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- que désigne le terme “graphène” ? 

- voies de synthèse du graphène

 

Contexte - généralités

Exfoliation du graphite  (voies chimiques)

- Oxyde de graphène (oxyde de graphite)

- exfoliation assistée par sonication

- exfoliation en voie réductrice

Ton-scale graphene from industry ?
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painting by Bleue Roy, http://www.bleue-roy.com/Animals/animals.html

Graphene : a single layer of hexagonally arranged carbon atoms

http://www.bleue-roy.com/Animals/animals.html
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The ultimate membrane:
thinnest
strongest
flexible yet tough
electrically conductive

Mass less electrons: photon-like physics

ballistic current (l < 1 micron)
high mobility (up to 200 000 cm2/V.s)
no electronic gap
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Nobel prizes 2010

Novoselov Geim Diamond
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Sémantique : graphène, nanographène, nanorubans de graphène
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Sémantique : graphène, nanographène, nanorubans de graphène

Geim & Novoselov, Nature Materials, 2007
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Sémantique : graphène, nanographène, nanorubans de graphène

Graphene = few (<10) graphitic layers

Few Layers GrapheneFew Graphene Layers
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Sémantique : graphène, nanographène, nanorubans de graphène

Graphene = Oxyde de graphène réduit
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Sémantique : graphène, nanographène, nanorubans de graphène

H. Dai et al., Science 2008

Kim et al., PRL, 2007

Graphene nanoribbons: graphene is already “nano” in thickness :
“nano” should apply to width
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Sémantique : graphène, nanographène, nanorubans de graphène

Where PolyAromatic Hydrocarbons (PAHs) and Graphene meet...
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 

Mechanical exfoliation • Quality • Low yield
• High costs

Epitaxial growth on SiC • Quality, 
•Large area

• Substrat
•high cost

Chemical Vapor Deposition • Large area • High costs
• Substrat 

CNT unzipping • ribbons •quality, cost

Total synthesis •monodisperse size •quantities, cost

Graphite Oxide Reduction • Large scale • Quality reduced

Dispersion of Graphite • Large scale • partial exfoliation

4

Graphene production methodsGraphene production methods

 Solution of Graphite intercalation Compounds (GICs) in organic solvents
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+

slide inspired from J.N. Fuchs
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slide inspired from J.N. Fuchs
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graphene by CVD

gaseous C source

etching of the substrate
or stamping
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Nature, 14 Janvier 2009
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Byung Hee Hong et al., Nature Nanotechnology, 2010



Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Groupe Français des Polymères : Graphène et Nanocomposites polymères, Paris 16.4.2013 

Why solution process?

> Easy
> Cheap
> Large quantity
> Scalable
> Chemical modifications

Cote, JACS, 2008

Yamaguchi, ACS Nano, 2010
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Solution process
Chemical treatment:

Graphene oxide
(known since 1859!)

Fonctionalization 
of dispersed graphene

(based on reactions developped for CNTs)

Quintana, Account Chem Resch, 2012
Georgiakilas, Chem Rev, 2012Bagri, Nature Chem, 2010

GO (25% oxygen) annealed GO at 1500K
> Induce sp3 defects...
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Solution process
Dispersion:

500 nm

> Strong sonication
>Defects

>Decrease size

Khan, Small, 2010 Englert, Adv. Mater., 2009

Organic solvent Surfactant
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Graphene from Graphite

Green and Hersam, J. Phys. Chem. Lett. 2010
Green and Hersam, Nanolett, 2009
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Reductive dissolution

Little bit of background....
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In the case of carbon nanotubes:

Reductive dissolution

Pénicaud, JACS, 2004
Voiry, J. Mat. Chem., 2010

THF
DMSO

Spontanneous

Centrifugation

Photo H. Saadaoui
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Graphene from Graphite Intercalation Compounds

Daumas & Hérold
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Graphite Intercalation Compounds

(Image from Wikimedia Commons)
(data from P. Lagrange et al.,
Annales de chimie, 1978)

KC8

M. Dumas©Marabout



Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 2011

 Vallés et al., Patent, 2007, Vallés et al., J. Am. Chem. Soc., 2008, Catheline et al. Chem. Commun, 2011
Catheline et al., Soft Matter, 2012, Pénicaud & Drummond, Accounts of Chemical Research, 2012

(Up to 0.7 mg/ml)

Fredenhagen & Cadenbach, Z. Anorg. Allg. Chem. 1926

KC8
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Exfoliation of graphene

Catheline, Chem. Commun, 2011

Catheline, Soft Matter, 2012
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Nature Nanotechnology,  Octobre 2009
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a single layer of carbon atoms

bilayer, trilayer and multilayer graphene

any highly exfoliated graphite product
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Amélie Catheline, Damien Voiry, Sandra Enriquez, Yu Wang, Fabienne 
Dragin, Elisa Del Canto, Kai Huang, Carlos Drummond, Cécile Zakri (CRPP)

Eric Anglaret (Montpellier), Pascal Puech, Marc Monthioux (Toulouse)
Luca Ortolani, Vittorio Morandi (CNR Bologna)

F. Paolucci, M. Iurlo, M. Marcaccio, S. Rapino, G. Valenti  (Bologna)

The “Nanotube and Graphene” team of CRPP

Post-doc positions available
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2014  March 30th - April 3rd, 2014

Riva del Garda, Italy

International Meeting on the Chemistry of
Graphene and Carbon Nanotubest

All sessions will be devoted to both graphene 
and carbon nanotubes 

Scope

 Functionalization, dispersion, sorting
 Electrochemistry, devices
Composites, foams, coatings
 Energy storage, conversion, harvesting
 Nanomedicine, biomaterials
 Functional materials
 Catalysis, filtration, membranes 
 Organic electronics

Contact : ChemOnTubes@crpp-bordeaux.cnrs.fr

Abstract submission deadline: December 12th, 2013
Registration deadline: January 31, 2014
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Graphene from carbon nanotubes

•Introduction

•Semantics: 
graphene, 
graphene 
nanoribbons, 
nanographene,

•Why chemical 
routes? What 
for?

