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Sunday, October 10 
 
13h 30 – 17h 45 Registration 
 
17h 45   NanoteC’04 Welcome 
 
 

18h 00 – 19h 30 : Plenary Lectures (PL) 
Chairman : F. Béguin 

 
18h 00 – 18h 45 : Invited 

Large scale synthesis, selective fabrication and applications of carbon nanotubes 
Morinobu Endo 
 

18h 45 – 19h 30 : Invited 
New Directions of Carbon Nanotube Science : Importance of Defects and Doping 
M. Terrones, J.-C. Charlier, V. Meunier, E. Hernández, J. Rodríguez-Manzo,  
F. López-Urías, A.H. Romero, M. Reyes-Reyes, M. S. Dresselhaus, H. Terrones 
 

19h 30   Welcome Party 
 
20h 00 – 21h 30 Dinner : “Buffet de la Presqu’ile” 
 
 
 

Monday, October 11 
 

8h 30 – 10h 30 : Session O1 
Control and Synthesis of Nanomaterials (I) 

Chairman : S. Lefrant 
 
8h 30 – 9h 00 : Invited 

Plasma technology: from carbon blacks to fullerenes and nanotubes 
E. Grivei, N. Probst, F. Fabry, L. Fulchéri, T.M. Gruenberger, J. Gonzalez-Aguilar, 
G. Flamant, H. Okuno, J.-C. Charlier 
 

9h 00 – 9h 30 : Invited 
Direct Spinning of Carbon Nanotube Fibres/Ribbons from CVD Reactions 
Ya-Li Li, Marcelo Motta, Ian Kinloch and Alan H Windle 
 

9h 30 – 9h 50 
Fabrication of two-dimensional carbon nanostructures using plasma-enhanced 
chemical vapor deposition 
Mineo Hiramatsu and Masaru Hori
 

9h 50 – 10h 10 
Room-temperature synthesis of carbon nitride nanofibers by plasma-enhanced 
chemical vapor deposition 
T.M. Minea, S. Point 
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Monday, October 11 
 

10h 10 – 10h 30 
Low temperature growth of carbon nanofibres on fibre matrix materials 
B. O. Boskovic, V. B. Golovko, M. Cantoro, B. Kleinsorge, A. T. H. Chuang,  
C. Ducati, S. Hofmann, J. Robertson, B. F. G. Johnson 
 

10h 30 – 11h 00 Break 
 
 

11h 00 – 12h 30 : Session O2 
Surface Chemistry of Carbon Materials 

Chairman : M. Heggie 
 
11h 00 – 11h 30 : Invited 

Carbon surface chemistry: Experimental impact and theoretical challenges 
Ljubisa R. Radovic
 

11h 30 – 11h 50 
The Solventless Functionalisation of Carbon Nanotubes 
R. Krause, J. Kekana 
 

11h 50 – 12h 10 
Synthesis of nanostructural carbon from mesophase pitch without activation 
Y. Song, W.M. Qiao, S.H. Yoon, I. Mochida, K. Nagayama 
 

12h 10 – 12h 30 
Carbon nanostructures for volatile organic compound trapping 
L. Majoli, A. Evstratov, J.-M. Guillot 

 
12h 30 – 14h 30 Lunch 

 
 

14h 30 – 16h 30 : Session O3 
Synthesis and Properties of Porous Carbons 

Chairman : M. Endo 
 

14h 30 – 15h 00 : Invited 
Relationship between the textural porosity of ACF and their adsorption and 
mechanical properties 
A. Linares-Solano, D. Lozano-Castelló, J.A. Maciá-Agulló, D. Cazorla-Amorós 
 

15h 00 – 15h 30 : Invited 
Precise Control of Carbon Nanostructure by the Template Method 
Takashi Kyotani
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Monday, October 11 
 

15h 30 – 15h 50 
The influence of textural characteristics on the hydrogen storage capacity of 
ordered mesoporous carbons. 
R. Gadiou, N. Texier-Mandoki, T. Piquero, S. Saadallah,J. Parmentier, P. David 
and C. Vix-Guterl 
 

15h 50 – 16h 10 
Optimisation of supercapacitors and hydrogen storage performance using carbons 
with a controlled nanostructure 
E. Frackowiak, K. Jurewicz, M. Friebe, C. Vix-Guterl, F. Béguin 
 

16h 10 – 16h 30 
The Synthesis of Carbon Nanostructures from Nanoporous Materials : A Grand 
Canonical Monte Carlo Simulation Study 
Thomas J. Roussel, Christophe Bichara and Roland J.-M. Pellenq 
 

16h 30 – 17h 00 Break 
 
 

17h 00 – 18h 40 : Session O4 
Applications (I) 

Chairman : R. Martel 
 
17h 00 – 17h 30 : Invited 

FEM and In-situ TEM of Carbon Nanotube Electron Emitters and Development of 
Nanotube-Based FED Devices 
Yahachi Saito, Kazuyuki Seko, Koichi Hata, Junko Yotani and Sashiro Uemura 
 

17h 30 – 18h 00 : Invited 
Arrays of carbon Nanotubes/Nanofibers and Metallic Nanowires for field emission 
applications 
P. Legagneux, L. Gangloff, E. Minoux, J-P. Schnell, P. Vincent, D. Dieumegard, 
J.F David, F. Peauger, K.B.K. Teo, R. Lacerda, M. Chhowalla, D.G. Hasko,  
H. Ahmed, G.A.J. Amaratunga, W. I. Milne, L. Vila, L. Dauginet-De Pra,  
S. Demoustier-Champagne, E. Ferain, R. Legras, L. Piraux and O. Gröening 
 

18h 00 – 18h 20 
Electronic and electrochemical properties of nitrogen doped carbon nanotubes 
A. Okotrub, L. Bulusheva, A. Kudashov, E. Shaidurova,  P. Galkin, N. Yudanov,  
Y. Shubin 
 

19h 30   Dinner 
 
21h 30   Poster Session 
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Tuesday, October 12 
 

8h 30 – 10h 30 : Session O5 
Control and Synthesis of Nanomaterials (II) 

Chairman : P. Gadelle 
 
8h 30 – 9h 00 : Invited 

The role of metal catalyst in the nucleation of C-SWNT: towards atomic scale 
modelization 
H. Amara, C. Bichara, J.-P. Gaspard, F. Ducastelle and A. Loiseau. 
 

9h 00 – 9h 20 
Single and double wall carbon nanotubes localized growth by Hot Filament assisted 
CVD for the fabrication of self assembled electrical circuits and tips 
A. Iaia, L. Marty, C. Naud, M. Chaumont, E. Di Muoio, A. M. Bonnot, M. Faucher,  
T. Fournier, V. Bouchiat, M. Ferrier, R. Deblock, M. Kociak, A. Kasumov,  
H. Bouchiat, A. S. Rollier, V. Agachedand L. Buchaillot 
 

9h 20 – 9h 40 
Parametric study of single-walled carbon nanotube synthesis via aerosol method 
Anna Moisala, Albert Nasibulin, David Brown, Hua Jiang, Esko I. Kauppinen 
 

9h 40 – 10h 00 
Preparation of macroporous carbon films from Colloidal Crystals 
Stéphane Reculusa, Pascal Masse, Serge Ravaine, Alain Derré, Michel Couzi,  
Pierre Delhaès
 

10h 10 – 10h 30 : Invited 
Experimental studies on the respiratory toxicity of multi-wall carbon nanotubes. 
D. Lison
 

10h 30 – 12h 30 Poster Session + Coffee Break 
 

12h 30 – 14h 00 Lunch 
 

 
14h 00 – 16h 10 : Session O6 

Applications (II) 
Chairman : O. Chauvet 

 
14h 00 – 14h 30 : Invited 

Carbon under irradiation - stiffening, creeping and shape change 
Malcolm Heggie, Robert Telling, Ahlam El-Barbary, Irene Suarez-Martinez,  
Christopher Ewels 
 

14h 30 – 15h 00 : Invited 
Charge Transfer Nanocomposites : Advances in Organic Devices 
D.L. Carroll
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Tuesday, October 12 
 

15h 00 – 15h 20 
Coupled mechanical-electrical measurements on MWNTs filled polymer 
nanocomposites. 
Florent Dalmas, Catherine Gauthier, Laurent Chazeau, Jean-Yves Cavaillé,  
Rémy Dendievel 
 

15h 20 – 15h 40 
Polyaniline/multi-wall carbon nanotube composites 
Raquel Sainz, A.M. Benito, M.T. Martínez, B. Corraze, O. Chauvet, A. Dalton,  
R. Baughman, W.K. Maser 
 

15h 40 – 16h 10 : Invited 
Carbon nanotubes for microelectronics ? 
Wolfgang Hoenlein, Franz Kreupl, Georg S. Duesberg, Andrew P. Graham,  
Maik Liebau, Robert Seidel, Eugen Unger 
 

16h 10   Visit to Guerande 
 
20h 00   Banquet 
 
 
 

Wednesday, October 13 
 

8h 30 – 10h 10 : Session O7 
Electronic Properties of Nanotubes 

Chairman : F. Ducastelle 
 
8h 30 – 9h 00 : Invited 

1D electroluminescence from nanotube field-effect transistors 
Richard Martel
 

9h 00 – 9h 30 : Invited 
Electronic properties of BN nanotubes 
A. Rubio
 

9h 30 – 9h 50 
Time resolved spectroscopy of single wall carbon nanotubes 
C. Voisin, S. Berger, G. Cassabois, C. Delalande, L. Capes, A. Filoramo and  
P. Roussignol 
 

9h 50 – 10h 10 
Systematic Analysis of the Chemical Functionalisation to Carbon Nanotubes. 
G. Van Lier, C. P. Ewels, F. Zuliani, A. De Vita, and J.-C. Charlier 
 

10h 10 – 10h 40 Break 
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Wednesday, October 13 
 

10h 40 – 12h 40 : Session O8 
Structural Properties of Nanomaterials 

Chairman : J. Fischer 
 
10h 40 – 11h 10 : Invited 

Complex optical characterization of carbon peapods 
Elena Obraztsova, Minoru Fujii, Shinji Hayashi, Kenji Imakita, Kimihisa Matsumoto,  
Ferenc Simon, Hans Kuzmany, 
 

11h 10 – 11h 40 : Invited 
Growth and Raman characterization of semiconducting-metallic combination-
dominated double-walled carbon nanotubes 
Wencai Ren, Feng Li, Hui-Ming Cheng
 

11h 40 – 12h 00 
Structure and dynamics of carbon buckyballs encapsulated into single-walled 
carbon nanotubes. 
J. Cambedouzou, S. Rols, R. Almairac, J.L. Sauvajol, H. Schober and H. Kataura 
 

12h 00 – 12h 20 
Systematic electron diffraction studies of Double-Walled Carbon Nanotubes 
M. Kociak, K. Hirahara and S. Iijima 
 

12h 20 – 12h 40 
Comparative structural study of carbon nitride nano-particles synthesised by laser 
pyrolysis and carbon nitride thin films 
E. Marino, B. Bouchet-Fabre, J.N. Rouzaud, T. Minéa, P.Y. Tessier, C. Reynaud 

 
12h 30 – 15h 00 “Buffet Campagnard” 
 
14h 00   End of NanoteC’04 
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Wednesday, October 13 
 

16h 00 – 17h 45 : Session S1 
Mechanical, electronic properties and applications 

 
16h 00 – 16h 30 : Invited 

Mechanical properties and applications 
L. Forro
 

16h 30 – 16h 45 
MWCNT under perpendicular magnetic field and DC current : Interplay between 
current transport and magnetoresistance 
Jean-François Dayen, Xavier Hoffer, Wade Travis, Konczykowski Marcin,  
Jean-Eric Wegrowe 
 

16h 45 – 17h 00 
Magnetic behaviour of small, anisotropic metallic particles  encapsulated into 
carbon nanotubes 
CS Cojocaru, O. Ersen, C. Meny, A. Derory, S. Colis and F. Le Normand
 

17h 00 – 17h 15 
A six inches CNT FED video display 
Jean Dijon, Claudine Bridoux, Adeline Fournier, Francoise Geffraye,  
Thomas Goislard De Monsabert, Brigitte Montmayeul, Michel Levis, Denis Sarrasin,  
Robert Meyer 
 

17h 15 – 17h 30 
Carbon nanotubes as sensor: Adsorption mechanism and dielectric behaviour 
M. Arab, F. Picaud, R. Langlet, C. Ramseyer, M. Devel, C. Girardet 
 

17h 30 – 17h 45 
Carbon Nanotube-based copper composites for electronic applications 
Núria Ferrer-Anglada, Ursula Dettlaff-Weglikovska , Martti Kaempgen,  
Siegmar Roth 
 

17h 45 – 18h 00 Break 
 
 

18h 00 – 19h 45 : Session S2 
Functionalisation : supra molecular organisation and  

chemical separation 
 
18h 00 – 18h 30 : Invited 

Bioorganic functionalisation of nanotubes by lipids 
Auto-assemblages de lipides sur nanotubes de carbone 
Charles Mioskowski & Stéphane Rickling 
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Wednesday, October 13 
 
18h 30 – 18h 45 

Non-covalent binding of DNA to carbon nanotubes controlled by biological 
recognition complex 
L. Goux-Capes, A. Filoramo, D. Cote, J.-P. Bourgoin and J.-N. Patillon 

 
18h 45 – 19h 00 

Non-covalent functionalization of carbon nanotubes: The case of benzene 
Florent Tournus, Jean-Christophe Charlier 
 

19h 00 – 19h 15 
Chemical optimization of self-assembled Nanotube Transistors 
J. Borghetti, S. Auvray, V. Derycke, M. Goffman, L. Goux, P. Chenevier,  
A. Filoramo, J.-P. Bourgoin 

 
19h 15 – 19h 45 : Invited 

Dielectrophoretic separation of metallic from semiconducting SWNTs 
R. Krupke
 

20h 00   Dinner 
 
   Free discussions on the posters 

 
 
 

Thursday, October 14 
 

8h 30 – 10h 15 : Session S3 
Synthesis and control of the characteristics 

 
8h 30 – 9h 00 : Invited 

Raman spectroscopy of isolated single-walled carbon nanotubes 
M. Paillet and J.-L. Sauvajol
 

9h 00 – 9h 15 
Electrostatic charge distribution and stability in individual SWNTs investigated  
by EFM 
Matthieu Paillet, Philippe Poncharal, Vincent Jourdain, Jannik Meyer,  
Florence Marchi, Philippe Guaino, Jean-Louis Sauvajol, Ahmed Zahab 
 

9h 15 – 9h 30 
The effect of the growth geometry on the yield in underwater arc nanotube 
production 
Zsolt E. Horváth, Krisztián Kertész, László Pethő, Antal A. Koós, László P. Biró 
 

9h 30 – 9h 45 
Synthesis of nano- and micro-carbon materials using oxy-acetylene combustion 
flame technique 
Hanako Okuno, Jean-Christophe Charlier, Jean-Paul Issi 
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Thursday, October 14 
 

9h 45 – 10h 00 
CCVD Synthesis with (Mg, Co, Mo)O Catalysts :  from Carbon nanotubes to 
nanofibres 
Emmanuel Flahaut, Ch. Laurent, A. Peigney 
 

10h 00 – 10h 15 
Eels study of the influence of synthesis parameters on PECVD nanotubes 
Sébastien Point, Christine Godon, Christiane Marhic, Aurélien Gohier  
and Tiberiu Minea 
 

10h 15 – 13h 00 Poster session and coffee 
 

13h 00 – 15h 15 Lunch and free discussions 
 
 

15h 15 – 16h 30 : Session S4 
Structural studies-1 

 
15h 15 – 15h 30 

Single-walled carbon nanotubes in superacid:  x-ray and calorimetric evidence for 
partly ordered H2SO4
Wei Zhou, Paul A. Heiney and John E. Fischer
 

15h 30 – 15h 45 
EXAFS study of rubidium-doped single-wall carbon nanotube bundles 
J-L. Bantignies, L. Alvarez, L. Duclaux, R. Aznar, R. Almairac, F. Villain,  
J-L. Sauvajol 
 

15h 45 – 16h 00 
Double-walled carbon nanotubes in small bundles produced by catalytic vapour 
deposition: monodispersity in helicity and structural organization 
P. Launois, J.-F. Colomer, L. Henrard, G. Van  Tendeloo, A. A. Lucas  
and Ph. Lambin 
 

16h 00 – 16h 15 
Effects of high pressure on Single Wall Carbon Nanotubes : phase transitions and 
effect of hydrostaticity 
Merlen Alexandre, Bendiab Nedjma, Toulemonde Pierre, Aouizerat Anna,  
San Miguel Alfonso, Petit Pierre, Sauvajol Jean Louis 
 

16h 15 – 16h 30 
A new optical method for vizualizing nanometric objets 
Sarfus : un nouveau procédé optique de visualisation nanométrique 
David Pointu, Marie-Pierre Valignat, Dominique Ausserré 
 

16h 30 – 17h 00 Break 
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Thursday, October 14 
 

17h 00 – 18h 15 : Session S5 
Optical properties 

 
17h 00 – 17h 30 : Invited 

Optical spectroscopy of semiconducting carbon nanotubes 
Tobias Hertel
 

17h 30 – 17h 45 
Optical gap of Single Wall Boron Nitride Nanotubes 
J. S. Lauret, R. A. de la Concha, B. Attal-Trétout, F. Ducastelle, E. Rosencher,  
and A. Loiseau 
 

17h 45 – 18h 00 
EELS study of plasmons and optical gap in Boron Nitride Single Walled nanotubes  
Raul Arenal, O. Stephan, M. Kociak, D. Taverna, C. Colliex, A. Rubio  
and A. Loiseau  
 

18h 00 – 18h 15 
Broadband optical limiting properties of Carbon Nanotubes 
Nicolas Izard, Didier Riehl, Eric Anglaret, Cecilia Ménard, Eric Doris,  
Charles Mioskowski, Marina Charlot, Olivier Mongin, Mireille Blanchard-Desce,  
Camille Girardot, Cyril Barsu, Gilles Lemercier, Chantal Andraud 
 

18h 15 – 19h 15 General Assembly 
The purpose of the general assembly is to  give different informations on the GDRE 
and the actions to be developped in the future. One of these actions is to develop 
interactions with Quebec and Russia. To this aim short talks will be given by E. 
Obratzova and R. Martel who will present a survey on the research on nanotubes in 
their country. We shall also discuss the interaction of the GDRE with international 
conferences, workshops and schools which will be organized in the next future. 
NT05 is one of them : it is intended that, E. Campbell will introduce NT05 that she 
will organize next year. 
 

19h 30   Oyster degustation 
 

   Dinner 
 
 

 
Friday, October 15 

 
8h 30 – 10h 30 : Session S6 

Functionalisation for solubilization and applications 
 
8h 30 – 9h 00 : Invited 

Dissolving carbon nanotubes 
Alain Pénicaud, Philippe Poulin, Alain Derré, Eric Anglaret¸Pierre Petit
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Friday, October 15 
 
9h 00 – 9h 15 

Carbon Nanotubes/Amylose Nano-Composites  Spectroscopic and Microscopic 
Investigations. 
Pierre Bonnet, David Albertini, Christine Godon, Mickael Paris, Herve Bizot,  
Joelle Davy, Aurélie Bernard, Alain Buleon and Olivier Chauvet 
 

9h 15 – 9h 30 
Carbon Nanotubes – Polymer Composites: Block copolymers as compatibilizators 
Christelle Guerret-Piecourt, Vitaliy Datsyuk, Laurent Billon, Olivier Guerret 
 

9h 30 – 9h 45 
Electrochemical functionalization of carbon nanotubes with polyaniline evidenced 
by Raman and FTIR spectroscopy 
Serge Lefrant, Mihaela Baibarac, Ioan Baltog,  Christine Godon,  
Jean Yves Mevellec, Olivier Chauvet 
 

9h 45 – 10h 00 
A novel approach for reinforcing carbon nanotube - PVA composites 
V. Aboutanos, M. Glerup, M. Holzinger 
 

10h 00 – 10h 15 
Electrochemical and electromechanical properties of carbon nanotube fibers 
S. Badaire, C. Zakri, A. Derré, M. Maugey, P. Poulin 
 

10h 15 – 10h 30 
Effect of SOCl2 treatment on the electrical and mechanical properties of single wall 
carbon nanotube network 
U.Dettlaff-Weglikowska, V. Skakalova, R. Graupner, S.H. Jang, B.H. Kim,  
M.-G. Kim, L. Ley, Y.W. Park, S. Berber, D. Tomanek, S. Roth 
 

10h 30 – 11h 00 Break 
 
 

11h 00 – 12h 15 : Session S7 
Structural studies-2 

 
11h 00 – 11h 30 : Invited 

Raman scattering on isolated carbon nanotubes: Chiral indices, chirality distribution 
and electron-phonon coupling. 
S. Reich, H. Telg, M. Machón, J. Maultzsch, F. Hennrich, P. Ordejón  
and C. Thomsen
 

11h 30 – 11h 45 
Optical properties and Resonant Raman Intensity of Single-walled  Carbon 
Nanotubes 
V.N. Popov, L. Henrard, Ph. Lambin 
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Friday, October 15 
 
11h 45 – 12h 00 

Confinement of selenium into carbon nanotubes 
Jérôme Chancolon, Alain Pineau, Françoise Archaimbault, Andreas Golbach,  
Patrick Simon, Agnès traverse and Sylvie Bonnamy 
 

12h 00 – 12h 15 
Theoretical and EELS study of Nitrogen doping of carbon nanotubes 
C. P. Ewels, O. Stéphan, M. Glerup, M. Castignolles, C. Colliex 

 
12h 15 – 12h 30 Conclusions of the GRD-E meeting 
 
12h 30   Buffet 
 
14h 30 – 16h 00 Meeting of the GRD-E Council 
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LIST OF POSTERS 

 

Thematics 1 : Control and synthesis of nanomaterials 

P1-1 
Synthesis and characterization of carbon spheres from direct pyrolysis of hydrocarbons 
Jin Yi Zheng, Michał Bystrzejewski, Andrzej Huczko, Chao Gao, Wen-Kuang Hsu, Chi-Young Lee, 
Yan Qiu Zhu, Martin J. Roe, Gavin Walker, Harold W. Kroto and David R. M. Walton 

P1-2 
Confinement of selenium into carbon nanotubes 
Jérôme Chancolon, Alain Pineau, Françoise Archaimbault, Andreas Golbach, Patrick Simon, 
Agnès traverse and Sylvie Bonnamy 

P1-3 
Influence of substrate surface orientation on thermal CVD growth of SWCNTs 
Xavier Devaux, Michel Vergnat 

P1-4 
Millimetre scale isolated single walled carbon nanotubes and bundles grown on silicon 
Xavier Devaux, Michel Vergnat, Laurent Lebrizoual 

P1-5 
Single wall carbon nanotube bundles synthesis by means of an “all-laser” growth process and their 
integration for nanoelectronic applications 
M.A. El Khakani, J.H. Yi, B. Aïssa 

P1-6 
Creation of carbon nanostructures by irradiating critical CO2 with a UV laser 
Takahiro Fukuda, Yoshikazu Yoshida, Raymond Whitby, Toru Maekawa 

P1-7 
The role of Sulfur precursor and Helium gas pressure in arc discharge production of SWCNTs 
using Fe/Y catalysts 
Miro Haluška, Richard Czerw, David Carroll, Siegmar Roth 

P1-8 
Catalyst induced growth mode changes in carbon nanotube synthesis 
Stephan Hofmann, Britta Kleinsorge, Caterina Ducati, Mirco Cantoro, Cinzia Casiraghi,  
John Robertson 

P1-9 
The effect of the growth geometry on the yield in underwater arc nanotube production 
Zsolt E. Horváth, Krisztián Kertész, László Pethő, Antal A. Koós, László P. Biró 

P1-10 
Carbon-metal nanomatches : structure control and properties 
Vincent Jourdain, Matthieu Paillet, Marie Castignolles, Odile Stéphan, Annick Loiseau,  
Patrick Bernier 

P1-11 
The catalytic product of carbon nanotubes 
Ian A. Kinloch, Junfeng F. Geng, Brian F.G. Johnson, Yali Li, Charanjeet Singh, Milo S.P. Shaffer, 
and Alan H. Windle 
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P1-12 
Effect of catalyst preparation on single wall carbon nanotubes growth by catalytic CVD 
E. Lamouroux, S. Desporte, Ph. Kalck, Ph. Serp, B. Chaudret, M. Hémati, Y. Khin 

P1-13 
Carbon nanotubes synthesis by microwave plasma assisted chemical vapour deposition 
T. Tousch, M. Belmahi, L. Le Brizoual, M. B. Assouar, M. Vergnat, B. Humbert, J. Bougdira,  
P. Alnot 

P1-14 
Preparation and STM characterization of carbon nanotubes produced on a substrate 
José Luis Figueiredo, Ana Méndez, Maria Madalena Alves Freitas, Silvia Villar-Rodil,  
Juan Ignacio Paredes, Amelia Martínez-Alonso, Juan M. D. Tascón 

P1-15 
Visualizing nanopore mouth shrinkage through chemical vapour deposition for the preparation of 
high performance carbon molecular sieves 
Juan Ignacio Paredes, Silvia Villar-Rodil, Amelia Martínez-Alonso, Juan M. D. Tascón. 

P1-16 
Plasma application for carbon nanotube synthesis: State-of-the-art. 
Maryline Moreno, Laurent Fulcheri, José Gonzalez-Aguilar, Thomas M. Gruenberger 

P1-17 
Kinetic phenomena associated with pore growth during thermal decomposition of some graphite 
intercalation compounds 
Roman Mysyk, Gene Whyman, Michael Savoskin, Alexander Yaroshenko 

P1-18 
Mechanistic investigations of single walled carbon nanotube formation with a novel aerosol 
method 
Albert G. Nasibulin, Anna Moisala, Hua Jiang, David P. Brown, Peter V. Pikhitsa,  
Sergei D. Shandakov, Esko I. Kauppinen 

P1-19 
Room temperature synthesis of Peapods : failures and successes 
Laure Noé, Marc Monthioux 

P1-20 
Synthesis of nano- and micro-carbon materials using oxy-acetylene combustion flame technique 
Hanako Okuno, Jean-Christophe Charlier, Jean-Paul Issi 

P1-21 
Preparation of carbon nanofibers and carbon nanotubes by using polymer blend technique 
Asao Oya, Yasutaka Oshima, Terukazu Sando 

P1-22 
The Effect of Different Functionalized Ferrocene Catalysts on the Production of Carbon Nitrogen 
Nanotubes 
H.Parshotam, R.Krause, S.Durbach 

P1-23 
Early stages of carbon nanotube growth occurring during CVD of aerosol 
M. Pinault, M. Mayne-L’hermite, C. Reynaud, V. Pichot, P. Launois 

P1-24 
Catalyst effect on the carbon nanotube growth by Plasma Enhanced Chemical Vapor Deposition 
Sébastien Point, Aurélien Gohier, Christine Godon, Agnès Granier, Tiberiu Minea 
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Large scale synthesis, selective fabrication and applications of 
carbon nanotubes 
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Extra-ordinary chemical and physical properties of carbon nanotubes [1, 6] and also the success of large-scale 
production by a catalytic chemical vapour deposition method, particularly with the use of a floating reactant 
technique [2-4], make them applicable in the fabrication of adsorbent, electrochemical electrode, field emitter and 
functional filler in composite at a possible low cost. Through judicious selection of transient metal, support materials 
and synthetic conditions (temperature, duration), it is possible to produce different types of carbon nanotubes such 
as multi-walled carbon nanotubes (MWNTs), double-walled carbon nanotubes (DWNTs) and single-walled carbon 
nanotubes (SWNTs) selectively. In this study, we will describe the catalytic synthesis of various carbon nanotubes 
from the point of synthetic conditions, and structural changes by heat treatment will be discussed in terms of 
structural stability, and finally their practical applications of these carbon nanotubes will be described from the 
industrial point of view. It is possible to obtain various fibrous carbons which exhibit a wide range of diameters from 
200 to 1 nm, different crystallinity and different angle of graphene sheet with regard to tube axis through exact 
control of synthetic conditions of CVD method. Recently, the development of the floating reactant technique made 
possible to the large-scale production of CNF and MWNTs [4]. In the synthesis of SWNTs, nano-sized SiO2 
impregnated with Fe-containing compounds (seeding method) were fed into the reactor (around 1000oC) with 
benzene as carbon feedstock, and with hydrogen as the carrier gas [7]. In contrast to current CVD methods, this 
combinational technique allows high yield efficiency of the nanotubes. A detailed TEM and Raman studies revealed 
that there are large variations in textures (isolated and bundle) and also diameters (see Fig. 1 (a)). The recent hot 
topic is the synthesis of DWNTs because these tubes are more thermally and chemically stable when compared to 
SWNTs; they also exhibiting the 1D character of a quantum wire. In addition, DWNTs could also be used in the 
fabrication of electron field emitter and nano-composites. Fig. 1 (b) exhibit cross sectional image of HR-TEM images 
of DWNTs bundles, which is obtained by the catalytic decomposition of methane over Fe/MgO at 875oC for 10 
minutes. HRTEM image (Fig. 1 (c)) exhibiting a sequential reconstruction behaviours of DWNTs at 2100oC [8]. Two 
adjacent outer shells start to merge (see, (I) in Fig. 1 (c)) via a zipping process, similar to the coalescence of SWNTs 
under electron beam irradiation, and a large single outer shell with an oval shape is formed (see, (II) in Fig. 1(c)). 
The process occurs due to the coalescence and reconstruction of the outer shells of DWNTs, leaving the inner 
cylinders almost intact, the latter being encapsulated inside the large diameter coalesced tubule (bi-cable).  

 

 

5 nm 

(b) 

5 nm 

(I) 

(II) (III) 

(c) (a) 

5 nm 

Fig. 1 (a) typical HRTEM image of single wall carbon nanotubes, (b) Typical high resolution transmission 
electron microscopy (HRTEM) image of DWNTs in a bundle state, (c) HRTEM image of DWNTs at 2100oC. This 

image exhibits a sequential reconstruction process of a DWNT: (I) two outer tubes start to merge, through a 
zipping mechanism, (II) two outer tubes are completely combined into a single large outer tube with an oval 

shape containing two SWNTs, and (III) two inner SWNTs in a confined space might decompose along the inner 
wall of an outer shell, to form one inner single shell, like the formation of a DWNT derived from a peapod  

1) M.S. Dresselhaus et al., Science of Fullerenes and Carbon Nanotubes, Academic Press, San Diego, 1996. 
2) A. Oberlin, M. Endo, T. Koyama, J. Cryst. Growth 32, 335, 1976. 
3) M. Endo et al., J. Phys. Chem. Solids 54, 1841, 1993. 
4) M. Endo, Chem. Tech. (Leipzig) 18, 568, 1988. 
5) M. Endo et al., Carbon 39, 1287, 2001. 
6) S. Iijima, Nature, 354, 56, 1991. 
7) T. Hayashi et al., Nanoletters 3, 887, 2003. 
8) M. Endo et al, Nanoletters 4, 1451, 2004. 
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It will be demonstrated that non-hexagonal carbon rings (e.g. pentagons, heptagons and octagons) incorporated 
in sp2-hybridized closed nanostructures are responsible of changing significantly the mechanical, electronic and 
magnetic properties. From a theoretical point of view, the structural stablity and electronic properties of nanotubes 
containing hexagons, pentagons and heptagons [1,2] is discussed in detail. These structures, now termed  
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Haeckelites, are metallic and exhibit enhanced electronic conductances when compared to standard carbon 
nanotubes [2]. High resolution transmission electron microscopy (HRTEM) studies reveal that these type of 
structures are likely to be synthesized [3]. In this context, the coalescence process of C60 molecules inside single-
walled carbon nanotubes (SWNTs) is studied [4]. It will be shown that coalesced fullerenes along the three axes of 
symmetry (two-, three- and five-fold) result in corrugated carbon nanotubes containing heptagons or octagons [4]. 
These systems could also be highly conducting if octagons are present [4]. Interestigly, toroidal nanotubes 
constructed by joining C60 molecules exhibit clear paramagnetism if the fullerenes are oriented along the five-fold 
axis [5]. Thus, possiblities of finding ferromagnetism in nanocarbons will also be discussed. 

The latest advances in the production and state-of-the art characterization of B- and N-doped carbon nanotubes 
and nanofibers will also be reviewed. The efficient production of N-doped and B-doped carbon nanotubes will be 
discussed. Due to the presence of B and N, the reactivity of the nanotubes is improved. It will be demonstrated that 
the these doped systems are able to behave as efficient field emission sources [6], gas sensors [7] and protein 
immobilizers [8]. We envisage that Raman spectroscopy could be an efficent way of detecting low concentrations of 
dopants (e.g. < 1%) and even defects [9-11]. However, further research along this direction is currently underway. It 
is clear that doped nanocarbons, with either structural defects or B and N, will possess outstanding properties when 
compared to pure carbon nanotubes [9], and it is foreseen that these systems will revolutionize some aspects of 
nanotube science and technology, thus opening a vast field of experimental and theoretical research. 
 
1) Terrones, H., et al., Phys. Rev. Lett. 84, 1716, 2000. 
2) Rocquefelte, X., et al. Nanoletters, 4, 805, 2004. 
3) Biro, L.P., et al. IEEE Nanotechnology 2, 362, 2003. 
4) Hernández, E., et al. Nanolett. 3, 1037, 2003. 
5) Rodríguez, M., et al. Nanolett, in press, 2004. 
6) Doytcheva, M., et al. Chem. Phys. Lett., in press, 2004. 
7) Villalpando-Paéz, F., et al., Chem. Phys. Lett. 386, 137, 2004. 
8) Jiang, K.Y., et al. J. Mater. Chem. 14, 37, 2004. 
9) Terrones, M., et al. Materials Today Magazine 7, 30, 2004. 
10) Latil, S. et al., Phys. Rev. Lett., in press, 2004. 
11) Liu, K. et al. Phys. Rev. B 63, 161404, 2001. 
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The use of plasma for the production of carbon nano-particles is an innovative new technology demanding new 

and high skills. This technology might replace one day the commonly used furnace technology, being expected to be 
less energy demanding, noticeably smaller in investment and showing a nearly unlimited flexibility in feedstock. The 
use of this technology will allow a production free from carbon dioxide emission on the site and will also allow the 
development of peripheral technologies linked to the plasma source. 

Concerning the synthesis of new high quality carbon blacks very pure hydrocarbons can be considered as 
feedstock in a plasma process as the carbon yield is 100 %. Partial combustion processes would loose a large 
quantity as combustible. The plasma process also allows independent energy management and consequently any 
type of hydrocarbon, recycling residues as well as renewable vegetable oils can be considered as raw material. 

The plasma process has a large flexibility and with small modifications in the same reactor carbon blacks, 
fullerenes and carbon nanotubes can be produced. 
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Fibers and ribbons of carbon nanotubes have been spun directly from the gas stream in a chemical vapor 

deposition reaction involving a liquid source of carbon and metal catalysts. The strategy was based on the 
experimental observations that nanotubes forming in the reaction zone formed a very low density aerogel which can 
be continuously removed from the furnace as a fiber and ribbon. The aerogel was captured and wounded up by a 
mechanical driven rotating spindle that was set either parallel or orthogonal to the gas stream performed at different 
regions in the hot zone or at the cold end of the reactor (Figure). Controlling of the reaction systems (carbon 
sources, carrier gases and concentration of catalysts) and the synthesis conditions (temperature and injection rate) 
were found to be essential for the continuous spinning, since the necessary mechanical integraty of the nanotubes 
occur only as they are formed in an adequately high yield and purity. The continous spinning has been realized using 
various liquid hydrocarbon sources. The diameter and the cross-sections of the nanotube fibers can be controlled by 
the synthesis conditions and the spinning speeds, as can the nanotube structures in term of single-walled and 
multiple walled. The continuous spinning process has also been extended in a form of ‘spin coating’ to make 
nanotube objects. 

 

 

 
 
 
 
 
 
 
 
 
 
 
  
 

 
Figure. Spinning of nanotube fibers from the furnace : (a)  a photograph showing the nanotube fiber is 
being pulled from the aerogel by a rotoating spindle set in the hot zone inside the furnace ; (b) SEM 

morphology of the nanotube fibers thus obtained ; (c) SEM image showing the excellent allignment of the 
nanotubes along the axial of the fiber. 

 
1) Y. Li, I. Kinloch and A H Windle, Science, 304, 276, 2004. 
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Self-assembled carbon nanostructures such as carbon nanotubes and nanofibers have attracted much attention 

for several applications. On the other hand, two-dimensional carbon nanostructures (carbon nanoflakes or 
nanowalls) consisting of plane graphene layers have also been grown recently [1,2]. The large surface area of 
carbon nanoflakes or nanowalls may provide us with various new applications. In view of their practical application, 
further investigations should be dedicated in order to control the structure and electronic properties and understand 
their growth mechanism. Among a variety of fabrication methods for carbon nanostructures, plasma-enhanced 
chemical vapor deposition (PECVD) is becoming one of the most promising techniques, due to its feasibility and 
potentiality for large-area production with reasonable growth rates at relatively low temperatures. In the present 
work, two-dimensional carbon nanostructures, carbon nanowalls and carbon nanoflakes, were fabricated using 
PECVD. 

Carbon nanowalls were fabricated using fluorocarbon radio-frequency PECVD assisted by H radical injection [3]. 
Figure 1(a) shows a typical SEM image of carbon nanowall “maze” film grown using C2F6/H2 system on Si substrate 
for 3 hours. This picture shows that two-dimensional carbon sheets were grown vertically on the substrate. The 
thickness of carbon nanowalls was 10-30 nm, and their height was about 600 nm. Carbon nanowalls were grown on 
Si, SiO2 and sapphire substrates without catalyst, and independent of substrate materials.  

Carbon nanoflake films were fabricated using a conventional microwave PECVD system with a 1.5 kW 
microwave generator, which have been used to grow diamond and carbon nanotubes [4]. A mixture of C2H2 and H2 
was used as a source gas. Figure 1(b) shows a typical SEM image of carbon nanoflakes grown for 5 minutes at the 
microwave power of 1200 W and growth temperature of about 850 ˚C. Petallike nanoflakes were standing randomly 
on the substrate, as shown in Fig. 1(b). It is noted that carbon nanoflakes were fabricated on Si substrate without 
catalyst at higher temperatures and higher pressures of source gases, as compared with the case of carbon 
nanotube growth.  

 
 

Fig. 1. SEM images of (a) carbon nanowall film and 
(b) carbon nanoflake film. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The aggregation of carbon nanowalls would be useful as templates for the fabrication of other types of 

nanostructured materials, and would certainly find applications in energy storage and electrodes for fuel cell due to 
their large surface areas. On the other hand, carbon nanoflakes will also be applied to the field emitters due to their 
sharp edges on the top. Electrical properties and growth mechanisms of carbon nanowalls and nanoflakes as well as 
their applications will be discussed. 
 
1)  Y. Ando et al., Carbon, 35, 153, 1997. 
2)  Y.-H. Wu et al., Adv. Mater., 14, 64, 2002. 
3)  M. Hiramatsu et al., Appl. Phys. Lett., 84, 4708, 2004. 
4) M. Hiramatsu et al., Diamond Relat. Mater., 12, 365, 2003. 
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Extreme properties of carbon nanotubes (CNTs) and carbon nanofibers (CNFs) made them very interesting for a 
wide variety of applications, among which can be named nanoelectronics, nano-devices, supercapacitors, field 
emitters, etc. If the electronic can benefit of the quantum properties of single wall SW-CNTs (e.g. ballistic transport, 
semiconductor or metallic, etc.), passive components take advantage mainly from the shape and the size of CNTs, 
as well as their good conduction. This second type of applications relax the requirements about the structure. Hence, 
field emission and nano-connexion can be done by multiwall nanotubes (MW-CNTs) and by a large variety of 
nanowires including bamboo-like [1], stacked-cup [2], ‘herring-bone’ [3] structures or turbostratic amorphous carbon 
rods. [4] However, CNFs are only one step in the integration of circuits or devices that often requires a limited 
synthesis temperature.  

Important efforts have been made to decrease the synthesis temperature, but only a few works [5] have reported 
synthesis temperature below 400°C. We present here an original method to grow carbon nitride nanofibers (CN-NFs) 
at room temperature (RT) as well as their structural characterization.  

CN-NFs were grown in an original dual plasma reactor (electron cyclotron resonance - ECR/inductive-coupled-
plasma - ICP), alternating each one of both plasmas (layer-by-layer – LBL - process). ECR plasma was generated 
by microwave power (2.45 GHz) while the ICP was excited in radio frequency (r.f. - 13.56 MHz). The plasma 
pressure was below 0.2 Pa and the 72 mm diameter substrate was grounded (no bias). ECR carbon deposition cycle 
(60 seconds) in pure acetylene (99.95% purity, 1sccm) was alternated with an afterglow elemental-atomic-nitrogen-
cell (ADDON® - Model PRF-N-600), working in pure nitrogen (99.9995% purity, 1 sccm). The total plasma-on time 
was 30 minutes on a pre-deposited 2 nm thick nickel film. 

 

 
 

Fig. 1. TEM of carbon nanofibers containing nitrogen RT grown. The dark spots are nickel particles. [6] 
 
CN-NFs were first detected by transmission electron microscopy (MET), as presented in Fig. 1. Further 

characterizations were done by Raman spectroscopy to analyse the structure of these fibers and by X-ray 
photoelectron spectroscopy (XPS) to quantify the nitrogen content. Results point out that about 20 at.% nitrogen are 
contained in these amorphous nanofibers. 
 
1) C. Ducati, I. Alexandrou, M. Chhowalla, G.A. J Amaratunga, and J. Robertson, J. Appl. Phys. 92, 3299, 2002. 
2) M. Endo, Y.A. Kim, T. Hayashi, Y. Fukai, K. Oshida, M. Terrones, T. Yanagisawa, S. Higaki, M.S. Dresselhaus, Appl. Phys. Lett. 

80, 1267, 2002. 
3) N.M. Rodriguez, J. Mater. Res. 8, 3233, 1993. 
4) V.I. Merkulov, A.V. Melechko, M.A. Guillorn, D.H. Lowndes, and M.L. Simpson, Appl. Phys. Lett. 79, 2970, 2001. 
5) B.O. Boskovic, V. Stolojan, R.U.A. Khan, S. Haq, and S.R.P. Silva, Nature Materials 1, 165, 2002; S. Hofmann, C. Ducati, J. 

