
Graphene



Graphene is an allotrope (form) of carbon consisting of a single layer of carbon 
atoms arranged in an hexagonal lattice.

It can be considered as an indefinitely large aromatic molecule, the ultimate 
case of the family of flat polycyclic aromatic hydrocarbons.

The material was rediscovered, isolated, and characterized in 2004 by 
Andre Geim and Konstantin Novoselov at the University of Manchester.

This work resulted in the two winning the Nobel Prize in Physics in 2010 
"for groundbreaking experiments regarding the two-dimensional material graphene”.

Andre Geim Konstantin Novoselov



Epitaxial growth

highly oriented pyrolytic graphite (HOPG)

exfoliation



Epitaxial growth

highly oriented pyrolytic graphite (HOPG)

tinkering for >10 years 
with the following idea 

MANY MANY
DIFFERENT 

EPITAXIAL SYSTEMS

~few nm thick Al 
grown by MBE

on top of GaAlAs
from Nottingham

metallic electronics
Schlesinger 2000

Lemanov & Kholkin 1994
Petrashov 1991

…
Bose (1906)
Mott (1902)

chemically remove 
the substrate 

↓

ultra-thin monocrystal

WOULD IT BE STABLE,
OR MELT AND OXIDIZE?

One Little Thought Cloud

exfoliation



Graphene can be considered an "infinite alternant" (only six-member carbon ring) 
polycyclic aromatic hydrocarbon

"Graphene" is a combination of "graphite" and the suffix -ene, named by 
Hanns-Peter Boehm, who described single-layer carbon foils in 1962.

nanoscale corrugation
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Field effect



graphene:
thermodynamically unstable

for <24,000 atoms  or size < 20 nm

graphene sheets
should scroll

Kaner Science 2003 
Braga et al Nanolett 2004

THERMODYNAMIC STABILITY

Shenderova, Zhirnov, Brenner Crit Rev Mat Sci 2002

THERMODYNAMICALLY UNSTABLE 
does not mean IMPOSSIBLE 

-JUST METASTABLE-
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WHY THIS PAPER IMPORTANT
observation of large isolated graphene crystals
simple and accessible method for their isolation
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ASTONISHINGELECTRONICQUALITY
ballistic transport on submicron scale

under ambient conditions
electrons

~1013 cm-2

holes

~1013 cm-2

CONTROLELECTRONICPROPERTIES

NOT JUST AN 
OBSERVATION OF GRAPHENE:

GRAPHENE REDISCOVERED
IN  ITS  NEW  INCARNATION

ambipolar electric field effect

changes by 100 times, not ~1%
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AFM

suspension of
graphene oxide

crystallites

2004: simple method of isolation of large crystals
unambiguous observations of monolayers

Benjamin Brodie
Phil Trans. 1859

optics

just
observations:
not enough 
to inspire 

further work

-OBLIVION-

digging through old literature

“carbonic acid”

Ruess & Vogt 1948; Boehm & Hofmann 1962
TEM studies of the dry residue

DISCOVERY OF GRAPHENE

remained the best observation for over 40 years!

“Graphon 33”



All Natural Materials Are 3D

3D
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largest known 

flat hydrocarbon:
222 atoms or 37 benzene rings

(K. Müllen2002)



2D-Crystals-Based Heterostructures

Graphene Boron-Nitride

NbSe2

GraFane

Graphane

MoS2

2D-Crystals-Based Heterostructures

Graphene Boron-Nitride

NbSe2

GraFane

Graphane

MoS2

fluorographene

Small 2010

Science 2009

hydrogenation of graphene



Graphene Field Effect Transistors

SiO2
Si

Au contacts

graphene
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T =10K

carrier mobility currently: 

up to ~50,000 cm2/V·s at 300K

even when strongly doped

~1,000,000 cm2/V·s at 4K 

(Andrei, Kim & Manchester group)

intrinsic (phonon-limited): 

>200,000 cm2/V·s at 300K

(higher than in any other material)

Masslessparticles in 2D:

NEVER LOCALIZED Klein paradox O. Klein, Z. Phys 53,157 (1929); 41, 407 (1927)

M.I.Katsnelsonet al Nature Physics (2006)

Young et al Nature Physics (2009)

Graphene Field Effect Transistors

SiO2
Si

Au contacts

graphene

-100 -50 0 10050

Vg (V)

ρ (kρ )

