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CONS P EC TU S

T he fullerenes, carbon nanotubes, and graphene
have enriched the family of carbon allotropes

over the last few decades. Synthetic carbon allotropes
(SCAs) have attracted chemists, physicists, and mate-
rials scientists because of the sheer multitude of their
aesthetically pleasing structures and, more so, be-
cause of their outstanding and often unprecedented
properties. They consist of fully conjugated p-electron
systems and are considered topologically confined objects in zero, one, or two dimensions.

Among the SCAs, graphene shows the greatest potential for high-performance applications, in the field of nanoelectronics, for
example. However, significant fundamental research is still required to develop graphene chemistry. Chemical functionalization of
graphene will increase its dispersibility in solvents, improve its processing into new materials, and facilitate the combination of
graphene's unprecedented properties with those of other compound classes.

On the basis of our experience with fullerenes and carbon nanotubes, we have described a series of covalent and noncovalent
approaches to generate graphene derivatives. Using water-soluble perylene surfactants, we could efficiently exfoliate graphite in
water and prepare substantial amounts of single-layer-graphene (SLG) and few-layer-graphene (FLG). At the same time, this
approach leads to noncovalent graphene derivatives because it establishes efficientπ�π-stacking interactions between graphene
and the aromatic perylene chromophors supported by hydrophobic interactions.

To gain efficient access to covalently functionalized graphene we employed graphite intercalation compounds (GICs), where
positively charged metal cations are located between the negatively charged graphene sheets. The balanced combination of
intercalation combined with repulsion driven by Coulombic interactions facilitated efficient exfoliation and wet chemical
functionalization of the electronically activated graphene sheets via trapping with reactive electrophilic addends. For example,
the treatment of reduced graphite with aryl diazonium salts with the elimination of N2 led to the formation of arylated graphene.
We obtained alkylated graphene via related trapping reactions with alkyl iodides.

These new developments have opened the door for combining the unprecedented properties of graphene with those of other
compound classes. We expect that further studies of the principles of graphene reactivity, improved characterization methods, and
better synthetic control over graphene derivatives will lead to a whole series of new materials with highly specific functionalities
and enormous potential for attractive applications.

Introduction
The family of carbon allotropes, which for a long time

consisted of the natural forms of diamond and graphite

only, has been enriched in the past few decades by the

fullerenes, the carbon nanotubes, and graphene.1�3 What

makes synthetic carbon allotropes (SCAs) so attractive for

chemists, physicists, and materials scientists is not only

the sheer multitude of aesthetically pleasing structures4

but, even more so, their outstanding and in many cases

unprecedented properties.5,6 They consist of fully conju-

gated π-electron systems and can be considered as topo-

logically confined objects in 0-, 1-, or 2-dimensions,

respectively. These extended electron reservoirs yield pro-

nounced redox-activity and high electron mobility.7 At the

same time, SCAs are characterized by stability under ambi-

ent conditions. Indeed, metallic carbon nanotubes and

graphene are the first representatives of stable organic

metals, where no further activation by doping or charge
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transfer is required to establish high charge-carrier mobility.

For graphene, an almost temperature-independent charge-

carrier mobility7 of up to μ = 200000 cm2/(V s) in the

suspended state and carrier concentrations of n = 2 � 1011

have been found, which translate into ballistic carrier trans-

port in themicrometer range.8 No other knownmaterial has

yet been able to exhibit electron- or hole mobilities compar-

able to thoseof single- or few-layer graphene. SCAs currently

represent one of the most promising material families with

enormous potential for high-performance applications in

the fields of nanoelectronics, optoelectonics, hydrogen sto-

rage, sensors, and reinforcements of polymers based on

their unprecedented electronic, optical, mechanical, and

chemical properties. At the same time they are ideal targets

for the investigation of fundamental chemical and physical

questions such as shape- and charge-dependent binding

and release of molecules, charge transport in confined

spaces, and superior sensing of supramolecular interactions

down to the single molecule regime.