•How to 
characterize 
them?

•Graphene from 
Graphite

•Graphene from 
GICs

•Graphene from 
carbon 
nanotubes

•Graphene from 
molecular 
precursors

•Ton-scale 
graphene 

•Where are we? 
What’s next? 

QuickTime™ et un
décompresseur 

sont requis pour visionner cette image.

Image: M. Paiva, Universidade do Minho
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the late 1800s
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Graphene from carbon nanotubes

•Introduction

•Semantics: 
graphene, 
graphene 
nanoribbons, 
nanographene,

•Why chemical 
routes? What 
for?

•How to 
characterize 
them?

•Graphene from 
Graphite

•Graphene from 
GICs

•Graphene from 
carbon 
nanotubes

•Graphene from 
molecular 
precursors

•Ton-scale 
graphene 

•Where are we? 
What’s next? 

Tour et al., nature 2009

SEM image 
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Graphene from carbon nanotubes

•Introduction

•Semantics: 
graphene, 
graphene 
nanoribbons, 
nanographene,

•Why chemical 
routes? What 
for?

•How to 
characterize 
them?

•Graphene from 
Graphite

•Graphene from 
GICs

•Graphene from 
carbon 
nanotubes

•Graphene from 
molecular 
precursors

•Ton-scale 
graphene 

•Where are we? 
What’s next? 

Unzipping of functionalized CNT to form graphene

Slide from Maria Paiva, Universidade do Minho, Portugal
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Graphene from carbon nanotubes

•Introduction
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graphene 
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routes? What 
for?

•How to 
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them?

•Graphene from 
Graphite

•Graphene from 
GICs

•Graphene from 
carbon 
nanotubes

•Graphene from 
molecular 
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•Ton-scale 
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•Where are we? 
What’s next? 

Slide from Maria Paiva, Universidade do Minho, Portugal

Unzipping of the outer nanotube layerNon-functionalized nanotube

M. C. Paiva, W. Xu, M. F. Proença, R. M. Novais, E. Lægsgaard, F. Besenbacher, Nano Letters, 2010, 10, 1764-
1768

The 1,3-dipolar cycloaddition to CNT: nanotube unzipping
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Graphene from carbon nanotubes

•Introduction

•Semantics: 
graphene, 
graphene 
nanoribbons, 
nanographene,

•Why chemical 
routes? What 
for?

•How to 
characterize 
them?

•Graphene from 
Graphite

•Graphene from 
GICs

•Graphene from 
carbon 
nanotubes

•Graphene from 
molecular 
precursors

•Ton-scale 
graphene 

•Where are we? 
What’s next? 

Janowska, Bégin et al. Appl. Catalysis A 2009
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Graphene from carbon nanotubes

•Introduction

•Semantics: 
graphene, 
graphene 
nanoribbons, 
nanographene,

•Why chemical 
routes? What 
for?

•How to 
characterize 
them?

•Graphene from 
Graphite

•Graphene from 
GICs

•Graphene from 
carbon 
nanotubes

•Graphene from 
molecular 
precursors

•Ton-scale 
graphene 

•Where are we? 
What’s next? 

Hongjie Dai et al., Nature Nanotechnol. 2010
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Graphene from carbon nanotubes

•Introduction

•Semantics: 
graphene, 
graphene 
nanoribbons, 
nanographene,

•Why chemical 
routes? What 
for?

•How to 
characterize 
them?

•Graphene from 
Graphite

•Graphene from 
GICs

•Graphene from 
carbon 
nanotubes

•Graphene from 
molecular 
precursors

•Ton-scale 
graphene 

•Where are we? 
What’s next? 

nanotube unzipping by Ar plasma etching

Hongjie Dai et al. 
Nanoresearch 2010

Hongjie Dai et al. Nature 2009
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Graphene from molecular precursors

•Introduction

•Semantics: 
graphene, 
graphene 
nanoribbons, 
nanographene,

•Why chemical 
routes? What 
for?

•How to 
characterize 
them?

•Graphene from 
Graphite

•Graphene from 
GICs

•Graphene from 
carbon 
nanotubes

•Graphene from 
molecular 
precursors

•Ton-scale 
graphene 

•Where are we? 
What’s next? 

Fasel, Müllen et al., Nature 2010
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Graphene from molecular precursors

•Introduction
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•Where are we? 
What’s next? 

Fasel, Müllen et al., Nature 2010

11-Armchair 6-Zig-zag

7-AGNR

Louie et al., PRL 2007
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Graphene from molecular precursors
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Fasel, Müllen et al., Nature 2010
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