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CONSPECTUS

ince their discovery in the early 1990s, single-walled car-

bon nanotubes (SWNTs) have spawned previously o g
unimaginable commercial and industrial technologies. Their =~ B0
versatility stems from their unique electronic, physical/chem- O i ry
ical, and mechanical properties, which set them apart from *:;1:‘”3”“‘?;:;‘&5“”' ru . REES
traditional materials. ﬁ s S

Many researchers have investigated SWNT growth mech- ’
anisms in the years since their discovery. The most preva-
lent of these is the vapor—liquid—solid (VLS) mechanism,
which is based on experimental observations. Within the VLS mechanism, researchers assume that the formation of a SWNT
starts with co-condensation of carbon and metal atoms from vapor to form liquid metal carbide. Once the liquid reaches
supersaturation, the solid phase nanotubes begin to grow. The growth process is partitioned into three distinct stages: nucle-
ation of a carbon “cap-precursor,” “cap-to-tube” transformation, and continued SWNT growth. In recent years, molecular
dynamics (MD) simulations have come to the fore with respect to SWNT growth. MD simulations lead to spatial and tem-
poral resolutions of these processes that are superior to those possible using current experimental techniques, and so pro-
vide valuable information regarding the growth process that researchers cannot obtain experimentally.

In this Account, we review our own recent efforts to simulate SWNT nucleation, growth, and healing phenomena on tran-
sition-metal catalysts using quantum mechanical molecular dynamics (QM/MD) methods. In particular, we have validated
each stage of the SWNT condensation mechanism using a self-consistent-charge density-functional tight-binding (SCC-
DFTB) methodology. With respect to the nucleation of a SWNT cap-precursor (stage 1), we have shown that the presence
of a transition-metal carbide particle is not a necessary prerequisite for SWNT nucleation, contrary to conventional exper-
imental presumptions. The formation and coalescence of polyyne chains on the metal surface occur first, followed by the
formation of the SWNT cap-precursor, “ring condensation”, and the creation of an sp?hybridized carbon structure. In our
simulations, the nucleation process takes approximately 400 ps. This first step occurs over a much longer time scale than
the second stage of SWNT condensation (approximately 50 ps). We therefore observe SWNT nucleation to be akin to the
rate-limiting step of the SWNT formation process.

In addition to the QM/MD simulation of various stages of SWNT nucleation, growth, and healing processes, we have
determined the effects of temperature, catalyst composition, and catalyst size on the kinetics and mechanism of SWNT growth.
With respect to temperature dependence, we observe a “sweet-spot” with respect to the efficiency of SWNT growth. In addi-
tion, Ni-catalyzed SWNT growth is observed to be 70—100% faster compared to Fe-catalyzed SWNT growth, depending
on the catalyst particle size. We also observe a noticeable increase in SWNT growth rates using smaller catalyst particles.

Finally, we review our recent QM/MD investigation of SWNT healing. In particular, we recount mechanisms by which
adatom defects, monovacancy defects, and a “5-7 defect” are removed from a nascent SWNT. The effectiveness of these heal-
ing mechanisms depends on the rate at which carbon moieties are incorporated into the growing SWNT. Explicitly, we observe
that healing is promoted using a slower carbon supply rate. From this rudimentary control of SWNT healing, we propose
a route towards chirality-controlled SWNT growth.
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Introduction

The initial discovery of Cso buckminsterfullerene’ and the sub-
sequent observation of carbon nanotubes® * by electron
microscopy heralded a new era in molecular science and tech-
nology. These nanostructures (and in particular single-walled
carbon nanotubes (SWNTSs)) have since become the corner-
stones of a number of bourgeoning academic and industrial
fields due to their remarkable properties. Consequently, a
great deal of literature concerning experimental and theoret-
ical investigations of synthesis of SWNTSs is available today
(see refs 5 and 6, respectively, and references therein).

In this Account, we will detail our own recent investi-
gations”~'® of transition-metal-catalyzed nucleation, growth,
and healing mechanisms of SWNTs using quantum mechan-
ical molecular dynamical (QM/MD) methods. We have
employed the self-consistent-charge density-functional tight-
binding-based molecular dynamics (SCC-DFTB/MD) ap-
proach,"a']7 in conjunction with a finite electronic-tem-
perature'® 2% in all of these simulations.