Tapping these exciting possibilities, however, still re-

quires overcoming a number of significant obstacles such

as high-yield production methods, sorting and separation,

controlled doping with heteroatoms, development of hier-

archically ordered architectures, layer (single and multiple)

formation, processing, and solubilization. Chemical functio-

nalization of synthetic carbon allotropes (SCAs) is certainly a

key for the systematic development of SCA-technology,

since covalent and noncovalent derivatization allows for

(a) increasing, tuning, and adjusting the solubility, dispers-

ibility, and processability both on aqueous and organic

media and (b) modifying and tailoring electronic, optical,

and mechanical properties, (c) separation and isolation of

specific types (e.g., tube chiralities and helicities), and (d)

construction of ordered two-and three-dimensional super-

structures. Moreover, the investigation of the chemical be-

havior and reactivity of SCAs itself represent an exciting

research subject on its own right. In principle, the physical

and chemical properties of fullerenes, carbon nanotubes

(CNTs), and graphene are related to each other, although

their levels of development vary considerably. Whereas the

chemistry of fullerenes has already achieved a rather ma-

ture state and numerous derivatives have been synthesized

and characterized9 in detail, functionalization of graphene is

still in its infancy.10 Carbon nanotube chemistry keeps an

intermediate position.11 Compared to the various flavors of

carbon nanotubes (broad variation of helicities, single

walled, multiwalled) graphene is a much more uniform

material. This will facilitate the development of its chemistry

considerably. In contrast to the fullerenes and carbon nano-

tubes, which exhibit exo and endo faces, covalent attacks to

graphene are possible from both sides of the plane. Appeal-

ing synthetic targets are inter alia graphane and its alkyl-,

aryl-, and fluoro derivatives which represent the first proto-

types of two-dimensional-polymers, dye-functionalized gra-

phene for the photoinduced H2-generation, and polymer-

functionalized graphene as stable building block for the

construction of electroactive composite materials. Many

protocols that have been efficiently used for the functiona-

lization of fullerenes and carbon nanotubes are expected to

be transferred successfully for the chemical derivatization of

this novel two-dimensional SCA.

Our laboratory has a long experience in carbon allotrope

chemistry. In the early 1990s, we started with the investiga-

tions of basic principles for the functionalizationof fullerenes

and later onwith that of carbonnanotubes. Amongourmost

important achievements are control over the regiochemistry

of multiple addition reactions to fullerenes,12 the shape-

dependent difference of endohedral and exohedral functio-

nalization, the 2(n þ 1)2-rule for the description of spherical

aromaticity of fullerenes,13 the introduction of water solubil-

ity into these carbon rich systems,14,15 and the first p-type

doping of carbon nanotubes.16 A large variety of fullerene

and nanotube derivatives with tailor-made properties

have been prepared and characterized such as (a) donor�
acceptor hybrids suitable to undergo photoinduced energy-

and electron transfer,17 (b) synthetic mimics for globular

hemeproteins,18 (c) dendrizymes,19 (d) heterofullerenes,20

(e) the largest polyelectrolytes with completely defined and

monodisperse structures,21 (f) nanotube based carriers for

gene delivery,22 (g) giant bis-fullerene dipoles,23 (h) the first

example of fullerene amphiphiles that self-assemble in fully

shape persistent micelles,24 whose structure could be deter-

mined with molecular precision, and (i) water-soluble full-

erene derivatives that act as very potent superoxide

dismutase models25 in the field of biomedical chemistry.

With this knowledge at hand, we started in 2009with the

investigation of the wet chemistry of graphene. In this

Account we will summarize our first results on graphene

functionalization, categorized in noncovalent and covalent

functionalization, respectively.

Noncovalent Functionalization
On the basis of our experience in the π-surfactant mediated

dispersion of carbon nanotubes in water,26�31 we first

targeted the idea of exfoliating graphite to generate individ-

ual graphene sheets stabilized by noncovalent interactions
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with suitable surfactants that contained an extended con-

jugatedπ-system.15 An example is the perylene derivative1,

representing a member of the first family of very water-

soluble rylenes, that we have recently made synthetically

available.32 These molecules exhibit superior performance

in terms of solubilization and individualization of carbon

nanotubes, driven by a combination of π/π-stacking and

hydrophobic interactions.14 The appealing opportunity of

this idea was that not only the supramolecular interactions

of graphene with rylenes could be studied but also wet

chemical graphene production in bulk quantities could be

accomplished. At that time the typical methods to access

graphene still were mechanical scotch tape exfoliation of

graphite3 or silicon evaporation from SiC33 that led and still

lead to very limited amounts of material.

