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Nucleation and Growth of Single-Walled Carbon Nanotubes: A Molecular Dynamics Study

Introduction

The discovery of multiwalled carbon nanotubes by lijima in
1991 and single-walled carbon nanotubes (SWNTS) by lifima
and Bethungin 1993 initiated rapid and extensive progress in
the field of carbon nanotechnology. This includes the production
of aligned single-walled carbon nanotubes that are several.
millimeters long? identification of methods that yield large
quantities of high quality SWNPsand ropes of SWNTSs that
have a narrow diameter distributi6iThe exceptional physical
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Molecular dynamics simulations based on an empirical potential energy surface were used to study iron
catalyzed nucleation and growth of single-walled carbon nanotubes (SWNTSs). The simulations show that
SWNTSs grow from iron-carbide particles at temperatures between 800 and 1400 K, whereas graphene sheets
encapsulate the particle at temperatures below 600 K and a three-dimensional soot-like structure is formed
above 1600 K. Nucleation of these carbon (C) structures can be divided into three stages: (i) at short times
the FeC particle is not saturated in C and all C atoms are dissolved in the particle; (ii) at intermediate times
the FeC cluster is highly supersaturated in C and carbon strings, polygons and small graphitic islands nucleate
on the cluster surface; (iii) at longer times the FeC cluster is supersaturated in C and, depending on the
temperature, the graphene sheet, SWNT, or soot-like structure is grown. At low temperatures the kinetic
energy is not sufficient to overcome the attractive forces between the particle and the graphitic islands (that
are formed in stage ii) and, because these islands cannot lift off the particle, a complete graphene sheet grows
around the cluster. At temperatures above 800 K the kinetic energy is sufficiently high to overcome these
attractive forces so that the graphitic island lifts off the particle to form a cap. Between 800 and 1400 K
theses caps grow into SWNTSs, and at temperatures larger than 1600 K the large number of defects in the
growing carbon structure produces a soot-like structure. The calculations also reveal that the growing SWNT
maintains an open end on the cluster due to the strong bonding between the open nanotube end atoms and the
cluster. The number of defects in the SWNT structure can be reduced by lowering the rate of carbon addition
to the FeC cluster.

for SWNT growth when the catalyst particle is initially on a
substraté? but they are not present in the floating catalyst
methods. In these methods the catalyst particles form from vapor
phase atoms, molecules and clusters, and their size may increase
during SWNT growth. Also, it is often observed that one end
of the SWNT is closed whereas the opposite end is embedded
in the catalyst particle, which has a diameter similar to that of
the SWNTH

Although there has been large progress in the experimental

and chemical properties of SWNTs makes them interesting Production of SWNTs, the growth mechanism is still poorly

candidates for a vast number of applicatidri3epending on

understood. In situ studies of SWNT growth, which yield

their chirality, SWNTs may be semiconducting or metallic and detailed information about the initial stages of the growth
can thus be used as transistors and interconnects in electroni®"0cess, have only recently appeatedidany issues, such as
circuitry 8 However, methods to produce SWNTSs that have a the mechanism by which the catalyst particle maintains an open

desired chirality have still not been identified. One can speculate,
for example, on the possibility of achieving this goal by

nanotube end and heals defects, the key aspects that determine
the SWNT chirality, and the detailed mechanism of SWNT

extending preexisting nanotubes (that have a desired chirality) Nucleation on the catalyst particle, are not well understood. This
or to control the nanotube chirality by selecting certain catalyst 'ack of detailed understanding hinders the continued improve-
or growth conditions. An increased understanding of the SWNT Ment in experimental production methods.
growth mechanism will enable us to address these issues. In CCVD methods the carbon (C) atoms that form the SWNT
The three most common methods of producing SWNTSs are are introduced as a feedstock such as CO, ethane or other
arc dischargé? laser ablatioh and catalyst chemical vapor ~carbon-rich gases. It is generally believed that, for these
deposition (CCVD)%-12 SWNTSs are usually produced in the ~Mmethods, the metal cluster has two important and distinct roles
presence of transition metal particles (e.g., Fe, Co, Ni or their in the growth process. The first is to act as a catalyst and break
alloys). In arc discharge and laser ablation methods these metathe bonds of the carbon feedstock molecules to produce C
atoms or clusters “float” in the vapor (i.e., they are not on a atoms? The second is to act as a solvent for the C atoms before
substrate), whereas in CCVD methods they may float in the and during SWNT growth. The vapeliquid—solid (VLS)

vapotl or be on a substrafé.Substrate effects are important Model is often invoked to describe the second stégé.
According to the VLS model, carbon and metal atoms that are

