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CONS P EC TU S

G raphene is considered a promising material for a range of new
applications from flexible electronics to functional nanodevices,

such as biosensors or intelligent coatings. Therefore researchers need
to develop protocols for the mass production of graphene. One
possible method is the exfoliation of graphite to form stable disper-
sions in organic solvents or even water. In addition, researchers need
to find effective ways to control defects and locally induced chemical
changes. We expect that traditional organic chemistry can provide
solutions to many of these challenges. In this Account, we describe our
efforts toward the production of stable dispersions of graphene in a
variety of solvents at relatively high concentrations and summarize
representative examples of the organic reactions that we have carried
out using these stable dispersions.

The sonication procedures used to solubilize graphene can often damage these materials. To mitigate these effects, we
developed a new methodology that uses mechanochemical activation by ball-milling to exfoliate graphite through interactions
with melamine (2,4,6-triamine-1,3,5-triazine) under solid conditions. Alternatively, the addition of reducing agents during
sonication leads to larger graphene layers in DMF. Interestingly, the treatment with ferrocene aldehyde, used as a radical trap,
induces the formation of multiwalled carbon nanotubes. The resulting graphene sheets, stabilized by the interactions with the
solvent, are suitable materials for performing organic reactions.

Relatively few organic reactions have been performed in stable dispersions of graphene, but organic functionalization of these
materials offers the opportunity to tune their properties. In addition, thermal treatments can remove the appended organic
moieties, restoring the intrinsic properties of pristine graphene. We describe a few examples of organic functionalization reactions
of graphene, including 1,3-dipolar cycloadditions, amide condensations, nitrene additions, and radical reactions. The design of
novel protocols for further organic functionalization should increase our knowledge of the fundamental chemistry of graphene and
spur the further development and application of these materials.

Introduction
Graphene is a layer of carbon atoms, just one atom thick,

structured in a honeycomb lattice. Thanks to its 2D nature,

graphene has a host of unique electronic properties not

seen in thicker carbon films or other carbon nanostructures.

For instance, graphene is characterized by conduction elec-

trons that travel near to the speed of light and have zero

mass, the so-called Dirac fermions.1 Besides, graphene is

the thinnest known material and the strongest ever mea-

sured, shows record thermal conductivity and stiffness, is

impermeable to gases, and has the right proportion be-

tween brittleness and ductility.2 Although the physics of

graphene has been extensively explored and remains at

the center of the attention, its chemistry and in particular its

reactivity and covalent functionalization have persisted

largely unexplored, probably because of the lack of
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samples suitable for traditional chemistry and for the

intrinsic difficulty to characterize the resulting products.

Graphene possesses a zero band gap and functionalization

of graphene with organic and inorganic materials may

offer an alternative approach to control its electrical prop-

erties. In addition, chemically manipulated graphene sam-

ples can be incorporated more easily into new functional

materials.

So far, several methods have been established for gra-

phene preparation, such as micromechanical cleavage,3

chemical vapor deposition,4 graphitization of silicon

carbide,5 anodic bonding,6 unzipping of carbon nanotubes,7

organic synthesis,8 reduction of graphene oxide,9 polymer-

coated graphene,10 liquid phase exfoliation of graphite,11

electrochemical exfoliation of graphite,12 graphite inter-

calation,13,14 and ball-milling processing of graphite.15 Until

now, most protocols remain as demonstration techniques,

mainly for basic research and for providing proof of concept

devices. However, the recent progress in making stable

dispersions9�14 allows the production of graphene on

a more preparative scale, opening the way to solution/

dispersion chemistry. Therefore, it is expected that many

problems in graphene processing could be, at least partially,

solved, such as, scalability, dispersibility, stability, and the

control of the electronic structure by introducing chemical

changes locally. Then, the physical properties of graphene

might be exploited in a more controlled manner or

even modulated by engineering its structure at the atomic

and molecular level. The chemical manipulation of gra-

phene is expected to stimulate the development of several

new applications in many different fields. These applica-

tions include composites,16 supercapacitors,17 batteries,18

fuel cells,19 inks,20 flexible touch screen displays,21 intel-

ligent coatings,22 sensors,23 photonics and optoelectronic

devices.24

In this Account, we describe our recent efforts toward

(1) obtaining graphene stable suspensions suitable for

chemical modification and (2) organic functionalization

approaches performed in stable dispersions of graphene

that modify its structural, electronic, and chemical properties.