In the beginning, we were rather unsure whether this

approach would be successful because in order to generate

individualized graphene sheets out of graphite, the most

obvious challenge is to overcome the huge amount of

energy which is stored in the π/π-stacking interactions

between the extended graphene sheets. The cohesive en-

ergy gained by stacking graphene sheets onto each other

was experimentally determined to be as high as 61 meV/

C-atom.34 On the other hand, the mechanical exfoliation

method used to access graphene clearly showed that the

intermolecular π/π-stacking interactions between the basal

planes can be overcome by pronounced interactions with

substrates. With suitable postprocessing, the extrinsic corru-

gation of the substrate can be further utilized to improve the

yield of mechanically exfoliated layers.35 The group of

Coleman has shown that in principle also wet chemical

dispersion of graphite or few layer graphene (FLG) driven

by multiple noncovalent interactions with suitable solvent

molecules such as N-methylpyrrolidone (NMP) is possible.36

Encouraged by these findings and our own results on carbon

nanotube exfoliation,26�31 we expected that the combination

of π/π-stacking and hydrophobic effect driven dispersion of

graphite should be a feasible approach. However, it was

also clear that next to the efficient exfoliation itself, the

unambiguous characterization and analysis of the non-

covalent graphene functionalization would be a very chal-

lenging task.

Investigations on a monodisperse model system for

graphene with a defined structure, however, could provide

valuable insights and facilitate the interpretation of experi-

mental results. For this purpose we chose hexa-peri-benzo-

coronene (HBC), which exhibits precisely defined optical

absorption and emission features while resembling many

of the aggregation phenomena of graphite.37 For example,

HBC formsπ-stacks in the crystal and is characterized by very

low solubility in common organic solvents.38

Thus, it could be anticipated that conditions which yield

HBC monomers in water would also result in appreciable

yields of graphenemonolayers. First investigations basedon

commercially available surfactants such as sodium dodecyl-

benzenesulfonate (SDBS), sodium cholate (SC), and sodium

deoxycholate (SDC) were carried out in our laboratories and

indeed revealed significant differences in material uptake

and individualization efficiencies. While the highest overall

material uptake could be observed in amphiphilic SDBS

dispersions, the use of SDC leads by far to the highest

degrees of individualization. Individualized HBC molecules

were easily identified by their characteristic emission

pattern39 and quantified by fluorescence lifetime analysis.

These results gave us confidence that aromatic surfac-

tants such as the perylene derivative 1 will yield stable

graphene dispersions. When we ultrasonicated graphite in

the typical red-colored aqueous solutions of 1, we observed

the formation of black inks. Since after sedimentation the

homogeneous solutions remained dark, we concluded that

our surfactant based strategy for graphene formation was

successful. We then prepared stock solutions of few-layer

(FLG) and single-layer graphene (SLG) by the stepwise addi-

tion and ultrasonication of 1 to a dispersion of pristine

graphite in buffered water at pH 7. The corresponding

absorption spectra confirmed the proposed exfoliation

of graphene. Except for a broad peak between 250 and

300 nm and the characteristic absorption patterns of 1, the
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spectra were featureless especially in the visible and nIR-

regime. For amoredetailed characterization of the dispersed

material, we spin-casted the supernatant solution onto a

silicon wafer coated with a 300 nm thick layer of SiO2. This

enabled us to analyze the deposited material by optical

microscopy through interference from rays reflected from

the Si/SiO2 interface and the graphene/SiO2 interface.40,41

The images revealed objects with lateral dimensions of

hundreds of nanometers and an optical contrast in agree-

ment with very thin deposits as expected for FLG and SLG.

Similar conclusions could be deduced from AFM-studies. For

an unequivocal proof of the presence of solution processed

single layer graphene on the solid support, we carried

out high spatial resolution scanning Raman microscopy

(Figure 1). Especially the shape and thewidth of the so-called

2D peak, which is recorded at around 2700 cm�1 and

corresponds to the excitation of twomomentum conserving

phonons close to the K-point in the Brillouin zone, are very

indicative of the presence or absence of a single layer

graphene.42

Wewere able to categorize the spectra into SLG, FLG, and

multilayer graphene (MLG) and visualize the distribution of

the respective species. Even after spin-casting and drying,

which is certainly accompanied by some reaggregation of

graphene, a substantial amount of SLG deposits could be

identified (Figure 2).