Robertson, and B. Kleinsorge, Appl. Phys. Lett. 83, 135, 2003. 
6) T.M. Minea, S. Point, A. Granier, M. Touzeau. Appl. Phys. Lett., 2004 – submitted 
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Carbon nanofibres have been grown using low temperature dc plasma enhanced chemical vapour deposition 
and cobalt colloids catalyst nanoparticles on a surface of carbon fibres in the cloth. The surface of carbon fibres in 
the cloth was densely covered with the nanofibres. Carbon nanofibres had catalyst particles on the tip and bamboo-
like structure of graphine layers as confirmed by transmission electron microscopy. Acetylene was used as a carbon 
feedstock in mixture with ammonia used to etch away amorphous carbon and promote carbon nanofibres growth. 
Bulk electrical conductivity measurement of carbon cloth has confirmed significant increase in conductivity of the 
samples with carbon nanofibres indicating good electrical contact of carbon nanofibres with carbon fibres. Matrix 
nanocomposites formed using this method could be used as high surface area electrodes for electrochemical 
applications like fuel cells and supercapacitors. Growth of carbon nanofibres at low temperatures on the three-
dimensional fibre surface has opened the possibility of temperature sensitive polymer and organic fibre matrices use 
for carbon nanotubes growth for sensing or reinforcement applications. 
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The impact of surface chemistry on the applications of carbon materials, including nanotubes, is arguably greater 
than that of any other carbon property. Therefore, it is important to continuously assess what we know, what we 
infer, what we guess and what we simply do not know about the chemical surface properties of carbons. Figure 1 is 
an attempt to summarize this knowledge. The presence of heteroatoms is largely responsible for the chemical 
activity of carbon materials. From abundant experimental studies, we know that the dominant heteroatom at the 
graphene edge is oxygen, mostly as carboxyl, lactone, hydroxyl, quinone or pyrone groups. We also know that, 
contrary to polyaromatic hydrocarbons, not all the edge sites in the graphene sheet are terminated with hydrogen 
and are thus free. From EPR studies we infer that these sites are not conventional σ radical sites. Recent theoretical 
studies allow us to infer -- with some confidence, but without experimental evidence -- that these are either carbene-
like zigzag sites or benzyne-like armchair sites.  We have yet to explore in any detail, and especially with the 
necessary confidence, the implications of the presence of the structures shown in Figure 1 on the degree of 
delocalization of π electrons and on the electron density in the graphene sheet. The presence of heteroatoms within 
the basal plane is also of interest, especially as it affects electronic properties, but we know much less about this 
aspect of carbon surface chemistry. For example, while the presence and the effects of substitutional boron are well 
documented, the often invoked presence of quaternary (substitutional?!) nitrogen is arguably more uncertain.  

Our knowledge is most lacking when it comes to the connectivity of individual graphene sheets. The famous 
‘wiggles’ in Franklin’s classical representation of carbon structure [1] remain chemically undefined. Harris has 
proposed the existence of curvature and fullerene-like structures in both cokes and chars [2], but more experimental 
evidence is thought to be necessary for such a drastic revision of what still appears to be the “conventional wisdom”: 
the “deck-of-cards” or “potato chips” model, due to more or less parallel stacking of individual ‘crystallites’. 
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Fig. 1. Summary of current understanding of key  Fig. 2. Optimized geometry of CO2 adsorbed on a 
features of graphene surface chemistry. zigzag carbene-like model graphene surface. 
 

Figure 2 is an example of reactivity implications of the structures shown in Figure 1. Different options for CO2 
chemisorption on one or two adjacent zigzag sites were evaluated using DFT with the 6-31G(d) basis set [3]. Various 
electronic environments of a four-ring model, with and without surface oxygen and with special emphasis on 
carbene-like structures, were analyzed. The resulting optimized geometries were quite sensitive to such electronic 
configurations. In agreement with long-standing experimental evidence, dissociative CO2 adsorption was found to be 
particularly favorable; furthermore, dissociation was found to be favored on isolated carbene-like zigzag sites. 
 
1) R. E. Franklin, Proc. Royal Soc. London A 209, 196-218, 1951. 
2) P. J. F. Harris, in Chem. Phys. Carbon, Vol. 28 (L. R. Radovic, Ed.), Marcel Dekker, pp. 1-39, 2003. 
3) L. R. Radovic, “The mechanism of CO2 chemisorption on zigzag carbon active sites: a computational chemistry study, Carbon, 

submitted, 2004. 

31  



4th meeting NanoteC 04 Batz-sur-Mer, 2004 October 10-13 
 

 
 

The Solventless Functionalisation of Carbon Nanotubes 
 

R. Krause, J. Kekana
 

School of Applied Sciences,  Department of Advanced Chemical Technology,  
Technikon Witwatersrand, P. O. Box 17011, Doornfontein, 2028, South Africa 

 
The functionalisation of nanotubes is one of the key hurdles in the application of nanotubes in molecular 

architectures.  It has been known for a while that certain diazonium compounds easily react with the tips and side-
walls of nanotubes forming compounds whose solubility is significantly enhanced, and whose incorporation into 
polymers and composites is therefore quite facile[1]. Traditionally, however, the functionalisation reactions such as 
the diazo-coupling, have suffered from the drawback that large amounts of solvent and long reaction times are 
needed.  Recently it has been shown that novel techniques such as solvent-less or phase-transfer techniques can 
overcome these solubility problems to some extent[2]. 

We have extended this methodology to a range of functionalisation reactions, both in terms of the range of 
functionalization and the techniques used.  We have applied these solvent-less techniques to the oxidation, 
reduction, and diazotization of a number of different carbon-nanotubes.  This allows us to incorporate these 
materials into polymers for use in water purification. 
 
1) J.L. Bahr, J. Yang, D.V. Kosynkin, M.J. Bronikowski, R.E. Smalley, J.M. Tour, J. Am. Chem. Soc., 123, 6536, 2001. 
2) C.A. Dyke, and J.M. Tour, J. Am. Chem. Soc., 125, 1157, 2003. 
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Porous carbon materials, which are usually obtained via carbonization of precursors of natural or synthetic origin 

and followed by activation, are important in many areas such as gas separation, water and air purification, catalyst 
support and energy storage. Mesophase pitch, which has many advantages such as good liquid crystal nature, high 
molecular stacking and high thermal conductivity, is difficult to get porous carbon using normal physical activation for 
its good structural arrangement. Chemical activation can produce high surface area activated carbon from 
mesophase pitch, but will lead to severe environmental pollution. Porous carbon from mesophase pitch was 
synthesized by using template carbonization method in this paper.  

Fumed SiO2 and 5% weight content Fe(NO3)3 was mixed in the acetone. After removal the acetone, SiO2 loaded 
Fe(NO3)3 mixture was got. At the same time, mesophase pitch was dissolved in the pyridine. Then, mixture of fumed 
SiO2 and Fe(NO3)3 was added in the solution of mesophase pitch and pyridine (The ratio of SiO2/ mesophase pitch 
was 4/1). Finally, the pyridine was evaporated under 70oC in the vacuum. The resultant SiO2/ Fe(NO3)3/ mesophase 
pitch composite was heated at 750oC under argon for about 1hour. The residual SiO2 was removed by 3M KOH 
solutions. And then, the resultant carbon was washed with acid and distilled water. After dried at 105oC totally, a kind 
of porous carbon from mesophase pitch was synthesized successfully. 

The surface area and pore structure of the samples were investigated by an automatic sorption analyzer 
(Sorptomatic 1990) using N2 as adsorbate at –196oC. The BET surface area of the samples was determined using 
the data of the N2 isotherms in the relative pressure range of 0.05-0.35. The pore distribution was calculated using 
BJH method. The structural feature was characterized by using X-ray diffractometer (Rigaku, CuKα target). 

The surface area and total pore volume of the sample were 446m2/g and 0.719ml/g respectively. Nitrogen 
adsorption isotherm of the sample was shown in Fig.1. The adsoprtion isotherm was Type IV, having a marked 
hysteresis, which belong to mesoporous carbon. Fig.2 gave the BJH pore distribution of the sample. It can be seen 
that the sample had strong pore distribution at about 1.2nm and 3.5nm. The XRD result was given in Fig.3. The 
sharp splitting peak of (002) reflections at the small scattering angle (2theta, 26o) in the X-ray diffraction indicated 
that the sample had relatively developed graphite structure. That is to say, this kind of carbon has not only nano-
structure but also good thermal and electric conductivity. There are numerous potential applications of this material 
would be attractive, such as adsorption of large hydrophobic molecules, electrochemical double-layer capacitors, 
fuel cell and so on.  

Acknowledgement : A part of this work was supported by “Nanotechnology Support Project” of the Ministry of 
Education, Sports, Science and Technology (MEXT), Japan. 
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Air pollution is partially due to a large panel of volatile organic compounds (VOCs) emitted both by human 

activities and natural production. Anthropic emissions come mainly from industrial, residential and transport 
activities. In order to treat this kind of organic pollution, adsorption (with activated carbon) is commonly used [1]. This 
epuration process is quite efficient and present low-cost. However, high flammability, low lifetime and insufficient 
mechanical firmness of activated carbon, often combined with its limited regenerability, make to explore new ways 
for the elaboration of industrial adsorbents. 

Two ways for the elaboration of new adsorbents are developed based on pyrolysis procedures and Chemical 
Vapour Deposition (CVD). 

The first approach: Starting from porous mineral supports, carbon-like surface layers are chemically attached to 
the mineral bed. For the fabrication the non-catalytic heterogeneous pyrolysis (NC-HP) of different organic 
precursors can be applied. In optimal conditions, pyrolytic hydrophobisation leads to porous structure conservation, 
and high affinities with the surface towards organic compounds. These modified materials present thus an alternative 
type of efficient adsorbents for VOC trapping [2], [3]. 

The second approach: It consists in the application of catalytic pyrolysis (CP) procedure. At high temperature, the 
catalyst surface is conditioning under an inert gaz flow. Then, the synthesis of carbon nanostructure is carried out 
with a reductor gas (H2) and a reactant gas (C2H2) on a catalytic surface containing metallic precursors, such as Co, 
Fe, Ni or oxide catalysts. 

 
 

SEM analysis : Carbon nanostructures on oxide catalyst CoO /γ-Al2O3
 
The new composites are easily regenerable and present higher hydrophobic properties than common actual 

adsorbents. They are distinguishable from others by their higher mechanical resistance. For the best samples, the 
dynamic adsorption capacities are studied for gas flows containing VOCs. These carbon nanostructures should 
permit to treat gas containing a large panel of organic compounds like for example, indoor and confined 
atmospheres such as offices, houses or transport.  
 
1) P. Le Cloirec, Traitement en adsorption de l’air, Techniques de l’Ingénieur, Article G1770, 2003. 
2) L. Majoli, A. Evstratov, J.-M. Guillot, J.-F. Chapat, J.-L. Le Loarer, Zéolithes et alumines hydrophobées : adsorbants alternatifs 

de composés volatils, 20ème Réunion du Groupe Français des Zéolithes, Dijon, France, 2004. 
3) A. Evstratov, L. Majoli, J.-M. Guillot, J.-F. Chapat, J.-L. Le Loarer, Intensive pyrolysis of unsaturated organic precursors over 

acidified oxide surfaces, 16th International Symposium on Analytical and Applied Pyrolysis, Alicante, Spain, 2004. 
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Activated carbon fibers (ACF) are porous carbons with a fiber shape and a well-defined porous structure which 
can be prepared with a high adsorption capacity. The main characteristics and advantages of the ACF are the 
following: i) They have both high apparent surface area and adsorption capacity. ii) They have fiber shape with a 
small diameter (ranging between 10-40 µ), which are very important characteristics for new applications requiring 
higher packing density (i.e gas storage). iii) ACF are light materials and can be easily woven into different fabrics 
(i.e., cloths, felts,…). iv) The pore size distribution of the ACF is narrow and uniform, being essentially microporous 
materials, although mesoporous ACF can also be prepared and v) The narrow diameter essentially eliminates mass 
transfer limitations, being the adsorption-desorption rates very rapid. 

An issue of special relevance for the characterization of the ACF is their fiber shape, since it introduces 
differences on the porous texture compared to the conventional AC. In fact, it is not only important to determine the 
pore volume and pore size distribution of the ACF, but also the distribution of the pores across the fiber diameter, 
what will be a result of the activation process (i.e., activation temperature, activation method, activating agent) and 
the precursor CF used.  Although a remarkable effort has been done on the porosity analysis and structural 
characterization of the ACF, the research on pore distribution within the fibers is scarce and very recent.  

We have dedicated an important effort to analyze the development of porosity in isotropic pitch-based carbon 
fibers and, recently, in anisotropic carbon fibers. These studies showed that, for physical activation, the activated 
carbon fibers (ACF) had a different evolution of porous structure with burn-off depending on the activating gas used 
(steam and CO2). From the N2 and CO2 adsorption data at 77K and 273 K, respectively, and the measurements of 
tensile strength and fiber diameter, it was shown that CO2 essentially develops narrow microporosity (size lower 
than 0.7 nm) and causes a steady decrease in the tensile strength with burn-off, while the fiber diameter does not 
change significantly. In comparison, steam activation results in a wider pore size distribution and, after the initial 
stages of the activation, the tensile strength remains nearly constant and the fiber diameter decreases. From these 
results we speculated that CO2 activation deepens into the bulk of the fiber, whereas steam, focusing the activation 
in the external parts, decreases the fiber diameter and increases the fibre tensile strength. 

The above interpretation was confirmed by analyzing the porosity development across the fiber diameter, on a 
single carbon fiber using µ-SAXS technique that has a lateral resolution of a few micrometers (ESRF, Microfocus 
Beamline, ID13facilities). These results, obtained due to the fiber shape, provide the first direct proof of the different 
activation behavior of CO2 and steam, that cause different pore distribution across de fiber, different fiber diameters 
and different tensile strength.  

Additionally, simultaneous “dynamic” tensile stress and µ-SAXS measurements, performed on  single activated 
carbon fibers, show that strong differences exist in the porosity development depending on the structure of the 
precursor. Thus, porosity development in isotropic carbon fibers, both by physical and chemical activation, is 
isotropic, whereas the porosity produced in anisotropic carbon fibers is strongly anisotropic and dependent on the 
structural features observed at a nanometer scale. 

Consequently, there exists a link between structure of the precursor and porous texture of the ACF which needs 
to be well-understood to optimize the preparation. Moreover, it is essential to be aware of a second relevant issue, 
that is the relationship between porous texture and properties of the ACF, such as adsorption and mechanical 
properties, as it has been mentioned above. An overview of these aspects will be presented in this communication. 

 
Acknowledgements. The authors thank MCYT for financial support (PPQ2003-03884). 
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The template carbonization method consists of the carbonization of organic compound in nanospace of a 

template inorganic substance and the liberation of the resultant carbon from the template. The nanospace imposes 
spatial regulation on carbonization process and as a result such regulation makes it possible to control the structure 
of carbon material at nanometer level by changing either the size or the shape of the nanospace. So far various 
types of unique carbon materials have been synthesized using this method. For example, our group prepared ultra-
thin graphite film from the carbonization of organic polymer in the two-dimensional opening between the lamellae of 
layered clay such as montmorillonite and taeniolite. We found that even a typical nongraphitizable carbon precursor 
such as polyfurfuryl alcohol can be graphitized very well by the template method using layered clay. The case of 
PAN carbon is illustrated in Fig. 1. Then, we demonstrated that the template method can be applied to the synthesis 
of one-dimensional carbon such as carbon nanotubes using an anodic aluminum oxide film as one-dimensional 
template (Figs.2 and 3). Besides carbon nanotubes, using zeolite as a template very unique microporous carbon 
with a structural regularity of zeolite can be synthesized (Fig. 4). In the presentation, our attempt at controlling 
carbon nanostructure by the template technique will be introduced. 

 
Without clay 

 
 
With clay 

   
Fig. 1. Lattice fringe image of PAN carbon 

prepared between montmorillonite layers 
(HTT: 2800) 

 

 
Fig. 2. Carbon nanotubes with a uniform length of  

100 nm. Precise control of the length of carbon 
nanotubes down to 50 nm. 

  
Fig. 3. Complete filling of Ni-Fe alloy 
into carbon nanotubes with a uniform 

length of 300 nm. 

 

 
 

Fig. 4. High resolution TEM image of carbon prepared 
using zeolite Y. This carbon possesses regular  

three dimensional arraystrucuture derived  
from the structure of theoriginal zeolite. 
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The development of a compact, safe and reversible storage for hydrogen is the key point for the development of 

this fuel in transportation applications. Physisorption on a porous solid has receive much attention since it seems to 
be a promising technologies. Physical adsorption has a high energy efficiency and the use of this technology has the 
advantage to easily control the desorption process by temperature and pressure variations. Either experimental or 
theoretical studies have shown that the microporosity was one of the key parameters which influences the hydrogen 
adsorption capacity, with an optimum pore size ranging between 0.7 and 1 nm either for slit or cylinder pores. The 
challenge is then to obtain materials which have a large microporous volume in this pore size range. Ordered 
mesoporous carbons materials which are synthetized by templating procedures have numerous properties which 
may be of interest such as a large microporous volume, and a three dimensional mesoporous network. The aim of 
this study was to determine their hydrogen adsorption capacity at 77 K in a large pressure range, and to correlate 
the results with the physical and chemical properties of these materials. 

The synthesis of ordered mesoporous carbons from silica templates has already been described in previous 
papers [1,2]. The materials were prepared from two mesoporous silica templates, SBA-15 and MCM-48. Three 
different way were used for the synthesis of the carbon itself: chemical vapour infiltration of propylene (sample 
Cpr15-40), liquid impregnation by pitch (samples CB15 and CB48) or sucrose (samples CS15 and CS48) followed 
by a carbonisation treatment. The textural characteristics of the samples was determined from adsorption isotherms 
of N2 at 77 K, and CO2 at 273 K. It was observed that the synthesis method has a great influence on the amount of 
hydrogen adsorbed by the material. The lowest values are obtained with the carbon materials prepared by the gas 
method while the carbons made by sucrose impregnation synthesis lead to the highest. This observation can be 
done whatever the silica template used to build the replica. This results can be related to the porous structure of the 
material. 

In the case of ordered mesoporous carbon materials, it has been shown that there is a direct correlation between 
the CO2 microporous volume of the solid and its capacity to adsorb hydrogen. Such correlation was not obtained 
with the N2 adsorption micropore volume. Physical adsorption of hydrogen on such carbon materials is then clearly a 
process driven by the amount of nanometer sized pores. The characterisation of this microporous volume through 
CO2 adsorption and Dubinin analysis is a good parameter for the evaluation of these new carbon materials. 
 

 

Fig. 1. Adsorption of H2 by nanostructured  
carbon materials 

Fig. 2. influence of textural parameters on H2  
adsorption materials at 1 MPa. 

 
1) C. Vix-Gutterl, S. Boulard, J. Parmentier, J. Werckmann, J. Patarin, J. Chem. Lett., 10, 1062, 2002. 
2) C. Vix-Guterl, S. Saadallah, L. Vidal, M. Reda, J. Parmentier, J. Patarin, J. Mater. Chem., 2535, 2003. 
3) J. Parmentier, S. Saadallah, M. Reda, P. Gibot, M. Roux, L. Vidal, C. Vix-Guterl, J. Patarin, J. Phys. Chem. Sol., 65, 139, 2004. 
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It is well accepted that the performance of carbons in supercapacitor electrodes or for hydrogen storage is highly 
controlled by their porous texture. There is an important ongoing research effort to optimize carbons for these 
applications, especially attempting to correlate the storage capacity with pore size [1-2]. Unfortunately, with activated 
carbons, it is impossible to match correctly the pores dimensions, and these materials are often characterized by a 
broad pore size distribution. Nanostructured carbons prepared by a template technique using silica hosts such as 
MCM-48 and SBA-15 allow such drawbacks to be largely circumvented. 

The first step of the process is the infiltration of the carbon precursor (sucrose, pitch) in the pores of the host, 
followed by pyrolysis under neutral atmosphere. An alternative route is the chemical vapor decomposition of 
propylene. In a second step, the silica matrix is dissolved in HF in order to recover the nanostructured carbon. The 
carbons are characterized by an interconnected network of micropores and well-tailored mesopores, the latter being 
the former walls of the silica host. In the case of the carbons prepared by impregnation with an aqueous sucrose 
solution, a well-developed ultramicroporosity is detected due to autoactivation by gas evolution during the 
carbonization process. The electrochemical characteristics of the various carbons have been correlated with their 
structural/microtextural parameters, checking two applications, e.g. supercapacitor electrodes and electrochemical 
hydrogen storage. 

Two-electrode supercapacitors have been built both in aqueous (1 mol.L-1 H2SO4 or 6 mol.L-1 KOH) and organic 
(1 mol.L-1 TEABF4 in acetonitrile) solutions. In both media, we have found a perfect linear relationship between 
capacitance and the ultramicropores (< 0.7 nm) volume measured by CO2 adsorption. Taking into account the 
respective size of ultramicropores and solvated ions, only non solvated ions can be adsorbed in the case of the 
organic medium. Moreover, from the impedance spectroscopy measurements, we have observed that the 
capacitance values remain quite high up to 1 Hz.  

Hydrogen storage in electrodes from the template carbons has been investigated through the 
electrodecomposition of KOH aqueous solutions by means of galvanostatic and voltammetry techniques. Applying a 
negative polarization, the electrical double layer is firstly charged, and once the electrode potential becomes lower 
than the equilibrium potential, hydrogen in the zero oxidation state is formed, then adsorbed physically (Had) onto the 
carbon surface, and finally diffuses in the bulk of the carbon material. Due to the high overvoltage value in KOH (η= 
0.55 V), a noticeable amount of hydrogen is stored by this process. The linear dependence detected between the 
amount of electrochemically stored hydrogen and the ultramicropores volume demonstrates that ultramicropores 
play also a crucial role in adsorption. 

In both processes, ultramicropores are highly efficient for adsorption, provided that they are regularly distributed 
and well interconnected with supermicropores and/or mesopores, that allows a quick charge propagation from the 
electrolyte to the active surface of carbon (Figure 1 presents capacitor voltammograms of carbon from sucrose CS48 
in acidic medium at two different voltage  scan rates 2 and 10 mV/s).  
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1) K. Jurewicz, C. Vix-Guterl, E. Frackowiak, S. Saadallah, M. Reda, J. Parmentier, J. Patarin, F. Béguin, J. Phys, Chem. Solids 

65, 287, 2004. 
2) C. Vix-Guterl, E. Frackowiak, K. Jurewicz, M. Friebe, J. Parmentier, J. Patarin, F. Béguin Chem. Mater, in press, 2004. 
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We have used the Grand-Canonical Monte-Carlo technique (GCMC) to simulate the vapor deposition of carbon 

in various nanopores including zeolites (silicalite, AlPO4-5) and MCM materials (MCMC41 and MCM48). The 
carbon-carbon interactions is described within a Tigh-Binding formalism (TB) and the carbon-matrix interactions are 
assumed to be physisorption. At a first stage, we study the pore filling mechanism at various temperatures simulating 
the adsorption isotherm (amount of carbon in the pores versus the chemical potential) for different pore structures. In 
the particular case of AlPO4-5 zeolite, we give evidence for a three step mechanim: chain, close-loop-containing 
chains and eventually an ultra small nanotube of 0.4 nm in diameter (see Figure 1), in agreement with the 
experiments of Wang et al [1]. In the case of silicalite, we obtain interconnected carbon wires similar to those for 
selenium [2]. 
 

Fig. 1a 
 

 
 

Fig. 1b 
 

 
 

Fig. 1c 
 

 

 
Fig. 1abc. Equilibrium configurations for carbon adsorption in AlPO4-5 zeolite  

along the adsorption isotherm at 1000 K. 
 
Thus, depending on the pore size and topology, various carbon nanostructures are obtained. At a second stage, 

these structures are subsequently relaxed without the host matrix in order to study their intrinsic stability and 
electronic transport properties. 
 
1) Wang N., Tang Z. K., Li G.D., J.S. Li, ’Single-walled 4 Å nanotube arrays, Nature’ 408, 50-51, 2000. 
2) Bichara C., Pellenq R. J.-M., Raty J.-Y. ,’Adsorption of selenium wires in silicalite-1 zeolite : a first order transition in 

microporous solids’, Phys. Rev. Lett., 89, 16102-16106, 2002. 
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Because of their excellent physicochemical properties as electron field emitters, carbon nanotubes (CNTs) are 
under extensive research aiming at their practical use in various vacuum electronic devices such as field emission 
displays (FEDs) and X-ray tubes.  Here, field emission properties of CNTs revealed by field emission microscopy 
(FEM) and by in-situ transmission electron microscopy (TEM) are reported, and our recent development in 
fabricating a CNT cathode for field emission display (FED) is also presented. 

1. FEM of CNT Field Emitters 
FEM experiments were carried out in an ultra-high vacuum using multiwall carbon nanotubes (MWNTs) produced 

by electric arc discharge.  Six pentagonal rings were observed in FEM patterns from a MWNT with clean surface, 
indicating preferential emission from pentagons [1].  It should also be noted that interference fringes are observed 
between the neighboring pentagons.  The fringe spacing was inversely proportional to the square root of the 
accelerating voltage, and the visibility of fringes increased with the accelerating voltage, which can be explained in 
terms of the reduction of a virtual source size [2]. 

We carried out FEM study in controlled atmosphere of various gases, H2, CO, N2, O2 and Ar at 1×10-8 Torr.  All of 
the gas species studied enhanced the electron emission by their adsorption, though the degree of enhancement 
depends on the molecules (e.g., the larger the enhancement is, the larger the molecular size) [3]. 

2. In-situ TEM of Field Emission from CNTs 
For in-situ TEM study of field emission from CNTs, a special sample holder in which a CNT cathode and an 

anode plate were electrically isolated and moved independently was employed.  As shown in Fig. 1, MWNTs, which 
were randomly oriented without electric field, were gradually raised with the increase of applied field and finally stood 
perpendicularly to the electrode at ca.100 V/15µm.  When the applied voltage was reduced to zero, the orientation of 
MWNTs reversely returned to their original directions.  Most of the CNT emitters behaved reversely with the increase 
and the decrease of the applied voltage, though some CNTs were occasionally broken during electron emission [4]. 
 
                  a)                                                                 b) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. TEM images of MWNT cathode (upper electrode).  Gap between the cathode and the anode (lower 
electrode) is 15µm.  (a) Applied voltage is 0 V, and (b) 100 V. 

 
3. Emission Enhancement of Web-Like CNT Cathodes by Laser Irradiation 

A surface of MWNT layer grown by thermal-chemical vapor deposition was irradiated by excimer-laser in order to 
obtain uniform emission at lower driving voltage [5].  The as-prepared MWNT layers formed a networked structure, 
i.e., MWNTs were entangled with each other like a web, and tips of MWNTs were distributed over the surface of 
network-like layer.  After the laser irradiation, the number of MWNT tips increased and the tips created by laser 
irradiation had sharp edges and clean surface.  At the optimum energy density of laser irradiation, the emission was 
greatly enhanced, and the uniformity of emission was also improved. 
 
1) Y. Saito et al., Jpn. J. Appl. Phys., 39 (4A), L271, 2000. 
2) K. Hata et al., J. Vac. Sci. & Tech. B 22, 1312, 2004. 
3) K. Hata et al., Ultramicroscopy, 95, 107, 2003. 
4) K. Seko et al., Presented at the 23rd Electronic Materials Symp. (Izu-Nagaoka, Japan, July 7-9, 2004) 
5) J. Yotani et al., Jpn. J. Appl. Phys. 2004, in press. 
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According to T. Utsumi1, vertically aligned cylindrical columns presents the ideal shape for field emission. For 
such emitters, the geometrical electric field enhancement at the emitter apex can be very high, which leads to 
electron emission at low voltage. 

We have studied arrays of two different types of aligned columns : first, metallic Nanowires2 grown at room 
temperature by electrodeposition into nanoporous templates; second, carbon Nanotubes/Nanofibers3 (CNs) grown 
by catalytic plasma enhanced chemical vapour deposition. 

The Nanowire fabrication process allows to grow stochastic arrays of 2 µm height and 20 nm diameters vertically 
aligned Cobalt Nanowires with a predetermined density (see fig.1). Such array emit a current density of 100 mA/cm2. 
As this type of array is grown at room temperature with a large area fabrication process, we think that this technology 
is particularly adapted to Field Emission Display requirements. 

The CN fabrication process leads to the growth of a regular array of 5 µm height and 50 nm diameter vertically 
aligned emitters (see fig.2). Individual CN can emit up to 100 µA and a current density of 1.2 A/cm2 has been 
obtained at 1.5 GHz from a 0.5 x 0.5 mm CN cathode. 

These results demonstrate that Carbon Nanotubes/Nanofibers are excellent candidates for a new generation of 
cold cathodes which may be used in electron devices as Microwave amplifiers. 

 
This work has been partially funded by the European Commission through the IST-FET projects NANOLITH and 

CANVAD. 
 

  
Fig. 1. Array of 2.1 µm height and 22 nm diameter 

Cobalt Nanowires 
Fig. 2. Array of 5 µm height and 50 nm diameter 

CNs 
 
1) T. Utsumi et al., IEEE Transactions on electronic devices, 38, 2276, 1991. 
2) L. Vila et al., Nanoletters, 4, 521, 2004. 
3) K. Teo et al., Nanotechnology, 14, 204, 2003. 
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The replacement of carbon atoms with nitrogen ones in graphite layers of carbon nanotubes can result in 
changing of electronic structure of nanotubes and their chemical and physical properties. CNx nanotubes were 
synthesized by chemical vapor decomposition (CVD) of acetonitrile on catalytic particles. The catalysts were 
prepared by thermal decomposition of Ni and Co bimaleate or their solid solutions with Ni/Co ratio of 3:7, 1:1 and 
7:3. The CVD technique for synthesis of carbon nanotubes was described elsewhere [1]. At first, alundum boat with 
the catalyst was placed into the cold part of the reactor. The reactor was pumped, filled with argon and heated to the 
temperature of 8500С. After that, the bimaleate powder was placed into the hot part of reactor. When bimaleate has 
been decomposed with formation of metal nanoparticales, acetonitrile vapor was inserted into reactor. The duration 
of the synthesis was about 1 h resulted in black-grey grains.  

The samples were characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD) and X-ray 
photoelectron spectroscopy (XPS). TEM has shown the synthesized materials to contain carbon nanotubes, catalyst 
particles, and amorphous carbon. The multiwall nanotubes have a constant thickness along tube. The greatest 
contents of nanotubes were observed in a sample produced using Ni and Ni/Co 1:1 catalysts. The nitrogen content 
in the samples was estimated by XPS. The samples produced with Ni and Ni/Co 1:1 catalysts were found to contain 
the greatest quantity of nitrogen (about 1.2 %). The splitting of N1s-line was revealed to be changed with a variation 
of the catalyst content that specifies realization of different chemical states of nitrogen in the samples. An 
assignment of N1s-spectrum maxima to any type of nitrogen was carried out by the results of first principle 
calculations on the models using 3-21 G basis set. It was shown, that high-energy maximum of N1s- spectrum could 
be attributed to nitrogen atoms replacing carbon ones in graphite network, and the low-energy maximum 
corresponds to two-fold coordinated (pyridine-like) nitrogen. The relative content of different types of nitrogen atoms 
was estimated with deconvolution of the spectra on the Gaussian-shape lines. The maximal content of pyridine-like 
nitrogen was revealed for the sample produced on Ni/Co 1:1 catalyst.  

The autoemission performances of the samples were carried out in a diode mode at a vacuum ~   5·10-4 Pa and 
room temperature. It was revealed, the voltage thresholds decrease with increasing of nitrogen content in carbon 
nanotubes. The best autoemission properties were found for nanotubes which were formed over the Ni and Ni/Co 
1:1 catalysts. The threshold of emission current appearance is determined by the content of three-coordinated 
nitrogen in the sample. The recorded results were correlated with result of the quantum-chemical calculations on the 
models of nitrogen-doped carbon tubes. The nitrogen atoms replaced the carbon ones in the graphite network were 
found to provide decrease of the ionization potential of carbon nanotubes and thus improvement of electron emission 
characteristics. 

The electrochemical properties of the synthesized materials were examined. The working electrodes were 
formed from carbon composites with teflon binder on nickel mesh. The metallic Li was used both as auxiliary and 
reference electrodes. The solution of lithium perchlorate in propylencarbonate was used as electrolyte. The 
measurements were carried out in an argon atmosphere. The CVD carbon nanotubes were shown to have 
significantly higher capacity than that of the graphite. The most uniform electrochemical performances were found for 
nanotubes, synthesized with the Ni/Co 1:1 catalyst. The morphological features of nanotubes, namely high 
defectness, could be responsible for high lithium-ion capacity.  

The work was financially supported by the RFBR (grants № 03-03-32286, 03-03-32336) and grant of the 
president of Russian Federation for leading scientific schools No. 1042.2003.3.  
 
1) A.G. Kudashov et al., Physics of the solids state (Rus), 44, 626, 2002. 
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This talk will present a review on the understanding of the role of the metal catalyst in the nucleation and growth 
of C-SWNTs. Experimentally, the similarities between the samples synthesized from different techniques - high 
temperature routes (vaporization of a graphite-metal target), medium tamperature routes (CCVD), observed in 
transmission electron microscopy, suggest a common growth mechanism. In each case, SWNTs can be found 
isolated or self-assembled in crystalline bundles [1,2]. Analyses of samples, synthesized from different high 
temperature techniques, strongly suggest a root-growth progress, where at high temperature metallic catalyst 
particles condense in a liquid state which dissolve significant amounts of carbon. Then at lower temperatures  the 
solubility of carbon decreases and carbon segregates to the surface to form tube embryos and finally nanotubes 
through a nucleation and growth process.The nucleation is enhanced by the addition of rare earth metal such as Y, 
La, Ce Gd to the metal catalyst [2]. 

To go beyond this phenomenological approach Tight - Binding Monte Carlo simulations are performed in order to 
simulate the nucleation of a C-SWNT on a metallic (Ni) substrate. A minimal basis is used to obtain a transferable 
TB parametrization of the C-C, Ni-Ni and Ni-C interactions applicable to binary systems. We have investigated the 
adhesive properties of C on Ni surface to explain the key role played by the metallic surface and have demonstrated 
the effect of carbon atoms on the catalytic activity of Ni surfaces. We have also studied the first stage of the 
nucleation process and modelized the self organisation of carbon atoms at the surface of the particle. 
 
1) J. Gavillet, A. Loiseau, C. Journet, F. Willaime, F. Ducastelle and J.-C. Charlier, Phys. Rev. Lett., 87, 27, 2001. 
2) J. Gavillet, J. Thibault, O. Stephan, H. Amara, A. Loiseau, C. Bichara, J.-P. Gaspard and F. Ducastelle, J. Nanosci, Nanotech., 

4, 346, 2004. 
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The feasibility of the Hot Filament assisted CVD (HFCVD) technique to favour the catalytic growth of carbon 

nanotubes has been investigated and applied to the fabrication of self assembled devices.  
Before the synthesis, substrates were capped with a Co catalyst thin film with thickness ranging from 0.5 nm to 

10 nm. Typical synthesis parameters were a 5-20 vol. % methane proportion in hydrogen, a 750-850 °C substrate 
temperature and a 1900-2100°C filament temperature. Thanks to the possibility to vary both the Co layer thickness 
and the deposition parameters, the process was successfully applied to various substrates such as Si, Ti, Nb, 
sapphire…. 

Control of the deposition was ensured by in situ real time optical measurements of the reflectivity and elastic 
scattered light of a He-Ne laser radiation (633 nm) focused onto the substrate. 

With the aim to optimise the crystallographic structure and purity of the CNTs, a systematic study of the substrate 
preparation and synthesis conditions has been undertaken. All the sample were characterised by on site Raman 
spectrometry and HRSEM observations. More over, dedicated as grown samples were also characterised by 
HRTEM.   

During the syntheses on Si wafers, real time measurements of the evolution of the reflectivity and elastic 
scattering of light have allowed us to get information about the carbon nanotube growth kinetic and its dependence 
on the catalyst film thickness and synthesis parameters. More over, syntheses undertaken for different deposition 
time gave insight into the kinetic steps leading to the CNT formation.    

Depending on the nature and geometry of the substrate, on the thickness of the Co catalyst top layer and on the 
synthesis conditions, self assembled single wall (SWNT) or double wall (DWNT), in bundles or isolated, were 
connected to neighbouring Si or metallic electrode or to facing edges of Si3N4 membranes (fig. 1). With same 
synthesis conditions, CNT bundles were self assembled successfully at the apex of sharp Si or metallic tip (fig. 1). 

By the way, it will be shown that the HFCVD growth technique is well adapted to self assemble carbon 
nanotubes in the limit of a single one for the fabrication of electrical circuits, such as Field Effect Transistors [1] and 
tips for Atomic Force Microscopy measurements or field emission application. 

 
 

200 nm 

Ti 
200 nm Si3N4

200 nm 
 
 
  

 
 
 
 

Fig. 1 : HFCVD self assembled carbon nanotubes wired to Ti electrodes (left), suspended between  
Si3N4 membrane edges (middle), free ended at the apex of a Si tip (right) 

 
1) L. Marty, V. Bouchiat, C. Naud, M. Chaumont, T. Fournier, A. M. Bonnot, Nanoletters, 3, 1115, 2003. 
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Gas-phase synthesis has been proven a viable route to abundant and selective production of single-walled 

carbon nanotubes (SWCNTs) [1]. Several catalyst and carbon precursors have been succesfully introduced, but the 
information regarding the importance of the process parameters (e.g. temperature and residence time) is very 
limited. The aim of this work is to characterise the effect of the process conditions on the aerosol synthesis of 
SWCNTs,  

SWCNTs were produced via an aerosol method in a vertical ambient pressure laminar flow reactor. Catalyst 
nanoparticles were obtained from ferrocene (vapour pressure p=0.7 Pa) and iron pentacarbonyl (p=0.3-4 Pa) vapour 
decomposition and were utilised in combination with CO (p=1 atm) and ethanol (p=200 Pa in N2) to produce 
SWCNTs. Experiments were carried out at 800-1300ºC with the average residence time of 3-6 seconds in the 
reactor. The product properties were studied by TEM imaging and on-line aerosol number size distribution 
measurements with a differential mobility analyser combined with a condensation particle counter (DMA-CPC). The 
metal catalyst particle size was controlled by the metal precursor vapour concentration, the rate of particle formation 
via temperature of metal precursor feed, and the residence time.  

Iron pentacarbonyl decomposition in CO led to excessive catalyst particle growth and yield of SWCNTs was low 
at all studied conditions. The morphology of the product from ferrocene decomposition experiments varied 
depending on the carbon precursor and reaction temperature, i.e. abundant SWCNT formation was observed in CO 
atmosphere between 900-1150ºC (Fig. 1A), while ethanol decomposition resulted in the formation of SWCNTs at 
950ºC and carbon fibres at 1150ºC. SWCNT yield was dependent on the reactor temperature, the highest yield  
obtained at the highest studied temperature. The SWCNT length could be varied via the residence time, i.e. 
decreasing the residence time in the reactor decreased the SWCNT length, eventually leading to formation of 
SWCNT nuclei only (Fig. 1B). Appropriate reactor wall condition was found essential for the SWCNT formation. 
Unsaturation of the walls resulted in iron evaporation and deposition to the walls. However, partial evaporation of 
metal was found advantageous due to reduction of the catalyst particle size and providing a carbon supersaturated 
condition in the catalyst particles. Conditions of excessive particle growth (e.g. hydrogen containing atmosphere) 
were found inactive for SWCNT formation.  
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A
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Fig. 1. A) Overview of the SWCNT product from ferrocene and CO. B) HR-image of the SWCNT nucleus.  
 
SWCNT formation and growth mechanisms in the present aerosol set-up are proposed based on detailed 

characterisation of the reactor conditions via computational fluid dynamics calculations (CFD) and analysis of the 
experimental data. The utilisation of the on-line aerosol number size distribution measurement as a detection tool for 
SWCNT formation is presented for the first time. 
 
1) A. Moisala, A.G. Nasibulin, E.I. Kauppinen, J. Phys.: Condens. Matter 15, 42, S3011-S3035, 2003. 
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Template-directed syntheses have been broadly  applied to the creation of macroporous ceramics and polymers 

[1]. The extension of such methods to carbons is of particular interest. Carbon crystals containing large internal 
surface areas could be used in numerous applications, ranging from electrochemical sensors to membranes. The 
goal of this work is to prepare macroporous carbon crystals with a well-controlled thickness. First, opals of 
monodisperse silica spheres have been elaborated using the Langmuir-Blodgett technique [2]. In fact, successive 
transfers onto a solid substrate of pre-organized two-dimensional arrays of submicrometer silica particles at a 
gas/liquid interface allow the formation of three-dimensional colloidal crystals with a perfectly controlled number of 
layers. Opal carbon replicas are then produced by infiltrating into the porous matrix of synthetic opals by the 
chemical vapor deposition (CVD) method of methane gas and removing silica spheres by hydrofluoric acid. Carbon 
replicas exhibit both a well-defined thickness and cavities which match the size of the starting silica colloids and 
retain their close-packed ordering (fig. 1). 

 
 

 
 

Fig. 1. Cross-sectional SEM views of a macroporous carbon film with 1100± 25 nm voids. 
 
Besides these carbon replicas were treated at 2500°C for 1.5 hours under a neutral atmosphere. The 

hydrocarbon microstructure has been investigated thanks to Raman spectroscopy. In particular, it has been shown 
that the intensity ratio between the so-called “D and G” lines is different before and after the heat treatment, 
indicating a structural change for these carbon films. 
 
1) O. Velev et al., Nature, 389, 447, 1997. 
2) S. Reculusa et al., Chem. Mater., 15, 598, 2003. 
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Experimental studies on the respiratory toxicity of multi-wall carbon nanotubes. 
 

D. Lison 
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We have examined the potential toxicity for the respiratory tract of multi-wall carbon nanotubes synthesised by 
catalytic decomposition of hydrocarbons (CNT) in a rat bioassay and in cell cultures. First we examined the 
biopersistence of CNTs in the rat lung because it is generally accepted that particles that low clearance from the 
respiratory tract is a crucial element of toxicity. Two months after a single intratracheal instillation of 2 mg CNTs 
about 80% of the material was still present in the lungs. The biopersistence of ground CNTs was reduced to about 
40%, indicating that the size is an important determinant of the biological reactivity. 

The capacity of CNT to elicit an inflammatory lung reaction was compared  with the response induced by carbon 
black and asbestos fibres. Three days after a single intratracheal administration of CNT(0.5, 2 and 5 mg/ animal) 
several markers of inflammation (LDH, proteins, neutrophils in bronchoalveolar lavage, TNFα) indicated that these 
particles, intact or ground, induced an alveolitis, although to a lesser extent than asbestos. The delayed response to 
CNT was characterised by the formation of granulomas and an associated fibrotic reaction that was mainly localised 
to foci of particle aggregates. The fibrotic response to ground CNTs was less severe and more disseminated in the 
lungs than for intact CNTs, probably reflecting the better dispersion of ground CNTs in the lungs. 

In vitro, we examined the capacity of CNTs to activate the macrophage, which is a crucial cell type in the control 
of lung inflammation and fibrosis. Both types of CNTs stimulated the expression of TNFα by cultured macrophages. 
Ground CNTs were apparently more active, probably reflecting a better dispersion in the cell culture medium and a 
better contact with the cellular targets. 