* Corresponding author. E-mail: fengding@fy.chalmers.se. initially in the vapor phase form a liquid metatarbide particle,
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and when this particle is supersaturated in carbon, solid-phaseexpected that this size is similar to the diameter of the thinnest
SWNTs are grown. Although the VLS model does not require free-standing SWNTSs that can be obtained experimentally:- 0.6
a detailed description of the SWNT growth mechanism, it may 0.7 nm?®
be expected (and is shown below) that growth is nucleated by (b) In CCVD experiments the catalyst is usually required to
small graphitic islands that form on the supersaturated clusterdecompose the feedstock to release carbon atoms (although a
surface. For example, it has been speculated that the islandsmall amount of gaseous carbon atoms can adsorb on the
grow in size as more carbon atoms precipitate on the surface,growing SWNT in some cases).
and when the island covers half of the catalyst particle, it lifts  (c) The catalyst particle must act as a solvent for the carbon
off the particle surface and forms the SWNRfTBecause the atoms (required by the VLS model).
island covers half of the particle before lifting off the surface, (d) The particle must maintain an open end of the growing
the SWNT has the same diameter as the particle. Although thenanotube (so that long nanotubes can be grown).
VLS model is easy to understand and is in good agreement with  (e) If defects cannot be thermally annealed under the
experiment, it does not provide a detailed, atomic-level descrip- experimental condition, then the catalyst particle must heal these
tion of the nucleation and growth process. For example, it is defects when they form at the growing end of the SWNT (so
not evident why only one graphitic island forms at the initial that pristine nanotubes can be grown).
stage of nanotube growth or why the island needs to cover half (2) A suitable temperature is required (e.g., the lowest
of the catalyst particle before it can lift off the surface. In temperature where SWNTSs are grown and that is reported by
addition, the model does not explain the experimental observa-S. Maruyama et al. is 823K and, as far as we are aware, the
tion that SWNTs can only grow within a certain temperature highest reported temperature for CCVD grown SWNTSs is 1473
intervall® K.2” This upper temperature limit is also very similar to the
Theoretical calculations indicate that the open ends of single- Nighest oven temperature used in laser ablation me#fjods
and double-walled carbon nanotubes tend to close in the absence (3) A suitable feedstock and feedstock pressure is required.
of catalyst atoma22! This results from the pentagonal defects [N this contribution we report results of an MD study of
that are formed when carbon atoms add at the open end. It isSWNT nucleation and growth on an FeC particle. In contrast
therefore often believed that catalytic repair of these defects ist0 Previous studie¥’* these simulations are based on an
crucial for maintaining the open ends of growing SWNTSs. Also, analytic PES that yields the correct FeC phase beh&Viahjch
density functional theory (DFT) calculations show that one or S importantin the VLS model, and the decrease in FeC cluster
more catalyst atoms that are adsorbed on the open end of dnelting point with decreasing cluster si#eAlso, for the first
SWNT may be able to fix these types of defects. This forms fime, simulated SWNT nucleation occurs between 800 and 1400
the basis of the scooter mechani&where one or few catalyst K, which is similar to the temperature interval for CCVD SWNT

atoms that are absorbed on the open end of the SWNT rapid|yproduction. As discussed below, the simulations reveal the role
diffuse (scoot) along the open nanotube end and heal defectsOf the metal particle and the details (_Jf the SWNT gr_owth

In this way hexagons are formed from the defects and the pro.ces§,.such as the initial cap forma’glon, the mechanism of
nanotube end does not close. However, first-principles MD F”a'”t‘?“”'”g an open end of the.growmg nanotube, and the
simulations indicate that a single catalyst atom on the open |n_cIuS|on and healing of defects in the nanotube structure at
SWNT end cannot heal all of the pentagonal defects that alredlfferent growth temperatures and carbon concentrations. Based

formed at 1500 K, and tube closure is thus inevitaBlé on these results, a detailed VLS SWNT growth model is

appears, therefore, that a catalyst particle with more than Onepresented.
atom, such as found in experiments, is required to maintain the
open end that is important for SWNT growth.

Direct dynamics simulations based on DFT theory have also A simple illustration of the components of the PES is shown
been used to study SWNT nucleation and grotiihe time in Figure 1. It is well-known that the interaction between carbon
development of the electron density, which is expected to play atoms that are dissolved in FeC particles is very weak compared
a critical role in catalytic reactions, is explicitly included in these t0 carbon atoms that form part of a graphene structure, and that
methods. Unfortunately, the computational cost of this method they do not tend to aggregate before the FeC particle is
severely limits the size of the system that is simulated as well Supersaturatet?. Hence, dissolved C atoms are not covalently
as the simulation time (several tens of picoseconds, which is Ponded to each other, as they are when they precipitate on the
not sufficient to allow for SWNT nucleation, have been surface and form graphitic structures. On this basis, the carbon
simulated). Recently, molecular dynamics (MD) simulations &toms are separated into two classes in our PES description,
based on an empirical potential energy surface (PES) were used-® the dissolved (g) and precipitated (g} carbon atoms. The
to simulate SWNT nucleation under laser ablation and CCvD Cfiterion that distinguishes between these two types of atoms is
conditions?* Trajectories that were sufficiently long to allow that the atom has precipitateddf the number of neighboring
for nucleation of graphitic cap-like and SWNT structures were € atoms (where the FeC distance is smaller than 2.3 A)is

propagated, but temperatures (26@%00 K) that are far higher less than 5. This number is used in the simulation because most
than those ,used in CCVD experiments were required. carbon atoms inside the F€ cluster have #8 neighboring

i . iron atoms. Changing this value to 4 or 6 neighboring atoms
Several important aspects for growing well-structured SWNTS, ging 9 9

as identified bv previous experimental and th tical studi does not affect the results presented here.
' m Y Previous exp ' eoretical Studies,  the interaction betweengatoms is described by a Lennard-
can be summarized as follows:

. e ) Jones (126) potential: E = 4¢[(a/r)12 — (o/r)8] with € =
(1) A suitable catalyst particle is essential for producing high 4396 kJ/mol andr = 3.851 A2 This interaction, where the
quality SWNTs. repulsion is the dominant effect and the well-depth is very small,
(a) Because a single catalyst atom does not appear to beacts merely to prevent aggregation of dissolved atoms. The
sufficient to maintain an open end of the growing SWNT, the Brenner potentiat! which has successfully been used in many
catalyst particle must be bigger than some critical size. It is previous studies to simulate carbon nanotube dynathissjsed

Potential Energy Surface and Simulation Details
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Cp-Fe: Weak Co-C very strong. This is also the case for C atoms at the edge of
it precipitated graphitic islands, and for precipitated C atoms and
dimers. For example, DFT bond energies of a free carbon atom
on an Fe_g cluster are 5.57.0 eV42In the PES used here, the
Co-Fe - interaction between precipitated carbon atoms and iron atoms
' are represented by the Johnson potential with the well depth
. : parameter ) fitted to DFT results#? For bond saturated
Fe-Fe i Y . carbon atomss = 0.14 eV, which yields the same absorption
! energy for an Fe atom on the surface of a (6, 6) carbon nanotube
as that obtained from DFT. For bond unsaturated C aterss,
1.5 eV, which yields an adsorption energy of a carbon atom on
an Fe cluster surface of 4%.0 eV. Although the present PES
includes the effects of these different types of ir@arbon
interactions, in reality there may be many more “types” of
interactions (e.g., the interaction between @ d@om at the
SWNT end with Fe atoms may also depend on the number of
Figure 1. Potential energy surface (PES) used for the simulation: Fe  neighboring Fe atoms). Thus, because these effects are included
Fe, the many body potential between iron atoms;-Ee, Johnson in the PES in a very simple way, some important details may
potential; G—Fe:Strong, the strong interact_ion between the precipitated phe omitted. However, it is important to note that the results
bond-unsaturated carbon atoms and the iron atomsF€:Weak, the éJresented in this paper are not sensitive to theGewell depth

weak interaction between the precipitated bond-saturated carbon atom . . - .
and the iron atoms; & C, Brenner potential. The & Cp and Gy— parameters, and simulations indicate that a 20% change in these

Cp-Fe: Strong

Cs interactions are not shown in the figure. values does not significantly change the simulated SWNT
structures or growth mechanisms reported here.
to describe the interaction between theafbms. The interaction Many-body interaction potentials that are based on the second

between @ and G atoms is described by the same Lennard- moment approximation of the tight binding motfedre suitable
Jones (12-6) potential given above and, similarly to the-C  for studying the thermal properties of péfeand alloy®
Cp interactions, this merely to prevents the distance betweentransition metal systems. The interaction energy between iron
the G and G carbon atoms from becoming too short. It can atoms can be written as a sum of Beiayer type repulsive
be noted that moderate (20%) changes in thel lparameters ~ and many-body attractive energy terms,
does not affect the simulation results presented here.

The Johnson potential provides a valid description for carbon Ere-re =

in o-Fe, martensite and cementite, and has been used to simulate r i 12
C dissolved in liquid FE2~35 The interaction between iron and ZA expg —pl——1|| — 252 exp—2q(——1
dissolved carbon atoms is =] lo =] o
I re |3 re 1j 2 wherer; is the distance between thith andjth iron atoms.
- — The constant® = 0.13 eV,£ = 1.62 eV,p = 10.50,q = 2.60,
fo To o To andro = 2.553 A are obtained by fitting the cohesive energy,
EFe—CD = z — €2 -3 H(re — rij) lattice parameter and elastic constants of theFe (fcc
" r_C 1 r_C 1 structure)?®
o o The PES described above has been used to study the thermal
where | [ properties of FeC cluster systems. MD simulations based on
this PES yielded the correct trends of the FeC phase diagram,

Hre —r.) = 0rc—r;=<0 where a eutectic was found at 20% carbon content by atom
c 1rc—1;=0 number. In addition, the correbt™*® dependence of the cluster
melting point on the number of atomd, in the cluster was

is a step function that truncates the-H&, interaction energy obtained' These results support the validity of using this PES
andrj is the distance between tité iron andjth carbon atoms.  to study the thermal dynamics of FeC systems, and yields correct
The constantg = 0.35 eV, ro = 1.94A andr. = 2.53A are trends (phase behavior and melting point dependence on cluster
obtained by fitting to experimental data ferFe (the migration size) that are important in the VLS description of SWNT growth.
energy for G atoms, the activation volume ofpOmigration The simulations presented here mimic CCVD growth of
and the vacancy-binding energy). SWNTSs using floating catalyst particles. For these experimental