Next to the wet chemical graphene formation itself, we

were interested in a detailed insight of the nature of the

noncovalent interaction with perylenes, in particular the

electronic communication between the corresponding

π-systems.43 For this purpose, we used turbostratic graphite

as the starting material. In this type of graphite, the arrange-

ment between the basal planes is disordered and as a con-

sequence the interlayer coupling is typically less pronounced

than in natural graphite, which is characterized by a high

degreeof crystallinity. The turbostratic nature of the graphite

allowed one to prepare sufficiently stable dispersions by

ultrasound mediated exfoliation of the material in NMP.

After centrifugation, stable homogeneous solutions of SLG

and FLG were obtained. For the investigation of the non-

covalent interaction with perylenes, we added a NMP solu-

tion of the amphiphilic derivative 2.

Although perylenes exhibit a very strong fluorescence,

which is usually preventing their investigation by Raman

spectroscopy,wewere able to record a resonantly enhanced

Raman spectrum of the graphene/perylene-2 deposit on

Si/SiO2 comprising the features of both graphene and per-

ylene, when excited at 532 nm (Figure 3). The possibility to

acquire the Raman spectrum of 2 is owed to the fact that the

pronounced fluorescence of 2 is completely quenched in the

presence of graphene. When excited at 633 nm, which is

beyond the region of perylene absorptions, only graphene

features can be observed in the Raman spectra (Figure 3).

We were also able to visualize the graphene induced

quenching of the perylene fluorescence by fluorescence

microscopy on the deposits (Figure 4).

For a more detailed investigation of the electronic com-

munication and the noncovalent binding of graphene and 2

in homogeneous solution, we carried out a series of titration

experiments. The plots of the fluorescence intensities of the

perylene emission as a function of the absorption revealed

fluorescence quenching (Figure 5) as the emission of 2 is

always significantly smaller in the presence of graphene.

The slopes of the fitted linear dependencies are proportional

to the corresponding fluorescence quantum yields. In the

FIGURE 1. Raman spectra of the D and G peaks (a) and the 2D peak
(b) taken at the positions indicated in Figure 2. The analysis of the line
recorded at position 2 shows a single symmetric component with
fwhm = 27.3 cm�1 characteristic for SLG. The symmetrical fit function is
superimposed on the experimental data in spectrum 2. Reproduced
with permission from ref 15. Copyright 2009 Wiley-VCH.
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presence of graphene, the fluorescence quantum yield of 2

is reduced to 65% with respect to the stock perylene

solution.

In order to carry out a structural characterization of

graphene/perylene-2 composite, we carried out high-reso-

lution transmission electron microscopy (HRTEM) using a

Titan3 microscope equipped with an image aberration cor-

rector. Single crystalline “terraces” decorated with amor-

phous material could be observed (Figure 6). The fast

Fourier transformed image shown in the inset of Figure 6

reveals the expected 6-fold carbon lattice symmetry. After

Fourier-filtering with the crystalline reflections, the amor-

phous contrast could be removed and the pattern closely

resembled the projected atomic structure.

Covalent Functionalization
In contrast to thewet chemical exfoliation of graphene from

graphite, which used noncovalently binding surfactants or

solvent molecules, covalent addition of reactive molecules

to graphene would lead to the introduction of sp3-defects or

even rupture of the carbon framework. As a consequence,

the intrinsic electronic properties will be altered consider-

ably. On the other hand, covalent binding of addends

provides the opportunity to permanently stabilize graphene

sheets. This offers the potential to considerably improve the

solubility and processability. A subsequent thermal treat-

ment of covalently functionalized graphene is expected to

restore the intrinsic electronic and mechanical properties

by retro-functionalization.44,45 The latter course would

only apply to those cases where only sp3-defects and no

holes within the carbon framework are introduced. Once

larger and hence more irremediable defects such as holes

are formed, for example, by harsh oxidative treatments

(Hummer's GO),46 such treatment becomes significantly

more demanding. It is therefore a challenge to develop a

mild covalent graphene chemistry that introduces solely

sp3-defects. Further advantages of covalent graphene chem-

istry are to tune electronic properties like a band gap system-

atically and combine graphene properties with those of

other compound classes that bear specific functions. More-

over, the investigation of the reaction mechanisms and the

intrinsic chemical behavior of graphene per se is of utmost

general interest. The ultimate product of graphene addition

chemistry would be graphane, where every C-atom carries a

hydrogen addend. Graphane, where every six-membered

ring has a chair conformation, would be an unstrained and

hence very stable system and could be formed by the

alternating 1,2-binding of H-atoms from above and below

the basal plane. Because of their curved and closed cage

structure, which is effectively preventing the entry and

endohedral binding of H-atoms, the alternating endo/exo

FIGURE 2. (a) Optical microscopy image of graphene deposited on a
Si/SiO2 substrate with a 300 nm thick oxide layer. The arrows denote
the areas where the Raman spectra shown in Figure 1 were taken:
(b) Ramanamplitude of the 2Dpeak, (c) map of the fwhm (2D peak). Red
areas: 25�39 cm�1 (SLG); ocher areas, 39�65 cm�1 (FLG); brown areas,
> 65 cm�1 (MLG). Reproduced with permission from ref 15. Copyright
2009 Wiley-VCH.