The vapor—liquid—solid (VLS) mechanism of SWNT
growth?'?2 suggests that SWNT synthesis begins with co-con-
densation of carbon and metal atoms from vapor, forming a
liquid metal carbide phase. When supersaturation is ultimately
reached, the solid phase nanotubes begin to grow. This the-
sis was derived from a range of experimental and theoretical
data. SWNT condensation itself is initiated by the formation/
nucleation of a carbon “cap” precursor on the catalyst nano-
particle surface. Following this nucleation, “cap-to-tube”
transformation then takes place, during which a nanotube
sidewall is constructed between the catalyst particle and the
nucleated cap precursor. Finally, continued growth of the
SWNT structure becomes dominant, in which the nanotube
sidewalls are elongated by the continued incorporation of car-
bon from the surrounding medium. The following three sec-
tions of this Account are organized according to these
corresponding individual stages in the SWNT nucleation and
growth mechanism. Following these discussions, we will
describe our recent investigations of the dependence of SWNT
growth on several pertinent environmental factors, including
catalyst composition, catalyst size, and growth temperature.
We will then discuss the phenomena of SWNT healing and
chirality-controlled SWNT growth, and their dependences on
the rate at which carbon is incorporated into the nanotube
during the growth process. Finally, we will place the results of
our QM/MD simulations in an experimental context and pro-
vide an outlook of future QM/MD investigations into SWNT
growth phenomena.

Fesg-Catalyzed SWNT Nucleation

We have previously investigated SWNT nucleation using
QM/MD methods."" Initially, 30 C, moieties were supplied to
an equilibrated Fesg nanoparticle at 1500 K during 30 ps. The
resultant Fe—C complex was then annealed for a further 410
ps. The use of C; as a carbon precursor here is justified, since
its abundance was found to be directly correlated to the nucle-
ation process.*?

The evolution of a single SWNT cap nucleation QM/MD tra-
jectory is shown in Figure 1 and the accompanying movie M1.
SWNT nucleation was composed of three distinct periods.
Initially, C, units, once bound to the metal surface, diffused,
occasionally fused, and formed longer polyyne chains. This
stage was the rate-limiting step of the nucleation process,
requiring more than 100 ps (see Figure 1b). During this
period, these polyyne chains preferentially exhibited
Fe—C,—Fe type arrangements, with the catalyst surface pro-
gressively disintegrating due to the increasing C—Fe inter-
action. After this time, ring condensation was observed
(Figure 1b), with 5- and 6-membered rings being formed
preferentially. The first ring to condense on the catalyst sur-
face was a 5-membered ring; this was observed to be a
general trend in all trajectories computed (10 in total). This
pentagon-first pattern is consistent with our previous obser-
vations of metal-catalyst-free fullerene nucleation.?* The
formation of the first carbon pentagon generally occurred
via a sequence that included three distinct stages and is
depicted in Figure 1c. In step (i), two polyyne chains fused,
forming a Y-structure. The lone sp? carbon at the junction
between these two branches served as a “cornerstone” for
subsequent cyclization of the two branches. The two
branches of the Y subsequently diffused over the catalyst
surface toward each other. With respect to the original cor-
nerstone carbon atom, the optimal distance for bond for-
mation between the respective carbon atoms of each
branch corresponded to the position of the atoms second
from the cornerstone. There was therefore a greater possi-
bility of bond formation between these two carbons, thus
leading to the preferential formation of 5-membered rings
(step (ii)). The observed longevity of 5-membered rings here
was a result of the stability that these structures possess on
the highly convex catalyst surface, imposed by the rela-
tively small diameter of the catalyst nanoparticle.?® The ini-
tial 5-membered ring then acted as an anchor for
subsequent ring condensation that ultimately led to the
nucleation of a SWNT cap structure on the catalyst surface.
During this condensation stage, 5- or 6-membered rings
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FIGURE 1. (a) SWNT nucleation on Fesg at 1500 K, (b) corresponding ring addition, and (c) observed SWNT nucleation mechanism. Cyan

and brown spheres represent carbon and iron atoms, respectively.

were formed with no discernible preference, due to the
existence of a C—C moiety (instead of a single atom) as the
cornerstone of the new Y-structure.