Overall, the results indicate that if CNTs reach the respiratory they have the potential to induce, like asbestos, an 
inflammatory and fibrotic reaction. 
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Irradiation damage in graphite has been the subject of intensive research in the latter half of the twentieth 

century, driven by nuclear applications. Nevertheless, even parameters as fundamental as the interstitial and 
vacancy migration energies are still controversial.  In general the reason for this is inherent in the usually poor quality 
of graphite crystals and its delocalized π system which frustrates many characterization techniques common in 
semiconductors. In particular, it is because indirect measures of irradiation damage (changes in crystal dimensions 
and in electrical and thermal resistance) have been directly attributed to point defects or small clusters thereof [1]. 

First principles calculations of the structure and energetics of irradiation damage defects afford a direct 
interrogation of point defects and their clusters. In previous work [2] we have shown that the ground state of the self-
interstitial is a spiro form bonding between graphene sheets, forming a core of five carbon atoms analogous to the 
spiropentane (apex sharing triangles) structure. A basal shear of approximately 0.7Ǻ along a <11-20> direction is 
required for this, and this provides the strong interaction with basal dislocations.  

The vacancy migration energy has been found to be 1.7 eV, much lower than the experimental value (3 eV), but 
it was proposed this could be reconciled if intervacancy binding is taken into account (either across planes as in [2] 
or in-plane third neighbour interactions as in [3]). The interlayer binding can also give rise to shearing forces between 
planes. 

We apply density functional pseudopotential supercell calculations (AIMPRO code) where the wavefunctions are 
expanded in a Gaussian basis, the charge density in a plane wave basis and the pseudopotential of Bachelet, 
Hamann and Schlüter-type for carbon and Troullier-Martins type for boron. Geometry optimization is performed by 
the conjugate gradient method. 

We find an interstitial formation energy of 5.5 eV and vacancy formation energy of 8.3 eV, giving a Frenkel pair 
energy of 13.8 eV in good agreement with 14 eV obtained from experiment [1]. Our initial calculations on the 
migration of an interstitial give a ca. 1 eV barrier, which leads us to suspect that the experiments giving apparent 
migration energies in the range 0.02 to 0.5 eV [1] are complex, secondary effects of interstitials such as shear and 
buckling of graphene planes. Preliminary geometry optimization on basal dislocations demonstrate that shear and 
buckling can give rise to substantial dimensional changes. Dislocations involve mismatch between lattice planes, 
which means that planes must either stretch or compress to accommodate the mismatch. For graphene planes the 
easy deformation is compression by buckling. 

The direct evidence comes from electron microscope observations of the growth of interstitial prismatic 
dislocation loops and reveals an activation energy of ca. 1.2 eV [4] 

Ref. 4 suggests that boron traps self-interstitials (figure 1), giving the large apparent migration energy – we have 
confirmed that such a trap exists with a trap energy of 1.1 eV, rather close to the experimental activation energy, but 
release rate from this trap could involve an activation barrier, which is the subject of further investigation.  

 

 
Figure 1. Self-interstitial pinned at a boron impurity 

 
Similarly, the vacancy is trapped by boron (Figure 2) with a trap energy of 2.7 eV, providing yet another possible 

cause for the elevated vacancy migration energy observed in experiment. The activation barrier for release from this 
trap is also under investigation. 
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Fig. 2. Lattice vacancy pinned at a boron impurity 
 
The energetics of point defects in graphite and historical interpretation of many experiments on them could be 

need of revision in the light of first principles calculations, especially questioning the origin of indirect measures of 
radiation damage and of the role of boron. 

Acknowledgements : We thank the UK Science and Engineering Research Council, British Energy plc and BNFL 
plc for generous financial and computational support. 
 
1) Thrower PA, Mayer RM. Point Defects and Self-Diffusion in Graphite. Phys. Stat. Sol. (a), 47, 11-30, 1978. 
2) Telling RH, Ewels CP, El-Barbary AA, Heggie MI, Nature Materials, 2, 333-337, 2003. 
3) Ewels CP, Heggie MI, El-Barbary AA, Gloter A, Telling RH, Goss JP, Briddon PR. Mechanical Behaviour of Intrinsic Point 

Defects in Graphite and Carbon Nanostructures (this conference). 
4) Brown LM, Kelly A, Mayer RM, The Influence of Boron on the Clustering of Radiation Damage in Graphite II. Nucleation of 

Interstitial Loops. Phil. Mag., 18, 721-741, 1968. 
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Optically/electronically active blends of single walled carbon nanotubes (SWNTs) and conjugated polymers 

(MEH-PPV, PFO, PEDOT, P3OT, etc.), also known as charge transfer nanocomposites, exhibit a fascinating array of 
opto-electronic phenomena not found with the pure conducting polymers.  Over the past two years, we have 
demonstrated that modifications to the conjugated polymer’s transport properties and optical response can be 
interpreted directly from a simple band model with isolated gap states.  These “donor-acceptor” states associated 
with the high aspect ratio nanotubes can be used to provide significant enhancements to the performance 
characteristics of organic devices.  Specifically, enhanced electro-luminescence yields and resistance to photo-
oxidation of the polymer has been observed for a variety of polymer systems.  This resistance to photo-oxidation 
(and subsequent resistance to interfacial degradation) has also been observed in photovoltaic cells along with an 
increase in overall conversion efficiency for systems that form “shallow” trapping states with the SWNTs. While this 
is thought to be related to suppression of the triplet exciton in the polymer host, by the SWNT, the exact dynamics of 
the process remains unclear.  Recent results examining photo-sensitive noise in electronic transport, injection 
dynamics, and exciton lifetimes coupled with the emergence of doped nanotubes suggest a much more complex 
model for the nature of the nanotube - electro-active polymer interface. Ultimately, a range of nanocomposite 
devices previously not considered viable in organics, may now be realized. 
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The goal of the present work was, first, to check the efficiency of multi-walled carbon nanotubes (MWNTs) as 
fillers in a thermoplastic matrix in the rubbery state, and then, to validate the interest of in-situ a.c. electrical 
measurements under large strain testing. In order to realize this study, model systems were elaborated and tested. 
MWNTs were dispersed in water using an anionic surfactant. This stable suspension was mixed with an aqueous 
suspension of polymer, i.e. a latex, in order to produce composite films. 

In addition to the mechanical reinforcement that they induce, carbon nanotubes, which are good conductive 
fillers, allows the composite to be conductive beyond a certain filler content, called the "electrical percolation" 
threshold. This threshold depends on the fillers geometry and so, on their dispersion state within the matrix. In order 
to well-understand the microstructural evolution of these materials during the tensile test, a.c. electrical conductivity 
for different frequencies was followed in-situ. Fig. 1 shows the experimental device that have already been 
developed by Flandin et al. [1] for other polymer composites filled with conductive nano-objects. Such studies have 
highlighted the fact that the variation of the real part of the conductivity is related to damage of the percolating 
network, whereas the imaginary part reflects more particularly the global rearrangement of the fillers in the matrix. 

A quantitative analysis of the nanocomposites microstructure was performed by image analysis on TEM 
micrographs. Different morphological parameters (diameter or curvature radius of the MWNTs) were recovered and 
used to develop a modeling approach based on the discretization of carbon nanotubes. A network of randomly 
oriented flexible objects was generated in a representative elementary volume. The interest of this approach is that 
with analyzing contacts and interactions between fibers, it will allow to model electrical properties (percolation 
aspect…) and mechanical behavior of such "nano-entangled" materials. 

 
 

 
 

Fig. 1. Schematic representation of (a) the experimental device and (b) electrodes and sample preparation [1]. 
 
1) L. Flandin et al., Comp. Sci. Tech., 61, 895, 2001. 
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With a highly promising application potential carbon nanotubes (CNTs) [1] are attractive building blocks for the 
development of a future nanotechnology resulting in novel materials and devices of great practical interest [2]. One 
strategy to achieve this goal is the fabrication of CNT/polymer composites with enhanced functionality [3-5]. Beside 
enhanced operational functionality in CNT/polymer composites, a major point towards device applications is their 
processability. Favourable interactions between CNTs and the polymer matrix as well as the solubility of the whole 
composite are the two key factors. In this sense, the electroactive conducting polymer Polyaniline (PANI) is of 
particular interest: The ease of synthesis, the high degree of processability, the low synthetic costs, the 
environmental stability, the low synthetic costs, the large number of intrinsic redox states give PANI a considerable 
technological importance [6,7]. Therefore, the use of PANI as matrix material for CNT based composites deserves 
further scrutiny. 

PANI/CNT composites have been prepared by using an in-situ approach, i.e. polymerization of aniline in the 
presence of CNTs. The CNTs were well graphitized straight multi-wall carbon nantoubes (MWNTs) from arc-
discharge experiments [8]. A soluble CNT/PANI composite powder was obtained which can be processed into blue-
colored tranparent films of use in further applications. 

The composite was characterized by electron microscopy, infrared and Raman spectroscopy, thermogravimetric 
analysis, conductivity, and fluorescence. Enhanced π-π* interaction between the pi-bonded surface of the CNTs with 
PANI has been observed by IR and Raman spectroscopy. This leads to enhanced thermal stability of PANI. The 
conductivity of the composite is largely determined by the CNTs thus rendering the non-conducting PANI into a 
thermally stable, conducting soluble composite material. Although showing a drastically increased conductivity, 
fluorescence of the composite is preserved. This is of great importance for the development of improved 
optoelectronic devices. 
 
1) M.S. Dresselhaus, G. Dresselhaus, Ph. Avouris, Eds., Carbon Nanotubes: Synthesis, Structure, Properties and Applications, vol 

80 (Springer, Berlin, 2001. 
2) R.H. Baughman, A.A. Zakhidov, W.A. de Heer, Science, 297, 787, 2002. 
3) S. A. Curran et al., Adv. Mater, 10, 1091, 1998. 
4) J.N. Coleman et al., Phys. Rev. B 58, 7492, 1998. 
5) H.S. Woo et al., Synth. Met. 116, 369, 2001. 
6) A.G. Macdiarmid, Synth. Met. 125, 11, 2002. 
7) T.A. Skotheim, R.L. Elsenbaumer, J.R. Reynolds, Eds., Handbook of conducting polymers, 2nd ed. pp. 823-961 (Dekker, New 

York), 1998. 
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Carbon nanotubes (CNTs) exhibit a number of interesting properties that make them viable candidates for 

applications in microelectronics. In particular, the availability of both metallic and semiconducting species for 
transistors and interconnects, respectively, means that the most important building blocks of microelectronics are 
accessible. However, silicon technology has set some definite conditions for large scale integration and 
manufacturing that have to be satisfied by any competing technology: Devices must be adequate for integration, a 
large number of devices must be fabricated at the same time, downscaling of lateral dimensions must be feasible, 
and modular processing must be possible at yields close to 100% for each individual processing step. In this paper 
state-of-the-art carbon nanotube production and placement procedures will be assessed with respect to these 
requirements. The first application result for interconnects will be presented that involves the replacement of metal 
via plugs between two conductive layers by carbon nanotubes. Likewise, semiconducting single-walled carbon 
nanotubes will be compared to advanced silicon MOSFETs. A vertical CNT transistor concept will be discussed that 
enables the combination of well known microelectronics fabrication techniques with catalyst mediated CVD growth of 
CNTs and results in a new 3-dimensional integration scheme. Finally, a power device is presented that is produced 
with state-of-the-art deposition techniques and is capable of driving LEDs and small motors. 
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We will present a short review of the recent advances in nanotube electronics and focus the discussion on the 

general properties of the metal-nanotube contacts. In particular, we will describe the operation of ambipolar 
nanotube transistors, in which the current originates from either electrons or holes depending on the gate field. In 
this device, the metal-nanotube Schottky contact barrier is large, but the 1D nature of the junction enables efficient 
charge injection by tunnelling through the barrier. This process will be discussed in detail. More importantly, a strong 
bipolar conduction can be generated in those devices under specific operating voltages, which lead to a weak 1D 
electroluminescence process in the nanotube. The radiative recombination nature of the emission is confirmed by 
measurements of its spectrum, its polarization, and the dependence of its intensity on applied bias. To our 
knowledge, this unique nanotube device represents the smallest electrically pumped optical emission source. This 
work opens up new possibilities for studying fundamental carrier interactions in 1D. 
 
1) Work done at IBM in collaboration with J. Misewich, J.C. Tsang, M. Freitag and Ph. Avouris 
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Electronic properties of BN nanotubes  
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Optical absorption spectroscopy is an important tool for the characterization of nanotubes. The first order 
explanation in terms of single-particle excitations from occupied to unoccupied states is straight-forward. For 
quantitative predictions, however, a simple calculation based on the assumption of non-interacting particles and on 
the electronic band-structure on the DFT level is not accurate enough. In particular, electron-hole interaction has a 
large impact on the absorption spectra and leads to excitonic peaks with a binding energy of up to 2 eV.  

We have calculated these excitonic effects through the solution of the Bethe-Salpeter equation. We discuss the 
resulting spectra of bound excitonic peaks in the quasi-one dimensional tubes and compare with the spectra of the 
quasi-two dimensional single sheet of hexagonal BN and of bulk hexagonal BN. 
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Single Wall Carbon Nanotubes (SWCNT) have stirred much attention in the last ten years due to their promising 
properties in mechanics, electronics or optics. Most of their specific properties are related to their quasi one-
dimensional nature and particularly to the original features of their electronic structure. As far as optical properties 
are concerned, the absorption spectra exhibit the signature of the van Hove singularities in the density of states : a 
typical absorption spectrum consists in a set of lines ranging from 0.7 to 3 eV, the lowest ones corresponding to the 
interband transitions in the semiconducting tubes [1].  

We have studied the dynamics of the electronic interactions on a femtosecond time scale after a selective and 
resonant excitation of the semiconducting tubes. We have observed a transient photobleaching due band filling 
effects with a non exponential recovery dynamics with typical times ranging from one to several tens of picoseconds. 

The behaviour strongly depends on the way the sample has been produced : a fast relaxation is observed for 
solid films of nanotubes for which no luminescence can be observed, but the relaxation is at least one order of 
magnitude slower for  quasi-isolated nanotubes. These latter consist in nanotubes encased in a micelle of surfactant 
material in suspension in heavy water. In these samples photoluminescence is observed even at room temperature 
[3]. From these measurements we propose a mechanism that can account for the fast relaxation of the electronic 
excitations and consequently to the quenching of the photoluminescence observed in the films of nanotubes [2]. A 
key point is the high van der Waals binding energy between neighbouring nanotubes that explains why such 
samples mainly consist in bundles of a tens of (semiconducting and metallic) nanotubes. We show that an efficient 
carrier tunnelling couples nanotubes within a bundle and allows the relaxation of the electronic excitations via the 
states of the metallic tubes.  

Fig. 1 : Transient photobleaching for a film (solid line) or a suspension of isolated nanotubes (dots). 
 
In the case of isolated nanotubes grown with the HiPCO method, the photoluminescence spectrum shows sharp 

distinguishable lines that correspond to the different chiral species present in the sample. We have performed time 
resolved photoluminescence with a spectral selection of a single line which gives access to the photoexcited carrier 
population dynamics for the only bright nanotubes of a given chirality. We compare the observed dynamics  with the 
data obtained in similar excitation conditions in pump probe measurements and discuss the contribution of the dark 
nanotubes to the overall non linear response of  the sample. We also discuss the role of non radiative relaxation 
processes in the case of both bright and dark nanotubes.  
 
1) Pichler et al. Phys. Rev. Lett. 80, 4729, 1998. 
2) Lauret et al. Phys. Rev. Lett. 90, 057404-1, 2003. 
3) O'Connel Science 297, 593, 2002. 
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Nanotubes have been the subject of intense investigation since their discovery in 1991, while fullerenes have 
been studied since 1985. Given the 6 years head start that fullerenes have it is hardly surprising that fullerene 
chemistry is significantly advanced compared to that of nanotubes. Furthermore, the large number of different 
nanotube chiralities and diameters present in a general experimental sample make it difficult to analyse the obtained 
addition products. 

Nonetheless, major advances in synthesis and purification methods have enabled the rapid development in 
carbon nanotube chemistry over the last few years.[1] Their chemical functionalisation is furthermore very important 
in the development of novel materials, as it can improve their processability, trough enabling the solubilisation and 
purification. Also, functionalisation can provide a route to improve matrix-nanotube bonding in nanotube composites. 

As fluorination was already successfully applied in the past for graphitic systems, and is known to yield many 
isomers of C60,[2] it has also been one of the first experimental additions performed on carbon nanotubes.[3] A 
general understanding of the chemical reactivity and addition patterns of fullerenes and carbon nanotubes is still a 
debated issue. Although already studied in case of the fullerenes, further analysis is needed of the specific addition 
patterns observed experimentally.[2] In view of the specific nature of carbon nanotubes, better understanding is 
necessary of the reactivity and the possible addition patterns with respect to the nanotube type, helicity and 
diameter. Also the natural occurrence of structural defects is an important factor in predicting the reactivity towards 
addition of both single- and multi-walled carbon nanotubes.[4] 

In this contribution, a systematic analysis will be presented of the chemical addition to carbon nanotubes. For this 
we have developed the program SASHA that allows the systematic study of chemical addition by incrementing the 
number of addends, testing all available addition sites within a given cut-off radius, and using the most energetically 
stable structure for further addition, on the basis of full structural optimisations for every isomer.[5] An ab initio 
analysis of the lowest energy isomers has been performed in order to determine the next isomer to be considered for 
further addition at each step. Already applied to the fluorination of C60,[6] this analysis is now extended with a 
systematic study of fluorination of different types of carbon nanotubes.[7] In a second part the reactivity of carbon 
nanotubes to a whole range of functional groups will be studied and the spectroscopic properties analysed. Finally, 
the analysis of defect site functionalisation will be presented for different types of structural defects occurring upon 
carbon nanotube synthesis.[4] In order to analyse the electronic and chemical properties, Quantum chemical and 
Density Functional Theory ab initio calculations were performed, and further analysis was made using different types 
of descriptors.[8] 
 
1) A. Hirsch Angew. Chem.-Int. Edit., 41, 1853-1859, 2002; R. L. Jaffe J. Phys. Chem. B, 107, 10378, 2003. 
2) R. Taylor, Lecture Notes on Fullerene Chemistry, A Handbook for Chemists; Imperial College Press, 1999. 
3) E. T. Mickelson, C. B. Huffman, A. G. Rinzler, R. E. Smalley, R. H. Hauge, J. L. Margrave Chem. Phys. Lett., 296, 188-194, 

1998. 
4) J. C. Charlier, Acc. Chem. Res., 35, 1063-1069, 2002. 
5) C. Ewels, G. Van Lier, In Preparation (More info at http://www.ewels.info/ or at http://www.nanoscience.be/) 
6) G. Van Lier, M. Cases, C. Ewels, R. Taylor, P. Geerlings, Chem. Eur. J., Submitted for publication, 2004. 
7) G. Van Lier, C. Ewels, F. Zuliani, A. De Vita, J.-C. Charlier, Chem. Phys. Lett., Submitted for publication, 2004. 
8) P. Geerlings, F. De Proft, W. Langenaeker, Chem. Rev., 103, 1793, 2003. 
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Carbon peapods - single-wall carbon nanotubes (SWNT), filled with fullerenes molecules [1] - have interesting 
structural and electronic properties combining those of the tube and the buckyballs inside it. Moreover peapods 
could  serve as a  starting material for synthesis of double-wall carbon nanotubes (DWNT) at high temperature, 
when the fusion of buckyballs leads to formation of a non-defective inner tube [2].   

There are very few experimental measurements of electronic properties of carbon peapods. In the bundled 
peapod material the electron density of individuial tubes are modified due to the inter-tube interactions. Recently 
developed technique for prepation of suspensions of individual nanotubes [3] allows to avoid the influence of 
neighbours to the  properties of individual peapods and to use optical methods for their characterisation. 

Carbon peapods used in this work have been synthesized  by a thermal filling of arc-produced SWNT. 
Suspensions of the peapods and  the starting empty SWNTs in aqueous solution of sodium dodecyl sulfate (SDS) 
have been subjected to ultrasonication and ultracentrifugation. The upper parts of  suspensions have been used for 
optical investigations [4]. Three optical methods have been used : Raman scattering, UV-VIS-NIR optical absorption 
and Photoluminescence (PL) spectroscopy. 

Raman spectra of peapods have shown the bands characteristic both of SWNT and C60 molecules. The widths 
and positions of bands in Raman spectra of powdered and suspended materials  were slightly different.   

The absorption spectra of the peapod suspension have shown a set of well resolved peaks. This indicates that 
the ropes have been disintegrated and a suspension of individual peapods has been obtained. In the peapod’s 
absorption spectra the shifts of several peaks comparing with those of  parent SWNTs have been observed.  

To the best of our knowledge PL spectra of carbon peapods have not been observed yet. In our experiments PL 
spectra of the peapod suspension appeared to be very different from those of the parent SWNT suspension. Several 
PL peaks have been completely suppressed. A redistribution of dominated peaks took place. The same difference 
between PL spectra of the parent SWNT and the peapods kept in case of excitation by radiation of Ti :saphire laser 
with different  wavelengths. This means that a modification of SWNT electronic structure took place after filling them 
with C60  molecules, and the PL spectroscopy is a sensitive tool for revealing the details of this modification.  

The geometrical configurations of the parent SWNT, contributing to photoluminescence spectra, and the tubes, 
kept PL-active in the spectra of carbon peapods, have been determined. A difference between the values of optical 
transition energies for tubes of the same geometry  in the parent SWNT and  in the peapod materials has been 
estimated from PL and optical absorption spectra. 

An attempt has been made to perform a complex optical investigation of  suspension of  DWNT, produced by a 
thermal method from carbon peapods. The suspension has been prepared with the technique used for preparation of 
suspension of carbon peapods . Raman and optical absorption spectra have been easily registered. However, no PL 
activity has been revealed. This may mean either a difficulty in disintegration of DWNT ropes (confirmed partially by 
the shape of the optical absorption spectra) or an absence of  the individual double-wall tubes where both shells are 
semiconducting.  

The complex optical investigation of carbon peapod suspension has given new data about electronic structure of 
peapods. A possibility of disintegration of peapod ropes and formation of the homogeneous and transparent 
suspensions of individual carbon peapods has been demonstrated.  This means that carbon peapods may be used  
as nonlinear optical medium in laser resonators and other optical devices. For SWNT suspensions this possibility 
already has been demonstrated.   

The work is supported by RFBR project  04-02-17618 and by the program of Russian Academy of Sciences 
«Low-dimensional quantum structures».       
 
1) A. B.W. Smith, M.Montioux, D.E. Luzzi et al., Nature, 396, 323, 1998. 
2) R. Pfeiffer, H. Kuzmany, Ch. Kramberger et al., Phys. Rev. Lett., 90, 225501, 2003.  
3) M. O'Connel, S.M. Bachilo, C.B. Huffman et al., Science, 297, 593, 2002. 
4) E.D. Obraztsova, M. Fujii, S. Hayashi et al., in the book “Nanoengineered Nanofibrous Materials”, NATO Science Series II: 

Mathematics, Physics and Chemistry, ed. by S. Guceri et al., Kluwer, 169, 389, 2004. 
5) N.N. Il’ichev, E.D. Obraztsova, S.V. Garnov et al., Quantum Electronics, 34, 572, 2004. 
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Aligned double-walled carbon nanotube (DWNT) long ropes with a narrow diameter distribution were synthesized 

by sulfur-assisted floating catalytic decomposition of methane in the presence of Fe catalyst. The outer and inner 
tube diameters of the DWNTs were distributed in a narrow range of 1.7-2.0 nm and 1.0-1.3 nm, respectively. 
Moreover, resonant Raman measurements showed that the outer and inner tubes were mostly semiconducting and 
metallic, respectively. These special DWNTs with a dominant semiconducting and metallic combination can be 
expected to have promising applications as molecular cables.  

Polarization Raman spectra of the DWNT bundles were studied and the results indicated that the G-band profiles 
could be deconvolved into two intrinsic independent single-walled carbon nanotube (SWNT) components constituting 
a DWNT. Furthermore, it was found that the D band and G' band were composed of four well-distinguished peaks, 
which can be assigned to originate from the two tube vibrations and ordered AB stacking of the two tubes, 
respectively. This result shows that (1) the D band and G' band can provide structural information of the combination 
of the two tubes constituting a DWNT, which can not be obtained from RBM and G band, and (2) the two tubes are 
preferentially stacked in an ordered AB structure during the growth process of the DWNTs. All these analysis 
indicate that DWNTs possess unique characteristic Raman spectra different from other sp2 carbon materials. 
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single-walled carbon nanotubes. 

 
J. Cambedouzoua, S. Rolsa, R. Almairaca, J.L. Sauvajola, H. Schoberb and H. Kataurac 

 
aGroupe de Dynamique des Phases Condensées, UMR 5581, Université Montpellier II, Montpellier 34095, France 

bInstitut Laue Langevin, 38042 Grenoble, France 
cNanotechnology Research Institute, National Institute of Advanced Industrial Science and Technology (AIST) Central 4, Higashi 1-

1-1, Tsukuba, Ibaraki 305-8562, Japan 
 

Among the numerous potential applications for carbon nanotubes, one of the most attractive lies in the possibility 
of using the cylindrical hollow core of the tubes as long molecular tanks. Of special interest is the insertion of single-
walled carbon nanotubes (SWNTs) by C60 molecules with regards to its predicted superconducting properties upon 
alkaline doping [1]. The transmission electronic microscopy images of these so-called “peapods” have revealed the 
one-dimensional character of the C60 chains confined into SWNT. In this communication, we present a recent study 
of both the structure and the dynamics of peapods.  

The structural investigation is based on diffraction techniques. The diffraction patterns are simulated and are 
found to be in good agreement with the experimental data, indicating a reliable characterization of the peapod 
sample. In particular, a high filling rate of about 80% is determined. However, the difficulty of discriminating between 
monomer, dimer or trimer chains of C60 inside SWNTs is demonstrated for a powder of peapods. 

The dynamical investigation is performed by inelastic neutron scattering, using the IN6 time-of-flight spectrometer 
at Institut Laue Langevin (Grenoble, France). A very weak quasi-elastic signal is observed at a temperature of 480K, 
suggesting the free rotation of some of the C60 molecules inside the tubes. The generalized phonon density of states 
(GDOS) of  chains of C60 confined into SWNTs has also been derived from our measurements. This GDOS shows 
up characteristic features already observed in pure and alkaline doped C60 phases. In particular, the GDOS can be 
decomposed into two regions separated by a gap, namely: 

the [30-200 meV] intra-molecular energy range where all the observed vibrations can be attributed to intra-
molecular modes. 

the [0-8 meV] inter-molecular energy range where all the observed vibrations can be attributed to inter-molecular 
modes. 

Lattice-dynamical calculations have been performed and allows to calculate the GDOS of confined C60 chains 
with different types of stacking (as monomers, dimers, polymers). The confrontation of the experimental GDOS with 
these calculated GDOS testifies to covalent bonding between a part of the C60 molecules. 

All  these results suggest that the confined C60 molecules are partially polymerized in the inner space of the 
tubes. 
 
1) S. Saito and S. Okada, 3rd Symposium on Atomic-Scale Surface and Interface Dynamics, 307 (Fukuoka), 1999. 
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After showing how to measure without ambiguities the chiral indices of DWNT by electron diffraction, we will 

present a work where we systematically examined the structural correlation between adjacent two graphitic-layers in  
more than 60 individual double-wall carbon nanotubes (DWNTs) by mean of electron diffraction.  By measuring their 
chiral angles and tube diameters on the electron diffraction patterns, we exactly defined chiral indices of individual 
DWNTs.  We observed interlayer distance anomaly between inner- and outer-tubes, which was widely distributed in 
the range of 0.34-0.38nm.  We also found that such large distances were not related to the curvature of graphene-
sheet consisting the nanotubes, but to the number of layers consisting the nanotubes. The chiral angles distribution 
seems to depend on the diameter rather than on the fact that the tube is inner or outer. Orientation of hexagonal 
lattice between inner- and outer- tubes was evidenced to be  random.  Some special cases, where the relative bound 
length between inner and outer shell are measured to be different, will be discussed. 
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The widespread interest in the preparation of carbon nitride materials is essentially generated by their electronic 

(cold cathode in field emission devices, electrochemistry...) and mechanical properties (coating, bio-compatibility...). 
These properties strongly depend on the configuration of the carbon atoms (sp1, sp2, sp3), the nitrogen 
incorporation method and the nitrogen concentration. Nowadays a challenge is to be able to incorporate a large 
amount of nitrogen, particularly to obtain C3N4 type materials which are characterised by a diamond-like hardness. 
However one difficulty is to get a high nitrogen ratio in carbon thin solid films as well as in bulk material. 

To understand the incorporation conditions of nitrogen, CNx powders were synthesised by laser pyrolysis which 
parameters are well controlled. We studied the influence of different physical (laser power, flow rate) on the nitrogen 
incorporation rate in the powders. We were particularly interested in CNx powders produced in an oxidizing 
atmosphere, which promote the formation of structured carbon as fullerenes.  

The morphology and the texture related to the nitrogen incorporation in the powders have been followed by 
HRTEM. The local structure into the powders has been essentially followed by FTIR and NEXAFS results. It will be 
compared to the local structure into CNx films produced by R.F. magnetron sputtering (no hydrogen content) and 
ECR-CVD (hydrogen content less than 15 at.%). 

We point out a nitrogen incorporation between 2 and 20% and hydrogen content less than 10 at.% into the nano-
powders. Furthermore we note an evolution of the carbon nitrogen bonding type and of the electronic structure into 
the powders with the nitrogen concentration. Using FTIR and NEXAFS we present a quantitative analysis of the 
spectra as a function of nitrogen concentration obtained for different oxidizing atmospheres and particularly focus on 
the analysis of -C≡N and -C-N- bonds with the aromatic rate.  

 
Keywords: carbon nitride, FTIR, NEXAFS,XPS,HRTEM, laser pyrolysis 
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Leec, Yan Qiu Zhud, Martin J. Roed, Gavin Walkerd, Harold W. Krotoa and David R. M. Waltona 

 
aChemistry Department, University of Sussex, Brighton BN1 9QJ, UK 

bDepartment of Chemistry, Warsaw Univeristy, Pasteur 1, 02-093 Warsaw, Poland 
cDepartment of Materials Science and Engineering, National Tsing-Hua University, HsinChu 300, Taiwan 
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Large-scale production of pure Carbon spheres, with diameters from 50 nm to 1 µm, has been demonstrated by 
direct pyrolysis from a wide range of hydrocarbons, including styrene, toluene, benzene, hexane, cyclohexane and 
ethylene, without any catalyst. Detailed studies using styrene as starting material show the growth of the carbon 
spheres can be controlled by changing experimental conditions. The obtained carbon materials have been 
characterized by SEM, TEM, HRTEM, XRD, Raman, elemental analysis, density measurement, TGA, BET, IR, XPS, 
ESR and SQUID. Further experiments show the high surface chemical reactivity of the produced carbon spheres.  
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Filling of carbon nanotubes with metals or semi-metals (such as Se, Bi…) raises the possibility of novel 
nanomaterials synthesis with technologically interesting properties on a nanometric scale. Indeed it offers the 
possibility to enhance the physical properties of both the encapsulated and encapsulating materials. In the present 
study, multiwalled nanotubes, synthetized by thermal decomposition of propylene in alumina membrane and catalytic 
decomposition of acetylene on solid solution and single walled nanotubes (from Rice University and Nanocyl) were 
filled with selenium, in order to study the influence of confinement on Se structure and the nanocomposite properties. 
After opening carbon nanotubes, the filling was performed in vapor phase in a sealed reactor and the control of 
selenium pressure allows us to control the nanotubes filling rate, which will depends also on the nanotube diameter. 
Filling rate up to 90 % could be reach with such method. The nanocomposites characterisation and the effect of 
confinement on Se structure were investigates by TEM, XRD, Raman spectroscopy, and EXAFS.  

 

 
Fig. 1. SWNTs from Nanocyl (left) and from Rice University (right)filled with selenium 
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Catalytic growth of SWCNTs on silicon pre-patterned surface offers the possibility of formation of self-organised 
nanotubes junctions. Some works suggest that the SWCNTs growth could be guided by the surface lattice 
orientation of the substrate [1]. To date, only few experimental works were carried out although the influence of the 
lattice orientation seems important, in particular on the kinetics of growth and on the self-orientation [2]. 

In this communication we compare the growth of SWCNTs by thermal CVD on Si(100)-based surfaces and on 
Si(111)-based surface. Catalytic nanocomposite thin films (3 nm thick) were deposited on orientated silicon wafers 
by vacuum co-evaporation of silicon oxide and iron. Then SWCNTs were synthesised by CVD of methane at 950°C 
in hydrogen-rich atmosphere. Microstructural observations and analyses were performed by X-ray diffraction, SEM, 
and after tripode thinning TEM and EELS. 

On the Si(100) substrate, it was observed a growth of individual SWCNTs starting from metal nanoparticle. On 
the Si(111) based surfaces, we had the surprise to note that there was not growth of CNTs in weak mixtures out of 
methane, but carburisation of the silicon substrate, under the catalytic thin film. Silicon carbide is precipitated as fine 
needles in the silicon, near the surface. These elongated silicon carbide precipitates systematically present 
crystallographic relationships to the silicon substrate and three preferential orientations (separated by 120°). By 
increasing the methane content, one then observes the growth of SWCNTs in more of the carburisation. On the 
substrates (100), we never observed silicon carbide precipitation, even in pure methane. On the other hand on 
Si(100), when the growth of carbon nanofilaments is favoured in the place of that of SWCNTs (by slowing down the 
growth rate), two orientations preferential separated by 90° are observed. Contrary to the observations of Liu et al. 
[2], we did not notice any influence of the silicon surface orientation on that of SWCNTs.  
 

 
Fig. 1: SEM Micrograph of Si(111)-based surface after CH4-H2 CVD. Grey elongated precipitates: Silicon carbide. 

Fine dark curved lines: SWCNTs. 
 
1) A. Buldum, J.P. Lu, Phys Rev Lett., 322, 321, 2000. 
2) M. Su, Y. Li, B. Maynor, A. Buldum, J.P. Lu and J. Liu, J. Phys. Chem. B, 104, 6505, 2000. 
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To integrate nanotubes in microelectronic devices, chemical vapour deposition on catalytically patterned surfaces 
offer the possible advantages in growth of self-organised nanotubes at specific locations. The length mastering of 
SWCNTs is one of the key stages that it is essential to control, to develop of the systems containing carbon 
nanotubes. It was observed that speeds of growth of SWCNTs in thermal CVD on supported transition metals could 
reach some micrometers per second. This very fast growth rate can make very difficult realization of the connections 
of a hundred nanometer length. On another hand, the directed growth of ultra-long nanotubes on patterned 
substrates can be interesting for the realization of a large number of connections with only one SWCNT [1]. 

This communication presents some results on the influence of the chemical composition of based iron catalyst on 
the growth rate of isolated SWCNTs and shows the successfully growth of millimetre-long rectilinear SWCNTs.  

Networks of catalyst lines separated by 2 µm were deposited on a 100 nm thick film of silica grown on Si(100). 
The catalytic thin films (3 nm thick) were prepared by vacuum co-evaporation of silicon oxide and iron. Then 
nanometric catalytic particles have been precipitated in silicon oxide thin film by a thermal processing. Carbon 
nanotubes were synthesized by thermal CVD under combined flow of H2 and CH4 at 950° C for 1 h. Microstructural 
analyses were performed by X-ray diffraction, SEM, TEM and EELS, on the same zones to study the influence of the 
chemical composition of the catalyst particles on the growth rate of SWCNTs. 

According to the synthesis parameters of the nanocomposite thin film, the catalytic particles are composed either 
of pure iron, or of iron disilicide, or of a mixture of the two previous phases. It was observed that whatever the 
catalyst is, most of the carbon nanotubes are single walled and are always free of amorphous carbon overcoatings. 
They are generally isolated. A few of them can be joined in small bundles of some units. On iron disilicide, the 
apparent growth rate reaches some micrometers per hour. On pure iron, it was observed the growth of millimetre 
long SWCNTs, according to previously measurements. 

The simultaneous presence of a very active catalyst (pure iron) and of a slightly active catalyst (iron silicide) 
allows to line up millimetre long nanotubes perpendicularly to the patterned tracks (Fig.1). A mechanism of ultralong 
swnts growth and self-alignment is proposed, based on the microstructural observations.  

 

   
Fig. 1. a) SEM Micrograph showing partially aligned ultralong rectilinear carbon nanotubes (horizontal) laid out 

across the catalyst tracks (vertical), b) HRTEM micrograph of a millimetre long SWCNT,  
bent during thin foil preparation. 

 
1) S. Huang, X. Cai, J. Liu, J. Am. Chem. Soc., 5636, 125, 2003. 
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The localized growth of single wall carbon nanotubes (SWNTs) has been achieved on various substrates by 
means of an “all-laser” synthesis approach. This novel two-step growth process uses the same UV laser to deposit, 
in a first step, the CoNi nanoparticle catalysts on prepatterned substrates and, in a subsequent step, to grow 
SWNTs. It was found that the “all-laser” growth process preferably leads to a lateral growth of SWNTs regardless of 
the substrate nature. However, the orientation and morphology of the nanotubes were found to be substrate-
dependent. Indeed, highly oriented 2D arrays of SWNTs were produced on highly oriented pyrolytic graphite (HOPG) 
substrates, while random networks of SWNTs were formed on SiO2/Si substrates. Atomic force microscopy revealed 
that the horizontal random networks of SWNTs generally self-organize into bundles with diameters in the 10-15 nm 
range, while microRaman spectra showed that the laser-grown SWNTs present a very narrow distribution of 
diameters around 1.1 nm. The laser-grown SWNT bundles were also found to exhibit an extremely high oxidation 
resistance with the highest ever-reported activation energy of 195 kJ mol-1. (More than 20 % of initial nanotubes 
survived up to 900ºC in flowing oxygen.) The developed “all-laser” process offers the advantage of a direct 
integration of the SWNT bundles into a FET-like device and consequently the investigation of their electrical 
transport properties. Indeed, the “all-laser” grown random networks of SWNT bundles are found to exhibit generally 
a p-type field-effect transistor behavior similar to that of a single SWNT with an ON/OFF switching ratio in the 103-
106 range. 
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Large clusters are formed and the physical properties such as the specific heat and compressibility diverge as 
fluids approach their critical points. What is more, perturbations propagate as acoustic waves near the critical points. 
The critical density pressure and temperature of carbon dioxide are respectively, 466 kg/m3, 304.18 K and 7.38 MPa. 
We irradiate near-critical CO2 with UV photons of 266 nm and find that carbon structures are formed without any 
substrate. Spheres with both smooth and uneven surface structures are formed. The diameter of the spheres 
decreases and finally no structures are created as the system temperature deviates from the critical temperature. 
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The possibility to produce SWCNTs catalyzed by Fe/Y using arc-discharge method was studied. Experiments 

were performed in helium filled Krätschmer generator with horizontally aligned water cooled graphite electrodes. 
Excangable rods were used as a mobile anode. A concentric hole in each rod was drilled and filled with a mixture of 
graphite, Fe, Y and FeS2  powders. Fig. 1 shows the dependence of the yield of web-like product on the 
concentration of sulphur at constant Fe and Y concentration for three different helium pressures. The concentration 
of sulphur strongly influences the yield. No or only very small amount of web-like product containing SWCNTs was 
found if no sulfur was presented. The yield increases with increasing concentration of S, reaching a maximum 
around 1.1-1.6 at% and than decreases. There were no webs found for sulphur concentration larger as 2.5 at. %. In 
Fig. 2 the dependence of both, the yield and the evaporation rate of the anode rods on helium pressure are shown. 
The anode rods of one composition were used . They contained ~ 6.6, 1.1, 1.6 and 90.7 at. % of Fe, Y, S and C, 
respectively.  Both helium pressure and perturbations in the evaporation rate influence the yield. The yield increases 
with increasing helium pressure, peaked at 550 torr and than decreases. The evaporation rate seems to be 
independent on helium pressure. The perturbations in the evaporation rate occur since the rate depends on the 
electrodes gap distance and there is a problem to keep the gap constant.  
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Fig. 1. The yield dependence on S concentration Fig. 2. The yield dependence on He pressure 

 
Web-like products prepared at various conditions were characterized by TGA, Raman spectroscopy and TEM. 

TGA shows that, at the conditions promoting highest yield of web-like product, this product contains the lowest 
concentration of metals and the highest concentration of SWCNTs. 
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Surface-bound chemical vapour deposition (CVD) of carbon nanostructures offers positional and alignment 

control on the nanoscale with simultaneous scalability, a combination unknown to many other deposition and 
assembly techniques and therefore interesting for potential applications ranging from semiconducting devices and 
scanning probes to high surface electrode materials. Despite substantial progress reported in the literature, a 
detailed understanding of the growth process and contributing individual processes is still lacking. We previously 
presented a systematic study of plasma enhanced (PE) carbon nanofibre growth [1].  

Here we focus on the role of the catalyst and show how small changes in its preparation can trigger significantly 
different growth modes [2]. We show that for PECVD in an acetylene/ammonia atmosphere a reduction of Fe thin 
film thickness below 2 nm can result in the growth of small diameter (~5 nm) multi-walled carbon nanotubes 
(MWNTs) (see Figure) as compared to bamboo-like larger diameter (>40 nm) carbon nanofibres previously seen for 
thicker catalyst films. The MWNTs grew at a more than 50-fold increased rate with a much faster growth rate 
saturation. By electron microscopy (SEM, RBS, TEM), Raman scattering and atomic-force microscopy detailed 
information about individual synthesis steps was obtained providing valuable insights into the catalytic growth 
process. Catalyst layer oxidisation and the effect of the catalyst support will be discussed, along with a comparison 
to other thin film as well as wet catalyst systems, such as Co colloids or Ni formate. 

 
 

 
 

Fig. (a): SEM image of multi-walled carbon nanotubes grown by DC-PECVD using a 2 nm-thick Fe layer as 
catalyst. (b), (c) TEM analysis of the as-grown structures. 

 
1) S. Hofmann et al., Appl. Phys. Lett., 83, 135, 2003 ; Appl. Phys. Lett., 83, 4661, 2003. 
2) B. Kleinsorge et al., to be published. 
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Underwater arc carbon nanotube growth is a relatively new method for growth of high quality multiwall carbon 

nanotubes (MWCNTs) and other nanomaterials with the promise of possible upscaling. The method is based on the 
generation of electric arc plasma between two carbon (graphite) electrodes submerged in water. Both direct and 
alternative current can be applied for carbon nanoonion [1] and nanotube [2] generation but in case of AC, the 
process can be continuously maintained for hours [3]. In DC experiments, one way of changing the proportion of the 
different constituents in the product is the modification of the plasma shape by changing the relative diameter of the 
electrodes. Since the electrodes are identical in case of AC, the way of controlling the plasma shape is the 
modification of the angle of the two electrodes. 

