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G
raphene has attracted extensive re-
search interests recently due to its
outstanding chemical, mechanical,

and electronic properties and numerous
potential applications.1�5 The controlled
synthesis of graphene is a fundamental step
toward the industrial realization of these
applications. Especially, high-quality gra-
phene in large area is crucial for graphene
device applications. Among various techni-
ques of graphene production, the chemical
vapor deposition (CVD) growth on the tran-
sition metal surface is the most promising
approach for achieving this goal. It has been
demonstrated that many transition metals,
such as Rh,6 Ru,7 Ir,8 Ni,9,10 Pt,11 Pd,12 Cu,13

etc., can be used as catalysts for graphene
CVD growth. Among them, Cu was broadly
recognized as the best catalyst for large-
area, high-quality, single-layer graphene
synthesis.13,14 While, to date, there is very
little knowledge aboutwhy Cu is better than
others for catalyzing graphene CVD growth.
Unlike the case of Ni, carbon has extre-

mely low solubility in Cu bulk, and thus the
graphene CVD growth on Cu is a pure sur-
face process.15�18 Considering the very low
diffusion barrier of C atoms on the Cu
surface,19 the graphene growth should be
limited by incorporating carbon atoms onto
the edges of graphene islands. To under-
stand the growth of graphene at the atomic
scale, the detailed process of C atoms in-
corporating onto an edge of a growing
graphene island is of particular importance.
Experimentally, a large number of observa-
tions have shown that the dominating edge
type of the growing graphene islands on the
Cu surface is zigzag (ZZ).20�22 On the basis
of the well-known theory of crystal growth
that the faster growing edges would quickly

disappear,23 this indicates that the armchair
(AC) graphene edge should grow much
faster than the ZZ one. To figure out the

growth rates of various graphene edges,
its edge structure must be determined in
advance, which is the main motivation of
this investigation.
The freestanding graphene edges pos-

sess very high formation energy, 13.46 and
10.09 eV/nm (or 3.35 and 2.18 eV/edge
carbon atom) for ZZ and AC edges,
respectively.24 To lower the edge formation
energies, the AC edge in vacuum is found to
be self-passivated by triple CtC bonds and
the very active ZZ edge tends to be geome-
trically reconstructed into a chain of adja-
cent pentagon|heptagon (5|7) pairs.25,26

Once placed on a transition metal surface
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ABSTRACT

The energetics and growth kinetics of graphene edges during CVD growth on Cu(111) and

other catalyst surfaces are explored by density functional theory (DFT) calculations. Different

from graphene edges in vacuum, the reconstructions of both armchair (AC) and zigzag (ZZ)

edges are energetically less stable because of the passivation of the edges by the catalytic

surface. Furthermore, we predicated that, on the most used Cu(111) catalytic surface, each AC-

like site on the edge is intended to be passivated by a Cu atom. Such an unexpected passivation

significantly lowers the barrier of incorporating carbon atoms onto the graphene edge from

2.5 to 0.8 eV and therefore results in a very fast growth of the AC edge. These theoretical

results are successfully applied to explain the broad experimental observations that the ZZ

egde is the dominating edge type of growing graphene islands on a Cu surface.
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which is chemically very active, a graphene edge
would be simultaneously passivated by the metal
substrate due to the strong binding between the
metal surface and the edge carbon atoms, and thus
edge reconstruction is not favorable in energy
(see following discussions). For example, on Ni(111),
Co(111), Ru(0001), and Rh(111) surfaces, we find that
the formation energies (see Table 1) are dramatically
lowered by over 50% to 4.0�5.0 eV/nm or ∼1.0 eV/
edge atom. In contrast, the formation energies of
graphene edges on Cu(111) and Au(111) surfaces, in
particular, for the AC edge, do not change much. For
example, the formation energies of AC/ZZ edges on
Cu(111) and Au(1111) surfaces are 7.41/6.84 and 9.87/
9.45 eV/nm, respectively. On the basis of the interac-
tion strength of graphene�metal, these catalyst sur-
faces can be classified into two groups: inert ones like
Cu(111) and Au(111) and active ones like Ni(111),
Co(111), Ru(0001), and Rh(111) surfaces. Such classi-
fication is in agreement with recent results calculated
by Yuan et al.27

