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The multifaceted promise that carbon nanotubes (CNTSs) bring '§2° B R
is enormous, potentially offering entirely new tools and capabilities. 515 1 {185
However, to fully exploit their potential an improved understanding B ygl—m il P4
of their nucleation and growth mechanisms is required. Owing to 5 g :‘&i " 5 g
the success of catalyst particles for CNT formation, most investiga- 8 0'-’5' o, T

. . . . . . 1 1
tions on their synthesis focus primarily on the catalyst particles. 0 Pa'l?dsdia%‘star?nm)m

Generally, it is argued that transition metals are required as catalystsrigure 1. (a) Typical TEM overview of the CNT. (b) Relationship between
for CNT nucleationand growth. In situ HREM studies confirm pristine catalyst particle diameter and CNT diameter, and number of walls.
this can occur for various transition metals: the case of chemical ) ) )

vapor deposition (CVD) it is also argued that these catalysts are ﬁﬁ’gfg;%éh Catalyst Size and Cap Formation Constraints at
catalytically active in the decompos[tlon of. the hydrocarbon Catalyst  Nucleating
feedstock. However, there are an ever-increasing number of works caps
that show this picture is incomplete. For example, studies have
shown the potential of various novel metallic catalystsyile others
show CNT formation from nonmetal catalystslotably, in many
studies, oxygen appears to play an important role in CNT growth. nucleation is triggered, the carbon-saturated catalyst particle

In laser ablation it has been shown that oxygen activates metalsas . . :
catalysts for CNT synthegis and recent CVD studies confirm precipitates its carbon and the number of nucleation caps formed

oxygen-based activation for nonstandard metal catéhfstsy Y;/”'llldzfrea?g do'rr: tgihcsséyit;r?(;usrﬂi_t(:Shlgfa?ﬁearr,e?nrsgfb;r:egg;ﬁss
heating in air prior to synthesis. The preheating air treatment is IS 1TU : s how u u ng

also key to the CVD synthesis of CNTs using semiconductor caps increases with increasing catalyst particle size. The outer cap

. . . . nucleates first and consecutive caps then nucleate within the
catalyst particled? In the case of semiconducting particles for the reviously formed cap. Hence. the inward consecutive formation
synthesis of CNTs on SIC at high temperat NTS are only gf conce)r/nric ra hepﬁe ca s‘ inherently constricts the catalyst
obtained with nominal amounts of oxygen in high vacuum. Oxygen grap P y y

. . . . article, thus, elongating it.
chemically bound to CNTSs is shown to be involved in the growth P ' ' . '
procesd. Further, metal-free templated synthesis of CNTs is also CNTs peeled off the substrate and subjected to HREM confirm

possle e using porous 4, Sictures CNTS can even e |1 E5€158 0f capheende (awe 2 Postantiets sy of
synthesized without catalyst particles in oxy-fuel flames when ge lay

sufficient oxygen is provideflIn addition, oxides typically used (Pt or polymer binder) 'S formed over the as grown CNTs was

- . conducted. HREM studies of these FIB cleaved samples show the
as catalyst supports in CNT-based CVD synthesis can themselvesio s of the CNTs to be exclusivelv capoed. These examples are
form graphitic carbon layers.In this Communication, detailed . ps of the O€ exclusively capped. S€ examp
HREM studies on CNTs synthesized via CVD from nanoengineered instructive in that they imply a base growth mechanism in agreement

- - .~ with previous conclusions on these samgldhe HREM studies

catalyst particles are presented. Our studies show the (growing) . -
root of a CNT lying at the support (oxide) interface rather than at of the peeled CNT samples also showed catalyst particles residing

the catalyst particle. The catalyst particles were Fe and the CNTs alr:);g tEie I(ing;rk; of,\t/lhenCNT cnorer,lgvi\rlli,that tr'mvﬁtsﬁ cl?se ltoncafp(jed
were synthesized in a vertical CVD reactor at 800 with € tSI (t gu te : I). .:_ y .Opf;] ends OI bou (edo Fgae )2
cyclohexane serving as the feedst8¢kREM was carried out using catalyst material residing in the core were also observed (Figure

a Tecnai F30 transmission electron microscope operated at 300 kv'panels ¢ and d, respectively). HREM of mechanically cleaved

The use of nanoengineered catalyst particles enables tailoredz ﬁ)mnplzizldf;;tzsztmﬂft}crel Sl:artihieihtzrr]; Vgezgiﬁée:l?s;r CgT |W'th
CNTs in terms of their mean diameter and number of welfigure 9 ystp O

. . . s confirming a base growth mechanism. These findings are in
la shows a typical overview of the CNT obtained via this route. aareement with similar microscony studi€sDespite persistent
Figure 1b shows a direct correlation between the pristine catalyst H?QEM inves\,,;lil atiolnsl no CII\IT roogcatil ot art[i)clles?/ver:a ever
size and the resultant CNT diameter. Further, it shows that the 9 : ystp

. S . ; .~ observed. Indeed, the consistent observation of elongated catalyst
number of walls increases with increasing catalyst particle size. articles in the CNT core at an open end or further up the tube
The correlation between catalyst diameter and CNT diameter is P i th th E trate itself. It h g h ’
well-known. The increasing number of walls with catalyst size is suggest growth occurs on the substrate 1sett. as been shown

. . that oxide substrates typically used in supported catalyst CVD of
attributed to volume to surface area dependerfcieamnely, on i .
buted to vo © ea dependerftiemmely, once CNTs can serve as an interface for ordereticgwbon formatiort.