FIGURE3. Raman spectra of the dispersion of turbostratic graphitewith
perylenes-2 in NMP. At 532 nm excitation (green spectrum), both
characteristic SLG andMLG peaks (marked as D-, G-, and 2D-bands) and
peaks that originate from 2 are observed. It is possible to record the
Raman spectrum of 2 due to fluorescence quenching by graphene.
Reproduced with permission from ref 43. Copyright 2010 Wiley-VCH.
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addition pattern is not observed for fullerenes and carbon

nanotubes. Early examples of covalent graphene chemistry

are additions of azomethine ylides47 and benzynes.48 Also

edge selective functionalizations that rely on Friedl-Crafts

like acylation have been reported so far.49

On the basis of our experience with carbon nanotube

chemistry,50�55 we followed a new and highly efficient

approach for covalent graphene functionalization. The idea

was to reduce graphite, for example, by alkali metals in

liquid ammonia, which on the one hand would facilitate

exfoliation due to electrostatic repulsion and on the other

hand would activate the graphene sheet for subsequent

reactions, for example, with electrophilic addends. Although

graphite is chemically rather inert, it has been known for a

long time that it can undergo intercalation reactions with

small inorganic molecules or alkaline metals.10,56 In the

latter graphite intercalation compounds (GICs), positively

chargedmetal cations are located in between the negatively

charged graphene sheets. Therefore, the interlayer distance

is increased to 5.40 Å in the first stage K-GIC, and the direct

π�π-interaction between two adjacent layers is decreased

while an electrostatic host/guest attraction is introduced.56

GICs like the golden to bronze colored KC8 are known to be

efficient reducing agents. After the treatment of KC8 with

polar aprotic solvents under inert gas conditions, evidence for

dissolved negatively charged graphene was found.57,58 We

expected that such a balanced combination of intercalation

FIGURE 4. Micrographs of graphene-perylene dispersion. (Left) White light illumination, blue contrast corresponds to graphene and finely dispersed
graphite particles (marked with white oval). (Right) Falsecolored fluorescence image (green light excitation up to 545 nm, emission was collected
starting with 605 nm). Emission is observed for the unbound perylene and is quenched when interaction with graphene takes place (marked with a
white oval). Reproduced with permission from ref 43. Copyright 2010 Wiley-VCH.

FIGURE 5. Integrated fluorescence vs absorption for perylene-2 NMP
solution “titrated” with pure NMP (black) and perylene-2 NMP solution
titrated with graphene dispersion in NMP (red). Excitation performed
and absorption plotted at 490 nm. The slopes for the linear fits of the
two data sets are proportional to the relative quantumyields for the two
above-mentioned systems. The ratio of the slopes gives a value of
∼65% due to fluorescence quenching. Reproduced with permission
from ref 43. Copyright 2010 Wiley-VCH. FIGURE 6. (Top) HRTEM image (300 kV) of a graphitic flake of a

graphene/perylene-2 sample. (Inset) Fast Fourier Transform (FFT) re-
veals the hexagonal symmetry. (Bottom) Magnified view of the HRTEM
image after Fourier-filtering with the crystalline reflections. Reproduced
with permission from ref 43. Copyright 2010 Wiley-VCH.
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combined with Coulomb driven repulsion could in principle

open the door for an efficient exfoliation and wet chemical

functionalization of the electronically activated graphene

sheets via recombination with reactive addends.59 First, we

investigated the treatment of reduced graphite with aryl

diazonium salts (Figure 7). The corresponding reaction is

well-known for carbon nanotubes and yields arylated and

exfoliated derivatives after the elimination of N2.

