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Abstract: Since the discovery of single-walled carbon nanotubes (SWNTSs) in the early 1990s, the most
commonly accepted model of SWNT growth on traditional catalysts (i.e., transition metals including Fe, Co, Ni,
etc.) is the vapor—liquid—solid (VLS) mechanism. In more recent years, the synthesis of SWNTs on nontraditional
catalysts, such as SiO,, has also been reported. The precise atomistic mechanism explaining SWNT growth
on nontraditional catalysts, however, remains unknown. In this work, CH, chemical vapor deposition (CVD)
and single-walled carbon nanotube (SWNT) nucleation on SiO, nanoparticles have been investigated using
guantum-chemical molecular dynamics (QM/MD) methods. Upon supply of CH, species to the surface of a
model SiO, nanoparticle, CO was produced as the main chemical product of the CH, CVD process, in agreement
with a recent experimental investigation [Bachmatiuk et al., ACS Nano 2009, 3, 4098]. The production of CO
occurred simultaneously with the carbothermal reduction of the SiO, nanoparticle. However, this reduction, and
the formation of amorphous SiC, was restricted to the nanoparticle surface, with the core of the SiO, nanopatrticle
remaining oxygen-rich. In cases of high carbon concentration, SWNT nucleation then followed, and was driven
by the formation of isolated sp?-carbon networks via the gradual coalescence of adjacent polyyne chains. These
simulations indicate that the carbon saturation of the SiO, surface was a necessary prerequisite for SWNT
nucleation. These simulations also indicate that a vapor—solid—solid mechanism, rather than a VLS mechanism,
is responsible for SWNT nucleation on SiO,. Fundamental differences between SWNT nucleation on

nontraditional and traditional catalysts are therefore observed.

1. Introduction

The observation of carbon nanotubes (CNTS) in 1991* and
the subsequent discovery of single-walled carbon nanotubes
(SWNTs) in 199322 were landmark moments in the fields of
nanoscience and nanotechnology. Since their discovery, the
synthesis of SWNTSs via transition-metal catalyzed chemical
vapor deposition (CVD) and arc-discharge techniques has
become a routine process on industrial scales. It has only been
within the past decade that CNT synthesis on nontransition metal
catalysts has been established.* The first such reports demon-
strated the growth of CNTs from the sublimation decomposition
of SiC,>6 and their formation from other allotropes of carbon.”®
The possibility of metal-free SWNT growth was aso investi-
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gated theoretically on several occasions.® *' More recent
experimental investigations have employed CVD on SIC, Ge,
and Si nanoparticle catalysts.> The CVD synthesis of CNTs
has also been demonstrated using carbon black substrates,
nanodiamonds and fullerenes.*®** Other, atypical nanoparticles
such as Al,O; and ZrO, have also proved to be catalyticaly
active in this context.*>® Since 2009, however, there has been
aspate of investigations'’~2* demonstrating the CVD synthesis
of CNTs on SiO, substrates.

The precise, atomistic mechanism by which CNT nucleation
and growth proceeds on any nontraditional catalyst remains
unknown. On the other hand, the vapor—liquid—solid (VLS)
mechanism?? is well-established in the context of traditional,
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iron-group metal catalyzed SWNT nucleation and growth.*~2
According to the VLS mechanism, CNT growth is preceded
by liquid-phase metal-carbide nanoparticles produced from the
co-condensation of gas-phase metal and carbon atoms. Carbon
super saturation in these metal -carbide precursors subsequently
induces precipitation of carbon from the nanoparticle bulk to
the surface, at which point the solid phase CNTs nucleate and
grow. Among those reports of CNT synthesis on SiO, nano-
particles, few have attempted to propose a mechanism for CNT
nucleation and growth. Huang et al. have speculated that “any
materials with a suitable size may be effective catalysts for
SWNT growth”.*® Such a statement is certainly inline with the
observation that SWNTs can be grown even on natural
minerals.?® These authors also proposed that nanosized SIO, is
molten at 1173.15 K. Presumably then, the VLS mechanism
may be applicable in this case. Nevertheless, Huang et d.
reported that no carbide whatsoever was observed in XPS
spectra following SWNT growth. However, Liu et a.,*® who
also employed XPS methods, reported the presence of small
amounts of carbon on the substrate. Similarly, Bachmatiuk et
a.'” observed that, during EtOH CVD synthesis of large-
diameter carbon nanofibers (CNFs), the SIO, catalyst nanopar-
ticles were carbothermally reduced, yielding SiC. These authors
subsequently suggested that the nucleation of the yarmulke-
like cap was preceded by the dissolution of gas-phase carbon
into the SiO, nanoparticles, and the subsequent precipitation of
this carbon from liquid/liquidlike SIC nanoparticles. In other
words, it appeared that the VLS mechanism was responsible
for the CVD growth of these CNFs. To add another piece to
the puzzle, Homma et a. have shown that nontraditional
covalent catalysts including Si,** SiC,*? Al,03,* Si0,,%* and
nanodiamond* remain in the solid phase throughout CNT
nucleation and growth. In such a scenario, a VL S-type mech-
anismisclearly unredlistic. Instead, CNT nucleation and growth
was explained using a carbon-coated catalyst nanoparticle.