The high formation energies of graphene edges on
Cu(111) and Au(111) surfaces imply that these edges
are not efficiently passivated. Graphene CVD growth
mostly occurs at the temperature of T ∼ 1000 �C,
which is high enough to activate the fast diffusion of
metal adatoms on metal surfaces. Hence it is very
possible for the active graphene edge to be passi-
vated by these metal adatoms. Here we present a
comprehensive study on the stability of several gra-
phene edge configurations on Cu(111) and other
metal surfaces by using the density functional theory
(DFT) calculations. It is found that the termination of
the AC edge by isolated Cu atoms is energetically
most preferred while the ZZ edge tends to keep its
pristine structure. Futher investigation shows that the
Cu atom passivation on the AC sites greatly reduces
the barrier of incorporating carbon atoms onto
the AC edge and results in a fast growth of the
AC edge on the Cu surface. As a consequence, on
the basis of the classical theory of crystal growth, the
ZZ edge should be the dominate edge of growing
graphene islands.

RESULTS AND DISCUSSION

We first consider the stability of various potential
graphene edges on the Cu(111) surface. It is well-
known that the graphene nucleation tends to be

initiated near a step on a metal surface.24,28�30 Thus,
here we consider a graphene nanoribbon (GNR) with
one of its edges attached to a metal step of the Cu
surface tomodel the growing graphene. Another edge
of the GNR on the flat Cu(111) surface is active for the
incorporation of C atoms. In this calculation, a few
potential graphene edge configurations on the Cu
surface, inculding of pristine, reconstructed, and Cu-
terminated ones, have been considered. The optimized
structures are shown in Figure 1 and Figure S1 in the
Supporting Information. It can be seen that the binding
position of AC GNRs on the Cu step is much higher than
that of ZZ GNRs. Such a difference stems from the GNRs'
electronic edge states. Each C atom of the AC edge has
one dangling σ bond due to the self-passivation effect,25

and thus it prefers to bond to one metal atom of step
only. In contrast, a C atom of the ZZ edge has two active
unpaired electrons,27 and therefore, it tends to bond to
two metal atoms, one belongs to the step and another
one belongs to the flat surface.
It is well-known that a pristine ZZ edge of graphene

is unstable and thus tends to be reconstructed into a
linear pentagon�heptagon (5|7) chain in vacuum.25,26

Very surprisingly, our calculation shows that all recon-
structed ZZ/AC edges on the Cu surface are less stable
than the pristine one (see Figure S1 of Supporting
Information). This stems from the fact that the car-
bon atoms on the reconstructed graphene edges
weakly bond to the Cu surface because of the self-
passivation.31 Therefore, we only consider the pristine
AC or ZZ edge in the following discussions.
Beyond these reconstructed edges, the pristine

graphene edges might be terminated by thermally
activated metal atoms. Four types of Cu-terminated
graphene edges, including of AC-Cu-I, AC-Cu-II, ZZ-
Cu-I, and ZZ-Cu-II, have been considered in the pre-
sent study (see Figure 1). AC-Cu-I/ZZ-Cu-I is the
AC/ZZ graphene edge terminated by isolated
Cu atoms (Figure 1b,e), and AC-Cu-II/ZZ-Cu-II is the
AC/ZZ graphene edge terminated by a linear Cu chain
(Figure 1c,f). The formation energies (Ef) of Cu-termi-
nated graphene edges are defined as

Ef ¼ (ET � EGNR � ES � NCu � εCu)=L (1)

where ET, EGNR, and ES are the energies of the GNR on
the Cu surface, GNR, and Cu substrate, respectively; εCu
is the cohesive energy of Cu bulk in eV/atom, NCu is the
number of terminating Cu atoms, and L is the length of
GNR edge.
Interestingly, both types of Cu-terminated AC gra-

phene edges are more stable than the pristine one, as
shown in Figure 1a�c. Their formation energies are
0.54 and 0.48 eV/nm lower than that of the pristine AC
edge, respectively. Among them, the isolated Cu atoms
terminated one, AC-Cu-I is more stable than AC-Cu-II,
which is the graphene edge terminated by the
linear Cu chain. In sharp contrast, the pristine edge is

