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Carbon rings and cages in the growth of single-walled carbon nanotubes
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We present a growth model for single-walled carbon nanotU8¥¢NT9 based on experimental
observation and energetic considerations. Carbon rings, observed experimentally and suggested to
be fullerene precursors, are the templates for SWNTs nucleation. SWNTs grow by additign of C
radicals to catalytically induced reactive sites. This model is consistent with known experimental
results and explains the characteristic diameter distribution of SWNTs as resulting from the
gas-phase distribution of carbon ring isomers. 2600 American Institute of Physics.
[S0021-960600)71333-X]

I. INTRODUCTION neighborhood of 1-2 nm. The addition of a catalyst pro-
moter tends to broaden the diameter distribufioh'® as

199312 have stimulated many efforts to find novel propertiess.hov.vn n Fig. Z9). The existence of a charactgrlstlc diameter
distribution, however, suggests that a unique molecular

of nanoscale materiafs® Progress in this field, however, . .

relies on large-scale synthesis of SWNTs with specific Struc[nechanlsm accounts for the specificity of the product.

tures. An understanding of the growth mechanism of SWNTs

is needed for the design of such a process to produce SWNTs

with desired structure and property. Here we present é”' DISCUSSION

growth model based on an analysis of experimental observa- No SWNTs rooted from catalyst particles were found in

tions and energetic considerations. Our model provides a dey careful examination of hundreds of transmission electron

tailed description of the molecular interactions and eXplainS-nicroscopy images of SWNTs. Similar observations have

the unique growth properties of this fascinating material.  peen found using the laser methtddn addition, the diam-
The most efficient techniques for producing high quality eter distributions do not vary with the overall amount of

SWNTs (i.e., relatively defect free, large aspect ratios, a“dcatalyst. In fact, a high percentage of catalyst loading¥o)

exclusively single-walledin large quantities to date are the seems to hinder SWNT growth. Also noted is that no

arc"®"*%and the laser method$.Less well-controlled pro- SwWNTs were found in the center of cathode deposit where

cesses produce SWNTSs rooted from catalyst nanoparﬁclest,he multiwalled carbon nanotube@IWNTs) form. This

or generate a mixture of single- and multiwalled carbonjeads to the conclusion that SWNTs grow in the gas phase,

nanotubes?**Since most of the novel properties of SWNTS and the nuclei for formation are a vapor phase species. The

are based on the molecular perfection of these tubes, Wot-growth mechanisrtf which describes growth of nanofi-

focus on the growth mechanism for arc and laser producegers synthesized from supported catalysts, fails to explain the

SWNTs, whose properties have been studied most thocharacteristic diameter distributions of SWNTs synthesized

Single-walled carbon nanotub&8WNTS), discovered in

oughly. with either arc or laser. A list of experimental observations
and their implications is tabulated in Table I.
Il. EXPERIMENT AND RESULTS Carbon rings, observed experimentally to be the domi-

We produced SWNTs with various catalysts and pro—nate Species for s.maII carpon clusters, %?:40)’19’2? are
moters using an arc. Fe and Co were used as catalyst while g]’e logical nucleation species for nanotubeSWNT diam-
Bi, and Pb were used as promoter for producing SWNTs
with varying ranges of diameters. The arc was generated
with 25 V supply voltage and 95 A dc current under 400
helium atmosphere with 2% to 6%atomig of catalyst and
promoter. Figure 1 is a typical high resolution transmission
electron microscopyHRTEM) image of SWNTs produced
with this method. We measured the diameter distributions of
SWNTSs produced with different catalysts and promoters and
found that, in general, SWNT diameter distributions are nar-
rowly peaked between 1 and 2 nm, a distribution commonly
obtained regardless of the synthetic process &$tiffer-
ent combinations of these catalysts and promoters, or

char}ges_ in 4the reaction temperatur_e_, prOdUC?S r_nOdiﬁeﬂG. 1. High resolution transmission electron microscopy image of single-
distributions'* although the peak position remains in the walled carbon nanotubdSWNTS.
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(a) Cluster Size TABLE | Experimental observations and their implications to the growth
mechanism of carbon nanotubes.