In this work, we present quantum-mechanical molecular
dynamics (QM/MD) simulations of CH, CVD and SWNT
nucleation on SiO, nanoparticles at 1200 K. In doing so, we
will reveal the atomistic mechanisms of these nonequilibrium
processes. The SWNT nucleation mechanism on SiO, will also
be compared to the recently reported mechanisms observed
using Fe and Ni nanoparticles. 2 It will be demonstrated herein
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that there are several fundamental differences separating SWNT
nucleation on traditional catalysts (i.e., transition metals) from
SWNT nucleation on SiO, catalysts. Most importantly, it will
be shown that a vapor—solid—solid (VSS) mechanism, as
opposed to a VLS mechanism, governs SWNT nucleation on
SO, catalysts.

2. Computational Methodology

Molecular dynamics calculations were performed by integrating
the Newtonian equations of motion with the Velocity—Verlet
agorithm (At = 1.0 fs). The nuclear temperature was controlled
using a Nose—Hoover chain thermostat®® connected to the degrees
of freedom of the system. The quantum chemical potential was
generated using the SCC-DFTB method, in conjunction with afinite
electronic temperature®® 32 (T, = 1500 K). The latter assists
dramatically in the convergence of the SCC equations, since the
occupancy of each molecular orbital is described by a Fermi—Dirac
distribution function of its energy. The occupancies of molecular
orbitals close to the Fermi-level therefore varied continuously over
the domain [0, 2]. Our group has used equivalent approaches
extensively in describing the dynamics of SWNT nucleation and
growth on a variety of transition-metal catalysts.>”>3 38 |n the
present context, the use of anonzero T, is considered to be essentidl,
due to the prevalence of dangling C and Si bonds in the model
system.

SiO,-catalyzed SWNT nucleation has been smulated in thiswork
at 1200 K using an isolated SiO,-nanoparticle in a periodic 6.0 x
6.0 x 6.0 nm® vacuum. The initial Si-terminated Sig;Ogg Nanopar-
ticle was obtained by truncating an extended -quartz structure®
and had approximate dimensions of 1.8 x 1.5 x 1.1 nm®. In the
absence of a continued lattice framework this SiO, structure quickly
relaxed, losing much of its origina structural character and
resembling instead an amorphous SiO, nanoparticle. This is
illustrated in Figure S1 of the Supporting Information, which shows
the SiO, nanoparticle after SCC-DFTB geometry optimization and
10 ps of thermal equilibration at 1200 K using SCC-DFTB/MD.

Liu et a.*® have recently suggested that (due to the lack of
catalytic activity of SiO,) CH; molecules partially decompose
pyrolyticaly prior to adsorbing on the SiO, surface. Concordantly,
the SWNT nucleation algorithm employed in this work consists of
‘shooting’ randomly selected CH, species (x = 0—3) representing
pyrolytically decomposed methane fragments at the SiO, nanopar-
ticle center-of-mass at intervals of 0.5 ps. Our group has used a
similar shooting approach in previous simulations of transition-
metal-catalyzed SWNT nucleation.?” The value of x here is chosen
according to a normalized Poisson distribution, and approximates
the relative probabilities of successive dehydrogenation of CHy (i.e.,
the probability of producing CHy, P(CH,), is such that P(CH3) >
P(CH,) > P(CH) > P(C)). Following 10 ps of SCC-DFTB/MD,
the removal of hydrogen from the model system was initiated at a
rate of 4 H atomg/ps, until hydrogen was completely removed from
the model system. Each hydrogen atom was selected randomly.
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Such an approach has recently been employed in the QM/MD
investigation of giant fullerene®™ and polyaromatic hydrocarbon
(PAH)** formation during the combustion of benzene and is, in
effect, an attempt at mimicking the chemical removal of hydrogen
from the system.

