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Pristine graphene and chemically modified graphenes (CMGs, e.g., graphene oxide, 

reduced graphene oxide and their derivatives) can occur a variety of chemical 

reactions. These reactions have been applied to modulate the structures and properties 

of graphene materials, and to extend their functions and practical applications. This 

perspective outlines the chemistry of graphene, including functionalization, doping, 

photochemistry, catalytic chemistry, and supramolecular chemistry. The mechanisms 

of graphene related reactions will be introduced, and the challenges of controlling the 

chemical reactions of graphene will be discussed.
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Introduction 

Graphene has a unique atom–thick two–dimensional structure, and excellent electrical, 

optical, chemical, thermal, and mechanical properties.1,2 It is an attractive material for 

a variety of applications, including electronics,3,4 energy related systems,5,6 sensors,7,8 

actuators,9,10 and composites,11,12 etc. To satisfy the requirements in practical 

applications, graphene frequently has to be chemically modified.13,14 First, pristine 

graphene is insoluble and intractable, and decomposes before melting.15 Thus, the 

conventional material processing techniques cannot be applied to shape it into desired 

structures. Second, graphene layers can only be physically stabilized on solid 

supports.16,17 Free–standing graphene layers tend to form wrinkles or to stack together 

through π–π and hydrophobic interactions.18 Third, graphene is a zero bandgap 

material.19 Opening the bandgap of graphene is a prerequisite for its applications in 

electronics or optoelectronics.2 Fourth, pristine graphene usually has poor catalytic 

performance,20 and weak interactions with other small molecules or polymers,21 

limiting their applications in catalysis, sensors, and composites. To address these 

issues, several chemical methods have been developed to modify the surfaces and 

electronic structures of graphene sheets. 

Chemical functionalization is an effective approach to modify the structure and 

properties of graphene.14,22 By selectively attaching functionalities on their surfaces, 

graphene sheets can be homogeneously dispersed in aqueous and/or organic 

media.23,24 On the other hand, the covalent attachment of chemical groups leads to the 

transition of carbon hybridization from sp2 to sp3, possibly to open a tunable bandgap 
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in graphene.24,25 Furthermore, chemical functionalization can modulate the optical, 

chemical, and mechanical properties of graphene materials.15,26  

Heteroatom doping can effectively tune the electronic structure and intrinsic 

properties of graphene.27 This technique can also open a bandgap near the Fermi level, 

changing graphene from a “metallic” material to a “semiconductor”.28 By covalently 

bonding the electron donating or withdrawing complexes to graphene, a p–type or n–

type material would be produced. These materials have unique electrical, magnetic 

and optical properties, making them have promising applications in supercapacitors, 

catalysis, batteries, and field emission, etc. 29−31  

On the other hand, the chemical reactivity of graphene basal plane is weak 

because of its giant π-conjugation system, little structure curvature and the absence of 

dangling bonds.15,32 Thus, most chemical reactions can only occur at the edges or the 

defective sites of graphene sheets.33,34 Chemical reactions on the basal plane of 

graphene have a large energy barrier, requiring highly reactive species to initiate the 

reaction. Photochemical process can generate reactive free radicals to react with 

graphene basal planes.35 

 Adsorption is another efficient strategy to modulate the surface structure and 

properties of graphene.21 The graphitic carbon atoms have an intriguing potential to 

chemisorb the reactants and form surface intermediates.36 CMGs with functional 

groups exhibit high adsorbing reactivity under mild conditions.37−39 Pristine graphene 

can also make the use of its delocalized π–electron system to form chemisorbed 

products.40,41 The chemisorbing approaches have been widely to develop new 
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graphene based catalysts.  

CMG sheets can be regarded as 2D conjugated macromolecules with huge 

molar masses, having supramolecular chemistry.42  A graphene oxide (GO) sheet 

behaves like an amphiphilic macromolecule with hydrophilic edges and a 

hydrophobic basal plane.43 Chemically functionalized reduced graphene oxide (rGO) 

also exhibits molecular behaviour.44 Thus, they can be assembled into macroscopic 

materials with controlled compositions and microstructures via hydrogen bonding, 

hydrophobic, π–π stacking and/or electrostatic interaction between graphene sheets.  

Several excellent reviews have partly summarized the chemistry of 

graphene.13,32,45 However, an article that comprehensively outlines the chemistry of 

graphene has not yet been published. Here, we try to provide an introduction to the 

chemistry of graphene from different aspects including functionalization, doping, 

catalytic chemistry, photochemistry and supramolecular chemistry. To limit the length 

of this article, we selected typical reactions as examples; many excellent papers are 

possibly not included. The chemical reactions discussed here are also involved in the 

preparation of graphene materials including composites for the applications in sensors, 

catalysis, environmental protection and energy related systems, etc. Nevertheless, the 

details about the synthesis of graphene composites, and the applications of graphene 

materials will not be summarized here, because they are the topics of many existing 

reviews. This perspective focuses on the inherent chemistry related to pristine 

graphene and its derivatives.      
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1. Functionalization 

The synthesis and applications of functionalized graphene materials have already been 

summarized in several reviews.45−47 However, few of them systematically discussed 

the chemistry related to the functionalization of graphene. In this section, we focus on 

the reaction mechanisms of graphene functionalization, and the structural and 

property changes of graphene upon functionalization. Fig. 1 schematically illustrates 

the chemical functionalization of graphene through covalent or noncovalent 

approach.48 The edge sites of a graphene sheet with dangling bonds are more reactive 

than its basal plane. The dangling bonds can be used to covalently bonding with 

various chemical moieties (Fig. 1a). These chemical moieties can increase the  

 

 

Fig. 1 Chemical functionalization of graphene: (a) edge–functionalization, (b) basal–

plane–functionalization, (c) noncovalent adsorption on the basal plane, (d) 

asymmetrical functionalization of the basal plane, and (e) self–assembly of 

functionalized graphene sheets. Reproduced from reference 48 with permission. 
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solubility and processability of graphene, or provide reactive groups for further 

modification. Covalently functionalization of graphene basal plane (Fig. 1b) causes 

the distortion of π–π conjugation system. In contrast, the noncovalent 

functionalization keeps the atomic and electronic structures of graphene (Fig. 1c)). 

The asymmetric functionalization on the two surfaces of a graphene sheet (Fig. 1d) 

can provide graphene with specific supramolecular behavior (Fig. 1e).    

 

1.1 Covalent functionalization of graphene basal plane 

The basal plane of graphene composes of sp2 carbons, which is chemically 

unsaturated. Intrinsically, it is possible to undergo covalent addition to change the 

carbon atoms from sp2 to sp3 hybridization. In this process, the planar aromatic 

carbons transform to a tetrahedral geometry with longer bonds. This functionalization 

creates a geometric distortion, thus encounters high energy barriers. The covalent 

functionalization requires high energy reactants, such as hydrogen atoms, fluorine 

atoms, strong acids, and radicals.  

 

1.1.1 Hydrogenation  

Hydrogenation is the most thoroughly studied covalent addition reaction on the basal 

plane of graphene.49−52 The hydrogenated graphene has been prepared by using 

atomic hydrogen beams, in which molecular hydrogen is cracked on a hot filament, or 

via exposure to hydrogen–based plasmas.53,54 This reaction changes the hybridization 

of carbon atoms from sp2 to sp3, resulting in elongating C–C bonds in the 
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hydrogenated graphene. Hydrogen atoms tend to react with both sides of the basal 

plane of pristine graphene. If only one side is hydrogenated, the graphene sheet would  

roll into a tube because of the unbalanced external stress.55 The fully hydrogenated 

graphene is called “graphane”, and every carbon atom of graphane is covalently 

bonded to a hydrogen atom.56 As a consequence, the graphene layer was buckled. Fig. 