The interactions between the-@nd Fe atoms is important  methods the temperature is constant and fairly well controlled
for the nucleation and growth of SWNTSs, as well as the catalytic and, as discussed above, there are no substrate effects. However,
healing of defects. According to $jybridization theory, & it is important to note that this study also addresses issues that
atoms at the center of graphitic islands are bond saturated (eactare relevant to other experimental growth techniques (e.g., arc
atom is connected to three other atoms and thus has no danglinglischarge, laser ablation, and CCVD on a substrate). These
bonds) and interact with other atoms via weakbonding. issues, which do not depend on fixed temperature or the presence
Hence, G atoms that form part of the SWNT or precipitated of a substrate, include the mechanism for the formation of the
graphitic islands, and that are not end/edge atoms, interact veryinitial graphite cap, the role of the catalyst particle in maintaining
weakly with Fe atoms. This is in agreement with the ab initio an open end on the growing SWNT, and the mechanism by
(PWI/GGA) adsorption energy of an iron atom on a (6, 6) carbon which SWNT defects are healed.
nanotube surface of only 0.8 é¥.0On the other hand, the Trajectories are initialized by annealing the pure iron cluster,
interaction between carbon atoms at the open end of a SWNTFey, to its minimum energy structure and then heating it to the
(which have at least one dangling bond) and iron clusters is desired temperature. The cluster is then propagated at this
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Figure 2. Snapshots during SWNT growth at 900 K. The cluster contains fifty Fe atoms, and one carbon atom is added to the central part of the
cluster every 40 ps. Iron atoms are represented as balls and carbon atoms as a stick-like structure. Carbon atoms inside the tubular structure are
shown in red. The time dependence of the dissolved carbon content is shown in the inset.

temperature for 100 ps to ensure thermal equilibrium, after SWNT growth. The maximum in dissolved carbon content,
which carbon atoms are inserted into the central part of the which is between 0.7 and 2.6 ns, separates the growth process
cluster. The rate of carbon atom insertion varies from 1 atom into three distinct stages. In the first stage, from 0 to 0.7 ns, the
per picosecond to 1 atom per several hundreds of picosecondd-eC cluster is not saturated in carbon, so that all carbon atoms
and is typically 1 atom per 40 ps. This carbon insertion rate are dissolved. The number of (dissolved) carbon atoms increases
which, as discussed below, determines the growth rate, is morelinearly with a rate that equals the rate of C atom insertion into
than 4 orders of magnitude larger than the experimental upperthe cluster (1 atom per 40 ps).
limit+43but is required for simulation of SWNT growth within The second stage (from 0.7 to 2.6 ns) is the key stage in
a reasonable computational time. The Berendsen velocity scalingSWNT nucleation. At 0.7 ns the FeC cluster is supersaturated
method* was used to maintain the cluster at the desired in carbon (the term “supersaturated” is used instead of “satu-
temperature, the simulation time step was 1 fs, and about 24rated” for the sake of consistency with previous wérkDespite
CPU hours was needed to propagate a typical 10 ns trajectorythis, the dissolved carbon concentration continues to increase
on an AMD 900 MHz PC. until the FeC cluster reaches a highly supersaturated state at
In CCVD experiments the C atoms that form the SWNT are about 1.5 ns. Although a few carbon atoms precipitate on the
obtained from feedstock decomposition at the surface of the cluster surface between 0.7 and 1.5 ns, they are randomly
cluster. It should thus be noted that simulations where C atomsdistributed on the surface and can dissolve back into the cluster.
were added at the surface of the cluster gave results similar toFrom 1.5 ns, when the number of dissolved C atoms is at a
those presented here. In fact, for sufficiently slow rates of C maximum, there are a larger number of precipitated carbon
addition (e.g., lower than 1 atom per 10 ps at 900 K), no atoms, and these nucleate the formation of small carbon clusters
differences in the growth mechanism were observed. This is such as strings and small polygons. After nucleation of these
expected because C atoms can diffuse into the Fe cluster beforgmall clusters there is a decrease in dissolved C content because
the SWNT nucleates under these conditions. It may also be notedmore carbon atoms precipitate on the surface and the strings
that we do not consider C atoms that diffuse to the cluster via and polygons grow into graphitic islands. After 2.6 ns the
the substrate (because only floating FeC clusters are studied)dissolved carbon concentration is constant and large graphitic
or along the SWNT wall (because only minor quantities of islands are formed by the growth or coalescence of smaller
gaseous C is expected under thermal CCVD conditions). In ijslands.
addition, under all conditions (temperature, cluster size and C At the beginning of the third stage, which starts at 2.6 ns,
atom addition rate) studied here the C dissolves rapidly into the graphitic islands are sufficiently large to allow them to lift
the cluster and surface diffusion does not dominate. Hence thegtf the cluster surface. Analysis of the trajectories show that

