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Abstract Graphene, as one of the most promising new
materials, has a wide range of applications in biosensors,
super-capacitors and catalysts. Herein, we focus on the
covalent and noncovalent modification of both graphene
and graphene oxide recently reported, and review the inter-
esting properties, e.g., wider electrical band gap and higher
dispersibility. We cover covalent derivatization of graphene
and graphene oxide with various species, such as nitrenes,
carbenes, aryl intermediates, polymers, biomaterials, car-
bon materials (fullerenes and carbon nanotubes), and
organic molecules. As regards, noncovalent functionaliza-
tion, we consider n—r interactions, van der Waals forces,
ionic interactions, and hydrogen bonding. This review also
covers some efforts to achieve tailored functionalization
for applications. Finally, we assess the future prospects of
covalently and noncovalently modified graphene and gra-
phene oxide (Fig. 1).
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1 Introduction

Graphene, that is, one-atom thick, two-dimensional
sp>-hybridized carbon arranged in a honey-comb crystal
lattice, has received great attention because of its unrivalled
thermal and electrical conductivity. The electronic proper-
ties of graphene were first studied experimentally in 2004
[1]. By virtue of its zero band-gap energy and the quantum
hall effect under ambient conditions, graphene exhibits
superior electronic, mechanical, optical and transport prop-
erties, resulting the applications in solar cells [2], biosen-
sors [3], transparent conductive films [4], supercapacitors
[5], contaminant removal [6] and flexible electronics [7].

Lots of methods have been used to prepare graphene,
such as micromechanical or chemical exfoliation of graph-
ite [8], chemical vapor deposition (CVD) growth [9, 10],
and chemical, electrochemical, thermal, or photocatalytic
reduction of graphene oxide (GO) [11].

However, there are still two shortcomings that research-
ers are striving to overcome for real applications of gra-
phene. Firstly, because of the zero band-gap energy, gra-
phene transistors have a small on—off ratio [12]. Secondly,
exfoliated graphene cannot be dissolved and dispersed in
most organic solvents [13].

Chemical functionalization of graphene offers obvi-
ous solution to the problems associated with graphene.
Electron-donating or -withdrawing groups can be bonded
to the graphene network by synthetic chemistry methods,
which could contribute to the band-gap widening and good
dispersibility in common organic solvents. Furthermore,
these new functional groups might provide some additional
capabilities. Conversely, modification through noncova-
lent interactions, such as m—=w interactions, van der Waals
forces, ionic interactions, and hydrogen bonding, can avoid
major alteration of the structure and electronic properties of
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Fig. 1 Functionalization of
graphene and applications of the
derivatives
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graphene. In addition, graphene oxide, which is more ame-
nable to the chemical modification than pristine graphene,
is also considered in this review. Its covalent and noncova-
lent functionalizations are also discussed. Finally, the appli-
cations of functionalized graphene and graphene oxide are
discussed (Fig. 1).

2 Covalent Functionalization of Graphene

Multiple strategies have been utilized for the covalent mod-
ification of graphene. However, the use of radical species,
including nitrene, carbene and aryl intermediates, is most
prominent in forming covalent bonds with graphene.

2.1 Diazonium Salts

Using a diazonium salt to directly graft an aryl group on the
sp> carbon network of graphene has been widely applied
to form covalently functionalized conducting or semicon-
ducting materials [14]. In neutral or basic environments, a
dinitrogen molecule is eliminated, and then, an electron is
transferred from graphene to the diazonium salt to form an
aryl radical.

Modification of graphene sheets with diazonium salts
was first presented by Haddon’s group [15]. In their study,
epitaxial graphene grown on SiC wafers was modified with
aryl groups by treatment with (p-nitrophenyl)diazonium
tetrafluoroborate. The reaction was facilitated by rapid elec-
tron transfer from the graphene layer to the diazonium salt.
The authors also determined that there were ca. 1x10%
molecules/cm? on the functionalized graphene surface and
the resistance was enhanced. A further study involving the
append of nitrophenyl groups onto graphene was reported
by Strano et al. in 2010 [16]. They concluded that a single
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layer was far more reactive than a bi-or multi-layer accord-
ing to Raman spectra and that the reactivity at the edge was
at least twice that at the center of the single-layer graphene.
In exploring the conductivity of modified graphene, Gao’s
group estimated that a highly modified graphene material
would have a higher charge carrier density because of the
prominent charge-transfer effect imparted by the nitrophe-
nyl groups compared with the scattering effect (Fig. 2), and
thus the conductivity would be significantly enhanced [17].

