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The molecular dynamics method, based on an empirical potential energy surface, was used to study
the effect of catalyst particle size on the growth mechanism and structure of single-walled carbon
nanotubesSWNTS. The temperature for nanotube nucleati8d0—1100 K, which occurs on the
surface of the cluster, is similar to that used in catalyst chemical vapor deposition experiments, and
the growth mechanism, which is described within the vapor-liquid-solid model, is the same for alll
cluster sizes studied hefieon clusters containing between 10 and 200 atoms were simulaige

catalyst particles, which contain at least 20 iron atoms, nucleate SWNTs that have a far better
tubular structure than SWNTs nucleated from smaller clusters. In addition, the SWNTs that grow
from the larger clusters have diameters that are similar to the cluster diameter, whereas the smaller
clusters, which have diameters less than 0.5 nm, nucleate nanotubes tha0d.&€0.7 nm in
diameter. This is in agreement with the experimental observations that SWNT diameters are similar
to the catalyst particle diameter, and that the narrowest free-standing SWNT is 0.6—0.7 nm.

© 2004 American Institute of Physic§DOI: 10.1063/1.1770424

I. INTRODUCTION simple explanation that captures the essence of CNT growth,
it does not include atomistic details such as the mechanism

Since the discovery of multi-walled carbon nanotubesof graphitic cap nucleation on the cluster surface, how the
(MWNTSs) in 1991 (Ref. 1) and single-walled carbon nano- open end of the nanotube is maintained during CNT growth,
tubes (SWNTs in 19937° carbon nanotubeéCNTs) have  how defects that may form in the CNT structure are healed,
been the focus of much scientific interest because of theigng what determines the diameter and chirality of the CNT.
unique physical and chemical properties, as well as their porhis poor understanding of the detailed growth mechanism
tential technological applications such as hydrogen St&agehinders further progress in CNT production, such as the se-

electronic devicesand chemical senso?sOv_er the past de- |ective growth of nanotubes that have a specific diameter or
cade there has been significant progress in CNT productloghira”ty_

methods, such as the mass production of well-aligned
MWNTs,” the growth of high quality SWNTS the produc-
tion of SWNT bundles that are several decimeters fbagd
the growth of SWNTs that are millimeters in lendthin
spite of this tremendous progress, the CNT growth mech
nism is still poorly understood.

It is believed that the transition metal catalystg., Fe,

Recent molecular dynami¢MD) studies®~*8have pro-
vided a deeper understanding of the atomistic details of cata-
lyzed CNT growth. Simulations where the interatomic forces
were obtained directly from density functional thedBFT)

a('Ref. 16 showed that dissolved carbon precipitates from the
metal-carbide cluster to form a heptagon and pentagon on the

Co, Ni, or their alloys plays a key role in the growth of high cluster surface. The addition of carbon atoms to the end of a

quality, long CNTs. The catalyst particles, which are typi_g_rowmg SWNT was also _5|mulated. Obta!nlng the forces
cally between 1 and 100 nm in diameter, can be on aglrectly from DFT calculations at each trajectory step en-
substrats' or can “float” in a gast? The role c’)f these par- sures high accuracy, but also limits the system dizss than
ticles in the growth mechanism is described in the widel OQ atoms were S'm,“'a@a”d the numb.er and length of the
accepted vapor-liquid-solidVLS) model'®!* which was trajectoriegtens of picoseconds were simulate@ihe nucle-
first proposed to explain the growth of carbon nanofibers irfiion of the graphitic cap was thus not simulated in these
197215 According to this model, carbon that is evaporatedStUd'es- Simulations that are based on empirical potential en-
from graphite or decomposed from carbon-rich gageg., €'Y surface§PES$ (Refs. 17 and 1Bcannot capture the
CO, GHg, and GH,) dissolves into the liquid metal clus- time dependence of the electron density, and the catalytic
ters, and when the metal-carbide clusters are supersaturatée of the transition metal cluster has thus not been studied.
in carbon, carbon islands precipitate on the cluster surfacglowever, the role of the metal particle as a solvent and a
and nucleate CNTs. Although the VLS model provides atemplate for CNT growth can be studied using these PESs. In
addition, an ensemble of long trajectories that contain many
atoms can be propagated. For example, the pioneering simu-
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0021-9606/2004/121(6)/2775/5/$22.00 2775 © 2004 American Institute of Physics

