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Abstract

Understanding the evolution of the catalyst structure and interactions with the nascent nanotube
at typical chemical vapor deposition (CVD) conditions for the synthesis of single-walled carbon
nanotubes is an essential step to discover a way to guide growth toward desired chiralities. We
use density functional theory (DFT) and ab initio molecular dynamics (AIMD) simulations on
model metallic and carburized Ni clusters to explore changes in the fundamental features of the
nanocatalyst: geometric and electronic structure, dynamics and stability of the carburized
nanocatalyst, and interactions with nascent nanotube caps at two different temperatures (750 and
1000 K) and different carbon composition ratios. This allows us to gain insight about the
evolution of these aspects during the pre-growth and growth stages of CVD synthesis of single-
walled carbon nanotubes and their implications for reactivity and control of the nanotube
structure.

Introduction

A significant and sustained interest in finding ways to synthesize nanomaterials has emerged a
couple of decades ago. Motivation for this was nourished by predictions of materials with
extraordinary properties conferred by their nanometric dimensions. Among the ample variety of
nano-sized novel materials that continue to cause fascination, carbon nanotubes maintain interest
as new exciting applications emerge, and efforts to produce them in a selective and efficient
manner continue to increase'. Potential uses of single-walled carbon nanotubes (SWCNTSs) range
from nanoelectronic devices such as electron field transistors®, to biomedical’, separations4,
electrochemistry” and other innovative energy-related applications’. The attractiveness of
SWCNTs for these and other emerging applications is derived from their outstanding properties
including excellent thermal conductivity7, electron mobilityg, electron transfer in electrodes’,
optical properties'® and mechanical stability'".

A number of synthesis techniques have been developed to fabricate SWCNTs at low cost and
large-scale'>. However, the lack of control of the nanotube structure (and associated chirality)
remains to be one of the main obstacles for the selective synthesis of SWCNTSs. Structural
features such as diameter, length, defect density, and chiral angle are fundamental to determine
the suitability of SWCNTs for each particular application due to the strong structural dependence
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of their properties”. Despite the existence of complex separation techniques that can achieve a
high degree of purity of SWCNT with specific features'*'®, developing methodologies to
selectively produce SWCNT stays in the spotlight of researchers as a more efficient and
economically viable option.

Catalytic chemical vapor deposition (CVD) is currently one of the most commonly used
methods for the synthesis of SWCNTSs. Some of its main advantages are a relatively low cost and
high degree of control and scalability'. A typical CVD scheme operates at temperatures ranging
from 600 to 1300 K, and pressure between 1 and 5 atmospheres. Supported or floating transition
metal nanoparticles in a gas phase reactor are used as catalysts and hydrocarbons, ethanol,
methanol, CO, or CO are usually the carbon sources'”'®. Experimental™* and theoretical
studies®'** aiming to reveal the growth mechanisms at the atomic scale have allowed the
elucidation of important features of the catalyst and the nanotube during the nucleation and
growth stages and continue to bring questions that motivate further research into each aspect.
One example in particular is the observation of SWCNT growth on pure transition metal
catalysts” and on carbide nanocatalysts”®*’, raising questions such as what is the role of C atoms
dissolved in the nanoparticle? How can they affect the structure and activity of the catalyst? And
how does the structure of the catalyst influence the type of carbon nanostructure grown on its
surface?

A fundamental aspect that may be crucial to determine the final nanotube structure during CVD
is the correlation between the nascent nanotube and the structure of the nanocatalyst. Among
proposed growth mechanisms, a femplate effect in which the nucleation process of the nascent
cap structure is guided by the structure of the supported nanocatalyst has been predicted and
observed*****. The opposite case where the nanocatalyst accommodates its shape to the
growing carbon nanostructure has also been observed and is known as inverse template effect’”.
The second case is more likely to be observed during synthesis using a floating catalyst® >>.
Current experimental techniques such as electron scanning microscopy have allowed in situ
atomic scale observations, providing evidence of the influence that the nanoparticle structure can
have on the nascent nanotube”~*. Such observations can be further examined and interpreted
with the use of quantum mechanical calculations. Computational tools such as density functional
theory (DFT) and ab initio molecular dynamics (AIMD) are helpful providing relevant
information to elucidate the key aspects of the catalyst that may be determinant of the nanotube
structure. Consequently, exploring and understanding the structure and chemical nature of the
nanocatalyst becomes a required step toward elucidating growth mechanisms and using them as
tools to devise control strategies over the structure of SWCNTs.