Even if functionalization methodologies used for fullerenes25

and carbon nanotubes26 have been applied to graphene,

significant differences arise due to the single atomic layer

configuration (a wide open double-side surface). We will not

consider graphene oxide here, because the properties of

this species seem to be quite different from those of a quasi-

perfect layer of graphene.

Stable Dispersions of Graphene Layers
Chemistry can play an important role in future develop-

ments of graphene technology. To this scope, the major

challenges include (i) large-mass-scale production, (ii) high

concentration of graphene layers well-dispersed in solvents

with different characteristics, (iii) stable dispersions over

long periods of time, (iv) the effective control of defects in

graphene, (v) production of stable graphene derivatives, and

(vi) locally induced chemical changes. Until now, few meth-

odologies have been developed to fulfill all these require-

ments. Graphene oxide9 and polymer-stabilized graphene

nanoribbon10 dispersions can be produced in large scale

and are stable over time, but unfortunately these materials

are chemically different from pure graphene.27

One technique to obtain stable dispersions of pure gra-

phene is the exfoliation of graphite through ultrasonication,

known as liquid phase exfoliated graphene. Essentially, the

technique consists of the sonication of graphite in organic

solvents able to stabilize colloidal graphene.28 After that,

graphene is separated from larger graphitic particles by

centrifugation. During the process, ultrasound waves break

the basal structure and produce graphitic carbon fragments

of variable sizes, which are later intercalated by solvent

molecules producing its exfoliation.29 The surface energy

of the solvent shouldmatch the surface energy of graphite in

order to minimize the enthalpic cost of mixing,11 solvents

therefore may have surface tensions between 40 and

50 mJ m�2. Two organic solvents successfully used for the

exfoliation of graphite are N-methyl-2-pyrrolidone (NMP)

and N,N-dimethylformamide (DMF). Dispersions generated

in these solvents initially reached graphene concentrations

up to 0.01 mg/mL and 1 wt % monolayer.11 Upon increase

of the sonication time, the concentration increased up to

1.2 mg/mL with 4 wt % monolayer.30 However, harsh

ultrasonication treatments result in graphene layers with

a higher number of defects and reduction of the layer size.

These defects mostly consist of oxidized carbon atoms at

the edges of the layer in the form of epoxide, carbonyl, or

carboxylic groups.

Although NMP and DMF produce acceptable results in

obtaining stable dispersions of graphene, they present

the inconvenience that they are expensive and require

special care during handling. In addition, they possess high

boiling points that prevent evaporation making difficult any

future processing, for example, deposition on surfaces. Dis-

persions of graphene have been later produced in mixtures

of water�surfactant,31 ortho-dichlorobenzene (ODCB),32
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perfluorinated aromatic molecules,33 pyridine,33 and

benzylamine.34

The exfoliation of graphene sheets from a graphite

anode in ionic liquids (ILs) represents another possibility.12

The mechanism of exfoliation was attributed to a complex

interplay of anodic oxidation of water and anionic intercala-

tion from the IL. Different nanostructured carbon materials

could be generated by controlling the water content and the

type of counterion in the IL used as electrolyte. In addition to

the graphene sheets, water-soluble fluorescent carbon

nanoparticles and nanoribbons could be generated during

the exfoliation.

Graphite intercalation compounds (GIC) offer a valuable

approach to single-layer graphene sheets, based on the

favorably expanded interlayer spacing. It was recently de-

monstrated that alkalimetal GICs spontaneously exfoliate in

NMP yielding air-sensitive solutions of negatively charged

graphene sheets and ribbons.13 The graphene sheets could

be deposited from these solutions onto a variety of sub-

strates. An alternative treatment can be performed by add-

ing natural graphite to a solution of a sodium/potassium

alloy in 1,2-dimethoxyethane (DME) as inert solvent.14 In

analogy to carbon nanotube chemistry,35 reductive treat-

ment of graphitewith solvatedelectrons causes activationof

the graphite associated with a subsequent exfoliation into

graphene. This procedure only requires the addition of

electrons to the graphene layers avoiding any kind of

sonication. Homogeneous colloidal dispersions of gra-

phene, which do not present irreversible lattice damage,

are produced. This procedure guarantees a facile reaction of

in situ generated graphene with electrophiles as a result of

the excess negative charge present on the layers.14

Large quantities of inexpensive materials like graphite

and melamine can be used for massive and fast production

of few layer graphenes with low concentration of defects.