0

2

4

6

T =10K

carrier mobility currently: 

up to ~50,000 cm2/V·s at 300K

even when strongly doped

~1,000,000 cm2/V·s at 4K 

(Andrei, Kim & Manchester group)

intrinsic (phonon-limited): 

>200,000 cm2/V·s at 300K

(higher than in any other material)

Masslessparticles in 2D:

NEVER LOCALIZED Klein paradox O. Klein, Z. Phys 53,157 (1929); 41, 407 (1927)

M.I.Katsnelsonet al Nature Physics (2006)

Young et al Nature Physics (2009)



Mass Production of Graphene

Release 
graphene by 
etching Ni

fish by TEM grid 

CVD  growth on Ni, Cu...  as part  of  3D structure
to  quench  flexural  phonons:

Suggested: 
Geim & Novoselov 

Nature Mat. (2007)

Realised : 
MIT (2008)
Yu(2008)

Hong (2009)
Ruoff (2009)

Bommel 1975 (SiC)
McConville1986 (on Ni) 
Land 1992 (on Pt) 
Nagashima1993 (on TiC)
Forbeaux 1998 (SiC)
de Heer 2004 (SiC)
… …

graphene

Direct transfer  on
any  surface

remove 
PMMA
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breaking strength of ~ 40 N/m

Record values for room temperature thermal conductivity (~5000 W m–1 K–1) 
and Young’s modulus (~1.0 TPa) 

Graphene can be stretched elastically as much as 20%, more than any other crystal



Chemistry of graphene

The associated strain and curvature can markedly influence local reactivity,

reagents can attach to both graphene faces

Covalent Functionalization Strategies for Graphene

many of the strategies already used for fullerenes or CNT may be applied to
covalently decorate graphene.



Exfoliation strategies

use of solvent to disrupt Wan der Waals interactions

use of surfactants

electrochemical esfoliation

supercritical fluid exfoliation



Esfoliation of graphene

Schematic representation of the liquid-phase exfoliation (LPE) process of graphite in the absence (top-right) 
and presence (bottom-right) of surfactant molecules. 

N-methylpyrrolidone (NMP, 40 mN/m), N,N’-dimethylformamide (DMF, 37.1 mN/m), 
g-butyrolactone (GBL, 35.4 mN/m), and ortho- dichlorobenzene (o-DCB, 37 mN/m),
are the best media for the exfoliation of graphite





Schematics of conversion of bulkgraphite into GO with corresponding micrographic images or sample appearances at
each phase. The three steps signify formation of the two intermediate products (stage-1 GIC and PGO) and the
final GO product. The solid black lines represent graphene layers; dotted black lines represent single layers of GO; 
wide blue lines represent H2SO4/HSO4 intercalant; wide purple lines represent a layer of the mixture of
H2SO4/HSO4

- intercalant with the reduced form of oxidizing agent. 

Mechanism of Graphene Oxide Formation



GRAPHENE OXIDE



Prato’s reaction

Schematic representation of various 1,3-dipolar cycloaddition reactions of azomethine ylides for the functionalization
of graphene sheets. a) i) Exfoliation using o-DCB, ii) sarcosine, porphyrin-CHO, 160 °C, 7 days ;
b) i) Exfoliation using DMF, ii) BocNHCH2CH2NHCH2COOH, HCHO, 130 °C, 3 days, iii) TFA, 12 h, iv) PAMAM dendrons, EDC, 
DMAP, HOBt, 12 h; 
c) i) Exfoliation using NMP, ii) BocNH(CH2CH2O)2CH2CH2NHCH2COOH, HCHO, 125 °C, 5 days. 





Insertion and addition reactions of singlet
perfluorophenylnitrene generated from 
photolysis or thermolysis of PFPA 

disrupts the p conjugation in graphene,

making it non-conductive.