2 shows the schematic structures of three stable graphane isomers with chair, stirrup, 

and boat configurations, together with two other isomers.57 Computational studies 

indicate that the chair configuration is the most stable one. In this configuration, the H 

atoms are alternately adsorbed above and below the graphene sheet (Fig. 2a). The 

stirrup configuration, also called zigzag or washboard configuration, is more stable 

than the boat configuration. The stirrup isomer consists of alternating zigzag chains 

with H atoms pointing up and down (Fig. 2).  

 

Fig. 2 Five isomers of graphane in which every carbon atom is equivalent. Blue and 

red colors indicate hydrogen adsorption above and below the graphene layer. 

Reproduced from reference 57 with permission. 
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The addition of hydrogen atoms has been predicted to radically change the 

electronic structure and properties of graphene. Fully hydrogenated graphene is 

expected to have a wide bandgap. Different calculation methods provided different 

values. Typically, an adequate approximation of Green function and screened 

Coulomb–interaction W (GW approximation) has given a bandgap of 5.4 eV.58 

Lowering the hydrogenation degree of graphene narrows the bandgap. Hydrogenated 

graphene has optical properties different from that of pristine graphene. For example, 

the optical adsorption spectrum of graphane shows adsorption onset in ultraviolet 

region, making it to be completely transparent in visible region.59 Partially 

hydrogenated graphane shows magnetic properties. Furthermore, the change in 

hybridization from sp2 to sp3 enhances the spin–orbit by two orders of magnitude, 

making it to be comparable to that of diamond.60 Hydrogenation increases the 

elasticity of graphene sheet, because the strong aromatic bond network is replaced 

with single σ bonds. Perfect graphane behaves elastically under strains up to at least 

30%, leading to a higher surface roughness than that of graphene.61  

 

1.1.2 Fluorination   

Fluorination of graphene is similar to hydrogenation. A fluorine atom connects to 

carbon with a single bond; however, this bond has a reversed dipole and a stronger 

binding strength compared with those of the C–H bonds in graphane.59 The binding 

energy of C–F bond is lower than that of C–H bond; thus, it would be easier to 

produce a saturated fluorographene compared to form a graphane. As only one side of 

Page 8 of 71Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



9 
 

graphene was exposed to fluorine, the fluorination was expected to have a maximum 

coverage of 25% (C4F).62 For double–side fluorinated graphene, the most stable 

structure is an alternating conformation analogous to the chair conformation of 

graphane.63 Fluorination of graphene can be performed mainly by two methods: (1) 

treating graphene with an appropriate fluorinating regent (e.g., XeF2);
62,64 (2) 

chemical or mechanical exfoliation of graphite fluoride.65 

Theoretical calculation predicted that fluorographene is electrically insulating 

with a minimal direct bandgap of 3.1 eV.59 When electron–electron interactions are 

taken into account within the GW approximation, the calculated bandgap further 

increased to 7.4 eV.66,67 Similar to graphane, fluorinated graphene possesses unique 

optical property. Compared with graphene, partially fluorinated graphene shows 

higher transparency. Fluorographene appears to be transparent at visible frequencies 

and only starts to adsorb light in the blue region.59  

 

1.1.3 Oxidation  

Oxidation is one of the most important chemical reactions of graphene. The addition 

of oxygen atoms to graphene is a more complex reaction than fluorination or 

hydrogenation, because an oxygen atom can form two covalent bonds rather than one. 

Three chemical routes have been developed for the oxidation of graphene. The first is 

directly oxidize graphene with strong oxidants such as concentrated sulfuric acid, 

concentrated nitric acid, or potassium permanganate.68 The second is the oxidation of 

graphite through Hummers’,69 Brodies’,70 Staudenmaiers’71 or electrochemical 
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methods,72,73 followed by exfoliation. During the oxidation processes, graphite flakes 

were broken down into smaller fragments. The third oxidation process is lengthwise 

cutting and unraveling carbon nanotubes (CNTs).74,75  

GO, an oxidation product of graphene, is one of the most famous graphene 

derivatives. Typically, it composes of about 45 mass % carbon. Although several 

structure models have been proposed, GO is a rather polydisperse material; its exact 

structure is very difficult to be precisely defined. The most widely accepted structure 

model for GO has been proposed by Lerf and Klinowski (Fig. 3).76 Accordingly, the 

functional groups on the basal plane of GO are mainly epoxy and hydroxyl, and the 

carboxyl groups are mostly located at edge. This structure has been supported by the 

solid–state nuclear magnetic resonance (NMR) spectra of GO.77 Theoretical 

calculations indicate that a GO with a saturated coverage of epoxy groups on its basal 

plane has a bandgap >3 eV.78 When the top layer of a bilayer graphene was decorated 

with epoxy groups, the semimetallic electronic structure of monolayer graphene can 

be recovered.79 Because the existence of oxygenated groups, GO can be easily 

dispersed in aqueous media. GO can also be further functionalized through chemical 

reactions at its oxygen containing groups.  
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Fig. 3 Lerf–Klinowski structure model of GO. Reproduced from reference 76 with 

permission. 

 

1.1.4 Free radical addition 

Free radical species can frequently overcome the chemical inert nature of pristine 

graphene. The most widely applied adducts for free radical additions are aryl 

diazonium salts. Graphene has an electron–rich basal plane because of its π–electrons. 

When an aryl radical attacks the basal plane of graphene, electrons can transfer from 

graphene to the radical (Fig. 4).45,80 The zero bandgap of graphene can be opened by 

diazonium functionalization. For example, Haddon et al. reported the reaction 

between epitaxial graphene and (p–nitrophenyl) diazonium tetrafluoroborate, and the 

resulting functionalized graphene exhibited a bandgap of 0.36 eV.81 Covalent 

attachment of the aryl group on the basal plane of graphene converted sp2 carbon to 

sp3. The free radical addition also modified the conjugation length of delocalized  
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Fig. 4 Mechanism of the free radical addition for derivatives of phenyl onto graphene. 

Reproduced from reference 45 with permission.  

 

carbon lattice. Both CMG and pristine graphene have been successfully modified by 

diazonium functionalization at room temperature.81,82 After functionalization, the 

solubility of graphene in polar aprotic solvents (e.g. dimethylformamide (DMF), 

Dimethylacetamide (DMAc) and N–Methyl pyrrolidone (NMP)) was increased. In 

addition, the nitro groups of diazotized graphene can be reduced to amine groups for 

further modifying graphene via the reactions of amine groups with hydroxyl, carboxyl 

or acyl chloride groups of other functional components.  

