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’ INTRODUCTION

Ni particles are known to be excellent catalysts for the growth
of carbon-based nanomaterials such as tubes and fibers1 which
are expected to play a crucial role in future electronics.2 Despite
considerable efforts, however, the mechanisms of the involved
catalytic processes still present unresolved issues, especially at
low temperature which is currently targeted as more economical
and to enable use of more sensitive substrates and/or to better
control the growth kinetics.3 Previous studies have mainly dealt
with the early stages of growth, focusing in particular on the
nucleation step4 in which a stable carbon aggregate is formed
which then grows by addition of smaller species. In this context, a
model of heterogeneous nucleation is usually assumed in which
graphitic structures such as graphene sheets develop at step edges
or other strong trapping centers,5,6 i.e., extended defects on the
surface of the metal particles, either native or induced by the
presence of the carbon species itself.7 In this model, the role
played by the good epitaxial match between graphene and the
Ni(111) surface, one of the reasons to use Ni particles as
catalysts, is usually overlooked, with few very recent exceptions.8

One characteristics of Ni in fact is that its first-neighbor distance
in the bulk (2.49 Å) is almost identical to the in-plane lattice
parameter of graphite (2.46 Å), with a lattice mismatch slightly

larger than 1%.Hence, the growth of graphitic planar structures is
expected to be the easiest on Ni(111) surfaces. In the present
paper, based on first-principles (density-functional theory, DFT)
simulations, we propose an alternative mechanism of homoge-
neous nucleation in which formation, diffusion, and growth of
small carbon clusters occur on the undefected Ni(111) surface.
Knowledge on the structure and energetics of adsorption and the
mobility of such species will allow us to contrive a picture of the
early stages of growth of carbon nanostructures on this system.
We argue that the proposed homogeneous nucleation mechan-
ism should be observed experimentally, in particular at low
temperature and possibly in competition with the usually
assumed heterogeneous nucleation one. The article is organized
as follows. After a brief section in which we validate our
computational approach by comparison with previous work,
results are presented and discussed in the central section. The
main conclusions are then summarized. A methodological sec-
tion concludes the article.
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ABSTRACT: The structure, energetics, and mobility of carbon
aggregates up to 10 atoms on the Ni(111) surface are investi-
gated via first-principles simulations. Chain configurations are
predicted to be thermodynamically favored over rings and
present a high mobility (with long chains diffusing even faster
than adatoms), whereas branched configurations are much less
mobile but kinetically robust, as they present substantial energy
barriers for interconversion into other species. A model of
growth via homogeneous nucleation is proposed in which
incoming C atoms generate chains which diffuse rapidly and
collect less mobile adatoms in their channels until they meet in an unfavorable configuration and start networking giving rise to
starlike branching points, which are homologous to graphene and act as the nuclei of growth. It is argued that the proposed
homogeneous nucleation mechanism should be observed experimentally, especially in mild conditions and on low-defect Ni(111)
surfaces.
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’COMPARISON WITH PREVIOUS WORK

The adsorption mechanisms of a single C atom or a graphene
monolayer on various Ni surfaces have been investigated in
previous studies5,9�12 and are used as validation tests of our
computational approach. Defining the adsorption energy Eads as
the energy difference between the local minimum configuration
of the composite carbon-cluster þ metal-surface system and the
relaxed metal surface plus carbon atoms in the gas phase, our
DFT calculations predict the following energy ordering for the
Eads values (given in parentheses in electronvolts)

f111gfccð � 6:63Þ > f111ghcpð � 6:68Þ > bulkð � 7:0Þ
> f111gsubsurf ð � 7:25Þ > f110g5-foldð � 7:25Þ eV
> f113g5-foldð � 7:64Þ > graphenef111gtop-fccð � 7:85Þ
> f100gð � 7:88Þ

where {hkl} represents a Ni(hkl) surface, the “fcc”, “hcp”, and
“subsurf” subscripts refer to the corresponding adsorption sites
on the Ni(111) surface, the “5-fold” subscript refers to the most
stable adsorption site on the Ni(113) surface, “bulk” refers to
adsorption in bulk fcc Ni, and “graphene” stands for the
adsorption energy per carbon atom of a graphene monolayer
on top-fcc sites of Ni(111)—see Figure 1 for a pictorial view of
adsorption sites.