results may not be relevant to larger Fe clusters that may be inthjs critical island size (needed to lift off the cluster) is about
the sqlld state durlng carbon nanotube growth, and where surfacey g nm: i.e., the island contains about4%0 carbon atoms or
diffusion may dominate. 5—7 polygons. When the graphitic island lifts off the surface,
it forms a graphitic cap that increases in diameter and length as
more dissolved carbon atoms precipitate and bond at the open
Nucleation of Single-Walled Carbon NanotubesFigure 2 cap edge. The cap diameter increases until it is the same as the
shows snapshots during the nucleation of a SWNT at 900 K on diameter of the cluster. At this stage a SWNT that has a similar
an Fey cluster. The SWNT growth mechanisms on other clusters diameter to that of the FeC cluster has been formed, and it grows
(20 = N =< 150) are similar to that presented here. This work in length as more carbon atoms are incorporated at its open
focuses on R, which has a diameterrl nm, similar to end.
diameters of the clusters used in some CCVD experiments. Cap Formation. The simulations identify three possible
Similar structures to those shown in Figure 2 are obtained at routes by which graphitic islands grow into caps on the cluster
all temperatures between 800 and 1400 K, which is the samesurface. More than one carbon island typically forms on the
interval where SWNTs grow in CCVD experimerits. cluster surface during the second stage of SWNT nucleation.
The inset to Figure 2 shows the time dependence of the The number of islands depends on the FeC cluster size, with
number of C atoms that are dissolved in the FeC cluster during more islands being formed on larger clusters. For theCde

Results and Discussion
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f g h i i
Figure 3. Two of the three cap formation mechanisms that were identified from tey€Rémulations (Figure 2 illustrates the third mechanism).
Panels a-e show that even though two large islands, A and B, are present, only the larger one, A, grows into the cap whereas the smaller one, B,

dissolves back into the cluster. Panetg fllustrate the mechanism where two large islands, A and B, lift off the surface to form caps, which
subsequently coalescence into a single large graphitic cap. The simulation conditions and color coding are the same as those in Figure 2.

a.600 K h. 800 K c. 1000 K d. 1200 K e. 1400 K f. 1600 K

Figure 4. Graphene (a), SWNT (be) and soot (f) structures obtained between 600 and 1600 K. The simulation conditions and color coding are
the same as in Figure 2.
cluster discussed here;-2 islands are typically formed. Larger rated conditions are needed to initiate nucleation. Second, small
islands typically grow faster than smaller ones, and the smaller islands/drops are less stable than larger ones. Also, the reduction
islands can also dissolve back into the FeC cluster. In addition, in dissolved carbon concentration that occurs when the islands
two or more small islands can coalescence to form a larger grow in size (during the second stage) prevents the nucleation
island. Both the dissolving and coalescence processes reducef more small islands on the cluster surface.
the total number of islands, and the number of large islands Temperature Dependence of the SWNT Structure: In-
that exist at the end of the second stage is less than the numbeducing and Healing DefectsAs discussed above, SWNTs grow
of smaller islands that are initially nucleated. For the.Ee at all temperatures between 800 and 1400 K. As shown in
cluster, 1 or 2 large islands are typically found at the end of the Figures 2 (for 900 K) and 4be (for 800, 1000, 1200, and 1400
second stage. If there is only one large carbon island, it lifts off K, respectively), all SWNTs contain defects. A histogram
the surface to form the graphitic cap that eventually grows into showing the number of polygons that are found on the surface
the SWNT (Figure 2 is an example of such case). If there are of SWNT structure (i.e., considering only the green atoms in
two large islands, then there are two possible growth scenarios.these figures) over this temperature range is shown in Figure
The first is that only one of the islands (often the larger one) 5. It is clear that, for all the temperatures, there are more
lifts off the surface to form the cap whereas the other island hexagons than the other polygons. However, there are far more
dissolves back to the FeC cluster (see Figurel8aThe second  defects (nonhexagonal polygons) than what is found in a perfect
scenario is that both of the islands lift off the surface to form SWNT (Euler’s theorem for polyhedtastates that only six
two graphitic caps. However, for the §€ cluster discussed  pentagons are needed in the cap of each SWNT). It is also
here, these caps do not each form their own SWNT, but they evident that, in addition to the pentagons and heptagons, some
coalesce into one graphitic cap that grows into a single SWNT quadrangles and octagons are present. This large number of
(see Figure 3fj). None of the trajectories (more than 100 that defects indicates that carbon atoms do not append to the open
have been propagated) indicated that two or more SWNTs canend of the growing SWNT in such a way that only hexagons
grow on the FgC surface (diameter: 1 nm). This is in are formed. That is, the local minima on the PES for the
accordance with the experimental observation that single isolatednonhexagonal structures are sufficiently stable on the simulation
SWNTs grow from small catalyst particlé. time scale to induce formation of these structifealso, the

The mechanism of graphitic island nucleation and cap number and distribution of the different defects is the same for
formation is very similar to the nucleation mechanism of small all temperatures between 800 and 1400 K. This shows that the
liquid drops in supersaturated vagdirirst, highly supersatu-  defects are not thermally healed at these relatively low tem-



17374 J. Phys. Chem. B, Vol. 108, No. 45, 2004

Ding et al.