Ni, Co, and Fe are the most common catalysts in SWCNT synthesis. DFT calculations of Ni
nanoparticles in contact with model nanotubes have been previously studied and reported in the
literature. Borjesson et al. investigated the effect of the NissCy carbide composition on SWCNTs
growth by estimating the binding energies between SWCNTs with specific chiralities (namely
(3,3), (5,5), (9,1) and (10,0)) and both Ni and Ni carbide particles. They concluded that
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nanotubes interact more strongly with the pure metal than with the carbide; however the
difference was reported as small compared with the total adhesion energies™. Wang et al. also
studied adhesion energies, chemical potential and charge distribution between Niss clusters and
selected nanotube caps with chiralities (5,5), (6,5) and (9,0). The energetics of the different
carbon structures in contact with the nanoparticle showed small differences and were
characterized by electron transfers between the nanoparticle and the nanotube™.

The dynamics and stability of a carburized nanocatalyst at the synthesis temperature, its local
composition, shape, electronic structure, and interactions with nascent nanotube caps are the
focus of the present work. Although the dynamic evolution of the catalyst and the nanotube has
been studied in the past using reactive classical molecular dynamics providing a step-by-step
picture of the catalytic process, diffusion in the nanoparticle, and incorporation into the growing
nanotube of the precursor carbon *"*% it is important to gain further insights of the effects of
electronic distribution without the bias imposed by effective force fields. Here we use AIMD to
study the dynamics of a carburized Ni nanoparticle at typical CVD synthesis conditions and the
same nanoparticle in contact with model nanotube caps resembling the early stages of nanotube
growth. Because the extension of the simulated time frame is limited and phenomena such as the
incorporation of C atoms to the nanotube rim are not included, this study resembles growth in the
limit of low pressure of precursor gas. Comparisons between the pure metallic particle and the
carburized particle help to elucidate the interactions of these catalysts with the growing carbon
nanotube.

Computational Methods
We use spin-polarized DFT calculations with the Perdew-Burke-Ernzerhof exchange-correlation

40-44  The electron-
45,46

functional®® implemented in the Vienna ab-initio simulation package (VASP)
ion core interactions are treated with the projector augmented wave (PAW) pseudo-potentials
and the valence charge density with a plane wave basis set with a cutoff energy of 400 eV. The
geometry relaxations were performed using the conjugate gradient algorithm with an energy
stopping criterion of 10 eV, and for the electronic self-consistent loop 10™ eV was employed.
A Gaussian smearing with a 0.05 eV width was used. AIMD simulations were performed using
the NVT ensemble at 750 and 1000 K with the Nosé thermostat and a time step of 1 fs. A I'-point
Brillouin zone sampling for integration in the reciprocal space was used for energy relaxations
and in AIMD simulations. Estimation of atomic charges was performed using the Bader charge
analysis scheme, in which the electronic charge density enclosed within an atom defined by zero
flux surfaces corresponds to the total electronic charge of said atom*’**. The base model in our
simulations is a 55-atom Ni nanoparticle in a cubic box with side length of 3 nm, allowing
sufficient space to avoid interactions with periodic images in any direction. Modifications to our
model include the successive addition of C atoms into octahedral sites to resemble carbon
dissolution and carbide formation, followed by attachment of chiral nanotube caps over the
nanocatalyst structure.
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Our initial model consists of a 55-atom unsupported Ni nanoparticle constructed using Materials
Studio®". The nanostructure was built taking a Ni face-centered cubic (fcc) crystal as a base.
After relaxation of the initial structure, a progressive addition of C atoms into octahedral sites
within the nanoparticle structure was performed. For each C addition the nanoparticle structure
was allowed to relax. C atoms were added until saturation of the octahedral sites inside the
nanoparticle was reached while maintaining a stable structure (Figure 1). The energy of
interaction of the individual carbon atoms was estimated by subtracting the sum of energies of
the nanoparticle without carbon (Eniss) and number of C atoms (n) times the energy of an
isolated carbon (Ec¢) atom from the energy of the system (Enisscn). The result was normalized
dividing by the number of carbon atoms added.