 

1.1.5 Cycloaddition reaction 

Cycloaddition reactions differ from most typical organic reactions, because these 

reactions do not produce anions or cations as intermediates. Instead, the electrons 

move in a circular manner that involves simultaneous bond cleavage and bond 

formation. According to the atom number of addition ring, the cycloaddition 

functionalization of graphene include four types: [2+1] cycloaddition forming three–

membered ring, [2+2] cycloaddition forming four–membered ring, [3+2] 
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cycloaddition forming five–membered ring and [4+2] cycloaddition forming six–

membered ring.45  

The [2+1] cycloaddition is one of the earliest adopted methods to functionalize 

the sp2 carbon network of graphene. Carbene and nitrene are two typical intermediates 

for this purpose. For instance, dichlorocarbene has been successfully coupled to the 

sp2 carbon network of graphene (Fig. 5a) because of its high reactivity.45,83 In this case, 

the singlet carbene (an electrophile) reacts spontaneously with the sp2 carbon atoms; 

the empty p orbital of carbene (LUMO) interacts with the π bond (HOMO) of the 

C=C, and the electron pair of carbene (HOMO) interacts with the π* antibonding 

orbital (LUMO) of the C=C.84 Thus, the dichlorocarbene addition perturbs the π 

conjugation of graphene, changing the electronic property of graphene from metallic 

to semiconducting. Furthermore, the introduction of polar chloride atoms increases 

the the solubility of graphene in organic solvents. The cyclopropane adduct can tune 

the energy gap of graphene. Similar to carbene, nitrene intermediates lead to the 

formation of aziridine adducts onto graphene (Fig. 5b).85  
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Fig. 5 (a) Mechanism of the formation of dichlorocarbene with chloroform and base 

(top), and cyclopropanation of graphene with dichlorocarbene (bottom). (b) 

Mechanism of the formation of nitrene via the decomposition of azide (top) and 

cycloaddition of nitrene onto graphene (bottom).  Reproduced from reference 45 

with permission. 

 

In the cases of using aryne or benzyne as the reactive species, four–electron 

cycloadditions occurred on graphene sp2 carbon network via an elimination–addition 

mechanism. Taking fluoride–induced benzyne as an example, the electrophilic 

benzyne attacks the C=C bond on graphene basal plane, resulting in a [2+2] 

cycloaddition (Fig. 6a).45 A five–membered ring can be achieved via a six–electron 

cycloaddition between a 1,3–dipole and sp2 carbon atoms on graphene (Fig. 6b).  
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Fig. 6 (a) Mechanism of the formation of benzyne via a fluoride induced 

decomposition methodology (top) and the cycloaddition of graphene with benzyne 

(bottom). (b) Mechanism of the formation of azomethine ylide from N–methyl 

glycine (top) and the 1,3–Dipolar cycloaddition of graphene with azomethine ylide 

(bottom). (c) Mechanism of Diels–Alder cycloaddition with graphene as dienophile 

and diene. Reproduced from reference 45 with permission. 

 

Furthermore, a six–membered ring can be obtained through the Diels–Alder 

cycloaddition, which is the most famous pericyclic reaction in organic chemistry. This 

[4+2] cycloaddition reaction involves the interaction between a conjugated diene and 

a dienophile; the overlap of the HUMO of diene and the LUMO of dienophile leads to 

the formation of six-membered ring(Fig. 6c).86−87 The unsaturated dangling bonds 
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located on C atoms facilitate the Diels–Alder cycloaddition.88 

 

1.1.6 Asymmetrical functionalization of graphene basal plane 

Graphene is composed of carbon atoms that connected together by strong covalent 

bonds, which are predicted to be impermeable to small atoms or molecules. This 

property makes graphene potential for bifacially asymmetric modification. For 

example, Janus graphene comprises two types of functional groups separated by the 

single–mediated carbon layer (described as X–G–Y, Fig. 7) has been successfully 

synthesized.89 In this case, a 200–300 nm thick poly(methyl methyacrylate) (PMMA) 

film was utilized as a flexible macroscopic mediator for a two–step functionalization. 

Upon the combination of photochlorination, fluorination, phenylation, diazotization 

and oxygenation reactions, four types of Janus graphene have been obtained by 

 

 

Fig. 7 Schematic illustration of the PMMA–mediated transfer procedure to fabricate 

Janus graphene. Reproduced from reference 89 with permission. 
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asymmetrically bonding X and Y atoms on both surfaces of graphene. The 

functionalities on one side are capable of influencing the chemical reactivity and 

surface wettability of the opposite side.  Thus, this asymmetric structure can 

efficiently control the self–assembly of graphene sheets. Moreover, it has been proven 

that the asymmetric functionalization breaks the symmetric restriction of graphene, 

giving it a non–zero bandgap. The modulated bandgap linearly correlates with the 

binding energy difference between the two functionalities.    

 

1.2 Functionalization of graphene edges 

The edge carbons of graphene adopt tetrahedral geometries, providing them with 

more freedom than that of basal plane carbons without causing extra strain.90−92 

Therefore, edge carbon atoms are more reactive than those on basal plane. Graphene 

edges have two different configurations: “armchair” and “zigzag”.34,93 They can also 

have a combination of both configurations. Each carbon atom of the zigzag edge has 

an unpaired electron, making it easy to bond with other moieties. The carbon atoms of 

the armchair edge are more stable because the presence of a triple covalent bond 

between the open edges carbon atoms. Furthermore, the presence of edge defects in 

CMG facilitates chemical reactions, and provides opportunities for functionalization. 

The typical defect sites for functionalization include edge sites with dangling bonds, 

vacancies, and defect sites decorated with functional groups such as carbonyl, epoxy, 

and carboxyl groups.13 The functionalization of graphene edges can improve the 

solubility and assembly behavior of graphene.94,95 However, the bandgap of graphene 

Page 17 of 71 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



18 
 

exhibits no obvious change, because its sp2 network is undisturbed.96 

 

1.2.1 Functionalization of pristine graphene edge sites  

Under ambient conditions, the termination–free graphene edges can quickly react with 

adsorbed molecules. In the terminology of modern organic chemistry, the free 

armchair sites are the o–benzyne (or carbyne) type, while the free zigzag sites are the 

carbene type (Fig. 8).96,97 The zigzag sites enable many carbene related reactions such 

as cycloaddition and insertion.97,98 Pericyclic and insertion reactions can also be 

applied to armchair–edged graphene nanoribbons (GNR).99 Recently, Diels–Alder 

reactions have been carried out at graphene edges, and it is becoming a powerful 

strategy to adjust the electronic properties of graphene under mild conditions.86 The 

mechanisms of these addition reactions has already been discussed in the section of 

“functionalization on graphene basal plane”.  
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Fig. 8 Schematic representation of the main chemical features in a graphene sheet, 

with its typical surface functionalities, and including the free edge sites. Reproduced 

from reference 97 with permission. 

 

1.2.2 Functionalization of CMG edge sites 

The edge sites of CMG can be decorated with various moieties such as carbonyl, 

carboxylic, and hydroxyl groups. These groups facilitate CMG for further 

functionalization and improve the solubility of CMG in organic or aqueous solutions. 

The most commonly used functionalization precursor is GO, having abundant 

carboxyl groups at its edges (Fig. 3). Generally, the carboxyl groups of GO have to be 

activated through two routes: (1) Pre–treatment with SOCl2; (2) Coupling with 

alcohol or amine.32 These methodologies are not limited to GO; they can also be used 
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to activate small molecules, oligomers, polymers, and C60.
100,101  

   The amidation reaction of coupling carboxyl and amino groups is an effective 

route to modify CMGs. Amino–terminated polymers, chromophores, biomolecules, 

ligands have been successfully anchored onto CMG sheets by this technique.14,102,103 

Similarly, the coupling of alcoholic and carboxyl groups has also been widely used to 

functionalize CMGs.104,105 An important reaction is between hydroxyl terminated 

poly(3-hexylthiophene) (P3HT) and GO.101 The P3HT-grafted GO is soluble in 

common organic solvents, facilitating materials analysis and device fabrication via 

solution processing. For example, a photovoltaic device can be prepared using 

P3HT-grafted GO together with C60. This device showed improved power conversion 

efficiency because of the extended electron delocalization of GO upon covalently 

attaching P3HT.      