In order to control the surface potential of graphene,
Stark et al. also investigated the modification with diazo-
nium salts [18]. They utilized a photoresist, beneath which
highly oriented pyrolytic graphite (HOPG) was preserved,
and the exposed portion was then modified by highly
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Fig. 2 TIllustration of charge transfer effect brought by the nitrophenyl
groups functionalized to graphene. a Fewer holes, as the charge car-
riers lead to the fewer electrons transferring and the scattering effect
of nitrophenyl groups is more predominant. b More holes are present
to top the scattering effect and result in the heightened conductivity
of graphene material [17]. Copyright (2011), with permission from
American Chemical Society
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diluted diazonium reagents (Fig. 3a). The surface potential
(AY) of p-nitrophenyl-functionalized HOPG was found to
be changed by —74 +16 mV compared with that of HOPG,
which was observed in dependence on the Hammett sub-
stituent parameters (o) (Fig. 3b).

Recent years further modifications of graphene with
diazonium salts have emerged. Daasbjerg et al. used cyclic
voltammetry to electrochemically reduce aryldiazonium
salts and provided a versatile approach to functionalizing
multi-layered graphene with a homogeneous distribution of
defects on Ni [19]. Yang and his group employed a poten-
tiodynamic technique to conduct electrochemical modifi-
cation of graphene nanoplatelets with aryl diazonium salts
[20]. By applying different types and amounts of reactive
terminal groups (—Cl, -NO, or —-NH,), the interfacial prop-
erties of layers could be modified correspondingly. The

resulting functionalized graphene nanoplatelets were then
used to detect ions, such as Pb?*, NO,™ and SO32_.

As regards the application of graphene functionalized
with groups from diazonium cations, Shervedani recently
reported that a GC—GNs-Th electrode (glassy carbon (GC)
electrode covalently modified with thionine (Th) diazo-
nium cation through graphene nanosheets (GNs)) could
be further functionalized to construct sensors for detecting
glucose and nitrite [21].

2.2 Peroxides

Besides diazonium salts, phenyl radicals can also be gener-
ated from benzoyl peroxide. Brus et al. studied the photo-
chemical reaction between benzoyl peroxide and graphene
[22]. Under an Ar ion laser beam, single-layer graphene

Fig. 3 a Modification of an (a) lithography
HOPG surface with diazonium — P, - > 2
salts. b Change in surface A A3 L y
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grown on the silicon substrate was immersed in a 5 mM
solution, leading to a decrease in the electrical conductiv-
ity of the graphene flake and an increase in the hole doping
level. Under irradiation, benzoate radicals were generated
from benzoyl peroxides, and then decomposed to phenyl
radicals by the elimination of CO,. The as prepared phenyl
radicals played a vital role in the functionalization of the
graphene sheet (Fig. 4).

Recently, researchers have found that by changing
the twist angle (0), the Van Hove singularities (VHSs) in
twisted bilayer graphene (tBLG) can be tuned, which modi-
fies the physical properties. Liu et al. explored the chemi-
cal reactivity of tBLG with VHSs through the photochemi-
cal reaction between graphene and benzoyl peroxide [23].
When the incident energy was equal to the energy gap of
VHSs, the chemical reactivity of the tBLG could be greatly
enhanced.