Significant chemical activity was observed during these simula-
tions of SiO,-catalyzed CH, CVD, in contrast to traditional,
transition-metal-catalyzed SWNT nucleation (section 3). This
resulted in constantly fluctuating populations of carbon on the SIO,
nanoparticle during the early stages of the SWNT nucleation
process. Constant surveillance of the SCC-DFTB/MD trajectories
was necessary in order to ensure that sufficient amounts of carbon
remained present on the SiO, nanoparticle. Recent experimental
results indicate the existence of a carbon-coated solid nanoparticle
during SWNT growth from nonmetal nanoparticles Ge,*? Si,*?
SiIC,*2 AlL,Os,'® Si0,,%* and nanodiamond.* To address this
observation, we have employed three differing target carbon
concentrations ([C]) on the SiO, nanoparticle, viz. 60, 100, and
140 carbon atoms (denoted as low, intermediate, and high concen-
tration, respectively). The dependence of both the CH, CVD and
SWNT nucleation processes on the carbon concentration may
therefore be elucidated. That is, CHy species were supplied to the
surface of the SiO, nanoparticle until the number of carbon atoms
reached one of these three concentrations, after which the system
was simply annealed at constant temperature. In reality, due to the
use of periodic boundary conditions, additiona carbon-containing
species were al so adsorbed occasionally onto the SiO, surface. Thus,
[C] in practice was dightly higher than originally intended. It is
noted here that the SiO,-catalyzed SWNT nucleation simulation
reported in this work was replicated 10 times, trgjectories that are
referred to throughout this work using roman numerals 1—10, with
subscripts denoting low, intermediate, and high [C].

3. Results and Discussions

3.1. Simulated CH4 CVD on SiO, Nanoparticles. Smulations
of CH, CVD on themode SiO, nanoparticleinduced a surprisingly
rich chemical process, in contrast to carbonaceous CVD processes
on iron-group meta cataysts. In particular, the primary chemica
product formed resulting from the interaction of CH, with the SO,
was CO. Figure 1 shows the evolution of Trajectory 7,4y, and the
chemical activity observed during the first 35 ps. Figure 2 details
the average chemical activity observed during the first 100 ps of
the smulation, averaged over the 10 trgjectories calculated for low,
intermediate and high [C]. The corresponding structures of the SO,
nanoparticle after 100 ps are shown in Figures S1—S3 of the
Supporting Information. It is immediate from Figure 1 that the
production of CO was the single dominant feature of this chemical
process. This observation is consistent with the recent experimental
findings of Bachmatiuk et al.,*” who observed the production of
CO and SIO during CH4 CVD on SIO,. In contrast to these authors,
however, no SO was observed as aresult of theinteraction between
CHy and the SIO, nanoparticle in this work. Moreover, no Si was
removed from the SiO, nanoparticle throughout the simulation in
any trgjectory. This was anticipated due to the use of different
carbon feedstock (CH, instead of EtOH™), the disparate dimensions
of the SIO, nanoparticles (ca. 2 nm instead of 10—50 nm*’) and
the use of a hydrogen atmosphere by Bachmatiuk et a.*’
Supplementary SCC-DFTB/MD simulationsrevedled that the SO,
mode nanoparticle employed in thiswork was prone to disintegra-
tion in the presence of H,. It isevident from Figure 1a, particularly
during the earliest stages of the CVD simulation, that on severa
occasions CH, species simply rebounded from the particle, despite
their reactivity, underlining the cataytic inactivity of SIO,.
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Figure 1. Evolution of Traectory 7w. (&) Snapshots during CVD
simulation. Blue, red, black, and white spheres represent Si, O, C, and H
atoms, respectively. (b) Total hydrogen (Hua), carbon residing on the SiO,
nanoparticle (Cs,o,), and total CO observed during CVD simulation.

