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Graphite and Graphene

“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 2007
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Graphene

Graphene lattice. The unit cell 
contains two atoms A and B.
(T. Chakraborty, Physics in Canada, vol. 66, No. 
4, 1 Nov 2010)

• Balistic transport and very high electron 
mobility when suspended (zero band gap)

• Can withstand large current densities

• Is almost impermeable to gases

• Is chemically stable

• Has high thermal conductivity

• …

The knowledge accumulated along the 
past 6‐7 years shows that:
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Graphene nanoribbons
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Graphene and graphene nanoribbons

Production in “large” scale:

• Exfolation of graphite

• Exfoliation of carbon nanotubes

University of Minho
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Graphene from Graphite

Natural graphite is formed in either
metamorphic or igneous environments. It
is generally classified into three types:

• flake graphite

• amorphous graphite (microcrystalline graphite?)

• vein graphite

Synthetic graphite: high temperature
treatment of amorphous carbon
materials
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Graphene from graphite: exfoliation

Carbon content: 85 – 98 %

Δ, Intercalation
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Graphene from graphite: exfoliation
H. He, J. Klinowski, M.l Forster, A. Lerf, A new structural model for graphite oxide, Chemical Physics Letters 287 
(1998) 53–56

Fig. 4. New structural model for a. as‐prepared GO; b. GO after thermal 
treatment at 100 °C for 24 h in vacuum. 

Fig. 3. Model compound for the 
assignment of the 13C NMR spectra of GO. 
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Graphene from graphite: exfoliation

Graphene oxide

Reduced graphene

Sodium borohydride; 
Hydrazine; 
Viatmin C; 
etc.

M. J. Fernández‐Merino, L. Guardia, J. I. Paredes, S. Villar‐Rodil, P. Solís‐
Fernández, A. Martínez‐Alonso, and J. M. D. Tascón, J. Phys. Chem. C , 2010, 
114, 6426–6432

Oxidation of graphite, 
followed by reduction:
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Graphene from graphite: exfoliation

graphene dispersions produced by
exfoliation of graphite in organic
solvents such as N‐methyl‐pyrrolidone

Nature Nanotechnology, 3 (2008) 563‐568

6 µg ml‐1 to 4 µg ml‐1, after centrifugation
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P. Laaksonen et al., Interfacial Engineering by 
Proteins: Exfoliation and Functionalization of 
Graphene by Hydrophobins, Angewandte
Chemie International Edition, Volume 49, Issue 
29, 4946–4949 (2010).

F. Liu, J. Young Choi, T. S. Seo, DNA mediated 
water‐dispersible graphene fabrication and gold 
nanoparticle‐graphene hybrid, Chem. Commun., 
2010, 46, 2844‐2846

Graphene from graphite: exfoliation
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Graphene nanoribbons from carbon nanotubes
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Graphene nanoribbons from carbon nanotubes

Nano Letters, Vol.9, No.4, 1527 (2009)
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Graphene nanoribbons from carbon nanotubes
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Graphene nanoribbons from carbon nanotubes

Nature, Vol.458, 872 (2009)
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Graphene nanoribbons from carbon nanotubes

Making GNRs from CNTs: a, A pristine MWCNT. b, The 
MWCNT was deposited on a Si substrate and then 
coated with a PMMA film. c, The PMMA–MWCNT film 
was peeled from the Si substrate, turned over and 
then exposed to an Ar plasma.



30‐11‐2011

9

University of Minho
I3N / IPC - Institute for Polymers and Composites

Nature, Vol.458, 877 (2009)

Graphene nanoribbons from carbon nanotubes

Confocal Raman mapping

Atomic force microscopy
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Graphene nanoribbons from carbon nanotubes
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Graphene nanoribbons from carbon nanotubes

(A–C) Graphene sheet 
assemblies of 
micrometer size 
formed by unzipping 
SWNTs decorated with 
10 wt.% of Pd catalyst.

Optical photos showing the 
millimeter size graphene sheet 
assembly after partial reduction 
with NaBH4 in a mixture of water–
toluene at 80 °C.

(A and B) TEM micrographs of the graphene 
sheets obtained from MWNTs unzipping. 
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Graphene nanoribbons from carbon nanotubes

Flexing of a GNR and concurrent electrical
measurement. The two‐terminal conductance
stays the same even with the dramatic
mechanical deformation of the GNR.
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Graphene nanoribbons from carbon nanotubes

The CNT were calcinated in air at 500 °C to remove
impurities and oxidize MWNTs at defect sites and ends.
Then they were dispersed in a 1,2‐dichloroethane
organic solution of poly(m‐phenylenevinylene‐co‐2,5‐
dioctoxy‐p‐phenylenevinylene) (PmPV) by sonication

University of Minho
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Graphene nanoribbons from carbon nanotubes

• What triggers the unzipping?