2.3 Nitrenes

Phenyl nitrene, as a highly reactive intermediate, is typi-
cally generated from azide groups through thermolysis or
irradiation [24]. Researchers have utilized phenyl nitrene
to chemically modify epitaxial graphene [25] through its
[2+ 1] cycloaddition to the graphene sheets. At room tem-
perature, benzazirine can be obtained by the isomerization
of phenyl nitrene and then cyclized to the aromatic keten-
imine in solution. Importantly, the obtained cyclic keten-
imine can react with the raw material to form a polymer in
the absence of amine. This reaction can also be induced by
a photosensitizer, which would lead to PhN dimerization.
Based on this mechanism, Kim’s group used azidotri-
methylsilane (ATS) to modify epitaxial graphene in vac-
uum. The band gap of the resulting modified graphene was
0.66 eV, larger than that of epitaxial graphene [26]. This
functionalized graphene proved to be stable at temperatures
up to 200 °C though nonmetallic, in contrast to the epitaxial
graphene. The author stated that the band gap of epitaxial
graphene was widened by the addition of one nitrene radi-
cal per 53 carbon atoms. Conversely, Iribarne’s group con-
cluded that band-gap widening was not observed even for
the adsorption of one NH group per 32 carbons atoms [27].
Perfluorophenyl azides (PFPAs) are known as highly
efficient reagents suitable for covalently functionalizing

carbohydrates [28], e.g., C¢, [29] and graphene [30]. Phe-
nyl azide can release N, to form phenyl nitrene under
photocatalysis, and then the phenyl nitrene can react with
numerous organic molecules, resulting in different types of
products [31]. In 2009, Yan’s group prepared derivatives
of PFPAs and offered a simple mean of covalently modi-
fying graphene with PFPAs. They heated mixtures of pris-
tine graphene and PFPAs in the o-dichlorobenzene (DCB)
as solvent. The functionalized graphene exhibited some
new chemical functionalities because the PFPAs groups
imparted solubility in both water or organic solvents [32].
Recent technological developments in X-ray photo-
electron spectroscopy (XPS) allow its application to study
nitrogen in PFPA-functionalized graphene sheets [33].

2.4 Carbenes

Carbenes are well-known reactive intermediates and have
also been used to modify graphene sheets. There are two
kinds of carbene precursors, namely chloroform and
diazirines. In an alkaline environment, such as a concen-
trated sodium hydroxide solution, dichlorocarbene can be
generated through thermal elimination from chloroform
[34]. Diazirines, consisting of a carbon atom bound to two
mutually double-bonded nitrogen atoms, feature a cyclo-
propene-like ring. Decomposition of diazirines by heating
or irradiation can generate carbenes and diazo intermedi-
ates [35]. The reactivity of these carbenes is high because
organic functional groups can react through C-H, N-H and
O-H bonds, making it useful in the modification of carbon
materials, such as carbon nanotubes [36], diamond [37],
fullerene [38, 39], and reduced graphene oxide [40, 41].
In some respects, diazirines resemble azides, being stable
in the absence of light, but immediately forming carbenes
upon irradiation. However, the synthesis of diazirines is
inefficient and time-consuming. Workentin et al. used
3-aryl-3-(trifluoromethyl)diazirines to prepare carbene-
modified gold nanoparticles (AuNPs). Functionalized
with both 1-decanethiol and a thiol-derivatized diazirine,
AuNPs released N, under photocatalysis to conditions to
form a carbene. The product could react with reduced gra-
phene oxide in THF as solvent to provide graphene—AuNPs
(Fig. 5), and the resulting product could be used for detect-
ing Pb** [40].

O o)
0-0 hv Graphene
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Fig. 4 Mechanism of generating the phenyl radical and then functionalizing to the graphene sheet [22]. Copyright (2009), with permission from

American Chemical Society
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Fig. 5 Process of making gra-
phene—AuNPs from the 3-aryl-
3-(trifluoromethyl)diazirine
[40]. Copyright (2011), with
permission from American
Chemical Society
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3 Noncovalent Functionalization of Graphene

The noncovalent modification of graphene is mostly based
on van der Waals forces, electrostatic interactions, or T—m
interactions with organic molecules or polymers. Compared
with covalent functionalization, noncovalent functionaliza-
tion would not disrupt the extended = system of graphene
nanostructures, and thus not affect important properties of
graphene, such as electrical conductivity and mechanical
strength. This review covers the noncovalent interactions of
graphene with aromatic species, organic molecules, other
carbon nanostructures, and inorganic species.