In agreement with previous studies5,9�12 and physical con-
siderations on bond-strength/coordination-number relation-
ships, we find that C binding is stronger to low-coordinated Ni
atoms and that on a perfect Ni(111) surface a single C atom
preferentially adsorbs on a subsurface site, while dissolution into
the bulk is the next favorable position and the adatom is the least
stable one. The subsurface configuration is more stable with
respect to epitaxial adsorption or dissolution into the bulk
because it strikes the balance between the maximization of the
C coordination and the minimization of the energy stored in
elastic stress of the Ni lattice. It can be noted that octahedral

subsurface and bulk absorption site are considered here, as the
other possible tetrahedral sites are too small to accommodate a
carbon atom.13 A C adatom onNi(111) can jump to a subsurface
site: crossing of the {111} surface is experimentally observed to
occur spontaneously at temperatures above 770 K14 and indeed
we calculate the energy barrier for the jump from adatom to
subsurface to be 0.6 eV, while the reverse path (corresponding to
the release of subsurface C to the surface) has a barrier of 1.2 eV
(in agreement with previous calculations13). Similarly, the energy
barrier to release a C atom from a 5-fold site of the (113) surface,
which is a good model for a line step defect on the (111) surface,
is 1.2 eV. Subsurface or step sites can thus act as storage sites for
carbon on the Ni(111) surface in the initial stages of growth, but
at the price of significant energy barriers for C release. Moreover
the fact that Eads has its second largest value in graphene confirms

Figure 1. Pictorial views of the carbon adsorption on Ni surfaces: (a)
top-fcc graphene on Ni(111); (b) hcp-fcc graphene on Ni(111); (c, d)
adatom fcc (c) and hcp (d) sites on Ni(111); (e) subsurface atom on
Ni(111); (f) single atom in bulk Ni; (g) 5-fold site on Ni(110); (h)
5-fold site on Ni(113); (i) 5-fold site on Ni(100). Carbon atoms are in
yellow, nickel atoms in blue.

Table 1. Energies and Geometries of Selected Small Carbon
Clusters on Various Ni Surfacesa