40 T energ.y.is. not sufficient to overcome the attraction bgtween the
72771900 K graphitic island and the FeC cluster surface, and the island does

1000 K not lift off the surface but continues to grow until it encapsulates

301 [ 1200 K the cluster (Figure 4a). At high temperatures (1600 K and

" E=1400K above), the graphitic cap lifts off the cluster surface but the
£ 5. number defects that are formed is so large that a 3D soot-like

= structure is formed instead of a SWNT. That is, the large kinetic
o energy at these temperatures allows many of the local minima
104 on the PES, which are associated with defects, to be sampled

and the soot-like structure is grown. In fact, Figure-¢tshows

. that an increase in temperature leads to more carbon atoms

attaching to the inside of the SWNT (shown in red) and hence
more defects are formed with increasing temperature. At 1600
K the number of these defects is so large that the cylindrical
SWNT structure is destroyed and the soot-like structure is
produced.

In agreement with the simulated growth mechanism discussed

Figure 5. Distribution of polygons in the simulated SWNT structures
at different temperatures.

0 = 40_ 5 2|3 above, recent studi¢®&® indicate that the kinetic energy (or
g % 35] © .8 | ©® A temperature) plays an important role in determining whether
Z 8 ] é g§ § AV the graphitic islands can lift off the cluster surface. At 800 K
S g 3045 Tg| g vy =N and abovz_a the kinetic energy is sufficiently large to overcome
epQ ] NG| a3 // the adhesive energy between the cluster surface and the graphitic
8 £ 254 7 o) island, and graphite caps that grow into SWNTs or soot-like
s © ] ALY, structures are produced. At 600 K and below the adhesive energy
= g 204 y _ dominates over the kinetic energy, and the graphitic island does
-g 3 ] 600K not lift off the cluster surface but grows in size until the FeC
S g 15 / — 900K particle is encapsulated. When this occurs in CCVD experiments
< 1 ———-1600 K the catalyst particle is poisoned because the feedstock molecules
10 T T T cannot come into contact with the metal surface to produce
0 2 4 6 8 carbon atoms. The number of dissolved carbon atoms in the
Time (ns) metal cluster is thus constant, or decreases if additional graphene

Figure 6. Dissolved carbon content in the §5€ cluster during the layers are formed. In contrast, carbon atoms are added to the

growth of a graphene sheet at 600 K (dashed line), a SWNT at 900 K central part of the cluster in the simulations and, because carbon
(solid line), and the soot-like structure at 1600 K (ddashed line). ~ atoms cannot easily precipitate once the cluster is covered by a

peratures (8081400 K compared to the melting point of 4100 graphene layer, the number of dissolved carbon atoms increases
) ; . . e once the cluster is encapsulated (the dashed line in Figure 6
K for graphite) during the relatively short simulation time (about . . S . .
! . increases during stage three). This increase is thus an artifact
10—20 ns compared to the experimental growth time of several

seconds or longer). Hence, the thermal annealing of defects thatOf the simulation procedure. It should also be noted that, because

may be effective under experimental growth conditions is not glenf Slr; Eg:n::n géérbi:ec?fmd: 'jvr;%t g:glslgl[tily lnchl;q[zId t':; the
observed in the simulations. A second reason for the large »ap nger ev oro y .
. - . decomposition rate due to increasing C content of the cluster is
number of defects formed in the simulated growth is that some - . . . L e
. o not included in the simulation. Hence possible “poisoning” of
carbon atoms precipitate and attach to the inside of the the cluster due to increasing C content is not considered
cylindrical SWNT structure. These atoms, which are shown in 9 . )
red in Figures 24, create many defects, especially quadrangles At 1600 K and above soot-like structures are grown, even

and octagons. Other reasons for the large number of defects intlough the large graphitic islands that lift off the cluster have
the simulated SWNT structures, such as the high rate of C Similar structures to those formed at intermediate temperatures.