3.1 n—x Interactions

Aromatic n—7 interaction is regarded as one of the most
interesting noncovalent interactions. Single-layer gra-
phene interacts preferentially with small aromatic mol-
ecules, which can benefit the exfoliation of graphite and
the stable dispersion of graphene derivatives, due to the
extended aromatic system with almost planar geometry.
Such interactions can also widen the band gap of graphene.
Kuo found that the adsorption of aromatic molecules onto
graphene, e.g., borazine (B;N;Hy), triazine (C;N;H;)
and benzene (C¢Hg), resulted in the widen of band gap
to as much as 62.9 meV [42]. Zhou’s group used single-
pyridine-linked (PDL) molecules sandwiched between
two zigzag-edged graphene nanoribbons to study spin-
dependent electron transport [43]. Prior to this research,
Shin et al. had used density functional theory to study the
effect of pyridine adsorption and an applied electric field
on the band structure and metallicity of zigzag graphene
nanoribbons (ZGNRs) [44]. They found that adsorption
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s"e«)’\o/©>< @
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of any electron-accepting organic molecule, such as pyri-
dine, on ZGNRs should provide a simple and useful way
to widen the band gap. Loh used Pyridine-functionalized
graphene as a metal-organic framework (MOF) to react
with iron porphyrin, which formed a graphene-metal-
loporphyrin MOF [45]. As shown in Fig. 6, the authors
used 5,10,15,20-tetrakis(4-carboxyl)-21H,23 H-porphy-
rin (TCPP) and FeCl; to form the MOF, designated as
(Fe-P), MOF. They used a pyridinium analogue as a
donor—n—acceptor dye to functionalize r-GO sheets, and
the resulted composite was designated as G-dye. Finally,
(G-dye-FeP), MOF was obtained by combining the two
composites. Patra et al. [46] reported similar work employ-
ing TCPP and RGO to form a nanostructure. They found
that the photocurrent of this composite system under visi-
ble light illumination was increased due to electron transfer
from TCPP NR to rGO, suggesting potential application in
solar light harvesting.

Green et al. demonstrated a facile technique which used
a triphenylene as the stabilizer to noncovalently functional-
ize the pristine few-layer graphene (FLG) in water without
micelle formation [47]. The dispersion of the functional-
ized FLG was improved a lot and the stability against heat
and lyophilization was also largely enhanced.

Mi et al. proposed a new method, whereby pyrene was
strongly bounded on the surface of graphene quantum
dots (GQDs) by m—r stacking interactions and was used
to detect microRNAs (miRNAs) [48]. They designed the
pyrene-functionalized molecular beacon probes (py-MBs)
with 5'-modification of pyrene and 3'-modification of
selected fluorescent dyes (Cy3 or CyS5) appended on the
GQDs, making the sequence of the loop structures com-
pletely complementary to the miRNA targets. The pyrene
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Fig. 6 Formation and applica-
tion of the (G-dye-FeP), MOF
[45]. Copyright (2012), with
permission from American
Chemical Society

unit served to shorten the distance between py-MBs and
GQDs and to generate an increased fluorescence signal
from dyes appended on the probes. When hybridized with
the target miRNAs, the hairpin structure of py-MBs opened
and formed more precise duplex structures. The distance
between the GQDs and fluorescent dyes was thereby

Fig. 7 Pyrene functionalized
graphene application in the field
of fluorescence [48]. Copyright
(2015), with permission from
American Chemical Society

increased, which resulted in suppression of FRET and a
decrease in the fluorescence signals of the dyes (Fig. 7).
Geng and Jung devised a new method for the reduc-
tion of GO through treatment with hydrazine hydrate to
synthesize graphene functionalized with porphyrin dis-
solved in water [49]. A membrane made of the resulting
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functionalized graphene showed a low sheet resistance of
was ca. 5 KQ sq~! with 80% transparency at 550 nm.

Besides simple aromatic molecules, polymers with
repetitive aryl structural units can also be used to func-
tionalize graphene. Compared with neat polymer materi-
als, polymer nanocomposites can show superior thermal,
mechanical, electrical and/or optical properties. Kim et al.
[50] functionalized graphene with PEDOT through strong
n—7 interactions, and the resulting rGO showed improved
colloidal stability.

3.2 Hydrogen Bonding

Tyagi et al. used poly(ethylene glycol) 200 (PEG 200) to
functionalize reduced graphene oxide by y-radiolysis [51].
Hydrogen bonding occurred between the hydroxyl groups
of tGO and the oxygen atoms of PEG 200 molecules,
resulting in an increase in the spacing of the graphene
sheets and a decrease in the defect density of the carbon
network in rGO.

