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ince the discovery of carbon nano-

tubes (CNTs), the scientific commu-

nity has investigated the unique elec-
trical, chemical, and mechanical properties
of these highly versatile 1D materials from
both fundamental and applied points of
view.! Among the different syntheses, cata-
lytic chemical vapor deposition (CVD) meth-
ods are versatile and offer the possibility of
producing CNTs in large quantities. How-
ever, nanotube science still suffers from a
serious lack of detailed knowledge on the
kinetics and microscopic growth mecha-
nisms ruling their nucleation and, conse-
quently, their synthesis. Truly atomistic ap-
proaches are mainly based on computer
modeling using ab initio static
calculations,> * quantum molecular
dynamics,” 8 and force-field® and semi-
empirical techniques.'® Most of these theo-
retical models rest upon the concepts of the
most commonly accepted vapor—liquid—
solid growth mechanism,"” which has re-
cently been challenged by in situ observa-
tions in the environmental transmission
electron microscope (TEM).*1271¢ Accord-
ingly, the catalyst—most frequently Ni or
Co nanosized particles on a support—
remains solid and metallic (at least for Ni
catalysts) during the growth process. More-
over, the occurrence of an incubation pe-
riod'? before the onset of sp? carbon
growth has been observed experimentally
but remains little understood at present.
Scanning tunneling microscopy (STM) has
demonstrated the high activity of step sites
for the dissociation of carbon-containing
gases (C,H, and CO) on 2D oriented Ni
single-crystal surfaces but has as yet failed
to elucidate the local chemistry and reactiv-
ity of deposited carbon as a prerequisite to
nanotube nucleation.'”?? On the other
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ABSTRACT The early stages of carbon nanotube nucleation are investigated using field ion/electron

microscopy along with in situ local chemical probing of a single nanosized nickel crystal. To go beyond experiments,

tight-binding Monte Carlo simulations are performed on oriented Ni slabs. Real-time field electron imaging

demonstrates a carbon-induced increase of the number density of steps in the truncated vertices of a polyhedral

Ni nanoparticle. The necessary diffusion and step-site trapping of adsorbed carbon atoms are observed in the

simulations and precede the nucleation of graphene-based sheets in these steps. Chemical probing of selected

nanofacets of the Ni crystal reveals the occurrence of C, (n = 1—4) surface species. Kinetic studies prove G,

species are formed from (; with a delay time of several milliseconds at 623 K. Carbon dimers, C;, must not

necessarily be formed on the Ni surface. Tight-binding Monte Carlo simulations reveal the high stability of such

dimers in the first layer beneath the surface.

KEYWORDS: carbon nanotubes - chemical vapor deposition -
microscopy - atom-probe - Monte Carlo simulations -

hand, LEED (low energy electron diffrac-
tion) and STM have previously demon-
strated the occurrence of well-defined
carbon-induced reconstruction forms of
densely packed Ni single-crystal surfaces at
relatively low reaction temperatures.'8~2?

RESULTS AND DISCUSSION

In the present work, the early stages
of CNT nucleation mechanisms are inves-
tigated through the combined applica-
tion of video-field emission microscopy
and tight-binding Monte Carlo (TBMC)
simulations. Both the atomic structure
and the chemical composition of a single
nanosized Ni crystal are analyzed on the
local scale of about 400 surface atoms
during the ongoing interaction with
acetylene at elevated temperatures (Fig-
ure Ta demonstrates the general prin-
ciple of the atom-probe technique and
the use of the Ni crystal as a nanoreac-
tor). Carbon-induced formation of step
sites is observed in real-time and sug-
gested to be responsible for the
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Figure 1. (a) Basic scheme of the 1D atom-probe technique applied during the ongoing reaction. Surface species are field-
desorbed as ions from selected surface facets and injected into a time-of-flight mass spectrometer for chemical identifica-
tion. (b) Application of short field pulses with well-defined frequency (between 10 kHz and 1 Hz at 100 ns pulse width). The
total desorption field, Fp, is the sum of the steady field, Fz (which can be switched off for field-free reaction studies), and the
pulsed field, Fp. Variation of the pulse repetition frequency (i.e., the reaction time tg) reveals the kinetics of the reaction

process.