TABLE 1. Graphene Edge Formation Energy (in eV/nm) in

Vacuum and on Several Metal Surfaces, Where AC and ZZ

Represent the Armchair and Zigzag Edges, Respectively

None Au(111) Cu(111) Ni(111) Co(111) Rh(111) Ru(0001)

AC 10.09 9.87 7.41 4.55 5.34 4.93 4.97
ZZ 13.46 9.45 6.84 4.15 4.54 4.14 4.05
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energetically the most favorable structure among all
ZZ edges. The formation energies of both ZZ-Cu-I and
ZZ-Cu-II edges are more than 1.0 eV/nm higher than
the pristine one. The effect of GNR width was tested by
using wider GNRs to repeat these calculations (see
Figure S2 of Supporting Information). The result shows
that increasing the width of GNRs on the Cu surface
only results in a minor change of the formation en-
ergies and their order does not change at all. This
indicates that the curvature energy of the bent GNRs
only contributes aminor fraction to the edge formation
energies. The high stability of the Cu-terminated AC
graphene edge is mainly attributed to the optimum
geometry for the GNR�Cu interactions. For the Cu-
terminated AC graphene edge, the C�C�Cu bond
angles (101� and 100�, as shown in Figure 1b,c) are
close to the standard sp2 bond angle in graphene
(120�). In contrast, although the Cu passivation also
leads to the reduction of ribbon height, the C�C�Cu
bonding angle of ZZ-Cu-I (81�, as shown in Figure 1e) is
far from that in graphene, and thus the binding of the
Cu atom to a ZZ edge is less stable than that on the AC
edge. The ZZ-Cu-II (see Figure 1f) has the appropriate
bond angle (120�) and shorter Cu�C bond length
(1.99 Å), but, on average, each passivating Cu atom
only bonds to one C atom. The formation of one Cu�C
bond cannot afford the energy penalty of moving a
Cu atom from bulk to the surface (∼1.4 eV/atom).
The above results suggest that the Cu-terminated

graphene AC edge is energetically preferred because
the passivation with Cu atoms releases sufficient en-
ergy to compensate the energy cost of drawing Cu

atoms from bulk to the surface. In another word,
whether a metal-terminated graphene edge is stable
or not depends on the competition between metal�C
and metal�metal interactions. To verify this assump-
tion, four different metal surfaces, including Au(111),
Cu(111), Ni(111), and Rh(111), are carefully studied.
These four metal surfaces represent typical catalytic
surfaces with different C�metal interactions: Au is very
inert, Cu is slightly active, Ni is active, and Rh is very
active. The order of interaction strengths between
C and these metal surfaces is Rh > Ni > Cu > Au.32,33

As an indicator of the competition between metal�C
and metal�metal interactions,33,34 we have calculated
the ratio, EC/EM, where EC and EM are the adsorption
energy of a carbon atom on metal surfaces and the

Figure 1. Top and side views of the optimized armchair (AC) and zigzag (ZZ) graphene edge configurations on a Cu(111)
surface. The relative formation energies of each structure relative to the pristine AC/ZZ edge are shown. (a,d) Pristine AC/ZZ
graphene edge; (b,e) AC/ZZ graphene edges terminated by isolated Cu atoms (labeled by AC-Cu-I/ZZ-Cu-I); (c,f) AC/ZZ
graphene edges terminated by linear Cu chain (labeled by AC-Cu-II/ZZ-Cu-II). Small black and large yellow balls represent C
and Cu atoms, respectively. The Cu atoms that terminate the graphene edges are highlighted by green. The rectangles in all
panels denote the unit cells used in calculations.

