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Carbon  Nanotubes  found in ancient Damascus sabre ~ 400 years old 

Reibold et al. Nature, 444, (2006) 
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Even focusing on CNT synthesis, impossible to summarize in one hour 

My apologies to those I discarded / forgot / misunderstood 

 

More to read in :  
άCurrent understanding of the growth of carbon nanotubes in catalytic chemical vapour deposition », 
 V. Jourdain and C. Bichara, Carbon 58, 2-39 (2013) 



High temperature Nanotube synthesis 

Arc discharge or laser ablation: 

ω produce fullerenes,  

ω multiwall Nanotubes 

ω Nanohorns Χ 

ω With catalyst (e.g. Ni): Single Wall NTs 

 

 

 

 

High quality tubes  

Not up-scalable for controlled mass production 
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WITH catalyst:  
Single-Wall CNTs (bundled) 

WITHOUT catalyst: 
Multi-Wall CNTs + fullerenes, etc Χ 

ORNL 

ONERA 



Catalytic Chemical Vapor Deposition (CCVD) 

Catalytic dissociation of gaseous carbon-bearing molecules (CH4, C2H6, C2H4, C2H2, CO, etc Χύ 

Catalyst acts as a template:  nanoparticles Ĕ nanotubes 

   thick and flat catalyst layer Ĕ graphene 

Features : 
o Scalable, lower temperature, more controlled conditions 

o Long synthesis times (minutes / hours) 

o Used to grow Nanotube carpets, enables control of tube density on a surface  
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Support with 
catalyst 

Supported (surface bound) catalyst 



Super Growth Pilot Plant 
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50cm2 Substrate 

SWNT100g/h 

12m Length 

From 2012, 70 companies shipped, 2015 Commercial Plant Planned 
(courtesy K. Hata)  



Catalytic Chemical Vapor Deposition (CCVD) 

Main features:  
o Catalyst Nanoparticles are formed in situ (from e.g. ferrocene) 

o Short synthesis times (seconds / minutes) 

o No substrate / catalyst interaction, but other specific issues  
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Floating catalyst / aerosol CVD 

Cambridge 

A. Moisala et al., J. Phys. Condens. 
Matter, 15, S3011ς35 (2003). 



Floating catalyst CVD pilot for nanotube fibers 

Koziol, Windle - Cambridge 
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General ideas 

Confining carbon atoms or reactive species is required, but not sufficient. 
It may lead to 

- Fullerenes 

- Amorphous carbon 

- Nanotubes, nanohorns etc Χ  Selectivity 

 

Second aspect is to optimize nanotube production  Role of catalyst 

- Nucleation (number of active NPs) 

- Growth (efficiency κ ǊŀǘŜ Χύ 

- Prevent growth termination  Yield  

      

A chemical engineering problem ? 

  

Certainly yesΣ Χ 

  Χ ōǳǘ detailed mechanisms are still not understood 
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Outline 

Part 1 - Basics: 

o Nucleation / growth / termination  

o Energetics / Thermodynamics (feedstock, catalyst, carbon) 

o Process conditions 

 

Part 2 - What is more or less under control: 

o Multiwall growth 

o Vertically aligned NT carpets / forests 

o Tube / NP diameter  

 

Part 3 - More controversial: 

o Growth model 

o Computer simulation 

o Chiral selectivity 

 

Personal conclusion 
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Surface bound CCVD : root growth 

Tip growth : switch tubes and NP 

Floating catalyst : remove substrate 
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Nanotube growth stages 

Open questions 

Particle 
formation 

Control NP size 
distribution ? 

Super- 
saturation ? 

Incubation 

Nucleation 

Control cap  
structure ? 

Growth 

Growth  
mechanisms ? 

Defect formation 
 and healing 

When/how is tube 
structure defined ? 

Deactivation 

How to  
avoid ? 



Stability of carbon precursor versus graphite ? 

Standard free energy of formation DG0
r 

versus Temperature 
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Carbon 
monoxide 

Acetylene 

Ethanol 

Ethylene 

Methane 

Graphite 

Valid for general trends, actual 
experimental situation might be 
slightly different ! 

CH4 ė T > 700 C 

CO ė T < 700 C 



Transition metal catalysts (1) 

Empirical criteria for « efficient » catalysis of MWNT: 

Å sufficient carbon solubility (1-5 at %) in metal 
catalyst at growth T° 

Å After saturation, C precipitation starts without 
carbide phase formation 

Å If carbides form, C diffusion in metal and carbide 
should be fast enough Χ 

 
C. Deck and K. Vecchio, Carbon, 44, 2, 267ς75, 2006. 
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Co + C 

Ni + C 

Fe + C 



Transition metal catalysts (2) 

Stability of some TM carbides 
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J. Robertson, J. Mater. Chem., 2012,22, 19858-19862 
T. Bligaard et al., J. Catalysis, 224, 206ς17, 2004. 

Fe, Ni and Co are efficient catalysts for NT growth 
sometimes associated with Mo, Ru, ² Χ 

Carbide 
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Weak interaction / 
adsorption energies:  

 
 

Nanotube detaches 
 and/ or  

lower catalytic efficiency 

Volcano plot 
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Transition metal catalysts (3) 

Carbon interaction with metal catalyst surface from DFT calculations:  
 Various metals (Ni, Co, Fe, noble metals Χύ 

 

Order of magnitudes 

o Cohesive energy carbon (diamond, graphite ) º - 7.5 eV / atom 

o Transition metals : Ni º - 4 eV / atom; 

 

Difficult because very different bonding situations : 

 

o Atomic carbon interacts strongly with metal 

 

 

 

 

o Graphene has almost zero interaction with metal  

o Limitations in DFT for weak bonds (van der Waals Χύ 

 

Octahedral interstitial Subsurface interstitial 
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Carbon-metal interaction (1) 

In all DFT calculations C in graphene is the most stable 

 
Å Ni, Pd, Pt : subsurface atomic C most stable 

 

Å Cu, Ag, Au : C2 dimers on surface most stable 

  

Å C at Ni (211) step edge more stable than subsurface 

Yazyev et al. PRL 100, 156102 (2008) 

Abild-Pedersen et al. PRB 73, 115419 (2006) 
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Carbon-metal interaction (2) 

Adhesion energy of tubes with ґ όn,m) on pure metals calculated by DFT 
o Stronger for Ni, Co, Fe than Au, Cu 

o Depends on tube chirality : 

 0.8 -1.8 eV / C for armchairs 

 1.6- 2.8 eV / C for zig-zag 

 

o Relevance of these calculations ? 
   Χ ǊŜƭŀȄŀǘƛƻƴǎΣ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴǎΣ / ŘƛǎǎƻƭǳǘƛƻƴΣ Χ 

Feng Ding et al. Nanoletters 8, 463 (2008) 