Part b of Figure 1 and Figure 2 aso illustrate that, during
the initial stages of CVD, a significant amount of the carbon
that initially interacts with the SiO, nanoparticle results in CO
formation. In the case of Trgectory 7o, it is evident that
approximately 25% of al CHy carbon supplied to the SiO,
nanoparticle during the first 35 ps was released as CO. The
average number of CH carbon atoms released as CO for low,
intermediate and high [C] were 18.6, 22.2, and 24.4 (31%, 22%,
and 17% of the respective target carbon concentrations).
Consequently, there is a comparatively small amount of
decomposed carbon density residing on/within the SiO, nano-
particle during this stage of the CVD process. The process of
SWNT nucleation on SiO, nanoparticles is considered to be
relatively inefficient in this respect, since much of the carbon
decomposed onto the SiO, nanoparticle never participates in
the process of SWNT nucleation itself. It is immediate from
Figure 2athat for low [C] the point at which CH, supply to the
SiO, nanoparticle ceased (ca. 50 ps) coincided with the point
at which the production of CO stopped. However, Figure 2b
and 2c indicate that the point at which CO production ceased
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Figure 2. Average total hydrogen (Hia), carbon residing on the SiO,

nanoparticle (Cs,o,), and total CO observed during SCC-DFTB/MD

simulations of CH, CVD for (a) low, (b) intermediate, and (c) high carbon
concentration. All data averaged over 10 trgjectories.

for intermediate and high [C] preceded the point at which CH
supply was stopped. Instead, CO production ceased once the
surface/subsurface region of the SiO, nanoparticle was saturated
with carbon. Thus, the single factor governing the production
of CO during CH, CVD on SiO, nanoparticles is the carbon
concentration in the surface/subsurface region of the SiO,
nanoparticle. It is also concluded from comparison of Figure
23, 2b, and 2c that each CH, moiety was only chemically active
for the period immediately following its adsorption on the SiO,
nanoparticle. That is, once a CHy species was deposited onto
the SIO, nanoparticle, it either reacted with SiO, oxygen,
forming CO, or was sequestered into the surface/subsurface
structure of the amorphous SiO, nanoparticle itself. A more
detailed discussion of surface/subsurface saturation of carbon
will be presented in subsequent sections.

3.2. Mechanism of CO Formation. We now turn to an explicit
description of the CO production mechanism observed in our
QM/MD simulations. This discussion pertains to results of low
[C] smulations, although these results are entirely consistent
with those of intermediate and high [C] simulations. This
mechanism is featured in Figure 3 and movies Sla and Slb of
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the Supporting Information. In al cases of CO formation
observed in thiswork, it was observed that H abstraction (from
the CO carbon) preceded the formation of CO itself. The SIO,
nanoparticle catalyst itself usually mediated this H abstraction.
An example of such a process is shown in Figure 3a. In this
case, a CH moiety bonded directly to a terminal oxygen atom
of the SiO, nanoparticle after 3.96 ps of simulation. Naturally,
the formation of this C—O bond weakened the existing
Si—O—Si bridge structure on the surface of the catalyst.
Following afurther 0.08 ps, this Si—O—Si bridge structure gave
way in favor of the Si—O—CH structure (4.04 ps). The OCH
hydrogen atom was then almost immediately abstracted by a
neighboring SiO; silicon atom (4.08 ps), at which point the CO
moiety dissociated from the SiO, nanoparticle. Interestingly, the
OCH hydrogen atom remained delocalized over the immediate
region of the SiO, nanoparticle for a further 3—4 ps. During
this time it interacted predominantly with two local silicon
atoms. The separation of these two silicon atoms, via a
conformational change of the SiO, nanoparticle, ultimately
forced this hydrogen atom to bond to a single silicon atom.

Interestingly, H abstraction was also mediated by adjacent
carbonaceous species deposited on the surface SiO, nanoparticle.
An example illustrating this observation, shown in Figure 3b,
begins with the addition of a CH moiety to the SIO, nanoparticle
after 14.78 ps of smulation. In this case, the CH carbon initialy
formed an intermediate Si—O—C trigona structure, before
bonding to the same terminal oxygen atom of the SO,
nanoparticle. As observed in Figure 3a, the addition of this CH
moiety weakened the existing Si—O—Si bond. In this case
however, the Si—O—CH structure formed by the Si—O bond
cleavage (14.96 ps) existed for 0.18 ps, slightly longer than the
example discussed in Figure 3a. The OCH group formed at this
point exhibited greater stability, persisting on the SiO, surface
for another 0.36 ps. During this period, the OCH moiety formed
exhibited greater vibrational and rotational freedom. This
facilitated several dissociation attempts by the CO subunit.
Nevertheless, only after a neighboring CH carbon abstracted
the OCH hydrogen atom, at 15.32 ps, did the CO moiety finaly
dissociate from the SIO, nanoparticle.

