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Manywaysto obtain Carbonb I y 2 (1 dzo S &

Donothingand letMother Nature doit for you X
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Carbon Nanotubesfoundin ancientDamascusabre~ 400/earsld

Reiboldet al. Nature, 444, (2006
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Many waysto obtain CarbonNanotubesX

Searchthe bibliographyX
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Many waysto obtain CarbonNanotubesX

Searctthe BibliographyX
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Evenfocusingon CNTsynthesisimpossible tasummarizan onehour

My apologies tahosel discarded forgot/ misunderstood

More toreadin :
oCurrentunderstanding of the growth of carbon nanotuhiescatalyticchemicalvapourdepositions,
V. Jourdain and @icharaCarbons8, 239 (2013)
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HightemperatureNanotubesynthesis

Arc discharger laserablation:

w producefullerenes,

multiwall Nanotubes

NanohornsX

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

Highqualitytubes
Not up-scalabldor controlledmass production

WITHcatalyst WITHOUTatalyst
SingleWall CNTgbundled Multi-Wall CNTstfullerenes etc X




CatalyticChemicaVaporDeposition(CCVD)

Supported(surfacebound) catalyst

LIl

quaﬂ;tube
! )gﬂshuutlet
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—~ Supportwith
quartz ? ? ? ? f T catalyst
GEHE NE boat

720°C

Catalyticdissociation of gaseous carbdsearing molecule¢CH,, CH,, CH,, GH,, COgtc X 0
Catalyst actsas a template: nanoparticlesE nanotubes
thickand flat catalyst layeE graphene

Features :
0 Scalablelowertemperature, more controllegdonditions
0 Long synthesis times (minutes / hours)
o Used to grow Nanotube carpets, enables control of tube density on a surface
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Super Growth Pilot Plant

M' \@ 50cn? Substrate
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From 2012, 70 companies shipped, 2015 Commercial Plant Planned

(courtesy KHata)
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CatalyticChemicaVaporDeposition(CCVD)

. iHacad)s Floatingcatalyst/ aerosolCVD
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encapsulated CNTs initiated by
nickel particles nickel particles

Li, Kinloch, Windle,

Koziol et al, Science, 318, 1892 (2007) Science, 304, 276, (2004)

A. Moisalaet al,, J PhysCondens
Matter, 15, S301%35 (2003). ChristopheBichara 9



FloatingcatalystCVD pilot for nanotubébers

Koziol Windle- Cambridge

Injection system

Reactor

Fibre
collection
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Generaldeas

Confiningcarbonatomsor reactivespeciess required, but notsufficient

It maylead to

- Fullerenes

- Amorphouscarbon

- Nanotubesnanohornsetc X [ Selectivity

Second aspegsto optimizenanotube production Roleof Catalyst]

- Nucleation(numberof activeNP3g
- Growth(efficiencyk NJ G4 S X0

- Preventgrowth termination | Yield

A chemicalengineeringoroblem?

Certainlyyess X
X  oddtdiled mechanismsare still not understood
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Part 1- Basics:
o Nucleation/ growth/ termination
o Energeticg Thermodynamicgfeedstock catalyst carbon
o Proceszonditions

Part 2- Whatis more orlessundercontrol:
o Multiwall growth
o VerticallyalignedNTcarpets/ forests
0 Tube / NRdiameter

Part 3- More controversial
o Growthmodel

o Computer simulation
o Chiralselectivity

Personaktonclusion
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Surfacebound CCVD root growth

ﬂ Control NP size
~distribution ?

Open questions

Particle Super
formation saturation ?
~ p When/how is tube
Control cap Growth structure defined ?
Incubation ~structure ?  mechanismg
Nucleation
Nanotubegrowth stages Growth

Defect formation

Tipgrowth : switch tubes and NP and healing

Floatingcatalyst: removesubstrate

Christophe Bichara Deactivation




Standard free energies of reaction (kJ/mole of carbon)
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Stabilityof carbonprecursorversus graphite ?
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Standard freeenergyof formation DG,
versusTemperature
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Acetylene

Ethylene

CHe T>700C
COé T<700C

Carbon
monoxide

Validfor generaltrends, actual
experimentalsituation might be
slightlydifferent !
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Transitionmetal catalystg(1)

oC Atomic Percentage Corbon
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Transitionmetal catalysty(2)
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Fe NiandCoare efficientcatalystsfor NTgrowth
sometimesassociatedvith Mo, Ry 2 X

J. Robertsonl Mater.Chem, 2012,221985819862
T. Bligaardet al.,J.Catalysis224, 206¢17, 2004.
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Transitionmetal catalysts(3)

Carboninteractionwith metal catalystsurfacefrom DFTcalculations
Variousmetals(Ni, Co, Fe, noblmetalsX 0

Orderof magnitudes
o Cohesiveenergycarbon(diamond graphite P - 7.5 eV /atom
o Transitionmetals: Ni° -4 eV /atom;

Difficult becauseverydifferent bondingsituations :

>
o " X
9990

Octahedralnterstitial Subsurfacenterstitial

0 Atomiccarboninteractsstronglywith metal

o Graphene haalmostzerointeractionwith metal
o Limitations in DFT foweakbonds (van dewWaalsX 0
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Carbonmetal interaction (1)

In all DFTalculation<C in graphenésthe moststable E—Ey

A Ni, Pd, Pt subsurfaceatomicCmoststable (a) 111 surface bulk

A Cu, Ag, Au :@imerson surfacemoststable :'1 DC%]
i O00000G

(b) ™|/ addimer
[ adatom (surf.) i
A CatNi (21) stepedgemore stablethan subsurface 4 E :ﬁg;’ﬂ;sfp}

B bulk

Ni(211) step-edge site with 63! = 1.

Abild-Pederseret al. PRB73, 115419 (2006) Mi Pd Pt Cu Ag Au
Yazyeet al. PRL 100, 156102 (2008)
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Carbonmetal interaction (2)

Feng Dingt al. Nanoletters8, 463 (2008)

Adhesionenergyof tubeswith ' n,i) onpure metalscalculatedby DFT
o Strongerfor Ni, Co, FéhanAu, Cu
0 Dependson tubechirality:
0.8-1.8 eV / C foarmchairs
1.6-2.8 eV / C forigzag

o Relevance dafhesecalculations? o ) o
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