Downloaded 05 Aug 2004 to 203.197.62.148. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.1770424

2776 J. Chem. Phys., Vol. 121, No. 6, 8 August 2004 Ding, Rosén, and Bolton

SWNTs. As discussed below, we have developed an empirpendence on cluster sizéhat are important in the VLS de-
cal PES that correctly reproduces the trends in the ironscription of SWNT growth.

carbide(FeQ phase diagranithat may be important for the

precipitation of ce_lrbon from saturf':\ted irqn—ca_rbide cIu&tersB_ Simulation methods

and the decreasing cluster melting point with decreasing ) ) o )

cluster size(which may be important in determining the The trajectories were initialized by annealing the pure
phase of the catalyst particle at CNT growth temperajdfes Fé cluster, whereN is the number of atoms, to its
Simulations based on this PEBef. 1§ show that SWNTs Minimum-energy structure before heating it to the desired
nucleate on a RgC surface between 800 and 1400 K, which temperature. The cluster was prqpagated at this .temperature
is similar to the temperature range needed to nucleate CNT8" 100 ps to ensure thermal equilibrium, after which carbon
in catalyzed chemical vapor depositiditCVD) experi- atoms are inserted to the central part of the cluster. It should
ments. The simulations also revealed atomistic details of thB€ noted that addition of carbon atoms to the cluster surface,
nucleation mechanism. In this contribution we use MD simu-nstead of to the cluster center as done here, does not signifi-
lations based on the same PES to study SWNT growth frongantly effect the growth mechanism or SWNT structure. The

FeC clusters that contain between 10 and 200 Fe atoms. 'ate of carbon atom insertion was varied from 1 atom per 10
ps to 1 atom per 100 ps. This carbon insertion rate is more

than four orders of magnitude larger than the experimental
Il. METHODS rate, but is required for the simulation of SWNT nucleation
A. Potential energy surface within a reasonable computational tingeveral trajectories
) ] _were propagated for each cluster size to ensure the statistical
The PES used in this work has been detailedsgnyergence of the resultsAs discussed in a previous
elsewheré? and is briefly discussed here for the sake Ofpapeﬁg this large insertion ratéwhich can be viewed as a
completeness._A key aspect of the PES is that it distinguisheﬁigh carbon feedstock pressureay result in many defects
between the dissolved carbon atoffisside the metal clus- i, the simulated SWNT structure, but the growth mechanism
ter) and the precipitated carbon atorfen the cluster sur- s expected to be the same as that found under experimental
face. The interaction between the dissolved C atoms is degrowth conditions. The Berendsen velocity scaling method

scribed by a Lennard-Jones 12-6 potential, which servegas ysed to maintain the cluster at the desired temperature.
primarily to keep the C atoms dispersed in the iron solvent.

