopy, where the D
band of the functionalized material at 1299 cm™ was enhanced as a
result of the chemical disruption of the sp® hybridized carbon atoms
of the graphite. In addition, C-H stretching bands associated with
the dodecyl groups at 2917 and 2840 cm™ were observed in the FT-
IR spectra. Elemental analyses showed that while starting graphite
gave less than 0.05% hydrogen, graphite recovered after the reac-
tion with lithium in liquid ammonia without the dodecyl iodide had
1.7% hydrogen and dodecylated graphite contained 2.25% hydro-
gen. A series of standard analyses, such as AFM and XRD, was
used to determine the bulk properties of prepared exfoliated graph-
ite and showed irregular modified graphite nanoplatelets with a
height of 3.5 nm.
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Another type of metalized graphite, potassium graphite, was
used in the reaction with 1-iododecane to produce dodecylated
graphite (see Scheme (7)) [110]. The FT-IR spectra confirmed the
presence of C-H stretching bands at 2800-3000 cm™ associated with
the dodecyl groups. TGA indicated a weight loss of 15%, which
corresponds to about one dodecyl group per 78 graphite carbon
atoms. Prepared dodecylated graphite was soluble in chloroform,
benzene and 1,2,4-trichlorobenzene. Moreover, its solubility in
water was achieved by the reaction of potassium graphite with 5-
bromovaleric acid and subsequent reaction with amine-terminated
PEG (see Scheme (8)). The FT-IR spectra of acid functionalized
graphite showed a broad hydroxyl absorption at 3400 cm™ and a
sharp carbonyl absorption at 1678 cm™. After reaction with PEG
the carbonyl group was shifted to 1624 cm™ and the N-H stretching
band was found at 3738 c¢m™', in accordance with amide bond for-
mation. XPS of PEGylated graphite showed the presence of distinct
Cls, Ols, and N1s peaks at 284.6, 533, and 400.2 eV, respectively.

NH"(CH,CH,0)n)-OH

The TGA of acid functionalized graphite indicated a weight loss of
12%, corresponding to one C4HgCO,H group per 61 graphite car-
bon atoms. AFM images showed that graphite functionalized with
PEG chains had height between 2-9 nm.

Bon et al. [111] used plasma assisted decomposition of CF, to
prepare fluorinated graphene sheets. Subsequently, the fluorinated
graphene sheets were dispersed in butylamine and sonicated for 1
hour. During this treatment butylamine was attached to the gra-
phene sheets through an elimination of the fluorine atoms and for-
mation of C-NHR bonds (see Scheme (9)). The authors used IR
spectroscopy to verify the transformation. After the plasma treat-
ment, a band at 1260 cm™ was observed and attributed to covalent
C-F bonding. Similarly, in the XPS spectra a peak at 290.1 eV
characteristic of C-F bonds was found after treatment with CFj.
During the subsequent reaction with a butylamine, the asymmetric
and symmetric stretching vibrations of the primary butylamine at
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3290 and 3370 cm™, respectively, disappeared and a broad band at
3400 cm™, attributed to a secondary amine, appeared in the IR spec-
tra. Moreover, a band at 1260 cm’, attributed to a covalent C-F
bond, disappeared after the reaction. In the XPS spectra a N1s peak
was observed in the butylamine functionalized graphene. A peak
fitting procedure reveals two N1s components with binding ener-
gies of 399.5 and 400.5 eV, corresponding to NH, and NH groups,
respectively. Amino-functionalized graphene was well dispersed in
organic solvents. AFM images showed the graphene sheets with
average thickness of 0.7-0.9 nm, which is characteristic of exfoli-
ated graphene sheets.

