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1 Introduction
Carbon nanomaterials have attracted much interest both from a fundamental point of view and

for future applications due to their unique physicochemical properties.[' 2 Carbon
nanostructures are comprised of a broad range of carbon lattices with different geometries
including one-, two-, or three-dimensional (3D) morphologies. In the past few decades, many
carbon nanostructures including nanodiamonds, fullerene, carbon nanotubes (CNTS),
graphene,®! and other two-dimensional (2D) analogs such as graphenylene,[*®l penta-
graphene,[”°! twin graphene,[ graphyne,* 113 phagraphene,!*4¢! and biphenylenef® 17 18l
have been synthesized or theoretically proposed and investigated. The strong correlation
between chemical structure, lattice, topography, and size of these nanostructures provides an
excellent opportunity to explore many new properties and phenomena. Accordingly, many new
nanodevices with extraordinary properties for a broad range of applications including
electronic, composite, energy storage, and drug delivery have been constructed and successfully
used™®?! to overcome unsolved problems and challenges.[!l Consequently, carbon
nanostructures and their properties can be tuned by performing chemical reactions on their
lattice. This strategy diversifies carbon nanostructures in new subclasses and results in new

materials with more specific properties and applications.*!

1.1 Graphene and carbon nanotubes
Among the carbon allotropes, graphene, a planar monolayer two-dimensional honeycomb
lattice, and CNT, the rolled up analog of graphene (Figure 1.1), have attracted much attention
since their discovery.[?> 23 Graphene shows outstanding electrical and mechanical 22 24 2]
properties such as Young’s modulus of 1 TPa, inherent strength of 130 GPa,? and excessive
thermal conductivity (above 3,000 W mK™).[2 Graphene has shown electron mobility of 2.5
x 10° cm? V! 52281 which makes it greatest candidate for a high performance application in
nanoelectronics. Similarly, CNTs possess various excellent features such as a high aspect ratio,
great thermal conductivity, stability, very high mechanical strength, and extraordinary
electronic properties.?®l Hence, CNTs are desired in practical optoelectronics as a source of
nanometer light and photovoltaic tool,** which are a result from one-dimensional character,
confined dielectric screening, and sp? carbon bonds.*l CNTs can also convert the
electromagnetic radiation (in optical frequencies) to direct current, illustrated as optical refining
antenna.321 On the other hand, their stability and compatibility with different environments such

as biological systems, make them a desirable carrier for in vitro and in vivo studies.[3 34
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Besides these fascinating features and applications, graphene and CNTs are also ideal
candidates to pursue some chemical and physical questions such as charge transport under
confined conditions, charge- and shape-dependent bindings, and release of molecules and
sensing of supramolecular interactions up to a single molecule scale. However, fulfilling these
exciting opportunities still needs a significant effort to circumvent obstacles such as sorting and
separation, processing, and solubilization of graphene and CNTs. One of the best ways to
improve the processability of graphene and other carbon nanomaterials for different
applications is chemical functionalization of these nanomaterials by desired (macro)molecules.
Chemical functionalization of graphene and CNTs will provide well-dispersed and even soluble
nanomaterials in organic solvents and aqueous media and a simplified combination of their
novel properties with other materials. Therefore, in the following subchapter, chemical covalent
functionalization of graphene and CNTs will be discussed in detail as well as being given a
concise explanation about the noncovalent method. Moreover, the most promising examples of
covalent functionalization and also advantages/disadvantages of covalent approaches will be

discussed.
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Figure 1.1. Cartoon represents graphite 3D structure (carbon source), interlayer interaction,

distance, and different dimensions of allotropes (graphene and CNTs), which are fully made

of sp? carbons. Adapted with permission from reference [35]. Copyright 2007, Springer Nature.