The interaction between the precipitated atoms is describ
by the Brenner potentidf, which has been used previously
to study CNT dynamics, including SWNT growth from metal As with all MD studies, the validity of the results de-
particles!’ The Fe-Fe interactions are described by many-pends on the validity of the PES and simulation methods. In
body potentials which are based on the second moment aphis work we focus on the diameter of the SWNT and the
proximation of the tight binding modéf, and which are growth mechanism, and our calculations indicate that these
known to be suitable for studying the thermal properties ofresults are not sensitive to moderate changes in the PES or
pure® and alloy transition metal systems. The interaction trajectory conditions. For example, potential energy param-
between the Fe atoms and the dissolved C is described by tle¢ers that are important for the dynamics presented here
Johnson potential where the parameters have been fit to efsuch as the interactions between the cluster and precipitated
perimental iron-carbide daf4.This potential has been used carbon atomscan be modified by as much as 20% without
previously to study C dissolved in liquid irdR.The interac-  affecting the results presented here. In addition, the SWNT
tion between the Fe atoms and the precipitated C is alsoucleation and growtkincluding the increase in SWNT di-
described by the Johnson potential, but the interactiommeter during nucleatiogrdepends critically on the differ-
strength depends on whether the C atom is in the central pagince between the bond-saturated and bond-unsaturated pre-
of the SWNT or graphitic islandwhere it is bond-saturated cipitated carbon atoms with the clustatiscussed aboye
with other precipitated C atom®r whether it is at the end/ Since this order-of-magnitude difference is also seen in DFT
edge of the nanotube or island. Distinguishing these types afalculations, and the PES is fitted to these data, the dynamics
precipitated atoms is important for the nucleation mechacaused by this part of the PES are expected to be valid.
nism, and is based on DFT calculatiéh¥ that show that It can also be noted that details of the SWNT structure
there is approximately an order-of-magnitude stronger interésuch as chirality and growth rates are not presented here,
action between bond-unsaturated carbon and Fe atoms thaimce the PES and simulation methods are not expected to
between bond-saturated carbon and Fe atoms. provide valid results for these properties. In particular, the
The PES described above has been used to study thate of simulated SWNT growth is the same as the rate at
thermal properties of FeC cluster systefhdID simulations ~ which carbon atoms are added to the clugsere discussion
based on this PES yielded the correct trends of the FeC phaseth respect to the supersaturated region in FjgaRd since
diagram, where a eutectic was found at 20% carbon conterthe addition rate is far larger than that for CVD experiments,
by weight. In addition, the corredt ~*® dependence of the the growth rate will also be higher. Similarly, the large num-
cluster melting point on the number of atoidsn the cluster ber of SWNT defects obtained in the simulatidiesg., Fig.
was obtained. These results support the validity of using thid), and that are not seen experimentally, are most probably
PES to study the thermal dynamics of FeC systems, andue either to the large growth ratevhich may prevent C
yield correct trendgphase behavior and melting point de- atoms from finding their minimum-energy positions when

e - . .
Cd,. Validity of the simulation results
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FIG. 1. Nucleation of a carbon nano-
tube on the surface of a kg cluster.
The temperature is 1100 K and a car-
bon atom is inserted into the cluster
every 30 ps. The small dark and light
gray spheres are carbon atoms and the
large gray spheres are iron atoms.

(c) 5.5 ns (d) 6.5 ns (e) 8.0ns

adding to the growing SWNJT the short simulation times and (3) the supersaturated stage>@.9 ns) where the dis-
compared to experimertwhich prevents possible thermal Solved carbon concentration remains constant is slightly
annealing of defecjsor/and the omission of catalytic effects larger than the carbon content inJ&y.
in the PES(which may be important in healing the SWNT During the first stage all of the carbon atoms that are
defects as they appear on the cluster sujfaBer similar  inserted into the Fg, cluster are dissolved. The dissolved
reasons, the chirality of the grown SWNT cannot be studiedarbon concentration continues to increase even when the
with the PES. These, more detailed questions require acc@luster is saturated in carbon, and a highly supersaturated
rate forces, and are presently being studied in our group. cluster is obtainedhe peak in Fig. 2 During the initial part
of this supersaturated sta¢gtage 2, carbon atoms precipi-
tate on the surface but dissolve back into the cluster. Only

IIl. RESULTS AND DISCUSSION when the maximum dissolved carbon concentration is
A SWNT nucleation on Ee .C clusters reached £ 3.5 ns) do the precipitated carbon atoms begin to
fo.r N=50. 100. and 150 N nucleate carbon strings or polygofthe dark gray atoms in