3.3 Ionic Interactions

Tonic interactions can also occur between rGO and end-
functionalized polymers, such as amine-terminated polysty-
rene, by which hydrophilic tGO might be transformed into
a lipophilic rGO/polymer composite dispersible in organic
solvents [52] (Fig. 8).

4 Functionalization of Graphene Oxide

Graphene oxide (GO) consists of monolayer graphene
sheets randomly functionalized with oxygen-containing

Fig. 8 The transformation of
the hydrophilic rGO into a lipo-
philic rGO/polymer composite
[52]. Copyright (2010), with
permission from Royal Society
of Chemistry

functional groups, such as hydroxyl, carbonyl, carboxyl and
epoxy. Inexpensive graphite can be chemically oxidized
and ultrasonically exfoliated to generate GO [53]. Being
hydrophilic with the presence of oxygen groups, GO can be
easily covalently functionalized with organic groups.

4.1 Addition of Polymers

Polymer composites containing carbon nanoparticles have
recently attracted much attention because of their favorable
electronic, mechanical and gas barrier properties. In par-
ticular, polymer nanocomposites containing functionalized
GO are among the most promising new materials for elec-
trochemical applications. In this context, GO functional-
ized with polymers can be better dispersed.

Dai’s group functionalized graphene with amine-octa-
phenylsilsesquioxane (POSS). Amido groups derived from
the amine-POSS could react with carboxyl groups on GO
to complete the acylation reaction. The obtained product
dissolved readily in various organic solvents, which was
important for further applications [54]. With dicyclohexyl-
carbodiimide (DCC) as solvent, GO could be readily func-
tionalized with amine-POSS (Fig. 9). The functionaliza-
tion of GO with POSS converted it from hydrophilic to
lipophilic (Fig. 9b, c). Moreover, the interlayer spacing
of POSS-GO was increased compared with that of GO.
POSS—graphene could be concentrated in THF of 30 mg/
mL, and the solution proved to be stable without any pre-
cipitation even after 24 h under ambient conditions. Oth-
erwise, rich amino compounds functionalized GO can
enhance the adsorbability of heavy metal ions because of
the chelation [55].

Geng’s group modified GO with polystyrene (PS) and
poly(styrene—isoprene) (PSI). GO itself was utilized as
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Fig. 9 a Scheme of functionali- ‘
zating the graphene oxide with (a) (b) |
POSS, b transformation of GO i
and POSS-GO from the water
phase into (¢) the CHCI; phase, GO
and d different concentrations
of POSS—graphene in the solu-
tion of THF [54]. Copyright
(2012), with permission from
American Chemical Society CHCls
(© A
—
H:0
i
POSS-graphene §
POSS-graphene

a cationic initiator to homopolymerize styrene and to co-
polymerize styrene and isoprene [56]. The resulting prod-
ucts showed improved dispersibility in common organic
solvents (Fig. 10).

Lim et al. used poly(9,9-di-n-octylfluorenyl-2,7-diyl)
nanoparticles to enwrap GO nanoplatelets [57]. They
started with a two-phase system consisting of water and the
solution of polymer and GO in chloroform. This two-phase
system was then emulsified and chloroform was removed.
Photographs showed the emulsified solution with and with-
out GO nanoplatelets (Fig. 11).

There are some disadvantages in the above methods
more or less, such as the need for anhydrous conditions and
harsh reagents. Pentzer et al. proposed a new method for
the covalent functionalization of GO in acidic aqueous sus-
pensions under ambient conditions, using the Pinner reac-
tion between hydroxyl groups on rGO and nitriles [58].

4.2 Addition of Biomaterials

The numerous oxygen-containing functional groups dis-
tributed on GO nanosheets provide an ideal environment

@ Springer

in THF solution
(mg/ml)

for the modification of biomolecules, and so are important
in bio-related applications. In addition, GO is so-called
“superquencher” that can quench the fluorescence of vari-
ous dyes through energy transfer. Ye et al. proposed a
new method employing peptides as probe biomolecules to
establish a biosensor based on GO [59]. The resulting bio-
sensor based on FRET between GO and dye-labeled pep-
tides could be applied to monitor protease activity in real
time. Peptides were adsorbed on GO through n—n Interac-
tions. Similarly, biomolecules such as glucose oxidase [60],
dopamine [61], DNA probes [62], and so on can be func-
tionalized through n—r interactions with GO, allowing their
application in sensors.