1.2 Functionalization of graphene and CNTSs
In spite of such flourishing properties, a low processability of graphene and CNTs hamper their

applications and further development. Besides the increased solubility of carbon nanomaterials,



a chemical functionalization has other consequences: introducing versatile reactive functional
groups on the surface of graphene/CNTs, providing the accessibility of graphene/CNTSs to
interact with other objects such as polymers and biopolymers,8 constructing hybrid structures
with integrated and tailor-made properties, tuning the inherent properties of CNTs/graphene
like hydrophobicity, conductivity, optical property, biocompatibility, toxicity, and developing
the applications of these nanomaterials. There are two main strategies for chemical
functionalization of graphene and CNTSs: covalent and noncovalent functionalization. In the
noncovalent pathway, functional groups are attached to the surface of graphene and CNTs by
supramolecular interactions.*” 38 By this method, the m-conjugation system of the above-
mentioned carbon nanomaterials remains intact. However, the stability of functional groups is
low. In complex media they can be detached from the surface of graphene or CNTs.
Noncovalent functionalization is very attractive for biomolecule immobilization, also known
as biofunctionalization, which is mostly employed for biosensing applications. In such
biological applications, the molecule, which is attached to the surface of carbon nanomaterial,
should recognize the analyte. This recognition highly depends on the type of immobilization of
functional groups on the surface of carbon nanomaterials.**#2 The immobilization method
could be applied for various biomolecules such as enzyme, nucleic acids, antibodies, proteins,
and so onl*!: 43461 via -1 interaction (by utilizing polymers or aromatic compounds) or CH-n
interactions and electrostatic interactions between biomolecules and carbon nanomaterials.[*6-
41 A simple approach was shown by Wang et al.,% in which hydrophobin (a protein) was
immobilized on the surface of CNT and employed to detect glucose using an amperometric
biosensor. This biosensor with a great electron transfer demonstrated electrocatalytic
capabilities with sensitivity of 116 uA.mM*.cm and a detection limit of 8.2 uM.5% In another
experiment, CNTs were functionalized by biotinylated pyrene derivatives via =w-m
interactions.®™™ The functional carbon nanomaterials were successfully used for biosensing
applications through antibody-antigen interactions,®? 53 where the epitope of antigen could
interact with a paratope of antibody. Such systems lead to development of immunosensors by
integrating antigen or antibody with various transducers. These carbon nanomaterials could
also serve as transducers due to their ability to transfer huge quantity of electroactive species,
which stabilizes them. CNT-antibody-doped polypyrrole (Ppy) constructed by Tam et al.
responded quickly to glucose with a low detection limit of 0.05 pg.mL .1 Furthermore, gold
nanoparticles (GNPs) and CNTs with the horseradish peroxidase (HRP) have been used as other
immunosensors for human immunoglobulin G (IgG) detection as a model protein. Presence of

primary amine or mercapto groups in biomolecules led to immobilization of antibodies on
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GNPs. As a result, they revealed enhanced performance of this system and a high potential for
detection of other proteins.®®! However, the stability of these attachments should always be
considered, since they are not covalently assembled. In comparison, covalent functionalization
is very stable but with the cost of the disturbed m-conjugated system. Since most useful
physicochemical properties of graphene and CNTs are strongly related to their n-conjugated
system, they will be suppressed upon covalent functionalization. Changing the hybridization of
graphene and CNTSs from sp? to sp® by covalent attachment of functional groups to their surface
induces defect sites in their structure and interferes with the mobility of electrons in these
nanomaterials. This affects the electrical and optical properties of such materials. For example,
luminescence of single-walled carbon nanotubes is strongly suppressed after a covalent
functionalization. Therefore, an optimum method is a functionalization with the stability of
covalent functionalization but a non-destructive feature of noncovalent functionalization. In
this functionalization, the n-conjugated system and hybridization of carbon atoms of graphene
and CNTSs remain intact, while functional groups are covalently attached to the surface of these
materials. In Figure 1.2, the basic methods to functionalize graphene/CNTSs are shown.[®! The
focus of next subchapter (1.2.1) will be the covalent functionalization methods and detailed

description of highly reactive species that could interact with graphene/CNTSs.

“*" Endohedral Covalent ' noncovalent
filling exohedral exohedral

Figure 1.2. Representation of (a) endohedral functionalization, (b) covalent, and (c)
noncovalent exohedral functionalization. The exohedral approach stands for attachment of
functional groups on the external wall of the tube, in contrast, the endohedral method aims to
fill the inner space of the tube. Adapted with permission from reference [56]. Copyright 2017,
IOP Publishing.