Figure 2. (a) Ne-FIM micrograph of the clean Ni crystal along with a corre-
sponding ball model (T = 61 K, F ~ 35 V/nm). (b) FEM micrograph of the same
sample under H, atmosphere (p = 107* Pa, T = 873 K) along with a ball model
stressing its facetted shape. (c) FEM micrograph of the sample 11 s after acety-
lene introduction (p; = 2.5 X 10~*Pa, T = 873 K) and corresponding ball model
(red areas highlight the extended step containing crystal planes). Suggested
models are 2.5 times smaller than the real crystal.
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occurrence of the incubation time before carbon
nanotube nucleation. Moreover, time-resolved
studies (explained in the Methods section) dem-
onstrate the dimerization to be rate-limiting in
the polymerization of atomic surface carbon. In-
terestingly, the theoretical studies indicate such
C, dimers are quite stable in the first layer be-
neath the Ni surface, meaning that the nucle-
ation process involves surface and subsurface
processes concurrently.

Starting from a clean and well-characterized crys-
tal (Figure 2a), a first set of experiments is designed
to reveal the Ni sample geometry at 873 K under a
hydrogen flow at 10~ Pa. This procedure mimics
the CVD process since catalyst preconditioning with
reducing gases such as H, or NH; generally pre-
cedes CNT synthesis. As illustrated in Figure 2b, heat
treatments in H, induce major transformations of
the hemispherically shaped catalyst. A polyhedral
morphology emerges and is characterized by the
occurrence of large areas of (001) top and {111}/
{011} side planes, in agreement with predictions of
equilibrium thermodynamics.?? A thin rim of
stepped planes is seen to separate these low Miller
index planes from each other. In such polyhedral
morphologies, a low concentration of step sites is
present and electron emission is found to be stron-
gest from {113} facets. After preconditioning, acety-
lene (purity >99.1%) is dynamically added to the hy-
drogen atmosphere while continuously imaging in
FEM. After ~11 s, the equilibrium shape of the Ni
catalyst undergoes another significant reconstruc-
tion.? In particular, this transformation proceeds via
the shrinking of the central (001) pole and the {111}
planes surrounding it. Concomitantly, an extension
of the stepped rim between these planes is ob-
served (i.e., the number density of steps is in-
creased). Again, the {113} planes of the <100>
zone appear to be the brightest in FEM. The salient
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features of the final morphology are depicted in Figure
2c. Since acetylene adsorbs dissociatively at 873 K, our
experiments suggest that adsorbed C atoms induce the
formation of step sites. The considerable extension of
the {113} planes is also in accordance with preferential
adsorption of carbon with fivefold coordination at Ni
step sites.® At the end of the process, a bright pattern
appears on the reconstructed Ni crystal (not shown in
the movie). The brightness and, consequently, the cor-
responding field emission current increase exponen-
tially with time and eventually lead to the fracture of
the Ni specimen. Such a situation can be easily ex-
plained with the growth of a graphitic material, 2% in-
ducing a strong decrease of the work function of the tip.
We note that under “softer” conditions (T = 723 K, us-
ing ethanol instead of acetylene), the brightness ap-
pears selectively on the extended and C-enriched
stepped crystal planes and slowly invades the sur-
face.” These planes can thus be associated with prefer-
ential graphene nucleation sites while serving as C feed-
stock during growth.

Since the number density of step sites on an overall
polyhedral nanosized Ni crystal is relatively low, the
dominating part of the incoming acetylene molecules
initially hits atomically flat terrace regions. After disso-
ciative chemisorption, a directional diffusion process of
surface carbon to step sites will take place. While this
process is too fast to be followed experimentally, it is ac-
cessible to tight-binding (TB) Monte Carlo (MC) simula-
tions, which have been performed using a stepped Ni
surface. Such studies also allow visualizing C aggrega-
tion and, ultimately, graphene sheet formation. In the
present model,'®?® a minimal basis, including s and p
electrons of C and d electrons of Ni, is required to ob-
tain a transferable TB model of the C—C, Ni—Ni, and
Ni—C interactions applicable to binary systems. This TB
model is then implemented in a Monte Carlo code us-
ing either a canonical or grand canonical algorithm with
fixed volume, temperature, number of Ni atoms, and C
chemical potential p.c.?’ The full structure, including C
and Ni atoms, was relaxed via standard MC displace-
ment steps. Our simulations were performed at fixed
temperature (1000 K) with a chemical potential refer-
ring to a fictitious ideal atomic C gas,?® varying between
—6.00 and —4.75 eV/atom (by steps of 0.20 eV/atom)
on a Ni(111) surface presenting a single (111) oriented
step edge. At low chemical potentials (uc < —5.9 eV/
atom), C atoms land on the surface and tend to diffuse
toward step sites. Some C dimers or trimers are formed
in the vicinity of the step edge, although no real C struc-
ture is observed yet. Interestingly, the time-resolved
chemical probing experiments, which will be described
below, demonstrate the occurrence of such short-
length carbon polymers as C, and NiC, species field
evaporating in ionic form. Turning now to simulation
studies at high chemical potentials (pc > —5.50 eV/
atom), by contrast, a disordered and dense amorphous
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Figure 3. Nucleation and growth sequences of a graphene layer in
the vicinity of a step edge in a Ni(111) surface at 1000 K. During the
course of the TBMC simulation (pc = —5.80 eV/atom), the adsorption
of C is observed preferentially at the step edge leading to linear (a)
and connected (b) atomic structures to a defective graphene-like
sheet (top (c) and side (d) views). Ni atoms are displayed by big
orange and gray (step) spheres, while C atoms are shown in black
balls-and-sticks representation.