4.3 Addition of Carbon Nanoallotropes

Recently, researchers have identified a remarkable nonco-
valent interaction between carbon nanotubes (CNTs) and
GO nanosheets that could lead to stable superstructures
of these carbon hybrids, offering possible applications in
environmental and sustainable energy fields. For example,
1D CNTs can be placed between 2D graphene oxide layers
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(b)j:’ Ak

Fig. 10 Optical images of a GO as a powder, b a powder of GO-g-
PS, ¢ a powder of GO-g-PSI (10:1), d a suspension of GO in THF, e a
suspension of GO-g-PS in THF (0.2 mg mL™!), and f a suspension of
GO-g-PSI (10:1) in THF (0.2 mg mL™"). The images d-f of the sus-
pensions had been standing for 6 weeks [56]. Copyright (2015), with
permission from American Chemical Society

resulting in a versatile 3D graphene—CNT hybrid network.
The resulting product precludes the stacking of graphene,
so that electrical conductivity and mechanical stabil-
ity would not be reduced. Chen et al. prepared a hybrid
of GO functionalized with multiwalled carbon nanotubes
(MWNTs), the m—rn stacking interaction between which
was probed by UV/Vis absorption spectroscopy [63]. This
modified hybrid material exhibited good electro-catalytic
properties in the determination of glucose and excellent
analytical performance. Such hybrid materials may also
be used for batteries, capacitors and so on. For example,
single-walled carbon nanotubes (SWCNTSs) combined with
rGO gives a high capacitance [64]. Oh et al. synthesized
G-CNT-Fe nanostructure, in which carbon nanotubes

Fig. 11 a Process of the (a)
preparation of GO-PFO NPs. b
Photograph exhibited the emul-
sified solution with or without
GO nanoplatelets under the UV
light at 365 nm [57]. Copyright
(2014), with permission from
American Chemical Society

GO nanosheets
dispersed in
water

Conjugated g....-
polymer
solution

grew on graphene sheets by microwave irradiation as the
anode material in lithium-ion batteries [65].

4.4 Addition of Organic Molecules

Functionalization of GO with organic molecules has
attracted a great deal of attention continuously, especially
with regard to improving the solubility in both water and
organic solvents. GO functionalized with small organic
molecules shows outstanding properties, such as photoac-
tivity or electroactivity.

Mai et al. first presented the functionalization of GO
with octadecylamine (ODA), which reacted with carbox-
ylic groups on GO to form the amide bonds [66]. In 2013,
Ryu et al. synthesized GO derivative with alkylamines of
different chain lengths to form membranes [67]. Specifi-
cally, they used hexylamine (A6), decylamine (A10), hex-
adecylamine (A16) and octadecylamine (A18) to assess
the influence of chain length on the hydrophobicity of the
functionalized GO. As shown in Fig. 12, with increasing
alkylamine chain length, the hydrophobicity of the product
was increased.

GO functionalized with amides provides intermediates
that can be used to synthesize many compounds. Schaefer
et al. prepared a nanocomposite through the functionaliza-
tion of GO with octadecylamine (ODA) and polybutadiene
(PBD) by solution mixing [68]. The toughness and elonga-
tion at break of this composite were improved by 332 and
191%, respectively, in comparison with those of pure PBD.
Dai et al. used amine-functionalized GO to synthesize pol-
yamide-6 (PA6)-graphene nanocomposites [69]. Kumar
et al. used amide-functionalized GO to prepare thin films
for hydrogen sulfide gas sensing [70]. The applications of
amide-functionalized GO area thus demonstrably wide.