1.2.1 Covalent functionalization

In terms of reactivity, graphene is fairly non-reactive compared to CNTs because, in its planar
structure, the extended m-electrons can be delocalized over the entire 2D network. However, in
the curved structure of CNTs the m-orbitals are misaligned.>”%°1 Nevertheless, covalent
functionalization can be achieved on the basal plane/edges of graphene and sidewalls of CNTs
in two different ways: (a) by taking advantage of delocalized n-electron to form a covalent bond
between dienophiles or free radicals and C=C bonds of the pristine graphene/CNT and (b) by
forming covalent bonds between oxygen-containing functional groups (epoxy, carboxylate, and
hydroxy) of graphene oxide (GO) with other (macro)molecules. An acid treatment was the
pioneering method!®! for covalent functionalization of graphene, which could provide graphene
oxide with versatile functionalities like epoxy group on the surface or hydroxy group at the
edges (Figure 1.3). Consequently, graphene oxide was further functionalized using different
chemistry like nucleophilic substitution and condensation reactions. After modifications,
graphene oxide can be reduced to TRGO.[® Nucleophilic functional groups (like amines)
mainly react with epoxy groups of GO.[5% 62 For instance, Yang and coworkers performed this
reaction between amine-terminated ionic liquids (IL-NH) and GO through the ring-opening
reaction. The obtained well-dispersed solution was stable for more than three months, which
was a good starting material for preparation of different composites.[®® Condensation reactions
are also efficient alternatives to functionalize carbon materials covalently. Graphene-modified
chitosan was prepared under microwave radiation by condensation reactions. The reaction
occurred between carboxyl groups of GO and amine groups of chitosan, followed by reduction
with hydrazine monohydrate.[¥ However, graphene oxide contains high amount of water and
requires more than four weeks to dry.[®® Also, as a starting material, it has limited use in
aqueous or polar solvents for reactions. On the other hand, a reduction step is essential to omit
the excess functional groups from the surface of graphene oxide.[® Based on previous
theoretical and experimental studies, the most promising method for functionalization of
graphene/CNTs is to use highly reactive species like nitrene intermediates.[®”l Because of high
reactivity of these species, the functionalization method should be performed under milder
conditions to retain the sp?-conjugated system with a less defective structure. In the next
section, cycloaddition reactions and also the most effective intermediates (nitrenes and carbene)

are explained for functionalizing carbon materials.
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Figure 1.3. Represents graphene oxide and reduced graphene oxide (rGO). Adapted with
permission from reference [68]. Copyright 2009, Springer Nature.

1.2.2 Cycloaddition covalent functionalization

Cycloaddition reactions have shown great potential to address the above-mentioned drawbacks
of other covalent functionalization methods.®®! Unlike most of the typical organic reactions, in
a cycloaddition reaction, formation of anions or cations are not essential, instead bond
formation/cleaving processes happen simultaneously.” According to frontier orbital (FO)
theory, this addition process takes place when electron transfers from the highest occupied
molecular orbital (HOMO) of one unsaturated molecule to the lowest unoccupied molecular
orbital (LUMO) of the other unsaturated molecule. Four major types of cycloaddition reactions
are used for functionalization of graphene and CNTs: (a) [2+1] cycloaddition, (b) [2+2]
cycloaddition, (c) [3+2] cycloaddition, and (d) [4+2] cycloaddition. Additionally, it should be
mentioned that these kinds of reactions are easy to perform (like Diels-Alder reaction)!’ and
do not need extra reactants or expensive catalysts. More importantly, employing these reactions
could keep the m-conjugated system["? with non or less defective structure because they are
inherently exploiting n-electrons for functionalization instead of demanding dangling bonds.[">
73]

[2+1] Cycloaddition

This reaction occurs between the n-conjugated system of carbon nanomaterials and reactive
electron-deficient intermediates under relatively mild reaction conditions. In general, a [2+1]
cycloaddition reaction is categorized by two main approaches; formation of aziridine adducts
and cyclopropane. Nitrene is an intermediate, which results in the formation of an aziridine
adduct after reaction with the =n-conjugated system of carbon nanomaterials, while

cyclopropane is obtained through carbene insertion reaction.l’