Enisscn — (Eniss + 1 E
Eint — Ni55Cn ( Ni55 C) (1)

Figure 1. Side view of the structure of NissC;4 after locating C atoms in the inner octahedral
interstitial sites of a Niss unsupported cluster. Gray and brown spheres represent Ni and C atoms,
respectively.

In order to study the interactions of the nickel nanoparticle and the carbon atoms dissolved
within its structure with the nascent nanotube, model nanotube caps were constructed using the
software CaGE™. Nanotube caps were built taking into account the isolated pentagon rule,
according to which the stability of the cap is favored when the six pentagons needed in the
structure are isolated from one another’'. Figure 2 illustrates the model carburized nanoparticle
in contact with the nanotube caps. Four model nanotube caps were considered for nanotubes with
chiral indexes (8,7), (9,6), (11,5), and (13,0) in representation of chiral nanotubes with
semiconducting (Figure 2a) and metallic character (Figure 2b and c) and zigzag nanotubes with
semiconducting character (Figure 2d). The cap indexes were selected to obtain nanotubes with a
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diameter slightly larger than the nanoparticle diameter. The caps were placed in contact with
relaxed structures of NissCj4 nanoparticles.

Figure 2. Side view of the structure of the carburized NissCy4 in contact with four different
nanotube cap models with chiral indexes (n,m): a. (8,7), b. (9,6), c. (11,5) and d.(13,0). Gray and
brown spheres represent Ni and C atoms, respectively.

The dynamics of the carbon atoms inside the unsupported Ni nanoparticle at two different
temperatures, 750 K and 1000 K, was studied during 8 ps for two different compositions NissCjy
and NissCi4 using AIMD simulations. Further AIMD for the NissCj4 nanoparticles in contact
with four different model nanotube caps was carried out for a simulation time of 3 ps. The
individual trajectories of carbon were followed to obtain useful information about the dynamic
evolution of the nanocatalyst structure, the influence of the nascent nanotube and the occurrence
of carbon association.

Results and Discussion

Energetics of carbon dissolution and evolution of atomic interactions. Table 1 shows that for
each successive addition of C atoms to the Ni nanoparticle, the energy of the carburized particle
is lower than the sum of the energies of the Ni nanoparticle and C atoms separately. Thus, the
incorporation of C atoms into the nanoparticle structure is thermodynamically favorable, as
expected for transition metals capable of dissolving carbon. Across additions the energy of
interaction is consistent (mean=-6.49, standard deviation=0.12)

Table 1. Energy of the system and energy of interaction for each successive addition of carbon
into the Ni nanoparticle as defined in equation (1).

#C atoms 0 1 2 4 6 8 10 14
E interaction(eV) 00| -648| -640| -6.57| -6.59| -6.57| -6.55| -6.27

The composition of the particle once the octahedral sites were occupied without deformation of
the particle shape and structure was Ni; 9oC. This C concentration is lower than those of stable or
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metastable carbides such as Ni;C and Ni,C. The ability of a Ni nanoparticle to dissolve C is
dependent on its size and the conditions it is exposed to (temperature and C chemical potential).
Systematic analyses of the stability of carburized Ni nanoparticles have been performed using
computational tools such as tight binding and Monte Carlo simulations™>® reporting that carbon
solubility tends to increase with: a) decreasing particle size, b) increasing temperature, c)
increasing chemical potential (pressure of precursor gas). Similar behavior has also been
observed for other transition metals®. Generally, a nanoparticle has a much higher limit of C
dissolution than a bulk metal has, which in turn affects the melting temperature by decreasing it
at growth conditions. Thus, it is expected for the particle morphology to change dramatically
from that shown in Figure 1. This has been clearly observed using classical molecular dynamics
simulations at the CVD temperatures (~ 1000 K)*’~*® and in situ experimental techniques such as
environmental transmission electron microscopy (ETEM) imaging of SWCNT growth on Ni and
transition metals, in which structural fluctuations and reshaping effects are present with> and
without™ (negligible) carbon dissolution Though carbide phases have been identified in
nanoparticles at growth conditions***’, there is still a debate regarding the formation and stability
of carbide or surface carbide during the SWCNT process. Here minimum distances between C-
C, Ni-C and Ni-Ni atoms were monitored throughout the AIMD simulations to observe
variations in the nanoparticle structure and evaluate whether association among C atoms
dissolved in the nanoparticle would be possible.