C layer is formed, extending over the entire Ni surface.
However, when ¢ € [—5.80; —5.70] eV/atom, a sp*like
structure starts nucleating at the Ni step edge (Figure
3). At the very beginning of the simulation, C atoms
land predominantly on the flat terraces of the Ni sur-
face, do not diffuse toward step edges, but tend to form
short chains (Figure 3a). For pc = —5.80 eV/atom, the
number of incoming C atoms is large. They stabilize at
the surface by forming C—C bonds with the growing
chains interacting strongly with the step edge to cre-
ate Crings (Figure 3b). Other chains are likewise formed
in the vicinity of the step edge which acts as a nucle-
ation center to grow the sp?-hybridized C layer (Figure
3c,d). As compared to a perfect graphene sheet, our C
layer contains a large number of defects which, how-
ever, have a very low probability to heal out, due to the
short time scale sampled in our simulations. Neverthe-
less, for specific p.c conditions, our TBMC model predicts
the preferential trapping of C atoms at step edges of
Ni surfaces and the formation of a defective graphene-
based C layer.

In another experimental setup that combines FEM/
FIM and atom-probe techniques, a surface chemical
analysis of about 400 atomic surface sites (comprising
the (113) plane)) was performed during the ongoing
acetylene decomposition/reaction with the Ni crystal.
Short field pulses of F = +15 V/nm at variable fre-
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Figure 4. (a) Mass spectrum obtained when exposing a Ni tip to acetylene (T = 723 K, p = 10732 Pa,
10 ms between each pulse, 10° pulses, F ~ 10 V/nm). The size of the monitored area containing the
(113) plane comprises ~400 atomic Ni atoms. The mass resolution is limited since the ions move in
the time-dependent electric field of the pulses (width ~100 ns). While the presence of NiH,* species
is assured, the possible existence of CH,* species can only be proven by applying more rigorous time-
focusing devices. (b) C;, C;, and C; intensities as a function of the reaction time tz (T = 623 K, p(C;H,)
=10"3Pa, F ~ 10 V/nm).

quency were applied to cause ionic field desorption
and evaporation of surface species. In this experiment,
the temperature of the Ni sample was reduced to 723 K
in order to accurately control the rate of Ni ionic re-
moval due to field pulses. Figure 4a presents a typical
mass spectrum related to field desorption/evapora-
tion. Besides NiH, (x = 0,1), NiC, species (n = 1,2) and
C; to C; species (occasionally C4, as well) are detected
with various intensities. While the occurrence of NiC,
ions demonstrates the field-induced removal of carbon
atoms along with Ni from steps/kinks, the origin of
Ci—4 must be different. This is suggested by time-
dependent measurements which have been performed
at somewhat lower temperature, 623 K, to slow down
the reaction.

As illustrated in Figure 4b, the C spectrum is domi-
nated by C; for a reaction time (tg) of 1 ms. C; and G;
species are obviously absent at this short time. Increas-
ing tz to 10 ms causes both C, and C; to appear in con-
siderable amounts. The fairly distinct time dependence
of C,3 as compared to C; excludes the possibility of
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Figure 5. (a) Typical top views of Ni—C structures at 1000 K with low chemical potential for C (pc =
—6.0 eV/atom). Ni and C atoms are displayed as big orange and small black spheres, respectively. (b)
Energy of dissolution of a C dimer in a Ni (111) slab for different C—C distances and at various layer
positions with respect to the particle surface. The stability of C dimers (represented by two connected
black spheres in (a)) is predicted for the subsurface position.
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field-induced processes to be re-
sponsible for their formation. A
reaction process of higher order
kinetics (i.e., rate ~ ®" withn > 1
(d = coverage)) must be in op-
eration to explain the drastic in-
crease of Cy3 ionic intensities be-
tween 1 and 10 ms. Later on, for
10 ms = tg = 100 ms, the Cy;3
amounts increase proportionally
with time. Since the number of
ions per pulse is a measure of the
surface coverage, ®, in the
probed area of the Ni crystal sur-
face, this is equivalent to a con-
stant formation rate in this time
range. By contrast, the C; overall
time dependence is much
weaker so that field fragmenta-

tion or association processes cannot be made respon-
sible for C,_4 detection. These latter species are thus as-
sumed to reflect their parent analogues formed from a
C; unity at the Ni surface (or beneath, see below) within
several milliseconds at 623 K.