Themethodologyusesmechanochemical activation byball-

milling to exfoliate graphite through interactions with mel-

amine (2,4,6-triamine-1,3,5-triazine) in solid conditions

(Figure 1).15 The milling treatments can be modulated in

order to achieve graphene flakes with desired sizes. Once

graphite is exfoliated by the milling treatment, the result-

ing solid mixtures can be dispersed in water or DMF to

produce relatively concentrated dispersions. The as-pre-

pared dispersions are stable at room temperature for

weeks and can be washed by filtration to remove mela-

mine. Graphene samples can be redispersed in virtually

any solvent, a possibility that opens the way to chemical

functionalization.

Reducing the Damage on Graphene Layers
During Sonication Treatments
As already mentioned, the long sonication periods needed

to improve graphene concentrations, reduce the size of

graphene layers, and increase the number of defects. This

fact can be attributed to the formation of oxidizing radicals,

such as peroxyl radicals, in air-sonicated solutions. Thus, in

the attempt to reduce the damage caused by ultrasonication

treatments, we sonicated graphite in DMF with the addition

of reducing agents, such as ferrocene aldehyde or tiopronin,

see Figure 2.36,37

Fc-CHO is a reducing agent that can inhibit reactions

promoted by oxygen, peroxides, and radicals.38 The addi-

tion of Fc-CHO during sonication of graphite in DMF con-

siderably reduces the degree of oxidation of the exfoliated

graphene as demonstrated byXPS and Raman spectroscopy

analysis. This process results in larger graphene layers

compared with those produced in pure DMF and yields

concentrations as high as 0.03 mg/mL, Figure 3a.

In addition, we observed that Fc-CHO facilitates the for-

mation of multiwalled carbon nanotubes (MWNT). The for-

mation of MWNT occurs by sealing unstable pieces of

graphene layers smaller than a specific size, Figure 3b. Thus,

Fc-CHO first reduces the concentration of radical species,

which cut graphene into small fragments, then localizes

itself at the edges of graphene and templates the rolling

up of a sheet to form a nanoscroll where it remains trapped;

finally it accepts and donates unpaired electrons to the

graphene edges and converts the less stable scroll into a

MWNT. Hence, not only does the sonication of graphite

upon the addition of Fc-CHO produce stable graphene dis-

persions that can be used for further functionalization, but

also the results obtained in this study can be useful to

understand how solvents disperse graphene and the pro-

cesses that take place during ultrasonication.

Further, we demonstrated that the damage created

in graphene sheets during exfoliation of graphite by ultra-

sonication in DMF is significantly reduced upon addition

of N-2-mercaptopropionylglycine (tiopronin).37 The de-

gree of oxidation of the exfoliated graphene sheets is

decreased as demonstrated by XPS and Raman spectros-

copy analysis. Higher concentrations were calculated from

the UV�vis absorption (at 660 nm), and larger graphene

sheets were observed by TEM. HR-TEM confirms the

low density of defects present in the resulting graphene

layers. Our results confirm that ultrasonication in organic

solvents generates free radicals, which can enable or
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be involved in secondary reactions. The addition of reduc-

ing agents/radical traps during sonication treatments

significantly reduces the damage created on graphene

layers.

Graphene Covalent Reactivity
In principle, graphene can be functionalized at the two

surface faces and at the edges. The results indicate that

functional moieties attack both graphene faces, altering the

energetics, allowing chemical bonds that would be unstable

if only one surface were exposed.39,40 Even though gra-

phene has been considered as an inert material toward

chemical attack, some groups have observed a considerable

reactivity of the graphene layer.41�43 In some instances, this

process might result in unpaired electrons, which would be

created at sites adjacent to the point of covalent bonding,

enhancing the reactivity there and leading to a chain reac-

tion from the initial point of attack.44 Under this perspective,

the graphene edges are considered more reactive than the

inner surface faces. It is also expected that zigzag edges will

display higher reactivity compared with the armchair ones.