Figure 3a illustrates the minimum distances between Ni and C atoms in the carburized Ni
nanoparticle of composition NissCj4 at 1000 K. Ni-Ni distances were observed to be maintained
about an average value of 2.27 A, which is in fair agreement with typical Ni interlayer distances
in Ni carbides®*’. Ni-C minimum distances show little variation around an average value of
1.76, in agreement also with distances found in Ni carbides’’. C-C minimum distances were
found to be kept out of range for C-C bond formation, with a lowest minimum distance of 2.29
A. Therefore C-C association inside the nanoparticle is not found. The average minimum C-C
distance is 3.11 A with a standard deviation of 0.22 A, showing greater variability with respect to
Ni-C and C-C.

Higher variation of the C-C minimum distance accompanied by a gradual increase in its value is
a reflection of the dynamics of C atoms migrating from their original octahedral positions
towards the subsurface of the nanoparticle. Such migration process is further illustrated in the
analyses of individual atom-pair distances followed throughout the simulation time. The effect of
varying nanoparticle composition and temperature was found to be practically insignificant for
Ni-Ni and Ni-C minimum distances. Variations in C-C minimum distances for different
compositions and temperature can be attributed to statistical variability within each set of
conditions.
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Figure 3. Monitoring of minimum distances found during the simulated time between Ni-Ni, Ni-
C, C-C and C-CN, where C-C refers to distances between C atoms inside the nanoparticle and C-
CN are distances between C in the nanotube cap rim and C atoms dissolved in the nanoparticle.
a) NissCi4 at 1000 K and b) NissCj4 in contact with the nanotube cap of indexes (8,7) at 750 K.

Interactions between a carbon cap and the carbide nanoparticle. Figure 3b shows the dynamic
evolution of the minimum distances between Ni and C atoms for the carburized nanoparticle
having a (8,7) nanotube cap attached to its surface (shown in Figure 2a). Ni-Ni and Ni-C
minimum distances showed little variation with respect to the type of cap in contact with the
nanoparticle, with average distances of 2.33 A and 1.79 A respectively. These values remained
almost constant throughout the simulation time. The C-C minimum distances increased as the
simulation progressed as a result of the bulk diffusion of the C atoms inside the nanoparticle and
migration toward the subsurface. In Figure 3b we analyze the minimum distances between C
atoms in the rim of the nanotube cap and the C atoms inside the nanoparticle (named C-CN). In
all four cases of caps studied, minimum C-CN distances were out of range for bonding
interactions between C atoms during the extension of the simulation.

Thus, chemical association between the C atoms dissolved in the nanoparticle and the C atoms in
the cap rim was not observed. Nevertheless, the occurrence of such association has been reported
for nanoparticles with higher C content, where the incorporation of diffusing C atoms from the
bulk of the nanoparticle into the nanotube rim has been observed for longer simulation times in
classical molecular dynamics®’. Although the migration of C atoms from the inner octahedral
positions to the subsurface of the nanoparticle was evident, segregation to the exterior of the
nanoparticle was never observed. This lack of carbon nanostructure growing pattern is attributed
to a C concentration below that corresponding to saturation of the nanoparticle; i.e., even though
all the octahedral sites were occupied (as it would be in the case of carbide formation), the
nanoparticle may still dissolve more C atoms adopting a non-carbide structure, as observed in
classical MD simulations of the SWCNT growth®~*% before it becomes saturated and C atoms
are segregated to the surface. This suggests that a particle with the pure carbide structure
wouldn’t facilitate the precipitation of C atoms to the surface, because their Ni-C interaction
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energies are too strong (Table 1). However, during SWCNT growth, the particle is under
additional carbon pressure (not included in our simulations) that would facilitate saturation of the
catalytic nanoparticle and subsequent carbon segregation to the surface and formation of carbon
nanostructures.