Figure 2. Formation energies of metal-terminated graphe-
ne edges (AC-Cu-I/ZZ-Cu-II) on Au(111), Cu(111), Ni(111),
and Rh(111) surfaces as a function of relative binding
interaction EC/EM; EC and EM are the adsorption energy of
a carbon atomonmetal surfaces and the cohesive energy of
bulk metals, respectively.
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cohesive energy of bulk metals, respectively. The forma-
tionenergiesversus EC/EM for the four representivemetals
are ploted in Figure 2 (detailed data are listed in Table S1
of Supporting Information). It is found that the metal-
terminated AC graphene edge is preferred on both Au
and Cu surfaces but not preferred on both Ni and Rh
surfaces. For all of these metal surfaces, the metal-
terminated ZZ graphene edge is energetically unfavor-
able. It is prominent that there is a strong correlation
between the formation energies and EC/EM, that the
larger the EC/EM, the lower the formation energy. The
fitting lines show that the metal-terminated AC edge is
stablewhen the EC/EM is larger than 1.33, while the stable
metal-terminated ZZ edge requires EC/EM to be larger
than 1.51. However, mostmetals have ratios smaller than
1.51, thus the metal-terminated ZZ graphene edge is
difficult to be observed in experiments.
On the basis of the above analysis, the metal-

terminated AC edge is energetically favorable on the
Cu(111) surface but the ZZ edge tends to keep its
pristine form. As expected in the aforementioned
discussion, the AC edge should grow faster than the
ZZ edge. It is common knowledge that edge passiva-
tion normally hinders addition of atoms and thus may
slow the graphene growth rate. So how does themetal
passivation affect the addition of C atoms onto a
growing graphene edge?
To further understand the effect of passivating Cu

atoms on the graphene growth, the detailed processes
of incorporating carbon atoms onto AC and ZZ edges
are studied, respectively. In most experiments of
graphene CVD growth, the graphene feedstock pres-
sure is very low (10�3 Torr or lower)35 and thus the
concentrations of C precursor on metal surfaces must
be also very low. Experimentally, methane (CH4), which
has one C atom per molecule, is one of the most used
feedstocks, especially for graphene growth on the
Cu surface. The direct CH4 decomposition releases C
monomers on metal surfaces. Hence, the C monomer
should be the most important C precursor in the
graphene growth on the Cu surface. Certainly, during
graphene growth, there is the probability of forming
small C clusters by the coalescence of the C
monomers.33 As a kinetic process, the concentration
of CN clusters should be proportional to the rate of N C
monomers meeting on the metal surface or

FN∼(F1)
N (2)

where FN and F1 are the concentrations of CN and
carbon monomer, respectively. Equation 2 indicates
that the larger is the cluster, the lower is the concen-
tration. Thus, the graphene growth on the Cu surface
should be mainly determined by the incorporation of
C monomers (C1) and the incorporation of small C
clusters; especially, the C dimer may play a secondary
role.

For the growth of the AC edge, a repeatable cycle of
graphene growth includes the addition of two C atoms
in sequence (Figure 3a). In order to provide a reference,
we first investigate the incorporation of two carbon
monomers onto the pristine AC graphene edge on the
Cu(111) surface. As shown in Figure 3a, once the first C
atom reaches an AC site, one Cu atom is drawn out of
the Cu(111) surface and leads to the formation of
bridged C�Cu�C (or called bridged metal (BM) struc-
ture as in ref 34). The side view of the BM structure is
shown in Figure S3a of Supporting Information. Such a
process has been comprehensively explored by Wu
et al.34 The position exchange between the bridged Cu
atom and the C atom is required to accomplish the
attachment of the first C atomonto the graphene edge.
The calculated barrier of the exchange is 1.25 eV. The
optimized final structure has a pentagon on the AC
edge and the Cu atom was drawn back to its original
position. The incorporation of the first C atom is highly
exothermic with a energy release of 2.99 eV. Owing to
the high activity of the edge C atom in the pentagon,
the second C atom is attached to the edge site of the
pentagon with a negligible barrier, and the BM struc-
ture does not appear during the attachment. Then an
extra step is required to transfer the pentagon plus
dangling C formation to a new hexagon on the pristine
AC edge and accomplish a cycle of growth. As shown in
Figure 3a, healing the pentagon can be achieved by
rotating the dangling C�C bond, and the barrier is
substantial, 2.47 eV. In conclusion, during a cycle of C
addition, the threshold step is the structure transfor-
mation and the threshold barrier is 2.47 eV.
Next, let us consider the incorporation of two carbon

atoms on a Cu-terminated AC edge. As there is already
an extra Cu atom appearing near the AC site, no further
Cu atom is drawn out during the addition of both C
atoms (see Figure 3b and Figure S3b). Similar to the