In the case of the wet chemical graphene functiona-

lization, we have prepared the reduced graphene by the

treatment with sodium/potassium alloys in 1,2-dimethoxy-

ethane (DME) as an inert and electride/alkalide stabilizing

solvent. To work in DME in contrast to the more commonly

applied liquid ammonia (classical Birch conditions) offers the

opportunity to work at room temperature and also allows

the use of a broad variety of diazonium compounds in

solution as DME does not decompose the labile diazonium

moiety. As expected, the addition of the diazonium salt to

the dispersion of reduced and exfoliated graphene sheets

was accompanied by vigorous nitrogen evolution. After the

reactionwas completed, wehave isolated the functionalized

graphene by means of spin-casting, filtration, or dip-coating

for spectroscopic and microscopic characterization. Interest-

ingly, structural analysis by HRTEM showed the formation of

domains of arylated regions rather than homogeneous

addition to the flake (Figure 8). Similar regioselectivities have

already been observed in fullerene60 and carbon nanotube

chemistry,61 and future theoretical studies are required for

understanding this behavior completely.

The introduction of heteroatom containing groups such

as sulfonic acid substituents at the aryl addends allowed for

additional characterization by elemental and chemical anal-

ysis through energy-dispersive X-ray spectroscopy (EDX)

and X-ray photoelectron spectroscopy (XPS). Particularly

powerful for the characterization of the reactions products

was Raman microscopy. The addition of an aryl addend,

which is accompanied by the introduction of a sp3-defect,

becomes apparent by an increase of the D-peak (Figure 9a).

At the same time, the 2D-peak sharpens and becomesmore

symmetrical, finally reaching a Lorenzian shape, which

is characteristic for decoupled graphene monolayers.42

Spatially resolved Raman mappings greatly facilitated the

FIGURE 7. Representation of the intercalation and exfoliation of gra-
phite with subsequent functionalization of intermediately generated
reduced graphene that yield 4-tert-butylphenyl functionalized gra-
phene. Reprinted by permission from Macmillan Publishers Ltd: Nature
Chemistry Englert, J. M.; Dotzer, C.; Yang, G.; Schmid, M.; Papp, C.;
Gottfried, J. M.; Steinr€uck, H.-P.; Spiecker, E.; Hauke, F.; Hirsch, A.
Covalent bulk functionalization of graphene. Nat. Chem. 2011, 3,
279�286, copyright 2011.

FIGURE8. HRTEMmicrographs of functionalized graphene derivatives.
High functionalization density leads to the formation of amorphous
regions among crystalline domains, as is visible in the HRTEM image
and also in the fast Fourier transformation FFT pattern. Adapted with
permission from Macmillan Publishers Ltd: Nature Chemistry Englert,
J. M.; Dotzer, C.; Yang, G.; Schmid, M.; Papp, C.; Gottfried, J. M.; Steinr€uck,
H.-P.; Spiecker, E.; Hauke, F.; Hirsch, A. Covalent bulk functionalization of
graphene. Nat. Chem. 2011, 3, 279�286, copyright 2011.
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quantitative analysis of the bulk material in terms of the

distribution of the degrees of functionalization and indivi-

dualization (Figure 9b).

Annealing of the material at 1000 �C under inert gas

atmosphere allowed for the complete regeneration of the

hexagonal carbon network contrary to graphene oxide,

where a complete restoration ismore difficult. This complete

reversibility is combined with the possibility of varying both

the nature of the addend and the degree of functionalization

to a large extent. Hence, these new graphene modification

protocols provide access to a broad variety of functional and

processable graphenes with tailored properties. Indeed,

we have shown recently that also other reagents like

alkyliodides62 and CO2 can be applied successfully for the

wet chemical trapping of the reduced graphene sheets.

Conclusion and Oulook
Although the development of graphene chemistry has just

begun to emerge, a number of promising functionalization

concepts have already been introduced. On the basis of our

experience with fullerenes and carbon nanotubes, we have

recently elaborated a series of covalent and noncovalent

approaches for the generation of new graphene derivatives.

As a consequence, the door for combining the unprece-

dented graphene properties with those of other compound

classes has been opened. One can expect that graphene

based high-performance materials will find interesting ap-

plications, for example, in the field of nano- and transparent

electronics. Of course a lot of fundamental research is still

required to approach this attractive prospect. In this regard,

with increasing knowledge of inherent graphene reactivity

principles, further improvement of characterization meth-

ods as well as the ability to selectively synthesize graphene

derivatives with a highly specific functionality will be of

central future importance.
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