Dynamics of the atomic pair interactions. Further insights can be obtained from the analysis of
individual pairs of adjacent C atoms, Ni atoms, and Ni and C atoms that were randomly selected
to be monitored throughout the simulation (Figure S1). The analysis reveals structural and
chemical changes in the nanostructure of the carburized nanoparticles. A minimum of ten pairs
of atoms for each pair type was considered in each simulation. The bars depicted in Figures 4a,
b, and c represent the number of distances between pairs that fall within a specific range of
distances (4d = 0.2 A). Figure 4a illustrates the behavior of the selected atom pairs in the
carburized NissCj4 nanoparticle at the beginning of the simulation, with C atoms located in
octahedral sites at 1000 K. Distances between pairs of Ni atoms and Ni-C in the inner and outer
layers of the nanoparticle show a narrow distribution, reflecting the initial state of order of the C
atoms with respect to Ni and Ni within the original structure. The wider distribution of C-C
distances arises from the fact that C atoms were initially located spread across the extension of
the nanoparticle in octahedral positions. As the simulation progresses, the most significant
changes observed in Figure 4b are the inner and outer distances of Ni-Ni pairs, which become
wider as the Ni atoms in the nanoparticle fluctuate their position as a result of the high
temperature dynamics. The distribution of C-C distances becomes even wider as some C atoms
begin migrating towards the subsurface. Evidence of this C migration process is also observed
from the inner Ni-C distribution becoming considerably flatter and wider than other
distributions, thus indicating changes in the nanoparticle internal structure and the relative
position of C atoms inside the Ni cluster. In contrast, the overall dynamic effects on the outer Ni
and C atoms are balanced in such a way that the outer Ni-C distances maintain a narrow
distribution approximately in the same range.

Figure 4 ¢ shows the distribution of pair distances after 8§ ps of simulation. At this point the
nanoparticle structure is closer to an equilibrium state evidenced by narrower distributions of Ni-
Ni and Ni-C with defined peaks located at 2.5- and 1.9-A, respectively. Although the C-C
distribution is wider here than at an intermediate stage, the presence of a peak at 3.6 A indicates
a relative ordering of the C atoms to some extent after migrating from their initial octahedral
location to the subsurface. These results are in conformity with the pair radial distribution
function (RDF) of all pairs of atoms in the nanoparticle with peaks located at 2.45-, 1.85-, and
3.45-A for Ni-Ni, Ni-C and C-C respectively and comparable relative width (Figure S2 in
Supporting Information).

An increment in the width of the distribution of C-C peaks is observed for the nanoparticles with
higher C content due to an increased driving force for the migration of the C atoms dissolved in
the nanoparticle toward the subsurface. At low temperature the distribution of Ni-Ni and Ni-C
distances tends to be narrower for the nanoparticles with higher C content as the arrangement of