addition to the FeC cluster, are discussed below. The lowest temperature (1600 K) that is required for the
Encapsulation of the FeC Cluster at 600 K and Growth simulated growth of soot-like structures is very similar to highest
of a Soot-Like Structure at 1600 K.Encapsulation of the FeC ~ temperature where SWNTs are grown in CCVD experiments.
clusters by a graphene layer and the growth of a soot-like AS far as the authors are aware, no CCVD experiments report
structure at 600 and 1600 K, respectively, are shown in Figure Production of SWNTs at temperatures higher than 1600 K,
4. The number of carbon atoms that are dissolved in the Fecalthough many report growth of SWNTSs at 1473 K (12@).2
cluster during the growth of these structures is shown in Figure /N addition, the CCVD growth of SWNT at 120 has been
6 (the corresponding data for SWNT growth at 900 K, which reported for all catalyst metals (e.g., FeCo* Ni*) and
is shown in Figure 2, are included for comparison). A similar different carbon precursors (e.g., benz&@0>° C;Hz>). This
maximum in the dissolved carbon content between 0.7 and 2.6Suggests that the highest temperature for SWNT growth does
ns that is found during SWNT growth is also found during the Not depend on the catalytic metal, which supports the assertion
growth of the graphene and soot-like structures. In fact, the first that the SWNT— soot-like transition at 14061600 K is
(0—07 ns) and second (9—26 ns) Stages of the gro\Nth process determined by the intrinsic properties of the carbearbon
are very similar to those discussed for SWNT growth, where bonds and not the catalytic properties of the metal cluster.
precipitated carbon atoms nucleate strings and polygons that To validate this assertion and study the mechanism for the
form larger graphitic islands at the end of the second stage. soot-like growth at high temperatures, several trajectories based
The difference in the growth processes arises in the third stage.on unrealistic PESs were propagated. The three new PESs were
At low temperatures (600 K and below) the available kinetic identical to that described before except that theOs interac-
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understood with reference to the inset in Figure 2, where it is
seen that the dissolved carbon concentration is constant during
the third stage of SWNT growth. That is, the rate at which C
atoms precipitate on the cluster surface and incorporate into
the SWNT structure equals the rate of addition to the cluster.
Hence, at large insertion/precipitation rates (e.g., Figure 8a) the
graphitic cap does not have time to lift off the cluster surface
before a complete graphene sheet grows around the cluster
particle. Once the particle is encapsulated, the stron@ Gp
bonding is not broken and a SWNT cannot be formed. At lower
insertion rates (Figure 8hd) the graphitic island has time to

lift off the surface (i.e., the time scale for cap formation is shorter
1600 K. A SWNT structure is grown when the,-€C, interaction .than .that for.p.arti.de encapsulation). In addition, when the
strength is doubled (a), whereas doubling the-Fe (b) or Fe-C (c) insertion/precipitation rate decreases further (from pan&)b

interaction strengths does not significantly affect the 3D soot-like the precipitating C atoms have time to locate the lowest energy
structure (compared to Figure 4f). The color coding is the same as thatstructures in the SWNT and higher quality nanotubes are grown.

Figure 7. Effect of PES parameters on SWNT and soot growth at

in Figure 2. Even slower insertion rates, such as those found under experi-
mental conditions, are expected to yield high quality SWNTs.
tion strength was doubled in the first PES, and the-Eg or Maintaining an Open End of the Growing SWNT and

Fe—Fe interaction strengths were doubled in the second andthe SWNT Diameter—role of the Metal Cluster. It has
third PESs, respectively. The simulation temperature was 1600previously been suggested that the formation of defects at the
K and, similar to the trajectories discussed above, one carbongpen end of the growing SWNT leads to end closure and growth
atom is added to the FeC cluster every 40 ps. The results,termination, and that healing of the defects is thus critical for
presented in Figure 7, show that doubling the-Cp bond SWNT growth?22354However, despite the many defects in our
strengths led to the growth of a SWNT structure (panel a) instead simulated SWNTSs, the FeC cluster maintains an open end of
of the 3D soot-like structure shown in Figure 4f. Moreover, the growing SWNT (the end of the SWNT is still open after 30
doubling the FeCp or Fe-Fe bond strengths does not ns when the length of the tube is about 3 nm). In addition, it
significantly affect the soot-like structure. This shows thatitis has been observed experimentally that the diameter of the
the intrinsic properties of thegS-Cp bonds that are responsible  SWNT is closely correlated with the diameter of the metal
for the growth of a 3D soot-like structure at high temperatures. particlel4 and this is also observed in our simulations.
According to sp hybridization theory, the thregbonds of each The carbon atoms at the open SWNT end have one or two
carbon atom lie in the same plane, and formation of out-of- “free” honds (i.e., they are not bond-saturated) and are more
plane C-C bonds requires more energy. Hence, bonds betweenchemically active than those that form part of the nanotube or
carbon atoms in the nanotube wall with those on the inside of {he graphitic cap. The interaction between these end atoms and
the tube structure (red atoms in Figures4} have higher energy  the jron cluster is very high (e.g., the DFT bond energy of a
than C-C bonds in the SWNT wall, and are only formed when  free carbon atom on an F& iron cluster is about 5:57.0 e\4).
the kinetic energy is sufficiently large. An increase in the number oy simulations show that it is this large bond energy between
of out-of-plane bonds at high kinetic energies (high tempera- the end carbon atoms and the iron cluster that maintains the
tures) destroys the tubular structure and the soot-like structuregpen end of the growing nanotube. In addition, enthalpy can
is grown. When the &Cp bond energy is artificially doubled  pe sybstantially reduced when the number of bonds between
(Figure 7a), the kinetic energy at 1600 K is not sufficient to  the nanotube end and the cluster is maximized. This is achieved
induce these out-of-plane-€C bonds and a SWNT is grown.  \hen the diameter of the SWNT is at a maximum, i.e., when it
Effect of the Rate of Carbon Insertion into the Cluster is the same as the diameter of the FeC cluster. Thus, in
Particle on the SWNT Structure. In CCVD experiments the  agreement with experimental observations, the SWNT diameter
rate at which carbon atoms dissolve into the metal cluster is js similar to that of the FeC cluster. This is also valid for particles
proportional to the pressure of the carbon feedstock, which is that are larger than the Eecluster discussed above. For
known to play an important role in determining the quality and  example, Figure 9 shows that for amfgcluster, even though
yield of SWNTs?’ In the simulations the carbon atoms are the initial graphitic cap has a smaller diameter than the cluster,
inserted about 10 000 times more rapidly into the cluster than the cap diameter increases until it is equal to that of the cluster.