0 40 80 120 160 Experimental result Implication

Characteristic diameter distribution ~ Reaction not controlled by thermal
stability of the products

mm SWNT from catalyst No metal particles at the end SWNTs not grown from metal

SWNT from catalyst and promoter nanoparticles

== Carbon ring Multiwalled nanotubes do not need Fast lengthening process possible

0= Carbon cage catalyst without catalyst

Catalyst required for SWNT growth  Reaction barrier high without
catalyst

Diameter distribution changes with Reaction controlled by kinetics

promoter

50 -

Percentage

eters as large as 2.5 nm are commonly produced with cata-
lyst promoters, such large diameters could form frogy C
carbon rings, and rings of this size are known to occur in the
Nanotube Diameter (nm) gas phase. The model proposed by Thesal!* assumes,
(b) instead, that SWNTs grow from g caps, resulting in a
uniform (10,10 tube structure, which is inconsistent with
many of the experimental observatiéhand cannot account
for a distribution of tube diameters. Moreover, gas phase
species with fullerene cap structures have never been ob-
served experimental§*?* Even if one assumes that
fullerene caps exist as transient species, one would need to
postulate the existence of extremely large fullerenes as large
£ as Gigo- Such large molecular fragments, however, have not
been directly observed. A comparison of the size of rings or
lerge iillersnos caps needed to grow SWNTs with different diameters is
listed in Table II.

The necessity of catalyst indicates that the reaction bar-
rier is high even compared with the relatively high tempera-
tures in the vicinity of the arc plasma. The role of catalyst is
to provide an alternative reaction pathway, which involves a
lower energy transition state complex. Cobalt is known to
catalyze cyclotrimerization of acetylenes via parallel reaction
pathway<’® and many transition metals also catalyze cycliza-
FIG. 2. (a) Correlation between the diameter distribution of SWNTs and thetion of acetylene to benzene at temperatures lower than with-

observed gas-phase cluster size distribution. Carbon cluster isomer distribyy Cata|y512_6 Similar molecular catalysis may occur in the
tions are represented by circlésom Ref. 41. For small carbon clusters

C,, n<40, planar carbon rings are the dominate isomers. The probability of

fullerene formation increases with Since carbon rings are the nuclei for ) . .

carbon nanotubes, nanotubes diameters are controlled by the size of carbbfBLE !l Corresponding sizes of carbon rings and fullerenes needed for
rings they grow from. This is demonstrated by the correlation between thé@notube growth. The range of ring sizes are calculated by assuming
histogram of diameters of SWNTproduced with catalyst only, black bars = 27D/[0.142(3/2] (armchair tubes and 27D/[0.142/3] (zig-zag

and the percentage of ring isomers. Adding promoter increases the lifetimiibes. Fullerene sizes are calculated by assuming the dianiztecales

of carbon rings, thereby raising the probability of forming, especially, largewith N, and the diameter of & is 0.7 nm. For example, a 1.2 nm diam
diameter nanotubelgray barg. This mechanism make it possible to grow nanotubes would require either a,Cing or a Gg, fullerene cap, while a 2
nanotubes from large carbon rings, with fullerene formation as a competingm diam nanotube would require either g @ng or a Gg, fullerene. Such
reaction channel. We used the average ring &iescribed in Table )Ito a large fullerene is rarely observed, whereas the ring lies in the size range
calculate the corresponding SWNT diameté). Reaction pathways of car- commonly observed in experiments.

bon rings to carbon nanotubes and fullerenes. The first step of SWNE

Energy

small fullerenes

carbon clusters

nanotubes

— —

Reaction coordinate 1 Reaction coordinate 2

growth is nucleation, which is accomplished by the carbon clustering in the D (nm) Ring size ) Cage size 1)
gas phase to form planar rings. A transition metal catalyst plays a role in

creating sites for subsequent @ddition. Without a catalyst, this process 0.7 18-20 60
requires bending C—C bonds in a planar carbon ring, which is a high energy 1.0 26-30 120
transition state. To overcome such a reaction barrier, the reaction tempera- 1.2 30-36 180
ture would have to be extraordinarily higthe upper curve of the reaction 15 38-44 280
coordinate 1 Unfortunately, carbon rings, which are the nuclei for SWNTSs, 2.0 50-60 490
are not stable at such high temperatures. The rings, therefore, pass through a 3.0 76-88 1100
lower transition state to form fullerenéthe reaction coordinate) 2With a 4.0 100-120 2000
catalyst, the reaction barrier is lowered substantially, and the thermodynami- 5.0 130-140 3100
cally and energetically favored nanotubes formed abunddittly lower 6.0 150—180 4400