A high level of functionalization of fluorinated graphite with
dodecyl groups was reported by Chakraborty ef al. [112]. During
this functionalization, a carbon-centered free radical was formed
after electron transfer from lithium to the fluorinated graphite and
subsequent decomposition of the transient radical anion formed (see
Scheme (9)). This carbon-centered radical was then reacted with a
dodecyl radical originating from the radical anion of dodecyl
iodide, which was formed after a similar electron transfer process.
After the functionalization, the white fluorinated graphite changed
color to black, indicating that the fluorine groups were replaced by
dodecyl functionalities. In the Raman spectra the dodecylated
graphite exhibited a G band at 1590 cm™ and a D band at 1290 cm™
that arose from covalent attachment of the dodecyl groups. The D/G
ratio was 2:1, indicating a high level of functionalization. During
the alkylation the FT-IR spectra showed a disappearance of the C-F
stretching absorptions between 1072 and 1342 cm™ and an appear-
ance of the C-H stretching bands from the dodecyl groups at 2800-
3000 cm™. XPS confirmed that nearly all of the fluorine atoms were
displaced by the dodecyl functionalities. The TGA showed a 40%
weight loss, indicating that the functionalized graphite had one
dodecyl group per 21 graphitic carbon atoms. This was about a 3
times higher functionalization than was reported by the same
authors for dodecylated graphite prepared from potassium graphite
[110]. The functionalized material was soluble in chloroform, di-
chloromethane, DMF, DMSO, benzene and 1,2,4-trichlorobenzene.
The solubility in chloroform was determined to be as high as 1.2
gI'. The AFM image of the dodecylated graphite showed that the
average height was between 2 — 12 nm.

Worsley et al. [113] used graphite fluoride for alkylation reac-
tion with alkyl lithium reagents such as butyl and hexyl lithium in
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the presence of tetramethylethylenediamine. The authors showed
that the alkyl lithium reagent both replaces fluorine by alkyl groups
and introduces additional double bonds by eliminating molecular
fluorine. This was confirmed by FT-IR spectroscopy, where in ad-
dition to the C-H stretching bands of the alkyl groups at 2850-3000
cm™ bands were also observed at 1450-1600 cm'l, which can be
attributed to C=C stretching. The alkylated graphene was dispersi-
ble in THF and in halogenated solvents such as dichlorobenzene
and dichloromethane. The solubility was dependent on the degree
of alkylation of the graphene sheets. Using near IR the authors de-
termined that the solubility of the best soluble butylated and hexy-
lated graphene sheets in THF was 0.24 and 0.54 g.1", respectively.
It was found in AFM images that the average thickness of such
functionalized graphene layers was 0.95 nm. In height mode of the
AFM images the roughness of the nanoplatelets was also visible, as
is expected for graphene that is highly functionalized in the basal
plane. The authors attributed the variability in the height to the local
degree of functionalization, with high points in the areas where the
functionalization is especially dense and the hexyl groups are stand-
ing perpendicular or at a substantial angle to the graphene plane.

Another method, which does not require an oxidized graphene
surface (more to the contrary, its efficiency is higher in non-
oxidized or reduced graphene sheets) is functionalization by dia-
zonium salts (see Scheme (10)). Bekyarova er al. [114] demon-
strated the chemical modification of epitaxial graphene by covalent
attachment of nitrophenyl groups to the basal carbon atoms. The
surface modification was achieved through an electron transfer
from the graphene layer to the diazonium salt and its subsequent
spontaneous reaction with the graphene surface. The presence of
nitro groups on the graphene surface was confirmed by FT-IR spec-
troscopy, because the nitrophenyl functionalized graphene exhibited
new bands at 1565 and 1378 cm™, corresponding to the symmetric
and asymmetric stretching bands of the nitro group. In addition, the
XPS spectrum showed a peak at 406.36 eV that was assigned to the
nitro groups. Cyclic voltammetry was used to estimate the surface
coverage of the nitrophenyl groups. The surface coverage was
about 1 x 10" molecules.cm™ of graphene sheet, which was in good
agreement with the theoretical coverage of 5 x 10'* molecules.cm™
based on an ideal, fully ordered close-packed monolayer of verti-
cally oriented nitrophenyl groups. Based on the XPS, the nitro-
phenyl groups were present on the graphene surface even after heat-
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Scheme 10.

ing at 200°C in a vacuum for 2 hours. The authors also showed that
the modification of graphene sheets led to a more than double in-
crease in the room temperature resistance (from 1.5 kQ.cm™ to 4.2
kQ.cm™?), thus suggesting a change in the electronic structure and
transport properties of graphene from near-metallic to semiconduct-
ing. The functionalized graphene surface was further used as a
working electrode and the nitro groups were reduced to amine
groups in aqueous solution as confirmed by XPS, where a single
peak at 399.30 eV was observed.

