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Contexte - generalites

- que deésigne le terme “graphene’” ?
- voies de synthese dw grapheéne
Exfoliation dw graphite (voies chimiques)
- Oxyde de graphene (oxyde de graphite)
- exfoliation assistée par sonicatiov
- exfoliation enw voie réductrice
Town-scale graphene from industiy ?

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 201 |



- ; Graphen:e : a single layer 'of hexagonéﬂiy arrénged carbon atoms.

painting by Bleue Roy, http://www:bleue-roy.com/Animals/animals.html



http://www.bleue-roy.com/Animals/animals.html

The ultimate membrane:

IZ[ thinnest

M strongest
1 flexible yet tough

M electrically conductive

Mass less electrons: photon-like physics

M ballistic current (I < | micron)
M high mobility (up to 200 000 cm?/V.s)
M no electronic gap

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 201 |



Nobel prizes 2010

Novoselov Gelm Dlamond

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 201 |



Semantique : graphene, nanographene, nanorubans de graphene

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 201 |



Semantique : graphene, nanographene, nanorubans de graphene

http://goldbook.iupac.org/

GSOLD BOOK

| " IUJPALC = Gold Book = adphabstical index = 5 = graphena |ayer
graphene

[ search ) PREVICUS
- granular carbon
< struciure search

' goldity aranhene laver

single carbon layer of the graphite structur

arcmatic ydrocarnon of gquasi infinite size.

Indexes

ed for the term graphene. Because graphit

- alphabetical tnat rnooiicaisn o 2 chermical elernaril Caron, [ WHICE pranar sheals Ol carbon aioms. Sach atom bouund o three nailghbours ina hom
= structure, are stacked in a three-dimensional regular order, it is not correct o use for a single layer a term which includes the term graphit
«  cheamistry imply a three-dimensional structure. The term graphenes should be used only when the reactions, stroectural relations or other properties o
— layers are discussed.
' mathiphysics

- Source:

-~ gensral 2AC, 1295 67, 473 (Recommenaed tenminofog) for the descripfion of carbon as a sofid (TLWRAC Recommendations 13550 on page 491
- source daocumenis

‘Graphene Is the name given to a flat monolayer of carbon atoms

tightly packed into a two-dimensional (2D) honeycomb lattice
(Geim & Novoselov, Nature Materials 200

When does 2D becomes 3D !?

.. single-, double- and few- (3t0<10) layer graphene to be
distinguished as three difterent types of 2D crystals ( ‘graphenes’).”

Geim & Novoselov, Nature Materials, 2007

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 201 |



Semantique : graphene, nanographene, nanorubans de graphene

Graphene = few (<10) graphitic layers

Few LayayiscGeabhyars

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 201 |



Semantique : graphene, nanographene, nanorubans de graphene

Graphene = Oxyde de graphene reduit

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 201 |



Semantique : graphene, nanographene, nanorubans de graphene

Graphene nanoribbons: graphene is already “nano” in thickness :

“nano” should apply to width

100

E, (meV)

10

I ||r|||r|

¢ % 0 4 [»

M '] ™
0 10

1 i
sk

o

Kim et al., PRL, 2007

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux

H. Dai et al., Science 2008

Universidad del Oriente, Noviembre 201 |



Semantique : graphene, nanographene, nanorubans de graphene

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

%@ x
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-

' 9
400499

f'f

0O =

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 201 |



Graphene production methods

Mechanical exfoliation |« Quality « Low yield
« High costs
Epitaxial growthon SIC |« Quality, o Substrat
«Large area -high cost
E, Chemical Vapor Deposition| « Large area « High costs
o Substrat
CNT unzipping « ribbons -quality, cost
Total synthesis emonodisperse size | squantities, cost
Graphite Oxide Reduction |« Large scale  Quality reduced

Dispersion of Graphite |« Largescale

-> Solution of Graphite intercalation Compounds (GICs) in organic solvents



Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Graphene International School, Cargese, October 11-22,2010



slide inspired from J.N. Fuchs

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Graphene International School, Cargese, October 11-22,2010



graphene by CVD

gaseous C source

/\

>

etching of the substrate
or stamping

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Graphene International School, Cargese, October 11-22,2010



Large-scale pattern growth of graphene films for
stretchable transparent electrodes

Keun Soo Kim'**, Yue Zhao’, Houk Jang?, Sang Yoon Lee®, Jong Min Kim?>, Kwang S. Kim®, Jong-Hyun Ahn?”?,

Philip Kim®’, Jae-Young Choi® & Byung Hee Hong'*
Nature, 14 Janvier 2009

a Patterned Ni layer (300 nm)

CHyHy/Ar

=

~1,000 °C

MNi

Si0, (300 nm)

e}
s
I
B
=3
=

G >4 layers
— 3 lAYEIS
e Bilayer
e fonolayer

2D

Intensity (a.u.)