Aziridine adduct

Functionalization of carbon nanotubes and graphene using nitrene chemistry were performed
in a pioneering work by Holzinger et al. in 2001 and Kim et al. in 2009, respectively. The
aziridine adduct can be introduced onto the sp? carbon network via a nitrene intermediate, which
generated under a photo- or thermo-decomposition process from an azide group. During the
decomposition, nitrogen molecule is released and produces a highly reactive singlet nitrene,
which subsequently undergoes a cycloaddition reaction. The mild nitrene [2+1] cycloaddition
reaction based on aromatic azide has been recently reported.l’s 71 Aromatic perfluoroazides
due to a high insertion efficiency were employed as nitrene precursors rather than aryl- or
alkylazides.[’®8% The initial step of the reaction was decomposition of perfluoroazides under
thermal and/or photolysis exposures in which a perfluoronitrene intermediate was formed.
Subsequently, when three-membered rings formed on the sidewall of CNTs (so-called aziridine
ring), the perfluoronitrene afforded perfluoroaziridino-CNT (Figure 1.4 and 1.5a). After
functionalization of graphene by perfluorophenyl azide, a variety of long alkyl chains or
ethylene oxide were grafted onto the surface of graphene, which resulted in highly soluble
derivatives (stable for more than 24 hours) in o-dichlorobenzene and aqueous solution,

respectively.[’®]
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Figure 1.4. Functionalization of CNTs by perfluoroazides. This is an efficient nitrene [2+1]
cycloaddition reaction on the sidewalls of tubes under ambient conditions. Adapted with

permission from reference [76]. Copyright 2008, American Chemical Society.



Additionally, Hirsch’s group performed a thermally-induced [2+1] cycloaddition reaction
using alkyl azidoformate as a nitrene source to solubilize
alkoxycarbonylaziridino- SWNTs.["* 8 They performed a broad range of addends on CNTs
and carried out comprehensive investigations using (R)-alkoxycarbonylnitrenes. This group
attached crown ethers, alkyl chains, aromatic moieties, and oligoethylene glycol to carbon
materials via nitrene addition. Raman and ultraviolet/visible spectroscopy (UV/Vis) revealed
that defects increased in the lattice of CNTs after functionalization. These observations were
used as indicators for the covalent functionalization of the above-mentioned carbon
nanomaterials. However, they claimed that the electronic features of CNTs could only
retained with functionalization of less than 2 wt% addend per C-atom.[*- 82
Cyclopropane adduct (Carbene addition)

Dichlorocarbene was grafted on the n-conjugated network of graphene/CNTs.B A carbene
intermediate was generated by a-elimination from the mixture of chloroform and sodium
hydroxide (NaOH). Since in the chloroform precursor, the central carbon atom inherited two
pair electrons after cleavage of the o-band (C-H), chlorides could easily stabilize the singlet
spin state due to the electron-rich character. Consequently, a singlet carbene could react as a
electrophile with C=C bonds of graphene and CNTs via concerted pathway, which is presented
in Figure 1.5b.["%1 The concerted dichlorocarbene addition can be explained as follows: initially,
since carbene has an empty P orbital (LUMO) that can interact with n-bond of C=C (HOMO).
In the next step, HOMO electrons of carbene can fill the 7*-antibonding orbital of carbon bond
(C=C).1® This functionalization has been reported for both graphene and CNTs with a strong
effect on their electronic features.’”™ Moreover, Lu et al. theoretically investigated
functionalization of CNTs by oxycarbonylnitrenes, silylene, germylene, and dichlorocarbene
via [2+1] cycloaddition reaction.!® They observed that this kind of addition reaction is site-
selective and a three-membered (aziridine) ring formation is favorable for carbon
nanomaterials. However, in the case of dichlorocarbene and oxycarbonylnitrenes additions,
slight activation energy is required for functionalization.’2 Moreover, Cho et al. revealed
electronic properties of the network (i.e., CNTs), which strongly relied on the site of the
cycloaddition reaction and the place of CCl, attachment on the tube. In some cases, they showed
that the energy gap of semiconducting nanotubes was reduced, which implies manipulation of
the band gap could be possible with a precise modification. Furthermore, carbene could act as
a nucleophile to react with the m-conjugated system of graphene/CNTs as an electrophile to
provide polyadducts like dipyridyl imidazolidene on the sidewalls of tubes. The covalent bond



of imidazolidene with a positive charge resulted in n-doping of nanotubes, which renders a new
way for their modification as well as intervention into electronic characters of tubes.[™# 86l
[2+2] Cycloaddition