Lomeda et al. [115] reported the diazotation of graphene sheets
using chlorophenyl, bromophenyl, nitrophenyl and methoxyphenyl
diazonium salts in the presence of surfactants under basic condi-
tions. To achieve good exfoliation, graphite was first oxidized to
GO. In the next step the dispersed GO was reduced by hydrazine
and subsequently functionalized. The ATR-IR spectrum of gra-
phene functionalized with nitrobenzene groups showed the asym-
metric and symmetric stretches of the nitro group at 1513 and 1343
em™, respectively, in addition to C-N stretches at 852 cm™. The
presence of nitro groups was also confirmed by XPS with a strong
signal at 406 eV. Similarly, XPS was used to confirm the function-
alization of graphene with halogen derivatives. The atomic percent-
ages of halogens estimated by XPS were 4.6% Cl and 3.2% Br for
chlorobenzene and bromobenzene derivatives, respectively. It was
also proved that diazonium functionalization was more efficient
after the reduction of oxidized graphene sheets. The degree of func-
tionalization for all derivatives was estimated from TGA to be
about 1 functional group per 55 carbons. The functionalized gra-
phene was readily dispersed in DMF, DMAc and NMP and the
solubility in DMF was established to be 0.25-0.5 mg.ml" depend-
ing on the aryldiazonium derivative. AFM showed single or bilay-
ers of graphene sheets. Diazonium functionalization was also used
in the preparation of water-soluble graphene after its reduction from
GO.

Diazonium salts were also used for introducing sulfonic acid
groups onto the graphene structure [116]. The functionalization was
carried out on GO partially reduced by NaBH,. Elemental analysis
showed that while modification of unreduced GO via diazonium
salts gives a S:C ratio of only 1:148, after prereduction of GO the
ratio can be increased to 1:35 under the same reaction conditions.
The ATR-IR spectra of sulfonated graphene showed the presence of
peaks at 1175, 1126 and 1040 cm™ from sulfonic acid groups and
peaks at 1007 and 830 cm™ characteristic of vibrations from a p-
disubstituted phenyl group. Charged —SO;  units prevented the
graphitic sheets from aggregating in solution after the subsequent
second reduction stage of the GO by hydrazine. Such an approach
allowed the preparation of isolated sheets of lightly sulfonated gra-

phene with improved water solubility of about 2 mg.ml" in the pH
range of 3-10. Isolated sulfonated graphene sheets could also persist
in the mixture of water and organic solvents including methanol,
acetone and acetonitrile, making it amenable to further modifica-
tion. The conductivity of the final reduced sulfonated graphene was
1250 S.m™, which is about 4-times lower than that for neat graph-
ite. A similar procedure but which also includes a second sulfona-
tion step was used for the preparation of highly sulfonated graphene
[117]. The presented sulfonyl groups were used as doping groups
for poly(3,4-ethyldioxythiophene) (PEDOT) to enhance the conduc-
tivity and mechanical properties of graphene/PEDOT hybrid mate-
rials.

To develop high performance, graphene-based nanocomposites,
the addition of diazonium salts onto graphene nanosheets was done
to enable the covalent bonding of ATRP initiators onto the gra-
phene surface [118]. Subsequent atom transfer radical polymeriza-
tion allowed for the linking of PS chains to the graphene
nanosheets. Functionalization of the graphene surface was clearly
supported by an increase in the D/G bands ratio at 1333 and 1582
cm™, respectively, in Raman spectra expressing sp’/sp> carbon ra-
tios. Further evidence of covalent bonding between graphene and
PS chains is provided by the Fourier transform infrared (FT-IR)
spectra. The FT-IR spectrum from the initiator-grafted graphene
sheets exhibited two peaks at 1740 and 1160 cm™ that are charac-
teristic of ester bonds. In FT-IR spectra of PS-grafted graphene,
four strong peaks at 700, 754, 1480 and 1490 cm, corresponding
to absorptions of the benzene ring of PS segments, and peaks at
2920 and 3030 cm™ from the methylene groups were observed. The
prominent confinement effect arising from nanosheets resulted in a
15°C increase in the glass transition temperature of PS compared to
that of the pure polymer. The resulting PS nanocomposites with 0.9
wt% graphene nanosheets revealed around 70% and 57% increases
in tensile strength and Young's modulus.