However, it is technically challenging to control the edge

structure, so, in practice, graphene contains a combinationof

the two basic types of edge configuration, which makes it

difficult to control the functionalization process.45 Defects

are considered additional reactive sites, which usually facil-

itate graphene functionalization at both surface faces and

edges. All the current methods for graphene production

yield layers with defects, including structural imperfections

and chemical impurities randomly distributed.46 Thus,

FIGURE 1. (top) Schematic representation for the exfoliation of graphite by ball-milling process. (bottom) (a) UV�vis spectra of graphene dispersed in
DMF at increasing concentrations; (b) optical absorbance (λ = 660 nm) as a function of the concentration showing Lambert�Beer behavior;
(c) dispersions of graphite and graphene in DMF and water.
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FIGURE 2. Schematic representation of the products obtained during ultrasonication of graphite in DMF with the addition of reducing agents,
ferrocene aldehyde, or tiopronin. Comparison of the Raman spectra (collected with excitation at 633 nm) of graphite and of the graphene
products of our sonication procedure. G-1 is the starting material (graphite sonicated for 30 min during cycles of 30�30 s off/on), G-DMF
is a sample sonicated for 3 h without the addition of any reducing agent, G-Cp2Fe is a sample sonicated for 3 h with the addition of
ferrocene aldehyde, and G-Tio is a sample sonicated for 3 h with the addition of tiopronin. Spectra are scaled to have an identical height
of the G peak at ∼1580 cm�1.

FIGURE 3. Sonication of graphite with the addition of ferrocene aldehyde produces higher concentration of large graphene sheets (a) and the
formation of MWNTs (b).
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chemical reactions are expected to occur at both faces and

edges, Scheme 1.

Reactivity also depends on the fact that graphene is not

flat but exhibits nanometer-scale corrugations.47 The asso-

ciated strain and curvature can markedly influence the local

reactivity. Finally, several methods for the production of

graphene lead to graphene layers with different size, shape,

chemical composition, and environment. All of them have

different requirements for chemical functionalization. Here-

in, we describe the covalent functionalization of graphene

layers performed in stable dispersions.

Covalent Functionalization of Stable
Dispersion of Graphene
There have been several examples of covalent attachment

of reactive species to graphene flakes. These approaches

include 1,3-dipolar cycloadditions, nitrene, and radical reac-

tions. On the basis of the perfect structure of a graphene

monolayer, onemight postulate a very low reactivity of these

molecular sheets. However, since reaction is observed, often

under standard conditions, it is possible that reaction occurs

preferably at defect sites. Usually, sonication under air gen-

erates oxidation of the graphene layers at the rim.11 Often,

carboxylic groupsaregenerated,which canbeused toanchor

amino derivatives through amide condensation reactions.

Our group performed the 1,3-dipolar cycloaddition reac-

tion of azomethine ylides on graphene produced by sonica-

tion of graphite in NMP (Scheme 2).42 By condensing

paraformaldehyde with an N-modified glycine, we pro-

duced pyrrolidine rings distributed on the surface of

graphene. The reaction is very versatile, and the outcome

is in agreement with the results previously observed with

fullerenes and carbon nanotubes.48,49 In order to identify

the reactive sites on the graphene layers, we introduced free

amino groups at the end of the aliphatic chain (Scheme 3).

Gold nanorods (AuNR) are known to bind free amino groups,

and therefore, we added AuNR to the amino-functionalized

graphene. The results show that the reaction takes place not

only at the edges or in their proximity but also at CdC bonds

in the interior of the graphene plane. In fact, we were able to

visualize a distribution of gold nanorods spread over the

whole surface of the graphene surface (Figure 4).

This methodology allows the integration of the outstand-

ing properties of graphene with those of other interesting

materials, such as photoactive, electroactive, or bioactive

units. For instance, porphyrins were covalently attached to

graphene, using the same cycloaddition approach. Two

types of hybrid materials, using free or palladium tetra-

phenylporphyrin, were obtained from pristine graphene

through one-pot cycloaddition reactions.50 The quenching

of fluorescence and reduced excited state lifetimes suggest

photoinduced energy/electron transfer between graphene

and the covalently attached porphyrin units.

Using a similar approach, functionalization of graphene

sheets was obtained by addition of an azomethine ylide

formed by condensation of 3,4-dihydroxybenzaldehyde

and sarcosine.51 It was also reported that the hydroxyl

groups increase the graphene dispersibility in polar solvents,

such as ethanol and DMF.51

In order to differentiate between functionalization at all

reactive sites and at the rim of the graphene sheets only, we

performed two-well established organic reactions, namely

1,3-dipolar cycloaddition and amide condensation reaction.

Following this strategy, we introduced poly amido amine

(PAMAM) dendron moieties with amino terminal groups at

the surface faces (Scheme 4) or at the edges of graphene

layers (Scheme 5).43

These free amino groups recognize gold nanoparticles

used as contrast markers in the identification of the reactive

sites. In the case of 1,3-dipolar cycloadditions, the functio-

nalized material exhibited gold nanoparticles distributed all

over the graphene surfaces, while in the amidation reaction,

particles were deposited mainly at the edges of the gra-

phene layers, Figure 5.