curve of reaction coordinate).2
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0.45eV = - Ce0 = only be added to a non-planar carbon ring, as demonstrated
in Figs. 4a) and 4b). Bending of C—C bonds does not occur
even at temperatures as high as 3004=0.25 e\j. On the
other hand, the ring can form a lower-energy, metal catalyst-
carbon complex that has lower energy barrier foraddi-
tion, as depicted in Fig.(4). Once the first belt formed, £
can add to the growing edge of the belt and lengthen the tube
with or without catalyst, as shown in Figs(# and 4e). C,
as the building block for carbon nanotubes was supported by
8:82 g¥ \=: ;})zm _g?;gtsjr?des in situ spectral measurements, which indicated a strong cor-
0.00 gV — — — Graphite relation between Cradical abundance and single-walled car-
bon nanotube productiol. Reactive G radicals, though
FIG. 3. Energies of different forms of carbon. Although the most stableusua”y not present in the same region where carbon rings

f f i hi full . . . ;
orm of carbon is graphite, carbon nanotubes and fullerenes are pmduc%ould otherwise dominate without catalyst, may be stabi-

abundantly under suitable reaction conditions. The formation of SWNTS, i -
therefore, is controlled by kinetics. lized and transported by the catalyst species to a growing
nanotube end. Such free standing, open-ended SWNTSs in
vacuum have been observ&d®
gas phase, where the presence of atomic cobalt lowers the The promoter plays an important role in stabilizing in-
reaction barrier for the highly exothermic nanotube forma-termediate species during the nucleation process. Additives
tion reaction. According to the Arrhenius equation, the reacsuch as sulfur have been found to promote the growth of
tion rate constank is large carbon cluster€,which has been attributed to temporal
k= Ae EalRT stabilization of the free radical intermediates by chemically
' tying up dangling bonds. By forming weak bonds with car-
whereA is the constant frequency factor, akg is an em-  bon rings, promoters prevent ring folding, thus extending the
pirical activation energy. A decrease in the activation energyarbon ring lifetime for tube formation. This mechanism ex-
or an increase in the temperature have exponentially largplains why large diameter carbon nanotubes are not observed
effects on the reaction rates. A schematic description of thavithout a promoter, even though larger SWNTs are thermo-
reaction pathways is illustrated in Fig(l2. dynamically more stablésee Fig. 3. The same effect would
Carbon is known to self-assemble into different formsalso help stabilize smaller carbon rings, thereby increasing
under varying synthetic conditioi€/2SWNTs form in the  the total yield of SWNTSs, which is consistent with our ob-
presence of transition metal catalysts such as Fe, Co, and Nervations.
at temperatures above 800 °C. Under similar conditions, car- Bundling of SWNTs occurs during the growth, since the
bon self-assembles into fullereri&é’-3! without catalyst. long polymerlike tubes are entropically unlikely to crystal-
Vapor-grown carbon fibers, on the other hand, grow fromlize after formation. The final product from SWNT synthesis
supported-catalyst particles at lower temperaturess often a hexagonally packed crystal, and the helix angles
(~600°0.%> The product distribution of carbon self- are often correlated within a bundi®Short SWNTs must
assembly is, therefore, controlled by the reaction kin&tics aggregate first, and then the lengthening process continues.
rather than by the thermal stability of produésee Fig. 3. According to calculations based on local density approxima-
Figure 4 illustrates the growth model. A reactive €&n  tions, the binding energy between carbon and the tube walls

p— [-yllerenes

0.15 eV == — G240

(a) (b) (c) (d)

FIG. 4. Growth model of SWNTSs.
Gray balls: carbon; black balls: cata-
lyst; light-gray balls: promoter(a) A
planar carbon ring is the nucleus for a
SWNT. (b) Catalyst creates sites on a
planar carbon ring for £addition. (c)
Promoters temporally bind to a carbon
ring to prevent it from closing while
the catalyst creates reactive sitég)
The first belt determines the structure
of the nanotube(e) Once the first belt
forms, nanotube continue to grow with
or without catalyst.(f) Bundling of
SWNTs occurs at an early stage of
tube growth. G that impact the tube
surface will diffuse on the tube wall
until reaching the growing edge.
Therefore, the outer tubes in a bundle
have higher growth rates because of a
larger surface area.
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