 

1.3 Noncovalent functionalization of graphene 

Noncovalent functionalization usually involves decorating functional species onto 

graphene sheets via π–π stacking, hydrophobic attraction, hydrogen bonding and/or 

electrostatic interactions.14,48,106,107 This is a physical process achieved by polymer 

wrapping, adsorption of surfactants or small aromatic molecules, etc (Fig. 9).108−112 

Different from the covalent functionalization, noncovalent functionalization of 

graphene maintains the structure and properties of graphene.  
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Fig. 9. Schematic of the noncovalent functionalization of graphene using polymers 

and small–molecules. Reproduced from reference 112 with permission. 

 

1.3.1 Conjugated compounds 

Pristine graphene and rGO are easily to form irregular aggregates in solutions because 

of their conjugated structures and hydrophobicity. Decorating graphene with 

conjugated compounds can be used to obtain stable suspensions of graphene 

sheets.113−117 Generally, the conjugated compounds have polyaromatic rings and 

functional groups. The conjugated polyaromatic rings attach to the sp2 network of 

graphene sheets via π–π stacking, and the functional moieties stabilize graphene 

sheets in solvents and/or provide graphene with new functionalities. Typical 

conjugated compounds are naphthalene, anthracene, pyrene, porphyrin and their 

derivatives, etc.118 For example,  5, 10, 15, 20–Tetrakis(1–methyl–4–pyridinio) 

porphyrin (TMPyP) molecules can be decorated onto rGO sheets in monolayer via π

–π stacking and electrostatic interactions.119 The strong interaction between these two 

comments forces the molecular flatting of TMPyP molecules. The TMPyP 

functionalized rGO sheets can be stably dispersed in water and can be used to detect 
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Cd2+ ions rapidly and selectively.  

 

1.3.2 Polymers 

Stable dispersions of graphene sheets in various solvents can also be obtained through 

noncovalent functionalization with polymers. For example, amine terminated 

polystyrene can electrostatically interact with the carboxylate groups of rGO sheets.110 

This interaction made polystyrene chains to be coated on rGO sheets, transferring 

rGO sheets from an aqueous phase to an organic phase. Immobilizing 

biomacromolecules on graphene sheets through noncovalent functionalization has 

also attracted a great deal of interest.14,32,120 The large specific surface area, excellent 

properties and biocompatibility of graphene extend the applications of 

biomacromolecules. For example, rGO sheets were decorated with amphiphilic 

polyethylene glycolylated (PEGylated) polymers, rendering them stable in biological 

systems.103,121 Other typical biomolecules that can immobilize onto graphene sheets 

include enzymes, chymotrypsin, proteins and trypsin, etc. 14,122−125 

 

2. Doping  

Chemical doping is one of the most promising techniques to tailor the electronic 

structure of graphene by charge injection or extraction.27,30,31,126,127 Pristine graphene 

is a zero bandgap semimetal, and its Fermi level locates near the Dirac point (Fig. 

12A).127 Chemical doping is proposed to tune the bandgap by shifting the Dirac point 

relative to the Fermi level.129,130 As the Dirac point is above (below) the Fermi level, 
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the doped graphene is a p–type (n–type) semiconductor (Fig. 10B).128 In principle, 

chemical doping of graphene can be classified into two categories: surface transfer 

doping and substitutional doping.27,131 Surface transfer doping is achieved by the 

charge transfer between graphene and the dopants adsorbed on its surface. In most 

cases, this route does not destroy the chemical bonds of graphene. As for 

substitutional doping, heteroatoms (e. g., nitrogen, boron, and sulfur atoms) replace 

the carbon atoms in the skeleton of graphene, disturbing its structure.  

 

 

Fig. 10 (A) Left: electronic dispersion in the honeycomb lattice. Right: zoom–in of 

the energy bands close to one of the Dirac points. (B) A schematic diagram of the 

position of the Dirac point and the Fermi level as a function of doping. Left: n–type 

doped, pristine and p–type doped free–standing graphene (a–c). Right: n–type doped, 

pristine and p–type doped epitaxial graphene grown on silicon carbide (d–f). 

Reproduced from reference 128 with permission. 

Page 23 of 71 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



24 
 

2.1 Surface transfer doping 

In surface transfer doping, molecules with electron withdrawing or donating groups 

adsorb on the surfaces of graphene sheets, leading to the formation of p–type or n–

type doped graphene. A variety of species including gases, organic molecules and 

metal atoms can adsorb on graphene sheets.132−135 

P–type doped graphene can be easily formed in air or in oxygen atmosphere. 

Yavari et al. reported that the bandgap of graphene can be opened by adsorbing water 

on the surface of graphene sheet.136 Strong electron acceptors, such as NO2, Br2, I2, 

can also act as p–type dopants.137 On the other hand, ethanol, NH3 and CO are n–type 

dopants.138 

The adsorption of organic molecules is also able to tune the bandgap of graphene. 

For example, Wei et al. doped graphene with 2–(2–methoxyphenyl)–1,3–dimethyl–

2,3–dihydro–1H–benzoimidazole (ο–MeO–DMBI). The electrical property of 

graphene has been changed from p–type to n–type by varying the amount of o–MeO–

DMBI (Fig. 11).139  

The surface of graphene can adsorb various metal atoms. On the basis of the 

difference between the work functions of both components, the doping types of 

graphene can be modulated. Upon the electron transfer to equilibrate the Fermi levels, 

graphene is n–type doped with Al, Ag and Cu, while p–doped with Au and Pt.129  
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Fig. 11 (A) Chemical structure of o–MeO–DMBI and the schematic illustration of a 

o–MeO–DMBI doped CVD–grown graphene transistor by the solution process. (B) 

Schematic illustration of the shifts in the Fermi level toward the Dirac point varied 

with the o–MeO–DMBI solution concentration. Reproduced from reference 139 with 

permission. 

 

2.2 Substitutional doping  

A variety of atoms have been introduced into graphene to change its electron density 

and to broaden its applications. Atoms with fewer or more valence electrons than that 

of carbon lead to form p-doped or n-type graphene. Two chemical approaches have 

been developed to prepare heteroatom doped graphene: in-situ doping and post 

treatment. Chemical vapor deposition (CVD),140,141 solvothermal reaction142 and arc 

discharge143 are effective techniques for in-situ doping of graphene during its growth. 

These techniques can produce homogeneously doped graphene materials. Post–

treatment of bulk graphene materials by thermal annealing or plasma in the 
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atmospheres with molecules containing heteroatom possibly dopes them only on their 

surfaces.144 Heteroatom doping will influence the charge distribution of carbon atoms 

in graphene, making the doped graphene to be a good electrode material for 

fabricating field effect transistor (FET) devices.28,145 Moreover, the structural defects 

induced by doping in graphene are usually the active sites for surface chemical 

reactions. Thus, doped graphene materials frequently exhibit superior performances in 

catalysis and sensors.146,147   

 

2.2.1 Nitrogen–doping 

The nitrogen atoms (N) doped in the carbon lattice of graphene mainly has three 

bonding configurations: pyridinic N, pyrrolic N, and quaternary N (or graphitic N) 

(Fig. 12).144,148 Specifically, pyridinic N atom bonds with two C atoms at the edges or 

defects of graphene. A pyridinic N oxide has one oxygen atom bonded to the pyridinic 

N atom. A pyrrolic N refers to the N atom bonding with two C atoms and forming a 

five–membered ring, like that in pyrrole. Quaternary N refers to the three N atoms  

 

 