• How does it happen?

• What type of edges are formed?

Alexander Sinitskii, James M. Tour / November 2010

Image: Lawrence Berkeley National 
Laboratory
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Graphene nanoribbons from carbon nanotubes

• Pairs of O atoms from MnO4
2‐ bind and break the internal C‐C bonds of the CNT;

• The stretching of the bonds involved in the first reaction weakens the neighbor parallel bonds, 
becoming vulnerable to the next oxygen pair attack;

• The results suggest that unzipped CNTs end up in zigzag edge ribbons.

ab initio density functional theory molecular orbital calculations:

University of Minho
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Graphene nanoribbons from carbon nanotubes

Simulated the zipping and unzipping of carbon systems in vacuum using quantum chemistry methods
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Graphene nanoribbons from carbon nanotubes

Unzipping of functionalized carbon nanotubes:

• Functionalization of CNT
• STM observation of CNT unzipping
• Formation of GNR in solution

University of Minho
I3N / IPC - Institute for Polymers and Composites

CNT functionalization: the 1,3‐dipolar cycloaddition reaction

V. Georgakilas, K. Kordatos, M. Prato, D. M. Guldi, M. 
Holzinger, A. Hirsch, J. Am. Chem. Soc. 2002, 124, 760

• In solution (DMF)
• Reaction time – 5 days
• In solvent‐free conditions
• With heat: Reaction time – 2 

to 7 hours
• With microwaves: a few 

seconds
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R. Araújo, M. C. Paiva, M. F. Proença, C. J. R. Silva, 
Composites Science and Technology, 2007, 67, 806‐810
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• Thermogravimetric analysis
• X‐ray photoelectron spectroscopy
• Scanning tunneling microscopy
• Infrared spectroscopy

CNT functionalization: the 1,3‐dipolar cycloaddition reaction

University of Minho
I3N / IPC - Institute for Polymers and Composites

•UHV chamber (3×10‐10 Torr), Pt/Ir tip
• constant current mode
• Typical bias voltage and tunneling
current:

nanometer scale ‐ 1000‐2000 mV 
and 0.8‐1.2 nA
Atomic scale ‐ 30‐100 mV and 1.5‐
2.0 nA

The 1,3‐dipolar cycloaddition reaction ‐ STM

iNANO Research Center at Aahrus University, DK
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Graphene nanoribbons from carbon nanotubes

Instability of the outer graphene layer of the functionalized CNT under atomic scale
STM imaging conditions

University of Minho
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•constant current mode
•Typical bias voltage and tunneling current:
Atomic scale ‐ 30‐100 mV and 1.5‐2.0 nA

Graphene nanoribbons from carbon nanotubes
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Graphene nanoribbons from carbon nanotubes, in solution

CNT functionalization

“Exfoliation” in solution

Filtration

Analysis of the solution and of the solid
obtained by evaporation on a surface

University of Minho
I3N / IPC - Institute for Polymers and Composites

Carbon nanotube functionalization

A B

A

B
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Graphene nanoribbons from carbon nanotubes

UV‐Vis spectra of GNR solutions in DCM UV‐Vis spectra of GNR solutions in Ethanol

University of Minho
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Graphene nanoribbons from carbon nanotubes
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Graphene nanoribbons from carbon nanotubes
Raman spectra (532 nm) obtained for the GNR deposited
by solvent evaporation (ethanol solutions) on a Si surface.

ID/IG

I2D/IG

University of Minho
I3N / IPC - Institute for Polymers and Composites

Optical micrographs of the GNR residue obtained by solvent evaporation on a quartz surface

SWNT NC3100

Graphene nanoribbons from carbon nanotubes
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Optical microscopy

Electron microscopy ‐ STEM

Electron microscopy ‐ TEM

Graphene nanoribbons formed in DCM
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Graphene nanoribbons formed in ethanol

TEM of the GNR obtained from the MWNT from Aldrich
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Graphene nanoribbons formed in ethanol

TEM of the GNR obtained from NC 3100

University of Minho
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• I3N/Physics of Semiconductors, Optoelectronics and disordered Systems
Raman analysis:  Florinda Costa

António José Fernandes

• Centro de Química U. Minho
CNT organic modification:  M. Fernanda Proença

Rui Araújo

Contributions to the work presented:
• I3N/Institute for Polymers and Composites

Eunice Cunha
Joana Fernandes
Rui M. Novais
Tânia Ferreira

• iNANO Research Center at Aahrus University (Denmark)
STM analysis:  Flemming Besenbacher

Erik Lægsgaard
Wei Xu

•Leibniz Institute of Polymer Research, Dresden (Germany)
XPS analysis: Frank Simon

• TEM facilities at CICECO, U. Aveiro (Rui Silva, Marta Ferro)
• TEM facilities at INMETRO, Rio de Janeiro
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