Choi et al. [119] reported the functionalization of epitaxial gra-
phene via nitrene radicals formed by the thermal decomposition of
azidotrimethylsilane (see Scheme (11)). After removing N, the
nitrene can react with graphene via both electrophilic cycloaddition
reactions and biradical pathways after intersystem crossing. How-
ever, it was found that the efficiency is quite low, as just one nitro-
gen per 53 carbons was found. The authors used high resolution
photoemission spectroscopy (HRPES) to confirm a covalent func-
tionalization of the graphene surface. By observing the bonding
nature of the N 1s peaks, they found that two distinct N peaks can
be clearly distinguished in the spectra at 398.5 and 399.7 eV. Using
a covalently bound, stretched graphene (CSG) model, they eluci-
dated that nitrene radicals were adsorbed on the graphene layer at
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Scheme 12.

two different adsorption sites. The successful functionalization of
ortho-dichlorobenzene (OCDB)-dispersed graphene by thermal
decomposition of aryl azides was also mentioned in the work of
Hamilton ez al. [120], but the authors did not give more informa-
tion. The same authors also mentioned the successful functionaliza-
tion of OCDB-dispersed graphene by radical addition of alkyl io-
dides. This addition was initiated by the thermal decomposition of
benzoyl peroxides. The authors indicated that more details on this
functionalization would be published.

An electrochemical approach to graphene surface functionaliza-
tion was used for the preparation of ionic-liquid-functionalized
graphite sheets, which could be exfoliated into functionalized gra-
phene nanosheets [121]. As an ionic liquid, various 1-octyl-3-
methyl-imidazolium salts with different types of anions were used.
It was suggested that during the electrochemical reaction process an
electron transfer to the ionic liquid occurred. According to semiem-
pirical calculations, the unpaired electron was located mainly on the
C2 carbon of the imidazolium ring of the ionic liquid. Reduction of
the cation led to the formation of the 1-octyl-3-methylimidazolium
free radical, which could combine with one of the electrons of the
n-bond of the graphene (see Scheme (12)). The connection of ionic
liquids to the graphene surface was verified by XPS and FTIR spec-
troscopy. In XPS, a well defined peak at 399.84 eV was observed,
consisting of two modes at 399.80 and 401.51 eV from two differ-
ent types of nitrogen atoms of the imidazolium ion connected to
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graphene surface. FT-IR analysis showed the presence of C-H
stretching bands at 2923 and 2853 cm™, a C-H vibration at 1454
cm™ as well as the imidazolium framework vibration at 1616 cm™.
Due to the hydrophobic groups attached to the graphene surface, the
obtained modified graphene nanosheets readily formed stable and
homogeneous dispersions in polar aprotic solvents such as DMF,
DMSO and NMP solutions after sonication. In DMF the AFM re-
vealed exfoliated graphene with an average thickness ca. 1.1 nm.
The authors also investigated the influence of ionic liquids on the
electrical conductivity of modified graphene nanosheets/PS com-
posites. The results indicated that the anion does indeed have a
crucial effect on the conductivity of modified graphene nanosheets.
The best conductivity was found for graphene modified by 1-octyl-
3-methyl-imidazolium hexafluorophosphate with a percolation
threshold of 0.1 vol % and a conductivity of 13.8 S.m™ at a 4.19 vol
% modified graphene content.

A simple method for the covalent functionalization of graphene
by a polymer chain is the grafting of polymer radicals onto the gra-
phene surface (see Scheme (13)). Poly(acrylic acid) (PAA) and
polyacrylamide (PAM) were grafted to the surface of reduced GO
in a water suspension using ammonium peroxosulfate as an initiator
of the acrylic acid and acrylamide monomers [122]. Raman and FT-
IR spectroscopy were used for structural characterization of the
modified samples. Raman spectroscopy is strongly sensitive to the
electronic structures of samples and can thus be used for observing
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Scheme 14.

the newly formed sp’ hybridized carbons of graphene after the
grafting of a monomer (macromer). Comparing the data with that
for raw graphite, the ratios of the intensities of the D band at 1330
cm™ and G band at 1580 cm™ for both types of modified graphene
were markedly increased, indicating the formation of the sp® carbon
after functionalization. FTIR only confirmed the presence of a car-
bonyl stretching vibration at 1720cm™ and a C-H stretch at 2960
em”. TGA gave 82% and 65% weight loss of the organic part for
PAA-g-graphene and PAM-g-graphene, respectively. This corre-
sponded to composites containing graphene nanoplatelets and PAA
or PAM with weight ratios of 2:9 or 1:2. The same authors reported
the preparation of graphene nanoplatelets grafted by PS-b-PAM
block copolymers [123]. In this case the TEMPO-terminated PS
macroinitiator was prepared first and then mixed and heated with
reduced GO, acrylamide and benzoyl peroxides to start the synthe-
sis of block copolymers for grafting to graphene surfaces. The final
composite contained graphene and PS-b-PAM in a 1:4 ratio. In both
works the authors reported the average thickness of the graphene
nanoplatelets of 1.2 nm, which could correspond to exfoliated sin-
gle layers and up to 3 graphene layers.