Fig. 12 Bonding configurations for nitrogen atoms in N-doped graphene. Reproduced 

from reference 148 with permission. 
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symmetrically substitute C atoms in a hexagonal ring. Among these bonding 

configurations, pyridinic N and quaternary N are sp2 hybridized, and pyrrolic N is sp3 

hybridized. Pyridinic and quaternary N has marginal influence on the graphene 

structure.144 In contrast, sp3 hybridized pyrrolic N disrupts the planar structure of 

graphene.  First-principles calculations on the reaction paths of NH3 on graphene 

defects indicate that the types of defects determine the configurations of doped N 

atoms: graphitic-N at single vacancies, pyridinic or pyrrolic-N at divacancies, 

pyrrolic-N at armchair edges, and N in a four-member ring at zigzag edges.149 

Actually, N-doping can be controlled by introducing defects into graphene sheets via 

a physical approach ( e.g. N+-irradiation) and followed by annealing in NH3.
150   

The electronegativity of N (3.04 on the Pauling scale) is larger than that of C 

(2.55 on the Pauling scale). Thus, N-doping creates polarization in the carbon network, 

thereby influencing the electronic, magnetic and optical properties of graphene.151 

N-doping opens a bandgap near the Dirac point, conferring graphene with 

semiconducting properties.152 The semiconducting character of N-doped graphene 

depends on the configurations of doping atoms. For a graphitic N (Fig. 12), three 

valence electrons of N are bonded with the neighboring carbon atoms, one electron is 

engaged in a π bond formation, and the fifth electron is involved in the π* state. Thus, 

N atoms contribute electrons to the graphene lattice, resulting in an n–doping 

effect.153 In comparison, pyridinic and pyrrolic N atoms induce p-doping effects by 

withdrawing electrons from graphene sheet.154 

N-doping can effectively tune the work function of graphene, which is useful for 
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FETs and (light emitting diode) LEDs. Schiros et al. calculated the work function of 

pristine graphene (4.43 eV) and graphene doped with graphitic N (3.98 eV), pyridinic 

N (4.83 eV), and hydrogenated pyridinic N (4.29 eV).155 The changing of graphene 

work function is caused by the electron donating or accepting nature of each N–

bonding configuration.  

Pristine graphene shows magnetic hysteresis at room temperature, however, 

heteroatom doping can create a magnetic moment in graphene.156 Among the doping 

N atoms, graphitic N (Fig. 12) is not able to generate a magnetic moment because of 

the lack of nonbonding electrons. For pyridinic N, the unpaired spins are localized on 

N atoms that concentrated at graphene edges. Hence, it has less influence on the spin 

polarization of the edge states. Therefore, only pyrrolic N atoms can create strong 

magnetic moments.157 

N-doping can also tailor the optical properties of graphene sheets. Chiou et al. 

studied the influence of N-doping on the photoluminescence (PL) property of 

graphene.158 Upon irradiating N atoms with lights, the electrons were excited from 

ground N 1s orbitals to unoccupied 2p orbitals (π* state). Then, the electrons were 

transferred from π* state to π state, accompanying with releasing energy in the form 

of PL emission. Therefore, N-doping enhances the PL emission of graphene 

significantly. 

Large–area high–quality N-doped graphene can be prepared by CVD technique. 

Typically, a mixture of a carbon source gas (e.g., CH4) and an N-containing gas (e.g., 

NH3) decomposed at a metal catalyst (e.g., Cu or Ni) foil to form N-doped 
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graphene.127 Liquid and solid organic precursors (e.g., pyridine, pyrazine) have also 

been explored for this purpose.159,160 N-doped graphenes with high N contents can be 

prepared by solvothermal treat or thermal annealing GO in the presence of different N 

sources.161,162   

 

2.2.2 Boron doped graphene 

Boron (2s12p1) is the neighboring element to carbon (2s2p2) with only one less 

valence electron; thus it is a typical p-type dopant for graphene.152 In-plane 

substitutional doping (e.g., in-plane BC3) is more stable than out-of-plane bonding 

(Fig. 13a).163 As a B atom forms sp2 hybridization in the carbon lattice, the planar 

structure of graphene is retained. In contrast to this graphitic bonding configuration, 

bonding a B atom in a vacancy will create structural distortion. Theoretical 

calculation suggests a new type of structural rearrangement, a tetrahedral-like BC4 

configuration that saturates all the dangling carbon atoms (Fig. 13b).164 This B-doped 

configurations distorts the planar structure of graphene. B-doping induces the Fermi 

level of graphene downshift towards its Dirac point. Theoretical calculation indicates 

that a bandgap of 0.14 eV can be introduced by doping a B atom into a graphene 

network with 50 carbon atoms.126  
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Fig. 13 (a) Substitutional doping of B (blue ball). Reproduced from reference 163 

with permission. (b) B atom in a vacancy with symmetric disposition (green ball). 

Reproduced from reference 164 with permission. 

 

   A B-doped few-layer CVD graphene was produced by using ethanol and boron 

powder as the carbon and boron sources.141 This graphene contains about 0.5 % B 

atoms, showing electrical features of a p-type semiconductor. Furthermore, a 

graphene doped with 3.5 at% B was produced via thermal annealing GO in the 

presence of boron oxide.165 Compared to pristine graphene, B-doped graphene has 

more excellent electrocatalytic properties. The bandgap of B-doped graphene is 

tunable by modulating its doping level. For example, when the B content changed 

from 0 to 13.85% via a microwave plasma method, the bandgap of doped graphene 

was changed from 0 to 0.54 eV.166 Boron doped graphene nanoribbons with widths of 

7, 14 and 21 carbon atoms were synthesized by on-surface chemical reaction of an 

organoboron compound. The locations of doped B atoms have defined in the centres 

of the nanoribbons with a programmed content of 4.8 atom%. This work provided an 

effective approach for doping graphene with B atoms in a controllable fashion.167  
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3. Photochemistry of graphene 

Chemical doping is one of the most widely used techniques to tailor the surface and 

electronic structure of graphene. However, the relatively inert nature of graphene is 

the biggest challenge for chemical functionalization, or doping graphene to a high 

level. Recently, photochemical reactions have been explored for addressing this 

issue.168−171 A variety of photo sources including sunlight,172 UV light,173 and excimer 

laser radiation174 have been applied to reduce the energy barriers of graphene 

reactions. Highly reactive chemical species can be produced under irradiation, mainly 

in the form of free radicals.175,176 Photo-induced free radicals usually can overcome 

the high reaction barriers of graphene addition reactions. Under irradiation, the 

functional groups of CMG provide reactive sites for photochemical modifications, 

such as photoreduction177,178  and photopatterning.179,180  

 

3.1 Free radical based photochemical reactions 

Chlorine (Cl) radical can be produced from Cl2 by irradiation. Inspired by the addition 

reaction of chlorine and benzene to produce a well-known insecticide, 

hexachlorocyclohexane (C6Cl6), Liu et al. developed a photochemical approach to 

chlorinate graphene through covalently bonding chlorine radicals to the basal plane 

carbon atoms (Fig. 14a).181 In this case, graphene sheets with a coverage of C–Cl 

bonds up to 8 atom% were formed. Because the C=C bonds of graphene were 

transformed from sp2 to sp3, the resistance of graphene increased over 4 orders of 

magnitude and a bandgap was created. Moreover, graphene sheets with desired 
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chemical patterns can be prepared by localized photochlorination (Fig. 14b), offering 

a feasible approach to realize all–graphene circuits. Theoretical calculations has also 

been used to analyze the structural and energetic changes of chlorinated graphene in 

the photochemical process (Fig. 14c).182 In the initial reaction stage, photogenerated 

chlorine atoms tended to adsorb onto graphene to form a stable Cl-graphene charge 

transfer complex. The C orbitals kept sp2 hybridization and graphene was p-type 

doped. Further chlorination induced the formation of two adsorption states: one is 

covalently bonding Cl pairs to the C atoms with a structure closing to sp3 

hybridization. Successively, it changed into a more stable configuration, the 

neighboring Cl atoms bonding with carbon atoms arranged in a hexagonal ring. The 

another sate is nonbonding. Two adjacent chlorine atoms combine with each other, 

forming chlorine molecules to desorb from graphene surface. The bandgap of 

chlorinated graphene can be tuned in the range of 0–1.3 eV by its chlorine coverage.   
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Fig. 14 (a) Schematic illustration of graphene photochlorination. (b) Raman D band 

mapping for a CVD–grown graphene film after a patterned photochlorination. 