Other small molecules, such as imidazolium deriva-
tives, are also worthy of mention. In 2010, Tagmatarchis
et al. prepared hybrid materials of GO functionalized with
imidazole and imidazolium bromide moieties to facilitate
anion-exchange reactions [71]. In this case, carboxylic
groups on GO reacted with 1-(3-aminopropyl)imidazole to
form amide bonds. The functionalized GO was then treated
with N-butyl bromide for N-alkylation of the imidazole
(Fig. 13).
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GO Angle: 58°

Angle: 74°

Angle: 98°

Angle: 120°

Fig. 12 Photograph of the contact angle of pristine and alkylamine-
functionalized GO samples [67]. Copyright (2013), with permission
from Elsevier

Recently, Wang et al. first proposed distillation-pre-
cipitation polymerization and subsequent quaternization
to synthesize imidazolium-functionalized GO (ImGO)
nanosheets [72]. GO nanosheets were then functionalized

Fig. 13 Process of prepar- Hoog,
ing the imidazolium-modified /"]_,‘ s
graphene-oxide hybrid materials Vi3 w‘,’/;/// /‘{i /
and anion exchange reactions /‘I//O\;./ {/é’ |
[71]. Copyright (2010), with (L g
permission from Elsevier ,f i g /»‘:z /~COOH
"/ | ot
/7[' / ) / / (i), (i)
f O/:/lj'é/‘]/ o
Hoocn/“— —foy’
6 /-w/ /T
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I )
[/ X
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with propyltrimethoxysilane (MPS) to introduce reac-
tive vinyl groups, and polymerization was achieved
through distillation-precipitation of the polymeric layer
[poly(EGDMACco-VI)]. Cationic quaternary ammonium
imidazolium chloride was synthesized through Menshut-
kin reaction and then grafted onto the GO sheets (ImGO)
(Fig. 14).

Stalikas described the functionalization of GO with
1-butyl-3-aminopropyl-imidazolium chloride. The product
was used to adsorb anabolic steroids and p-blockers, which
is important for environmental protection [73].

Besides the above organic molecules, porphyrins [74],
aromatic dyes [75], pyrene [76] and other compounds
have been used to covalently or noncovalently modify GO.
For example, Xu et al. reported a new type of GO modi-
fied with a porphyrin derivative, namely 1-methyl-pyri-
dinium-4-yl porphyrin (TMPyP) to form GOLMs [77].
The size of channels in the resulting GOLMs was around
1 nm, enabling high salt rejection performance. As illus-
trated in Fig. 15, GO and TMPyP was mixed together and
then directly filtered to prepare the cross-linked GOLMs
on porous substrates. In this case, GOLMs with different
degrees of cross-linking could be fabricated by controlling
the ratio of TMPyP to GO in the assembly process.

5 Conclusion and Prospects
In summary, since the electrical conductivity of graphene

was first reported by Novoselov, attention from scientific
community has increased exponentially. Over the past few

¢
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Fig. 14 Preparation of InGO
[72]. Copyright (2015), with
permission from Royal Society

of Chemistry
O MPS
GO
R: CB~A\

Fig. 15 a Assembly of GO with
TMPyP; fabrication of GOLMs
Intercalated b without or ¢ with
TMPyP via a vacuum filtration
process [77]. Copyright (2016),
with permission from American
Chemical Society
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years, researchers’ interests in this new material have con-
tinued to increase due to its extraordinary properties, which
can be exploited in many fields, such as biology, electronics
and catalysis. Herein, we have summarized various meth-
ods and common molecules that have hitherto been used to
chemically modify graphene and graphene oxide, offering
different ways to widen the electrical band gap and increase
dispersibility. Although, there are still hindrances to over-
come, graphene and its derivatives set to be applied flex-
ible screens for mobile phones, graphene batteries and gra-
phene-made body armor. Recently, many efforts have been
spent into the water permeation of graphene and then new
exploitations of this property is proceeding, for example,
desalination, and water purification.

However, for any such future applications, reliable
synthetic procedures must first be established. Indeed,
using “less-than-perfect graphene” (e.g., rGO) is an easy

TMPyP/GO membrane

method for various applications. However, one cannot
accurately answer are the two rGO samples chemically
similar if they were obtained from the same GO sam-
ple but were reduced? Thus it can be seen, the rGO will
arrive its bottleneck in a short time. So, we need to seek
a new method to synthesize a high quality monolayer
graphene.

Finally, the uncertainty of toxicology of graphene is
also a cause that hurdles the application in biosome.
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