system zmin/zmax Eads Ebnd Eadh σ

graphene {111}top-fcc 2.12 �7.84 �7.84 �0.00 <0.01

graphene {111}hcp-fcc 4.73 �7.85 �7.84 �0.01 <0.01

C1{111}hcp 0.97 �6.68 �6.78 0.10

C1{111}fcc 1.03 �6.63 �6.73 0.10

C1{111}subsurf �0.91 �7.25 �7.64 0.39

C1{100}5-fold 0.27 �7.88 �8.06 0.18

C1{110}5-fold 0.19 �7.25 �7.44 0.19

C1{110}long-bridge 0.45 �6.97 �7.59 0.62

C1{113}5-fold �0.22 �7.64 �7.85 0.21

C2 {111}hcp-fcc 1.25 �6.88 �3.49 �3.51 0.12

C2{111}subsurf �0.28/�0.92 �6.30 �3.33 �3.98 1.01

C2{111}vertical �0.73/0.74 �5.77 �3.11 �3.45 0.79

C3{111}fcc-hcp-fcc 1.25/1.66 �6.93 �4.9 �2.1 0.07

C3{111}hcp-fcc-hcp 1.24/1.63 �6.90 �4.9 �2.07 0.07

C4,L{111} 1.30/1.65 �6.98 �5.18 �1.85 0.05

C4,S{111}fcc-fcc-fcc-top 1.18/1.65 �6.80 �4.16 �2.75 0.10

C4,S{111}hcp-hcp-hcp-fcc 1.21/1.63 �6.69 �4.16 �2.63 0.09

C4,S{111}top-top-top-hcp 1.78/2.05 �5.78 �4.17 �1.63 0.02

C4,S{111}top-top-top-top 1.33/1.82 �5.91 �4.86 �1.13 0.07

C5,L{111} 1.30/1.74 �6.98 �5.62 �1.42 0.06

C5,R{111} 1.33/1.42 �6.64 �4.86 �1.92 0.14

C6,L{111} 1.30/1.87 �7.00 �5.74 �1.32 0.05

C6,S{111} 1.24/1.80 �6,89 �4.94 �2.03 0.08

C6,R{111} 1.40/1.41 �6.78 �5.45 �1.46 0.13

C6,DS{111} 1.05/1.54 �6.77 �4.51 �2.36 0.10

C7,L{111} 1.30/2.02 �7.00 �5.92 �1.12 0.05

C7,R{111} 1.19/1.70 �6.81 �5.35 �1.58 0.11

C8,L{111} 1.32/1.98 �7.00 �5.99 �1.07 0.04

C8,R{111} 1.36/2.33 �6.72 �5.77 �1.03 0.09

C9,L{111} 1.30/1.88 �7.00 �6.13 �0.92 0.03

C9,R{111} 1.38/2.10 �6.73 �6.01 �0.78 0.06

C10,L{111} 1.27/1.97 �7.00 �6.15 �0.89 0.03

C10,R{111} 1.51/2.02 �6.95 �6.15 �0.84 0.04

C10,DR{111} 1.36/1.83 �6.90 �5.85 �1.14 0.09
a Eads, Eadh, Ebnd, and σ are defined in the text. z is the coordinate
perpendicular to the surface (zmin/zmax refer to its minimum and
maximum value), with z = 0 the Ni surface place (positive is outside).
Eads, Eadh, and σ are given per carbon atom. Energies are in electronvolts,
distances in angstroms. van der Waals corrections are not included.
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that, asymptotically, once the full carbon coordination is devel-
oped, the energetic preference turns into its favor. In other words
adsorbed graphene will be more stable than—and incomplete
graphitic-like structures will adsorb and include into their frame-
work—other carbon species.

It can be added that van der Waals or dispersion corrections,
evaluated according to a semiempirical approach,15 are found to
be essential to accurately describe theweak adhesion of graphene—
or three-coordinated carbon atoms—on Ni(111). Indeed, the
relative energy ordering of the top-fcc and hcp-fcc configurations
(see Figure 1) are reversed by the inclusion of this contribution:
without dispersion terms, the adsorption energies per carbon
atom of hcp-fcc and top-fcc graphene are �7.85 and �7.84 eV,
respectively; including dispersion, they are�7.93 and�8.07 eV,
respectively (the difference is due to the larger adhesion of top-
fcc graphene,�0.18 eV, with respect to that of hcp-fcc graphene,
�0.04 eV). The top-fcc structure thus turns out to be the most
stable one in agreement with experiment16 and previous
calculations10,17 only when dispersion corrections are included.
On the opposite, dispersion terms are found to make a minor
difference when the carbon coordination is lower than 3 and the
carbon�metal interactions are stronger, as in the case of small C
aggregates. For comparison, the same Eads values reported above
for a single C atom or graphene on Ni surfaces including
dispersion interactions are

f111gfccð � 6:90Þ > f111ghcpð � 6:94Þ > bulkð � 7:2Þ
> f110g5-foldð � 7:50Þ eV > f111gsubsurf ð � 7:54Þ
> f113g5-foldð-7:84Þ > graphenef111gtop-fccð � 8:07Þ
> f100gð � 8:13Þ

where one can see that the energy ordering is basically unaltered
by dispersive interactions. Dispersion terms are thus not included
in Table 1 and—unless explicitly stated—in the energy values
reported hereafter.