In order to investigate theoretically the stability of
carbon fragments (C,) in the vicinity of the catalytic sur-
face, TBMC simulations are performed on a Ni slab (8
atomic layers; 256 atoms) presenting a (111) surface in
a supercell geometry (vacuum region = 20 A). Both
temperature and p.c are fixed to 1000 K and —6.00 eV/
atom, respectively. During the course of the simulation,
the adsorption of C atoms start at the crystal surface
(landing site). Subsequently, they diffuse to interstitial
sites between Ni layers to occupy subsurface position,
leading to an important local distortion of the Ni crys-
tal. A strong tendency to form C—C bonds in subsurface
positions is observed. The C—C bond length is roughly
1.9 A, suggesting the formation of C, close to the sur-
face, as illustrated in Figure 5a.

This situation corresponds to
the saturation of the surface lay-
ers of the Ni crystal with C, as
suggested in previous growth
models.5'2

Static TB calculations allow us
to predict the stability of these
G, in subsurface position. The dis-
solution energy (Eq;) of two C at-
oms separated by a certain dis-
tance and located at different
depths from the Ni slab surface
is defined as Egis = [Econi — (Eni +
2E0)1/2, where Ec,y; and Ey; repre-
sent the total energies of the Ni
slab containing two C atoms and
the clean ideal Ni slab. Ec is the
total energy per atom of a
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graphene sheet. All energies are calculated at 0 K on
fully relaxed atomic configurations using a larger (111)
oriented Ni slab (900 atoms) to take into account long-
range elastic effects imposed by the structural relax-
ation around the C,. The dissolution energy of a C atom
in a bulk octahedral interstitial site is positive (endother-
mic process) by +0.40 eV within our TB model (very
close to the +0.43 eV value determined experimen-
tally).? Indeed, an interstitial C atom induces local strain
and distortions of the surrounding Ni lattice, contrary
to the subsurface position where larger local relaxations
are allowed.?53° Then, two C atoms have been placed
at two different interstitial octahedral sites separated by
a specific distance for different depths inside the slab
(Figure 5b). The process is found exothermic (endother-
mic) in subsurface position (deeper in the slab). Ap-
proaching the two interstitial C atoms always induces
an energy increase due to long-range elastic effects, ex-
cept in the subsurface position for a very small C—C dis-
tance (~1.9 A). In that case, the presence of C atoms

in two nearest-neighboring octahedral sites is particu-
larly favored by the Ni surface which relaxes completely,
allowing the formation of C, with a strong covalent

METHODS

In a first setup of the present study, video-field electron and
field ion microscopy (FEM/FIM) are used to image the surface
structure of an either clean or adsorbate-covered Ni catalyst con-
ditioned as a single nanosized 3D particle (“field emitter tip”)
with a hemispherical shape. In a second setup, the same micros-
copy tools are combined with an “atom-probe” analysis,>>3*
which allows local chemical probing of areas ultimately contain-
ing a few Ni atoms of a single nanofacet. Both instrumentations
can be operated under in situ reaction conditions. In order to in-
vestigate the reaction kinetics between single carbon atoms,
short field pulses of variable amplitude and repetition frequency
are applied under continuous supply of the gaseous reactant.
Field pulses lead to the ionic desorption of the adsorbed layer.
Respective ions are injected into a time-of-flight mass spectrom-
eter. If the pulse amplitude (i.e., the respective field strength) is
high enough, the adsorbed layer is quantitatively removed and
the individual ion intensities reflect the surface coverage of the
respective species. Varying the repetition frequency, that is, the
reaction time between any two pulses, then allows monitoring of
the reaction kinetics. Probed surface areas are adjustable and
range from the equivalent of a few surface sites of a well-defined
nanofacet up to ~400 sites. For kinetic measurements, as those
presented here, the upper limit is preferred in order to comply
with the need for statistically significant ion intensities at short
reaction times. Figure 1b also shows that a steady electric field,
Fr, can be maintained while pulsing. In fact, Fr can be varied from
the onset of field electron emission to the occurrence of field
evaporation (the removal of lattice atoms as ions) at reversed po-
larity, thus revealing the influence of the electric field on the re-
action processes. A clear-cut differentiation between field-
induced processes and truly chemical reaction kinetics is pro-
vided by following the time dependence of individual ion
intensities.