Benzyne or an aryne intermediate is needed for forming four-electron cycloaddition reaction
on surface of graphene/CNTs via elimination-addition mechanism (Figure 1.5c). However,
aryne intermediate formation needs harsh reaction conditions such as using a strong base.
Therefore, an alternative mild method could be served by means of fluoride-induced
decomposition on an o-trimethylsilyl-phenyl triflate. The formation of a strong F—Si bond can
stimulate a desilylation step by fluoride ion, which gives a filled sp? orbital carbanion in the
ring continued by elimination of the triflate group to provide benzyne as an electrophile.
Eventually, a [2+2] cycloaddition reaction could occur by nucleophilic attachment via the C=C
bond of graphene/CNTSs, shown in Figure 1.5c. Ma et al. functionalized graphene with benzyne
cycloaddition reaction and successfully attached three derivatives of benzyne with hydrogen,
methyl, and fluoride groups onto the surface of graphene.®’]

Apart from benzyne, a photochemical reaction could also take place!®! with a charge-transfer
between graphene/CNTs and 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD). In this regard,
PTAD is a strong dienophile for cycloaddition reaction with CNT, which acts as an electron
donor species.®! Interestingly, this cyclization process has been employed to build a new
hybrid system called nanobuds, where a fullerene molecule is covalently attached on the outer
layer of single-wall nanotubes by means of [2+2] cycloaddition reaction. It was shownthat the
nanobuds have new electronic properties that originated from charge transfer between CNT and
fullerene, which neither CNT nor fullerene showed individually. A new nanobud hybrid system
showed that both optical and electrical properties could be adjusted using cycloaddition
reaction, which implies many applications in quantum dots and memory devices.[**-%2

[3+2] Cycloaddition

The [3+2] cycloaddition, also called 1,3-dipolar cycloaddition and/or Prato reaction, is
extensively employed for functionalization of carbon-based nanomaterials such as fullerene.
For instance, graphene as a dipolarophile reacts with a 1,3-dipolar molecule towards a five-
membered ring through a six-electron cycloaddition reaction. According to the literature, in the
case of graphene, the used 1,3-dipolar molecule comprised azomethine ylides that were
obtained from a decarboxylation reaction of carbonyl species and N-methylgylcine. A
decarboxylation approach is the most feasible route in terms of reaction conditions in

comparison with other mechanisms such as iminium salt, aziridine, oxazole, and carbene/imine



to provide an azomethine ylide product. Ultimately, the product of [3+2] cycloaddition reaction

between C=C bond of graphene and azomethine ylide forms (as depicted in Figure 1.5d).
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(a) Formation of nitrene from decomposition of azide
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(b) Formation of dichloromethane with chloroform and
base (top), and cyclopropanation of graphene with
dichlorocarbene (bottom).
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(C) Formation of benzyne via a fluoride-induced
decompasition methodology (top), and cycloaddition of
graphene with benzyne (bottom).

(E) Diels-Alder cycloaddition with graphene as

dienophile and diene.
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(d) Formation of azomethine ylide from N-methyl
glycine (top), and 1,3-dipolar cycloaddition of graphene
with azomethine ylide (bottom).

Figure 1.5. Representation of the mechanisms of possible cycloaddition reactions for the

functionalization of carbon nanomaterials. Adapted with permission from reference [70].

Copyright 2013, Royal Society of Chemistry.

[4+2] Cycloaddition (Diels—Alder reaction)

The most popular pericyclic reaction in organic synthesis is Diels—Alder cycloaddition reaction,

which occurs through a thermal treatment in one step to provide a six-membered ring product.

In this mechanism, a conjugated system consists of four n-electrons of a 1,3-diene (electron

rich) and two m-electrons from a dienophile (electron deficient). By conjugating the

withdrawing groups (halogen atom, nitro group, etc.) with dienophile, the reaction proceeds
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easier. However, the reaction happens only when the diene is in the s-cis conformation (Figure
1.5e). The [4+2] cycloaddition reaction was carried out between CNTs and o-quinodimethane,
which was released in situ from 4,5-benzo-1,2-oxathiin-2-oxide under microwave
irradiation. Theoretical evaluation revealed that, in the transition state of quinodimethane
cycloaddition reaction, the aromaticity stabilization made this reaction achievable. Otherwise,
in another case, for example, the reaction between 1,3-butadiene and CNTs was not
favorable.[®® Since the fluorine is an electron-withdrawing substituent, the rate of the reaction
increased for fluorinated single-wall nanotubes (SWNTs).I°! Moreover, a transition metal was
used in another similar work, which led to speed up this reaction.[*”l More interestingly, Haddon
et al.l%! confirmed the dual nature (i.e., diene and dienophile) of graphene in the Diels—Alder
reaction. For instance, graphene as a dienophile also reacted with 9-methylanthracene and 2,3-
dimethoxy-1,3-butadiene and changed the metallic to non-metallic character over a temperature
range of 100-300 K.