8
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atoms is more structured, whereas the opposite occurs at higher temperature where the dynamics
plays a more important role in the relative motion of the atoms in the nanoparticle. Estimation of
the C diffusion coefficients supports these ideas, as the motion is increased with increasing
temperature and increasing carbon content (Table S1 in the supplementary information). In turn,
a reduction in the sharpness of the C-C peaks is observed for the nanoparticles with lower C
content. In all cases, the differences between inner and outer Ni-C and Ni-Ni distances are
insignificant.
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Figure 4. Histograms indicating the absolute frequency of atom pairs separated by a specific
distance in the NissCi4 carburized nanoparticle at 1000 K at a given simulation time: a) initial ~ 0
ps b) intermediate ~ 4 ps and c) final ~ 8 ps. Bar color code: C-C (blue), Ni-Ni(o) (purple), Ni-
Ni(i) (green), Ni-C(i) (blue) and Ni-C(o) (red). The legend in parenthesis indicates whether the
atoms were initially located at the nanoparticle surface (0) or the interior of the nanoparticle (i).
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Nanoparticle morphology. Small changes in the overall shape of the nanoparticle are observed
throughout the simulation. The unsupported carburized nanoparticles maintained a spherical
shape characterized by the absence of stable, well-defined facets as the positions of the surface
atoms presented small fluctuations due to the temperature-induced dynamics (Figure S1).
Typical catalysts used in the synthesis of single walled carbon nanotubes that may exhibit well-
defined facets have been reported™®. Such structural features of the catalyst are believed to play
an important role in the adsorption and lift off of the nascent nanotube cap. A significant factor
that influences shape in real catalysts is the presence of a substrate, which depending on the
strength of the metal-support interaction, may exhibit a more defined structure and thus may
have a significant influence on the nanotube structure (template effect)®*=***°!. In our model
systems, the absence of a substrate leads to a moldable structure of the nanoparticle that can
accommodate to the growing nanotube shape. This effect is known as inverse template effect™
and can be observed in Figure 5. Round caps such as those of (8,7) and (9,6) help maintain a
spherical shape in the nanoparticle; narrower and more elongated caps such as those of (11,5)
and (13,0) cause the nanoparticle to adapt its shape to match more closely the shape of the
nascent nanotube (Figures 5c¢ and d). Similar reshaping effects have been observed from ETEM
studies of SWCNT tip growth, a mode of growth in which the nanoparticle detaches from the
substrate and remains attached to the nanotube tip, allowing greater mobility of the metal atoms
and accommodation of the nanoparticle to the nanotube structure via capillary-driven surface
diffusion™.

Scale: an(r)

a. (8,7) nanotube cap on b. (9,6) nanotube cap on
NissCi4 nanoparticle NissC14 nanoparticle c. (11,5) nanotube cap on NissCia d. (13,0) nanotube cap on NissCia

Figure 5. Electron density maps for the carburized nanoparticle with a cap of chiral indexes a.
(8,7), b. (9,6), c. (11,5), and d. (13,0). The color images were obtained using the software
XCrySDen®.

Electronic distribution. Changes in the electronic structure of the different nanoparticles
considered in this study are examined by estimating partial atomic charges and charge

11



Physical Chemistry Chemical Physics Page 12 of 20

differences using a grid-based Bader analysis algorithm®®, plotting electron density maps, and
calculating the electron density of states. The distribution of charges between Ni and C atoms in
the carburized nanoparticle is slightly shifted with increasing carbon content and is not affected
by changes in temperature. The average magnitude of the Ni and C atomic charges are +0.12 e
and -0.68 e respectively for NissCjo, whereas for NissCj4 the Ni and C average charges are +0.18
e and -0.69 e respectively. Thus, the addition of C atoms to the carburized nanoparticle causes a
stronger attraction between Ni and C evidenced by a slight increase in the magnitude of the
average charges in both cases. This may also be a contributing factor to the wider distributions
observed for the Ni-Ni and C-C distances in Nis;Cia.

The electron density of the nanoparticles with and without model nanotube caps, after 3 and 8 ps
of AIMD respectively, was mapped on planes parallel to the z direction. These planes were
located to intersect rich regions of electron density in the nanoparticle and bonding between the
nanotube C atoms as illustrated in Figure 5. The regions in red indicate the absence of electron
density. The space around the nanoparticle is devoid of electron density showing that the size of
the simulation box is sufficiently large to prevent interactions with periodic images. The electron
density is localized around the closest contacts between C atoms in the nanotube cap and the Ni
atoms at the nanoparticle surface, where catalyzed addition of C to atoms to the nanotube rim
occurs. In all cases, high population of electron density is concentrated around C atoms both in
the nanoparticle and the nanotube cap with electron densities of around 1 e/A’(pink regions),
whereas an intermediate electron density population is found around Ni atoms (green regions).
This suggests the occurrence of interactions involving charge transfer between Ni and C atoms,
as revealed by their respective charges. Similar results have been reported in previous studies
with pure Niss clusters indicating an electronic charge transfer from Ni atoms to C atoms at the
nanotube edge®. In order to visualize and describe such interactions, further calculations of
charge differences were performed for the nanoparticle with nanotube caps (combined system)
and each individual component of the system (nanoparticle and nanotube cap); they are
discussed in the next section.

