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ABSTRACT The healing of graphene grown from a metallic substrate is investigated using tight-binding

Monte Carlo simulations. At temperatures (ranging from 1000 to 2500 K), an isolated graphene sheet can anneal

a large number of defects suggesting that their healings are thermally activated. We show that in the presence of

a nickel substrate we obtain a perfect graphene layer. The nickel —carbon chemical bonds keep breaking and

reforming around defected carbon zones, providing a direct interaction, necessary for the healing. Thus, the action

of Ni atoms is found to play a key role in the reconstruction of the graphene sheet by annealing defects.
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arbon structures—graphene and

nanotubes in particular—are the fo-

cus of substantial research activity,
because of their promising electrical, me-
chanical, and optical properties.' Particu-
lar attention has been paid recently to
single layers of graphite, that is, to
graphene and to its novel electronic
properties.>* In many applications, optimal
performance requires the control of its
structural properties, which remains a sig-
nificant difficulty. It is known for a long time
that catalytic chemical vapor deposition
(CCVD) of hydrocarbons on reactive nickel
or transition-metal-carbide surfaces can
produce thin graphitic layers.> However,
for the most part, the large amounts of car-
bon atoms absorbed on nickel foils formed
thick graphite crystals instead of graphene
films. Few layer graphene is now commonly
produced by CCVD at temperatures rang-
ing between 350 and 1000 °C, using metal-
lic substrates (such as Co, Ni, Ir, Ru) that
catalyze the decomposition of the carbon-
bearing gas precursors and make the
growth of carbon nanostructures.® '? It is
now possible to grow large-area graphene
films of the order of centimeters on copper
substrates.'®

Despite this considerable progress in

synthesis procedures, the details of the
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microscopic mechanisms involved in the
growth of carbon structures are still lack-
ing. Atomic scale investigations are far from
being feasible experimentally, whereas
computer simulations allow such investiga-
tions. We have recently developed a tight-
binding (TB) model for nickel and carbon
that uses Monte Carlo simulations in the
grand canonical ensemble (GCMC) to study
the formation of graphene from a metallic
substrate.'*'> The GCMC method works in
an open system and can simulate the
growth of a carbon structure under condi-
tions of fixed temperature and carbon
chemical potential, closely reproducing the
experimental conditions where the carbon
chemical potential is fixed by the catalytic
decomposition of the carbon-bearing gas.
Hence, we were able to understand and ex-
plain the nucleation of graphene on Ni
(111). The Ni surface catalyzes the nucle-
ation process: carbon atoms are confined
in its surroundings until a critical surface
concentration is reached. Carbon chains ap-
pear first, interacting weakly with the sur-
face and becoming more and more stable;
then nucleation of graphene takes place.
The energetics of the carbon—metal inter-
action, a limited carbon solubility, and a ten-
dency for expelling the sp? carbon struc-
tures formed at the catalyst surface are
therefore important.

However, for a large range of chemical
potentials, we observe the presence of de-
fects in the grown sp? structure. Likewise, in
the case of carbon nanotubes grown from
a metallic nanoparticle, whether the em-
ployed method is empirical,'® or
semiempirical,’”'® all the final configura-
tions are plagued by a high concentration
of atomic-scale defects. These include, but
are not limited to, heptagon—pentagon to-
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Figure 1. (a) Reaction pathway for SW transformation observed during a MC simulation at 1000 K (top view). An out-of-
plane path has been observed (side view). (b) Representation of the activation barrier for healing the SW at 0 K.

pological defects, adatoms, and atomic vacancies. Fur-
thermore, the estimated experimental growth rates are
in the nanometer to micrometer per second range.'®?°
Such scales are largely beyond the capabilities of nu-
merical simulations, meaning that only some elemen-
tary steps can be studied, or that the growth conditions
imposed in the simulations are orders of magnitude
too fast, leading to very defective sp? carbon structures.
In this context, several groups have sought to character-
ize the crystallization of carbon network using numeri-
cal simulations,'”"2

In the present work, we investigate the healing pro-
cesses of defective carbon structures at atomic scale.
We have developed an improved tight-binding Monte
Carlo (TBMC) code that allows us to perform systematic
and long Monte Carlo runs. We use it to study the evo-
lution at finite temperatures of graphitic structures pre-
viously grown by grand canonical Monte Carlo (GCMC)
simulations. We also investigate the role played by the
catalyst metal in the healing process of graphitic
structures.