Unlike previous cases where the authors first reduced GO and
then performed grafting of the polymers, Hu ez al. [124] first re-
ported grafting of GO and its immediate subsequent reduction. The
grafting was carried out using an emulsion radical polymerization
of styrene in the presence of SDS as a surfactant and potassium
peroxosulfate as an initiator. The formation of micelles on the gra-
phene edges was reported as a consequence of interactions between
oxygen-containing hydrophilic groups and surfactant, while the
other micelles were dispersed in the interface media through dy-
namic equilibrium. Such adsorbed micelles then acted as the base
for covalent linking of PS onto graphene. The final material con-

sisted of PS microspheres covalently linked to the edges of reduced
graphene nanoplatelets. The presence of PS was confirmed by FTIR
because typical PS absorption vibrations at 3028, 2921, 1605, 1493,
1450 and 1029 cm™ were observed. Raman spectroscopy was used
to show the higher order possibilities for the grafting reaction on sp’
carbons, as the [(D)/I(G) ratio of bands at 1331 and 1594 cm’! was
1.156. The PS-graphene composite was dispersible in toluene and
chloroform and the suspensions were stable for more than 4
months. The electrical conductivity of PS with 2 wt% graphene was
2.9x107 S.m™.

Liu et al. [125] reported the photochemical functionalization of
graphene sheets. It was found that benzoyl peroxides decomposed
in the presence of graphene when irradiation was applied (see
Scheme (14)). As a result, a phenyl radical decomposition product,
formed by decarboxylation of benzoyloxyl radicals, was bound to
the graphene surface. The mechanism was studied and it was sug-
gested that benzoyl peroxide accepts a hot electron from photoex-
cited graphene, which serves as a sensitizer. The benzoyl peroxide
radical anion then spontaneously decomposes to benzoate and the
benzoyloxyl radical. The hot electron transfer mechanism is consis-
tent with the observation of a strong dependence of the reaction
kinetics on the excitation energy. An increase in the excitation en-
ergy increased the energy of the hot electron and thus increased the
rate of electron transfer to benzoyl peroxide. Single-layer graphene
was about 14 times more reactive than was double layer graphene.
During the functionalization a significant sp® defect in the basal
plane of graphene was produced, as was confirmed by Raman spec-
tra in which a strong D band appeared at 1343 cm™. At the same
time the electrical conductivity of the graphene flakes decreased
while the hole-doping level increased.
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In addition to all the methods of graphene surface functionaliza-
tion mentioned, a hydrogenation of graphene sheets was reported,
as well. Hydrogenation introduces new reactive sites onto the gra-
phene structure and has a significant influence on electrical proper-
ties. Moreover, hydrogenated graphene is interesting for its pre-
dicted magnetism. Ryu ez al. [126] reported a reaction of graphene
with hydrogen atoms generated during electron beam-initiated
crosslinking of a hydrogen silsesquioxane film coated on the gra-
phene sample. The hydrogenation process was followed by Raman
spectroscopy based on the appearance of a D-band at ~1350 em™
induced by local basal plane derivatizations that create sp” distor-
tions. It was found that the reaction was significantly faster for
single-layer graphene than for double layers. This enhanced reactiv-
ity was attributed to the lack of m-stacking and out-of-plane defor-
mation needed to stabilize the transition state of the hydrogenation
reaction. The authors also reported that the hydrogenation process
can be reversed by photothermal heating under ambient oxygen.
The dehydrogenated graphene was activated on SiO, and exhibited
enhanced chemical doping. Similarly, a reversible hydrogenation of
graphene was reported by Elias ef al. [127] by the reaction of gra-
phene with atomic hydrogen, transforming the highly conductive
semimetal into an isolator. The original metallic state was restored
by annealing.

3. CONCLUSIONS

In the present review we mentioned the development of many
reaction pathways for the covalent modification of graphene. The
reactions were divided into two basic parts. The first part was re-
lated to the oxidation to GO and following transformation to gra-
phene. The second part covered surface modifications of graphene
and was separated into two sub-chapters: the organic chemistry of
the functional groups of GO and the surface chemistry of the aro-
matic rings of graphene. The modifications of graphene signifi-
cantly affected the solubilities and conductivities of the final mate-
rials. These reactions show us one of the possible ways to achieve a
high volume production of graphene from a naturally occurring
material — graphite.
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