The H abstraction/CO production process shown in Figure 3
not only illustrates the explicit role of the SiO, catalyst particle
during the CH, CVD process, it also demonstrates a natural
hydrogen removal mechanism during this process. The removal
of hydrogen in this case is not only necessary for the formation
of CO, but is also expected to make SWNT nucleation more
favorable via the production of carbon dangling bonds (which
in turn, due to their reactivity, readily contribute to the
construction of an sp?-hybrdized carbon network). This effect
of hydrogen has previously been established during simulations
of fullerene and polycyclic aromatic hydrocarbon formation from
benzene combustion,*® and Al/Fe-catalyzed SWNT nucleation.*?
Indeed, with respect to transition-metal-catalyzed SWNT nucle-
ation, the exact mechanism by which hydrogen is removed from
the carbon feedstock remains elusive to date. Our simulations
here illustrate that the hydrogen remova process plays an
important role at the atomic level and on atomic time scales.

3.3. Carbothermal Reduction of SiO, Nanoparticles. The
production of CO precedes what can be considered to be the
SWNT nucleation processitself. Thiswas also concluded from
a recent experimental study,*” in which it was proposed that
SiO, was carbothermally reduced to SiC, before C precipitation

(42) Eres, G.; Rouleau, C. M.; Yoon, M.; Puretzky, A. A.; Jackson, J. J,;
Geohegan, D. B. J. Phys. Chem. C 2009, 113, 15484.
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15.32 ps 15.36 ps

Figure 3. H-abstraction and CO production observed during CVD simulation (Trajectory 14y). (@) Example of H-abstraction/CO production mediated by
the SIO, catalyst. (b) Example of H-abstraction/CO production mediated by C adsorbed on SiO, catalyst. In both cases, H-abstraction precedes the formation
and release of CO from the SiO, nanoparticle. Color conventions as in Figure 1. Time given with respect to the beginning of the simulation.

Figure 4. Carbothermal reduction of the SiO, nanoparticle observed in
trajectories (8) Siow, (D) Sintemediates @1 (C) Srigh. IN €ach case, SiO, reduction
and amorphous SiC formation is limited to the surface/subsurface regions
of the nanoparticle. Color conventions as in Figure 1.

took place, nucleating a SWNT cap fragment according to the
VLS mechanism. The potential of carbon production via the
decomposition of the SiC structure itself was also noted.*”
The carbothermal reduction of SiO, during CH, CVD was
also observed in the present work. It is evident from Figure 4
that, upon adsorption of CH, onto the SIO, nanoparticle surface,
those carbon atoms that were not expelled from the nanoparticle
as CO remained on, or just below, the surface of the nanopar-
ticle. Two primary differences from experimental observations”
are therefore evident. First, as can be seen from Figure 4, the
carbide structure formed from the carbothermal reduction of
SiO, is clearly an amorphous one — no bulk SiC structure was
formed as aresult of the reduction process. Second, and perhaps
more significantly, the carbothermal reduction of SO, by CHy
was limited to the surface/subsurface layers of the SO,
nanoparticle. Thus, the core of the nanoparticle remained
oxygen-rich in al computed trajectories. The localization of this
carbon density in the SIO, surface/subsurface regions generally
resulted in a large number of extended polyyne chains in/over
the surface/subsurface regions of the SiO, nanoparticle. These
chains accumulated and grew in length gradually during the
course of the CVD process. The formation of these chains
correlated with the carbothermal reduction of the amorphous
SiO, nanoparticle, forming amorphous SiC. The sequestration
of carbon into the SIO, nanoparticle and the formation of
polyyne chains are very favorable processes in a thermodynamic
sense, considering the strength of the S—C/C—C interactions.
The strength of the Si—C interaction (—6.88 eV/atom at the

99.9 - 104.0 ps

Figure 5. Conversion of free polyyne chains to constrained polyyne chains
on the SiO, nanoparticle surface, observed in trajectory 10,o,. In this case,
two free polyyne chains located on the SiO, surface are converted to a
constrained polyyne chain, after which a 5-membered carbon ring is formed.
Color conventions as in Figure 1; yellow spheres are used to highlight
polyyne chains referred to in the text.

104.3 ps

SCC-DFTB level of theory) also has ramifications with respect
to the ability of SIO, to catalyze the SWNT nucleation and
growth processes.