It is noted here that polycyclic carbon clusters observed
during SWNT nucleation retained branched polyyne chains
throughout our simulations. This observation parallels that
made with respect to fullerene cage self-assembly.* It is
concluded therefore that these chains are essential for both
extension of the sp?-hybridized carbon network (via ring
condensation, described above) and anchoring of the nucle-
ating cap fragment to the catalyst surface. Despite the
observed similarities between SWNT and fullerene nucle-
ation, it is clear that the catalyst nanoparticle plays a cru-
cial role during the former process. In particular, the catalyst
localizes the decomposed carbon precursor species,
impedes polyyne diffusion (and hence ring condensation),
and, perhaps most importantly, prevents the open end of
the nucleating cap structure from closing. The latter role
was already postulated by Smalley and co-workers in
1996.2°

Fesg-Catalyzed “Cap-to-Tube”
Transformation

We have previously investigated the second stage of the
SWNT formation process, namely, the cap-to-tube transforma-
tion, on a number of occasions.'%''#1> In particular, we have
demonstrated this phenomenon using both C4 and Cy cap
precursors on Fesg nanoparticles (the existence of both pre-
cursors being assumed a priori). These two transformations are
shown in Figures 2 and 3, respectively. The latter cap-to-tube
transformation is also illustrated in the accompanying movie
M2.

In the case of cap-to-tube transformation using a C40 cap-
precursor,'? the transformation was induced at 1500 K by the
supply of 40 gas-phase carbon atoms in 20 ps to the cata-
lyst surface of an annealed Cyo-Fess model system. The struc-
ture was then annealed for a further 140 ps. The sp?
hybridized carbon network of the cap precursor was extended
by the addition of 5- and 6-membered rings at the cap-cata-
lyst boundary (Figure 2a). Ultimately, the ratio of these newly
formed polygonal rings was ca. 1:1. In this case, no 7-mem-
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FIGURE 2. (a) Fesg-catalyzed cap-to-tube transformation using Cyo
at 1500 K, (b) corresponding ring addition, and (c) corresponding

cap height. Color conventions as in Figure 1; pink spheres represent
carbons in newly formed polygonal rings.

Cap height [A]

bered rings were added to the cap precursor (Figure 2 b). One
of the roles of the catalyst during CVD SWNT growth, namely
the mediation/impedance of carbon addition into the nano-
tube at its base during growth, is illustrated succinctly in Fig-
ure 2. This is somewhat counterintuitive to the traditional
definition of a chemical catalyst (i.e., a species employed to
enhance the kinetics of a particular reaction). Also evident
from Figure 2 is the fact that the newly added polygonal rings
in the cap precursor were approximately coincident with the
spatial axis of growth itself. This is therefore a demonstra-
tion of nanotube sidewall construction, and hence cap-to-tube
transformation, during the earliest stages of metal-catalyzed
SWNT growth.

A more dramatic example of the cap-to-tube transforma-
tion phenomenon was observed using a Cxo cap precursor,'?
and this is depicted in Figure 3. In this case, 66 gas-phase car-
bon atoms were supplied at a constant rate to randomly cho-

sen carbon atoms in the cap fragment during 40 ps at 1500
K. From Figure 3, it is evident that cap-to-tube transforma-
tion in this case took place quickly (within 40 ps), compared
to the transformation observed using a C4o cap. Once again,
the newly formed polygonal rings in the cap precursor were
added along the axis of growth, thereby demonstrating the
progressive construction of the nanotube sidewall. However,
this was achieved by a contrasting mechanism from that dis-
cussed previously, as one might anticipate. Comparison of Fig-
ures 2b and 3b illustrates this contrast. The high number of 5-
and 7-membered rings (and also 3- and 4-membered rings,
although not shown in Figure 3b) was a consequence of the
direct addition of carbon to the established sp*-network, and
the subsequent accommodation of the newly added carbon
via the rearrangement of the sp>-hybridized cap structure. The
dissociation or migration of C; or short polyyne units from the
expanding sp-network was also frequently observed. On
occasion, these moieties migrated toward the cap—catalyst
region and were incorporated directly into the base of the
evolving cap structure. Once in this position, these polyyne
chains contributed to ring formation by either self-isomeriza-
tion or interaction with adjacent polyyne chains. Such polyyne
dissociation—migration—isomerization phenomena were
observed to increase in frequency as the cap-to-tube transfor-
mation proceeded.