Patterned graphene 1,500 2,000 2,500
Raman shift (cm~)

Alain Pénicaud,



Byung Hee Hong et al., Nature Nanotechnology, 2010

Alain Pénicaud, LCVN, Montpellier, 16 Janvier 2009



- VVhy solution process/

> Easy

> Cheap

> Large quantity
> Scalable

> Chemical modifications

1
1
L

!-I'.



| ita |
Natural graphite Wthh graPh|te ;
(extracted from Kish graphite (recycled of the steel industry)

mines) Highly Oriented Pyrolytic Graphite (HOPG)
Natural graphite

Expanded graphite

http:d//enwikipedia.org/wiki/Graphite




Natural graphite

.I; !

Photo M. Fosas, nacional de Gr.aﬁte

'i.}raph'rte mine in hﬂinagulﬁ-eraiﬁ, Macional de
Grafite, Brazil,cphoto by A Pénicaud)
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Bags of graphite, Nacional de Grafite, Braaghoto by A& Pénicaud)
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l dolution process

Chemical treatment:

Fonctionalization
Graphene oxide of dispersed graphene
(known since 1859!) (based on reactions developped for CNTs)
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I SOLUTION PROCESS

Dispersion:

Organic solvent Surfactant

4

Englert, Adv. Mater., 2009

0.8 & rpm study

| = Time study '—%—* i

0.6- .21 > Strong sonication
J *'i‘ 4 4_| =

0.4 : >Defects

>Decrease size

-
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Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux
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Graphene International School, Cargese, October 11-22,2010
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--f4 (single layer)
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Green and Hersam, . Phys. Chem. Lett. 2010
Green and Hersam, Nanolett, 2009



REDUCTIVE DISSOLUTION

\

Little bit of background....




I REDUCTIVE DISSOLUTION

In the case of carbon nanotubes:

DMSO
THF
—_ —ly B —_ ™ —
'
\\ Spontanneous
p | Centrifugation
74
L ] n K+
100 -
_ s
\E <
=
)
®
£
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—e— Pristine tubes 3
- ] a
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o [ ©
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5 | 100
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Pénicaud, JAGS




STAGE 1 STAGE 2 STAGE 3 STAGE 4
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Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Graphene International School, Cargese, October 11-22,2010



mMille et une f

Recetles de Malthieu Dumas [ Photographies

S i

\ e Lo

— -

* MARABOUT »

eullles

T de Hiroka Mai

M. Dumas©Marabout

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux

(Image from Wikimedia Commons)

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

Universidad del Oriente, Noviembre 201 |



KCs

graphenide solution
(Up to 0.7 mg/ml)

graphene

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

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 201 |



Exfoliation of graphene

12 m THF
100 1 B Me-THF
§ 8 m CPME
< ‘ | Catheline, Chem. Commun, 2011
2
0+ —__ Catheline, Soft Matter, 2012
1 2 3

Minimal number of layers
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‘ feature ‘ Nature Nanotechnology, Octobre 2009
Selling graphene by the ton

Michael Segal
small start-up companles are making large volumes of graphene, the world's thinnest materal, for applications
such as composites and electrodes.
raphene &, by any measure, a marnfactured will not end up in advanced
Gﬂm‘y-ﬁmﬂuuﬂn&c& devices such & tramsistors. Instead, most
a fewr sheets of carbon aiomes, 1t 1s applications fall into two broad and not

the strongest maberial ever measupsd’,
1t has a thermal condocthetty more than
donhble that of dlamond® and has a darge
maobllity that & among the lghest of any
semiconductor’. But just as remarkable
has been the speed at which this materdal
has moved from the research laboratory 1o
the marketplace

The exceptiomal electrical properties of

always exclmsive categories: composites

and electrodes. Comyposibes comslst af
graphene dispersed into a bost matriz

and take on some of the propertles of
graphene as a result. These may inclode
stpenigth, stiffness, and electrical or thermal
conductivity. For ezample, some comtainers
used fo store and transport volatile fods are
made from polymer or rubber composiies.