RESULTS AND DISCUSSION

Stone-Wales Defect. As a first step toward a com-
plete understanding of the healing process in
graphene, we study the influence of temperature
variations on the Stone—Wales defect. The
Stone—Wales (SW) defect is a 90° rotation of a C—C
bond in the hexagonal network with respect to the
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midpoint of the bond. This leads to the formation
of two pentagons and two heptagons, replacing four
hexagons. This defect, studied extensively, is be-
lieved to play an important role in the structure
transformation of different carbon nanostructures,
such as the coalescence of fullerenes or the melting
of carbon nanotubes.?*?* According to ab initio
studies, its energy is of the order of 5—6 eV with an
energy barrier energy of the order of 10 eV.?>~?7
Without the presence of adatoms which can reduce
this value within the range 0.7—2.3 eV,?® it is then im-
possible in practice to observe the formation of SW de-
fects at equilibrium. The barrier for healing of an exist-
ing SW defect on the other hand is obviously much
lower, of the order of 4 eV or less. To go further, we
use Monte Carlo simulations in the canonical ensemble
to investigate the behavior of this defect at high tem-
peratures and without constraining the system. Indeed,
many ab initio calculations up to now have been per-
formed at 0 K by imposing an in-plane SW—graphene

TABLE 1. Number of Rings in Initial and Final
Configurations for Different Temperatures

five-ring six-ring seven-ring eight-ring nine-ring
initial 6 8 7 5 3
1000 K 7 14 6 5 1
1500 K 7 n 7 1 1
2000 K 3 16 6 2 2
2500 K 0 29 1 2 0
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Figure 2. Equilibrium configurations at (a) 1000, (b) 1500, (c) 2000, and (d) 2500 K.

transformation. In the present work, the system con-
sists of a central defect site within a supercell suffi-
ciently large to minimize boundary effects on the ener-
gies of interest. We adopt a structure containing 500
atoms. The full structure is relaxed via standard MC dis-
placements steps. Figure 1a shows that when the de-
fect is subjected to high temperatures (>1000 K) the
median bond separating the pentagons and the hepta-
gons completes a 90° rotation which results in a per-
fect sp? hexagonal geometry. During the simulation, we
have observed that this thermally activated healing pro-

cess involves an out-of plane path (Figure 1b) (see also
ref 27).

Defective Graphene. We now consider a more compli-
cated situation. A graphene sheet grown by previous

{ GCMC simulations' is submitted to temperatures rang-

ing from 1000 to 2500 K. The initial configuration con-
tains 72 carbon atoms where 70% of the sheet is popu-
lated with defects. As seen in Table 1, we have
characterized them by specifying the number of rings
(pentagons, heptagons, etc.) present in the carbon
structure, which we have found easier than an analysis

X in terms of point and extended defects. This approach is

very convenient to follow during the simulation of the
healing of the graphene sheet corresponding to the for-
mation of hexagonal rings. The convergence of the to-
tal energy as a function of Monte Carlo steps is con-
trolled and compared with variation of the number of
rings in the system. The simulation is stopped when the
total energy no longer varies on the average, which im-
plies that the system has reached a Gibbs energy mini-
mum. Figure 2 shows the final states of the MC runs for
four temperatures (T = 1000, 1500, 2000, and 2500 K).
Table 1 presents the corresponding types of polygons.
At 1000 K, a significant amount of defects remains in the
final configuration. Upon heating, octagons and
nonagons are the first to be corrected, implying that
their activation barrier is the lowest. Pentagons and
heptagons are the most difficult to heal and remain in
large concentration until 2500 K. Consequently, topo-
logical defects of different sizes are thermally activated
at different temperatures. During the simulation at
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Figure 3. Comparison of the total internal energy with the variation of the number of polygons as function of Monte Carlo