Figure 3. Repeatable cycles of incorporating two C atoms
onto (a) pristine and (b) Cu-termianted armchair graphene
edges on the Cu(111) surface. The circled regions represent
the growth site. All of the energy differences are in the
unit of eV.
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incorporation of carbon atoms onto the pristine AC
edge, the BM structure is formed at the arrival of the
first C atom. A quite low barrier, 0.80 eV, is required to
anchor the first C atom onto the graphene edge by the
position exchange between the Cu atom and the C
atom. As shown in Figure 3b, the anchored C atom and
the terminating Cu atom form a hexagon at the AC
edge, which is very different from that on the pristine
edge. The arrival of the second C atom forms a triangle
with the first C atom and the passivating Cu atom. Then
the unstable triangle opens to form a heptagon ring on
the graphene edge. Such a heptagon structure is just a
transition state (TS) and can be transformed into a
hexagon ring of C atoms. The barrier of the transforma-
tion is merely 0.58 eV. Hence, for the C addition on a
Cu-terminated AC edge, the existence of the Cu atom
greatly reduces the threshold barrier from 2.47 to
0.8 eV and the threshold step becomes the incorpora-
tion of the first C atom.
Different from the AC edge, the pristine graphene ZZ

edge is energetically more favorable than others. Thus,
only C addition onto the pristine ZZ edge is considered
here. To form a new hexagon on the ZZ edge, the
incorporation of three C atoms onto the edge in
sequence is required. Similar to the growth of the
pristine AC edge, a BM structure (side view of this
structure is shown in Figure S3c) is formed when the
first C atom arrives at the ZZ edge (Figure 4a). The
barrier of the first C atom attachment is 0.91 eV
(Figure 4a). The arrival of the second C atom also
excites the BM structure, and the drawn Cu atom and
the first C atom form a pentagon at the ZZ edge
(Figure 4b and Figure S3d). Then the following position
exchange between the Cu and the second C atom
leads to a C pentagon, and the corresponding barrier is
0.88 eV. The incorporation of the third C atom is
required to form a complete hexagon at the ZZ edge.
During the addition of the third C atom, no BM

formation is shown, and thus the third C atom can be
directly added onto a vortex of the pentagon. To form a
perfect new hexagon at the ZZ edge, a structural
transformation from the “pentagon þ dangling C”
formation into a hexagon is required. It is important
to note that there are two possible transformation
paths to heal the “pentagon þ dangling C” formation.
Path (i) is shown in Figure 4c that the transformation
can be achieved by rotating the dangling C�C bond by
overcoming a barrier of 2.19 eV. Path (ii) is assisted by
an additional Cu atom. As shown in Figure S4 of
Supporting Information, the attachment of the third
C atoms leads to an active armchair-like site and the
accommodation of a Cu atom into the site is slightly
favorable (relative formation energy is �0.13 eV). The
attachment of the additional Cu atom does not result
in any deduction of the defect healing barrier on the ZZ
edge because the Cu atom is far from the rotating C�C
bond (as shown in Figure S5 of Supporting Information;
the barrier is 2.21 eV). Therefore, both paths show
that the incorporation of the third C atom is the
threshold step.
Because C monomers may aggregate into small C

clusters in a small probability on the metal surface
before they are incorporated onto the graphene edge,
the cluster effect on the barrier of C incorporation
was studied. The processes of the most probable C
cluster, carbon dimer (C2), incorporated onto pristine
and Cu-passivated graphene edges are shown in
Figure S6 of Supporting Information. The threshold
barriers are 2.47 and 0.84 eV, respectively. Therefore,
the passivating Cu atoms play a very similar role in
greatly lowering the threshold barriers of incorporat-
ing C1 and C2 precursors onto the AC edge. For the
incorporation of a C2 onto the pristine zigzag edge, the
addition of one C2 leads to a pentagon formation
on the ZZ edge first. Therefore, the threshold step is
the healing of defects, same as that shown in Figure 4c.