Reproduced from reference 181 with permission. (c) Schematic diagram for the 

evolution of various adsorption configurations during chlorination of graphene. 

Reproduced from reference 182 with permission. 

 

Fluorinated graphene has been discussed in the section of covalent 

functionalization. This functionalized graphene was usually prepared by F-based 

plasma or using XeF2 as a reactant under harsh conditions.183,184 Fluorinated graphene 

can also be produced by irradiating fluoropolymer wrapped graphene.179 A 

phoexcitation with high photo flux induces scission and defluorination of 

fluoropolymer chains, and produces active intermediates such as CFx and F radicals. 
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These radicals can react with sp2-hybridized graphene and form C–F sp3 bonds. 

Photofluorination leads to a dramatic increase in the resistance of graphene, while the 

basic skeletal structure of the carbon network is maintained. Furthermore, 

photochemical approach is environmentally friendly without releasing of unreacted 

toxic species. 

Apart from halogenic addition reaction, alkylation reaction can also occur at the 

basal plane of graphene. For example, phenyl radicals can be generated by irradiation 

of benzyl peroxide with an Ar ion laser beam and they can react with graphene basal 

plane.175 This reaction resulted in a significant decrease (50%) in electrical 

conductivity and an increase in hole doping level of graphene because of the 

introduction of the sp3 defects and F containing moieties.  

 

3.2 Photoreduction  

Photoreduction of GO has been extensively studied because of its mild reaction 

condition, and it is applied to prepare graphene materials with different reduction 

degrees and desired patterns.178,185−187 Even under ambient environment, the 

photoreduction of GO is observable by its slow colour change.188 If replacing ambient 

light with a 300 W Xe lamp irradiation, the photoreduction process can be greatly 

shortened to be within 80 min. In the photoreduction process, the electrons in the sp2 

domains of GO sheets were partly excited (π–π* excitation) to form electron-hole 

pairs. The generated electrons split off hydroxyl groups on graphene basal plane to 

release H2O molecules, and reconstruct the sp2 domains. Similarly, the epoxy groups 
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of GO can also be reduced by the irradiation with a 500 W high-pressure Hg lamp. In 

this case, the photo generated electron-hole pairs were trapped by epoxy groups.178 

The O atoms in C–O–C bonds were oxidized by the holes to form O radicals. Then, 

the O radicals combined into molecular O2 and released. The oxidized carbon atoms 

on the graphene lattice were reduced by electrons to form sp2 domains. After 

photoreduction, the conductivity of GO could be be increased by 105–107 times. 

    Apart from visible or UV light, laser irradiation has also been adopted for GO 

reduction because of its unique advantages including reliability, amenability, and the 

ability of arbitrary patterning.189−191 Recently, a facile lightScribe technique has been 

developed for the photochemical reduction of GO. Kaner’s group used a 788 nm 

infrared laser on a standard LightScribe DVD drive for this purpose (Fig. 15a).190 This 

photoreduction was induced by photochemical and photothermal effects. Especially, 

the wavelength of an infrared laser is longer than those of UV and visible lights, thus 

the photothermal effect takes the principal role on the reduction of GO. LightScribe 

photoreduction can produce a large-area rGO film on a flexible substrate in a short 

time. Thus, it is a promising technique for rapid fabrication of graphene-based 

electronics. Kaner’s group further patterned graphene electrodes through LightScribe 

reduction (Fig. 15b),192 providing a facile pathway for electronic patterning and for 

developing new sensors or catalysts.  
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Fig. 15 (a) Schematic illustration of the fabrication of laser–scribed graphene–based 

electrochemical capacitors. Reproduced from reference 190 with permission. (b) 

Comparison between a standard complex colored image of a man's head filled with 

circuits and the same image reproduced by reducing graphite oxide at various levels, 

which corresponds to a change in electrical properties. Reproduced from reference 

192 with permission. 

 

4. Catalytic Chemistry 

A graphene sheet has a fully accessible surface for adsorbing chemical moieties. 

However, the sp2 hybridized pristine graphene is relatively chemically inert, showing 

weak catalytic activity. CMGs, doped graphene and functionalized graphene possess 
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structural defects (e.g. holes, structural distortions, zigzag edges), doped heteroatoms 

and functional moieties as catalytic sites (Fig. 16).38 Graphene can also act as a 

conductive substrate with large specific surface area for immobilizing catalysts.193−195 

Here, we focus on the chemistry of graphene; thus only the inherent catalytic 

chemistry of graphene is discussed. 

 

 

Fig. 16 General schematic model illustrating the possible active sites on graphene and 

its related materials for a variety of catalytic reactions. Black, red, magenta, blue and 

green balls represent carbon, oxygen, boron, nitrogen, and sulfur atoms, respectively. 

Reproduced from reference 38 with permission. 
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4.1 GO catalyst 

The oxygen–containing groups, edges and hole defects of GO contribute to its 

intrinsic catalytic activity. Bielawski et al. reported that GO could be used as a 

carbocatalyst for the oxidation of alcohols and alkenes, and the hydration of 

alkynes.196 These reactions occurred under relatively mild conditions with good yields. 

Moreover, the GO catalyst can be readily recovered by filtration. Theoretical 

simulations revealed that these catalytic reactions were performed via the transfer of 

hydrogen atoms from the organic molecules to the epoxide groups on GO basal planes. 

This process led to the ring–opening of the epoxide groups and dehydration of GO 

sheets, resulting in the formation of partially reduced GO. The partially reduced GO 

catalyst could be regenerated by molecular oxygen that beneficial for catalyst 

recycling.197 The catalytic activity of the epoxy groups of GO has also been confirmed 

experimentally. Furthermore, the hydroxyl groups neighboring to the epoxy groups of 

GO can enhance the reaction activity of the C–H bonds of organic compounds.198  

Apart from the band theory, an electron transfer mechanism has been proposed 

for explaining the intrinsic peroxidase–like activity of GO.199 GO even showed higher 

activity than traditional peroxidase to catalyze the reduction of H2O2. It is believed 

that the catalytic effect was related to the electronic structures of GO. The electron 

transfer occurs from the valence band of GO to the lowest unoccupied molecular 

orbital of H2O2. As a result, H2O2 is reduced to H2O in the presence of GO catalyst.  
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4.2 rGO catalyst 

rGO has much better chemical tolerance and higher thermal stability than those of GO, 

making it to be a more stable catalyst, especially for the reactions under harsh 

conditions.20,200Although most oxygenated groups on rGO surfaces are removed, it 

also exhibits catalytic activity based on its conjugated π system, structural defects and 

functional edges. The conjugated carbon network of rGO provides both active sites 

for oxidants (e.g., H2O2) and adsorption surface for aromatic compounds (e.g., 

benzene). Thus, it is a good catalyst for the low-temperature oxidation of benzene to 

phenol.201 rGO can also catalyse the reduction of nitrobenzene. The unsaturated 

carbon atoms at rGO zigzag edges were considered as the catalytic sites for this  

reaction, while the graphene basal plane acted as a conductor for electron transfer.  

rGO has also been tested to be an effective catalyst for electrochemical 

polymerisation,202 ethylene hydrogenation,41 reduction of 2,4–dinitrotoluene,203 based 

on its excellent electrical conductive property and its catalytic sites of defects or 

carboxyl groups on edges. 