Experiments of AC arc plasma between two graphite electrodes were performed using different electrode angles. 
TEM investigations showed that the proportion of multiwall carbon nanotubes and polyhedral naoonions to the 
graphite particles and soot was strongly dependent on this angle. More than 30 % nanotubes were found in case of 
perpendicular arrangement, since only 2 % was achieved when the axes of the two opposing cylindrical electrodes 
coincided. The results of a detailed study of the dependence of the nanotube yield on the electrode angle is to be 
presented. 
 
1) N. Sano et al., Nature, 414, 506, 2001. 
2) H.W. Zhu et al., Chem. Phys. Lett., 366, 664, 2002. 
3) L.P. Biró et al., Chem. Phys. Lett., 372, 399, 2003. 
4) N. Sano et al., J. Appl. Phys., 92, 2783, 2002. 
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We formerly demonstrated an original type of carbon nanotube growth, namely “sequential catalytic growth” [1]. 
This growth mechanism allows the formation of periodic nanofilaments whose elementary unit is a multiwall carbon 
nanotube with an open end and the other end filled with a nanoparticle (Fig. 1). These objects were named filaments 
of “nanomatches”. The activation of this type of growth is shown to be directly related to the co-catalytic action of 
phosphorus mixed with catalyst metal particles : Fe, Ni-Fe or Co-Fe. 

 

ba 

 
Fig. 1. a) Nanomatch filaments exhibiting periodically inserted nanoparticles. b) Individual nanomatches obtained 

after sonication (scale bars : 100 nm) 
 
A mechanism of sequential growth, based on a kinetic mismatch between the carbon supplying and consuming 

steps, inducing a periodic fluctuation of the carbon concentration in the catalyst particle, has been proposed [2]. A 
morphology study by TEM micrograph analysis confirms the predictions of the proposed mechanism concerning the 
existence of two distinct growth regimes, depending on the size of the catalyst particle and the reactant supply. The 
possibility to invert the growth regimes is demonstrated, opening the way to the control of the inter-particle distances. 

The nanomatch filaments exhibit original mechanical properties. The thin inter-unit junctions constitute 
preferential bending and breaking points. They can be broken by a simple sonication process. The periodic insertion 
with metallic particles also make them potentially very interesting objects for new magnetic nanodevices. Magnetic 
characterisation of the inserted nanoparicles by MFM will be reported. 
 
1) V. Jourdain et al., Chem.Phys.Lett., 364, 27, 2002. 
2) V. Jourdain et al., Adv. Mat., 16, 447, 2004. 
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The catalytic vapour deposition (CVD) route for the production of nanotubes shows the most promise for large-
scale production due to its relatively easy scalability. Additionally, the route can be optimised to produce either single 
or multi-walled nanotubes in a high purity, removing the need for damaging and costly post-production purification 
techniques. 

We have studied the relationship between the catalyst, substrate, reaction conditions, experimental set-up and 
product, with the latter being analysed using electron microscopy, TGA and Raman spectroscopy. Typically, nickel 
salt catalysts were impregnated into a substrate and inserted into the furnace without the usual oxidation and 
reduction steps. Upon heating in the hot hydrocarbon gas, the salt was found to break into the desired metal 
catalysts particles, with the substrate morphology and chemistry dictating the type of nanoparticle produced (e.g. 
MWNT, SWNT or encapsulated particle). The rate of the reaction was studied through a series of different duration 
experiments and in-situ analysis. Finally, comparisons between the fixed and fluidsed bed reactor designs found that 
the latter showed particular promise for the large-scale production of SWNTs at high yield (Figure 1). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1:  Example SWNTs produced on fumed silica. 

 
1) Li et al. Chemical Physics Letters, 384 (1-3), 98, 2004. 
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4CEMES-CNRS n°8011, 2 rue Jeanne Marvig, 31055 Toulouse, France 

 
Since their discovery in 1991 by Iijima, carbon nanotubes (CNT) were extensively investigated thanks to their 

peculiar properties and potential applications. One of the main challenge today is to define large scale and low cost 
processes for single wall nanotubes (SWCNT) production. To achieve this goal we have concentrated our attention 
on a fluidised bed catalytic chemical vapor deposition method (CVD) using different catalysts such as Fe/Al2O3 and 
Fe-Mo/Al2O3. 

The size of metal particles is an important parameter for the control of SWCNT selectivity. In order to control this 
parameter we have investigateded different synthetic procedure. Three methods of catalyst preparation have been 
examined : (i) liquid phase impregnation (ii) fluidised bed impregnation (iii) CVD. SWCNT growth was performed 
through catalytic decomposition of methane at 900°C. Different parameters of the process such as catalyst 
pretreatement, use of activating or carrier gases, have been studied.  

The three catalytic systems allowed the production of SWNT and, in some cases, this material was found 
together with other carbon forms such as double wall CNT, multi wall CNT, amorphous carbon...  

The observed catalytic behavior can be rationalized in term of catalyst morphology and stability at elevated 
temperature. 

20 nm 

 
TEM micrograph of SWNT produced from CH4 on Fe-Mo/Al2O3 catalyst 
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Carbon nanotubes (CNT) are synthesized by many techniques such as arc discharge, classical thermal chemical 

vapor deposition, laser ablation and DC or RF plasma. We present here the results obtained on the growth of CNT in 
both continuous and pulsed microwave plasma assisted chemical vapour deposition (MPACVD). The pulsed 
microwave plasma permits to dissociate the power effect from the temperature effect during the growth. For the 
same substrate temperature, we can apply a higher peak power when pulsing the microwave discharge, which 
totally modifies the behaviour of the species and the kinetics of the plasma. To understand the basic 
physicochemical processes associated to the temporal evolution of the various species present in such plasmas, it is 
possible to measure by optical emission spectroscopy the CHx radicals, C2Hy and atomic Hydrogen emission lines 
which can be considered as the key species in the CNT growth. 

In the Pulsed CH4/H2 microwave plasma mode (PW), we obtained CNT as well as in continuous microwave 
plasma mode (CW). The interest of this work, is to determinate the influence of the pulsed discharge parameters on 
the CNT properties such as, diameter, chirality, length, density …etc.  

The plasma treatment is performed in a home-built MPACVD tubular reactor that was described in details 
previously [1]. The plasma is ignited with a 1.2 kW, 2.45 GHz microwave power supply operating in either continuous 
or pulsed mode. The plasma is confined in the center of the tube in a resonant wave guide configuration. The CNT 
elaboration is carried out on a fused silica substrates covered with a 50 nm catalyst film composed of a mixture of Fe 
and SiO. 

As can be seen on figure 1, CNT can be obtained in CW mode but also in PW mode. The micro Raman 
spectroscopy is carried out and presents the characteristics of the D and the G bands of CNT. However, We don’t 
observe the radial breathing modes of single wall CNT, then we conclude that our CNT are multi walled. 

The significant investigations are on the correlation between the microstructural and the vibrationnal properties of 
the obtained CNT and the plasma deposition parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 1. FESEM image of CNT obtained in CH4/H2 plasma during 60 min at 915°C  

 
1) L. de Poucques, J. Bougdira, R. Hugon, G. Henrion, P. Alnot, J. Phys D : Appl. Phys., 34, 896,. 2001. 
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Carbon nanotubes and filaments were prepared by the catalytic decomposition of methane over Graphoil 
supports seeded with Fe, Co, Ni, and their binary mixtures. The morphology and structure of the materials produced 
was investigated as a function of the processing conditions (temperature, gas composition, catalyst and reaction 
time). Iron was found to be the best catalyst of the single metals considered. In general, the use of binary mixtures 
(Co/Ni, Fe/Ni, Co/Fe) was found to increase the carbon yield but not the selectivity to carbon nanotubes. Binary 
mixtures with Mo were also used as catalysts (Fe/Mo, Ni/Mo, Co/Mo), the best results being found with Fe/Mo. 
Scanning tunnelling microscopy (STM) inspection of selected samples was carried out under ambient conditions, the 
as-produced samples being already suitable for STM investigations. Bundles of multiwall carbon nanotubes (MWNT) 
were observed (fig. 1a); within the bundles, individual MWNTs, with diameters ranging from 5 to 10 nm, could be 
clearly distinguished. In some cases, nanotubes with an incomplete outer shell were observed, which allowed the 
measurement of the vertical spacing between layers, this was very close to 0.335 nm. Atomic resolution images of 
the nanotubes (fig. 1b) showed highly ordered, defect-free structures displaying the well-known pattern typically 
observed for graphite by STM, that is, a triangular arrangement of bright spots with ~0.25 nm periodicity. These 
features are markedly different from those observed by STM on vapor grown carbon nanofibers, which only display 
tiny structured domains. 

 
 

b 

 

a

 
 
 
 
 
 
 
 
 
 
Fig. 1. STM images of (a) a section of a large bundle of MWNT, where it can be noticed that the central nanotube 

(the one running from the top left corner to the bottom right corner of the image) displays an incomplete outer shell 
and, (b) an atomic resolution image of the nanotubes. 

 
 
 
 

114 



4th meeting NanoteC 04/1st GDR-E meeting Batz-sur-Mer, 2004 October 10-15 
 

 
 

P1-15 
Visualizing nanopore mouth shrinkage through chemical vapour deposition for 

the preparation of high performance carbon molecular sieves 
 

Juan Ignacio Paredes, Silvia Villar-Rodil, Amelia Martínez-Alonso, Juan M. D. Tascón. 
 

Instituto Nacional del Carbón, CSIC, Apartado 73, 33080 Oviedo (Spain) 
 

Carbon molecular sieves (CMSs) are nanoporous carbon materials which can provide molecular separations of 
gases from their mixtures on the basis of the different adsorption kinetics of the species involved [1]. The preparation 
of new, high performance CMSs of fibrous shape has recently been reported [2-4]. These new CMSs were produced 
through chemical vapour deposition (CVD) of benzene using Nomex-derived activated carbon fibre (ACF) as a 
precursor, and showed an outstanding separation ability for the gas mixtures CO2/CH4 and O2/N2, thus constituting 
one of the first successful attempts to synthesise fibrous CMSs useful for air separation (O2/N2). In the present 
investigation, we employ Scanning Tunnelling Microscopy (STM) to provide, for the first time, a direct nanometre-
scale visualization of the changes induced by CVD on the micropore mouth structure of an activated carbon leading 
to the formation of effective CMSs.  

The starting ACF shows a high degree of structural homogeneity. The surface topography consists of a 
continuous, closed-packed arrangement of nanometre-sized platelets separated from each other by an extensive 
and interconnected network of narrow channels or grooves (fig. 1a). These channels/groves correspond to the 
topographical depressions observed in a typical line profile taken from the STM image (fig. 1c) and are found to be 
mostly between 0.7 and 1.5 nm wide, although a non negligible amount displays widths of up to 2.5 nm. They can be 
identified as the slit-shaped micropore mouths of the ACF sample [4,5].  

After undergoing CVD treatment, the fibre (CMS material) continues to show an homogeneous arrangement of 
platelets. However, the grooves have noticeably shrinked, showing widths of around 0.6-0.7 nm (fig. 1b). The 
narrowing of the channels is clearly observable in the correponding line profile (fig. 1d) where the topographical 
depressions observed are noticeably less deep than the ones found for the starting ACF (compare figs. 1d and 1c). 
These facts visually confirm that the carbon deposition has taken place in the micropore mouths and not in the 
external surface (the platelet structure of the starting fibre is preserved) and that the process has been effective to 
introduce constrictions in the pore mouths (narrowing of the channels). 

 
 

c a 
 
 
 
 
 
 
 
 

 
 

 

 d b 

 
Fig. 1. Representative STM images (scan size: 40 nm) of  (a) the ACF sample and (b) the CVD-treated sample. 

The accompanying graphs (c) and (d) are typical line profiles taken from (a) and (b), respectively. 
 
On the basis of these results, STM can be considered as an additional, helpful tool for characterizing CVD-

prepared CMSs. Indeed, micropore mouth narrowing is observed after the CVD treatment, a feature consistent with 
the changes in the adsorption behaviour of the material detected by other techniques [2,3]. 
 
1) H. C. Foley, Micropor. Mesopor. Mater., 4, 407, 1995. 
2) S. Villar-Rodil, R. Denoyel, J. Rouquerol, A. Martínez-Alonso and J. M. D. Tascón, Chem. Mater., 14, 4328, 2002. 
3) S. Villar-Rodil, A. Martínez-Alonso and J. M. D. Tascón, J. Colloid Interface Sci., 254, 414, 2002. 
4) J. I. Paredes, S. Villar-Rodil, A. Martínez-Alonso and J. M. D. Tascón, J. Mater. Chem., 13, 1513, 2003. 
5) J. I. Paredes, A. Martínez-Alonso and J. M. D. Tascón, Langmuir, 17, 474, 2001. 
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The use of carbon nanotubes in various fields does not cease growing due to their interesting properties. 
Depending on their application, carbon nanotubes must have specific characteristics : number of layers (single or 
multi walled carbon nanotubes), diameter, length, helicity and quality of the structure. Thus, the development of 
processes in order to produce specific kinds of nanotubes seems essential. 

Plasma application to the carbon nanotube synthesis is well known and results from the natural transposition of 
two characteristics largely exploited in the field of plasmas : their role as heat source for the vaporization and/or the 
cracking of the carbonaceous precursor, and their role as catalytic agent. Moreover, historically, the arc method is 
one of the first techniques used for large scale production. In this case, it is the strong density of energy which is 
employed. 

However, a significant number of other methods using this same property exists : the AC arc, the plasma jet, the 
radio frequency and microwave plasma, etc... The catalytic role appears in the plasma processes coupled with the 
controlled techniques of traditional CVD, known under the name of “Plasma Enhanced Chemical Vapor Deposition” 
(PE-CVD). These last techniques seem promising for the synthesis of carbon nanotubes. The plasma can then play 
a double role. It can be used either as a catalyst pre-treatement technique or as a heat source for the control of 
carbon nanotube position at their growth stage. Moreover, the synthesis parameters allow to control, for example, 
the growth mode and the type of carbon nanotubes obtained (single walled / multi-walled carbon nanotubes). 

From an experimental point of view, to the various parameters of the CVD process, such as the nature, the 
pressure, the output gas employed, and the nature and the concentration of catalyst, those of the associated plasma 
process are added : the current intensity, the voltage, the intensity of the magnetic field etc... These last elements 
allow studying the influence of the plasma, in particular its capacity to generate active species at given temperatures. 

 
In this contribution, the various techniques using plasmas for carbon nanotube synthesis will be described and 

compared in order to present their advantages and their limitations. 
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The unique ability of exfoliation of graphite intercalation compounds (GICs) was a subject of numerous studies 
(see, e.g. [1]) with a main interest in physical regularities of the process, whereas the kinetics of associated chemical 
transformations was virtually left aside. Chemical decomposition of GICs is of interest as a route to learn more about 
the stability of anions between graphene layers [2]. Stable forms of the GIC (graphite nitrate) were obtained by 
modifying it with organic compounds, such as ethers, esters, ketones, carboxylic acids. After such a treatment, the 
thermal stability of the resulting GICs is drastically increased. The compounds were studied by thermogravimetry 
coupled with expansion measurements. The latter evidenced four-step decomposition and allowed us to elaborate a 
quantitative model to describe pore growth inside GICs [3]. 

In this communication we discuss kinetic parameters of thermal decomposition, which were obtained from 
non-isothermal description of the thermogravimetric data. The description with a homogenous kinetics-like function 
gives the best fit at a reaction order n=2 with apparent activation energies being within the range of 40-80 kJ/mol. 
While the real meaning of E is controversial as regards the solid-state reactions, it is noteworthy that the apparent 
activation energies are somewhat higher than those inherent in the processes limited by diffusion. The experimental 
reaction order additionally supports this standpoint. 

A compensation phenomenon is found between the pre-exponential factors of the Arrehnius-like temperature 
dependence of the decomposition rate and the corresponding apparent activation energies. This phenomenon is 
well-known for a great number of chemical transformations, but its nature is not fully understood. One of the most 
plausible explanations involves the presence of two or more simultaneous reactions, which greatly differ in activation 
energies [4]. If this is the case, the true value of the greatest activation energy exceeds that of the apparent value 
found experimentally. Specifically to the GIC decomposition, there may be two simultaneous processes - the 
diffusion of neutral species and decomposition. Since diffusion processes are known to have lower activation 
energies than chemical transformation, the latter is likely to have a value of the true activation energy greater than 
the observed value of 40-80 kJ/molK.  

Consequently, the true E values of thermal decomposition may be around 100 kJ/mol. Such values are 
particularly those of the strong hydrogen bonds formed by charged species in a gas phase. We suppose that the 
increased stability of this kind of GICs is greatly due to the formation of such hydrogen bonds, which substantially 
prevent the anion from being removed from the interlayer spacing of the GIC. 
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Fig. 1. Typical kinetic curves of decomposition of graphite nitrate 

o – temperature dependence of the volume per 1 g of initial sample; 
∆ – temperature dependence of the experimental degree of transformation; 

— - description with the 2nd order equation. 
 
1) W.H. Martin et al., Carbon, 1, 133, 1964. 
2) M.V. Savoskin et al., Carbon, 41, 2757, 2003. 
3) R.D. Mysyk et al., abstract Carbon, 2003. 
4) A.I.Burstein et al., Doklady Akademii Nauk USSR (in Russian), 153, 852, 1963. 
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The current work is devoted to the detail investigation of the synthesis of single walled CNTs by a novel aerosol 
method. The difference between existing methods and new one is in the production of catalyst particles. Typically, 
catalyst particles in the aerosol methods are formed by a gaseous chemical reaction followed by the formation of 
supersaturated vapour of the catalyst material. In our method the catalyst particles were formed by physical 
evaporation and subsequent condensation of the supersaturated vapour. These particles then were introduced into 
the reactor, where conditions favourable for the CNT formation were maintained.  

The experimental investigations of CNT growth were carried out in a laminar flow reactor using Fe as particle 
catalyst material and CO and ethanol as carbon sources. The CNT growth occurs in the temperature interval of 870 
to 1500°C with a total flow rate through the reactor of about 0.8 L/min. The results of statistic measurements of 
individual CNT dimensions obtained on the basis of the high-resolution TEM images are presented. It was found that 
increasing CO flow rate from 400 to 765 cm3/min (i.e. decreasing the residence time) lead to a decrease in CNT 
length from 54 to 45 nm. The geometric mean diameter of CNTs increased from 0.84 to 1.27 nm with increasing 
temperature from 1000 to 1400 °C. The ratio of the diameter of catalyst particles to the diameter of CNTs is about 
1.6 and does not depend on the temperature and residence time, thus revealing some astonishing “universality” in 
the growth process. The importance of hydrogen in aiding the carbon atom release for CNT growth is shown 
experimentally. The results of Computational Fluid Dynamics (CFD) calculations to determine the temperature and 
velocity profiles, mixing conditions of the species and iron supersaturation in the reactor are presented. The 
importance of the catalyst particle evaporation process inside the reactor is shown. A detailed analysis of the 
possible processes during CNT formation reveals carbon incorporation into CNT network as a limiting stage. CFD 
mechanisms for CNT nucleation and growth are proposed based on the experimental results and theoretical 
calculations.  

 

 
Fig. a) Single walled CNTs synthesised using ethanol as a carbon source. b) Electron diffraction pattern 

revealing the CNT diameter and chiral angle of 1.62 nm and 14.6°.  
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The discovery of the ability of C60 fullerene molecules to enter and get encapsulated into single-wall carbon 
nanotubes (SWNT), thereby building hybrid molecular structures resembling nanoscopic peapods [1], has added a 
new member to the already wide nanotube-related nano-object family. This new member, subsequently designated 
as C60@SWNT [2], was demonstrated to present peculiar behavior such as C60 diffusion [3] or coalescence [4] within 
the containing nanotube cavity, and was expected to present interesting potentialities regarding various physical 
properties (transport, mechanical). The latter potentialities were even enhanced as soon as endohedral fullerenes 
(i.e. fullerene molecules encapsulating one to three foreign atoms in their cage) were proposed to fill SWNTs instead 
of regular fullerenes [5,6]. However, investigating peapod properties required high yield syntheses, which were 
achieved using two-step procedures, involving the opening of the SWNTs by oxidation (either in liquid phase using 
acids [7], or in gaseous phase using oxygen [8,9]) as the first step, then the filling of the SWNTs in a closed vessel in 
which added fullerite is thermally sublimated as the second step [7-9]. However, a major drawback of the currently 
existing procedures to prepare peapods is that the second step (filling) imposes the fullerene molecules to be 
subjected to high temperatures, in the range of 500-600°C. This prevents to synthesize peapods from thermally 
unstable fullerenes, such as some specific endohedral fullerenes (e.g., N@C60) or function-grafted fullerenes, whose 
the interest is worth being tested for physical (transport) or biological (drug delivery) applications. 

In this paper, we provide a detailed report on a room temperature synthesis method to prepare peapods that we 
are developing since 2002 [10,11]. The method basically should allow any kind of peapods to be prepared, possibly 
also for nanotubes other than carbon SWNTs. It is worth noting that low temperature alternative methods are now 
being proposed in literature, based on either soaking open SWNTs in a refluxing solvent [12] or in supercritical CO2 
[13], thereby revealing the increasing need expressed by the scientific community for milder peapod synthesis 
conditions.. 

We demonstrate the feasibility of forming hybrid nanotube-based materials such as C60@SWNTs, so-called 
"peapods", at room temperature Figure 1), using a liquid phase synthesis procedure. Basically, the method consists 
in considering previously opened SWNTs as a molecular sieve. Due to a competition between the filling event and a 
damaging event (somewhat similar to “nano ball-milling”, induced by the solvated fullerenes), optimum conditions 
had to be identified (typically sonication time, frequency, and power equal to 12-24h, 40-47kHz, 40%, within a 
saturated solution of fullerenes in toluene). Optimized filling rates are in the range of 40-50%, i.e. about half of the 
filling rates obtained using the regular high temperature (sublimation) method, but this should be able to be improved 
if needed, by using a cycling procedure (repeatedly drying then filling the opened SWNTs, so that solvent molecules 
trapped into the SWNT cavity are somewhat replaced by C60 molecules). On the other hand, attempts to prepare 
specific peapods have failed so far when using hydrogenofullerenes C60H36 as an example of functionalized, 
temperature-sensitive fullerenes. The reason is believed to be mainly sterical, and does not question the validity of 
the method proposed. 

 
 
 
 

 
Fig. 1. Example of peapod prepared at room temperature. 

 
1) B. W. Smith et al., Nature, 296, 323, 1998. 
2) B. Burteaux et al., Chem. Phys. Lett., 310, 21, 1999. 
3) B. W. Smith et al., Chem. Phys. Lett., 315, 31, 1999. 
4) D. E. Luzzi, B. W. Smith, Carbon, 38, 1751, 2000. 
5) K. Suenaga et al.,Science, 290, 280, 2000. 
6) B. W. Smith et al., Chem. Phys. Lett., 331, 137, 2000. 
7) B. W. Smith, D. E. Luzzi, Chem. Phys. Lett., 321, 169, 2000. 
8) C. H. Kiang et al., J. Phys. Chem. B, 103, 7449, 1999. 
9) K. Hirahara et al., Phys. Rev. Lett., 85, 5384, 2000. 
10) L. Donnadieu et al., 5th National Colloquium, GDR #1752 CNRS (La Grande Motte, France), 2002. 
11) L. Noé, M. Monthioux, Proc. CARBON’04 (Providence, RI, USA), 2004. 
12) F. Simon et al., Chem. Phys. Lett., 383, 362, 2004. 
13) D. A. Britz et al., Chem. Comm., 176, 2004. 
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An oxy-acetylene combustion flame method has been widely studied for diamond synthesis since the 

technological development by Hirose et al. in 1988[1]. This technique can be easily carried out at atmospheric 
pressure with a simple apparatus. Diamond-like carbon (DLC) and peculiar graphitic aggregates called gypsum 
flower-like carbon (GF) have been previously reported to be synthesized by this technique [2]. In this work, we 
present the synthesis of the other  various morphologies of graphitic carbon-based materials. All experiments are 
carried out with an oxy-acetylene torch. The O2/C2H2 gas ratio and the substrate temperature are the key parameters 
to obtain different carbon materials. Field-emission scanning electron microscopy (SEM-FEG), transmission electron 
microscopy (TEM) at high resolution (HR-TEM) and Raman spectroscopy are used to characterize the samples.  
A variety of carbon materials are synthesized in the oxy-acetylene combustion flame. In addition to diamond and  GF 
[2], graphite polyhedral crystal (Fig.1) [3] and petal-like carbon (fig.2) are obtained at high substrate temperature 
range without any catalysts. The polyhedral crystal consists of cylindrical graphitic layers and carbon nanotubes are 
sometimes observed at the tip. The petal-like carbon is thin graphitic layer and its size reaches up to 20µm. Both are 
composed of high quality graphite, exhibiting almost no defect signal by Raman spectroscopy.  The strong thermal 
gradient in the system allowed us to obtain these micro-scaled high oriented graphite crystals. The addition of a 
transition metal catalyst leads to the synthesis of carbon nanotubes (CNTs). Those have a perfect hollow structure 
with well-graphitized graphene layers (Fig.3), similar to the ones grown by arc-discharge.  

10 nm10 nm10 nm

 
Fig. 3. Cabon nanotube 
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Fig. 2. Petal-like carbon 
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Polymer blend technique can be used to design nanocarbons delicately. Two kinds of polymers are used as raw 

materials: one is a carbon precursor polymer (abbreviation: CPP), and another is a thermally decomposable polymer 
(abbrerviation: TDP) without carbon residue after heating. Both polymers are blended to make a polymer blend with 
a designed structure which is left to a nanocarbon after heating. The author’s group prepared already carbon 
nanospheres, carbon nanobalooms, carbon nanofibers (CNF), carbon nanotubes (CNT), and so on by using polymer 
blend technique. At the conference, preparation and structures of CNFs and CNTs are presented.  
 

 

Blending 
Polymer blend 

 Spinning

 

CPP Stabilization 

Carbonization 
CNF 

 

 Stabilization 

 Spinning Carbonization TDP 
 CNT 

Fig. 1. Preparation processes of CNFs and CNTs by using polymer blend 
 
Fig.1 shows preparation processes of CNFs and CNTs schematically. In the preparation of CNFs, CPP is 

dispersed finely throughout TDP matrix, followed by spinning, stabilization and carbonization. The particles were 
elongated extensively in the TDP matrix. The fiber diameter is controlled by particle size of CPP and spinning speed. 
When phenolic resin is used as a CPP the resulting CNFs with a low crystallinity were obtained. Such a high 
crystalline CNF as VGCF was developed by using mesophase pitch as a CPP.  

Coreshell particles were used instead of CPP particles to prepare CNT as shown in Fig.1. A serious problem 
occurred, that is, the coreshell particle collapsed at melt-spinning process and the coagulated CPP shells after 
phase separation resulted in carbon blocks. The accumulated site of CNTs was rarely observed. Instead of the melt-
spinning, the coreshell particles were buried in polyvinylalcohol fiber and then elongated at a lower temperature than 
the softening point of the coreshell particles. After removal of polyvinylalcohol with water, the elongated coreshell 
particles were stabilized and finally carbonized. The elongated particles were shrinked to change into carbon 
nanoellipses because of insufficient stabilization, possibly by internal stress developed at the elongation process. 
However, there was no impurity carbons excepting for the carbon nanoellipses, which suggests that a high purity 
CNTs without any impurity carbons can be prepared by using polymer blend technique when the optimun conditions 
were found out. This method is suitable for massproduction of nanocarbons. Merits and demerits of this novel 
method will be also described comprehensively, particularly through the comparison with gas phase reaction 
methods.  

 
 
 

121  



4th meeting NanoteC 04/1st GDR-E meeting Batz-sur-Mer, 2004 October 10-15 
 

 
 

P1-22 
The Effect of Different Functionalized Ferrocene Catalysts on the 

Production of Carbon Nitrogen Nanotubes 
 

H.Parshotam, R.Krause, S.Durbach
 

School of Applied Sciences, Department of Advanced Chemical Technology, Technikon Witwatersrand,  
P. O. Box 17011, Doornfontein, 2028, South Africa 

 
The discovery of carbon nanotubes (CNTs) has sparked great interest in the scientific world because of its 

unique electronic and physical properties. Further research in this field has shown that carbon nitrogen nanotubes 
(CN-NTs) should have very interesting properties such as extreme hardness and an enhanced metallic nature[1]. 
Amongst the many methods developed for synthesis of carbon nanotubes, the carbon vapour deposition method 
[2][3] will be used for the synthesis of CN-NTs. Ferrocene and other organometallic compounds will be functionalized 
and these will serve as the catalysts. 

The synthesis of the catalyst will be done using standard synthesis techniques. The aim is to synthesize the 
catalysts to include at least one nitrogen atom or functional group. This could be one source of nitrogen. The catalyst 
will be analyzed using analytical techniques such as IR, NMR and GC-MS. The source of carbon for the nanotubes 
will be a botanical hydrocarbon such as camphor. The nanotubes produced will be characterized using TEM, 
HRTEM, SEM, Raman, and FT-IR spectroscopy. This poster will show the synthesis of functionalized organometallic 
compounds used as the catalysts, as well as the attempted production of carbon-nitrogen nanotubes. 
 
1) M.North, B.C. Satishkumar, A. Govindraj et.al, Chemical Physics Letters 322, p. 333-340, 2000. 
2) M.C. Schnitzler, M.M. Oliveira, D. Ugarte Chemical Physics Letters 381, p. 541-548, 2003. 
3) M.Kumar and Y.Ando Diamond and Related Materials 12, p. 1845-1850, 2003. 
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Aligned carbon nanotubes (CNTs) are potential candidates for various applications in nanotechnology. Aligned 
CNT networks can be prepared by catalytic decomposition of either hydrocarbons on preformed substrates 
containing the catalyst or hydrocarbon/metallocene solutions injected in the reactor by different ways. One way 
consists in generating liquid aerosol and in carrying them to the reactor with an argon gas [1,2]. Well aligned MWNTs 
arranged as in a “carpet” and almost free of any by-products are obtained. 

In order to optimise and better control this synthesis process, the understanding of nanotube formation is of 
particular interest. While papers report studies on the growth mechanisms involved in the catalytic pyrolysis of 
hydrocarbons on preformed substrates, formation of aligned CNTs by CVD of aerosols is still debated, and growth 
models are often suggested without sufficient and systematic supporting experimental evidence. In this context, our 
work is focused on the study of the first stages of nanotube nucleation and growth occurring during pyrolysis of a 
mist of liquid droplets containing both the carbon source and the catalyst precursor. This work allows us to follow the 
progression in the formation of nanotubes during the early stages of their growth regarding the arrangement and 
length of the nanotubes, and the nature, structure and size of the catalyst particles formed.  

Using the experimental set-up reported elsewhere, a toluene/ferrocene (5 wt %) aerosol is pyrolysed at two 
different temperatures (800 and 850°C) for short durations in the [0.5-2] min range. Samples are obtained on Si 
substrates and analysed by Scanning Electron Microscopy (SEM), High Resolution Transmission Electron 
Microscopy (HRTEM) coupled with Energy Dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy 
(XPS) and X-Ray diffraction (XRD). 

SEM observations show that the first stage is the formation of a catalyst particle layer on the substrate and that 
only one MWNT is growing on one catalyst particle, confirming the first results already obtained [3]. For synthesis 
duration of 30s and 1 min, the substrate is mainly covered by a high-density layer of catalyst particles which are the 
origin of the growth of few nanotubes (Fig. 1). These nanotubes are randomly oriented and the NT roots are always 
attached to the catalytic particles and never directly in contact with the substrate. Exploring the beginning of the 
growth, below 2mn duration, XPS and XRD analyses reveal that the silicon wafers are covered by oxidized iron 
nanoparticles (possibly maghemite γ-Fe203 , or magnetite Fe304 or Fe3-xSixO4). 

Then with prolonging growth time, the number of nanotubes is increasing inducing the formation of a dense 
carpet of 20 µm long aligned MWNT for 2 min duration. SEM observations in conjunction with TEM observations 
show that particles exhibit a faceted morphology and are located at the roots of nanotubes and almost no particle 
can be found at the NT tips. These observations lend further support for a root growth mechanism in the early stages 
of the growth. Chemical analyses performed by EDX coupled with TEM on catalytic nanoparticles at the root of 
CNTs demonstrate the occurrence of Fe, O and C and confirm results obtained by XPS and XRD. 

In summary, this work demonstrates that the pyrolysis of aerosol containing both the carbon source (toluene) and 
the catalyst precursor (ferrocene) generates first the formation of oxidized iron nanoparticles exhibiting a catalytic 
activity for nanotube growth, and second the growth of one nanotube on one particle. According to all the 
observations, we believe that a base growth mechanism is controlling the first stages of the nanotubes formation.  

 
 

 
 
 
 
 
 
 
 
 
 
 

(1) (2) 

Fig. 1. SEM image of the early stages of nanotube growth (a) (850°C, 30 s) (b) (850°C, 2 min) 
Fig. 2. HRTEM image coupled with EDX analysis of catalyst particle at the root of nanotubes (850°C, 2 min). 
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Various transition metals (Ni, Fe, Pd Mo, Co…) can be used as catalyst for the CNTs synthesis. Whereas the 
impact of their electronic structure on the CNT growth has been widely studied for high-temperature synthesis 
techniques (arc discharge, laser ablation) [1], it has been less investigated for PECVD techniques [2]. This low 
temperature method strongly depends, on the catalyst preparation as nanoparticle for the CNT dimension control. 
Several studies correlate the nanometric thickness of the catalyst film to the size of nanoparticles after annealing and 
further to the CNT diameter. It has been shown that thinner films lead to smaller particles and then to thinner CNT 
diameter. However, few works [3] have investigated the transformation of the ultra-thin films (< 2 nm) of catalysts 
and their influence on the CNT structure. This seems a promising way to lead to SWCNT.  

CNTs were grown in a single stainless vacuum chamber on thermal silicon oxide wafer. First, the catalyst film is 
in-situ deposited by sputtering a metallic wire via Electronic Cyclotron Resonance (ECR) plasma of ammonia. The 
wire can be negatively polarised in order to ensure a fine control of the sputtered metal, while the uniformity is 
achieved by a special design of the wire shape. The principal advantage of this novel system is to avoid air 
contamination and therefore the catalyst oxidation. After in-situ annealing, an ECR acetylene plasma diluted in 
ammonia (1:2) is used as feedstock gas for nanotube growth. The substrate temperature is kept constant in the 
range of 550°C < T < 900°C. 

Three aspects of the catalyst effect on CNT growth are discussed in this communication. 
i) Three different metals, namely iron, nickel and palladium, have been studied. Their influence on the CNT 

structure has been deduced from transmission electron microscopy (TEM) analysis. 
ii) The evolution of various ultra-thin metallic layers before and after annealing was studied by X-ray 

Photoelectron Spectroscopy (XPS). These results are correlated with the CNT structure. 
iii) The temperature effect on the catalyst activity has been investigated. We will discuss the impact of this major 

synthesis parameter on the CNTs growth. 
 

 
 

Fig. 1. TEM image of Multi-wall CNTs grown with palladium catalyst  
by RCE-PECVD/PVD dual reactor. 

 
1) C. Guerret-Plécourt, Y. Le Bouar, A. Loiseau & H.Pascard, Nature, 372, 761, 1994. 
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3) M. Chhowalla, K.B. Teo, C. Ducati, N.L. Rupesinghe, G.A.J. Amaratunga et al., J. Appl Phys., 90 (10), 5308, 2001. 
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Silicon carbide (SiC) displays good thermal conductivity, high mechanical strength and chemical stability in 

extreme condition. Up to now, some kinds of SiCs have developed, including fiber, whisker, film, membrane, 
microtube, nanorod and so on. Usually, SiC is used as ceramic reinforcement material to develop high performance 
composite. It is also expected to be useful as catalyst support because of its unique properties if SiC with large 
surface area and suitable pore size distribution, is develop successfully. SiC can been prepared through three main 
methods, including CVD, pyrolysis of polycarbosilane, direct and indirect chemical synthesis and so on. However, 
there are some challenges to how to prepare economically SiCs, especially β-SiC, a well-known ceramic in field of 
high-temperature and resistant engineering application. CNF with controllable structures provides a template for the 
development of β-SiC. 

In the present study, nano β-SiC was prepared successfully through the pyrolysis (at 1400oC for 1h) of 
polycarbomethylsilane (PS, Mn=800, SP=180oC) uniformly coated on the surface of CNF with platelet structure 
(PCNF) and air-burning of the as-pyrolyzed product (PCNF/SiC composite). The as-prepared SiC with a platelet 
layer arrangement and a diameter ca.10-100 nm, shows a large surface area of ca. 240m2/g. 

The study indicates nano SiC can be developed from the pyrolysis of polycarbosilane at high temperatures 
varied from 1000 to 1400oC for in Ar. With the improvement of the preparation temperature from 1000 to 1400oC the 
initially amorphous SiC (formed) was partially transformed into polycrystalline β-SiC. However, the pyrolysis of PS 
coated on the surface of CNF provides complete nano β-SiC, which is demonstrated easilier after air-burning of the 
as-pyrolyzed product (PCNF/SiC composite). So, PCNF not only promotes the complete transformation from 
amorphous SiC into polycrystalline β-SiC, but also provides a unique template for the synthesis of nano SiC. Thus, 
the synthesis of nano SiC with different structures become possible because of the controllable structure of CNFs. 

 
 
   A-1                           A-2                           A-3 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1  TEM photographs of nano SiC  
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Growth of CNT within the pores of a template catalyst (ALPO-5) was reported [1]. In this regard, multi- wall CNTs 

was synthesized by mesoporous MCM-41 silicalits in the absence of any metal traces [2]. In the present 
investigation, a template synthesis method based on catalytic MCM-41 was applied for the preparation of ordered 
nanotubes via thermal decomposition of acetylene in the range of 600-700 0C. A bi-metallic catalyst using cobalt and 
molybdenum with 5-8 wt% was prepared by incipient wetness impregnation method on MCM-41 support as it has 
been found that these metals are able to produce good carbon nanotube in terms of yield and selectivity. XRD 
patterns for MCM-41 and CNTs samples grown on Co-Mo/MCM-41 are seen in Figure1. Figure 2 is the TEM image 
of CNTs grown on Co-Mo/MCM-41. Nitrogen adsorption isotherm, pore size distribution and TEM images of the 
template and nanotube products clearly shows that the shape and pore size of nanotubes exactly reflect the pore 
size of the template. The result indicates that manipulating the template and thermal conditions during vapor 
deposition can control the pore size of CNTs. The present investigation is of great interest for synthesis of nanotubes 
with the defined pore size distribution.  
 

          
                                                      (a )                                                                                  (b) 

Fig. 1. XRD patterns for (a) MCM-41and (b) carbon nanotube grown on Co-Mo/MCM-41 
 

 
 

Fig. 2. TEM image of CNTs grown on Co-Mo/MCM-41  
 
1) N. Wang, Z.K.Tang, G.D.Li, J.S.Chen, Nature, 408, 50, 2000. 
2) M. Urban, D.Mehn, Z.Konya, I.Kiricsi, Chem.Phys.Lett., 359, 95, 2002. 
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Wastewater treatment plants produce considerable amounts of liquid waste material called sewage sludge. In 
France, sewage sludge production is about 950,000 tons of dried matter per year. The traditional ways of sludge 
valorization include farmland application, landfill and incineration. But, with some traditional disposal ways coming 
under pressure like farmland applications and others being phased out like landfill, it is necessary to seek cost-
effective and innovative solutions to sewage sludge disposal problem. Today, one promising approach for production 
of cheap and efficient carbonaceous sorbent is the use of sewage sludge [1, 2]. This study aims to investigate the 
effect of sulfuric acid activation conditions on physico-chemical and adsorptive properties of the carbonaceous 
sorbents made from viscous liquid sludge collected at municipal wastewater treatment plant of Nantes, in France. 

Chemical activation by sulfuric acid is carried out using an impregnation method. Dried viscous liquid sludge is 
mixed with H2SO4 solutions for 6 h. The resulting mixture is filtered and dried at 105 °C. Then, impregnated sludge is 
activated in a horizontal furnace under nitrogen atmosphere. The effects of impregnation ratio (0.5-1.5 gH2SO4 g-

1sludge), temperature (600-800 °C) and time (60-180 minutes) are studied using experimental design methodology. 
The physico-chemical properties of the resulting sorbents are determined using various characterization 

techniques: 
- Elemental analysis, determination of surface functional groups by the Boehm method [3], surface pH 

measurement [4] and Point of Zero Charge (pHPZC) enable a complete characterization of the surface chemistry, 
- BET analyzer allows specific surface area [5] and the mesoporosity [6] and microporosity [7] to be determined. 
Finally, Adsorption properties are determined during copper ion, dyes (Acid Red 18 and Basic Violet 4) and 

phenol removal experiments in aqueous solution as well as VOC in gas phase. 
Firstly, activation mass yield decreases from 45 % to 36 % with increasing temperature and time, when the 

increase of impregnation ratio has a positive effect on this experimental design response. Surface pH and pHPZC 
measurements show that sorbents are acid. And, amount of acidic surface groups are more important that basic 
groups. The increase of temperature and time leads to a decrease of surface groups, whereas the increase of 
impregnation ratio allows acidic surface groups to be increased. Then, experimental design factors influence porosity 
development within the samples. The increase of impregnation ratio leads to specific surface area and pore volumes 
to be developed. And, at temperature above 700 °C, A pore widening or destruction phenomenon would occur [8], 
leading to a decrease of specific surface area and micropore volume. 

Carbonaceous sorbents developed from sludge allow copper ion, phenol and dyes to be removed from aqueous 
solution as well as VOC from gas phase. According to experimental conditions, copper adsorption capacity varies 
from 77 to 83 mg g-1, phenol adsorption capacity varies between 41-53 mg g-1 and VOC adsorption capacities 
(acetone and toluene) range from 12 to 54 mg g-1. The organic pollutant adsorption may be related with porous 
properties, whereas copper adsorption is dependent on the surface chemistry of the adsorbents. 

Finally, surface response methodology enable to define the following optimal conditions, 700°C during 145-160 
min with impregnation ratio of 1.5 g g-1, that are more appropriate for use of sludge-based sorbent in water and gas 
treatments (Fig. 1).  
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Controlled size and localization of carbon nanotubes grown by catalytic CVD 
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17 rue des Martyrs, 38054 Grenoble Cedex 9 (France) 

 
The Basic Technological Research project “200mm Molecular Post-CMOS ” funded by the French Ministry for 

Research, aims at the development of electronics components based on nanomaterials or on single functional 
molecules. One of the investigated themes involves the manufacture of electronics devices using carbon nanotubes 
(CNTs) either in an active mode (diodes, transistors) or in a passive one (vias). More precisely, our goal is to make 
such devices using large (200mm) silicon wafers which can be processed in a clean room, either before nanotube 
deposition or after.  