Throughout the simulations presented in this work, the
extended polyyne chains that were formed in the surface/
subsurface layers of the SiO, nanoparticle generally took one
of two forms. We denote these two forms here as free — those
that exhibited terminal C—Si bonds only, and constrained —
those that exhibited both terminal and nonterminal C—Si bonds.
Both forms of polyyne chains are clearly visible in Figure 4.
Upon therma annealing, it was found that the populations of
free and constrained polyyne chains fluctuated, with free polyyne
chains being gradually converted into constrained polyyne
chains. An example of this conversion, observed in trgectory
100w, isillustrated in Figure 5 and movie S2 of the Supporting
Information. The restricted vibrational and trandlational mobility
of these surface polyyne chains is immediate from Figure 5.
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Figure 6. Evolution of the average coordination numbers of (a) carbon
and (b) silicon atoms during SO, catalyzed CH, CVD simulations at low
carbon concentration. Only constituent atoms of the main SiO, cluster have
been considered. All data averaged over 10 tragjectories.

Remarkably, the polyyne chains in question (highlighted in
Figure 5) remained essentially unchanged between 56.0 and 99.8
ps, due to the strong terminal C—Si bonds pinning the polyyne
chains into position on the SO, surface. After 99.9 ps a new
C—C bond between the two surface polyyne chains was formed,
at the expense of aterminal C—Si bond in one of the original
polyyne chains. The remainder of the isomerization process of
this new polyyne chain then took place relatively quickly. After
99.9 ps, the bridging C—Si—C structure was broken, a process
that was induced by the configurational change of the catalyst
surface itself. That is, the catalyst structure explicitly influenced
the structure of the polyyne chain depicted in Figure 5. This
phenomenon was also observed frequently in other trgjectories
for low, intermediate and high [C]. After 104.3 ps, an
intermediate structure featuring a three-membered C—C—Si ring
was formed. Understandably however, this structure was
relatively unstable, lasting only 0.1 ps. The silicon atom present
in the C—Si—C bridging structure was then displaced by these
carbon atoms, resulting in the formation of a new C—C and
hence a five-membered carbon ring at 104.4 ps.

The conversion of free polyyne chains to constrained polyyne
chains was consistent with the evolution of the average
coordination numbers of carbon and silicon atoms (residing on
the main SIO, cluster). These average coordination numbers are
shown in Figure 6 for the first 250 ps of CH, CVD using low
[C]. After the supply of CH, ceased (at ca. 50 ps) the populations
of sp, sp?, and sp® carbon atoms stabilized. However, during
the 200 ps of thermal annealing that followed, agradual decrease
in the sp carbon population was observed. This decrease was
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accompanied by a simultaneous increase in the sp? carbon
population. A concomitant increase in the number of 4-coor-
dinated silicon was aso observed during this period. This
increase in the population of 4-coordinated silicon was attributed
to the formation of new C—Si bonds in the SiO, nanoparticle
surface.

The protracted time scale over which this polyyne isomer-
ization process took place is testament to the strength of the
Si—C interaction itself. This also constitutes a fundamental
difference between the SiO,-catalyzed SWNT nucleation mech-
anism, and that using Fe/Ni etc. It has recently been estab-
lished?"28:3743 that the tranglational and vibrational mobility of
polyyne chains on Fe and Ni nanoparticle catalyst surfaces
dictates the mechanism and dynamics of SWNT nucleation and
growth. This is in turn attributed primarily to the weaker
carbon—catalyst interaction strengths (—1.78 eV/atom (Fe) and
—1.06 eV/atom (Ni), using SCC-DFTB). Despite the slow
production of sp? carbon on the SiO, surface, it was accelerated
significantly at higher carbon concentrations. Therefore, the
saturation of the surface/subsurface region of the SO, nano-
particle is necessary before an extended sp? network can be
established. This proposal will be corroborated in the subsequent
section, which deals exclusively with the formation of such a
network and subsequently SWNT nucleation. The differences
between SWNT nucleation mechanisms observed using SiO,
and those observed using transition-metal catalysts will also be
elaborated upon in the subsequent section.