 

4.3 Doped graphene catalyts 

Doping graphene with heteroatoms (e.g., N, B, P, I and S) has proved to be an 

efficient method to modify the electronic structure of graphene and endow graphene 

with intrinsic catalytic activities.127,204−206 N–doped graphene is a promising metal–

free catalyst for oxygen reduction reaction (ORR). In the three bonding configurations 

of N atoms (Fig. 12), pyridinic–N atoms have been widely regarded as the active sites 
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of catalysis, because their delocalized p electrons facilitate the reductive adsorption of 

O2 molecules. Recent studies indicated that the carbon atoms neighboring to 

pyridinic–N atoms had the highest spin density.207 Thus, these carbon atoms are 

positively charge, providing pyridinic–N doped graphene with a strong catalytic 

activity for ORR.208 Furthermore, the graphitic–N atoms in the carbon lattice facilitate 

the electron transfer from the carbon conductive bands to the antibonding orbitals of 

O2,
209 enhancing the ORR catalytic activity of N–doped graphene. Therefore, both 

pyridinic and graphitic N atoms contribute to the catalytic performance, while playing 

different roles.  

In comparison with solely atom doped graphene, co-doped graphene usually 

exhibit stronger catalytic activities.210 For example, N, S dual–doped graphene was 

tested to be an ORR catalyst with catalytic performance comparable to that of 

commercial Pt/C, significantly stronger than that of N- or S-doped graphene.211 The 

dual activation of C atoms is responsible to the high–activity of this catalyst as 

evidenced by both experiments and theoretical stimulations. Theoretical calculation 

indicates that the maximum spin density of N, S co–doped graphene (0.42) is much 

higher than that of N–doped (0.03) or S–doped graphene (0.16). In the catalytic 

chemistry, spin density directly related to the charge density of active sites, 

determining the activity of catalyst. Furthermore, the co–doping of S and N atoms 

introduces asymmetrical spin and charge distributions, making the number of active C 

atoms in co-doped graphene much more than that in sole atom doped–graphene.  
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Functionalized graphene catalysts 

The feasibility of graphene functionalization provides abundant possibilities to 

develop new graphene based catalysts. Graphene network acts as a substrate for the 

attachment of functional groups, and provides highly conductive pathways for 

electron transfer. For example, sulfonated graphene were explored as solid catalysts 

for acid catalyzed liquid reaction,212 ester–exchange reaction,39 and esterification 

reaction.213 A hydrogenated graphene was also reported be an effective catalyst for 

oxidation of organic dye.52 The defects and sp3 hybridized carbon atoms on the 

hydrogenated graphene facilitated the splitting of H2O2 into hydroxyl radicals to react 

with dyes.  

 

5. Supramolecular chemistry 

In the above sections, we mainly focus on graphene chemistry at atom level.  

However, the molecular behavior of graphene is important for the design and the 

fabrication of graphene materials with practical importance. CMGs can be regarded as 

2-dimensional conjugated macromolecules with huge molar masses. GO sheets 

behave like amphiphilic molecules with hydrophilic edges and more hydrophobic 

basal planes. rGO is hydrophobic, however, it can be chemically modified through 

covalent or non–covalent approaches.42 Chemically modified rGO exhibits molecular 

properties like GO. The supramolecular behavior of CMG sheets provides many 

opportunities to construct macroscopic architectures from nano-building blocks.  
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5.1 Liquid crystals  

Liquid crystal (LC) is a supramolecular behavior of ordering molecular building 

blocks in fluid state. In the theoretical frame of colloidal LCs, 2D topological 

nanoplatelets with high asymmetry should form lyotropic LCs above a critical 

concentration (CC). Pristine graphene sheets can form LCs in chlorosulfonic acid at 

concentrations > 1.8 mg cm−3.214 Pristine graphene sheets tend to stack together 

driven by π–π interaction. However, in chlorosulfonic acid, graphene sheets were 

were protonated to bring positive charges, enhancing their repulsion force and 

decreasing the tendency of stacking. As a result, protonated graphene dispersions 

formed isotropic rigid phases at high concentrations. Under a cross–polarizer, these 

rigid phases showed fingerprint–like textures, typical for LCs.  

 GO dispersions with concentrations higher than their CCs can also form LCs, 

driving by the competition between orientation entropy and excluded volume entropy. 

Typically, GO sheets in an aqueous dispersion start to form a partial ordered structure 

at the concentration around 3 mg cm−3, forming stable nematic mesophases at 5–8 mg 

cm−3 and high-level lamellar mesophase at concentrations >10 mg cm−3 (Fig. 

17).215−217 Further increasing GO concentration to 0.38 vol% (mass density ~13.2 mg 

cm−3) following the nematic phase of 0.23 vol% (mass density ~ 8 mg cm−3), a new 

chiral liquid crystal formed.215 This new mesophase presented a fingerprint–like 

texture with aligned bands, indicating the regular rotation of director vectors. Thus, 

the chiral mesophase behaved a quasi–long–range lamellar ordering, the interlayer 

spacing decreased from 112.2 to 32.7 nm as the concentration of GO increased from 
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0.38 to 2.12 vol%. The chiral liquid crystalline behavior is mainly based on the 

electronic repulsive interactions between GO sheets; therefore, it could form a 

twisting state of adjoining sheets boundaries.  

Both the sizes and size distribution of GO sheets are key factors to determine 

their behavior of forming LCs: the larger GO sheets with higher aspect ratios have 

lower critical concentrations to form LCs or to occur mesophase transformations; a 

narrower size distribution leads to a narrower concentration range of phase transition 

and more regular alignment.218 This guidance is useful to prepare graphene LCs with 

low concentrations and viscosities, beneficial for preparing macroscopic materials via 

wet approaches. For example, high–quality graphene fibers can be prepared by wet 

spinning the GO LCs.216 

 

 

Fig. 17 Typical optical textures of GO LCs (nematic, lamellar, and chiral mesophases) 

and their corresponding structure models. Reproduced from reference 217 with 

permission. 
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5.2 Self-assembly 

Unlike pristine graphene, CMG sheets can be readily dispersed in various solvents. 

The self-assembly of CMG sheets is mainly performed by their self-concentration at 

various interfaces, including liquid–air, liquid–liquid and liquid–solid 

interfaces.44,219,220 The assembly at 2D interfaces leads to form membranes, while the 

assembly within 3D spaces usually produce porous 3D architectures.  

 

5.2.1 Langmuir–Blodgett (LB) Self–assembly 

LB is a technique to make molecular monolayers floating at the air-water interfaces. 

Typically, amphiphilic molecules were first dissolved in a volatile organic solvent, 

and then spread onto the water surface.43 Upon evaporating solvent, the solute 

molecules were trapped on water surface, forming a monolayer. A moving barrier was 

used to narrow the area of the monolayer, thus effectively changed the intermolecular 

distance. As the film was compressed, the monolayer undergone phase transitions 

from gas to liquid, and then to solid before collapsing into a multilayer. The film can 

be transferred to a solid substrate forming a monolayer coating over a large area.  