* IEW Dresden Further, much of the important interfacial chemistry on oxide
*Institute of Chemical and Environmental Engineering. surfaces does so at surface defect sites. In the present case of

Substrate (oxide)
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catalyst particles. Such poisoning of catalyst particles has not been
demonstrated and has recently been questioned by Reilly and
Whitten!3 They also point out the contradiction in the argument
that an amorphous carbon coating on the catalyst particle halts
growth, yet these catalyst particles are able to grow nanotubes
(ordered carbon) or even carbon nanofibers (disordered carbon). If
however, the oxygen species at the surface of the support are
directly involved in the growth of the CNTSs, then it becomes crucial
to maintain oxygen surface species, which will be depleted by
hydrogen in the CVD reaction. Inclusion of a supplementary
oxidizer in the CVD reaction effectively prevents passivation of
the catalytically active oxide (support) surface by resupplying
oxygen. The importance of surface hydroxide groups and surface
oxygen in heterogeneous catalysis is well-kndtas is the catalytic
graphitization of carbon by oxid€g®

To conclude, we have shown that the pristine catalyst particle
dictates the CNT diameter and number of walls at nucleation.
Further, the consecutive inward formation of concentric graphene
caps during nucleation constricts and elongates the catalyst particle
within the tube core. Our findings evidence continued growth (after
nucleation) at the oxide surface.
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Figure 2. TEM micrographs of the CNT ends: (a) CNT capped ends; (b) References

CNT capped ends with encapsulated (elongated) catalyst particle; (c) CNT (1) (a) Rodfquez-Manzo, J. A.; Terrones, M.; Terrones, H.; Kroto, H.; Sun,
ends with compressed catalyst particle within the tube core; (d) open CNT L.; Banhart, F.Nat. Nanotechnol2007, 2, 307. (b) Helveg, S.; Lpez-
tubes without catalyst; (e) root of CNT on the substrate with elongated Cartes, C.; Sehested, J.; Hansen, P. L.; Clausen, B. S.; Rustrup-Nielsen,
Cata'yst partic|e in the tube core. J. R.; Abils-Pedersen, F.; Narkov, J. Kature 2004 427, 426.
(2) (a) Rimmeli, M. H.; Borowiak-Palen, E.; Gemming, T.; Pichler, T.;
Knupfer, M.; Kalb@, M.; Dunsch, L.; Jost, O.; Silva, S. R. P.; Pompe,
W.; Biichner, B.Nano. Lett2005 5, 1209. (b) Rmmeli, M. H.; Grineis,
A.; Loffler, M.; Jost, O.; Schofelder, R.; Kramberger, C.; Grimm, D.;
Gemming, T.; Barreiro, A.; Borowiak-Palen, E.; Kathav.; Ayala, P.;
Hubers, H.-W.; Behner, B.; Pichler, TPhys. Stat. Sol. R006 243
3101. (c) Takagi, D.; Homma, Y.; Hibino, H.; Suzuki, S.; Kobayashi, Y.
Nano. Lett.2006 6, 2642. (d) Zhou, W.; Han, Z.; Wang, J.; Zhang, Y.;
Jin, Z.; Sun, X.; Zhang, Y.; Yan, C.; Li, YNano. Lett.2006 6, 2987.

(3) (a) Takagi, D.; Hibino, H.; Suzuki, S.; Kobayashi, Y.; Homma,Nano
Lett. 2007, 7, 2272. (b) Kusunoki, M.; Suzuki, T.; Kaneko, K.; Ito, M.
Philos. Mag. Lett1999 79, 153. (c) Kusunoki, M.; Suzuki, T.; Hirayama,
T.; Shibata, NAppl. Phys. Lett200Q 77, 531.

(4) (a) Lu, W.; Boeckl, J.; Mitchel, W. C.; Rigueur, J.; Collins, W.Mater.
Sci. Forum2006 1575 527. (b) Harrison, J.; Sambandam, S. N.; Boeckl,
J.; Mitchel, W. C.; Collins, W. E.; Lu, WJ. Appl. Phys.2007, 101,

Scheme 2. Growth Model Showing CNT Root Growth on Oxide
Support
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catalysts residing on an oxide support, it is our contention that the
interface between the catalyst particle and the substrate (particle
circumference) provides a circular defect site. Molecular oxygen
could absorb on oxygen vacancies at the defect site that may then
anchor the CNT to the substrate and enable C incorporation via
rapid exchange reactiolsbetween the support and CNT roots.
Spillover mechanisms could provide the C (and oxygen) required
for inner wall formation. Thus, the upward growth of cylindrical
graphite structures can occur, namely, CNT. This substrate-driven
growth is illustrated in Scheme 2. Such a scenario allows a catalyst
particle to reside anywhere within the core of the CNT since it
may no longer play a role in its growth. This implies that the
catalysts role is primarily to provide the nucleation caps of the CNT.
This concept is radically different to that in which the catalyst
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