Fesg-Catalyzed Continued SWNT Growth

We have previously demonstrated® continued SWNT growth
at 1500 K using QM/MD methods. This was achieved using
a model system consisting of a SWNT fragment supported by
an Fesg nanoparticle (Figure 4a). Upon rapid supply of car-
bon atoms to randomly selected target atoms in the SWNT
rim, growth (Figure 4b) occurred via the immediate insertion
of the incident carbon atoms into the existing SWNT—catalyst
boundary. Generally, short bridging structures featuring car-
bon or C; (comparable to the “wobbling” C, observed during
the self-capping of open-ended SWNTs??) were observed
between the SWNT and the Fesg nanoparticle (Figure 4c¢). In
step (i), an incident carbon atom approached the existing
SWNT—catalyst boundary. Subsequently, this carbon atom
formed a trigonal C—C—Fe intermediate species (step (ii)) by
insertion into an existing C—Fe bond. This intermediate spe-
cies, due to its inherently high ring torsion, was very short-
lived and ultimately became a C—C—Fe bridging structure
between the catalyst and the SWNT (step (iii)). The formation
of these carbonaceous bridging structures generally preceded
the formation of 5-, 6-, 7-, and occasionally 8-membered rings
at the SWNT base. Nevertheless, the presence of long polyyne

1378 = ACCOUNTS OF CHEMICAL RESEARCH = 1375-1385 = October 2010 = Vol. 43, No. 10


http://pubs.acs.org/action/showImage?doi=10.1021/ar100064g&iName=master.img-002.jpg&w=194&h=365

SWNT Nucleation, Growth, and Healing Page et al.

7-membered rings ———
G-membered rings
S-membered rings ——

No. of Rings

0 5 10 15 20 25 30 35 40
Time {ps)

05 ps 10 ps

Cap Height (Angstrom)

V] 5 10 15 20 25 30 35 40
Time (ps)

FIGURE 3. (a) Fesg-catalyzed cap-to-tube transformation using Cy at 1500 K, (b) corresponding ring addition, and (c) corresponding cap

height. Color conventions as in Figure 1.

chains (i.e., n = 4) was not a prerequisite for continued SWNT
growth on Fesg, as shown schematically in Figure 4d. The
short bridging structure, formed by the incorporation of an
incident carbon atom into the SWNT—catalyst boundary,
remained in the complex for some time (steps (i), (ii)). During
this time, frequent bond breaking/formation between constit-
uent carbon and iron atoms was observed. In step (iii), the ter-
minal carbon atoms of adjacent bridging structures ultimately
formed a bond and thus a 6-membered ring. Due to the sta-
bility of this ring structure, it was effectively a permanent fea-
ture of the SWNT from this point on. Formation of a
5-membered ring (Figure 4e) occurred by a similar process, in
that the ring structure was the result of the interaction of adja-
cent bridging structures at the base of the SWNT. In this case,
however, the carbon atom involved in the ring closure pro-
cess was not terminal (step (iii)). The 5-membered ring thus
formed, shown in step (iv), was also very stable and persisted
in the SWNT structure.

Dependence of SWNT Growth on Catalyst
Composition, Size, and Reaction
Temperature

We have recently compared SWNT growth mechanisms and
rates as a function of both catalyst size and composition.'>'4
This comparison is outlined in Table 1. In this case, SWNT
growth was modeled using C40—My (M = Fe, Ni; x = 38, 55)
complexes and induced by supplying gas-phase carbon atoms
to the SWNT—catalyst boundary at 1500 K. From Table 1, it
is evident that the rate of SWNT growth increased dramati-
cally by using a nickel catalyst, instead of an iron catalyst.

Explicitly, these increases were ca. 69% (Mss) and 106% (Msg)
following 50 ps of growth simulation. This increase in SWNT
growth rate upon using nickel catalysts correlated with a
noticeably different SWNT growth mechanism from that
observed using iron catalysts, defined by the presence and
persistence of long C, (n = 3) chains located between the Cy
cap and the nickel catalyst particle. Ring formation in this case
was driven by the simultaneous extension and contraction (via
self-isomerization) of these polyyne chains at the SWNT
base.'® Conversely, the polyyne chains observed in Fe-cata-
lyzed growth were generally shorter (primarily C; and C; units)
and existed for shorter periods of time. The observed differ-
ence between the two metal catalysts can be attributed to the
stronger carbon—catalyst adhesion energy observed for iron,
compared to that observed for nickel.'*