GO sheets are amphiphilic; thus they can float on water surface to form a stable 

monolayer without any additives. Even under a high compress force, GO layer tends 

to fold into wrinkles rather than collapsing into multilayers. GO sheets can be pushed 

together in edge-to-edge mode by compression. Overcompression may lead to a 

face-to-face interaction, forcing the GO sheets to slide and forming a regionally 

overlapped structure. Multilayered GO films can be prepared by repeatedly 
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transferring GO monolayers onto a flat solid substrate.  

 

Flow directed self-assembly 

Flow directed self-assembly (typically filtration) is a technique widely used for 

separating suspended substances from liquids. In a typical filtration process, GO 

sheets were self-assembled into a layered structure at the filter-suspension interface, 

yielding a freestanding membrane upon drying.221 The surfaces of GO sheets are 

perpendicular to the flow direction, and the vacuum condition pushed GO sheets to 

compactly stack together. The strong intermolecular interactions between GO sheets 

interlocked them in a near parallel fashion. These intermolecular forces include π–

stacking, hydrogen bonding and hydrophobic interactions. After drying, the water 

molecules between GO sheets were partly wiped off, making the as-obtained GO 

paper-like membrane to be mechanically strong, stiff and flexible. GO papers  can be 

converted to conductive rGO papers by reduction.222−224 Moreover, the flow directed 

self-assembly technique is easily to control the thickness of CMG paper by adjusting 

the volume and concentration of CMG dispersion.  

 

5.2.2 3D Self–assembly 

The self–assembly of CMG sheets in solutions has been extensively studied.42,225,226 

GO hydrogels can be prepared by increasing the binding force or decreasing the 

repulsion force between GO sheets in their aqueous solutions. We reported a GO/PVA 

supramolecular hydrogel by simply blending both components.225 In this hydrogel, 
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PVA chains act as physical crosslinkers through hydrogen bonding with GO sheets to 

construct 3D supramolecular networks. This GO/PVA hydrogel exhibited pH induced 

gel-sol transition. The increasing of pH value caused further ionization of the 

carboxyl groups on GO sheets; therefore, the electrostatic repulsion force between GO 

sheets was enhanced. As a result, a gel-sol transition of the hydrogel occurred because 

of an insufficient binding force between GO sheets. Inspired by this work, a variety of 

CMG hydrogels have been prepared by us and other groups following similar 

procedures.227−231 These CMG hydrogels were prepared by acidification or using 

small organic molecules, polymers, or ions as crosslinkers. The driving forces for 

self-assembling CMG sheets into 3D networks include hydrogen bonding, 

electrostatic and hydrophobic interactions.232   

We developed a one-step hydrothermal method to prepare rGO hydrogels from 

GO dispersions without adding any crosslinkers (Fig. 18).226 Before hydrothermal 

reduction, GO sheets were randomly dispersed in water and in extended states, mainly 

due to their strong hydrophilicity and electrostatic repulsion effect. They became 

regionally hydrophobic during hydrothermal process because of partially restoring 

their conjugated domains and removing oxygenated functionalities. The combination 

of hydrophobic and π–π interactions caused a 3D random stacking of flexible rGO 

sheets to construct a stable network. The pore sizes of the 3D rGO network are in the 

range of submicrometers to several micrometers. Simultaneously, the residual 

oxygenated functional groups on rGO sheets led to entrap ample water into the pores 

under high temperature and pressure to form a self-assembled graphene hydrogel. The 
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self-assembly of rGO sheets strongly depends the concentration, the size and size 

distribution of their GO precursor. The critical gelation concentration (CGC) of the 

GO prepared by Hummers method was tested to be around 2 mg mL−1 for forming a 

mechanically stable rGO hydrogel. The CGC decreases with the increase of GO sizes. 

Narrowing the size distribution of GO sheets can improve the uniformity of the pores 

in rGO hydrogel.  

The hydrothermal process described above opened a door to prepare various 

macroscopic graphene materials with 3D porous frameworks including hydrogels, 

aerogels and foams for various applications.233−238 However, it is energy consuming 

and difficult to be scaled up. To adresss these issues, we developed chemical and 

electrochemical reduction techniques to construct 3D rGO achitechtures. For example, 

self-assembled rGO hydrogel has been prepared by reducing GO dispersion with 

sodium ascorbate.239 This hydrogel is electrically conductive, mechanically strong and 

thermally stable. It has been used as an electrode material of electrochemcal 

capacitors.239,240 Electrochemical reduction of GO dispersions can deposite large-area 

porous rGO films on metallic electrodes.241 The pores interconnect with each other 

and fully expose to electrolytes or reactants. These rGO modified electrodes have 

been applied for fabricating high-performance biosensors242 and ultra-rapid 

electrochemical capacitors,241 and for developing new catalyts for electrochemical 

oxidation of water.243 
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Fig. 18. (a) Photographs of a 2 mg mL−1 homogeneous GO aqueous dispersion before 

and after hydrothermal reduction at 180 °C for 12 h; (b) photographs of a strong SGH 

allowing easy handling and supporting weight; (c–e) SEM images with different 

magnifications of the SGH interior microstructures; (f) room temperature I–V curve 

of the SGH exhibiting Ohmic characteristic, inset shows the two–probe method for 

the conductivity measurements. Reproduced from reference 226 with permission. 

 

6. Conclusion and perspective 

Graphene and its derivatives are chemically active and can occur a variety of 

chemical reactions. These reactions are partly shared by other carbon nanomaterials 

such as CNTs, activated carbon and carbon black. However, the atom–thick 2D 

structure, large specific surface area and excellent properties make graphene sheets 

have chemical behaviors different from those of other nanocarbons, particularly their 
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asymmetric modification, and unique and attractive supramolecular chemistry. This 

perspective highlights the chemistry of graphene and its derivatives, including 

functionalization, doping, photochemistry, catalytic chemistry and supramolecular 

chemistry. The first four categories are mainly based on the atoms and electrons of 

graphene sheets, and the last category is focused on the molecular behavior of 

graphene derivatives. 

The chemistry of graphene has been studied for only a relatively short time; thus, 

many chemical reactions of graphene still cannot be precisely controlled and their 

mechanisms have not yet been clearly revealed. For example, defect–induced 

chemical reactions occur either on the basal planes or at the edges of graphene sheets 

simultaneously. It is a challenge to establish a technique that can control the reactions 

within selected regions of a graphene sheet.  

The accurate modulation of the bandgap of graphene is another challenge. 

Although several approaches have been developed for opening the bandgap of 

graphene, the accuracy of modulating the bandgap of graphene is still unsatisfactory. 

The bandgap of graphene can be tuned by changing its electronic structure through 

atom rearrangement of its sp2 conjugated carbon network. However, the chemical 

approaches such as functionalization, doping and photochemical reactions rarely can 

control the compositions and structures of graphene sheets at atomic level.  

The electronic structures of graphene sheets have been studied theoretically by 

using ideal models. However, the theoretical results frequently cannot be confirmed 

experimentally because of lacking perfect samples. The quality of CVD graphene and 
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CMGs needs further improvements by precisely controlling their compositions, 

defects, layer numbers and sheet sizes, etc.  

CMG sheets are unique atom–thick two–dimensional building blocks and they 

can be assembled into fibres, membranes, and 3D frameworks. However, the 

microstructures and properties of these macroscopic materials strongly depend on the 

sizes, shapes, and functional groups of CMG sheets as well as the conditions of self–

assembly. Therefore, the supramolecular chemistry of CMG sheets needs to be 

systematically studied. 

Nevertheless, understanding the chemistry of graphene is important for designing 

and preparing graphene materials, and developing their practical applications. 

Accompanying with the technical breakthroughs in graphene production and 

characterizations, we believe the chemistry of graphene will be extensively 

investigated to provide new knowledge in the field of material chemistry.  
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