Structural changes and morphological reshaping of Ni field
emitter crystals are studied by FEM (F = —3 V/nm). Step struc-
tures remain stable when switching to FIM conditions (F ~ +35
V/nm) in the absence of gaseous reactants. Videos are acquired
with a high-dynamic range camera at a frame rate of 50 im-
ages/s.
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bond. This situation is not observed for positions
deeper inside the slab (Figure 5b).

In summary, the present FEM/FIM experiments sug-
gest that C atoms induce step edge formation on poly-
hedrally reshaped Ni crystals. Combined in situ observa-
tions and theoretical simulations illustrate the key role
that these carbon-enriched step edges play as nucle-
ation sites for C aggregation and graphene sheet forma-
tion. At high adsorption rates, our model predicts the
formation of sp? C layers starting from the step edge.
Time-resolved atom-probe measurements with nano-
scale lateral resolution show C, and C; species to form
from C; units. This step is slow and of higher kinetic or-
der. Simulations reveal that C, species may even be
formed in subsurface interstitial sites due to local strain
effects associated with the dissolution of C in the Ni par-
ticle. The presence of C atoms in subsurface positions
has previously been suggested to anchor the nanotube
during nucleation.3' Our combined experimental and
theoretical approach thus provides new insight into the
early stages of CNT nucleation on a single nanosized
Ni catalyst particle.

Ni tips are electrochemically etched from a high purity wire
(@ ~ 0.1 mm) in diluted HCl (0.5 mol/L). Tip radii of curvature
are estimated between 6 and 15 nm. Samples are characterized
by FIM. Cycles of thermal annealing, Ne™ or Ar* sputtering, and
field evaporation are used to clean the tips before using them in
reaction studies. The tip can be heated resistively by passing a
current through a tungsten loop onto which it is mounted. Tem-
peratures can then be accurately controlled between 50 and
~1000 K.

In the tight-binding model presented in the theoretical part,
a minimal basis, included s and p electrons of C and d electrons
of Ni, is required to obtain a transferable TB model of the C—C,
Ni—Ni, and Ni—C interactions applicable to binary systems. We
use a moment-recursion technique at the level of a fourth mo-
ment approximation in order to determine the band energy. Ac-
tually, this TB approximation provides an efficient tool to calcu-
late the bonding energies in the Ni—C system where total
energies are obtained by adding empirical repulsive terms. For
C—Cinteractions, the tight-binding parameters have been fitted
in order to reproduce accurately the competition between sp,
sp?, and sp? atomic arrangements. This approach is especially
adapted to model curvature in carbon nanostructures. For Ni—Ni
interactions, the tight-binding parameters have been fitted on
fcc bulk nickel (lattice parameter, cohesive energy, elastic moduli
measured experimentally). The crucial point of our tight-binding
model is the derivation of Ni—C interactions. Indeed, the corre-
sponding parameters have been constructed using various elec-
tronic and structural properties of transition metal carbides,
such as the cohesive energy, equilibrium lattice parameter, bulk
modulus and enthalpy of formation. Various carbides have been
considered to test and improve our model, as described in ref
35. This approach, both simple and accurate, is then imple-
mented in a Monte Carlo code using either a canonical or a
grand canonical algorithm with fixed volume, temperature, num-
ber of Ni atoms, and C chemical potential ..’ Applications of
this model to surface segregation of carbon and to the catalytic
nucleation of carbon caps have already been presented
elsewhere 81026
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Supporting Information Available: Movie 1: Field emission
microscopy video presenting the reshaping of a Ni crystal ex-
posed to acetylene at 873 K, p = 10~* Pa. The movie starts
with the equilibrated and facetted crystal at 873 K and 10™*
Pa in H,. Acetylene is introduced in the chamber after 1.5 s.
Movie 2: Field emission microscopy video showing the nucle-
ation of graphitic carbon during exposure of a Ni crystal to
C,HsOH at 107% Pa and 723 K. The movie starts 10 s after hav-
ing introduced ethanol in the chamber. The initial carbide
formation is thus not included. This material is available free
of charge via the Internet at http://pubs.acs.org.
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