Fig. 1(a)] instead of dissolving back into the cluster. At this
Figure 1 shows the nucleation of a SWNT on the surfaceage the dissolved carbon concentration begins to decrease.
of a Fas¢C cluster. The growth mechanism is similar to thathe carbon strings or polygons are more stable than isolated
found for the Fe,C cluster, which has been discussed in acarhon atomgwhich can dissolve back into the clustand
previous contributio® It is also similar to the growth they nucleate the formation of larger graphitic islands
mechanism for all clusters containing more than about 20 FFshown in dark gray in Fig. (b)] Once the islands have a
atoms, and is summarized with reference to Figs. 1 and 2. giameter of about 0.6 nm they can lift off the cluster surface
~ The solid line in Fig. 2 shows the time dependence of thgiyen that the temperature is sufficiently large so that the
dissolved carbon concentration in the,fecluster, and is  jnetic energy can overcome the attraction between the gra-
obtained from the same trajectory that yields the structures iphitic island and the clusterIslands of this size contain
Fig. 1. It is evident that there is a peak in the dissolved Cqgyergl polygongmainly heptagons and pentagprs® that
concentration, which divides the nucleation into three disyere gre sufficiently many bond-saturated C atoms that in-
tinct stages{1) the unsaturated stage<(2.4 ns) where the o4t fairly weakly with the cluster atoms. Once the carbon
cluster is unsaturated in carbon atorf@l carbon is dis-  iqanq jifts off the cluster surface—to form a graphite cap—
solved, (2) the highly supersaturated stage (2.4MS he gissolved carbon concentration remains constant at a su-
<4.9 ns) when the dissolved carbon concentration is Iargesbersaturated levebtage 3. During this stage the carbon at-
oms precipitate at the same rate at which they are inserted
into the cluster, and they join at the open end of the graphite

120 Highly cap which increases in diameter and length. The diameter of
2 § 100 Unsaturated ouper Supersaturated the cap reaches a maximum when it is the same as that of the
§§ cluster, and at this stage all precipitating C atoms increase
s 7 97 AtV the length of the SWNT.
§E 604 / Fe.q, Although more than one graphitic island can form on the
5 £ I,’ MNP NI, cluster surface, the larger islands are more stable than the
8% 407 1 Fo smaller ones. The smaller ones thus dissolve back into the
§ 8 20 /,’-"'-~. ................ S e, cluster while the larger one forms the graphitic ¢ape Figs.
a & 1(b) and Xc)].
00 5 a 5 ] 10 The similarity of the solid, dashed, and dotted curves in
Time (ns) Fig. 2 shows that the SWNT nucleation mechanism does not

depend on the size of the catalyst particle fb=50, 100,
FIG. 2. Time dependence of the dissolved carbon concentration\8 Fe and 150. In all cases the cluster is highly supersaturated in
clusters during SWNT nucleation. The solid lifé= 150, is obtained from .
the trajectory shown in Fig. 1. Data for fzg(dashed lingand Fe, (dotted carbon before Carbon.smngs and polygons are nuc.leated’ and
line) are shown for comparison. The supersaturated carbon content for eaéhe SuPersaturated dissolved carbon content du”ng SWNT

cluster size are shown as horizontal lines. growth (stage 3 is constant. Since the cluster melting point
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FIG. 3. Dependence of the SWNT
structure and diameter on cluster size.
Panels(a)—(f) show typical structures
that were obtained from clusters con-
taining 10, 15, 20, 30, 50, and 100 Fe
atoms, respectively. Carbon atoms that
form part of the tubular surface are
shown in light gray, carbon atoms in-
side the tube are shown in dark gray,
and iron atoms are large gray spheres.

(c) Fey (d) Fesy (e) Fesy () Feqgo

depends on cluster size, the data in Fig. 2 were obtained g . cluster (panel b is better than that grown from g
different temperatures for the various FeC clust@Bout  although there are still some dangling bonds and the nano-
900 K for N=150, 800 K forN=100, and 650 K folN  tybe diameter changes during the growth prodssen as
=50). However, as discussed previou$ly,moderate |arge “dents” in the tubular structujeThe tubular structure
changes in the temperature do not affect the SWNT growthyf the SWNTs improve dramatically for clusters that contain

mechanisms. at least 20 atoms. It is evident from Figs(cB-3(f) that,
compared to growth from small clusters, SWNTs grown