in CCVD experiments. Although this difference in carbon |n this way the number of nanotube end atemetal bonds is
dissolution rates (or feedstock pressures) will lead to quantitative maximized.

differences in SWNT growth rates and structures, the same
qualitative effects that are seen experimentally are expected tocgnclusion
be observed in the simulations.

Figure 8 shows four typical structures when carbon atoms The nucleation mechanism of graphene sheets, SWNTs and
are inserted into an 800 K FeC cluster at different rates. When 3D soot-like structures, that were observed in the MD simula-
the insertion is rapid, the FeC cluster is encapsu|ated in atiOﬂS and are discussed above, are summarized in Figure 10.
graphene layer (e.g., one C atom is inserted every 2 ps in FigureThe following key processes are evident:
8a). When the insertion rate is decreased, the graphitic cap lifts a. The growth mechanism can be divided into three successive
off the catalyst surface and a SWNT with many defects is stages for all carbon structures.
formed (e.g., one C atom is inserted every 5 ps in Figure 8b). b. During the first stage all carbon atoms are dissolved in
Decreasing the insertion rate further leads to fewer defects inthe cluster.
the SWNT structure (one C atom is inserted every 10 and 40 c. At the beginning of the second stage, when the cluster is
ps in Figure 8c,d, respectively). The mechanism by which the supersaturated in carbon, a few carbons atoms precipitate on
C atom insertion rate affects the SWNT structure can be the cluster surface. However, these atoms can dissolve back
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a. 2 ps per carbon b. 5 ps per carbon c. 10ps per carbon d. 40ps per carbon

Figure 8. Effect of C insertion rate on the growth process. Inserting one C atom every 2 ps leads to encapsulation of the particle (a) whereas
decreasing the insertion rate leads to SWNTs with fewer defects (from b to d). The color coding is the same as that in Figure 2 and the temperature
is 800 K.

4. 5ns b. 5.5ns ¢. 6.25ns d. 6.5ns
Figure 9. Nucleation of a SWNT from an kg cluster. The diameter of the graphitic cap increases during the growth process until it equals the

diameter of the cluster. The temperature is 1100 K and the color coding is the same as in Figure 2.
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Figure 10. Detailed vapotliquid—solid model of SWNT growth at different temperatures.

into the cluster and the carbon concentration continues to either the larger one lifts off the cluster to form a cap and the

increase until the cluster is highly supersaturated in carbon. smaller one dissolves back into the FeC cluster or, if two or
d. As the dissolved carbon concentration increases during themore islands lift off the surface and form caps, then their

second stage, an increasing number of carbon atoms precipitateliameters increase until they coalescence into a single large cap.

on thg cluster surface and form_carbon. strings and polygons.  \when the diameter of the cap is similar to that of the
The dissolved carbon concentration begins to decrease as thesg ,ster. the precipitating carbon atoms join to the open end of

strings and. polygon; nucleate g_raphitic islands. the SWNT and increase the SWNT length.
e. Some islands dissolve back into the cluster and others grow . . .
into larger islands. The dissolved carbon concentration continues - High temperatures lead to an increased number of defects
to decrease until a supersaturated level is reached, at which stag@"d @ 3D soot-like structure is formed.
large graphitic islands have formed. The simulations also reveal other details of the growth
f. At low temperatures the islands do not lift off the cluster mechanism. For example, it is seen that the growing SWNT
surface and the FeC cluster is encapsulated in a graphene sheemaintains an open end on the FeC particle due to the strong
g. At intermediate temperatures a number of scenarios arebonding between the SWNT end atoms and the particle.
possible: (i) If a single large island is present, it lifts off the Similarly, the SWNT-particle enthalpy is minimized when the
cluster surface (when its size is about-8067 nm) to form a SWNT and FeC cluster have similar diameters, and this leads
graphite cap. The diameter of the cap increases until it equalsto the growth of SWNTSs that have diameters similar to those
the diameter of the cluster. (ii) If two islands are present, then of the metal clusters, as seen experimentally.
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