’RESULTS AND DISCUSSION

The structure and energetics of small carbon clusters (Cn,
n = 1�10) on various Ni surfaces are reported in Table 1, together
with the corresponding quantities for a graphene monolayer on
Ni(111). The adsorption energy Eads is defined in the previous
section. Eadh is the adhesion energy, i.e., the energy difference
between the local minimum configuration of the composite
carbon-cluster þ metal-surface system and the metal surface
plus the carbon cluster in the gas phase, both frozen in their
interacting configuration. Ebnd is the binding energy of the
carbon cluster in the gas phase in its interacting configuration.
σ is the Ni stress energy, i.e., the elastic energy stored into the Ni
surface due to C-induced lattice deformation. One thus has:
Eads = Ebndþ Eadhþ σ. Eads, Eadh, and σ are given per carbon atom.

From the results of the previous section, on a Ni(111) surface
a single C atom preferentially adsorbs in a subsurface site. An
inspection of Table 1 shows that by increasing the size of the C
aggregate the situation changes drastically. The favorable epitax-
ial match of carbon aggregates on Ni(111) in fact does not
transfer to subsurface (and—a fortiori—to the bulk), basically
because of the strain in the Ni lattice associated with accom-
modating many-atom carbon species, e.g., sandwiched between
(111) planes. The case of a carbon dimer is already apt to
illustrate this phenomenon: a C2 addimer (Eads = �13.75 eV) is
appreciablymore stable than a subsurface dimer (Eads =�12.60 eV),

at variance with previous predictions based on empirical
approaches,6 and most of this difference is due to the strain in
the Ni structure. In this connection it should be noted that the
limited size of our simulation cell entails an overestimation of the
strain component for subsurface with respect to epitaxial adsorp-
tion. We estimated the relaxation of elastic stress due to the cell
size by calculating the difference in elastic energy between (3 �
3) and a large (9 � 9) unit cell via classical force fields (see the
Methods section for more details), and found it to be 0.5 eV, thus
insufficient to revert the order of stability between epitaxial and
subsurface species of a C2 dimer. Another possible configuration
for a dimer is one with a subsurface atom bound to an adatom (a
“vertical” dimer: C2(111)vertical in Table 1) but we found that it is
even higher in energy (by more than 2.2 eV) with respect to the
addimer. This excludes that subsurface atoms can act as nuclea-
tion sites for adspecies, as previously conjectured. To summarize,
given the larger adsorption energies in subsurface and 5-fold
sites, these represent favorite niches for storage of single carbon
atoms (despite the significant escape energy barriers). However,
considering additionally that first-neighbor C pairs at subsurface
and at 5-fold sites repel each other by 1.0 and 0.4 eV, respectively,
in the absence of reconstruction (which could be driven by this
repulsion18), one is drawn to the conclusion that C aggregation is
only favored at epitaxial sites, where the interaction between
neighboring C atoms is always attractive (not only for dimers but
also for larger species: the adsorption energy per carbon atom is a
monotonously increasing function of the cluster size, see
Table 1). One can thus expect that, possibly after some incuba-
tion time6,19 in which storage sites are saturated, the incoming
excess species or those liberated from the storage sites by random

Figure 2. Optimized geometries of carbon clusters on Ni(111): (a) six-
atom ring (C6,R); (b) six-atom chain (C6,L); (c) six-atom star (C6,S) and
its transformation mechanism into a curved linear chain (d); (e) six-
atom double star (C6,DS); (f) ten-atom ring (C10,R); (g) ten-atom
double ring (C10,DR); (h) ten-atom chain (C10,L). Color coding as in
Figure 1.
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fluctuations will start diffusing and aggregating on the Ni(111)
surface. These results are in agreement with previous reasoning
underlining the importance of limited C solubility into Ni
particles20�22 and the current models of nascent nanotube
docking onto Ni particles,9,22 in which the key processes of
growth occur outside the particles. A particularly interesting
situation arises when the Ni(111) surface is one monolayer thick
and with very few defects,8 in which case it has been shown that
large-area single crystal monolayer graphene can indeed be
obtained, of great interest in applications (we became aware of
this publication after the present work had already been com-
pleted). The present results perfectly apply to such an interesting
case, as surface adsorption and diffusion are dominated by the Ni
atoms in the topmost layer, with the further simplification that
subsurface sites should be disfavored in the conditions of ref 8
and growth should only involve adspecies on a monolayer
Ni(111), in agreement with our argument.