]
x
=
=
&
=
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=
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graphene were discovered only five years Incorporating graphene wounld Increass
ago in experiments that invabred marmalky thelr stiffress by an order of magnitude,
peeling samples welghing ploograms from and alloss them to cond uet electrical
bulk graphite'. Today the total prodoctlon currents, reducing the probabdlity of
output of various Havwours of graphene electrical discharges and Increasing safety.
exceeds 15 tans per year, produoced ln Simdlarly, packaging made from

maore than 40,000 sqnare feet of facilites, a graphene compostte conld shield

and this is st 1o Inreass to more than
2041 toms per year within the next year

of two, “We actmally bave a company
asking the questiom right now, “When
will] get 5 torst™ says Bar Jang. the dhdef

electromics from radio frequency signals,
conduoct current 1o external devices or even

stare |nformation. Vorbeck i focusing
om priciahle conductive inks (a distioct
class of cormposiies], for applications in

epecnthve afficer of Angstron Materials, printed electromics such as radio-frequency
which 15 based 1o Dayton, Ohlo, “We can't A shipmant of 'dora — atunctionalzd graphang  Mdemitihcation tags, kow-resalution displays
produce enough™ etk ek _E‘:E,.m ﬂbaﬂ’]lgh.ﬂ,mmhr;iulbkml;il
ba sent tn a devslopment partner. packaging. Graphene makes these
“The graphene is already both kighly condnctire and esy to proces
Graphene-based eectrodes take
there — all you have to do The use of acids can lead to oxidation of advantage of the materials electrical
iz ool it offt"™ the graphite, and Vorbeck bas llicemsed conductivity, trams parency and
! i an approach developed at Princeton surface area. Clne atiractve target Is

BorJang, . Unbeersity*® to comwert aranhlte oxldes Ioto the replacement of Indlum tin oxide.

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux E'nano, Choroni, 4 Nov 2009



What is graphene?
Although the International Union of Pure
and Applied Chemistry (IUPAC) defines

graphene asl asingle layer of carbon atoms
researchers

bilayer, trilayer and multilayer graphene

ihe definifion further stll, To Include any
any highly exfoliated graphite product
— Uses PIreduInIIEnily SINEE-Tayel ZrapIene
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The “Nanotube and Graphene” team of CRPP

R Amélie Catheline, Damien Voiry, Sandra Enriquez, Yu Wang, Fabienne
Dragin, Elisa Del Canto, Kai Huang, Carlos Drummond, Cécile Zakri (CRPP)
QRHemﬂ Eric Anglaret (Montpellier), Pascal Puech, Marc Monthioux (Toulouse)
siieietfirmatotedh Luca Ortolani, Vittorio Morandi (CNR Bologna)
F. Paolucci, M. lurlo, M. Marcaccio, S. Rapino, G. Valenti (Bologna)

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Universidad del Oriente, Noviembre 201 |




International Meeting on the Chemistry of
Graphene and Carbon Nanotubes.
a2 Scope I

All sessions will be devoted to both graphene
and carbon nanotubes

* Functionalization, dispersion, sorting

® Electrochemistry, devices

*Composites, foams, coatings

® Energy storage, conversion, harvesting

® Nanomedicine, biomaterials

® Functional materials

® Catalysis, filtration, membranes

¢ Organic electronics /

4 )

Abstract submission deadline: December 12t, 2013
| Registration deadline: January 31, 2014

J

[Contact : ChemOnTubes@crpp-bordeaux.cnrs.fr ]

Alain Pénicaud, - , , , - er [ 1-22,2010
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raraccer
them?

® Graphene from
Graphite

® Graphene from
GICs

® Graphene from
carbon
nanotubes

® Graphene from
molecular
precursors

® Ton-scale

raphene
lain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Graphene International School, Cargese, October 11-22,2010




Industry has extended not only the

definition of graphene, but also its history,
questioning the claim that it is a new

material. *'The original synthetic work for
graphene goes back into| the late 1800s

savs Hahn. “It is hard to look at graphene
and say it is a new material.” This early

work focused on intercalated or lamellar
compounds of graphite, and by 1970 single

layer graphene on nickel substrates, called
monolaver graphite, had been isolated®.

Alain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux "nano, Choroni, 4 Nov 2009



® Semantics:
graphene,
graphene
nanoribbons,
nanographene,

® VWhy chemical
routes? What
for?

® How to
characterize
them?