With respect to the role of catalyst size on the mechanism
and rate of SWNT growth, data in Table 1 indicate that an
increase in catalyst size corresponds to a decrease in the
SWNT growth rate. This trend was independent of the ele-
mental composition of the catalyst particle. For example, Nisg-
catalyzed SWNT growth was ca. 50% faster than Niss-
catalyzed SWNT growth, whereas this ratio was 23% for the
case of Fe-catalyzed SWNT growth. Nevertheless, the SWNT
growth mechanism was independent of the catalyst particle
size. These differences in M-catalyzed SWNT growth rates
(x = 38, 55) were attributed primarily to the increases in cat-
alyst particle surface area and volume. Essentially, a larger cat-
alyst particle provided a greater domain over/through which
carbon could diffuse, before contributing to SWNT growth.
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TABLE 1. Dependence of C4o Cap Growth on Catalyst Size and
Composition: Average Growth Rate and Number of Added Carbons
and Polygonal Rings after 50 ps of Simulation Using Fesgs, Fess, Nisg,
and Niss Catalysts (All Data Averaged over 10 Trajectories)

number of n-membered
rings added to SWNT

evident. An inverse relationship between SWNT growth rate and
the instantaneous mobility of these free carbon atoms is also evi-
dent in Figure 5b. The instantaneous mobility at the ith MD step
is defined here as the total distance traveled by all free carbon
atoms (with respect to the catalyst particle center of mass)
between the (i — 1)th and ith MD steps.

The temperature dependence of SWNT growth simulated

number of
growth rate carbons added
catalyst  (x1072 A ps™) to SWNT n=5 n=6 n=7
Fess 2.879 51.0 6.2 6.5 44
Fesg 3.542 55.2 6.2 9.2 43
Niss 4874 62.4 9.0 9.0 5.9
Nisg 7.299 64.8 9.2 10.2 6.5

This phenomenon is shown in Figure 5a, from which an
inversely proportional relationship between SWNT growth rate
and the amount of “free carbon” present (i.e., those carbon atoms
that are not located in the sp>-hybridized nanotube structure) is

using a (5,5) SWNT-Fesg model complex is outlined in Table
2. It is evident from this table that SWNT growth was optimal
at 1500 K. For example, the SWNT growth rate at this tem-
perature was ca. 46% and 23% larger than those observed at
1000 and 2000 K, respectively. It is concluded from Table 2
that the rate of SWNT growth depended on a number of fac-
tors, such as the ratios of 5-, 6-, and 7-membered rings added
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FIGURE 5. (a) Average number of free carbon atoms and (b) average
free carbon instantaneous mobility observed in M,-catalyzed SWNT
growth after 50 ps simulation (M = Fe, Ni; x = 38, 55).

TABLE 2. Temperature Dependence of Fesg-Catalyzed (5,5)-SWNT
Growth: Average Growth Rate and Number of Added Carbons and
Polygonal Rings after 45 ps of Simulation (Data Averaged over 10
Trajectories)

number of n-membered
rings added to SWNT

number of
growth rate carbons added
T (K) (x1072 A ps7) to SWNT n=5 n=6 n=7
1000 3.48 52.9 47 25 48
1500 5.07 50.1 5.7 19 5.2
2000 4.13 427 5.7 1.7 53

to the growth of the nanotube sidewall. Although the num-
ber of 5- and 7-membered rings added to the SWNT increased
with temperature, the number of 6-membered rings added in
fact decreased. As noted above, the propensity toward 5- and
7-membered ring formation arose from the addition of car-
bon atoms directly into the base of the SWNT structure. Thus,
5- and 7-membered ring formation was more favorable at
higher temperatures, due to the increase in the Kinetic energy
(and hence velocity) of the SWNT carbon atoms.