For carbon aggregates larger than a dimer, only adspecies were
then studied, focusing first on the evolution of the cluster shape
as a function of the number of C atoms. A carbon hexamer (C6) is
a convenient system to illustrate our main findings. At this size,
four motifs are basically in competition (illustrated in
Figure 2a�e): a linear chain (C6,L), a ring (C6,R), a branched
or starlike configuration (C6,S) and a double-star configuration
(C6,DS). According to our DF approach, in the gas phase C6,R is
the global minimum with an atomization energy of �35.02 eV,
while C6,L is higher in energy by 0.23 eV and C6,S and C6,DS are
not even local minima. The interaction with the surface drasti-
cally changes this energy ordering: C6,L is nowmuch favored with
an adsorption energy of Eads =�42.0 eV, while C6,R, C6,S, and C6,

DS are higher in energy by 1.32, 0.65, and 1.38 eV, respectively.
This was found to be a general feature of small C clusters
adsorbed on Ni(111): linear configurations are always favored
with respect to ring or branched ones at least up to 10 C atoms;

see Table 1 (12-atom and 14-atom clusters have also been
investigated finding the same behavior, not reported in
Table 1). In the gas phase, rings are generally favored over
chains by a greater number of C�C bonds (they do not have
unsaturated terminal atoms) and with few exceptions (size 8 and
some odd sizes) are predicted to be the optimal morphology of
gas-phase carbon clusters between 6 and 20�24 atoms (for
larger clusters one finds a crossover to cagelike configurations).23

In contrast, on the surface chains are favored with respect to rings
because (i) terminal atoms are stabilized as they interact more
strongly with the surface, (ii) rings are disfavored because they
cannot adhere to the surface maintaining their optimal gas-phase
configurations and simultaneously satisfying the constraints due
to epitaxial relationships. Long enough rings can adopt a chain-
like configuration resembling chains with four turning points, as
shown for C10,R in Figure 2e, thereby decreasing the curvature
energy so that the energy difference between chains and rings
with more than 14 atoms will eventually tend to zero. However,
long rings are not expected to play an important role in the
growth process, as it is difficult to generate them from chains
(which are formed initially as they are thermodynamically more
stable and kinetically easier to produce) and are only marginally
favored from a thermodynamic point of view with respect to
chains for large aggregates. A similar reasoning applies to and
discards the importance of double ring configurations, such as
C10,DR in Figure 2f.

The key to nucleation of graphitic nanostructures will then be
the conversion from chain to branched (or starlike) structures.
On Ni(111), linear chains are oriented parallel to Æ110æ surface
directions. For example, dimers are best adsorbed on hcp�fcc
hollow sites (see Figure 3a,c),9 trimers on hcp�fcc�hcp sites
(see Figure 3d), and analogous considerations hold for tetramers
(see Figure 3e) and longer chains (see Figure 2b,d). Their
stability is easily predicted as it is quickly converging as a function
of chain length. The stability of branched arrangements is more
difficult to predict. It should be stressed that in a starlike
configuration the branching point is as a rule on-top a Ni atom
(see a star�tetramer in Figure 3f), thus resembling one of the
two C atoms in the top-fcc adsorption of a graphene monolayer.
Also the C�C distances are nearly the same as in graphene. The
starlike motif can thus be seen as a graphitic nucleus, which is not
the case for chains. The difference with respect to graphene is that
the three peripheral C atoms in the star are more of carbidic type,
as confirmed by the fact that they are closer to theNi surface, with a
distance to the Ni plane of 1.18 Å, than the central carbon, with a
distance of 1.65 Å—for comparison, the distance in graphene is

Figure 3. Pictorial views of the adsorption sites and diffusion mechan-
isms of selected carbon clusters on Ni(111): (a, c) hcp�fcc adsorption
of a dimer and (a�c) its diffusion mechanism with (b) the saddle-point
configuration; (d) top view and (d0) side view of a trimer; (e) adsorption
of a chain tetramer; (f, h) adsorption of a star tetramer; (f�h) its
diffusion mechanism with (g) the saddle-point configuration. Color
coding as in Figure 1.