Our experimental results confirm that 1,3-dipolar cy-

cloaddition produces highly functionalized material, induc-

ing higher dispersibility of graphene layers in DMF and

water. Instead, in the amide condensation reaction, we

SCHEME 1. Schematic Representation of Reactive Sites in Graphene
Sheets: Surface Faces, Edges and Defects
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confirmed that carboxylic groups generated during the

ultrasonication process are mainly present at the edges of

the exfoliated graphene. The low concentration of func-

tional groups in this latter material induces its reaggregation

as the concentration is increased. In principle, by use of this

approach, diverse functional groups can be attached selec-

tively at the graphene edges or at the surface faces. The

nature of the functional groups can increase the dispersi-

bility in suitable solvents or serve as anchors for other

nanostructures to tune the properties of the resulting gra-

phene hybrid materials.

Other examples of functionalization of graphene in dis-

persions include the formation of very reactive intermediate

species, such as nitrenes or free radicals. Perfluorophenyl

azide (PFPA) was added to a dispersion of graphene exfo-

liated in ODCB. Upon photochemical or thermal treatment,

the azide was converted to the highly reactive singlet per-

fluorophenyl nitrene, which adds to the C�C double bonds

SCHEME 3. Graphene Functionalized by the 1,3-Dipolar Cycloaddition Reaction, Deprotection Step

SCHEME 2. Organic Reactions Performed in Graphene Dispersions
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of graphene to form aziridine derivatives.52 The resulting

materials were dispersible in organic solvents or water

depending on the nature of the functional groups present

on PFPA.

Polystyrene-functionalized graphene was obtained via a

single-step sonochemical method, starting from graphite

flakes and styrene, which serves both as a solvent for the

exfoliation of graphite and as a reactive monomer for

polymerization.53 These polymer-functionalized graphenes

are very stable and can be easily dispersed in common

organic solvents. The graphitic structure of these functiona-

lized graphenes is not extensively affected. Thismaterial has

a great potential for graphene-based composite materials.

An electro-active extended tetrathiafulvalene (exTTF)

moiety was attached to exfoliated graphene using a cyclo-

propanation reaction under microwave treatment. For this

hybrid nanomaterial, the formation of a radical ion pair that

includes one-electron oxidation of exTTF and one-electron

reduction of graphene was suggested with an energy gap

calculated as 1.23 eV.34

The chemical exfoliation of graphite, in association with

an in situ covalent functionalization, performed by coupling

reductive graphite activation with oxidative arylation by

aryldiazonium salts in a one-pot procedure was recently

reported.14 The covalent functionalization protects the sin-

gle layer graphene from reaggregation. Through variation

FIGURE 4. Au nanorods are used as contrast markers for the identification of reactive sites. On the right, TEM photographs of the graphene layers
covered with Au nanorods.

SCHEME 4. Functionalization of Graphene Layers with PAMAM Dendrons by 1,3-Dipolar Cycloaddition
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of the diazonium salt concentration, it was possible to

control the amount of functionalization. The use of rever-

sibly attached functional groups is expected to provide

improved and tailor-made properties, such as customizable

solubility, electron mobility, and sensor activity, important

for high-performance applications.

Conclusions
Fundamental understanding of the chemistry of graphene is

required for its development in future technologies. Im-

provement of functionalization protocols for the controlled

chemical modification of graphene depends on a number of

key challenges, including its production, defects, edges,

reactivity, control of stoichiometry, dispersibility, and stabi-

lity. Here, we have described the recent strategies in the

preparation of stable dispersions of graphene that allow its

wet organic functionalization. In the production of stable

dispersions of graphene, the wide-ranging advantage of the

sonication treatments is that they produce dispersible ma-

terials that comprise mainly few-layer or monolayer gra-

phenes. The resulting graphene sheets, stabilized by the

interactions with the solvent, are suitable materials for

performing organic reactions. Until now, only a few organic

reactions have been performed in stable dispersions of

graphene. However, organic functionalization has demon-

strated high potential in tuning graphene properties.

FIGURE 5. (left) Graphene layers functionalized with Au nanoparticles; (right) TEM photographs of the corresponding left composites.

SCHEME 5. Functionalization of Graphene Layers with PAMAM Dendrons by Amide Condensation Reaction
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Additionally, organic moieties can be removed by thermal

treatments restoring the intrinsic properties of pristine gra-

phene. The design of novel protocols for the organic func-

tionalization is expected to increase our knowledge in the

fundamental chemistry of graphene, allowing exciting fu-

ture developments.
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