SWNT Healing and Chirality-Controlled
Growth

Recently, we have elucidated the dependence of SWNT heal-
ing (i.e., the removal of defects from the sp? network) on the
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FIGURE 6. Dependence of SWNT healing on carbon supply rate:
comparison of SWNT ring additions (27 carbon atoms added) using
carbon supply rates of 1 C/(a) 0.5 ps, (b) 10 ps, and () 20 ps.

rate of carbon supply.'® The latter is effectively an approxi-
mation to the carbon precursor decomposition rate. Using
three rates of carbon atom supply to the C—Fe boundary,
namely, 1 C/0.5, 10.0, and 20.0 ps (rates denoted using “fast’,
“slow”, and “very slow’, respectively), SWNT growth was
induced in a Cqo—Fesg complex at 1500 K. The dynamics of
cap growth using slow and very slow supply differed substan-
tially, in both quantitative and qualitative senses, from those
using fast supply (see Figure 6). Most notably, a greater, more
orderly extension of the original C4o cap structure was attained
using slow and very slow supply simulations. For example,
Figure 6 shows the ring counting statistics of individual
Cq0—Fesg growth trajectories following the addition of 27 car-
bon atoms during periods of 13.5 (fast), 270 (slow), and 540
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FIGURE 7. Healing during SWNT growth: a schematic depiction of 5-7 defect removal from a carbon cap structure via ring isomerization at
1500 K. Color conventions as in Figure 1; the pink sphere represents the incident carbon atom (see text). Only relevant bonds are shown;

new bonds formed during the isomerization are black.

(very slow) ps. It is immediate from this figure that the fre-
quencies at which 5- and 7-membered rings were formed dra-
matically decreased using slow and very slow carbon supply
rates. Most notably, following 540 ps of very slow supply
SWNT growth simulation, the net additions of 5- or 7-mem-
bered rings to the C4o cap were zero. This is in effect a dem-
onstration of chirality-controlled SWNT growth, since growth
was driven exclusively by the addition of 6-membered rings.
The addition of 6-membered rings to the C,4 cap was also pro-
moted substantially using slow and very slow supply. The net
effect of fast carbon atom supply was, in fact, the opposite,
namely, the removal of 6-membered rings via the formation
of 7-membered rings as discussed above. These trends were
concomitant with a decrease in the number of “free” C/C, units
bound to the catalyst surface (i.e., those that were not contrib-
uting to the growth process), and attributed to the decreased
rate of carbon atom supply itself. In essence, the slower sup-
ply rate provided an increased amount of time during which
the supplied carbon atom was free to diffuse of the catalyst
surface relatively unheeded, ultimately migrating to the
SWNT—catalyst boundary. The relationship between the car-
bon atom supply rate and the consequent SWNT growth rate
was also established. Following the addition of 27 carbons to
the Cy cap structure using fast, slow, and very slow supply,
the “cap heights” corresponding to Figure 6a, b, and ¢ were
0.389, 1.587, and 2.203 A, respectively. It is concluded there-

fore that a lower rate of carbon supply promotes both the “effi-
ciencies” of SWNT growth and healing.

Mechanisms by which adatoms, monovacancy, and 5-/7-
membered ring defects (denoted as 5-7 defects) are removed
from the C4p cap during growth have also recently been
observed in our QW/MD simulations of SWNT growth.'® The
latter mechanism featured a ring isomerization akin to a
Stones—Wales transformation, and it is depicted schemati-
cally in Figure 7 and the accompanying movie M3. The 5-7
defect was removed in five distinct steps. First, in step (a), an
incident carbon atom formed a briefly lived adatom defect at
the SWNT—catalyst boundary. Following a fleeting, 3-mem-
bered ring intermediate structure (step (b)), insertion of this
incident carbon atom was observed, forming a 7-membered
ring (step (c)). This 7-membered ring was relatively stable and
existed for a further 2.48 ps. It is noted here that the adjoin-
ing 5-membered ring was held open throughout the entire
isomerization process by the surface iron atoms in the cata-
lyst nanoparticle. Following 2.48 ps, the C—C bond adjacent
to the catalyst surface was cleaved, and the neighboring C—C
bond rotated about an approximate angle of 45°. This open-
ring structure (step (d)) was quite stable, existing for a further
1.76 ps, after which two 6-membered rings were formed,
replacing the original 5-7 defect.

From consideration of the time scale over which this heal-
ing mechanism occurs (and those over which adatom and
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monovacancies healing mechanisms occur, ca. 1—25 ps), it is
evident that the rate of SWNT healing is determined by the
relative rates of defect addition to and removal from the
SWNT structure. Decreasing the carbon precursor decompo-
sition rate will therefore ultimately result in the presence of
fewer defects in the nanotube sidewall. We propose that such
a rudimentary control during SWNT growth is essential for
chirality-controlled SWNT growth. Admittedly, these investi-
gations of SWNT healing shed no light on the origin of the
(n,m) chirality of the SWNT itself. Rather, they only indicate
how chirality, once attained in the nascent SWNT cap, may be
conserved during continued growth of the SWNT.