Table 2. Diffusion Energy Barriers (Ediff, in eV) for Small
Carbon Clusters (Cn, n = 1, 4) on the Ni(111) Surface
Computed by the DF/NEB Method

process Ediff (eV)

monomer hopping 0.38

dimer diffusion 0.58

linear trimer “in-channel” diffusion 0.46

linear trimer “cross-channel” diffusion 0.43

linear tetramer “in-channel” diffusion 0.20

linear tetramer “cross-channel” diffusion 0.35

“C4,S{111}fcc�fcc�fcc�top” tetramer diffusion 1.18

“C4,S{111}hcp�hcp�hcp�fcc” tetramer diffusion 0.76

C4,S dissociation into a trimer plus adatom 0.66
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2.12 Å (this explains why van derWaals interactions are less crucial
for the star configuration than for graphene). Energetically, star
configurations are less stable than chain motifs for small clusters.
However, as it will be suggested later on, their formation is a
natural pathway from adatoms and chains to graphene.

Surface diffusion is known to be crucial for understanding
epitaxial growth,4 and we now turn attention to the kinetics of C
aggregates on Ni(111), determining the elementary diffusion
mechanisms and the corresponding energy barriers governing
their mobility paths (pictorial views of diffusion mechanisms are
provided in the Supporting Information). The calculated energy
barriers (Ediff) for the diffusion of C clusters up to four atoms on
the Ni(111) surface are given in Table 2. The barrier for single
atom hops (0.38 eV) is in good agreement with the literature.9,11

Since the lowest dimer energy configuration on the Ni(111)
surfaces is on hcp�fcc hollow sites, dimers can diffuse by
hopping from one Æ110æ direction to another one, with the
mechanism of the concerted mode shown in Figure 3a�c. The
barrier is 0.58 eV, which is again in fair agreement with values
from the literature.5,9 The trimer almost equivalently migrates by
sliding in a Æ110æ direction or rotating toward a Æ112æ direction
with one atom on top, with energy barriers of 0.46 and 0.43 eV,
respectively. The energy barrier for the tetramer chain is sub-
stantially lower (0.20 eV), with the sliding mechanism along
Æ110æ (barrier of 0.20 eV) favored over rotation toward a Æ112æ
direction (barrier of 0.35 eV). Other mechanisms involving, e.g.,
detachment of a terminal C atom from the linear tetramer and
transformation in a trimer, diffusion of the fragments, and
successive reformation of the tetramer (also associated with
Ostwald ripening), have higher energy barriers, as tetramer
dissociation already presents a barrier larger than 0.7 eV. Tetra-
mer chains diffusing by sliding are thus much more mobile than
either dimers or adatoms. This feature is not peculiar to the
tetramer but is common to all longer chains. In contrast, the
energy barrier for the diffusion of a star tetramer is rather high
(1.18 eV), with the corresponding mechanism shown in
Figure 3f�h. Again, the lower mobility of branched C aggregates
is not peculiar to the tetramer. For example, a star hexamer (see
Figure 2c) has a diffusion energy barrier of 1.14 eV with a
diffusion mechanism essentially identical to that of the star
tetramer (not shown). Mobility of branched C clusters via
diffusion as a whole is in this case unfavorable with respect to
cluster disruption: debinding of a central C atom fromC4,S in fact
has a barrier of 0.66 eV (see Table 2 and the Supporting
Information), while the reverse process of adatom attachment
to a trimer has a barrier of 0.40 eV.