steps in an isolated graphene sheet at (a) 1000 and (b) 2500 K.
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Figure 4. Evolution of the defective graphene sheet at 2500 K. The transformation of several defects in an isolated graphene
sheet. (a) Linear chain of C helps the transformation of various defects such as vacancies and large polygons. (b) Vacancy de-
fect. (¢, d) Stone-Wales defect transformation during heating. (e) Final configuration (top and side view).

1000 K, we observe a stepwise decrease of the total in-
ternal energy (see Figure 3a). The steps coincide with a
significant increase in the number of hexagons. In-
deed, the configuration that is favored by the carbon at-
oms is a 3-fold environment, where the bond lengths
and angles of an sp? configuration are respected as in
the hexagon. Such a geometry greatly stabilizes the sys-
tem. This tendency is further confirmed by calculations
done at 1500, 2000, and 2500 K as shown in Figure 3b.
However, the steps are less visible at high temperatures
(>1000 K) due to the large fluctuations of the system
which results into noise in the plots. As expected, the
presence of hexagons greatly stabilizes the system and
tends to heal all other types of defects. As seen in Figure
4, where the evolution of the system at 2500 K is pre-
sented, we observe a predominance of hexagons at
the end of the simulation. The final configuration, cor-
responding to a carbon structure with 29 hexagons, is
indeed an almost perfect graphene sheet.

Role of Nickel. We further investigate the correction
and migration of defects in sp? structures by adding to
the previous system the Ni(111) lattice from which the
graphene has nucleated (Figure 5a,b. We therefore seek
to understand the role played by the metal in the heal-
ing of defective carbon structures. The NiC system, con-
taining 216 Ni atoms, was subjected to high tempera-
tures ranging from 1000 to 2500 K. As in the case of the
isolated graphene sheet, we notice that at 1000 K, the
sheet is far from being healed and a non-negligible con-
centration of defects remains (Figure 5c). Once again,
large rings are healed at 1000 and 1500 K, whereas pen-
tagons and heptagons cancel out at higher tempera-
tures. At 2500 K the graphene sheet is completely

www.acsnano.org

healed as seen in Figure 5d. This suggests that the heal-
ing of defects is thermally activated as observed for
the isolated graphene sheet. By comparison with the
case of graphene sheet without catalyst, we deduce
that Ni plays a crucial role in defect migration. First, the
Ni lattice has contributed to a more rapid stabilization
of the system: the graphene sheet was corrected in less
Monte Carlo steps. At 1000 K, for an isolated graphene
sheet, 2000 MC steps per atom were necessary to form
14 hexagonal rings, whereas in the presence of nickel

Figure 5. Graphene sheet in the presence of the Ni lattice: (a) side and top
views of the initial configurations; equilibrium configurations at (c) 1000 and
(d) 2500 K.
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Figure 6. Variation of the number of hexagonal rings as a function of the MC steps at 2500 K. Ni helps the correction of de-
fects corresponding to a steplike stabilization of the system. We observe that the defective zone (in red) vanishes. This is
mainly due to the Ni atoms which interact with this area as seen on the snapshot.