Figure 4. Incorporation processes of three carbon atoms onto the ZZ graphene edge on the Cu surface. The barriers (in eV) of
incorporating (a) the first, (b) the second, and (c) the third carbons atoms have been listed, and top view of the initial,
transition state (TS), and final structures of incorporating each C atom into the graphene edge is shown. The green balls
represent the bridged Cu atom between C atoms. All of the energy differences are in the unit of eV.
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On the basis of these discussions, we conclude that the
passivating Cu atom plays an exact same role in the
addition of both C monomer and dimer.
When a new hexagon is formed at the ZZ edge, two

active AC-like sites appear (Figure 5a). Then the active
AC-like sites will be passivated by Cu atoms (see
Figure 5b), and this process is very energetically favor-
able. Owing to the low barrier of C incorporation, the
subsequent growth will be dominated by continuous
deposition of C atoms onto both Cu-terminated AC
sites (see Figure 5c).
We now turn to investigate the growth rate of an

arbitrary graphene edge which has a tilt angle θ from
the ZZ direction. As shown in Figure 6a, such a
graphene edge mixes both AC-like and ZZ-like sites.
Denoting the concentrations of AC-like and ZZ-like
sites as cAC and cZZ, respectively, the growth rate R of
an arbitrary edge can be expressed as

R ¼ cAC � RAC þ cZZ � RZZ (3)

As detailed in ref 36, cAC = (4/
√
3)sin(θ) and cZZ =

2sin(30� � θ) (Figure 6a). Thus the growth rate can be
rewritten as

R(θ) ¼ (4=
ffiffiffi

3
p

)� RAC � sin(θ)þ 2� RZZ

� sin(30� � θ) (4)

Kinetically, the rate of C atoms attaching to ZZ-like or
AC-like sites can be considered as a function of the
threshold barrier, Eb:

R¥ exp( �Eb=kT) (5)

where k is the Boltzmann constant and T is the
temperature of graphene growth. Choosing the typical
temperature of grapheneCVDgrowth, T= 1200 K, as an
example, the ratios of R(θ)/RZZ of graphene growth on
the Cu(111) surface as functions of θ, with and with-
out considering the Cu atom passivation on AC sites,
are presented in Figure 6b. Without considering
the passivation effect, because the threshold barrier
of incorporating C atoms onto a prisine ZZ edge
(2.19 eV) is lower than that onto a prisine AC edge
(2.47 eV), the growth rate monotonically decreases
with θ. As a consequence, slowly growing AC edge
(corresponding to θ = 30�) should dominate the
edge of growing graphene islands (see Figure 6d and
Figure S7 of Supporting Information). Certainly, this
contradicts most experimental observations.19�21 In
contrast, considering the Cu atom passivation, the
barrier of incorporating C atoms onto an AC edge
(0.8 eV) is far lower than that onto a ZZ edge, and the
growth rate monotonically increases with θ. In eq 3,
neglecting the very slow growth on the ZZ sites, the
growth rate of an arbitrary edge is proportional to the
concentration of AC sites or R(θ)∼ sin(θ). This is similar
to the screw dislocation theory of carbon nanotube
growth.37 The result leads to a real experimental land-
scape that the active AC edges grow very rapidly and
gradually disappear, and the inert ZZ edges grow very
slowly and eventually dominate the circumference of a
growing graphene island (Figure 6c and Figure S7 of
Supporting Information).

CONCLUSIONS

In summary, we have performed a detailed theore-
tical investigation on the structural stability and
growth kinetics of graphene edges on the Cu(111)
surface. The Cu atom passivated armchair (AC) edge
presents superior stability over other potential struc-
tures. Such a stable edge formation is attributed to the
competition between the metal�C and metal�metal
interactions. Futhermore, the growth kinetic study
shows that the Cu termination on the graphene AC
edge significantly reduces the threshold barrier of

Figure 5. Growth of the graphene zigzag (ZZ) edge on Cu(111) surface: (a) formation of a hexagon at the ZZ edge induces two
active AC-like sites; (b) Cu atoms attach at the two active AC-like sites as the active growth sites; (c) continuous incorporation
of C atoms at both AC-like sites leads to the formation of a new ZZ chain on the graphene growth front.