The difference between diffusion mechanisms and energetics
of linear and star configurations can be rationalized. A close look
at panels b and g of Figure 2 and panels d and e of Figure 3 shows
in fact that chains are not straight. The terminal atoms are closer
to the surface plane (see Figure 3d0) and their distance to the
surface is independent of the chain length. Hence, the weakening
of the bonding to Ni is taken over by the other atoms and the
migration energy of the terminal atoms is the limiting factor to
diffusion. For this reason, the mobility of a chain with length over
four atoms is little dependent on its length, and the final result is
that long chains can diffuse much faster than adatoms. This is
similar to what found for metal clusters diffusing on oxides,24

with the clear distinction that in the latter case high mobility is
basically associated with the lattice mismatch with respect to the
substrate, whereas for carbon chains on Ni(111) high mobility
is due to a change in the nature of the bonding with the metal

(a chemical rather than a mechanical effect). Chains can thus
slide along (110) and diffuse with barriers around 0.2�0.4 eV,
whereas neither rings nor star configurations can perform this
movement and are thus much less mobile (diffusion energy
barriers around 1.0/1.5 eV).

Since the energy barriers for cross-channel hops are higher
than those for in-channel sliding for chains longer than the
tetramer, the diffusion of chains will be predominantly one-
dimensional along Æ110æ channels, and we can expect that during
growth they will increase their length by collecting atoms along
their path or by extracting atoms from subsurface sites. When a
chain encounters an adatom in a nearest-neighbor channel, e.g.,
via adatom jump (see the trimerþ adatom combination into C4,S

in the Supporting Information), a curved (Figure 2c) or star
(Figure 2d) configuration will result, the latter being more stable
than the former. Similar starlike networks will arise when chains
sliding along nearest-neighbor channels network by diffusion of
terminal atoms over to the ridge of the channel.10 Once formed,
star configurations will diffuse more slowly and—especially at
low temperature—will act as pinning centers and nucleation
points for the formation of graphene-like structures. The kinetic
stability of these configurations is further enhanced by the fact
that energy barriers for transforming a starlike branching point
into a chain are larger than those for star diffusion: for example
the transformation energy barrier is 1.55 eV for a starlike into a
curved linear hexamer according to our DF calculations (see the
mechanism in Figure 2c,d). Once star or many-star configura-
tions are formed it is thus difficult to get rid of them even if they
are less stable than other arrangements. Moreover, for large
aggregates graphene-like configurations (i.e., many-star arrange-
ments) will eventually overcome chainlike ones also from a
thermodynamic point of view due the greater stability of their
C�C bonding. The key role assigned to chains (and to their
interplay with carbon networks) in the initial stages of growth in
the present picture is in tune with growth models based on
empirical Hamiltonians in which chains were found to be a
common occurrence, even though the mobility of branched
configurations was predicted to be different from our findings.20

’CONCLUSIONS

We investigate via first-principles simulations the low-energy
configurations of C aggregates up to 10 atoms onNi(111), which
can be building blocks in the growth of graphene, finding a
thermodynamic preference for chain configurations. Their mo-
bility on the regular (undefected) Ni(111) surface is examined in
order to understand the kinetic paths leading to nuclei formation,
finding that carbon chains can diffuse faster than single adatoms.
A model of nucleation of growth is then proposed in which
incoming C atoms generate chains which diffuse rapidly along
(110) directions and grow by successive encounters with less
mobile adatoms in their channel until they meet in an unfavor-
able configuration to grow as chains and start networking giving
rise to starlike branching points. The star motif presents one
atom in the characteristic on-top adsorption and is the prodrome
of graphene. Star configurations are much less mobile and are
kinetically robust (presenting higher energy barriers for inter-
conversion into other species) and thus act as the nuclei of
growth. The key role assigned to diffusion in this model is in
agreement with the experimentally determined apparent activa-
tion energies.3 It is expected that in proper experimental condi-
tions, depending on the size of the terraces on the Ni surface, the
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density of surface defects and the growth parameters, in parti-
cular the temperature and the input rate of carbon species
(incoming flux from external deposition or from internal storage
sites—whichever subsurface or defects), the proposed homo-
geneous nucleation mechanism can be competitive with the
usually assumed one based on heterogeneous nucleation. Indeed
it has very recently been shown8 that large-area single crystal
monolayer graphene, of great interest in applications, can be
obtained on Ni(111) one-monolayer-thick flat terraces. The
proposed mechanism, apart from shedding new light on the
thermodynamic and kinetic processes behind the growth of
carbon nanomaterials, should also be particularly relevant at
low temperature and/or in plasma-enhanced chemical vapor
deposition, thus in conditions which are currently targeted as
more economical and beneficial to enable use of more sensitive
substrates and/or to better control the growth kinetics.3