L imited methods have been reported

for the covalent functionalization of

pristine graphene. M ost involves reactive

species, for example, nitrenes from

azides14–18 and free radicals generated

from diazonium ions,8,19–22 perfluorinated

alkyl iodides,23 2,2,6,6-tetramethylpiper-

idinyloxy (TEM PO),24 or benzoyl

peroxide.25 Addition of nitrenes or radi-

cals to graphene converts sp2 carbons to

sp3, and yields thecorresponding covalent

adducts as a result. Other covalent

modification methods include aryne

cycloaddition26 or 1,3-dipolar cycloaddi-

tion reaction by azomethine ylide, which

was generated in situ from the thermal

condensation reaction of a-amino acid

and aldeyde.27,28 The Bingel reaction,29

a fullerene cyclopropanation reaction

using thediethyl malonate in thepresence

of a base, has recently been adapted to

graphene functionalization.30

We employed fluorinated phenylazides

for the covalent functionalization of pris-

tinegraphene.15–17 Upon photochemical or

thermal activation, PFPA is converted to

the highly reactive singlet per-

fluorophenylnitrene that can subsequently

undergo CH insertion and/or C] C addi-

tion reactions with the neighboring mole-

cules (Fig. 1).31–33 Introduction of halogen

atoms(F or Cl) to thearomatic ringgreatly

suppresses the ring expansion reaction of

the singlet phenylnitrene and increases the

yield of the insertion/addition reactions.34

Wehave investigated extensively theappli-

cation of PFPAs in the synthesis of func-

tional surfaces and nanomaterials,33 and

have found that PFPAsarehighly efficient

in the covalent functionalization of a wide

range of materials including synthetic

polymers,35–37 carbohydrates,38–41 C60,
42

and small molecules.43 Not surprisingly,

PFPAs are equally efficient in functional-

izing graphene. We have therefore

employed PFPAs to derivatize pristine

graphene with well-defined functional

groups,17 to fabricatestablegraphenefilms

and ribbons from the highly oriented

pyrolytic graphite (HOPG),15 and to

construct patterned graphenestructuresby

photolithography.16 In the sections below,

we focus on this specific graphene func-

tionalization chemistry by highlighting the

development of thesethreeapproaches. For

details of other graphene functionalization

methods, the readers are referred to addi-

tional articlespublished in thisspecial issue.

Solution-phase functionalization

of graphene with PFPAs

We developed a solution-phase approach

for the covalent functionalization of

pristine graphene using PFPAs by either

thermal or photochemical activation.17

Starting from solvent-exfoliated graphene

flakes, thermal reaction was carried out

by heating thegrapheneflakeswith PFPA

derivatives in o-dichlorobenzene (DCB)

at 90 C for 72 h (Fig. 2). For the photo-

chemical reaction, a solution of PFPA

together with grapheneflakesin DCB was

irradiated under ambient conditions with

a 450 W medium pressure Hg lamp for 60

min. A 280 nm optical filter was used

during the irradiation. The functional

group on the PFPA introduced well-

defined chemical functionalities and

rendered theresulting graphenesoluble in

organic solvents (PFPAs 1 and 3) or in

water (PFPA 2). Theability to control the

chemical functionalities and to fine-tune

the solubility and surface properties of

graphene greatly enhance the process-

ability of graphene-based materials. The

functional groups can be furthermore

derivatized with additional molecules and

materials, enabling the synthesis of

Fig. 1 Insertion and addition reactions of

singlet perfluorophenylnitrene generated from

photolysis or thermolysis of PFPAs.

Fig. 2 Solution-phase functionalization of

pristine graphene with PFPAs.

Fig. 3 Fabrication of covalently immobilized graphene (a) and patterned structures (b) on PFPA-

functionalized silicon wafers.

3274 | J. Mater. Chem., 2011, 21, 3273–3276 This journal is ª The Royal Society of Chemistry 2011
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Solution-phase functionalization of pristine 
graphene with PFPAs. 

PFPAs derivatized with silane, disulfide and phosphate

Immobilization of graphene films and patterned structures

Nitrene radical addition



Nucleophilic addition to an alkene

The driving force for the addition to alkenes is the formation of a covalent bond of X- with 
an electronpoor unsaturated system -C=C- (step 1). The negative charge on X is transferred
to the carbon – carbon bond. 

Ordinary alkenes are not susceptible to a nucleophilic attack. 
Perfluorinated alkenes (alkenes that have all hydrogens replaced by fluorine) 
are highly prone to nucleophilic addition.



nucleophilic addition of primary amines to carbon nanostructured materials

Raman spectra of pristine graphite (black), exfoliated graphene (gray), 
and ZnPc−graphene hybrid material 2 (red), obtained at λexc = 514 nm. 