To further understand the role of C atoms dissolved in the nanocatalyst structure, an estimation
of the energy of adhesion of the nanotube cap to the nanoparticle was performed on both pure
Niss and the NissCy4 carbide nanoparticles in contact with the four model nanotube caps, after
running in AIMD for a time sufficiently long to reach equilibration. The energy of adhesion
(depicted in Fig. S3) per carbon atom at the nanotube rim is fairly similar between metal and
carbide nanoparticles. The maximum difference between energy of adhesion for a particular
nanotube cap is 0.14 eV/C atom and no apparent preference for the nanotube models studied to
attach to either nanoparticle were found.

Reactivity of the nanoparticle. Regions of electron accumulation and depletion were calculated
for the four nanotube caps in contact with the NissCj4 nanoparticle to display an isosurface with
an isovalue of 0.03 ¢/A°. Figures 6a and 6b illustrate the accumulation and depletion of electron
density as result of the interaction between the carburized nanoparticle NissC;4 and the nanotube

12
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cap of indexes (9,6). Regions of electron accumulation are mainly localized at the space between
the C atoms of the nanotube cap rim and the surface Ni atoms in direct contact with them.

Figure 6. Charge density difference analysis for NissCj4 (a and b) and Niss (¢ and d)
nanoparticles in contact with a nanotube cap with chiral indexes (9,6). Green regions in a and ¢
correspond to electron accumulation. Blue regions in b and d correspond to electron depletion.
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Figure 7. Average partial atomic charges for Ni atoms in NissC;4 and Niss placed in contact with
nanotube caps. Distinction is made between Ni atoms at the surface in contact with the cap (blue)
and the remainder of Ni atoms (red).

This region of confined electron density provides an adequate reactive environment for the
continuous incorporation of C atoms from the precursor environment in a typical CVD scheme.
6364 Other regions of electron accumulation are located at the hexagons closest to the nanotube
rim which may provide an environment that allows bond flexibility in the growing carbon lattice.
This reasoning is consistent with previous observations indicating that C atoms in the vicinity of
the rim are able to relocate within the nanotube network allowing the healing of defects®.
Regions of electron depletion are mainly located in two types of regions: 1. Ni atoms in close
contact with the nanotube cap. 2. Around C-C bonds located at the nanotube rim. This suggests
that once C atoms have been incorporated into the nanotube rim, they partially donate their
electron “share” to their neighbor Ni and C atoms in the vicinity of the rim, thus contributing to
the reactivity of the nanotube-nanoparticle interface region and flexibility of the nanotube lattice
near the cap rim. *