The conclusions drawn here regarding the extent of SO,
reduction are seemingly at odds with the experimental conclu-
sions of Bachmatiuk et al.,*” but are consistent with the carbon-
coated nanoparticle hypothesis of Homma et a.* We suspect
that the differencesin the extents of catalyst reduction are closely
related to the respective sizes of the SO, nanoparticles. In
particular, the particles employed by Bachmatiuk et al.*” during
the synthesis of carbon nanofibers were far larger, whereas the
particles used by the other groups had catalyst size distributions
comparable the size of our model SIO, particle. The applicability
of a VLS-type mechanism in the case of SiO, catalysts seems
questionable, for two reasons. First, al carbon atoms adsorbed
onto the SIO, nanoparticle in thiswork remained in the surface/
subsurface regions of the nanoparticle, thus making precipitation
of this carbon impossible. Second, the restricted vibrational/
translational mobility of the subsurface/surface polyyne chains
(which represent the mgjority of the adsorbed carbon) indicates
that diffusion/precipitation of carbon over/through the SO,
nanoparticle is an energetically unfavorable process. Addition-
ally, the nanoparticles shown in Figure 4 exist in the solid state
throughout the SWNT nucleation process. This was concluded
following consideration of the Lindemann index.** The Linde-
mann index of the SiO, nanoparticle employed here remained
below 0.05 throughout all trajectories, irrespective of [C]. This
was well below the accepted threshold®® #’ (0.10—0.15)
signifying the solid—liquid phase transition. It is proposed
therefore that SWNT nucleation on SO, nanoparticles is
governed by a VSS-type mechanism, as opposed to a VLStype
mechanism. Such a mechanism for CNT growth seems atypical .
However, the VSS mechanism has been employed to describe
the growth of a variety of inorganic nanowires (including

(43) Page, A. J.; Minami, S,; Ohta, Y.; Irle, S.; Morokuma, K. Carbon
2010, 48, 3014.
(44) Lindemann, F. A. Phys. Z. 1910, 11, 609.
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Figure 7. Average carbon only rings and carbon—silicon rings formed during SWNT nucleation on SiO,. Carbon only rings are shown in (a), (b), and (c)
for low, intermediate and high [C], respectively. Carbon—silicon rings are shown in (d), (€), and (f) for low, intermediate and high [C], respectively. All data

averaged over 10 tragjectories.

GaAs,*® Si,%° and ZnO>°). These simulations also show that the
fact that oxygen has no conceivable function in any stage during
SiO,-catalyzed SWNT nucleation. It is possible, therefore, that
the atomistic mechanisms of SWNT nucleation using SIO,, SIC,
and Si nanoparticles are indistinguishable (i.e., catalyst-
independent). Simulations aimed at addressing this possibility
are presently being performed within our group.

3.4. SIO,—Catalyzed SWNT Nucleation Mechanism. We now
turn to adiscussion of the explicit mechanism of SiO,-catalyzed
SWNT nucleation observed in our QM/MD simulations. SWNT
nucleation on SiO, was defined by the creation of ring structures
composed of carbon atoms. However, C—Si composite ring
structures were also prominent during the nucleation process,
as shown in Figure 7, indicating that the SiO, surface may play
an explicit role in SWNT nucleation (as opposed to transition-
metal catalysts). It is aso evident that there was little, if any,

(45) Borjesson, A.; Curtarolo, S.; Harutyunyan, A. R.; Bolton, K. Phys.
Rev. B 2008, 77, 115450.

(46) Ding, F.; Bolton, K.; Rosen, A. Eur. Phys. J. D 2005, 34, 275.

(47) Shibuta, Y.; Suzuki, T. Chem. Phys. Lett. 2007, 445, 265.

(48) Persson, A. I.; Larsson, M. W.; Stenstrom, S.; Ohlsson, B. J;
Samuelson, L.; Wallenberg, L. R. Nat. Mater. 2004, 3, 677.

(49) Wen, C. Y.; Reuter, M. C,; Tersoff, J.; Stach, E. A.; Ross, F. M. Nano
Lett. 2009, 10, 514.

(50) Campos, L. C.; Tonezzer, M.; Ferlauto, A. S.; Grillo, V.; Magahaes-
Paniago, R.; Oliveira, S.; Ladeira, L. O.; Lacerda, R. G. Adv. Mater.
2008, 20, 1499.

preference between 5- and 6-membered C—Si ring productions
during the early stages of SWNT nucleation, irrespective of [C].
The extent of C—Si ring production was proportional to the
carbon concentration, as one might expect. Interestingly, active
C—Si ring production using low [C] was only observed during
the period of carbon adsorption. This observation is concomitant
with the relationship between carbon adsorption and the
chemical activity discussed previously. Figure 7a, 7b, and 7c
show that carbon rings were only produced during intermediate
and particularly high [C] simulations. Admittedly, carbon ring
production was observed at low [C] over longer time scales
(Figure $4 of the Supporting Information). However, this was
limited to the production of asinglering in trgjectory 10,,, and
so is not considered to constitute SWNT nucleation. Figure 7
also indicates that thereis a distinct preference for 5-membered
carbon ring production during SWNT nucleation on SiO,. Such
preferential 5-membered ring formation has also been observed
during SWNT nucleation on Fe and Ni nanoparticles.?”?® This
preference is attributed to the high positive curvature of the
catalyst nanoparticles in both cases.