Within that framework, our objective is to control the localization and the diameter of CNTs grown on a silica 
substrate by Catalytic Chemical Vapor Deposition (CCVD). In this growth process, the CNT growth takes place on 
the catalytist nanoparticles previously deposited onto the substrate. The control over their localization thus implies a 
controlled localization of the grown CNTs. Besides, a direct dependence between the size of the nanoparticles and 
the diameter of the CNTs has been observed [1,2]. It is therefore essential to produce nanoparticles with 
monodispersed size distribution to homogeneously get CNTs with the desired diameter. 

In this poster, we present our work on the catalyst nanoparticles in terms of their dispersion on a substrate and 
their dimensions. These iron and iron-molybdenum catalyst nanoparticles are obtained by thermal decomposition of 
carbonyl complexes [3]. This method allows us to control their size from 2 to 15 nm. The nanoparticles are dispersed 
on the substrate by spin-coating. Both size and dispersion are checked with AFM. Their composition and crystal 
structure are analyzed with TEM and XRD. 

CCVD of CNTs is performed with CH4 at around 950°C after a reduction process under H2. The so grown CNTs 
are charcterized with SEM and TEM. A SEM image is shown on figure 1. 

 
 

X 100k       300 nm 

X 100k       300 nm 

 
 
 
 
 
 
 
 
 
 

Fig. 1. SEM image of CNTs grown on Fe nanoparticles dispersed on a silica substrate 
 
Finally, we are developing a nano-imprint method to obtain regular arrays of catalyst nanoparticles spaced out of 

50 nm. Within the arrays, the nanoparticles are dispersed in PMMA, which is burnt off at 300-400 °C. After CNT 
growth, metallic electrodes will be deposited over the arrays of nanoparticles in order to perform transport 
measurements. 

We thank P. Reiss and D. Peyrade for their help by the elaboration of nanoparticles and the nano-imprint, 
respectively.  

This work was funded by the micro- and nanotechnology programm from French Minsitry of Research under the 
grant “RTB : post-CMOS moléculaire 200mm”. 
 
1) J.-F. Colomer et al., Chem. Phys. Lett., 317, 83, 2000. 
2) H. Dai et al., Chem. Phys. Lett., 260, 471, 1996. 
3) Y. Li et al., Chem. Mater., 13, 1008, 2001. 
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Carbon nanotube production by chemical vapor deposition over sol-gel catalysts 

 
C. Vallés, M. Pérez-Mendoza, W. K. Maser, M. T. Martínez, A. M. Benito 

 

Instituto de Carboquímica, CSIC, C/ Miguel Luesma Castán 4, 50018 Zaragoza (Spain) 
 

Easy scalable low-cost processes for high yield production of carbon nanotubes (CNTs) are required if such 
materials are going to be employed as gas and energy storage systems [1,2]. Thus, this communication explores the 
synthesis of CNTs by chemical vapor deposition (CVD) over different sol-gel catalysts and the influence of reaction 
parameters on the morphology and characteristics of the obtained tubes, using methane as carbon precursor. With 
such method high yield weight ratios of 40/1 (C/Cat) have been reached. Both the CNTs and catalysts have been 
characterised by TEM, SEM, EDX, Raman spectroscopy, ICPS, XRD, gas adsorption isotherms and TGA/DTG.  

Several transition metals and mixtures have proved to be effective in the CVD reaction of methane, all of them 
rendering high yield of carbon nanotubes. Electron microscopy images show samples of long multi-wall carbon 
nanotubes (MWNTs) with very low metal and amorphous carbon content and no further purification or post-treatment 
was necessary. This is corroborated by the rest of characterisation techniques such EDX, ICPS and TGA. The 
morphology of the MWNTs seems to depend both on the metal precursor and the reaction parameters, sometimes 
conforming bundles. The textural characteristics also seem to vary depending on the preparation conditions, with 
specific surface areas accessible to nitrogen (SBET) ranging between 100 and 300 m2·g-1. This SBET is quite high in 
comparison with CNTs from other preparation methods such arc-discharge and seems possible to improve it easily 
by activation post-treatments. Hence, the method offers the possibility of lowering the production costs for the 
synthesis of metal free MWNTs with relative high surface area.   
 
1) C. T. Kingston et al., Anal. Lett., 36, 3119, 2003. 
2) H. Dai, Top. Appl. Phys., 80, 29, 2001. 
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Ordered carbon nanostructures : From fundamental to applications 

 
Cathie Vix-Guterl 

 
Institut de Chimie des Surfaces et Interfaces, CNRS, 15 rue Jean Starcky, 68057 Mulhouse (France)  

 
Ordered mesoporous carbon materials can be synthesized by a templating process [1]. These new materials are 

interesting for several potential applications mainly related with their specific chemical reactivity (as catalyst supports 
or selective adsorbants) or with their textural characteristics as electrodes for energy storage [2]. The proposed 
templating process can be summarized in two steps: (i) the carbon precursor is infiltrated in the porosity of an 
organized mesoporous silica (the template) and further carbonized if necessary at temperatures lower than 1000°C, 
(ii) the carbon is recovered after removal of the template by an acid treatment and characterized by several length-
scale techniques (X-Ray diffraction, gas adsorption, Raman spectroscopy, SEM, TEM, …). The resulting carbon 
materials present the particularity to display an ordered interconnected porosity (Fig.1), a high specific surface area 
(800-1700 m

2

/g), a high total pore volume associated with a bimodal micro-mesoporosity (pore size between 1 and 
6nm) [1,3,4,5]. The structure and the texture of these carbons can be controlled and modulated by the choice of the 
silica template and the type of carbon precursor and consequently the processing way [4,5,6]. Generally, the carbon 
corresponds to the template replica since the pores and the walls of the template become the walls and the pores of 
the carbon, respectively. However, modifications may occur during the synthesis like the formation of an additional 
microporosity or a symmetry change [5,7]. They depend on the nature of the template, of the carbon precursor and 
consequently on the selected deposition or impregnation way. Therefore, various carbon nanostructures with 
controlled structural and textural characteristics can be prepared. They constitute ‘model materials’ that were tested 
in various application fields. As a result, the use of such materials allow to determine optimal characteristics that a 
commercial carbon must display to be high performance, especially in the field of energy storage. Moreover, the heat 
treatment at temperatures higher than 2000°C of such carbon nanostructures offer the possibility to synthesize a 
material with a porous structure and graphitized carbon walls. A review of our work on the synthesis and 
characterisation of the ordered carbon nanostructures will be presented here. The relation between the physico-
chemical characteristics of the nanostructured carbons (structure, texture, surface chemistry) and macroscopic 
properties (like electrochemical properties, gas adsorption…) will be especially emphasized.  
 

 
 

Fig. 1. TEM image of a carbon sample obtained by using SBA-15 and propylene  
as template and carbon precursor, respectively.  

 
This work has been done in collaboration with the Laboratoire des Matériaux Minéraux (LMM) (Mulhouse) (J. 

Patarin, J. Parmentier), the Centre de la Recherche de la Matière Divisée (CRMD) (orléans) (F. Beguin), The Centre 
de Recherches Paul Pascal (CRPP) (Bordeaux) (P. Delhaes), The Institute of Chemistry and technical 
Electrochemistry (Poznan) (Pologne) (E. Frackowiak), the Laboratoire de Spectroscopie Physique (LSP) (Grenoble) 
(F. Ehrburger-Dolle).  
 
1) R. Ryoo, S.H. Joo, M. Kruk and M. Jaroniec, Adv. Mater., 13, 677, 2001. 
2) K. Jurewicz, C. Vix-Guterl, E. Frackowiak, S. Saadallah, M. Reda, J. Parmentier, J. Patarin, F. Béguin J. Phys. Chem. Solids, 

65, 287, 2004. 
3) Z. Ma, T. Kyotani, A. Tomita Carbon, 40, 2367, 2002. 
4) C. Vix-Guterl, S. Boulard, J. Parmentier, J. Werckmann, J. Patarin, Chem.Lett., 10,1062, 2002. 
5) C. Vix-Guterl, S. Saadallah, L. Vidal, M. Reda, J. Parmentier, J. Patarin J.Mat.Chem., 13, 2535, 2003. 
6) F. Ehrburger-Dolle, I. Morfin, E. Geissler, F. Bley, F. Livet, C. Vix-Guterl, S. Saadallah, J. Parmentier, M. Reda, J. Patarin, M. 

Illiescu, J. Werckmann, Langmuir, 19, 4303, 2003. 
7) C. Vix-Guterl, E. Frackowiak, K. Jurewicz, M. Friebe, J. Parmentier, J. Patarin and F. Béguin Chem.Mater., 2004,in press  
8) C. Vix-Guterl, M. Couzi, M. Trinquecoste, S. Saadallah, J. Parmentier, J. Patarin, P. Delhaes, Chem. Mater., 2004, in press  
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Comparison of the nanotubes purification and separation methods 

 
J. Cech, S. Roth 

 
Max Planck Institute for Solid State Research,  Heisenbergstr. 1, 70569 Stuttgart, Germany  

 
SWCNT produced by laser ablation, arc-discharge, and HiPCO, respectively are purified by various methods. In 

particular, heating 
in oxidative atmosphere (air and oxygen flow), refluxing in HNO3 boiling in HCl, centrifugation and several 

combinations thereof have 
been employed. Efficiency of purification is monitored by weight loss data, X-ray diffraction and Raman and 

optical spectroscopy. In 
addition we present some preliminary results of tests to separate metallic and semiconductive SWCNT. The 

possibility of such separation 
opens new window of applications.. 
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aMax-Planck-Institute for Solid State Research, Heisenberg Str.1, D-70569 Stuttgart, Germany  
bInstitute of Technical Physics, University of Erlangen, Erwin-Rommel Str. 1, D-91058 Erlangen, Germany  

cSchool of Physics and Condensed Matter Research Institute, Seoul  National University, Seoul 151-747, Korea 
dBeamline Research Division, Pohang Accelerator Laboratory, Pohang University of Science and Technoligy,  

Pohang 790-784, Korea 
ePhysics and Astronomy Department, Michigan State University, East Lansing, Michigan 48824-2320,  

 
Purified single wall carbon nanotubes have been chemically modified by thionyl chloride, SOCl2. This treatment 

changes significantly the electrical and mechanical properties of the resulting entangled nanotube network. Four-
probe measurements indicate a conductivity increase by up to a factor of 5 at room temperature, and an even more 
pronounced increase at lower temperatures. This chemical functionalization also improves the mechanical properties 
of SWNT networks. Whereas the pristine sample shows an overall semiconducting character, the functionalized 
material behaves as a metal. The effect of SOCl2 is studied in terms of functionalization reactions and incorporation 
of cross-linking functionalities into the nanotube network. We identified the miscroscopic origin of these changes 
using XPS, NEXAFS, EDX and Raman spectroscopy measurements, and by ab initio calculations. We interpret the 
SOCl2-induced conductivity increase by p-type doping of the pristine material. This conclusion is reached by 
electronic structure calculations, which indicate a Fermi level shift into the valence band, and based on the 
temperature dependence of the thermopower. 
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L. Goux-Capes1,3, A. Filoramo1,3, D. Cote2, J.-P. Bourgoin1 and J.-N. Patillon3 

 
1Laboratoire d’Electronique Moléculaire, CEA Saclay, DSM/DRECAM/SCM, 91191 Gif-sur-Yvette, France 

2LPA, Ecole Normale Supérieure, 24 rue Lhomond, 75231 Paris Cedex 05, France 
3Centre de Recherche MOTOROLA Paris, MOTOROLA Labs, Espace Technologique Saint-Aubin,  

91193 Gif-sur-Yvette Cedex, France 
 

Single wall carbon nanotubes (SWNTs) occupy a special place within molecular electronics. Indeed, they exist as 
semiconducting or metallic wires and have been used to demonstrate molecular devices like transistors, diodes or 
SET (single electron transistor). However, the future of this class of SWNT-based devices is to a large extent related 
to the development of a bottom-up self-assembly technique. The exceptional recognition properties of DNA molecule 
make it an ideal candidate for this task. Here, we describe a non-covalent method to connect carbon nanotubes to 
DNA strands using the streptavidin/biotin complex. Control experiments show that in absence of biotin, the DNA 
strand do not bind to SWNT. Moreover, these DNA-SWNTs complexes have been combined with molecular combing 
(see as example figure 1) and/or self-assembled monolayers (SAMs) techniques to go towards bottom-up self-
assembled carbon nanotubes arrays. 
 

 
 

Fig. 1. AFM image of combing of DNA-NT complex  
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Dispersion and Self-Organisation of Carbon Nanotubes 
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The unique aggregative properties of carbon nanotubes have attracted increasing scientific and technological 

interest.  In particular, their organisation into aligned assemblies from liquid suspensions shows particular promise. 
An initial challenge however is to create stable dispersions of sufficient concentration to achieve intertube interaction. 
Two strategies have been employed, chemical functionalisation of the exteriors of the tubes and the use of 
surfactants.  The first of these is more appropriate to multiwall tubes (MWNTs), while the latter is developed with 
SWNTs very much in mind.  An aqueous suspension of MWNTs oxidised in a mixture of concentrated sulphuric and 
nitric acids, exhibits liquid crystalline (nematic) behaviour at concentrations above about 5 vol% [1].  These lyotropic 
solutions, display most of the usually characteristic of molecular liquid crystal, in particular topological defects or 
disclinations.  The significance of these phases is that they open up the possibility of Kevlar type processing to 
produce fibres of highly aligned nanotubes [2]. 

In the case of SWNTs, there is no outer graphene layer which can be ‘sacrificed’ in the interests of 
functionalisation, so a surfactant approach has been developed.  It has been found that the surfactant sodium 
dodecylbenzene sulfonate (SDDBS) can facilitate dispersion of single wall nanotubes disperse stable assemblies of 
SWNT.  There is evidence of an adsorbed layer of surfactant on the surfaces of the tubes, increasing their effective 
diameter.  Such dispersions effectively generate self-organisation when they are evaporated in contact with an 
interface to give a thin coating.  The mutual alignment is normal to the line of the substrate-suspension-air interface, 
and a model is proposed to explain this. 
 
1) Song et al., Science, 302, 1363, 2003. 
2) Davis et al., Macromolecules, 37 (1), 154, 2004. 

 
 
 
 
 

134 



4th meeting NanoteC 04/1st GDR-E meeting Batz-sur-Mer, 2004 October 10-15 
 

 
 

P2-5 
Purification and functionalisation of carbon nanotubes 

for polymer-carbon nanotube composite materials 
 

Jie Liu1, Moulay-Rachid Babaa1, Fabrice Valsaque1, Yves Fort2, Edward McRae1 
 

1 Laboratoire de Chimie du Solide Minéral, UMR CNRS 7555, UHP-Nancy 1, B.P. 239, 54506 Vandoeuvre cedex (France) 
2 Synthèse Organique et Réactivité, UMR 7565, UHP-Nancy 1, B.P. 239, 54506 Vandoeuvre cedex (France) 

 
Due to the outstanding electronic and mechanical properties of carbon nanotubes, they are good candidates for 

conducting charges or reinforcement elements in polymer-based composite materials. While the geometrical 
connectivity between nanotubes plays the principal role in the first case, the polymer-nanotube interaction plays the 
major role in the second. Many works have already been done in this latter field but the results remain rather 
controversial as to the improvements in mechanical properties. One point of convergence is that the dispersion of 
the nanotubes within the matrix is a key factor. Their functionalisation seems to be the most promising method for 
doing so compared to those using a surfactant or a compatibilising polymer, since such additives usually have 
negative effects on the composite properties [1, 2]. Thus, in order to homogeneously incorporate nanotubes into a 
polymer, we first need to improve the dispersion of the nanotubes and increase their interactions with the polymer 
matrix.  

The morphology and properties of multi-walled carbon nanotubes (MWNTs) are affected by many factors such as 
the synthesis method and conditions. We begin our work with the purification of the MWNTs used so as to remove 
any amorphous carbon and the residual catalyst particles. We tried to find the most adapted method with different 
acids and concentrations. 

After a series of treatments (annealing in air and acid oxidation), the MWNTs are both purified and functionalised 
with -COOH, -OH, etc., as confirmed by IR spectra. The purified MWNTs are then soluble in water to quite a high 
concentration (~5 mg/ml). We then reduced the acidic group (-COOH, -C=O) to alcohol groups (-CH2OH) for the 
following steps of the functionalisation procedure.  Finally, we have used techniques such as XPS to determine 
which reducing agents give the best results. 
 
1) Z. Jin et al., Materials Research Bulletin, 37, 217, 2002. 
2) C. Velasco-Santos et al., J. Phys. D : Appl. Phys, 36, 1423, 2003. 
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The precursors used for the production of activated carbon fibres (ACF) were 3 acrylic textile fibres (F1, F1N, F2) 

with filaments of varying length and kidney bean cross section provided by Fisipe (Barreiro, Portugal). According to 
the manufacturer the fibre had been polymerised from acrylonitrile (~90w%) and vinyl acetate (~10w%) monomers. 
For the production of the ACF a horizontal tubular furnace made by Termolab and with Eurotherm 904 temperature 
controllers and a 1m tubular ceramic insert was used. The production process used involved 3 steps:Stabilisation of 
the fibres at 300ºC (2h), Carbonisation at 800ºC (1h), both under a constant N2 flow of 85cm3min-1, Activation at 
900ºC under a CO2 flow of 85cm3min-1 for several periods of time in order to obtain burn-offs within the range 10-
90% (indicated in the sample designations). FTIR spectra were recorded with a Perkin Elmer model Paragon 
1000PC spectrophotometer, using the KBr disc method with 1:500 dilution ratio, resolution of 4cm-1 and 100 scans. 
Elemental analysis of carbon, hydrogen, sulphur, nitrogen and oxygen was carried out using a Eurovector EuroEA 
elemental analyser. The point of zero charge (pzc) was determined by mass titrations.  

The ACF produced have basic properties as indicated by the pH values obtained for pzc (7-10). This value 
increases with activation or with increase of the sample burn-off due to the formation of basic functional groups such 
as pyrones. The functional groups identified by FTIR were amides, amides, lactones, pyrones, carbonyls and 
hydroxyls (free OH and phenol). The ACF samples also contain a considerable amount of nitrogen (5-10% wt) after 
the activation. 

In this communication we show evidence that, in our case, for the samples with low oxygen content (low burn-off 
value) the main cause for the basic characteristics of the samples was the delocalised π electrons because the pzc 
value was proportional to the aromatic ring density in the aromatic layers, which can give us an ideia of the π 
electron density. For the sample with higher oxygen content, and higher burn-off value, we found that besides the 
effect of the π electrons the formation of pyrone groups have a significant contribution to the relatively high pzc value 
observed (~10). There is no correlation between the nitrogen content and the pzc values which indicates that the 
nitrogen functional groups with basic characteristics, such as amines and amides, do not make a significant 
contribution to the basic character of the ACF produced.  
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Fig. 1. pzc evolution with activation 
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Upon chemical reduction, it is found that carbon nanotubes are rendered solubles in polar organic solvents 
without functionnalization and without the aid of ultrasounds, thus keeping both the true chemical structure of carbon 
nanotubes and their length. We will present the synthesis method and will describe the nanotube solutions thus 
obtained. Solubilities are as high as a few mg/ml . These solutions may have a number of applications such as 
organic functionnalization of carbon nanotubes, purification, obtention of thin films and composites and so on. 
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Carbon nanotubes have many potential applications where high surface area and pore volume are needed while 

keeping their characteristic properties. In this work, we compare the results obtained with chemical activation (with 
KOH) and physical activation (with CO2) of multi-wall carbon nanotubes (MWCNTs). The effects of activation 
treatments on the nanotube morphology have been assessed by means of high-resolution transmission electron 
microscopy. 

The MWCNTs used were prepared by catalytic chemical vapor deposition from ethylene on Fe/Al2O3 catalysts[1]. 

Their porous textural characterization, carried out from N2 adsorption results at 77 K, indicated that they have a 
surface area (SBET) of 193 m2 g-1, a micropore volume [Vµp (DR)] of 0.08 cm3 g-1 and a total pore volume (Vt) of 0.72 
cm3 g-1. Two types of activations were carried out: (a) physical activation with a CO2/Ar (1/9) mixture at 850 ºC with 
activation times of 1 and 6 h, which gave rise to burn-offs (BO) of 7.3 and 26.2%, respectively; (b) chemical 
activation with KOH, which was mixed (in powder form) with the MWCNTs (using two different KOH/MWCNTs 
weight ratios of 2/1 and 4/1) and carbonizing the resulting mixtures at 800 ºC for 1 h. 

Results showed that physical activation with CO2 is not effective for porosity development in the studied 
MWCNTs. The samples with BOs of 7.3% and 26.2% exhibited, respectively, BET surface areas of 199 and 196 m2 
g-1; both samples had the same total pore volume, Vt=0.73 cm3 g-1. These values are practically identical to those 
found for the non-activated nanotubes, thereby indicating that carbon dioxide is not a suitable agent for physical 
activation of these materials, as only external gasification takes place, being probably catalyzed by metallic particles 
coming from the catalyst used in the nanotube synthesis. 

On the other hand, chemical activation with KOH was an effective method for developing porosity in the 
MWCNTs. Thus, SBET increased to 285 and 437 m2 g-1 for KOH/MWCNTs weight ratios of 2/1 and 4/1, respectively. 
Likewise, the micropore volume and the total pore volume increased with increasing amount of KOH used in the 
activation. Thus, Vµp (DR) amounts to 0.11 and 0.16 cm3 g-1 and Vt amounts to 1 and 1.3 cm3 g-1 for KOH/MWCNTs 
weight ratios of 2/1 and 4/1, respectively. 

 

 
TEM micrograph showing that the morphology of MWCNTs is maintained despite the KOH activation. 

 
1) M. Corrias, B. Caussat, A. Ayral, J. Durand, Y. Kihn, Ph. Kalck, Ph. Serp, Chem. Eng. Sc., 58, 4475-4482, 2003. 
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Rheological behaviour of semi-diluted carbon nanotubes suspensions. 

Characterization of a concentrated nematic phase of nanotubes in water. 
 

S. Badaire, P. Poulin, M. Maugey and C. Zakri 
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The properties of materials comprised of carbon nanotubes are expected to strongly depend on the nanotube 
dimensions and on the orientation of these tubes in the materials. It is thus of great importance to be able both to 
align the nanotubes and control their dimensions during making of processes.  

Shearing can be one way to achieve alignment of carbon nanotubes in suspensions. We fabricated various semi-
diluted dispersions of MWNTs in water with surfactant and under ultrasonication. By measuring the viscosity of these 
suspensions versus the shear rate, we observed a shear-thinning behaviour from which we could deduce that the 
conditions of ultrasonication strongly affect the dimensions of the nanotubes inside the solution. We therefore 
showed that we could characterize the dimensions of nanotubes in suspensions by rheological measurements. 

Another way of aligning nanotubes can be to stabilize a nematic phase at higher concentrations. We explored the 
existence and stability of a nematic phase of nanotubes in water, the nanotubes being stabilized by amphiphilic 
polymers, like pluronics or denatured DNA. These conditions of dispersions allowed us to reach concentrations of 
about 4% wt of nanotubes in a nematic phase.  
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Different structural models for graphite oxide (see, e.g. [1]) were put forward, but it is generally known to present 
a layered structure with surface functional groups bound to the layers. Owing to these, it can easily absorb polar 
organic molecules and polymers to form nanocomposites. Such nanocomposites are prospective for use in 
biotechnology, where the surface functionalization of nanomatrerials is of great importance. 

GO was synthesized according to [2]. Organic compounds with various functional groups were used as 
substrates, thus allowing different reactivities in the surface functionalization of GO nanoparticles. 

Composites were prepared through immersion of GO into a solution of the substrate followed by sonication of the 
mixture. 

The composites produced were studied with TEM, X-ray, TGM, potentiometric titration, infra-red spectroscopy 
and SEM. For instance, let's examine a nanocomposite made from glucose as a substrate. The TG curve mainly 
follows that of initial GO with a shift in the lower-temperature region (Fig. 1). The shift is likely to be due to the 
dispersion of GO because of sonication, and the similarity of the TG curves of GO and that of the composite implies 
that the portion of GO in the composite is heavily predominant. On the other hand, IR data unambiguously indicate 
the presence of glucose in the composite together with GO. These data suggest that the formation of 
nanocomposites occurs owing to weak interaction with no significant chemical change in the surface groups of initial 
components. 

The SEM micrographs of thermally expanded samples (500ºС, 2 min) show that the GO-glucose composite does 
not change the layered structure of initial GO.  
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Fig. 1.TG curves at a heating rate of 2ºС min-1 : 
1 – initial GO ; 2 – glucose ; 3 – composite material. 

 
 

1) Lerf A. J. Phys.Chem. of Solids, 65, 553, 2004. 
2) Hummers W.S. Jr, Offeman R.E. JACS, 80, 1339, 1958. 
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A C60 @ SWNT bundle behaves like a 2-D crystal. This comes from the tubes array forming the triangular 
network. The bundle does also behave like a perfect 1-D crystal owing to the array of  the C60 molecules in each 
tube with uncorrelated  molecule positions from one tube to another. It results that a peapod bundle presents 
simultaneously the structural properties of a 1-D and a 2-D crystals.  

In a real sample of peapods the bundles present all the orientations in space. It is possible to realise 2-D oriented 
samples of C60 @ SWNT bundles, either by making a pellet under a convenient uniaxial pressure, either considering 
a good quality 'paper' of peapods. 

In this work we calculate the diffraction patterns of such samples taking into account the resolution function of the 
diffractometer. We show that the profiles display very singular behaviours which characterize the particular 1-D and 
2-D dimensionalities of the peapods. 

Considering these results we discuss:  
- the possibility to determine the C60 filling rate in a given sample from diffraction data, 
- the possibility to detect dimerization or polymerization of C60 in peapods by diffraction methods. 
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by depolarized dynamic light scattering 
 

S. Badaire, P. Poulin, M. Maugey and C. Zakri 
 

Centre de Recherche Paul Pascal, UPR 8641 CNRS , 33600 PESSAC (France) 
 

The properties of materials comprised of carbon nanotubes are expected to strongly depend on the nanotube 
dimensions or on that of their bundles.  We show that the dimensions of carbon nanotubes (CNTs) in suspension 
can be characterized by depolarized dynamic light scattering. Taking advantages of this in-situ technique, we 
investigate in details the influence of sonication procedures on the length and diameter of CNTs in surfactant 
solutions. Sonication power is shown to be particularly efficient at unbundling nanotubes, whereas a long sonication 
time at low power can be sufficient to cut the bundles with limited unbundling. We finally demonstrate the influence of 
CNTs dimensions on the electrical properties of CNTs fibers. Slightly varying the sonication conditions, and thereby 
the suspended nanotube dimensions, can affect the fibers conductivity by almost three orders of magnitude. 
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Lowering the growth temperature of carbon nanotubes and nanofibers (CNFs) is an essential step for their direct 

integration in devices. We previously presented a study of the temperature dependence of the growth rate and the 
structure of carbon nanofibers using a Plasma-Enhanced Chemical Vapor Deposition (PECVD) system with 
C2H2/NH3

 and sputtered or evaporated thin transition metal films as catalysts [1]. We showed that a low power (< 
20W) plasma enables growth below 250 oC, thus allowing flexible plastics to be used as substrate materials [1].  

Here we present a systematic structural characterization of the as-grown CNFs by means of High-Resolution 
Transmission Electron Microscopy (HRTEM), elemental mapping by Electron Energy Loss Spectroscopy (EELS), 
Scanning Electron Microscopy (SEM) and Raman spectroscopy. The CNFs were synthesized using Ni, Co, and Fe 
catalysts and the deposition temperature was varied in the range of 150-550 oC.  

EELS mapping shows that nitrogen is the only detectable impurity (~1-8 at. %). Its distribution in the nanofiber 
varies with position along its axis and with the exposure time to the electron beam. This indicates that most N is 
incorporated between the fiber walls and is not strongly bonded to carbon. 

The evolution of the Raman spectra measured at 514 nm and 244 nm was studied as a function of deposition 
temperature and catalyst. The fitted Raman parameters indicate a decrease of graphitic order with decreasing 
temperature. However, even for the lowest growth temperature of 150 oC, the fiber structure is nanocrystalline and 
not amorphous. This is confirmed by HRTEM analysis. The CNFs exhibit a structural transition from a bamboo-like to 
a cone-staggered structure with decreasing temperature. The use of different catalysts does not have a major effect 
on the structural evolution of the nanofibers. Indeed, all 3 used catalyst systems show a very low activation energy 
(0.23-0.35 eV) in respect to the corresponding thermal growth regime [1]. 

The selectivity of our deposition technique was probed by SEM and Raman mapping. The Raman map in Fig. 
1(b) shows no carbon signal outside the patterned region in Fig. 1(a). This demonstrates that our deposition 
methods allows an high degree of chemically selective growth. 

 
 

 
 

Fig. 1 (b) Grayscale map of the integrated Raman signal in the 1200-1700 cm-1 spectral range, acquired 
scanning the “IC” letters of the “plastic” carbon nanofibers pattern of fig 1(a) (scale bar: 100 µm). The mapped area 

is 15 x 15 µm and the scanning step is 750 nm.  
 
1) S. Hofmann, C. Ducati, B. Kleinsorge, J. Robertson, Appl. Phys. Lett. 83, 135, 2003; 83, 4661, 2003. 
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We are investigating the practicalities of using X-ray diffraction to examine packing, and degree of order in 
assemblies of carbon nanotubes. In particular we are looking at aligned nanotube carpets and nanotube fibres. In 
electron diffraction studies of carbon nanotubes Lucas [1] et al and independently Qin [2], have applied helical 
diffraction theory to the calculation of diffraction by carbon nanotubes. Using this approach we have modelled the X-
ray diffraction patterns from assemblies of nanotubes, looking at the effects of packing, and orientation. Carbon 
nanotubes scatter X-rays weakly, making laboratory based X-ray experiments tricky, but this can be overcome using 
the high intensity X-rays available at a synchrotron radiation source. We will compare wide angle X-ray scattering 
data collected at the Daresbury synchrotron radiation source from aligned carpets of carbon nanotubes and fibres 
with the predictions of the theoretical model.  

Diffraction patterns from multiwalled nanotubes characteristically show a diffraction peak due to the interlayer 
spacing, indexed as the (002) in accordance with the graphite unit cell. Theoretical calculations predict a 
substructure to the (002) interlayer diffraction peak due to interference effects between opposite sides of the tubule, 
but this has not been observed experimentally so far. We will discuss the possibility of extracting information on 
mean tube dimensions from the size and shape of the (002) peak.  
 
1) A.A. Lucas., et al, Scanning Microscopy Vol. 12, No. 3, 415-436, 1998. 
2) L.C. Qin, J. Mater. Res., Vol. 9, 2450-2456, 1994. 
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The structure of small bundles of carbon nanotubes synthesized by catalytic vapor decomposition (CVD) of 
methane on Co/MgO catalyst in a temperature range from 900 to 1000°C was investigated by selected area electron 
diffraction [1,2]. While homogeneous distribution of helicity has been reported in individual bundles of nanotubes 
produced by electric arc [3], most of these CVD isolated bundles has been found to be made of nanotubes with 
unique or double helicities  [1]. Further analysis of the diffraction pattern of some bundles with unique or double 
helicities leads to the conclusion that their nanotubes are undoubtedly double-walled (DWNT) [2].  

 

 
 

Electron diffraction pattern of a DWNT bundle 
 

The detailed analysis of the diffraction patterns of those bundles of DWNTs is performed within the kinematical 
theory with a particular attention given to the intensity distribution in non-equatorial scattering planes. Accurate 
determination of the wrapping indices is  obtained, as in ref. [4,5]. The relative helicities of the inner and outer walls 
will be discussed. Moreover, most nanotubes in a given bundle being identical, new questions are raised concerning 
their structural organization within a bundle. Do they present orientational order (well-defined orientations with 
respect to the bundle long axis) ? Do they have translational order along the bundle axis? We have developped new 
scattering models for nanotube bundles to address these questions. They will be presented here, together with 
comparisons between calculations and experiments. 

  
The present structural results will be also discussed with respect to synthesis processes [6].  Synthesis of a 

bundle composed of identical double-wall nanotubes most likely results from a cooperative mechanism taking place 
on the catalyst particle.  

 
1) J.F. Colomer, L. Henrard, Ph. Lambin, and G. Van Tendeloo, Phys. Rev. B 64, 125425, 2001 
2) J.F. Colomer, L. Henrard, P. Launois, G. Van Tendeloo, A.A. Lucas and Ph. Lambin, Phys. Rev. B 70, 075408, 2004 
3) L. Henrard, A. Loiseau, C. Journet and P. Bernier, Eur. Phys. J. B 13, 661, 2000 
4) M. Kociak, K. Hirahara, K. Suenaga and S. Iijima, Eur. Phys. J. B 32, 457, 2003 
5) M. Gao, J.M. Zuo, R.D. Twesten, I. Petrov, L.A. Nagahara and R. Zhang, Appl. Phys. Lett. 82, 2703, 2003 
6) J. Gavillet, J. Thibault, O. Stéphan, H. Amara, A. Loiseaun C. Bichara, J.-P. Gaspard and F. Ducastelle, J. Nanosci. Nanotech. 

Vol.4, No. 4, 2004 
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Measurement method of pore structure of activated carbons was studied by high resolution transmission electron 

microscopy (HRTEM) and image analysis. Pore size distribution obtained by the method was compared to results of 
gas adsorption. Ultramicropores of activated carbons, of witch pore size are under 0.7nm, are generally difficult to be 
detected by gas adsorption. The ultramicropores can be observed by HRTEM. The image depends on phase 
contrast transfer function of objective lens of the HRTEM (hereinafter referred to as the transfer function) in high-
resolution observation. More specifically, the transfer function must be comprehended for exact observation of 
amorphous structured materials such as activated carbons. 

In this study, we observed amorphous carbon film with HRTEM on different defocus values (∆f’s) in order to 
determine the transfer function of the HRTEM as well as simulation of the transfer function. Power spectra of the 
HRTEM images of the amorphous carbon film obtained by 2 dimensional (2D) fast Fourier transform (FFT) were 
compared to the simulation data [1]. The analysis method was applied to a carbon molecular sieve and compared to 
gas adsorption. 

The distribution of space frequency of HRTEM image of the carbon molecular sieve is shown in Fig.1.(a). The 
peaks of power spectrum correspond to the cycles of the brightness that appear in the HRTEM image, and they 
involve pore size distribution of the carbon molecular sieve. This method can detect the pores under 0.92nm in size 
including ultramicropores. The carbon molecular sieve which contains ultramicropore could not adsorb N2 or Ar. A. 
Linares-Solano’s group deduced micorpore size distribution of activated carbons which contains ultramicropore by 
high-pressure CO2 and CH4 adsorption [2]. 
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Fig. 1. (a) Power spectrum of HRTEM image of the carbon molecular sieve (sample KUA1B8)  

obtained by 2D-FFT and (b) Phase transfer function of objective lens of the HRTEM. 
 
The defocus value ∆f of the HRTEM observation is -60nm. L1 curve shown in Fig.1.(b) is the transfer function 

without attenuation. L2 courve Is the damping envelope curves, and L3 courve is the effective transfer function 
modified by the damping envelope function. In the view of this result, the measurement method by HRTEM and 
image analysis was applied to the carbon molecular sieve and the ultramicropores can be observed precisely. The 
HRTEM combined with image analysis was shown to be useful for structural analysis of ultramicropore and was 
expected to be an independent technique for confirmation of gas adsorption usefulness. 
 
1) K. Oshida, T. Nakazawa, T. Miyazaki, and M. Endo, Synthe. Met., 125, 223, 2002. 
2) Lozano-Castello D, Cazorla-Amoros D, Linares-Solano A, and Quinn DF, Journal Physical Chemistry B, 106, 9372, 2002. 
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Carpets of aligned multiwalled nanotubes are synthesized by the aerosol pyrolysis method using mixed liquid 
hydrocarbon/metallocene aerosols [1,2]. First X-ray scattering experiments [3] allowed us to show that nanotube 
alignment of �}5.5° with respect to the average growth axis can be obtained, which is, to our knowledge, the highest 
alignment degree ever reported for a macroscopic nanotube material.  In addition, nanotubes are partially filled with 
iron, and we demonstrated that mainly one phase (γ-Fe) is encapsulated inside the nanotubes, exhibiting a 
preferential crystallographic axis <110> along the nanotubes. Experiments performed at different heights along a 
carpet, using a beam diameter of 100 µm (to be compared with the carpet height of typically 1mm) revealed 
important additional quantities of non oriented α–Fe and Fe3C particles at the top of the carpet. In summary, the 
synthesis method appears very promising to elaborate well controlled aligned carbon nanotubes together with 
nanowires of particular orientation, but the top of the carpet contains Fe-based particles of different structures.  

The carpet structural characteristics being of strong importance with respect to their physical and chemical 
properties, a more detailed X-ray study has been undertaken using a high brilliance synchrotron radiation microbeam 
(ID13, ESRF). The small beam size (1µm x2 µm) allowed us to analyze the nanotube carpets at the micrometer 
scale, from their bottom to their top. Diffraction measurements were coupled to absorption ones. The nanotube 
orientation, the amount, structure and orientation of iron nanowires and particles are determined all along the carpet. 
We will show that: 
- the iron concentration varies along the carpet height; it is the smallest at the bottom of the carpet, constant over a 
large part of it (called its body)  and it increases at its top. 
- the nanotube alignment is the best in the body of the carpet 
- the nanotube growth appears to be initiated by oxydized iron particles (maghemite γ-Fe203 , magnetite Fe304 or  
Fe3-xSixO4), detected at the bottom of the carpet.  

The X-ray diffraction and absorption results shed new lights on the mechanisms involved in growth of nanotube 
carpet synthesized by the aerosol CVD method. The nanotube alignment dependence with the height on the carpet 
will be discussed. The finding of iron oxyde catalytic particles different from the iron nanowires inside the tubes is 
interesting, suggesting that different mechanisms may be involved for nanotube birth and growth. We will discuss the 
nature of the catalytic particles, the possible role of iron nanowires and reasons for their preferential orientation 
(energy minimization processes at the carbon-iron interface [4,5] can be considered).  

 
 

 

(b) 

 

(a)  
 
 
 
 
 
 
 
 
 
 

Diffraction patterns obtained (a) on the bottom and (b) on the body of the carpet. 
 
1) M. Mayne, N. Grobert, M. Terrones, R. Kamalakaran, M. Rühle, H.W. Kroto, D.R.M. Dalton, Chem. Phys. Lett., 338, 101, 2001. 
2) M. Pinault, M. Mayne-L’Hermite, C. Reynaud, O. Beyssac, J.N. Rouzaud and C. Clinard, Diamond and Rel. Mat. 13, 1266, 2004 
3) V. Pichot, P. Launois, M. Pinault, M. Mayne-L’Hermite and C. Reynaud, to appear in Applied Physics Letters. 
4) T. Yang and J.P. Chen, J. of Catalysis, 115, 52, 1989. 
5) S. Helveg, C. López-Cartes, J. Sehested, P.L. Hansen, B.S. Clausen, J.R. Rostrup-Nielsen, F. Ablid-Pedersen AND J.K. 

Nerskov, Nature, 427, 426, 2004. 
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Resonant Raman spectroscopy has provided a powerful tool for the observation of diameter-selective phonon 

modes of single-walled carbon nanotube (SWNTs). Despite the large number of prior works devoted to Raman 
scattering in nanotubes, there is still a controversy on the assignment of the Raman modes. Especially, the origin of 
the multi-peak structure of the tangential modes (TM) in SWNTs is highly debated (single- against double-resonance 
Raman process [1]). For further understanding, the approach that we adopt consist in the systematic study of 
isolated SWNTs.  

Three kinds of samples are used in the Raman experiments: (a) isolated SWNT, (and/or small SWVNT bundles), 
dispersed on substrat after subsequent sonication and centrifugation. (b) SWNTs directly synthesized on an oxidized 
Si wafer by chemical vapor deposition method using narrow size distribution Ni nanoparticules as catalytic material 
[2], (c) suspended SWNTs produced at the LEPES (Grenoble) by using the hot filament assisted CVD technique on 
pre-patterned square silicon pillars substrates [3]. Polarized Raman spectra were collected under ambient conditions 
on a Jobin-Yvon T64000 spectrometer, equipped with an optical microscope (area of about 1 µm²), using the 4880 
nm, 514.5 nm and 647.1 nm excitation wavelengths.  The precise positioning of the tubes under the laser spot was 
monitored with a piezoelectric nano-positioner.  

In this communication, different questions concerning the Raman scattering of single-walled carbon nanotubes 
will be reviewed. Especially, we identify, at different excitation wavelengths, distinct profiles of the tangential modes 
from tubes of close diameters. These results are discussed in the framework of the calculated dependence of the 
Raman spectra as a function of the diameter and chirality [4]. The excitation dependence of the Raman response of 
the same isolated nanotube has been also measured, leading to new experimental arguments about the debate: 
single- against double-resonance process. Also, the dependence of the Raman response of different isolated tubes 
as a function of the angle between the tube axis and the direction of the incident polarization is reported, and 
compared with mode symmetry based predictions, resonant processes and “antenna” effect. 
 
1) J. Maultzsch, S. Reich, U. Schlecht and C. Thomsen, Phys. Rev. Lett., 91, 87402, 2002. 
2) M. Paillet, P. Poncharal, A. Zahab, (in preparation)  
3) L. Marty, V. Bouchiat, C. Naud, M. Chaumont, T. Fournier, A. M. Bonnot, Nanolett,. 3 , 1115, 2003. 
4) A. Rahmani, J.L Sauvajol., C. Rols and C. Benoit, Phys. Rev., B 66, 125404, 2002. 
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By intercalation of various alkali metals in single-wall carbon nanotubes (SWNT) it is possible to modify the 
electronic band structure and to shift up the Fermi level. However the spatial structure of the intercalated alkali 
metals – SWNT system is unknown yet. By performing temperature dependent 13C- and 133Cs NMR measurements, 
we investigated the alkali ion dymanics and tried to develop a basic model for alkali ions diffusing in the interstitial 
sites of a carbon nanotube bundle. 
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Nanostructure development in the pyrolysis of PBO : an investigation 
by atomic force and scanning tunneling microscopies 
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The transformation of poly(p-phenylene benzobisoxazole) (PBO) into a carbon material through pyrolysis has 
been monitored on the nanometer scale by means of atomic force and scanning tunneling microscopies (AFM/STM). 
The fibrous material was investigated at different stages of its thermal degradation, which were determined by 
thermogravimetric analysis. As observed by AFM, the starting fiber (Fig. 1a,b) displays a network of oriented 
nanofibrils 10-25 nm wide and several tens of nm long, lying parallel to the fiber axis direction  (from top to bottom in 
all the images). Such nanofibrilar morphology reflects the orientation of the rigid-rod PBO macromolecules. The 
sample heat-treated at 933 K (Fig. 1c) undergones subtle changes compared to the starting polymer: although an 
arrangement of oriented nanofibrils is again the most prominent feature, the nanofibrils now appear slightly thinner 
and more defined. Based on previous reports [1] and X-ray results [2], such transformation is interpreted to arise 
from a structural stabilization of the polymer, rather than to a genuine degradation. The pyrolytic decomposition of 
PBO takes place mainly in a narrow temperature window between 983 and 993 K, during which a carbon residue is 
formed [2]. At 983 K (Fig. 1d), the polymer presents a morphology similar to that of the 933 K sample. By contrast, 
upon pyrolysis at 993 K (Fig. 1e) the surface appears decorated with more or less rounded or slightly elongated 
platelets having dimensions typically in the 5 to 20 nm range. It is also apparent that the platelets are in many cases 
lined up along the fiber axis direction. Finally, when the heat treatment is carried out at 1073 K (Fig. 1f), the platelets 
become more clearly the dominant morpholgical feature of the sample on the nanoscale. 