1.2.3 Advantages of covalent functionalization

The most promising covalent functionalization method (i.e., cycloaddition reactions) on
graphene and CNT was explained in the last section. The main advantage of this
functionalization is that functional groups are strongly attached onto the graphene surface and
sidewalls of CNTs. Nevertheless, beside this advantage, two points should be taken into
account: (i) why graphene and CNT require covalent functionalization and (ii) which properties
can be improved by new functionalities. Graphene and CNT are intrinsically insoluble in water,
and even organic solvents, which cause challenges to process them for different applications.
For instance, tube-tube interactions resulted in aggregation and bundles and caused serious
problems for observing the intrinsic properties of CNTs.’®l This issue disturbed electronic
structure of the tubes and made them useless for construction of composite photonic and
electronic devices. Likewise, the irreversible agglomeration through n-7 stacking and van der
Waals interaction is a frequent challenge in graphene, which hampers utilizing graphene for
practical applications. On the other hand, graphene has a zero band gap, which gives brilliant
conductivity. However, for construction of transistors, semiconducting graphene is desired
therefore the band gap of this compound should be opened. Apart from that, due to insolubility
of graphene, the physical handling of sheets is still a big challenge.[!®! Additionally, in
optoelectronic applications based on CNT, the tube needs to be characterized individually,
which is impossible for pristine tubes.*®! Therefore, an appropriate covalent functionalization

of graphene and CNT represents a wise strategy for solving these problems and transforming
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them to processable materials for different applications. Therefore, covalent-functionalized
CNTs can provide different electrical and mechanical features in comparison with
unfunctionalized nanotube, which can be further employed for fine-tuning the chemistry of
carbon nanotubes. Another example is selecting electron withdrawing and/or donating group
for covalent functionalization of graphene, which could result in n- and p-doped graphene.
Eventually, sufficient doping would affect the band gap opening close the Fermi level of
graphene, which could convert the ‘metallic’ nature to ‘semiconductor’ nature and finally

control the electronic properties of graphene.!201!

1.2.4 Disadvantages of covalent functionalization

Covalent functionalization methods are chosen to pursue a dichotomy between maintenance of
rigidity and quantum properties of carbon nanomaterials, which is commonly expected. In fact,
the nature of the covalent approach leads to dangling bonds by changing hybridization of the
carbon atom, the creation of defects, and consequently quenching the emission of tubes. All
cycloaddition reactions and other covalent functionalization methods provide derivatives with
wide range of applications, nevertheless a mild reaction condition within a short time could
destroy graphene/CNTs m-conjugated structures and bleach the tubes’ emission (Figure
1.6a).[1%2 A remarkable exception is aryl attachment, in which the product showed high
emission yields.['®®1 However, this is at the cost of the structural integrity of the conjugated
structure of the functionalized CNT.[*®®! Although, covalent functionalization is the prepared
way for carbon nanomaterials’ modification and application, their implementation interrupts
the conjugated structure and changes hybridization of sp? carbon to sp® (Figure 1.6b).[67: 104-106]
This matter opens another challenge for some (but not all) applications of these nanomaterials.
Covalent functionalization influences electrical properties of graphene/CNT via three
mechanisms: (a) disrupting the lattice by hybridization state, altering the electron density, and
increasing the electron-hole puddles (b) the interaction between graphene/CNT with
functionalities results in improvement of doping because of quantum capacitance and
interruption of integrity. (c) hybridization of electronic band (in graphene/CNTs) with
molecular orbital.['*”! For instance, traditional chemical oxidation on graphene provides
graphene oxide, which reduction process convert it to reduced graphene oxide (rGO). The
carrier mobility of graphene is about 10,000-50,000 cm?/V/s at room temperature, however,
because of a few remaining oxygen species, the carrier mobility of rGO extremely decreased
(0.05-200 cm 2 /V/s).['%l |t is worth mentioning that, even though noncovalent

functionalization is known as a nondestructive method to introduce chemical groups on the
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surface of graphene and CNT, at least it can affect the doping density, increase the electron
hole, and create scattering sites. Consequently, covalent functionalization still needs to be
optimized and the best trade-off between strengthening of fun