Comparison of QM/MD and Experimental
Mechanisms of SWNT Nucleation and
Growth

QM/MD methods provide a convenient, tractable medium by
which atomistic details of physicochemical phenomena may
be observed. The processes of SWNT nucleation and growth
are no exception. In this work, we have reviewed our recent
research that has shed light on the phenomena underpinning
the nucleation and growth of SWNTs from a variety of tran-
sition-metal catalyst particles, at spatial and temporal scales
beyond the reach of current experimental technology. We
observe both consistencies and disparities between QM/MD
predictions and experimental observations. For example,
QM/MD simulations have successfully modeled the individ-
ual stages of the SWNT nucleation and growth and have elu-
cidated the mechanism of SWNT healing, as has been
demonstrated in this Account. Nevertheless, SWNT growth
rates observed in our QM/MD simulations are several orders
of magnitude larger than those typical of in situ growth
rates.”® 3> A direct comparison between these data is rela-
tively futile, however, due to the simplistic model system
employed in our QM/MD simulations of SWNT growth. A vari-
ety of pertinent factors, such as environmental pressure, the
presence of catalyst substrate, and so on, are neglected in our
models. The rates at which carbon is added to the growing
SWNT structure (i.e., the rate of feedstock decomposition) in
these simulations also exceed those reported experimentally.
The sheer number of differing experimental synthesis tech-
niques, and consequent SWNT growth rates, reported in the
literature (see refs 5 and 14, and references therein) makes
such a comparison even more futile. It is more reasonable
instead to compare the relative trends observed in our
QM/MD simulations with those observed experimentally. For
instance, we have observed that Ni-catalyzed SWNT growth
proceeds at a greater rate than does Fe-catalyzed SWNT
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growth. This trend is consistent with the presumption of Mora
and Haratyunyan,3® one that was based upon the relative abil-
ities of nickel and iron nanoparticles to catalytically decom-
pose CH, feedstock observed experimentally.

Perhaps the most significant impasse between present the-
oretical and experimental models of SWNT nucleation/growth
concerns the existence of a stable metal-carbide patrticle prior
to SWNT nucleation. As discussed in this work, our QM/MD
simulations indicate that such a particle is not required for the
nucleation of a SWNT to take place. Similarly, recent tight-
binding Monte Carlo®” and DFT>® studies suggest that a reg-
ular crystalline metal-carbide structure is unstable under low
pressure conditions. These findings suggest that, depending
on the environmental pressure, the carbon within the metal-
carbide particle naturally migrates to the “subsurface” layers
of the catalyst particle instead. Nevertheless, regular crystal-
line structures, such as FesC324% and NisC,*' have been
observed during SWNT nucleation and growth, by both trans-
mission electron microscopy and electron diffraction tech-
niques. Whether these metal-carbide phases are a necessary
prerequisite for SWNT nucleation and growth, or coinciden-
tally develop under the growth conditions has not yet been
fully established.

Conclusions and Outlook

In this Account, we have reviewed our recent QM/MD inves-
tigations of SWNT nucleation, growth, and healing. These the-
oretical findings are qualitatively consistent with a SWNT
nucleation and growth mechanism that has been extensively
supported by experimental data. Our simulations consistently
demonstrate a self-organization mechanism that consists of
random growth followed by defect healing. Similarly, the
dependence of SWNT growth on several pertinent environ-
mental factors, including temperature, catalyst composition,
and catalyst size, has also been established using QM/MD
techniques. In this respect, our QM/MD investigations have
pre-empted experimental determination of the effects of cat-
alyst composition and size on the mechanism and nature of
SWNT growth. However, by no means do we acquiesce and
claim that QM/MD simulations of SWNT can shed no new
light on SWNT growth phenomena. There are many points
over which current experimental and theoretical models fail to
agree. Most notably in this respect is the question as to
whether a metal-carbide species is a necessary precursor for
SWNT nucleation. In addition, there are many other aspects of
SWNT growth that are amenable to further theoretical study,
such as the origin of (n,m) SWNT chirality, the demonstration
of chirality-controlled growth over extended time scales, and
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mechanisms of SWNT nucleation and growth on non-transi-
tion-metal catalysts.
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