Concerning STM, below 993 K (e.g., at 983 K) the samples lacked enough conductivity for imaging to be 
feasible. At 993 K, STM could be already achieved. This observation is consistent with the idea that the key 
structural change in the transformation of the polymer into a carbon occurs between 983 and 993 K. STM images of 
the carbon residue at 993 and 1073 K are presented in Fig. 1g and h, respectively. The STM images are consistent 
with their AFM counterparts, but the platelets are better resolved in the former case. The alignment of the platelets 
along the fiber axis is particularly obvious in the STM images, in a way that strongly mimics the nanofibrilar 
morphology of the starting PBO polymer. Therefore, we conclude that the final carbonized material, in marked 
contrast to other polymers [3], retains to some extent a memory of the original polymeric nanostructure. 

 

a b c d

e f
Fig. 1. AFM images of the nanometer-scale morphology of fresh PBO (a,b) and samples heat-treated to 933 (c),  

g h

983 (d), 993 (e) and 1073 K (f), as well as STM images of carbon residue prepared at 993 (g) and 1073 K (h) 
 
1) D.C. Martin, E.L. Thomas, Macromolecules, 24, 2450, 1991. 
2) K. Tamargo-Martínez, S. Villar-Rodil, J.I. Paredes, A. Martínez-Alonso, J.M.D. Tascón, Chem. Mater., 15, 4052, 2003. 
3) S. Villar-Rodil, J.I. Paredes, A. Martínez-Alonso, J.M.D. Tascón, Chem. Mater., 13, 4297, 2001. 
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The nucleation of SWNTs is enhanced by early transition metals or rare earth catalysts. The similarities between 
the samples synthesized from different techniques, observed in transmission electron microscopy, suggest a 
common growth mechanism. The proposed scenario is the following : at high temperature first carbon atoms 
condense then metallic catalyst particles condense in a liquid state which dissolve significant amounts of carbon. 
Then at 1500-2000K the nucleation: the solubility of carbon decreases and carbon is expected to segregate at the 
surface and finally the growth by a root mechanism. 

To go beyond this phenomenological approach Tight - Binding Monte Carlo simulations are performed in order to 
simulate the nucleation of a C-SWNT on a metallic (Ni) substrate. A minimal-parameters basis is used to obtain a 
transferable TB parametrization of the C-C, Ni-Ni and Ni-C interactions applicable to binary system. We have 
investigated the metal-carbon segregation process and studied the adhesive properties of C on Ni surface to explain 
the key role played by the metallic surface.  
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First-principles calculations are performed to investigate the electronic, structural, and vibrational properties of 

single-wall carbon nanotubes with very small diameters. In particular, we focus on the tubes (3,3), (4,2), and (5,0) 
which are potential candidates for the 4 Å-diameter tubes synthesized inside zeolite channels.With such a narrow 
diameter,the electronic properties of these nanotubes near the Fermi level cannot be understood starting from the 
graphene sheet model, successful in the study of larger diameter tubes. Our results indicate that the (3,3) tube is 
metallic, while the (4,2) tube is semiconducting with a small indirect band gap. Metallic behavior has already been 
reported in the literature for (5,0) due to strong ss* and p* mixing induced by the large curvature of the tube. However, 
the dynamical properties of the (5,0) tube suggest the structure to be metastable in its cylindrical form. Such Peierls-
distortion effect induces a small band gap in the electronic band structure of the (5,0) tube.The calculated vibrational 
frequencies (radial breathing modes) agree with experimentally measured Raman spectrum, giving strong support 
that these small radius tubes are indeed present inside zeolite crystals. 
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Nitrogen doping of carbon nanotubes is of crucial importance if the dream of carbon nanotube based molecular 

electronics is to be realised.  Doping of carbon nanotubes should lead to a variety of interesting electronic and 
optical properties [1,2]. Previous attempts to dope carbon nanotubes have met with mixed success, often resulting in 
nitrogen gas incorporation in the tube cores. 

We present a theoretical and microscopic study of nitrogen doped carbon nanotubes.  Both single walled 
(SWNT) and multi-walled (MWNT) nanotubes have been grown using an aerosol injection chemical vapour 
deposition system at Montpellier University. 

Core-loss electron energy loss spectroscopy (EELS) coupled with high-resolution transmission electron 
microscopy (HRTEM) allows two-dimensional chemical mapping of the resultant tubes with near atomic resolution.  
The tubes show nitrogen incorporation in the tube walls, both in single walled and multi-walled tube samples.  
Particular spectral features in the nitrogen and carbon absorption edges are noted, corresponding to nitrogen 
present with different coordination. 

Computer modelling using a supercell density functional technique, AIMPRO, is used to characterise the 
behaviour of nitrogen within the carbon lattice.  We show that whilst substitutional nitrogen is stable (formation 
energy of 0.4eV), there is a strong binding energy between N and carbon vacancies (3.1eV), which become 
stabilised with nitrogen cores.  Weak repulsion is seen between substitutional N atoms, and indeed N is strongly 
repelled by structural lattice defects such as the Stone-Wales bond rotation defect.  We calculate EELS spectra for 
various N lattice defects and identify prominent features in the experimental spectra.  We examine defect formation 
and behaviour as a function of curvature.  Substitutional nitrogen is increasingly stable in smaller radii tubes to the 
extent that lattice substitution is exothermic for some very small diameter tubes. Various cross-sheet structures are 
possible in multi-walled tube structures. 

Finally we examine the behaviour of P and B impurities in the graphite / nanotube lattice, and discuss their 
potential for doping of carbon nanotubes. 
 
1) X. Blase, J. C. Charlier, A. De Vita, R. Car, Appl. Phys. A, 68, 293, 1999. 
2) E. Hernandez, C. Goze, P. Bernier, A. Rubio, Phys Rev Lett., 80, 4502, 1998. 
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Chemical functionalisation of nanotubes is important in the development of novel materials, notably to improve 
nanotube solubility and purification techniques. Functionalisation also provides a route to improved matrix-nanotube 
bonding in nanotube composites. 

Fluorination of carbon nanotubes enables solubilisation of nanotubes[1] and can be used as a starting point for 
further chemical modification[1]. The influence of fluorination on mechanical[2] and electrochemical[3] properties has 
also been investigated.  

Fluorination can be achieved with both elemental fluorine or F2 gas with coverage up to C2F. Scanning tunneling 
microscopy (STM) images of fluorinated nanotubes show a dramatic banded structure, attributed to fluorine adding 
over broad continuous regions[4].  

A marked change in fluorination behaviour is seen between 200 and 250˚C, with an increase in bulk sample 
resistance, and changes in observed FTIR[5]. XPS identifies different forms of bonded F including semi-ionic and 
covalent. 

We study F addition to graphene and carbon nanotube surfaces using a range of computational techniques, 
including density functional calculations and Hartree-Fock/AM1. Notably the key bonding types (ionic, semi-ionic and 
covalent) are identified and characterised.  Migration barriers and processes for F on tube surfaces are determined, 
and the 200-250˚C transition in behaviour associated with specific changes in surface diffusion behaviour[6]. 

The role of HF gas in catalysing fluorination is explained through the formation of HF2
- surface species, and the 

effect of solvation on fluorination behaviour is discussed. 
Transition from low to high fluorine coverage is explored, with high coverage C2F shown to adopt a banded 

structure with axial rows of fluorine.  This is consistent with the STM observations of circumferential bands, since our 
calculations show that the axial C2F structure will grow through contiguous expansion of the axial bands[7]. 

 

    

C2F fluorinated 
carbon nanotube, 
showing bonding in 
axial rows. 

 
 
1) E. Mickelson, et al, J. Phys. Chem. B, 103, 4318, 1999. 
2) K. Kudin, G. Scuseria, Phys. Rev. B, 64, 235406, 2001. 
3) H. Peng, Z. Gu, Z. et al,  Nano Lett., 1, 625, 2001. 
4) K. Kelly, et al  J. Chem. Phys. Lett., 313, 445, 1999. 
5) Lee et al GET REF 
6) C. P. Ewels, G. Van Lier, J. -C. Charlier, P. R. Briddon, in preparation, 2004. 
7) G. Van Lier, C. P. Ewels, F. Zuliani,  A. De Vita, J.-C. Charlier  submitted to J. Phys. Chem B, 2004. 

 
 
 

154 



4th meeting NanoteC 04/1st GDR-E meeting Batz-sur-Mer, 2004 October 10-15 
 

 
 

P4-5 
Mechanical Behaviour of Intrinsic Point Defects 

in Graphite and Carbon Nanostructures 
 

C. P. Ewelsa, M.I. Heggieb, A. El-Barbaryb, A. Glotera, 
R. H. Tellingb, J. P. Gossc, P. R. Briddonc 

 

aLPS, CNRS UMR 8502, Université Paris Sud, 91405 Orsay, France 
bTheoretical Chemistry, University of Sussex, Brighton BN1 9QJ, UK 

cNatural Sciences Department, University of Newcastle, Newcastle, NE1 7RU, UK 
chris@ewels.info 

 
The build-up of structural defects in an irradiated crystal increases the internal energy and can alter physical 

properties and microstructure.  
We discuss the behaviour of various intrinsic point defect aggregates in graphite and carbon nanostructures, 

including interstitials (I), vacancies (V), and interstitial-vacancy aggregates (I2, V2, I-V). Our density functional 
calculation suggest that many of these defect complexes form bridges between graphitic layers [1], which has 
profound implications for the mechanical and electronic properties of the system.   

In particular we show how interstitial and vacancy behaviour should vary between single- and multi-walled 
carbon nanotubes, in principle leading to different growth behaviour and response to applied stress.  As an example 
of defect behaviour in graphites we consider the formation of I-V complexes and show their relation to the Wigner 
energy effect in graphite[2]. 

For the first time it is becoming possible to directly detect individual defect species using high-resolution 
transmission electron microscopy (HRTEM), and image their evolution over time[3]. We show the formation and 
development of point defects in various carbon nanostructures and compare these with structural calculations. 

Material processing requires a detailed understanding of the diffusion and aggregation of defects and impurities.  
It is possible that rates of aggregation can be profoundly affected by the energy landscape of interacting defect pairs.  
In particular it is important to know whether there is thermodynamic bias to drift or whether aggregation is controlled 
by simple thermal diffusion until trapping occurs.   

We show that when impurities are located at 3rd neighbour sites they can be stabilised due to rehybridisation of 
the two intervening carbon atoms. Although not as stable as next neighbour pairings, these 3rd neighbour structures 
present considerable barriers to the aggregation of defect pairs, and have a significant effect on defect aggregation 
rates. 

Different defect species can be implicated in shape change in graphitic materials, and can be used to either 
strengthen or weaken carbon nanostructures.  We discuss the implications of these findings for microstructure 
evolution and physical property change during irradiation and the insights gained into defect-mediated processes in 
related carbon materials. 
 
1) R. H. Telling, C. P. Ewels, A. A. El-Barbary, M. I. Heggie, Nature Materials, 2, 333, 2003. 
2) C. P. Ewels, R. H. Telling, A. A. El-Barbary, M. I. Heggie, Phys. Rev. Lett., 91 025505, 2003. 
3) A. Kimura-Hasimoto, K. Suenaga, A.Gloter, K. Urita, S. Iijima, submitted, 2004. 
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We report experimental and molecular simulation studies that confirm the presence of a hexatic phase in narrow 

pores.  On heating, starting with a solid crystalline phase in the pore, two transitions are observed, the first being 
crystal to hexatic, and the second occurring at a higher temperature from hexatic phase to liquid.  The molecular 
simulations are for large systems (64,000 molecules) and free energies are determined by the Landau free energy 
method.   These clearly show the two transitions, and the nature of the confined phases are determined by 
measurement of the spatial and orientational correlation functions.  Finite size scaling methods are used to show that 
these transitions persist in the large system limit.  For the narrower pore width studied, only one layer of adsorbate 
molecules can be accommodated in the pore, and the transitions are second order.  With a somewhat larger pore 
two adsorbed layers can be accommodated, and the transitions become first order.  The results are consistent with 
the Kosterlitz-Thouless-Halperin-Nelson-Young theory for melting in two dimensions.  

Experimental studies are reported for carbon tetrachloride and aniline adsorbed in activated carbon fibers (ACF) 
having slit-shaped pores.  Differential scanning calorimetry (DSC), dielectric relaxation spectroscopy (DRS) and 
nonlinear dielectric effect (NDE) measurements were made.  The measurements show two transitions at 
temperatures that are in good agreement with those found in the simulations for the crystal/hexatic and hexatic/liquid 
transitions for both carbon tetrachloride and aniline in activated carbon fibers.    Dielectric relaxation times for aniline 
are characteristic of  the intermediate phase.  NDE measurements for aniline show critical behavior and second 
order transitions, again confirming the presence of a hexatic phase. Recently a similar effect was found for benzene 
in ACF. 

In conclusion, we find that (a) a hexatic phase can occur in narrow pores, (b) the phase occurs even for simple 
molecules, and is stabilized by the confinement of the pore; thus it occurs over much broader temperature ranges 
than has been observed in bulk fluids, and (c) the nature of the transition changes from second order in narrow 
pores that accommodate only one adsorbed layer to weakly first order in slightly wider pores that accommodate two 
layers. 
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Like all nanostructures, carbon nanotubes have interesting electrodynamical properties in the near field. Due to 
their large aspect ratio, nanotubes give rise to a large amplification factor of the applied electric field, which may be 
sufficient to extract electrons from the tip. This effect of field emission by nanotubes is well documented and already 
close to industrial applications. Also near the lateral surface, the electromagnetic field is influenced by the electronic 
properties and the curvature of the nanotube. As a result of nanotube-radiation field coupling, electrodynamics-
mediated interactions between an atom and a nanotube has specific behaviours that have not been deeply explored 
till now. Two important manifestations of these interaction processes are the van der Waals attraction of an atom by 
a nanotube and the variation of the spontaneous decay of an excited atom placed nearby.  

We have developed a quantum electrodynamics theory [1], which we have used to investigate the spontaneous 
decay dynamics and the van der Waals attraction of a two-level atomic system located close to a nanotube surface. 
We have predicted the existence of frequency ranges where, similar to semiconductor microcavities and photonic 
band-gap materials, carbon nanotubes yield to a strong atom-field coupling [2]. In these frequency ranges, we have 
demonstrated a strictly non-exponential spontaneous decay of the upper state of the two-level atom, which is an 
important phenomenon necessary, e.g., for quantum information processing. We have demonstrated the failure of 
standard weak-coupling based van der Waals interaction models in a close vicinity of the nanotube surface, where 
the local photonic density of states effectively enhances the atom-field coupling [3]. By placing the atom inside or 
outside nanotubes with different radii, the effect of curvature, concave or convex, on the van der Waals energy has 
been investigated.  

This work has been funded by the IUAP program P5-01 "Quantum size effects in nanostructured materials" of the 
Belgian Science Policy Programming services. 
 
1) I.V. Bondarev et al., Phys. Rev. Lett., 89, 115504, 2002. 
2) I.V. Bondarev and Ph. Lambin, e-print: cond-mat/0401332 (submitted to Phys. Rev. B). 
3) I.V. Bondarev and Ph. Lambin, e-print: cond-mat/0404211 (submitted to Sol. St. Commun.). 
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The energetics of nucleation of single-walled carbon nanotube and the role of the catalyst was investigated using 

the SIESTA atomic-orbital code. We find that the driving force for the nucleation of cap structure from a flat graphite 
sheet is that the introduction of curvature minimizes the energy by replacing carbon dangling bonds at the sheet 
edge by carbon-metal bonds. This follows the ideas put forward by Fan et al [1]. The cap then grows into the 
nanotube. A capped single-walled nanotube is found to be energetically stable compared to a fullerene and to any 
structure with dangling bonds, such as open-ended tubes or flat graphite sheets perpendicular to the metal (Ni) 
surface. We also find that with the same number of C-metal bonds, the energy per C atom for the capped armchair 
tube (capped 5,5 tube) is close to that for the capped zigzag tube (capped 10,0 tube), but is smaller than that for the 
capped chiral tube (capped 6,4 tube), which is the consequence of the chirality. The chirality of a single-walled 
nanotube has an effect on energies for the dangling bond, the C-C bond and the C-Metal bond. We discuss the 
consequence of our results in connection with possible nucleation and mechanism for carbon nanotube growth. 
 
1) X. Fan, R. Buczko, A. A. Puretzky, D. B. Geohegan, J. Y. Howe, S. T. Pantelides, and S. J. Pennycook, Phys. Rev. Lett., 90, 

145501, 2003. 
 
 
 

158 



4th meeting NanoteC 04/1st GDR-E meeting Batz-sur-Mer, 2004 October 10-15 
 

 
 

P4-9 
An Atomistic Simulation Study of Carbon Nanotube Growth 

in Zeolite Porosity  
 

Thomas Roussel, Christophe Bichara, Roland J.-M. Pellenq 
 

Centre de Recherche en Matière Condensée et Nanosciences Campus de Luminy, 13288 Marseille, cedex 09 France  
 

In this work, we present Grand Canonical Monte-Carlo simulation results for the adsorption of carbon vapour in 
the channels of zeolite AlPO4-5. The carbon-carbon interactions are described within the frame of a Tight Binding 
approach (fourth momentum’s method) while the carbon-zeolite interactions are modelled using a PN-TrAZ 
physisorption potential. We demonstrate the possibility of producing ultra-small single wall carbon nanotubes (0.4 nm 
in diameter) by using a zeolitic porosity as a template. The analysis of equilibrium structure along the adsorption 
isotherm at 1000 K (Fig. 1) gives some insights on the growth mechanism of such very small SWNT (Fig. 2).  

The intrinsic stability of such nanostructures was also investigated after removal of the inorganic phase by 
performing Molecular Dynamics relaxations using a bond order carbon-carbon potential. 

 

 
Chemical potential (eV) 

 
Fig. 1. C adsorption isotherms calculated at T = 1000 K. Points A (µ= – 6.), B (µ= – 5.5) and C (µ= – 5.) 

correspond to the configurations displayed in Figures 2a, 2b and 2c.  
 

Fig. 2a

 

Fig. 2b

 

Fig. 2c

 
 

Fig. 2. Equilibrium configurations for carbon adsorption at points A, B, C along the adsorption isotherm at 1000 K.  
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Inasmuch as carbon atoms can occur in one of the three hybrid states sp, sp2, and sp3, an infinity of carbon 

crystalline forms can exist in practice. In these crystals, carbon atoms can have the same or different hybridization 
types and situate at the surfaces of different topology. 

Fullerenes and carbynes are the quasi- 0D and 1D forms the carbon matter. Since their discovery them attracted 
attention of the researchers both experimenter and theorists. There are a number of works devoted to the computer 
simulations of the properties of such structures [1, 2]. 

In this work, we discuss the possible existence of a new class of hybrid carbon structures consisting of fullerenes 
linked together by carbyne fragments i.e. fragments consisting of linear carbon chains (fig.). 

 

 
Fig. Fullerenes cross-linked by carbine chines 

 
In the work quantum chemical calculations of the carbon cluster built of two and tree C60 fullerenes bonded with 

carbon chains of two to five atoms were carried out. Also some 1D, 2D and 3D crystals were modeled. 
For dimer and trimer calculations semiempirical MNDO/PM3 and ab initio Hartree-Fock (HF/6-21G) methods 

were used. Crystal structures were considered under empirical approach (MM+ force field) in cluster approximation. 
For a number crystals electronic band structure and density of states calculations were made according to 

extended Huckel theory (EHT). 
As a result most stable conformations were found, their geometrical parameters were obtained and their relative 

stabilities were analyzed. It was also shown that quasi-1D hybrid chains have semiconductor properties, their band 
gaps were estimated [3]. 

This work was supported by the Russian Scientific and Technical Program “Controlled Synthesis of 
Fullerenes and Other Atomic Clusters” and “Low-dimensional quantum structures”. 

 
1) I.V. Stankevich, M.V. Nikerov, and D.F. Bochvar, Usp. Khim., 7, 1101, 1984. 
2) M.S. Dresselhaus, G. Dresselhaus, P.C. Eklund, Science of Fullerenes and Carbon Nanotubes, Academic Press, London, 

1995. 
3) A.R. Sabirov, I.V. Stankevich, and L.A. Chernozatonskii, JETP Letters, 79, 121, 2004. 
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Non-covalent functionalization is interesting for several reasons, such as for its fundamental aspect and for 
example to spread out nanotubes into a matrix and to functionalize them without changing their conduction 
properties. Further, it is important to have a good knowledge of the interactions between closed shell molecules and 
carbon nanotubes and of the modifications on the electronic properties of the tube upon adsorption, for instance for 
sensor applications. 

We have investigated the adsorption of a benzene molecule on several nanotubes (mainly zigzag) and 
determined the changes induced on the electronic structure of the tube. The π−π interactions are weak, with a 
binding energy of about 0.25 eV per benzene molecule, and the metallic or semi-conducting type of the tube is 
preserved. We discuss the preferred adsorption sites on the tube which depend on its radius and helicity. The most 
stable position on small tubes differs from that on a graphene sheet, indicating a curvature effect. Moreover, we 
show that the different geometries of the non-equivalent carbon bonds of a given tube correspond to different binding 
energies and equilibrium distances (cf. fig. 1). These subtle effects may have some experimentally detectable 
consequences and may call into question the eventuality of selective adsorption or self-organization of benzene on 
nanotube. This behavior may be related to the tube geometry via the dihedral angle between the Pi Orbital Axis 
Vectors (POAV) [1,2] of neighboring carbon atoms. We have computed the value of this angle for each type of bond 
of every carbon nanotubes and these geometric data could be used to predict the reactivity of the different bonds of 
a tube or to distinguish between nanotubes. 

 

 
 

Fig. 1. Calculated energy curve for the adsorption of a benzene molecule on a (9,0) carbon nanotube. Different 
high symmetry positions are considered, the center of the benzene being over a carbon atom (Atom), over the 

middle center of a C-C bond parallel to the tube axis (C-C bond 1) or over the middle of a bond of the other type (C-
C bond 2). In this case there is a bigger difference between the two non-equivalent bonds than between a bond and 

an atom. 
 
1) R. C. Haddon, Chem. Phys. Lett., 125, 231, 1986. 
2) R. C. Haddon, J. Am. Chem. Soc., 108, 2837, 1986. 
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The heteroepitaxial growth of single-crystalline diamond has been the subject of intense technological 

investigation over the past decade. Diamond has several interesting features, in particular its high heat conductivity, 
its large band gap, and high mobilities, which would make it ideal for semiconductor-industry processes and for 
space based applications. Recent experimental studies have found iridium (100) to be a uniquely good substrate for 
diamond deposition, and the first cases of continuous monocrystalline paths in large diamond domains have been 
reported by Schreck et al [1]. 

We present ab-initio calculations of the solubility of carbon in different metallic substrates and silicon, and show 
that iridium is indeed a special case: for very low concentrations, the inclusion of carbon in Ir is very favorable, but as 
the concentration increases the inclusion becomes energetically unfavorable. For rhenium the case is similar but the 
difference is much smaller. 

The examination of the Ir-diamond interface confirms experimental LEED and theoretical results obtained by 
Johnson et al. [2]. The comparison with the interfaces for the other substrates shows that most are similar in binding 
energy. The implications of these results and possible growth mechanisms are discussed.  
 
1) Schreck et al. «Diamond nucleation...» APL, 78, 192, 2001. 
2) Johnson et al. «The structure of carbon adsorbed...» Surf. Sci., 478, 49, 2001. 
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One of the major directions of the development of modern physics is the development and study of materials 
having special electrical properties, in particular, search of the solid electrolites with proton conductivity [1]. The 
prospects of their practical application are extremely wide. So, on their basis are created the high-sensitivity sensor 
controls on hydrogen and some other gases and etc. The proton conductivity is used as primary test for certification 
of the prospective catalysts. All this has predetermined the wide development of jobs in the area of research the new 
solid protonconductivited substances. 

Nanotubes due to their structural features, have a continuous grid of the bonds (π-bonds), which are the 
necessary requirement of carry of protons. In this connection it is possible to assume, that nanotubes can be 
materials with proton conductivity. 

We are executed the quantum-chemical research of the opportunity of proton conductivity in the single-walled 
carbon nanotubes, having the cylindrical symmetry. Tubulene  (6, 6)-type with 4 elementary layers is chosen as the 
object of the researches. The longitudinal superficial conductivity was studied. The accounts are executed by the 
semiempirical scheme MNDO, modified on a case of cyclic cluster. The method of the ion built – covalent-cyclic 
cluster (IB-CCC) is used. 

Two variants of the migration of a single proton H+ were considered: 
1) H+ is moved along nanotube from one carbon atom of the tubulene surface to another above two following one 

after another hexagones (so-called "go-ahead" mechanism); 
2) H+ is moved along the longitudinal C-C-bonds. 
The distance between H+ and the tube surface was chosen equal 1,1 A. This is the optimum distance of the 

adsorption for the chosen proton. As the result of the carried out researches the power curve the proton migrations 
along the nanotube surface were constructed. The analysis of the extremuma of these curves has allowed to 
determine of the energies of activation and to calculate the value of the relative proton conductivity (6, 6)-nanotube 
for the both variants. 
 
1) A.B.Yaroslavcev.Uspehi khimii., 63 (5), 449, 1994. 
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Because their high specific area and electronic properties carbon nanotubes are potentially ideal materials for 

electrochemical and electro-mechanical applications. We present in this work the properties of nanotube micro-fibers 
obtained by a particle coagulation spinning process. This process allows the fabrication of continuous assemblies of 
oriented nanotubes. After thermal treatments, the nanotube microfibers can be used as microelectrodes and micro-
actuators. The electrochemical capacitance is relatively high and sufficient to make highly sensitive sensors, with 
properties superior to that of classical carbon fiber microelectrodes. Isotonic and isometric electromechanical 
properties have been characterized as function of different fiber treatments. The stress generated can be as high as 
15 MPa for a stimulation of about 1 V. This level of stress is more than 20 times greater than that generated by mats 
of randomly oriented nanotubes. We discuss the current barriers for the future development of this very promising 
technology and the on-going work in our laboratory to circumvent them. 
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In recent time the building of “nanonet” from nanotubes have been very important in nanoelectronics [1]. Process 

of nanotube’s covalent binding is one of resources of the building of junction new types. The experimantal 
observation of rectification properties in carbon nanotube Y-junctions has provided additional support for realizing 
their device potential [2]. Theoretical calculations have confirmed the rectification behavior for the Y-junctions [3,4]. 

Covalent-junction combinations from single-wall nanotubes (SWNT) with various types of electronic properties 
(metallic and semiconducting) are considered. The mechanism of formation X-,Y- and T-types of covalent junctions 
are investigated, defined potential barriers and P-T phase diagrams. The simulation use molecular dynamics method 
with empirical bond-order potential that was parameterized by Brenner [5] including long-range interaction [6], and 
tight-binding molecular dynamics scheme [7]. The energy simulation has shown that the investigated structures are 
stable. 

It was demonstrated [4] that the intrinsic symmetry of the structural nature at the junction and the external 
asymmetric conditions imposed by the bias voltage play a significant role in deciding the rectification behavior of the 
junction. This is why the asymmetric I-V characteristics and the rectification at the junction is found to be sensitive to; 
(a) the chirality of the underlying carbon nanotube, and (b) the intrinsic structural symmetry at the junction. In all 
previous systems studied the spacer is formed by a smooth merging of three straight SWNTs at the expense of 
some topological defects. In the present work, we extend our study much further. In particular, we investigate various 
forms of the spacer region, the latter formed by one or more pairs of 2+2 cycloaddition bonds which inlcude sp3 
bonded C-atoms. We investigate the effect of the spacer-symmetry on the transmission function and the I-V 
characteristics (see example on the Fig. 1) of the tube using an efficient Green's-function embedding scheme. The 
results are compared with the previous results for all sp2 junctions. These results cofirm our earlier findings that 
structural symmetry is a necesary condition for rectification and switching properties. 

This work was supported by throw grants NSF (ITR-0221916), DOE (00-63857), NASA (02-465679), and 
Russian Program “Low-dimensional quantum structures”. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Y-junction formed by (8,0) SWNTs with the caps joined by 2+2 cycloaddition, and I-V characteristics, 
which show asymmetry and rectification. The left (L), right (R) and stem (S) are labeled for convenience. The bias 

voltage is applied between the left-stem branches. 
 
1) Synthesis, Structure, Properties and Applications, ed. by M.S. Dresselhaus et al., Springer, 2001. 
2) J. Li, C. Papadopoulos, and J. Xu, Nature, 402, 253 1999.  
3) A. N. Andriotis et al.,, Phys. Rev. Lett., 87, 066802 2001. 
4) A. N. Andriotis et al., Phys. Rev. B., 65, 165416  2002. 
5) D.W.Brenner et al.,J. Phys.: Condens. Matter 14, 783 2002.  
6) Z.Mao et al., Nanotechnology 10, 273 1999. 
7) A. N. Andriotis and M. Menon, Phys. Rev. B 57, 10069 1998. 
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In carbon nanotubes and nanofilaments, the surface properties play a fundamental role for any use or 
application. It is therefore necessary to know and to control their surface characteristics  which are dependent of the 
process and surface treatments. In this work we have investigated two series of multiwalled nanotubes (MWNT) on 
which a thermal treatment at 2500°C and a controlled surface oxidation, using nitric acid solutions, have been 
carried out. On these samples two series of experiments have been done ; firstly a surface chemical analysis of the 
oxygen functional groups (“ASA”) and secondly a physical approach thanks to Raman spectroscopy. This analysis 
has shown that the density of active sites depends upon the MWNT type and their further treatments. The Raman 
spectra, with in particular the intensity ratio between the G and D lines, are also characteristics of the  carbon 
surface state (the in plane cristallite size La). Following this track we have established a general relationship 
between them (see figure 1) which should be valid for any mesoporous (and macroporous) carbon. Finally we have 
examined the implications on the wetting and adhesion of MWNT on a matrix, through either a physisorption or a 
chemisorption process. 
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Fig. 1. Active Site Surface Area (ASA), versus in-plane crystallite size (La). 
(for La<2nm (dashed zone) , the La calculation is not valid) 
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Nanometer-scale "paddle" oscillators incorporating multiwalled carbon nanotubes as torsional spring elements 
were fabricated by the Nanoscale Science Research Group (NSRG) at the University of North Carolina at Chapel Hill 
[1–3]. Arc grown MWCNTs were dispersed onto Si wafers having 500 nm of oxide. Large metal pads were patterned 
by electron-beam lithography over the ends of each MWCNT, and a stripe of metal over its center to form the 
paddle. The metal was thermally evaporated, 15 nm of Cr followed by 100 nm of Au. The oxide was etched such that 
the paddles were completely undercut, but the larger pads pinning down the MWCNT ends were not [1]. 

The torsional stiffness of the nanotubes was measured with an atomic force microscope (AFM) mounted inside 
the chamber of a scanning electron microscope. The AFM was used both to apply forces to paddles and to measure 
their displacement. All tested devices exhibited a sizeable increase in torsional stiffness, roughly correlated with the 
total number of previous twisting cycles. After nearly 500 repetitions of a twisting cycle of small amplitude (with 
estimated in-wall strains less than 0.01), the stiffness of an individual MWCNT saturated to a value 12 times larger 
than its initial value. In conclusion, the results collected by the NSRG experimentalists are quantitatively consistent 
with the hypothesis that, while in the first twisting cycle only the outer wall is strained, successive cycles induce an 
increasing interwall coupling, until all the walls are strained and contribute to the overall torsional stiffness as if the 
nanotube were a solid rod [2,3]. 

However, other experimentalists (the Zettl Research Group at the University of California at Berkeley [4] and, 
independently, the Laboratoire Pierre Aigrain at the Ecole Normale Supérieure, Paris [5]) have manipulated 
MWCNTs very similar to the ones employed by the NSRG, to fabricate nanoelectromechanical devices where an 
individual MWCNT, suitably engineered, provides a rotary bearing in which the sliding occurs between different 
walls. The interwall friction is extremely small and does not increase during operation: beyond doubt, the mechanism 
that boosts interwall coupling is not in action. Interestingly, the most effective technique for producing a nanorotor 
seems to be mounting a metal plate on a MWCNT as described above, and then breaking the outer wall off the 
anchors by a few twisting cycles of large amplitude [4].  

The apparent contradiction between the above reported experimental observations prompts the conjecture that 
the interaction between the CNT and the metal is crucial in determining both the fragile behaviour under a few large 
twists and the ratcheting effect under many small ones [6]. To the best of our knowledge, this interaction is far from 
being understood. 
 
1) P.A. Williams et al., Appl. Phys. Lett., 82, 805, 2003. 
2) P.A. Williams et al., Phys. Rev. Lett., 89, 255502, 2002. 
3) S.J. Papadakis et al., in Molecular Nanostructures (H. Kuzmany et al., eds.), AIP Conf. Proc., 685, 577, 2003. 
4) A.M. Fennimore et al., Nature, 424, 408, 2003. 
5) B. Bourlon et al., in Proc. IWEPNM 2004 (H. Kuzmany et al., eds.), AIP Conf. Proc. (to be published). 
6) A. DiCarlo et al., in Proc. IWEPNM 2004 (H. Kuzmany et al., eds.), AIP Conf. Proc. (to be published). 
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The unit cell parameters, atom bond-lengths and -angles in tellurium nano-cylinders were investigated by X-ray 
diffraction as a function of pressure at room temperature. On that basis the pressure-dependence compressibility 
and the compression modulus of the tellurium nano-cylinders were derived.  

The comparison of these quantities for tellurium nano-cylinders and bulk tellurium shows a significant difference 
in their behaviour under pressure. The deviations were attributed to the increased surface-area to volume ratio of the 
nano-cylinders. Furthermore, a phase transition was observed for the tellurium nano-cylinders which in bulk tellurium 
is known to be the first metallic phase. However, in the case of the tellurium nano-cylinders, the transition observed 
occurs at higher pressures than for bulk tellurium.  
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The paper presents the results of investigation of nanographite materials structure and phase composition 
changes under the chemical and heat treatment.  

As initial nanographite material obtained by method of the high-temperature catalytic decomposition of carbon 
containing gases with different catalysts is used. As catalysts nickel (sample #1), iron (sample #2) and cobalt 
(sample #3) are used. The samples of initial nanographite material containing the multiwalled nanotubes were 
subjected to chemical and thermal treatments in order to reveal the influence on the structure and content of 
amorphous carbon phase and metal catalysts refuses. The samples #1-C, #2-C and #3-C were exposed to chemical 
treatment only. These samples were washed in 50% water solution of nitric acid (#3-C), sulfur acid (#2-C) and 
hydrochloric acid (#3-C). The samples #1-C-T, #2-C-T and #3-C-T after washing were annealed on air at 5500С 
during 30 minutes. The samples #1-T-C, #2-T-C and #3-T-C were at first annealed on air at 5500С and then washed 
in acid. 

The Fig. 1 presents diffractograms for raw and treated in according to above schemes samples #2 (Fig. 1a) and 
#3 (Fig 1b).  
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Fig.1. Diffractograms of the samples obtained with different catalysts: a) with iron; b) with cobalt. 
 
As it is shown on the figures for raw samples lines corresponding to 002 reflexes of graphite and lines of 

catalysts are observed. The 002-graphite lines are complicated and their angle positions correspond to the interlayer 
distances d002 = 3.38А and 3.73 for sample #2 and d002 = 3.36А and 3.70 for sample #3. After chemical ant thermal 
treatment the catalysts lines disappeared for both samples. The intensity of graphite lines after treatment increase 
and these lines are symmetrical. This tendency especially pronounced for samples #2-T-C and #3-T-C. The angle 
positions of graphite lines in these samples correspond to d002 = 3.345А for both samples. This denote that samples 
#2-T-C and #3-T-C contain only multiwalled carbon nanotubes and particles of nanographite. This is confirmed also 
by the electron-microscope investigation. 

Thus such sequence of thermal and chemical threatment results in the most complete purification of raw 
nanographite materials from the particles of amorphous carbon and catalysts  

The authors are much indebted to E.V. Prylutskyy for the samples 
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Due to their unique one dimensional structure carbon nanotubes are expected to stand up, through pressure 
application, strong geometrical changes that preserve their nanostructured character. This has motivated an 
important number of experimental investigations including compressibility1, X-ray2 and neutron diffraction3, Raman 
spectroscopy4, as well as an important number of theoretical works predicting pressure induced polygonization, 
ovalisation or peanut-like shaping, for instance, including or not sp3 bonding between the tubes. In spite of these 
efforts, we are far from having a clear image of the sequence of phase transitions taking place under pressure on 

carbon SWNT and of the shape changes associated. Moreover a 
recent paper5 has shown that SWNT are very sensitive to non 
hydrostatic conditions. 

Motivated by these considerations, we take profit of the 
resonant selectivity of Raman spectroscopy to separately study 
the high pressure evolution of bundles of metallic and 
semiconducting carbon nanotubes of 1.3±0.2 nm in diameter, by 
working at two different excitation wavelengths. For 
semiconducting tubes the influence of the pressure transmitting 
medium was also studied.  

We perform Raman experiments on metallic (excitation 
wavelength 632.8 nm) and semiconducting (excitation 
wavelength 514.5 nm) single-wall carbon nanotubes up to 40 
GPa6 using Argon as pressure transmitting media. Paraffin oil 
and 4:1 methanol ethanol were also used for the semiconducting 
tubes as shown in figure 1.  At 10 GPa a phase transition is 
observed for both type of tubes independently of the used 
medium. 

Our results suggest the independence of the transition 
pressure with tube chirality. In contrast, two different high 
pressure phases are observed showing either a normal carbon-
like compression or a pure bending response. We further show 
that the disappearance of the radial modes at pressures below 10 
GPa is related to the resonant character of the Raman signal for 
carbon nanotubes and not to a structural transition as it was 
previously proposed.  
 
 

 
1)
2)
3)
4)
5)

6)
Fig. 1. Pressure dependance of the Raman 
Spectrum of SWNT for different pressure 

transmitting media 

 

 S. Chesnokov, V. Nalimova, A. Rinzler, R. Smalley, and J. Fischer,  Phys.  Rev. Lett., 82, 343, 1999. 
 S. Sharma, S. Karmakar, S. Sikka, P. Teredesai, A. Sood, A. Govindaraj, and C. Rao, Phys. Rev. B, 63, 205417, 2000. 
 S. Rols, I. N. Goncharenko, R. Almairac, J.-L. Sauvajol, and I. Mirebeau, Phys. Rev. B, 64, 153401, 2001. 
 I. Loa, J. Raman Spectroscopy, 34, 611, 2003. 
 S. Karmakar, S. M. Sharma, P. V. Teredesai, D. V. S. Muthu, A. Govindaraj, S. K. Sikka and A. K. Sood  New journal of physics, 
5, 143.1, 2003. 

 A. Merlen, N. Bendiab, A. San Miguel, P. Toulemonde, and A. Aouizerat, Phys. Rev. lett.  submitted. 
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Recently, a new method for producing carbon nanotubes fibres was introduced by the authors [1]. The process 
consists of directly spinning continuous fibres from individual carbon nanotubes formed in the reaction zone of a 
chemical vapour deposition (CVD) furnace. The precursor material is typically a liquid carbon feedstock in which is 
dissolved ferrocene. The ferrocene is used to form iron nanoparticles that act as nucleation sites to the growth of 
nanotubes. 

In the present work, the tensile strength and elastic modulus of the direct-spun fibres were assessed. Initial 
results show a range of strengths, dependant on process conditions, which in turn, affects the microstructure 
obtained. Microstructural characterisation was carried out by Raman spectroscopy, scanning and transmission 
electron microscopy. The tensile strength results varied from 0.05 N/tex to 0.5 N/tex (equivalent to 0.10 and 1.0 GPa 
assuming a density of 2.0 g/cm3). Another important aspect refers to the possibility of improving properties of the 
fibres by using different methods of post-processing.  
 
1) Li et al. Science, 304 276, 2004. 
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The effect of ionic doping and chemical functionalization on the electrical conductivity and the mechanical 
properties of papers made of single wall carbon nanotubes (SWNT) were studied. 

In general, ionic doping (with SOCl2, iodine, H2SO3, HNO3) causes an increase of the electrical conductivity 
(factor of 5 for SOCl2-doping), Young modulus and stiffness with saturation at higher concentrations. Optical 
absorption spectra of ionic-doped SWNT show a vanishing of the first peak of  van Hove singularities for 
semiconducting tubes, and at the same time a significant increase of the absorbance in the infrared region. There 
are also important changes in  Raman spectra: radial breathing modes (RBM) decrease and G-mode increases, both 
with a large blue-shift of about 20 cm-1. 

In contrary, the molecules (aniline, PhPyF5, ethylenediamine) forming covalent bonds with SWNT affect the 
properties of buckypaper so that electrical conductivity decreases (factor of 12 for PhPyF5-functionalization). The  
absorbance in the infrared region of the optical absorption spectra is reduced, unlike what was observed for ionic 
doping. 
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Fig. 1. Optical absorption spectra of pristine and SOCl2-
doped buckypaper 

Fig. 2. Optical absorption spectra of pristine and PhPyF5-
functionalized buckypaper 

 
The Raman spectra of chemically functionalized SWNT change, depending on the particular molecules. The 

general feature observed in both ionic doping and chemical functionalization is the blue-shift of the RBM, interpreted 
as stronger interaction between the nanotubes in bundles after treatment. 
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Graphite-Co powders were obtained by Co reduction in СоCl2 compound by С8К intercalation compound: 
 

C + K →  C8K     
 

C8K + CoCl2  →   C-Co + KCl  
 

С8К compounds have been prepared using two types of graphite: natural disperse graphite (Gr) (size of flakes is 
50µm) and thermoexfoliated graphite (TEG) [1]. It was shown that the obtained Gr-Co CM was the GIC of the third 
stage with  Ic3=13.8Å and distance between graphite layers that contain the layer of intercalant di=6.9Å. The 
obtained TEG-Co CM was the GIC of mixed stages (Ic3=13.8Å, Ics=11.0Å) [2]. We supposed that the intercalant 
layers may consist of Co, K and, probably, KCl and CoCl2. These components being formed partially are on the 
surface of graphite macro-planes (Fig.1a). The produced Gr-Co samples were subjected to thermal shock at 
T=1100K. The obtained SEM image of thermal-shocked Gr-Co sample presented in Fig.1b indicates on high-porous 
“worm-like” structure of graphite. This fact confirms that as-prepared Gr-Co (Fig.1a) is the intercalation compounds.  

 
a) 

 

b) 

 

20µm 20µm 

Fig. 1. SEM images of Gr-Co particles obtained through С8К : a) as-prepared Gr-Co;  
b) Gr-Co injected to thermal shock at T=1100K.  