atoms the same healing is obtained with only 600 MC
steps per atom. Then, the pentagons and heptagons,
which were extremely difficult to heal at low tempera-
tures become more reactive in the presence of Ni. To
understand the role played by Ni atoms in the healing
of defects, we have investigated the steplike increase
during the variation of the number of polygons in a
simulation at 2500 K (Figure 6). This detailed analysis
suggests that Ni atoms can interact with the defects of
the graphene sheet. During the simulation, a defective
zone is identified: the red one in Figure 6a. The Ni atoms
are seen interacting precisely with the defective parts
of the graphene sheet, whereas no Ni atoms are found
in the proximity of the areas of the graphene sheet
where a hexagonal geometry has been established.
This may not be so surprising; defects change essen-
tially not only the electronic properties but also the
chemical properties of carbon structures, being cen-
ters of their chemical activities:*® several ab initio calcu-
lations report on the strong interaction of transition
metal impurities with defects.>® We further observe dur-
ing the simulation that the interacting Ni atoms cata-
lyze certain reconstructions. The steplike increase in the
number of polygons corresponds to Ni atoms interact-
ing with defective areas which help to establish about
six hexagonal rings (Figure 6b). Thus, we have observed
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that nickel—carbon chemical bonds keep breaking and
reforming around defected carbon zones. This mecha-
nism provides a direct interaction of Ni atoms with
weakened neighboring C—C bonds. This results in the
breaking and reconstruction of C—C bonds, but also in
their rotations which are necessary for the healing pro-
cess. Once again, these observations are in good agree-
ment with ab initio calculations demonstrating that
Stone-Wales transformations occurring during growth
are made easier by the presence of additional metal at-
oms, reducing the barrier from about 6 eV to 2.80—3.5
eV.2"32 Moreover, recent in situ X-ray diffraction measure-
ments of amorphous carbon on Ni surfaces have sug-
gested graphitization by direct metal-induced crystalliza-
tion, confirming the key role played by the metallic
substrate to heal defected carbon structures.”

CONCLUSION
On the basis of tight-binding Monte Carlo simula-

tions, we have studied the healing processes of carbon
structures. High temperatures are capable of healing the
Stone-Wales defect by adopting an out-of-plane path that
significantly reduces its activation barrier. A study of an
isolated graphene sheet has demonstrated that defects
were thermally activated and that high temperatures are
able to heal the structure. Once this sheet is put in contact

Www.acsnano.org



with the Ni lattice, the defects are healed at a faster rate
and at lower temperatures. We have also observed, dur-
ing our simulations, that the Ni particles participate ac-
tively in the healing process. Therefore the presence of
Ni favors not only the nucleation of the graphitic struc-
tures but also the healing of defects
Finally, in a more general context the results re-

ported here are an illustration that defects in sp? car-
bon structures are highly sensitive to the temperature

METHOD

We have developed and carefully tested a model for Ni and
C, in a tight-binding framework.'*'® The total energy is a sum
of local terms: an empirical repulsive term and a band structure
contribution including s and p electrons of C, and d electrons of
Ni. Local densities of electronic states are calculated using the re-
cursion method. Only the first four continued fraction coeffi-
cients (an,b,) are calculated exactly. The continued fraction is
then expanded to the Nth level using constant coefficients equal
to a; and b, (here N = 40). This approach provides us already
with a good description of the angular contributions to the en-
ergy and leads to a relatively fast scheme. This atomic interaction
model is then implemented in a Monte Carlo code, based on
the Metropolis algorithm, which allows for structure relaxation.
To go further, we have improved the Monte Carlo code efficiency
in canonical ensemble by modifying the algorithms.3® Switch-
ing from the standard recursion algorithm to a direct calculation
of the moments is possible and more efficient when only four
moments are considered. Indeed in a Monte Carlo algorithm, we
can calculate only the moments contribution that have changed
at each step. A second point concerns the way to calculate the
local densities of states, by using an analytic integration of the
continued fraction expansion.>” This option is faster but is less
stable and more difficult to implement. By combining both de-
velopments, we have obtained a faster code, that makes the ex-
ploration of longer time scales and more extensive investiga-
tions possible. More details will be given elsewhere. We have
studied the influence of temperature variations on defective
graphene by using this approach. The idea is to start from
graphene sheets containing defects and submit them to high
temperatures up to 2500 K, which is a typical temperature used
in graphitization processes.*® The system is then able to over-
come high energy barriers and reach new equilibrium states cor-
responding to less defective carbon structures.
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