D band

G band

2D band



Bingle Cyclopropanation

formation in situ of alfa-bromo
derivative of malonic ester



Aryl diazonium salt reaction

Diazonium salt functionalization processes on graphene. a) i) Exfoliation using SDS, azide, 
8 h, ii) Azide-(dPEG)4-acid, sodium ascorbate, CuSO4, THPTA, 18 h;
b) i) Exfoliation using NaK, 3 days, ii) 4-tert-butylphenyldiazonium tetrafluoroborate; 

c) i) Dispersion of expanded graphene using HClSO3, ii) NaNO2, cat. AIBN, bromoaniline, 
iii) sonication in DMF. 



Chemical Modification of Epitaxial Graphene: Spontaneous Grafting of Aryl Groups



Schematic illustration of grafting a diazonium salt with functional group R and 
counterion X to a graphene sheet. Two carbon atoms (in the A and B sublattices)
make up the unit cell (gray diamond) of the graphene sheet (with lattice vectors a and b). 

Thermodynamically favored lattice positions for further functionalization are marked
with black triangles. 

The reaction (below) is due to spontaneous electron transfer from the 
graphene layer and its substrate to the diazonium salt. 





Characterization of functional graphene

AFM
TEM
TGA
Raman spectroscopy

+ analytical methods to determine quantitatively the functional groups as in CNT 



Non covalent functionalization of graphene

all the strategies seen for CNT



LITERTURE RECORDS



Graphene: applications

Reinforced plastics

Opto and electronic applications

Sensing application at atomic level, Field effect transistors

Biomedical applications



The exceptional electron and thermal transport, mechanical properties, barrier properties and high specific surface 
area of graphene and combinations thereof make it a potentially disruptive technology across a raft of industries.
In 2010, there were over 400 patents issued on graphene and 3,000 research papers published. 

The European Union is funding a 10 year 1,000 million euro coordination action on graphene. 
Graphene Flagship
South Korea is set to spend $350 million on commercialization initiatives and the United Kingdom has announced
investment of £50million in a new commercialization hub.
The following information refers to end user markets graphene companies are targeting their products to, 
by percentage. This information was accrued from a comprehensive survey of graphene companies. 

Graphene: applications



2010





In the area of biomedical applications, graphene is especially involved in drug delivery, 
biosensing and tissue engineering, with strong contributions to the whole 
nanomedicine area. 

mechanical properties
Biocompatibility
Transparency
Electrical conductivity

graphene is the ideal component for flexible biomedical electronic devices or implants, 
acting as a structural reinforcement or as an integral element.

In addition, graphene possesses broadband absorption and high transparency in the visible
range (2.3% absorption for single-layer graphene), which grants a unique role in medicine 
enabling optoelectronic stimulation.

The electronic properties of graphene are very important for medical purposes
(e.g. 2 x 104 cm2 V-1 s-1 carrier mobility and 1013 cm2 carrier density for mechanically 

Exfoliated graphene), in particular to act as conducting component, electrode or support
in bioelectronic devices, exceedingly outperforming current silicon and noble metal 

analogues.



Graphene materials as platforms for drug delivery

Chem. Soc. Rev., 2017, 46, 4400--4416 rGO = reduced graphene oxide



FLG dispersions have a specific killing action on monocytes, displaying neither 
toxic nor activation effects on the other immunocompetent cells.
This therapeutic activity of graphene was applied against an aggressive form of cancer, 
namely the myelomonocytic leukemia, where the monocytes are in a malignant form. 
In this work it was demonstrated that FLG has the unique ability to cause specifically the
necrosis of monocytic cancer cells.

Few-Layer Graphene Kills Selectively Tumor Cells from
Myelomonocytic Leukemia Patients
Angew. Chem. Int. Ed. 2017, 56, 3014 –3019



Impact of FLG on different immune cell populations. A) Relative
percentage of the different immune cells either incubated for
24 h with 50 mgmL@1 FLG or left untreated. Statistical significance
compared to untreated cells (Student’s T-test) is indicated by
**=p<0.01. B) Relative morphological dot plots out of at least three
experiments of total peripheral blood mononuclear cell (PBMCs) 
treated with FLG or left untreated. The
gate on monocytes was done looking at the CD14 positive events (red
dots). The other immune populations are left in green.

the comparison between FLG and a common
chemotherapeutic drug confirmed the specificity 
and higher toxicity of FLG on cancer cells, evidencing 
the absence of toxicity on other immune cell 
populations.



Graphene-based bioanalytical devices

The sensing mechanism is produced by the change of the electronic properties of GFET
induced by the interactions with the target element

Ex situ bioanalytical sensing
In situ sensing implants