 
It was found that Co intercalation into disperse or thermoexfoliated graphite changes the electrical and magnetic 

properties of these compacted graphites. We have observed the decrease of electrical resisitivity and weakening of 
their dependence on temperature due to increase of total charge carrier concentration under intercalation. The 
investigations of magnetic susceptibility  χ  have found the sharp increasing of χ after heating the  Gr-Co and TEG-
Co samples over 550K: from 40*10-6 cm3/g at T=300-550K  to 900*10-6 cm3/g at T=850K. This occurs due to 
outcropping of Co atoms  onto graphite surface and formation of nanoscaled Co particles. Thermal shock of Gr-Co 
sample at 1100K leads to total loss of intercalant: on XRD diagrams we have observed only 002 reflection from 
graphite and magnetic susceptibility was low and equal to 15*10-6 cm3/g. For the Gr-Co sample heat-treated at 
T=850K we have observed 002Gr reflections and reflections corresponding to CoO phase. This CoO phase is 
formed due to agglomeration of nanoscaled CoO particles and partial oxidation of Co particles being formed on 
graphite surface at long-term heat treatment of Gr-Co powder. Long-term heating of Gr-Co powders leads to 
degradation of magnetic properties of Gr-Co due Co oxidation and after few cycles “heating-cooling” magnetic 
susceptibility significantly decreased and approached to the value for thermal shocked Gr-Co sample.  
 
1) E. Kharkov et al., Patent of Ukraine N 33777A, 15,.02, bul.1, 2001. 
2) L. Vovchenko et al.,  Proc. Of Intern. Conf. CARBON’, 2004, (to be published). 
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The presence of open edges around the peripheral region can result in occurrence of specific features in 
nanographites, which are different from bulk graphite and their closed-surface counterparts [1]. The calculations 
show that one dimensional graphite ribbons with zigzag edges possess localized edge states with energies close to 
the Fermi level [1]. In a general finite graphene sheet consisting of several types of edges, even a few zigzag sites 
per sequence also are lead to the non-negligible edge-state effects, resulting in an enhancement in the electronic 
density of states around the Fermi energy [1]. In this report, we present ESR and magnetic susceptibility research 
work results of nanographites - the structural blocks of activated carbon fibers (ACFs), in order to clarify their 
structure and electronic properties near the Fermi level. 

According to our X-ray diffraction data in ACFs studied, the nanographites consist of 3-4 graphen sheets and 
have an average in-plane size of La ~ 20 Å. The distance between carbon layers dc in nanographite is equal to 3.75 
Å that is much more, than in bulk graphite (3.354 Å).  

The ESR spectra of ACFs reveal two Lorentzian signals. At temperatures above ~150 K one broad signal from 
conduction electrons with a linewidth ~40 mT is observed. Below ~150 K, a second narrow signal from localized 
states appears with a linewidth ~3 mT. The g values are estimated at g=1,98 and 2,01 for the signals from 
conduction electrons and localized states, respectively. The conduction ESR (CESR) signal is practically symmetric, 
that specifies a weak anisotropy of the g-factor. At lowering of the temperature the CESR signal linewidth increases 
at constant values of the g-factor and integral intensity.  

The magnetization curve shows the absence of the residual magnetization at different constant magnetic fields. 
The temperature dependence of the magnetic susceptibility χg for ACFs investigated is well described by the 
expression χg=1.318e-5/(T+0.9)-0.61e-6. From this low, it follows that approximately one localized spin per 2500 
carbon atoms (or ~1 localized spin per 10 nanographites) are presented in fibers at low temperatures.  

From comparison of integral intensities of signals from conduction electrons and localized spins (the 
concentration of latter is known from the magnetic susceptibility data), the density of states near the Fermi level in 
nanographites was estimated. Such calculations show, that it is more than two orders of magnitude larger than in 
bulk regular graphite at the same value of Fermi energy. The results obtained unambiguously indicate the presence 
of an additional band around the Fermi energy in nanographites.     

At adsorption by ACFs of water and some other molecules, the dc and the stacking order of graphen sheets in 
nanographite reversibly decreases and increases, respectively. Simultaneously, the CESR linewidth reversibly 
increases. The correlations found between changes of structural, electronic and magnetic parameters of 
nanographites are discussed. 

This work was supported by the Russian Foundation for Basic Research (grant No. 04-03-32135). 
 
1) O.E. Andersson et al.: Phys. Rev. B, 58, 16387, 1998. 
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We investigate the dispersion of C60’s in the following combination of different fluids: (a) near-critical CO2; (b) 

near-critical Xe; (c) water and (d) benzene. The critical density, temperature and pressure of CO2 and Xe are, 
respectively, (466 kg/m3, 304.18 K, 7.38 MPa) and (1110 kg/m3, 289.76 K, 5.84 MPa). The size of clusters, which 
are composed of C60’s, in a benzene + near-critical CO2 system is larger than that created in a benzen + near-critical 
Xe system. In the case of a benzen + near-critical CO2 + near-critical Xe system, the phase mixing and separation 
occur depending on the system temperature and the cluster aggregation or separation mode become different. If 
water is added to the above systems, droplets, which are covered with elastic layers, are formed. We will show the 
interface structures and the interactions between the layers and C60’s. 
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It is widely believed that emissions from the combustion of fossil fuel are contributing to a rise in the 
concentration of CO2 in the atmosphere, which in turn has raised concerns that these CO2 emissions may be 
causing global warming.  Consequently, CO2 capture has recently received much attention as a potential means of 
mitigating fossil fuel CO2 emissions. In this respect, solids adsorption is considered to be one of the most promising 
methods for CO2 capture. 

On the other hand, polyethyleneterephthalate, PET, has become one of the major post-consumer plastic wastes.  
PET products present a problem of considerable concern due to the huge amount of solid waste produced.  In a 
previous work [1], a high value carbon material from PET waste was obtained as an alternative to chemical recycling 
to minimise the even disposal problems.  It was found that the activation of PET waste produced highly microporous 
materials with apparent BET surface area values of up to 2468 m2g-1.   

Activated carbons are well known as adsorbents of gases and vapours, but when specific interaction of 
adsorbate/adsorbent play a role in the adsorption process, besides textural properties, other features such as 
surface chemistry should also be taken into consideration [2].  The surface chemistry of activated carbon is governed 
by the presence of heteroatoms such as oxygen, nitrogen, etc.  Sometimes the original chemistry of the activated 
carbon surface is not potent enough to enhance the specific adsorbate-adsorbent interactions, like for instance in the 
case of CO2 adsorption.  In such cases the surface chemistry can be modified by the alteration of surface chemistry 
of the carbon matrix and incorporation of heteroatoms such as nitrogen.  

In this work, the CO2 adsorption capacities of a series of adsorbents derived from recycled PET were tested.  
The raw material, obtained from post-consumer soft-drink bottles, was chemically activated with KOH.  In order to 
increase the CO2 adsorption capacity, the carbon structure was functionalised with different nitrogenated basic sites. 
A series of nitrogen-enriched activated carbons was then obtained by mixing the raw material with different nitrogen 
compounds (i.e., acridine, proline, carbazole and urea). 
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Fig. 1. Nitrogen compounds used for the synthesis of the carbon adsorbents 

 
Although the amount of nitrogen incorporated to the carbon matrix is important, the final N-functionality formed in 

the surface of the adsorbent it is more relevant [3]. These functionalities are going to determine the basic character 
of the active sites created on the adsorbent surface and, thus, the final activity in CO2 adsorption. Therefore, in this 
work the adsorption capacities of the adsorbents obtained was tested in a thermogravimetric analyser. The effect of 
the chemical and textural characteristics of the modified adsorbents on the CO2 uptake was studied. The influence of 
temperature on the CO2 adsorption capacity was also evaluated. 
 
1) J.B. Parra, C.O. Ania, A. Arenillas, F. Rubiera, J.J. Pis, Appl. Surf. Sci. (in press). 
2) C.A. Leon y Leon, L.R. Radovic, Chemistry and Physics of Carbon, M. Dekker, New York, 1992. 
3) C.E. Snape, K.M Smith, A. Arenillas, T.C. Drage, Prepr. Am. Chem. Soc., Div. Fuel Chem., 2004. 
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Carbon nanotube transistors (CNTFETs) are very promising candidates for future nanoelectronic technologies. 
The DC characteristics of individual transistors compete favorably with state of the art silicon MOSFET [1] and the 
one-dimensional nature of their channel open the way for new types of applications. In particular, their high 
sensitivity to the chemical environment of the tube has been proposed as a basis for the fabrication of gas and 
biological sensors. 

The operating mode of these carbon nanotube transistors depends critically on the nanotube-substrate and the 
nanotube-electrodes interfaces. Consequently, surface chemistry appears as the best way to act on these type of 
nano-devices. In particular, chemistry can be used to tackle two of the most important challenges of this field: 
building large arrays of operational devices [2] and optimizing individual devices [3]. 

In this presentation, we will show how self-assembled molecular layers can be used to (i) direct the selective 
placement of nanotubes on a patterned substrate and (ii) modify the electrical transport properties of the devices. 
The first point is based on the functionalisation of the surface by an amino-silane molecular layer which allows the 
selective bounding of nanotubes from a dispersion in an organic solvent. Most interestingly, the amine termination of 
this molecular layer can be protonated or deprotonated to improve the device characteristics. Moreover, the 
nanotube-electrode interface brings a second target for chemical optimization of the electrical properties of the 
CNTFETs [3]. This optimization relies on the control of the Schottky barrier height at the source contact which 
drastically affects the efficiency of carrier injection in the transistor channel. 

 
 
 

 
 
 
 
 

1) A. Javey, M. Brink, Q. Wang, A. Ural, J. Guo, P. McIntyre, P. L. McEuen, M. L
2) E. Valentin, S. Auvray, A. Filoramo, A. Ribayrol, M. Goffman, L. Capes, J. 

Symp. Proc., 772, M4.7.1, 2003. 
3) S Auvray, J. Borghetti, M. F. Goffman, A. Filoramo, V. Derycke,  J. P. Bourgoi
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Fig. 1: Effect of a two steps chemical 
reaction on the transfer characteristics 
ID(VGS) of a CNTFET. The inset is an 
AFM image (phase mode) of a CNTFET 
made by the self-assembly technique. 
The nanotube lies on an chemically 
functionnalized amino-silane stripe.
 
 

 
 

undstrom, and H. Dai, Nature Mat., 1, 241, 2002. 
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A six inches CNT FED video display  
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LETI/DOPT/STCO CEA/Grenoble – 17 rue des martyrs-F 38054 Grenoble cedex 9 France  
 

Among the applications of carbon nanotubes (CNTs) field emission displays are electronic devices very close to 
a possible industrialization. Nevertheless to successfully introduce a new technology in the market of Flat Panel 
Display two requirements are needed to face the competition of other dominant technologies like Liquid Crystal 
Displays (LCDs): The achieved performances must be at least as good as the ones obtained with the existing 
technologies and the final cost after a comparable development must be significantly lower. Field Emission Displays 
using carbon nanotubes (CNTs) are considered to be well suited for the low cost large area flat TV market with in 
addition low power consumption compared with the other flat panel technologies. Up to now, the main specifications 
requested to address this market have not yet been reached. These requirements are the following: 

_Peak current density higher than 10mA/cm2 to insure high brightness with a 1000 row display 
_Brightness of 3000Cd/m2 in the green 
_Low swing voltage (≤50V) to be compatible with low cost drivers 
_Full brightness life time higher than 10000h for mass product market 
_One percent pixel to pixel uniformity.  
We have developed field emission display technology driven by Chemical Vapor Deposition grown carbon 

nanotube emitters incorporated in a simple, low cost device structure [1], [2]. Here we report in frit-sealed test 
vehicles 3000Cd/m2 brightness at 3kV, a lifetime of more than 9000hours with only 45% degradation. The long term 
behaviour of the electronic emission is analysed and a preliminary degradation model is proposed. 

 

 
 

Fig. 1. Image of the 6 inches CNT FED  
 

We also demonstrate the scalability of the technology with a uniform, high brightness, 6”QVGA display (320*240 
pixels) showing video images with a switching voltage of 40 V. These results are very close to the requested 
specifications. Nevertheless one key point, the uniformity of the emission is still an issue. The problem lies in the 
surprisingly small number of CNT which really work as electronic emitters.  
 
1) Cathode structures for carbon nanotube displays  J.Dijon, A.Fournier, B.Montmayeul, D.Zanghi, B. Coll , J.M.Bonard,  A.M. 

Bonnot Proceedings Eurodisplay, pp821-824, October 2002. 
2) Towards a Low Cost High Quality Carbon Nanotubes Jean Dijon, Jean François Boronat, Adeline Fournier, Thomas Goislard, 

De Monsabert Brigitte Montmayeul, Michel Levis, Francois Levy, Denis Sarrasin, Robert Meyer, Kenneth A. Dean, Bernard F. 
Coll, Scott V. Johnson, Carl Hagen, and James E. Jaskie, SID, Seattle to be published, 2004. 
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Carbon Nanotube-based copper composites for electronic applications 
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bMax-Planck-Institut für Festkörperforschung, Heisenbergstr. 1, D-70569 Stuttgart, Germany 

 
A designed material for electronic packaging must afford a big current, dissipating the heat and avoiding 

expansion, contacting silicon much easier than metallic copper. This behaviour makes necessary a material with 
particular properties: high electrical and thermal conductivity, and low coefficient of thermal expansion (CTE). 
Carbon Nanotubes have both these properties: Single Wall Carbon Nanotubes (SWNT) have an electron free path 
several orders of magnitude than metals like copper and, due to the ballistic conductivity mechanism, their intrinsic 
electrical conductivity is greater than the copper conductivity [1]. In practice the measured values are limited by the 
contact resistence. This implies that a system based on ballistic SWNT imbedded in a metal matrix might work as an 
ultra-low resistance material, that can have a room temperature resistance far below the resistance of conventional 
metal conductors like Cu, Al, Ag. Using an adequate model O. Hjortstan et al. [1] calculated the resistivity in a 
composite of SWNT and Cu as a function af SWNT filling, they found that the composite resistance diminishes in a 
factor of ½ the Cu resistivity for a filling factor of 30%. Besides, carbon fibre Cu-matrix composites have been made 
by electroless plus powder metallurgical route, and show a CTE lower than the CTE in copper metal in a factor of 
about ½ [2]. 

Another interesting application of CNT-metal based composites are due to their tribological properties, CNTs 
have favorable effects even at a proportion as low as 12 vol%, they show significantly lower wear rate and friction 
coefficient compared with pure Cu [3]. 

We prepared SWNT-Cu composites electrochemically, using a thick network of SWNT (Bucky paper) as working 
electrode, from a CuSO4 solution, at different electrochemical potential (from 400 to 800 mV) and time (from 5 to 30 
min.). The copper is visible on both sides of the sample. We observed the obtained samples by AFM and SEM.   
Looking at the cross-section by SEM it is possible to see that the Cu is significantly distributed in the bulk, when the 
samples are obtained at a potential V = 600mV, but rather inhomogeneously. Conductivity and CTE will be 
measured.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1. Cross section (75°) SEM image of SWNT – Cu. The potential used in the electrochemical  
deposition of Cu was 600 mV and time 10 minutes. 

 
1) O. Hjortstam, P. Isberg, S. Söderholm, H. Dai, Appl. Phys.A, 78, 1175, 2004. 
2) G. Korb et al., IEEE/CPMT Berlin Int. Electronics Manufacturing Technology Symposium, 98, 1988. 
3) W.X. Chen, J.P. Tu, L.Y. Wang, H.Y. Gan, Z.D. Xu, X.B. Zhan, Carbon, 41, 215, 2003. 
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Hydrogen adsorption properties of carbon nanomaterials  
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Nagano National College of Technology, 716 Tokuma, Nagano 381-8550, Japan 
 

Hydrogen is considered as an ideal energy which take the place of fossil fuels.  There are several ways  to store 
hydrogen, that is, liquefaction, compressed gas, metal hydrides and hydrogen adsorption in porous solids. But any 
way is not sufficient in practical application from the point of view of safety, economy, transportation and energy 
density. Among the materials that can be used as adsorbents, carbon materials such as activated carbons, carbon 
nanotubes and carbon fibers are of typical. In the use of carbon adsorbents for hydrogen storage system, it is 
necessary to find the most suitable conditions of the carbon adsorbents as hydrogen storage, as well as to clarify the 
fundamental properties of hydrogen adsorption in the carbon adsorbents. 

In the present study, the properties of hydrogen adsorption have been investigated for several carbon 
nanotubes(single-wall and multi-wall) and polyparaphenylene(ppp)-based carbons by the conventional hydrogen 
adsorption measurements and the analysis using TEM photographs. Among the carbon nanotubes used in the 
present experiment, samples which were treated by heating and treated chemically were included. These thermal 
and chemical treatments were performed to improve an ability as hydrogen adsorbent(specifically speaking, the 
destruction of nanotube caps and the shredding of nanotube, that is, a formation of open-end). The ppp-based 
carbon is a kind of low crystalline carbon material and has a pore structure(that is, a porous carbon material). The 
analysis concerning to the ppp-based carbons is to compare with the experimental results of carbon nanotubes. 

Fig.1 shows the hydrogen adsorption isotherms obtained  for the single wall carbon nanotube and the ppp-based 
carbon at room temperature. Both samples have similar behaviors on hydrogen adsorption and show a small amount 
of adsorption in relatively low pressure range(up to about 10 atm). Moreover, the amount of adsorbed hydrogen on 
the carbon nanotube is lower than that on the ppp-based carbon. The effect of the thermal and chemical treatments 
on an ability as hydrogen adsorbent will be reported in the conference. 
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Fig. 1. Hydrogen adsorption isotherms at 293K for single wall carbon nanotube(◆) and ppp-based carbon(■) 

 
In the present work, a very interesting and striking phenomenon was observed. In all samples, a remarkable 

calorification occured at temperatures close to 120K and 175K on hydrogen adsorption. As one idea, it is considered 
that this calorification is due to latent heat corresponding to a formation of multilayer of hydrogen. We will discuss 
about the results of the detailed analysis in the conference. 
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Due to their chemical inertness, low cost production techniques and high aspect ratio leading to a high field 
enhancement factor, carbon nanotubes (CNT) films are expected to be excellent field emitters for vacuum micro 
electronics devices. However, measurements on dense CNT layer have shown a low density of CNT really emitting 
[1,2]. It has been reported that screening effect was responsible for this low density of emissive sites and 
electrostatic simulations have shown that this model was able to qualitatively describe the experimental results [3,4].  

The aim of this study is to investigate the influence of orientation, density and field enhancement factor 
distribution on the field emission properties of CNT films. CNT growth is performed in a PLASSYS CVD – PECVD 
reactor over supported metal catalyst nanoparticles. Field emission measurements are carried out in a diode sphere-
plan apparatus.  

The control of the CNT density is achieved through the wet etching of metal catalyst nanoparticles (Fig.1.a. and 
1.b.).  The role of the emitters orientation and field enhancement factor distribution is addressed through the 
comparison between non-oriented CVD grown and vertically aligned PECVD grown CNT (Fig.1.a. and 1.c.).  

 

  
Fig. 1. SEM images of dense CVD (a.), sparse CVD (b.) and dense PECVD grown CNT film  

(c.). Scale bar is 1µm. 
 
The results are discussed in terms of screening effect and field enhancement factor distribution.  

 
1) J.-M. Bonard et al., Adv. Mater., 13, 184, 2001. 
2) S.H. Jo et al., APL, 82, 3520, 2003. 
3) L. Nilsson et al., APL, 76, 2071, 2000. 
4) O. Gröning et al., J. Vac. Sci. Technol. B, 18, 665, 2000. 
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The goal of this work is to characterize by local technique the reliability of the electrical wiring of the single walled 
carbon nanotube grown onto silicon electrodes by Chemical Vapour Deposition.  Beyond the characterization of our 
specific nanotube growth method [1] one wants to explore the behaviour of the metal-nanotube connection which is  
known to be the active part of nanotube-based field effect transistors [2]. 

For that purpose, we use the conductive tip of an Atomic Force Microscope (AFM) as a local electric probe to 
measure either electrostatic forces or local conductivity simultaneously acquired with a topographic image.   

The growth of carbon nanotubes is performed using the hot filament CVD technique onto a prepatterned silicon-
on-insulator substrate. The vapor is composed of a mixture of methane and hydrogen with a low partial pressure of 
methane (5-15%). During the synthesis, a tungsten filament, placed at 1 cm above the substrate holder, is heated up 
to 2000°C, while controlling the deposition temperature (750-850°C) with an additional heater placed in the substrate 
holder.  

One obtain defect-free single walled carbon nanotubes (SWNT) emerging from the catalytic electrodes as 
confirmed by micro-Raman spectroscopy, by AFM [fig. 1 b), c)], SEM and TEM analysis. 

The local electrical probing can be done in three different ways.  The first two ways [3] involves non contact AFM 
and therefore probe the electrostatic interaction between static charges on the sample and the voltage biased tip. 
The last technique [4] is in contact mode and probe local conductivity of the surface.  

 For DC biased tip in non contact mode, the technique is known as Electrostatic Force Microscopy (EFM) which 
give qualitative mapping of static charges on the sample. We show that this technique allow to demonstrate the local 
doping at the metal-nanotube interface. The opposite dependence of AC tip amplitude versus DC tip bias for the tip  
scanned on the n silicon doped electrode and the nanotube show signature of a self-assembled p-n junction (Fig 
1.a).  

The second mode, for a AC biased AFM tip which scan at a given and fixed altitude over the surface while 
measuring the DC-bias to be applied on the tip in order to cancel any tip vibration, we are performing the so called 
Scanning Surface Potential Microscopy (SSPM) (also defined Kelvin Probe Force Microscopy). We have 
demonstrated the presence of small particles surrounding the nanotubes (probably particles of catalyst), due to the 
deposition technique (fig 1.b), witch induce a strong effect of charging due at a transfer of charges between the 
SWNT and particles.  

Finally we have probed properties of electronic transport of nanotubes with the last technique, called conducting-
AFM. With this technique we have study the good degree of connection between metal and carbon nanotube, the 
transfer of charge carriers through the junction and then between the same nanotube. 

On the basis of this results, we purpose to undertake a local study of Schottky barriers which exist between 
nanotubes and different metals. 
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There are several ways to synthesize carbon nanotubes. Controlling the growth substrate and the ratio of the 

catalyst to hydrocarbon in the chemical vapour deposition process, it is possible to make carbon nanotubes films of 
different thickness with high uniaxial orientation. The degree of orientation can be changed by doping nanotubes with 
nitrogen. A variety of polymers can then be incorporated into these films to produce composites with a high nanotube 
loading and anisotropic properties. 

A particularly intriguing avenue for these oriented composites, which has as yet received only limited attention, is 
the ability of these materials to generate structures with novel and valuable interactions with gases, paving the way 
for applications in storage and separation. The composites can be used to form a new generation of mechanically 
stable membranes with controlled pore diameter and pore density. 
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We studied theoretically and experimentally the possibility to electrostatic action a device based on a carbon 

nanotube. The CNT is clamped at each end and it’s suspended above a metallic electrode, called probe. The whole 
is built on a doped Si substrate that has an insulating SiO2 top layer. The application of a voltage between the 
substrate and the CNT involves pulling down it close to the probe. So, a possible application is to investigate the 
electronic properties of some molecules insert in the gap CNT-Probe. First of all, we’ll show that it exist only a small 
window for the features of the device (length and diameter of the CNT, gap CNT-Probe, and applied voltage), in 
which we can expect an experimental result. Secondly, we’ll highlight a scaling law for these different parameters, 
and his utility to determine the all operational parameters. Finally, we hope to present the preliminary experimental 
results of current-voltage characteristics for the device without molecules. 
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The material is a carbon cloth prepared by carbonisation of viscose at 1000°C. By chemical vapor decomposition 

of propene, a coating of pyrolitic carbon on the fibres is obtained.  The nano structure of this composite has been 
well quantified by High Resolution Transmission Electron Microscopy  [1]. It allows a good lithium intercalation, or 
insertion, to be more general, and could be used as negative electrode in lithium batteries. With lithium metal as 
counter electrode and LiPF6 as electrolyte, the electrochemical  properties are C = 677 mAh/g for the reversible 
capacity and 67 mAh/g for the irreversible capacity, superior to the usual graphite (C = 372 mAh/g).  

In order to better know the status of the reversibly inserted lithium, we perform 7Li Nuclear Magnetic Resonance 
on a battery while it is charged and discharged with a constant current. At the same time, we measure the voltage 
and obtain thus the galvanostatic curve. Fig 1 shows the NMR spectra [1], taken as snapshots, every 2 hours for 200 
hours. For graphite, the frequency shift is 42 ppm; for this composite it varies from 0 to 104 ppm for a full insertion. 
The shift approaches that of the Li metal (Knight shift = 263 ppm) and the metallic character is verified by the specific 
temperature dependance of the T1. A diffusion coefficient for Li in the composite smaller than in the metal explains 
the T1 values. We name quasi-metal the 104 ppm lithium. 
 

 
Fig. 1. In situ 7Li NMR spectra during the lithium insertion/extraction. Three electrochemical cycles are shown; 

the signature of the lithium insertion is the increase of the shift (104 ppm maximum here). 
 
This new use of in situ NMR crossed with electrochemistry allows a quantitative NMR study because one single 

battery is used that is never dismounted. We demonstrate that 2 consecutive Li states exist : a minority of  
intercalated Li+0.66, and a majority of quasi-metal Li+0.1. The charge transfer from Lithium to Carbon is experimentally 
measured through the dynamic change of the Knight shift [2]. The amount of Li dendrites re-deposited on the lithium 
counter electrode at each extraction is very easily determined. The most interesting feature here is the presence of 
the quasi-metallic lithium. This one gives the specially high reversible capacity of the material, but is also responsible 
for the 0.5 V hysteresis between charge and discharge. The service voltage of a complete secondary battery would 
drop from 0.5 V at the end of a discharge. The energy barrier for the lithium extraction is then estimated to 0.28 eV 
[3]. Finally, from this experimental study, a model is deduced for the lithium insertion and extraction in the composite. 
 
1) F. Chevallier et al., Electrochem. Sol. State Let., 6 , A225, 2003. 
2) M. Letellier et al., J. Chem. Phys., 118, 6038, 2003. 
3) M. Letellier et al., J. Phys. Chem. Sol., 65, 245, 2004. 
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Hydrogen storage in carbon materials, such as nanotubes and nanofibers, remains an open question. There are 

several possible experimental errors in the first publications, in particular the small size of the samples used to 
measure adsorption isotherms. On the other hand, there are still few explanations about adsorption mechanisms and 
the influence of the material structure. In this work, hydrogen uptake of different carbon nanomaterials are measured 
in order to study the influence of the structure of the materials on its performance. The hydrogen storage properties 
of these materials are carefully investigated using a high pressure volumetric technique. The applied pressure is up 
to 7 MPa, the temperature is 253 K and the mass of the samples is about 0,5 g. It is necessary to use such a 
quantity of material in order to improve the precision of the measure. 

Single wall carbon nanotubes (SWNT) synthesis is based on the vaporization/condensation of a carbon/catalysts 
mixture in a reactor using a fraction of the available concentrated solar energy at the focus of the 1000 kW solar 
facility of IMP-CNRS at Odeillo. The process produces 10-20 g/h of raw soot and was designed from the scale up of 
a laboratory scale reactor using a 2 kW solar furnace. Different samples were produced by changing the synthesis 
parameters: target length, buffer gas, catalysts. The samples characterisation by SEM, TEM, Raman spectroscopy 
and nitrogen adsorption (BET surface area, microporous volume) will be presented. A multi-step purification 
procedure including acid attacks and soft oxidations (example Fig.1) was applied to the soot. 

 

 
Fig. 1. SEM image of a solar produced SWNT sample after purification 

 
Carbon nanofibers are grown catalytically by the decomposition of ethylene over nickel/copper catalysts. 

Different samples are produced by changing the Ni/Cu ratio, the catalysts support and applying purification 
treatments. 

Hydrogen uptake of the investigated materials are less than 1 % wt. at 253 K and 6 MPa. 
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The chemio- and regioselective catalytic hydrogenation of α,β- unsaturated aldehydes, such as cinnamaldehyde, 

is of great importance in the synthesis of valuable fine chemicals. Both the cinnamaldehyde and the cinnamyl 
alcohol, the latter being obtained by the selective reduction of the cinnamaldehyde, are widely used in perfumes and 
flavouring industries. In addition, cinnamyl alcohol is an important building block in organic synthesis. Generally, 
during the hydrogenation of cinnamaldehyde (CNA), both the carbonyl C=O group and the C=C double bond are 
hydrogenated to hydrocinnamaldehyde (HCNA) and cinnamyl alcohol (CNOL) via two parallel processes and finally 
to hydrocinnamyl alcohol (HCNOL).  

Although hydrogenation of the C=C bond is thermodynamically more favourable, numerous studies were done to 
enhance the selective hydrogenation of the C=O bond. The most successful attempts were carried out in the 
presence of heterogeneous catalysts prepared from metals belonging to Group VIII, such as Pt, Ir, Os etc. It was 
observed that the reaction selectivity is influenced by several parameters such as the metal particle size, the 
precursor, the method of preparation, the support (Al2O3, SiO2, zeolite, clays, carbon nanofibers, etc.), the nature of 
the solvent or the application of the ultrasonic irradiation. Often, the selectivity to the unsaturated alcohol required 
catalyst modification and promotion, such as the addition of transition metal salts, promoters (e.g., Ge, Sn, Pb) or 
alloying the base metal of the catalyst with another one. 

Besides noble metal catalysts, other catalytic materials such as those containing cobalt supported over different 
carbons were investigated [1]. Such catalyts are used in selective reduction of multifunctional compounds in organic 
media such as unsaturated aldehydes, ketones or esters, but also for different reactions ; the total or mild catalytic 
oxidation of organic compounds in aqueous phase. 

In this paper, we report the catalytic properties of cobalt particles dispersed over various supports in the 
reduction of cinnamaldehyde. The supports are commercial carbon compounds (active carbon and carbon fibers) 
and carbon nanotubes. Carbon nanotubes are prepared by CVD of aerosol generated from a solution of ferrocene 
(2.5 wt%) dissolved in toluene [2]. Characterisations of such nanotubes demonstrate that they are aligned and 
almost free of any by-products, they exhibit a multi-walled structure with a partial filling of their hollow core with iron 
catalyst.  Their length is about 450 µm, their outer diameter is varying in the [10-120] nm range, and their inner 
diameter is around 10 nm. In order to remove the iron catalyst in nanotube hollow cores, annealing treatment was 
performed at 2000°C under inert atmosphere. The resulting material does not contain any iron, and nanotube 
structure is improved. 
The catalytic properties of cobalt particles dispersed over various supports in the reduction of cinnamaldehyde are 
compared in the table below. 
 

Support Reaction rate Selectivity (%) at 50% conversion 
 mol . h-1 . g-1 HCNA HCNOL CNOL 
Carbon nanotubesa 8.8 . 10-3 36 22 42 
Active carbonb 6.5 . 10-3 60 27 13 
Carbon fibersc 1.8. 10-3 67 15 18 

a : MWNTs prepared by CVD of aerosol and annealed, b : CA L2S(CECA), c: TECHSILAB 
 

Table. 1. catalytic properties of cobalt supported over different carbons 
Cobalt content ≈ 7 wt%, T = 160°C, catalyst weight = 400mg 

 
It clearly appears that both the reaction rate and the selectivity to cinnamyl alcohol are greatly enhanced when 

using carbon nanotubes as support as compared to active carbon or carbon fibers. 
Such properties could be the result of the formation of rather well dispersed and rather small cobalt particles (1-5 

nm) over carbon nanotubes as it was evidenced from transmission electron microscopy observations. Such particle 
size and distribution could also induce specific interactions with the support and unusual electronic properties which 
are under investigation. 
 
1) J. Barrault et al.,C. R. Acad. Sci. Paris, t. 2, Série II c, 507, 1999. 
2) M. Mayne-L’Hermite et al., Proceeding of the Chemical Vapor Deposition-XVI and EUROCVD-14, edited by M. Allendorf, F. 

Maury, F. Teyssandier, 549-556, 2003. 
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It is well known that chain clusters are formed when magnetic particles are placed in a dc magnetic field under 
certain conditions and they rotate if the field is rotated. Here, we encourage the coagulation of Fe-filled carbon 
nanotubes (FeCNT’s) using a dc magnetic field and control the rotational motions of the clusters composed of 
FeCNT’s by applying a rotational magnetic field. What is more, we show the manipulation of FeCNT’s, which are 
placed on a magnetic substrate, by a rotational magnetic field. The direction and speed of the FeCNT’s can be 
altered by changing the rotational direction, frequency and intensity of the magnetic field. 
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Recent studies on polymer-oxyde composites have demonstrated that these materials could be used to improve 

significantly the performance of organic electronic devices [1-3]. With well-controlled conditions of fabrication, these 
materials showed a better stability and a better electrical conductivity than those of polymer alone. The physical 
processes occurring in the composites however, have not been clearly understood so far. 

Prospecting for new materials suitable to the fabrication of organic light emitting diodes (OLEDs), we have 
investigated composites made by incorporating oxide nanoparticles in poly(p phenylene vinylene) (PPV) thin films. 
This study differs from previous investigations on similar materials by two aspects. On the one hand, we have used 
two types of nanoparticles with a same polymer matrix in order to study the effect of the nature of particles on the 
optical and electrical properties of the composites. On the other hand, for each type of oxide, several particle sizes 
were employed for studying the size effect on the physical processes in these composites. Characterization of 
composite thin films with different particle concentrations and sizes, and different particle oxides were carried out by 
using optical and electrical spectroscopies. 

The most relevant results from the optical measurements in PPV/nanoparticle composites are twofold. Firstly, a 
noticeable modification of the light emission is observed in some of the composite materials, which could be 
assigned to the changes in the conjugation length of polymer chains. However, this effect depends strongly on the 
nature of the oxide particles and also on their size. Secondly, an inhibition of the oxide formation in PPV was 
observed, which obviously increases the stability of the composite thin films. The stabilisation effect was also found 
to depend on the nature of the oxide particles.  

Electrical measurement results have allowed us to obtain some anwsers to the controversy over the electrical 
behaviour of composite materials. We have found that the conductivity of composite was improved only when using 
a given oxide and/or a given size of an oxide. The possible explanations for such a result are: interruption of the 
polymer conjugation length, creation of conducting pathways between chains favoring an interchain conduction, 
enhancement of carrier injection from the polymer to the particles, increase of the contact surface between the 
electrode and the polymer film … 
 
1) S. A. Carter et al., Appl. Phys. Lett., 71, 1145, 1997. 
2) J. Zhang et al., Polymer, 42, 3697, 2001. 
3) P. K. H. Ho et al., J. Chem. Phys., 116, 6782, 2002. 
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Lithium (Li) ion secondary batteries are used as high performance power sources for portable electrical products. 

In future, enhancement of the battery capacity will be necessary not only for the portable equipments but also for 
electric energy storage systems of hybrid electric vehicle and fuel cell electric vehicle etc... Polyparaphenylene 
(PPP)-based carbon is expected as a high performance anode material for Li ion secondary battery. It is known that 
a large amount of Li ions get into PPP-based carbon prepared by the Kovacic method [1-2]. PPP samples were 
heat-treated at temperatures between 400 and 1000C in pure argon gas flow at heating rate of 10C/min. The large 
discharge capacity value of 588mAh/g at second cycle was obtained by using the anode of PPP-based carbon 
treated at 660C for residence time of two hours. This capacity is larger than the theoretical value of 372mAh/g for 
graphite anode.  

In order to investigate the characteristics of PPP-based carbon, the electrical resistivity of PPP-based carbon 
was measured. The PPP-based carbon powder, amount of about 0.1g, was charged in an apparatus with a small 
volume sample chamber (inner diameter of 6mm). The chamber and upper electrode with pushing rod are made of 
brass and the inner cylinder is made of the insulating material (Teflon). The sample powder and metal electrodes are 
in contacted with only upper and bottom ends of cylinder. Voltage across the sample was measured under a 
constant applied current of 5mA and up to 170MPa pressure by compressed air. The volume change of the sample 
was measured using a dial gauge to determine the packing density at each applied pressure [3]. Figure 1 shows 
resistivities of PPP samples heat-treated from 680 to 900C for the residence time of one hour, under pressure of 
64MPa. The resistivity value of the samples with HTT of lower than 680C was too high to measure using our 
instrument. The resistivity decreased from 5.5 kohm-m to 0.58 mohm-m with the increase of HTT from 680 to 900C. 
Resistivities from 680 to 730C drastically decreased in 5 orders to 66 mohm-m.  

The PPP powders have great possibility of applying to the anode of Li ion secondary batteries. The resistivities of 
the powders, however, not enough low compared with that of graphite. In order to obtain the high performance 
anode with low resistivity, the PPP was mixed with low resistivity materials (carbon nanofibers, pitchC-based carbon 
etc.). The structure of these C/C composite materials were observed by means of field emission scanning electron 
microscopy (FE-SEM), high resolution transmission electron microscopy (HRTEM) and image processing [4]. 
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Fig. 1. Resistivities of PPP-based carbon powder under pressure of 64 MPa. 
 
1) M. Endo, C. Kim, T. Hiraoka, T. Karaki, M. J. Matthews, S. D. M. Brown, M. S. Dresselhaus, Mol. Cryst. Liq. Cryst., 310, 353, 

1998. 
2) C. Kim, T. Fijino, M. Endo, M. S. Dresselhaus, Mol. Cryst. Liq. Cryst., 340, 473, 2000. 
3) K. Osawa, T. Nakazawa, K. Oshida, M. Endo, M. S. Dresselhaus, Proc. of MRS Fall Meeting, R7.5.1-8, 2002. 
4) K. Oshida, T. Nakazawa, T. Miyazaki, M. Endo, Synthe. Metals, 125, 223, 2001. 
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The use of carbon nanomaterials for gas storage is recently generating a lot of controversy in the scientific 

community. In the eye of the storm seems to be the issue of hydrogen adsorption in carbon nanotubes1,2. It is not yet 
clear at all the capability of these materials for storing hydrogen in the amounts necessary to achieve the targets that 
the automotive industry is demanding, and that the Department of Energy (DOE) has set on 6 wt% (H2 adsorption). 
Therefore, the different sectors involved are claiming for clear experimental data close to application conditions 
which can help to dispel the present doubts. 

In this communication we present experimental measurements of hydrogen adsorption in carbon nanotubes from 
different origins and modified in different ways, studying the influence of the synthesis method and post-treatments 
on the hydrogen storage capacities. The adsorption measurements have been carried out in a volumetric system 
and at ambient temperature and pressures up to 30 bar, which are feasible conditions for possible application 
devices. 

The results show clearly that pristine carbon nanotubes obtained by arc-discharge method, either single or multi-
walled, present no adsorption capacity for hydrogen, under the mentioned conditions. Nevertheless, certain oxidation 
post-treatments can have a substantial positive effect on the hydrogen storing capacity of the tubes, as it will be 
presented. On the other hand, the hydrogen adsorption capacity of raw multi-wall carbon nanotubes obtained by 
CVD method3,4 is far from being negligible, and seems to be related to the specific surface area of the material. 
Despite of being still very far from DOE targets, the low cost production of these nanotubes and their morphology 
(susceptible of being optimized by certain post-treatments), allow having some expectations on the possibility of 
achieving considerable hydrogen uptake with CVD materials.  
Acknowledgement 
Financial support under EU project HYMOSSES (ENK6-CT-2002-00653) is gratefully acknowledged. 
 
1) R. Dagani, Chemical & Engineering News, 80, 25, 2002. 
2) M. Hirscher and M. Becher, J. Nanosci. Nanotech., 3, 3, 2003. 
3) M. Pérez-Mendoza et al. Submitted to Nanotechnology (Sep 04) 
4) C. Vallés et al. Poster Comm in Naotec04 
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There have been increasing efforts around quantized charge transport in low-dimensional systems which are 

GaAs-based in the majority of cases. In recent publications a coupling between surface acoustic waves (SAW) and 
electrons in a metallic single-walled carbon nanotube has beeen predicted[1].  

The SAW is induced through the the piezoelectric effect. Its coupling to the electrons is given by the electron 
structure in the nanotubes. 

The aim of the work is to present an overview of publications and theoretical predictions.  Also an outline of 
existing experiments will be given together with reasons for nanotubes as the preferrable system. The progress in 
building the devices suitable for detecting the predicted effect will be reported. 
 
1) V.I. Talyanski, D.S. Novikov, B.D. Simons, and L.S. Levitov,  Phys Rev Lett., 87, 27, 2001. 
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One way to conceive polymeric materials with conductive properties is to add conductive fillers in the matrix. 

Carbon nanofillers such as carbon nanotubes or vapor-grown carbon fibers (VGCF) are in theory good candidates 
for this purpose since their high aspect ratio allows percolation at relatively low amount of fillers. Various host 
polymers – either thermoset (mainly epoxy resin) or thermoplastics (polyolefins, PEEK …) – have been already used 
successfully to make such conductive samples. In this work, we focused on a thermoset matrix based on 
unsaturated polyester resin, which has not been extensively employed so far for this purpose. It consists in a mixture 
of unsaturated polyester oligomer chains (2 900 g.mol-1) and thermoplastic additive in solution in styrene. Addition of 
a peroxide in the mixture allows the crosslinking of the system (140°C, free radical polymerisation). This polymer is 
widely use in industrial application as component of Bulk Moulding Compounds (BMC) and Sheet Moulding 
Compounds (SMC) where conductive properties are obtained so far with addition of carbon blacks (5-10%).  

To prepare the conducting samples, carbon nanofillers (either carbon nanotubes or VGCF) were sonicated into 
styrene for 1h. Unsaturated polyester, thermoplastic additives and peroxide were added under mechanical stirring. 
The obtained mixture was post-sonicated for 1h and poured into a circular metallic mould with Teflon joint (internal 
size : 4 mm thick, 50 mm in diameter). Curing was then performed at 140°C during 400s at 100 bars. Kinetics of 
polymerisation studied by DSC demonstrated that the polymerisation mechanisms were not significantly perturbed 
by the presence of the carbon nanofillers. Conductivity was then measured and correlated to the SEM 
characterization of the internal surfaces of fractured samples.  