’METHODS

Our computational approach is based on density-functional
(DF) spin-unrestricted calculations using a plane wave basis
set,25 a gradient-corrected exchange-correlation functional (the
Perdew�Burke�Ernzerhof one, PBE)26 and ultrasoft pseudo-
potentials.27 An energy cutoff of 40 Ry is used for selection of the
plane wave basis set for describing the wave function (and 400 Ry
for describing the electron density) and a mesh of 2 � 2 � 1
k-points. Extensive calculations with larger cutoffs and k-meshes
showed that convergence with respect to these numerical para-
meters is achieved within 0.05 eV, as also confirmed by the
excellent agreement of the present results with previous calcula-
tions (see the section on Comparison with Previous Work). For
example, the adsorption energy of a single C atom on a hcp site of
Ni(111) is�6.71 eV using an energy cutoff of 60 Ry and a 4� 4
� 1 k-mesh. The size of the Ni(111) supercell is at least 3� 3 for
a single C atom adsorption and up to 9 � 3 for the longer C
chains to ensure that distances between carbon atoms in
neighboring cells are larger than 7�8 Å, so that their interaction
can be altogether neglected. van der Waals (dispersion) con-
tributions are systematically tested using an empirical
correction15 to the PBE total energy and forces, but found to
be crucial only for the adhesion of a graphene monolayer in
which the contributions due to direct chemical bond become
very small. A dipole correction28 was also applied in many test
calculations to cancel spurious intercell polarization effects but
found to give negligible contributions. A slab of five Ni layers is
used to describe the Ni surfaces with the bottom three layers kept
frozen at their bulk position (experimental lattice parameter of
2.49 Å, practically identical to the DF-predicted one). Selected
calculations with a larger number of layers (up to eight) gave
essentially the same results in the case of surface adsorption,
whereas in the case of subsurface adsorption they exhibited
differences slowly converging with the number of layers due to
the elastic contributions discussed in the Results and Discussion
section.

The climbing image nudged elastic band method29 is used to
determine the energy barriers of diffusion processes. This
method searches for the minimum energy path between two
local minima by creating a fixed number of intermediate config-
urations (images) that are linked to each other by elastic springs.
The image highest in energy does not feel the spring forces along
the band; instead, the true force at this image along the tangent is
inverted. In this way, the image tries to maximize its energy along

the band, and thus when this image converges it is at the exact
saddle point. The local minima singled out by total energy search
are set as starting configurations of the NEB procedure using
seven intermediate images, which is sufficient to produce very
accurate results.29

As discussed in the Results and Discussion section, it is
important to quantitatively assess the competition between
surface and subsurface adsorption. For a C dimer, subsurface
adsorption leads to a repulsion by 1 eV with respect to isolated
subsurface C atoms according to our DF approach. The small size
of the unit cell could bias this result by overestimating the strain
component in the Ni lattice for subsurface with respect to
epitaxial adsorption. To estimate the relaxation in elastic stress
due to the cell size, we calculated the difference in elastic energy
stored in the Ni lattice between subsurface adsorption of a C
dimer in a (3 � 3) unit cell with 5 Ni layers and a large (9 � 9)
unit cell with 18 layers via classical force-fields. A Morse function
fitted on the DF-calculated energy curve was used for the C�C
binding in the C2 dimer, a tight-binding second-moment-approx-
imation empirical potential for Ni�Ni bonding,30 and a purpo-
sely derived force field based on a Morse analytic form and fitted
on DF simulations for the C�Ni interaction (details are available
upon request). The difference in elastic energy came out to be
0.5 eV, as discussed in the main text, thus unable to revert the
greater stability of an ad-dimer with respect to a subsurface dimer.
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