The accumulation and depletion of electron density as result of the interaction between the Niss
nanoparticle and the nanotube cap of indexes (9,6) is depicted in Figures 7c and 7d. Regions of
electron accumulation and depletion are located analogously in the metallic cluster Niss as in the
carburized nanoparticle NissCi4, however the degree of accumulation or depletion of electron
density is notoriously larger in the carburized nanoparticle. The smaller individual regions of
accumulation between the Ni surface atoms and the C atoms of the cap rim observed in Niss
appear as a larger and more continuous region extended along the nanotube rim for NissCis.
Similarly, disconnected depletion regions in the former appear merged in the latter. The
implications of this observation may be significant in terms of reactivity, as electron rich
environments are known to provide favorable conditions for sustained catalytic activity®®. The
presence of dissolved C atoms affects the electronic structure in the catalytic nanoparticle,
increasing the strength of its interaction with the nascent nanotube and leading to larger electron
accumulation and depletion regions. Evidence for the differences in the electronic structure of
the two types of nanoparticles is found from the charge analysis of Bader and electron density of
states. The density of states of Niss exhibits a population of electronic states concentrated in a
smaller range of energies, and a lower density of unoccupied states above the Fermi level than
NissCi4, which is in agreement with electron accumulation and depletion diagrams and may be
indicative of a higher reactivity of the NissC;4 nanoparticle. Figure S4 shows a comparison of
DOS for both nanoparticles in contact with the (8,7) cap. The analysis of charges summarized in
Figure 7 also suggests a difference between the electronic structures of the two nanoparticles.
Each Ni atom in both nanoparticles was classified as either “interface”, if the atom was in direct
contact with the nanotube rim, or “other” if it was located anywhere else. Regardless of the type
of cap, all interfacial Ni atoms had an average partial charge of 0.4e” for the carburized
nanoparticle whereas the same for the metal nanoparticle was close to around 0.2e". Other
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internal and peripheral Ni atoms had an average close to 0.23¢" for the first case, whereas for the
second it was close to 0.0e”. Thus, the presence of C atoms in the nanoparticle affects also Ni
atoms not interacting directly with the rim, which may be exposed at the surface and may also
contribute to the catalysis by virtue of a partial charge as opposed to being neutral as in the case
of the pure Niss. It is worth mentioning that caps with different chiral indexes behaved in a
similar fashion concerning the electronic structure description presented above.

Conclusions

The dynamic evolution of unsupported carburized Ni nanoparticles during the pre-growth and
growth stages of single-walled carbon nanotubes was studied using density functional theory and
ab initio molecular dynamics simulations. Carbon dissolution and stability of the carburized
metal nanoparticle are observed throughout the simulation. Structural changes in the nanocatalyst
structure are monitored through the extension of the simulation showing that in the absence of a
substrate, the nanocatalyst fails to maintain a defined faceted structure. However, in the presence
of a nascent nanotube cap, the floating catalyst accommodates to the shape of the nanotube shape
in accordance with what is known as an “inverse template effect””. The lack of association of
carbon atoms inside the nanoparticle and evidence of short-range ordering from distance- and
radial distribution function analyses may be indicators of the stability and potential for evolution
of the nanoparticle system into a more thermodynamically stable phase such as that of a carbide
phase. Moreover, lack of incorporation of C atoms from the nanoparticle into the nanotube rim
may support the idea that a state of saturation or supersaturation of the nanoparticle is needed for
precipitation of C from the stable Ni-C core to the surface, and incorporation to the nanotube rim
to occur, leaving the most of the catalytic growth to the surface-diffusing C species as reported in
previous studies’’. Analyses of the electronic structure of the nanoparticle during growth reveal
that a charge transfer process occurs from the surface Ni atoms and rim C atoms to the interfacial
region between the growing nanotube and the nanoparticle. This process leaves an interfacial
region rich in electron density, where incorporation of precursor C may continue the growth
process, and electron-depleted regions in the vicinity of the nanotube rim that may allow
rearrangement of the C atoms near the rim and healing of defects. A comparison between the
charge transfer in a carburized nanoparticle and a pure metal nanoparticle reveals that the process
occurs similarly in both systems, but in the case of the carburized nanoparticle the interfacial
region is larger and almost continuous along the nanotube rim, whereas the metal nanoparticle
displays a smaller and more localized accumulation region. Surface Ni atoms that are not in
direct contact with the cap are also affected: a neutral charge characterizes surface Ni atoms in
the pure nanoparticle, and positively charged Ni atoms are found at the carburized nanoparticle
surface. These observations suggest that the carburized nanoparticle may be able to offer a more
reactive environment for nanotube growth than the metallic one. Altogether, continued
exploration of the structural and electronic characteristics of the nanocatalyst and its interactions
with the growing nanotube in SWCNT synthesis may contribute with valuable insight that will
eventually allow us to control the structure and properties of SWCNT.
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Table of Contents Figure

Carburized Ni nanoparticle/carbon cap shows electron accumulation (green) at the metal/rim
interface and depletion (blue) on the rim C-C bonds.
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