Conductivity of the obtained samples was obtained for relatively low amount of nanofillers (less than 1%). These 
results were correlated to the SEM observations that revealed a significant dispersion of the nanofillers (see Fugure 
1). Percolation thresholds have been estimated for carbon nanotubes (0,5%) and VGCF (0,1%). The use of 
amphiphilic bloc copolymer as wetting agent led to a significant increase of the conductivity of the samples. 

 
 

 
Fig. 1. : SEM picture of a fractured sample of cured unsaturated polyester resin containing 0,5% of VGCF 
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Carbon nanotubes are much attractive in nanoelectronics because of their unique physical and electrical 
properties with one-dimensional structures. In particular, carbon nanotubes are promising to be used as a channel of 
field effect transistor, and an electrical interconnector in microelectronic device owing to their semiconducting and 
metallic properties. It has been reported, however, that there is a substantial schottky barrier between carbon 
nanotubes and metal electrode, which mainly determines the behavior of electronic devices [1]. Therefore, much 
effort has been done to improve the contact resistance by thermal annealing [2], metal deposition on nanotubes [3], 
and soldering by electron beam [4].  

In this study, we performed a simple annealing method using electrical-current-induced joule heating in order to 
improve the contact resistance between carbon nanotubes and metal electrode. Individual single walled carbon 
nanotubes(SWNTs) are dispersed on Pd or Ti metal electrode patterned on SiO2/Si substrate. Voltages with pulse 
width of a few µs are applied through the metal electrodes to make the metal melted instantaneously wet to carbon 
nanotubes, as shown in Fig. 1. As a result, a SWNT with ~1.1µm on Pd metal exhibits a conductance of 0.05×4e2/h 
at low temperature as well as an ambipolar behavior with gate voltage, indicating a dramatic suppression of schottky 
barrier even though the carbon nanotubes are located on the metal electrode. Furthermore, the gate dependence 
was also investigated with different metal electrodes of Ti and Pd.    

 

Voltage

Si
SiO2

Metal electrode

SWNT 

 
Fig. 1. Schematic apparatus of the electric-current-induced Joule heating method 

 
1) R. Martel et al., Phys. Rev. Lett., 87, 256805, 2001. 
2) J. O. Lee et al., J. Phys. D, 33, 1953, 2000. 
3) M. Liebau et al., Appl. Phys. A, 77, 731, 2003. 
4) D. N. Madsen, Nano Letters, 3, 47, 2003. 
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Experiments and modelling have been undertaken to clarify the role of metal catalysts during single-wall carbon 

nanotube formation. For instance, we wonder whether the metal catalyst is active as an atom, a cluster, a liquid or 
solid nanoparticle [1]. A reactor has been developed for synthesis by continuous CO2-laser vaporisation of a carbon-
nickel-cobalt target in laminar helium flow. The laser induced fluorescence technique [2] is applied for local probing 
of gaseous Ni, Co and C2 species throughout the hot carbon flow of the target heated up to 3500 K. A rapid 
depletion of C2 in contrast to the spatial extent of metal atoms is observed in the plume (Fig. 1). This asserts that C2 
condenses earlier than Ni and Co atoms [3, 4]. The depletion is even faster when catalysts are present. It may 
indicate that an interaction between metal atoms and carbon dimers takes place in the gas as soon as they are 
expelled from the target surface. Two methods of modelling are used: a spatially 1-D calculation developed originally 
for the arc process [5], and a zero-D time dependent calculation, solving the chemical kinetics along the streamlines 
[6]. The latter includes Ni cluster formation. The peak of C2 density is calculated close to the target surface where 
the temperature is the highest. In the hot region, C3 is dominant. As the carbon products move away from the target 
and mix with the ambient helium, they recombine into larger clusters as demonstrated by the peak of C5 density 
around 1 mm. The profile of Ni-atom density compares fairly well with the measured one (Fig. 2). The early increase 
is due to the drop of temperature, and the final decrease beyond 6 mm results from Ni cluster formation at the 
eutectic temperature (~1600 K).  
 

 
Fig. 1. LIF axial profiles of Ni, Co and C2. Fig. 2. Calculated axial profile of Ni density. 

 
1) J.Gavillet et al., J. Nanosci. Nanotech., 4, 2004. 
2) Dorval et al. J. Nanosci. Nanotech., 4, 2004. 
3) Puretsky et al., Phys. Rev. B, 65, 245425, 2002. 
4) C.D. Scott et al., Appl. Phys. A, 72, 573-580, 2001. 
5) S. Farhat et al., J. Nanosci. Nanotech., 4, 2004. 
6) C.D. Scott, J. Nanosci. Nanotech., 4, 2004. 
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L’élaboration de composites à matrice polymère permet par l’introduction d’un taux suffisant de particules 
conductrices, de remédier au problème de l’écoulement des charges électrostatiques. Notre étude est réalisée sur 
des composites nanotubes de carbone (NTC) – polyépoxy. 

Les NTC, élaborés par CCVD (Catalytic Chemical Vapor Deposition) [1], sont essentiellement mono- et biparois. 
Afin de répartir de façon homogène les NTC dans la matrice polymère, une molécule amphiphile : l’acide palmitique, 
est utilisée comme agent dispersant. Un protocole adapté à l’élaboration des nanocomposites, est mis en place. Les 
NTC ne sont pas séchés afin d’éviter l’agglomération. Les images de microscopie électronique à balayage et à effet 
de champ (MEB-FEG) des nanocomposites mettent en évidence des NTC ou des faisceaux de NTC de faible 
diamètre apparent (< 10-20 nm). Une comparaison du comportement électrique, des composites élaborés avec et 
sans dispersant, est réalisée. La présence d’acide palmitique entraîne une diminution du seuil de percolation de 0,15 
à     0,04 % en masse de NTC. Ce seuil de percolation est indépendant de la géométrie des échantillons. La 
dépendance en température de la conductivité de courant continu obéit à une loi de Mott, indiquant que la 
conduction en 3D est assurée par des sauts à longueur variable des porteurs de charge sans interactions 
coulombiennes.  
 
1) E. Flahaut, A. Peigney, Ch. Laurent, A. Rousset, J. Mater. Chem., 10, 249, 2000. 
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Numerous studies have been devoted to nanotubes (NTs) and nanowires (NWs) of various chemical 

compositions. These nanomaterials offer exciting opportunities e.g. for thermostructural applications 
(nanocomposites) or for applications in nanoelectronic. Among those, silicon-based nanowires are particularly 
interesting due to their intrinsic chemical and electronic properties which can be emphasized at the nanoscale. For 
example, β-SiC NWs could be more efficient than carbon NTs in nanoelectronic for high temperature, high power 
and high frequency applications. Moreover, coaxial multielement nanostructures (nanocables, NCs) could offer good 
opportunities particularly as reinforcement agents for mechanical applications, the outer sheet acting as an interface 
between the nanofiber and the matrix. Only few methods have been developed to elaborate such NCs and they 
usually involve heavy technical apparatus, non-suited for industrial process. 

Recently we reported on the preparation of β-SiC, α-Si3N4 and SiO2 NWs by direct reaction between silicon and 
carbon under N2 or Ar/O2. Moreover we prepared SiC@BN NCs composed of a β-SiC core coated with several 
layers of boron nitride. Those NCs are several micrometers long with 50nm diameter. This general method has been 
extended to the elaboration of other nanocables (SiC@SiO2 and Si3N4@BN). The structure and chemical 
composition of these nanomaterials have been investigated by HRTEM, EDX and EELS, and will be discussed in the 
present paper. 
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Une étude in situ de l’évolution de la concentration des catalyseurs métalliques (Ni, Co) et des radicaux C2 et C3 
produits en phase gazeuse est réalisée par fluorescence induite par laser (LIF) dans le réacteur de synthèse par 
vaporisation laser continue de l’ONERA [1]. Son but est d’obtenir par des mesures in situ des preuves tangibles du 
mécanisme de formation et de croissance des nanotubes de carbone monofeuillets. Les spectres LIF de Ni, Co, C2 
et C3 ont été enregistrés et analysés pour ensuite mesurer le signal de chaque espèce en fonction de la hauteur 
dans le panache de vaporisation d’une cible carbone contenant des catalyseurs (Fig.1) [2-4].  

 

0 1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

12

 

 

 C
2

 C
3

 Ni
 Co

si
gn

al
 (e

n 
u.

a.
)

hauteur (en mm)

 

0 2 4 6 8 10 12
0

2

4

6

8

10
 C pur
 C:Co:Ni
 C:Co
 C:Ni

in
te

ns
ite

hauteur (en mm)

 
 

Fig. 1. Profils verticaux de Ni, Co, C2 et C3 au dessus 
de la cible C :Co :Ni en cours de vaporisation à 3500K 

 
Fig. 2. Profil vertical de C2 pour différentes 

compositions de cibles. 
 
La température de vaporisation varie entre 3200 et 3500 K. L’accélération de la vitesse de vaporisation de 0.1 

mg/s à 3200 K à 0.8 mg/s à 3500 K  se traduit par  la forte augmentation des signaux optiques des vapeurs 
métalliques et carbonées. [4]. La figure 2 montre une 
évolution de la concentration de C2  différente pour une 
cible avec ou sans catalyseurs ainsi qu’une influence 
distincte du cobalt et du nickel sur la coalescence du 
carbone. Le comportement de C2 gazeux peut être 
comparé à celui des suies visualisé par incandescence 
induite par laser (LII) (Fig.3). L’ombre observée entre 4 
et 7mm au dessus de la cible indique la présence du 
nuage de nano-gouttelettes de catalyseur qui modifie 
l’évolution des tailles de suies observé sans catalyseur. 
La mesure de la tailles des suies montre une 
augmentation linéaire avec la hauteur sans catalyseur 
alors qu’un gradient de taille très marqué est observé 
entre 6 et 10mm dans la cible C :Ni :Co. Les études LII 
ont aussi été réalisées dans le réacteur avec la 
configuration arc électrique.  

7m
m

22
m

m

 
               avec catalyseurs          sans catalyseur 

Fig. 3. Visualisation par LII de la répartition des 
suies dans le panache de vaporisation. 

 
1) A. Foutel-Richard, Thèse CNAM Paris, Janvier 2003. 
2) N. Dorval, A. Foutel-Richard, A Loiseau, B Attal-Trétout, JL. Cochon, D Pigache, P Bouchardy, V. Kruger and K P Geigle. In situ 

optical analysis of the gas phase during the formation of carbon nanotubes, Proceeding of  NASA/Rice workshop on SWNT 
growth mechanisms, Houston, february 2003. 

3) N. Dorval, M. Cau, B. Attal-Trétout, J.L. Cochon, A. Loiseau, D. Pigache, Nanotubes de carbone: Analyse optique in situ des 
catalyseurs métalliques et de C2 , Proceeding of « Colloque du GDR NANOTUBES », Lyon (France), 5-9 octobre 2003. 

4) N. Dorval, A. Foutel-Richard, M. Cau, A. Loiseau, B Attal-Trétout, JL. Cochon, D. Pigache, P. Bouchardy, V. Krüger and K. P. 
Geigle, In situ optical analysis of the gas phase during the formation of carbon nanotubes, J. Nanosci. Nanotech. 4 , 2004. 
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Due to their small pore size (diameter < 2 nm), the microporous nanostructured carbons are among the most 

efficient adsorbent for hydrogen storage. Moreover, it is well known that graphite intercalation compounds can 
physisorb [1] or chemisorb hydrogen (<1.15 weight % at 77 K in MC24 compounds, M= K, Rb, Cs). It was shown that 
charge transfer to the carbon matrix by electron donor (such as alkali metals) increases the attractive forces between 
adsorbent and adsorbate, thus increasing the sorption energy [2]. Following this idea, we have studied the 
adsorption properties of hydrogen by nanoporous carbons doped by alkali metals. 

The raw nanostructured carbon materials are microporous activated carbons (BET specific surface area : 1600 
m2/g), electric-arc closed-end single-walled carbon nanotubes (SWNTs), HIPCO SWNTs, and carbon nanofilaments 
(with fishbone morphologies) obtained by the catalytic decomposition of CO. They have been doped in the vapor 
phase by K, Li (in order to obtain KC7, KC10, LiC18 SWNTs and LiC6, LiC18, KC24 activated carbons) or Cs (CsC24 
nanofilaments). 

The hydrogen adsorption-desorption isotherms of the doped activated carbons were obtained at room 
temperature and at 77 K, up to 3MPa, by a volumetric method. The adsorption of D2 was studied in situ on doped 
nanotubes and nanofilaments by neutron diffraction on D1B experiment (ILL), at λ=2.52 Å, as a function of 
temperature [300-20 K] and pressure. Simultaneously the adsorption isotherms were recorded in the range 0-0.1 
MPa. 

The amount of sorbed H2 in the doped activated carbons (LiC6, LiC18) decreases as the content of alkali metal 
(Li/C) increases [3]. This is due to the filling of pores (adsorption sites) by the K, or  the Li intercalant. The adsorption 
capacities of samples measured at low coverage (room temperature or low pressure at 77 K) are higher than the one 
of raw activated carbon, suggesting the increase of the energy of adsorption induced by doping. 

The neutrons diffraction patterns of KC7 (composition at saturation) and KC10 SWNTs, show that the nanotubes 
are slightly intercalated by K+ ions, so that the interstitial cavities (in between the tubes within the bundles) are free. 
This result is confirmed by the absence of chemisorption of D2 in the SWNTs at room temperature. At low 
temperature, the isotherms and diffractograms analysis shows that D2 molecules are adsorbed in the free cavities 
within the bundles [4]. The weight sorption capacities of deuterium (at 1 bar) of raw SWNTs and KC7 sample are 
0.45 % and 0.67 % at 77 K, and 0.79 % and 2.61 % at 33 K, respectively. The KC7 SWNTs doped at saturation 
adsorb (at 1 bar) smaller amount of D2 (0.35 % at 77 K and 0.74 % at 33 K). In the KC10 SWNTs, an hysteresis loop 
due to capillary condensation of D2, in the mesopores of the entangled bundles, is observed at T<23K. Moreover, 
the isosteric heats of adsorption at high coverage, of KC7 SWNTs and LiC18 HIPCO SWNTs (deduced from the 
isotherms at T~80K) are higher (< 10 kJ mol-1) than the one of raw SWNTs [5] (-4 kJ mol-1). 

The nanofilaments (CsC24) are intercalated in a 2nd stage structure (identity period Ic=9.45 Å). At T=77K, the D2 
physisorption occurs in the intercalated galleries forming CsC24(D2)1.85 compounds. The intensities and the positions 
of the 00l lines are modified. A similar phenomena has been observed in the graphite intercalation compounds 
(MC24, M=K, Rb, and Cs). 
 
1) K. Watanabe, T. Kondow, M Soma, T. Onishi, and K. Tamaru, Proc. R. Soc. Lond. A, 333, 51, 1973. 
2) W-Q Deng, X. Xu and W. A. Goddard, Phys. Rev. Lett., 92, 166103-1, 2004. 
3) S. Challet, P. Azaïs, R.J. M. Pellenq, O. Isnard, J.-L. Soubeyroux, L. Duclaux, J. Phys. Chem. Sol., 65, 541, 2004. 
4) S. Challet  P. Azaïs, R.J.-M Pellenq, L. Duclaux, Chem. Phys. Lett., 377, 544, 2003. 
5) T. Wilson, A. Tyburski, M. M. R. DePies, O. E. Vilches, D. Becquet, and M. Bienfait, J. Low Temp.Phys., 126, 403, 2002. 
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Multi-walled nitrogen- and boron+nitrogen-doped carbon nanotubes (CNy and CBxNy) have been synthesized 

using a floating catalyst method [1]. The catalyst precursor was dissolved in a mixture of solvents containing the 
desired chemical elements such as carbon, nitrogen and boron. The solution is injected into an oven by a flow of  
Ar/H2 gas. The principal aim of the H2 gas is to reduce the metal catalyst precursor. One of the advantages of this 
method is the possibility to control the diameters of the tubes by varying the catalyst particle size. Furthermore, the 
concentration of the catalyst precursor has an influence on homogeneity, yield and therefore alignment of the 
nanotubes.  

We will here demonstrate that the C/N ratio in the nanotubes can be controlled by the initial composition of the 
liquids in the reaction. Moreover, the influence of the concentration of the H2 gas during the formation of nitrogen-
doped multi-walled carbon nanotubes will be discussed.  

The morphology and structure of the nanotubes will be correlated to the C/B- and C/N- ratios. The goal is to 
develop a microscopic understanding of dopant atoms influence on nanotube structures. 

Scanning electron microscopy (SEM) was used to determine the degree of purity, homogeneity and yield of the 
samples (Fig 1). The structural characterizations were based on high-resolution transmission electron microscopy 
(HRTEM) coupled with electron energy loss spectroscopy (EELS) for quantifying the carbon, nitrogen and boron 
concentrations in the nanotubes (Fig.2 and Fig.3). 

 
 
    
 
 

 
 
 
 
 

      Fig. 2. HRTEM images of multi-walled nanotubes (a) CNy and      
   (b) CBxNy. 

              

(a) (b) 

 
Fig. 1. SEM image of aligned nitrogen  
doped multi-walled carbon nanotubes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

      Fig. 3.  A representative EEL spectrum of a multi-walled  
                             nitrogen- and boron-doped carbon nanotube. 

 
1) M. Glerup, M. Castignolles, M. Holzinger, G. Hug, A. Loiseau , P. Bernier, Chem. Comm., 2542-2543, 2003. 
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Les nanotubes de carbone (NTC) occupent aujourd’hui une place importante au sein des nanotechnologies 

parce qu’ils réunissent plusieurs propriétés intéressante. En plus de posséder module d’Young particulièrement 
élevé (1 TPa env.), un nanotube se comporte comme un fil moléculaire de type métallique ou semi-conducteur, 
selon sa structure. En conséquence, des applications variées sont envisagées (dispositifs nanoélectroniques ou 
nanomécaniques). 

D’un point de vue fondamental et pratique, il est nécessaire de contrôler l’arrangement des NTC sur de larges 
surfaces pour des dispositifs intégrés et adressables. Parmi les méthodes explorées jusqu’à présent, la croissance 
localisée de NTC par dépôt chimique catalytique en phase vapeur (notée CCVD) apparaît comme une approche 
simple et efficace. Dans cette méthode, le positionnement des NTC sur un substrat s’opère lors de la synthèse : les 
sites de croissance des NTC correspondent aux sites de catalyseur présents sur un substrat. L’approche par CCVD 
rend donc envisageable la conception de dispositifs qui incluent des architectures ordonnées de nanotubes, par 
l’emploi de techniques de micro- et nanostructuration (patterning) pour localiser les sites catalytiques. 

Dans notre communication, nous décrirons notre méthode de patterning des sites catalytiques qui fait appel à la 
technique de lithographie douce, dite de microcontact printing. Cette technique présente des avantages certains 
pour nanostructurer de grandes surfaces (>1 cm2) en une seule étape. 

La croissance auto-dirigée de réseaux nanotubes de carbone monofeuillets (notés SWNTs) suspendus obtenus 
par CCVD a été pour la première fois démontrée par Cassell et al.[1]. Les sites catalytiques étaient réalisés en 
imprégnant les sommets de plots de silicium lithographiés avec un précurseur catalytique en phase liquide, au 
moyen d’un timbre plat. Ensuite, le patterning de substrats plats par microcontact printing (µCP) s’est avéré efficace 
pour la croissance localisée de SWNTs enchevêtrés[2]. Ce procédé fut employé par C. Jiang et al. pour observer par 
microscopie Raman des changements structuraux le long de SWNTs individuels[3]. Plus récemment, Huang et ses 
collaborateurs[4] ont développé une méthode conjuguant une autre technique de lithographie douce, (micromolding 
in capillaries) et la CCVD, où la nature du catalyseur employé permet le contrôle de l’orientation et du diamètre des 
nanotubes. 

Dans nos travaux, nous avons développé un précurseur catalytique liquide et, en conséquence, modifié 
l’approche standard du µCP en réalisant un timbre greffé en surface. Dans le but de déposer de manière localisée 
des nanotubes de carbone mono- et bifeuillets individuels sur un substrat, des structures catalytiques 
micrométriques et nanométriques ont été déposés sur substrat de silicium oxydé. La croissance par dépôt chimique 
catalytique en phase vapeur de nanotubes droits au sein de ces motifs a été observée sur les motifs 
micrométriques[5] mais des difficultés subsistent quant au contrôle de la croissance sur les structures 
nanométriques. Finalement, une méthode pour promouvoir la croissance contrôlée de nanotubes isolés entre motifs 
catalytiques apparaît envisageable.  
 
1) A. M. Cassell, N. R. Franklin, T. W. Tombler, E. M. Chan, J. Han, et H. Dai, J. Am. Chem. Soc., 121, 7975-7976, 1999. 
2) G. Gu, G. Philipp, X. Wu, M. Burghard, A. M. Bittner, and S. Roth, Adv. Funct. Mater., 11, 295-298, 2001. 
3) C. Jiang, J. Zhao, H. A. Therese, M. Friedrich, and A. Mews, J. Phys. Chem. B, 107, 8742-8745, 2003. 
4) L. Huang, S. J. Wind, S. P. O’Brien, Nano Lett., 3, 299-303, 2003. 
5) S. Casimirius, E. Flahaut, C. Laberty-Robert, L. Malaquin, F. Carcenac, C. Laurent, C. Vieu, Microelectronic Engineering, 73-74, 

564, 2004. 
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Since their discovery, nanotubes have attracted much attention because of their remarkable electronic and 

mechanical properties. Because of these properties nanotubes are expected to bring significant breakthroughs in the 
electronic engineering of materials.  The electronic properties of single-walled carbon nanotubes (SWNTs) vary 
between semi-conducting and metallic, depending on their chirality [1].  Doping carbon nanotubes with other 
chemical elements such as nitrogen and boron can be envisioned to be an efficient way for tuning both electronic 
and optical properties [2,3]. 

This presentation will be based on our experimental results, including:  the direct synthesis of doped nanotubes 
with different chemical elements [4,5], scanning- and transmission- electron microscopy (SEM), (TEM), electron-
energy loss spectroscopy (EELS) coupled with high-resolution transmission-electron microscopy (HRTEM), Raman- 
and NMR spectroscopy and transport measurements on individual nanotubes [6].  Accordance between  
experimental work and theoretical simulations will be discussed.   
 
1) A. Hassanien, M. Tokumoto, Y. Kumazawa, H. Kataura, Y. Maniwa, S. Suzuki, Y. Achida, Appl. Phys. Lett., 73, 3839, 1998.
2) X. Blase, J.C. Charlier, A. De Vita, R. Car, App. Phys. A, 68, 293, 1999. 
3) E. Hernandez, C. Goze, P. Bernier, A. Rubio, Phys. Rev. Lett., 80, 4502, 1998. 
4) M. Glerup, J. Steinmetz, D. Samaille, O. Stéphan, S. Enouz, A. Loiseau, S. Roth, P. Bernier, Chem. Phys. Lett., 387, 193–197, 

2004. 
5) A.M. Janssens, T. Wagberg, P. Bernier, C. Ewels, O. Stéphan, M. Glerup -  in prep 
6) V. Krstic, S. Roth, P. Bernier, M. Glerup  - submitted 
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In many plants, notably the lotus flower, leaves use superhydrophobicity as the basis of a self-cleaning 

mechanism: water drops completely roll off the leaf, carrying undesirable particles. This self-cleaning or lotus effect 
is caused by both the hierarchical roughness of the leaf surface, which is composed of micrometer sized papillae 
having nanometer-sized branch-like protrusions, and the intrinsic material hydrophobicity of a surface layer of 
epicuticular wax covering these papillae. A very rough, heterogeneous surface allows air to be trapped more easily 
underneath the water droplet so the droplet essentially rests on a layer of air. A significantly higher surface area 
compared to the projected area in the case of a rough surface requires a greater energy barrier to create a liquid-
solid interface. Coupled to this, when the surface energy of the surface material is intrinsically low, the combined 
effect is that the surface will repel any water that comes into contact with it. 

This natural superhydrophobicity has recently gained much attention and is inspiring attempts to mime it. Nano-
technology now allows possible man-made superhydrophobic surfaces using extremely fine microstructured finishes 
to materials that then imitate the lotus leaves. In this work, we explore a new way for creating superhydrophobic 
surfaces using carbon nanotubes forests, that has just been recently discovered [1]. 

In order to get a high aspect ratio favorable to this superhydrophobic effect, we synthesized forests of carbon 
nanotubes on silicon substrates by PECVD. Carbon nanotubes are then chemically functionnnalized so that they 
become hydrophobic. We show that these surfaces are superhydrophobic and that water does not penetrate inside 
the roughness of the substrate (fig. 1), even if the pressure is higher than in the case of microscopic rough 
substrates. 
 

 
Fig. 1. Water drop (right) deposited on a superhydrophobic forest of carbon nanotubes (left). 

The drop keeps its spherical shape and does not spread out. 
 
1) K.K.S.Lau et al., Nanoletters, 3(12), 1701, 2003. 
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Les nanotubes de carbone sont d'excellents candidats pour la réalisation de détecteurs de gaz ultra sensibles, 
grâce à leur grande surface spécifique. D'excellents résultats concernant leur sensibilité ont déjà été obtenus en 
utilisant des mesures de conductivité. Toutefois, des progrès restent encore à réaliser concernant la sélectivité. 
C'est dans ce cadre que l'équipe de A. M. Rao (Clemson University) a développé un capteur (1) reposant sur la 
mesure du changement de fréquence de résonance d'un résonateur lorsqu'il est en contact avec divers gaz. Ce 
résonateur est constitué d'un disque de cuivre recouvert d'une couche de nanotubes mono-parois. Lorsque des 
molécules de gaz viennent s'adsorber sur les tubes elles en changent la permittivité, donc la fréquence de 
résonance. 

Nous montrerons comment un modèle utilisant l'électromagnétisme des milieux continus à l'échelle d'un 
nanotube unique (2) permet de retrouver les résultats expérimentaux et d'établir une loi de dépendance de la 
permittivité des tubes en fonction de la polarisabilité des admolécules, du taux de recouvrement et des 
caractéristiques géométriques des nanotubes. Ceci ouvre la voie à une optimisation du système pour en accroître la 
sélectivité. 
 
1) S. Chopra et al., Appl. Phys. Lett., 83(11), 2280-2282, 2003. 
1) R. Langlet et al., J. Chem. Phys., (accepté), 2004. 
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les mesures calorimètriques à basse température se montrent extrèmement sensibles à l’He4 adsorbé à de 
faibles doses de quelques at.% ( fraction atomique/ C). Nous avons obtenu la capacité calorifique CADS de l’He 
adsorbé par rapport à la valeur intrinsèque de référence des tubes totalement désorbés, et dans deux types de 
fagots caractérisés par un nombre moyen de tubes par fagot fortement différents : moins de 20-30 tubes (échns. de 
Montpellier, décharge d’arc), et 30 à 100 tubes (échns. Rice Univ., ablation laser) [1,2]. 

Pour le premier type, et à de très faible concentration ( 0.15 % at.) d’adsorbat, CADS montre un comportement 
typique 1D, correspondant aux atomes He localisés dans les canaux intersticiels ou les rainures externes du fagot, 
ce qui est la première mise en évidence du confinement 1D par ce type de mesure. Tandis que dans les plus gros 
fagots, à la mème concentration, on observe un comportement 2D (loi CADS ∝ T2 ) rappelant le cas de l’He adsorbé 
sur des substrats planaires , comme le graphite de type “ grafoil ” [3,4]. (voir Fig.). 

Aux concentrations plus fortes ( 1.5 à 3 % at.), les deux types de fagots montrent CADS (T) variant quasi-
linéairement entre 1 et 7 K , un régime non encore prévu ou interprété dans ce type de structure. 

 

 
Chaleur spécifique de l’adsorbat He4 (c = 0.15 at %) dans les 2 types de nanotubes montrant soit  

le régime 1D ( chute exponentielle : ), soit le régime 2D ( loi quadratique : ) -Ref 2- 
 
1) J.C. Lasjaunias, K. Biljakovic,  Z. Benes, J.E. Fischer, and P. Monceau, Phys. Rev. B, 65, 113409, 2002. 
2) J.C.Lasjaunias, K.Biljakovic, J.L.Sauvajol, P.Monceau, Phys. Rev. Lett., 91 , 025901, 2003. 
3) M.Bretz et al., Phys. Rev . A 8 , 1589 ( 1973) ; J.G.Dash, J. Low Temp. Phys., 1, 173, 1969. 
4) D.S.Greywall and P.A.Busch, Phys. Rev. Lett., 67, 3535, 1991. 

 
 
 

205  



4th meeting NanoteC 04/1st GDR-E meeting Batz-sur-Mer, 2004 October 10-15 
 

 
 

P7-12 
CVD nucleation and growth mechanisms of aligned films of carbon nanotubes. 

 
CS Cojocarua, O. Ersen, B. Vigolo, J. Mane-Mane, P. Parentb, K. Lafonb, F. Le Normanda 

 
aIPCMS, UMR 7504 CNRS, Po Box 43, Bat 69, 23, rue du Loess, 67 034 STRASBOURG Cedex, FRANCE 

bLURE, B. 209D, Centre Universitaire Paris Sud, 91 405 ORSAY Cedex, FRANCE 
 

We have compared many CVD processes, involving classical thermal and activated CVD processes, to grow 
films of aligned carbon nanotubes and other carbon nanostructures (nanofibers, nanocones, ...) with a high 
selectivity. Activation of the gas phase was carried out by hot filaments (HF CVD), by a gas discharge (DC CVD) or 
by the use of both activation pathways (DC HF CCVD). Prior to the CVD growth, a dispersion of either Co or Fe 
catalytic particles on SiO2 (8nm)/Si(100) was in situ performed through an effusive cell in ultra high vacuum directly 
connected to the CVD reactor (limiting pressure 10-9 mbar). This ensures a high reproducibility and a narrow size 
distribution down to 2 nm of the catalytic particles. Samples before and after CVD were characterized by SEM, TEM, 
HRTEM, X ray absorption (XAS)and Raman spectroscopies and in situ XPS, AES, ELS.  

It is found that the DC HF CVD process is by far the most efficient process to get aligned nanotubes as it 
combines the activation of the gas mixture (C2H2:H2) both by a plasma created between two electrodes and by hot 
filaments. Thus both ions and highly reactive neutral radicals are formed with a high density and they are focussed 
onto the substrate which is slightly negatively biased relative to the cathode. Therefore we propose a mechanism 
of nanotubes nucleation and growth that account for the occurrence of ions and highly reactive radicals. 
The nucleation occurs through a nest of carbon that cannot further develop due to etching and sputtering. We also 
found that the occurrence of carbon nanotubes, relative to other carbon nanostructures, is highly sensitive to the 
ratio of the power input into the hot filaments and into the DC discharge, respectively. This ratio governs the density 
of highly reactive neutral and ions, respectively. Density larger than 1012 cm-2 were obtained. 

The alignment of the films of carbon nanotubes has been quantitatively studied by angular X-ray absorption 
spectroscopy (XAS) on the C K edge. It is found that the π -----> π* transition at 285.2 eV is highly sensitive to the 
mutual orientation of the carbon nanotubes. The effect of CVD gas phase and activation parameters ( NH3 
incorporation, HF and DC powers) on the alignment were studied. However the XAS spectra are strongly surface 
sensitive and the molecules adsorbed on the tube must be preliminary removed by a thermal treatment. 
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The substitution of conventional cathodes (thermo-ionic emission) by cold cathodes made up with nanostructured 
materials would lead to the development of a new generation of hyperfrequence sources more compact than the 
current TOP. The thermal effects induced in the thermoionic devices infer small grid-anode distances in the range ~ 
100-200 µm. This limits the working frequency to some GHz due to a too long time of flight of the electrons between 
the cathode and the grid. 

By setting the grid in close vicinity of the emitting surface (~ 10 µm) in the cold cathode tubes it is possible to 
obtain miniaturized microwaves sources, in the planar triod configuration, working up to 50-100 GHz. Thus the 
objectives of this project are to control, by a top-down nanolithography approach, the growth of arrays of individual 
and vertically-oriented carbon nanotubes to get emission density around 1 A/cm². We will describe the different steps 
of the project::  PPrreeppaarraattiioonn  ooff  nnaannoo--ccaattaallyyssttss  aanndd  ggrroowwtthh  ooff  oorriieenntteedd  ccaarrbboonn  nnaannoottuubbeess  ffiillmmss  bbyy  ppllaassmmaa--eennhhaanncceedd  
aanndd  hhoott  ffiillaammeennttss  CCVVDD  pprroocceesssseess;;  GGrroowwtthh  ooff  aa  ssiinnggllee  nnaannoottuubbee  oonn  aa  ccaattaallyyttiicc  ddoott;;  FFiieelldd  eemmiissssiioonn  mmeeaassuurreemmeennttss  aanndd  
cchhaarraacctteerriissttiiccss;;  SSiimmuullaattiioonn  ooff  tthhee  ppllaannaarr  ttrriioodd;;  SSttuuddyy  ooff  tthhee  iinndduussttrriiaall  rreeaaccttoorr.. 
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Multiwall nanotubes have been filled in-situ, i.e. they have been formed and filled meanwhile, by a 

catalystenhanced Chemical Vapour Deposition process (CCVD), starting from a mixture of ethylene and ferrocene 
heated at 1170 K under reduced pressure [1]. The resulting materials have been characterised from the point of view 
of morphology, texture, and nanotexture, by various techniques including low and high resolution transmission 
electron microscopy (HRTEM), electron diffraction, electron energy loss spectroscopy (EELS), X-ray diffraction 
(XRD) and wide angle X-ray scattering (WAXS). 

Nanotubes are concentric type, with high order nanotexture. Complete filling is not achieved, since filling rate is 
about 60%, but filling lengths over several hundred nanometers are found. The filling phase is demonstrated to be α-
Fe (CFC structure), with examples of preferred growth direction so as the [111] axis is perpendicular to the tube axis. 
Fe crystallites are generally as large as the inner tube diameter (i.e. in the range of 5-50 nm) but can be shorter than 
a same segment of filling phase (i.e. filling crystals can be polycrystalline along the crystal elongation direction). 
Phase contrast holographic images were recorded, revealing the existence of a magnetic field at the level of single 
hybrid nanotubes. Beside, the ethanol dispersion of the hybrid nanotubes onto a gold-patterned SiO2 wafer has 
allowed the resistance to be measured. The value obtained (102 M.) however reveals the probable prevalence of the 
contact resistance, since having a semi-conductor behaviour for a concentric MWNT whose the diameter is as large 
as 100 nm is unlikely. Actually, the gap energy for a semi-conductor single wall nanotube becomes negligible for 
tube diameters beyond 14 nm [2]. Lithography is planned to improve the measurement quality. 

 
 
Fig. 1: Low magnification TEM image of the hybrid MWNT 

material. Tube outer diameters range from ~30 to 400 nm. Filling is 
partial. 

 
Fig.2: High magnification TEM image of a Fe@MWNT tube 
 
Fig.3: High resolution TEM image of the tube of Fig. 2 in the 

filled area. (110) planes (d = 0.202 nm) of Fe crystal are under the 
Bragg angle exhibiting a three-fold symmetry, indicating that [111] 
axis is perpendicular to the tube axis. 

 
Fig.4: Magnified-phase image obtained from the hologram of a 

partially filled Fe@MWNT. Opposed dark and bright contrast 
domains (arrowed) out of both tube sides in front of the filled area 
indicate a phase jump induced by a magnetic field oriented along 
the Fe crystal elongation axis (= tube axis). 

 
 
1) P.C.P. Watts et al., Chem. Phys. Lett. 366, 42, 2002. 
2) M. S. Dresselhaus et al., Molec.Mater., 4, 27, 1994. 
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Carbon nanotubes (CNTs) usually are regarded as perfect tubes rolled from graphene sheets into seamless 

cylinders. However, defects like vacancies, more complex vacancy-related defects or non-hexagonal carbon rings 
may be present in the structure of as-grown nanotubes, or they can be generated by several methods like chemical 
treatment or irradiation. Defects may play important role in the gas sensing properties and functionalization of CNTs 
[1, 2]. Scanning tunneling microscopy (STM) is a very effective tool to detect atomic-scale defects in the walls of 
CNTs. In this work we present the results of experimental STM investigation of irradiated multi-wall carbon 
nanotubes (MWCNTs). 

MWCNTs dispersed on graphite (HOPG) substrate were irradiated with Ar+ ions of 30 keV. The irradiated 
samples were investigated by STM and scanning tunneling spectroscopy (STS) in air. The irradiation-induced 
defects appear as hillock-like protrusions on the nanotube-walls, similar to the hillocks observed earlier on ion 
irradiated HOPG [3]. The results are in agreement with recent theoretical predictions, which attribute the STM 
features produced by ion irradiation to local modifications of the electronic structure [4].  
 

 
 

Fig. 1. Atomic resolution STM image of a MWCNT with defects. Electronic  
superstructures are observed near the defects. 

 
« R33 × » superstructures are also observed near some of the defects (Fig. 1). These superstructures are 

attributed to the interference between normal electron waves and those scattered from the defect sites [5]. 
The irradiated nanotubes were heated at 450 oC and after heating they were investigated again by STM. The 

effect of heating on the nanotube-defects is also discussed. 
This work was supported by OTKA grants T43685 and T43704 in Hungary. 

 
1) L. Valentini, F. Mercuri, I. Armentano, C. Cantalini, S. Picozzi, L. Lozzi, S. Santucci, A. Sgamellotti, J. M. Kenny, Chem. Phys. 

Lett. 387, 356, 2004. 
2) D. Srivastava, D. W. Brenner, J. D. Schall, K. D. Ausman, M. Yu, R. S. Ruoff, J. Phys. Chem. B 103, 4330, 1999. 
3) J. R. Hahn and H. Kang, Phys. Rev. B 60, 6007, 1999. 
4) A. V. Krasheninnikov, K. Nordlund, M. Sirviö, E. Salonen, and J. Keinonen, Phys. Rev. B 63, 245405, 2001. 
5) G. M. Shedd and P. E. Russell, Surf. Sci. 266, 259, 1992.  
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The densification of CNT-ceramic composites is difficult to achieve, particularly when CNT are very well 
distributed between the matrix grains [1]. In the present work, the densification by hot-pressing in a vacuum of 
ceramic-matrix composites containing a very homogeneous dispersion of CNT (mostly SWNT) is studied for the first 
time.  

Fifteen different CNT-Co/Mo-MgAl2O4 composite powders containing between 1.2 and 16.7 vol. % CNT were 
prepared by the in-situ CCVD method [2]. As shown earlier [3], in all the composite powders, CNT are similar and of 
high quality, 70-90% being SWNT and most of the others being DWNTs, without carbon nanofibres nor significant 
amount of disordered carbon. The aim is to elucidate the influence of increasing amounts of SWNTs on the 
mechanisms involved in the densification of the composites during hot-pressing. A particular attention has been paid 
to discriminate the part of the influence of the CNT and the other microstructural characteristics of the starting 
materials. 

During the first step of hot-pressing, in which the shrinkage is mainly due to particle rearrangement towards more 
dense packing [4], moderate amounts of CNT have a beneficial influence. But a too high quantity of CNT forming a 
dense and well interconnected web is detrimental to the rearrangement. The second step of shrinkage is the plastic 
flow by Nabarro-Herring dislocation creep proposed by Ting et al. [5]. During this second step, the shrinkage rate 
regularly decreases when the CNT content increases, showing that CNT reduce the mobility of dislocations within 
the MgAl2O4 matrix. Consequently, only composites containing quantities of CNT not higher than 5 vol.% reached a 
densification better than 98% by hot-pressing at 1300°C under 43 MPa. 

Higher applied pressures or higher sintering temperatures could enhance the densification of CNT-ceramic 
composites but CNT dispersed in oxide matrix tend to be damaged at too high temperatures (> 1300°C). The 
densification by Spark Plasma Sintering (SPS), which allow very rapid sintering at moderated temperatures is an 
interesting alternative [6]. 
 
1) Flahaut E., Peigney A., Laurent Ch., Marlière C., Chastel F., Rousset A., Acta Mater, 48, 3803, 2000. 
2) Peigney A., Laurent Ch., Dobigeon F, Rousset A. J Mater Res, 12, 613, 1997. 
3) Rul S., Lefèvre-Schlick F., Capria E., Laurent Ch., Peigney A., Acta Mater., 52, 1061, 2004. 
4) Coble R.L., Sintering and related phenomena, Ed. Gordon and Breach, New York, p. 329-350, 1967. 
5) Ting C.-J., Lu H-Y., Acta Mater., 47, 817, 1999. 
6) Zhan G.-D., Kuntz J. D., Wan J., Mukherjee A. K., Nature Materials, 2, 38, 2003. 
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Plusieurs groupes expérimentaux ont réalisé des transistors à effet de champ dont le canal est constitué d’un 

nanotube de carbone semi-conducteur [1,2]. Ces dispositifs ont de très bonnes caractéristiques électriques liées à la 
bonne conduction intrinsèque des nanotubes et à la possibilité de décaler fortement leur bande interdite sous l’effet 
d’une grille. Des dispositifs “ ambipolaires ” ont ainsi pu être fabriqués : en changeant simplement la valeur du 
potentiel de grille, on passe d’un transport par électrons à un transport par trous. 

Cependant, l’optimisation de la géométrie et des contacts entre le nanotube et les électrodes métalliques reste 
très empirique. Pour de nombreux métaux (Au,Ti,Al), on observe des contacts tunnels probablement dûs à des 
barrières Schottky à l’interface. Dans le cas particulier du Palladium, le groupe de Dai a obtenu des contacts 
ohmiques pour certains diamètres de nanotubes [2]. Des arguments théoriques simples montrent que le travail de 
sortie du métal et les états d’interface sont les paramètres essentiels qui déterminent le profil et la hauteur de la 
barrière Schottky [3]. Mais des études numériques récentes [4], prenant en compte l’électrostatique à longue 
distance dans le nanotube, tendent à prouver que le profil de barrière dépend aussi de la longueur du nanotube, ce 
qui contredit partiellement les conclusions de [3]. 

Nous proposons une simulation numérique plus élaborée, prenant en compte simultanément la structure 
électronique des interfaces métal-nanotube à l’échelle atomique, et l’électrostatique à plus longue distance. Nous 
considérons aussi l’effet d’une grille sur le profil de potentiel aux interfaces et dans le nanotube. La conductance est 
calculée selon la formulation quantique de Landauer-Büttiker. Cette étude vise à retrouver des caractéristiques 
électriques proches de l’expérience et à mieux comprendre l’influence de la nature des contacts et de leur 
géométrie. 
 
1) R. Martel et al., Appl. Phys. Lett. 73, 2447, 1998; L. Marty et al., Nanoletters 3, 1115, 2003. 
2) A. Javey et al., Nature 424, 654, 2003. 
3) F. Leonard and J. Tersoff, Phys. Rev. Lett., 84, 4693, 2000. 
4) Y. Xue and M. Ratner, Phys. Rev. B 69, 161402(R), 2004.  
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