® Graphene from
Graphite

® Graphene from
GICs

® Graphene from
carbon
nanotubes

® Graphene from
molecular
precursors

® Ton-scale
raphene

lain Pénicaud, Cent.

i

500 nm

SEM image

e, School, CQYEEERLNATHIS 20007



® Semantics:
graphene,
graphene
nanoribbons,
nanographene,

® VWhy chemical
routes? What
for?

® How to
characterize
them?

® Graphene from
Graphite

® Graphene from
GICs

® Graphene from
carbon
nanotubes

® Graphene from
molecular
precursors

® Ton-scale
raphene

lain Pénicaud, Cent

Unzipping of functionalized CNT to form graphene

Slide from Maria Paiva, Universidade do Minho, Portugal

re de Recherche Paul Pascal - CNRS - Université de Bordeaux Graphene International School, Cargese, October 11-22,2010



® Semantics:
graphene,
graphene
nanoribbons,
nanographene,

® VWhy chemical
routes? What
for?

® How to
characterize
them?

® Graphene from
Graphite

® Graphene from
GICs

® Graphene from

carbon —~l]

nanotubes

® Graphene from
molecular
precursors

® Ton-scale
raphene

lain Pénicaud, Cent

The 1,3-dipolar cycloaddition to CNT: nanotube unzipping

Non-functionalized nanotube Unzipping of the outer nanotube layer

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

Slide from Maria Paiva, Universidade do Minho, Portugal

re de Recherche Paul Pascal - CNRS - Université de Bordeaux Graphene International School, Cargese, October 11-22,2010



® Semantics:

graphene,
graphene
nanoribbons,
nanographene,
® Why chemical (b) ‘.’-.,*.,%%‘;{-
S ALY
routes? What sy,
o0
for? BA LA RS
"IW...'."-':"E;
® How to A
characterize '
them?

» o
.......

® Graphene from
Graphite

® Graphene from
GICs

10

1 vacancy + 1Pd + 20

® Graphene from
carbon
nanotubes

® Graphene from

Enérgy par Tube-length [local mel 4]

molecular
precursors |
| 'ER.Z cm
3 T
® Ton-scale

raphene Janowska, Begin et al. Appl. Catalysis A 2009

lain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Graphene International School, Cargese, October |1-22,2010




® 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
raphene

Gas-phase

oxidation
—

£ Manonbbon

Man :-tu-lz: 1 e
Manoribbon
—

200 nm 200nm
— —|

lain Pénicaud, Cent

re de Recherche Paul Pascal - CNRS - Université de Bordeaux

SO0 mnm
F——

Hongjie Dai et al., Nature Nanotechnol.2010

Graphene International School, Cargese, October 11-22,2010



® Semantics:
graphene,
graphene
nanoribbons,
nanographene,

® VWhy chemical
routes? What
for?

® How to
characterize
them?

® Graphene from
Graphite

® Graphene from
GICs

® Graphene
carbon
nanotubes

precursors

® Ton-scale
raphene

from
® Graphene from
molecular

nanotube unzipping by Ar plasma etching

{a) (k)

CNT array GMNR array

PMMA-protected
Ar plasma etching

10 nm

W0 i
]

S00 nm SO0

CNT

GiMI

CN

Hongjie Dai et al.
Nanoresearch 2010

Hongjie Dai et al. Nature 2009

200 nm

CitMKEs crosshars e —

lain Pénicaud, Cent

re de Recherche Paul Pascal - CNRS - Université de Bordeaux _2se, October 11-22,2010



® 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 m

molecular
precursors

® Ton-scale
raphene Fasel, Miillen et al., Nature 2010

lain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Bordeaux Graphene International School, Cargese, October 11-22,2010




® 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 m!_

molecular
precursors

® Ton-scale
raphene

lain Pénicaud, Centre de Recherche Paul Pascal - CNRS - Université de Blbcr)'H

| | -Armchair

ie et al., PRL 2007

€eaux

6-Zig-zag

Graphene International School, Cargese, October 11-22,2010



® Semantics:
graphene,
graphene
nanoribbons,
nanographene,

® VWhy chemical
routes? What
for?

® How to
characterize
them?

® Graphene from
Graphite

® Graphene from
GICs

® Graphene from
carbon
nanotubes

® Graphene fm

molecular
precursors

® Ton-scale
raphene

Fasel, Mullen et al., Nature 2010

lain Pénicaud, Cent

re de Recherche Paul Pascal - CNRS - Université de Bordeaux Graphene International School, Cargese, October 11-22,2010
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