B. Effect of metal cluster size on SWNT structure from clusters containing 20—100 Fe atoms have far better

and diameter tubular structures, the diameters of these structures are con-

It is known experimentally that controlling the catalyst Stant during the growth, and very few dangling bonds are
cluster size can assist in controlling the CNT structure and"€Sent. _ . . N
diameter. MWNTSRef. 29 and SWNTsRef. 30 that grow It is also evident from Fig. 3 that, in addition to the
from small catalyst clusters{1 nm in diameterhave simi-  larger clusters {=20) producing SWNTs with the best tu-
lar diameters as the catalyst particle. Also, experimental dataular structures, these clusters also produce SWNTs that
suggest that the thinnest free-standing SWNT that growfave dlamete:\rs similar to the cluster dlametelr. Hence, in
catalytically is 0.6—0.7 nniRefs. 31 and 32[zeolite tem- ~agreement with the experimental results mentioned above,
plates are required to grow 0.4 nm SWNRef. 33]. The the thinnest, well-structured SWNT grows from the,j~e
0.6—0.7 nm lower limit for free-standing nanotubes may re-cluster, which has a diameter 6f0.6—0.7 nm(since Ni and
sult from the high curvature energy, i.e., the curvature energ{r© have similar diameters to Fe, the smallest Ni and Co
for 0.6 nm SWNTs is approximately 0.2 eV/atom, which is clusters that produce well-structured 0.6-0.7 nm SWNTs
comparable to the thermal kinetic energy of about 0.12—0.19ill also contain about 20 atornsThe simulated data shown
eV/atom under typical CCVD conditiorf00—1500 K, and  in Figs. 3a and 3b) also indicate that clusters with diam-
approximately 0.6 eV/atom for 0.4 nm SWNsIf one as-  €ters smaller than 0.6—0.7 nm do not produce thinner nano-
sumes that the diameter of the free-standing SWNT is théubes, but that the SWNTs are still 0.6—0.7 nm in diameter.
same as the catalyst particle diameter, then the 0.6—0.7 nhowever, as discussed above, these SWNTs have many de-
nanotubes grow from clusters that contain about 20 atomfcts and do not have a diameter that is constant over the
(the diameter of Co/Ni/Fe atoms is about 0.25—0.27.im length of the nanotube. The poor structure of these nanotubes
agreement with this, recent experimental results show thds due to the fact that the Rgand Fegs clusters are not
SWNTs can grow from Co clusters that contain just 20—3csufficiently large to entirely cover the open end of the grow-
atoms® ing nanotubdgsee Figs. &) and 3b)]. As a result, addition

Figure 3 shows typical simulated SWNT structures thatof carbon atoms at the open end is not uniform around the
are obtained from Fe particles that contain between 10 anflanotube circumference, but growth only occurs at the part
100 atoms. In order to isolate the effect of the cluster size, iof the nanotube wall that is in contact with the metal particle.
was attempted to have the same growth conditions for alf\t a later stage in the growth process the other regions of the
clusters. However, small variatiorishat do not affect the nanotube wall come into contact with the metal particle
conclusion$ were required due, for example, to the depen-which allows for the addition of more carbon atoms in these
dence of the cluster melting point on its size. Hence, a carregions. This nonuniformity in the addition of carbon atoms
bon atom was inserted into the & cluster every 80N  increases with decreasing particle size, and hence more de-
=10, 15, 20, and 300r 40 ps N=50 and 100, and the fects appear in the SWNT cluster.
simulation temperature was 800l € 10, 15, and 20 900, The relationship between the SWNT and cluster diam-
(N=30 and 50, or 1000 K (N=100). The structure grown eters that is discussed above is explicitly shown in Fig. 4.
from the Fg, cluster(panel a has the worst structure with Except for Fgoand Fgs, the diameters of the cluster and the
many dangling bondgi.e., the carbon atoms are bond- SWNT are similar. This is due to the strong attraction be-
unsaturated and it is difficult to identify which carbon at- tween the Fe cluster atoms and the bond-unsaturated C atoms
oms are part of the tubular surface and which are on that the graphitic cap edges. As illustrated in Fig. 1, the size of
inside (i.e., for larger clusters these atoms are distinguishedhe graphitic cap that lifts off the cluster surface is typically
as dark or light gray spheresThe structure grown from the smaller than the catalyst diametet least for clusters larger
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