An explicit example of SWNT nucleation, observed in
trajectory 10rign, is depicted in Figure 8 and movie S3 of the
Supporting Information. After 75.0 ps, a single 6-membered
carbon ring was formed via a mechanism requiring numerous
Si—C ring isomerizations. During the following 15 ps, this
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Figure 8. Successive carbon ring formations observed during SWNT
nucleation on SO, (trajectory 1yg,). Color conventions asin Figure 1, yellow
spheres are used to newly added carbon rings in the SWNT cap fragment.

6-membered ring was transformed into a 7-membered ring at
80.8 ps, due to an encroaching carbon atom in an adjacent
3-membered ring. Subsequent events of ring formation, each
occurring at 91.8, 92.3, 92.6, 94.3, and 96.2 ps, resulted from
the coalescence of adjacent polyyne chains adsorbed on the SO,
surface. The SWNT nucleation mechanism observed here was
therefore dramatically different to that observed on Fe and Ni
nanoparticles.?”?® For example, the latter always features the
formation of a Y-shaped polyyne junction, from which a
5-membered ring is formed. The vibrational motion of polyyne
chains that extend from this 5-membered ring nucleus then
drives subsequent ring condensation. Thisis not the case in the
present work because of the restricted vibrational/transl ational
motion of the adsorbed polyyne chains. Instead, the configu-
rational dynamics of the SiO, surface region dictate ring
condensation here. A much higher surface density of carbon is
therefore required before SWNT nucleation is observed. This
conclusion is consistent with a phenomenon we found com-
monly at intermediate and high carbon concentrations, namely
the formation of isolated sp?-carbon islands, often consisting
of only one carbon ring, or a single conjugated ring structure.
The existence of these idlands is again consistent with the
carbon-coated nanoparticle hypothesis of Homma et al.* The
kinetics of SWNT growth on SiO, is also anticipated to be
inferior to that observed on transition-metal catalysts. In the
majority of computed trgjectories using intermediate and high
[C], the carbon rings formed were generally isolated from each
other. In addition, the rates at which these sp?-carbon islands
were formed were prohibitively slow, due to the low vibrational
and trandlational mobility of the constituent polyyne chains on
the SiO, surface. Consequently, arealistic time scale for SWNT
growth is likely to be significantly larger than those employed
here (i.e.,, on the order of nanoseconds or longer). This is
consistent with experimental data — for example, experimental
growth rates using Al,0; and SIO, are ca 1—3 orders of
magnitude slower compared to those using Fe.*?° The explicit
atomistic mechanism of continued SWNT growth is presently
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unknown. Simulations to elucidate this mechanism are currently
being performed in our group.

4. Conclusions

We have reported here the atomistic mechanism of SWNT
nucleation on SIO, catdyst nanoparticles, based on QM/MD
simulations of CH,; CVD. In agreement with experiment,”” CO
was produced as the main chemica product of this CH, CVD
process. The production of CO in this case, and the nucleation of
CNTs in genera, necessitate the abstraction of atomic hydrogen
from the CO carbon. We have therefore observed the mechanism
by which this removal takes place in the case of SIO, catalysts.
The production of CO during CH, CVD resulted in the carboth-
erma reduction of the SIO, nanoparticle, resulting in a catalyst
nanoparticle conssting of a SiO, core surrounded by an amorphous
SiIC shell. Thefirst stage of the SWNT nuclestion process featured
the coalescence of carbon atoms on the SIO, surface, resulting in
the formation of extended polyyne chains. At higher carbon
concentrations, the isomerization of these polyyne chains resulted
in the formation of isol ated sp?-carbon networks on the SO, surface
via ring condensation, and, ultimately, the formation of a SWNT
cap structure. The surface saturation of the SO, nanoparticle was
a necessary prerequisite for SWNT nucleation. This is consistent
with the hypothesis of a carbon-coated nanoparticle precursor. The
SiO,/SiC nanoparticle remained in the solid phase throughout the
nuclegtion process. Elements of SiO,-catalyzed SWNT nuclestion
are therefore irreconcilable with those of a VL S-type mechanism.
Instead, it is concluded that SIO.,-catalyzed SWNT nucleation
proceeds according to a V' SS mechanism, and so is comparable to
the growth of a number of other inorganic nanostructures.*®~>°
Consequently, it is evident that the processes of SWNT nucleation
on SiO, and traditional catalysts (such as Fe and NiZ"%®) differ at
the most fundamentd level.
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