Figure 6. (a) Schematic illustration of an arbitrary graphene
edge with the tilt angle θ, 0� e θ e 30�. (b) Ratio of growth
rates (R/RZZ) of an arbitrary graphene edge and zigzag edge
as a function of θ; the blue and red lines represent the
results of AC sites on the edge without and with the Cu
termination, respectively. The morphologies of growing
graphene islands obtained by the kinetic Wulff plots (see
Figure S7 of Supporting Information) with (c) and without
(d) considering passivation of AC sites during growth.
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incoporating carbon atoms from 2.47 to 0.80 eV
and leads to a fast growth rate of the AC edge. This
is in good agreement with broad experimental

observations that the zigzag (ZZ) edge dominates
the circumference of growing graphene islands on
the Cu surface.

METHODS
All calculations in the present study were performed by using

the density functional theory (DFT) as implemented by the
Vienna Ab Initio Simulation Package (VASP).38,39 The exchange-
correlation energy was described in the generalized gradient
approximation (GGA) using the PBE functional.40 The energy
cutoff for the plane-wave expansionwas set to 400 eV, using the
projector-augmented wave (PAW) potentials41 to describe the
electron�ion interaction. The Monkhorst-Pack k-point mesh of
4 � 2 � 1 was found to provide sufficient accuracy in the
Brillouin zone integration. The geometry optimization was
performed using the conjugate gradient scheme until the force
acting on each atom is less than 0.01 eV/Å. The climbing image
nudged elastic band (CI-NEB) method42 was used for the
transition state search and incorporation barrier determination
of carbon atoms.
To investigate the interaction between graphene nanorib-

bons (GNRs) and metal surfaces, a three-layer metal slab with
fixed bottom layer atoms was used to represent the metal
surfaces, then the GNR was put on the metal surfaces (e.g.,
Au(111), Cu(111), Ni(111), Ru(0001), and Rh(111)) with fully
structural relaxations. The schematic models for GNR on the
metal surface (zigzag and armchair GNRs on the Cu(111)
surface) are shown in Figure S8 of Supporting Information.
The repeated slabs were separated by more than 10 Å to
eliminate their interactions, and the allowed lattice match of
GNR�metal interfaces in the constructed slab models is smaller
than 3%. On the basis of this model, the graphene edge
formation energies, Ef, were calculated by the following formula

Ef ¼ (EM þ EGNR � Etot)=L (6)

where Etot, EM, and EGNR are the total energies of metal slab with
GNR, supported metal surface, and freestanding GNR, respec-
tively; L is the length of unit cell along the periodic direction of
GNR.
The second model is used to study the possible graphene

edges on the Cu(111) surface. It is a well-known fact that the
graphene growth tends to begin at the metal step for most
metal surfaces.28�30 Thus, we have constructed the GNR with
one edge attached to a metal step on the Cu(111) surface.
Another edge of GNR was used to represent the growing front
of graphene. To investigate the effect of ribbon length on the
stability of graphene edges, we have considered two different
lengths for both armchair and zigzag GNRs. They are 7.38 and
12.30 Å for armchair GNRs and 7.10 and 15.62 Å for zigzag GNRs.
Various potential edge configurations of the front were con-
sidered, including of pristine, reconstructed, and Cu-terminated
graphene edges (theoptimized structures are shown in Figure 1,
Figure S1, and Figure S2). The stepped Cu(111) surface is based
on a three-layer slab model in which the bottom layer was fixed
to mimic the bulk. The unit cells of the slab are 4.31 Å� 12.87 Å
and 5.01 Å� 16.02 Å for the AC and ZZ graphene edges on the
Cu surface, respectively. Similar models were used to investi-
gate the edge stability of graphene on Au, Ni, and Rh surfaces,
and the models of metal-terminated graphene edges on these
surfaces are shown in Figure S9 of Supporting Information. The
unit cells of AC GNRs on Au, Ni, and Rh surfaces are 8.65 Å �
18.47 Å, 4.29 Å � 12.71 Å, and 13.05 Å � 16.84 Å, respectively.
For the ZZ GNRs on Au, Ni, and Rh surfaces, their unit cells
are 4.99 Å � 14.70 Å, 4.98 Å � 15.96 Å, and 9.62 Å � 13.72 Å,
respectively.
In order to model the kinetic process of incorporating carbon

atoms into pristine or Cu-terminated AC edge, a larger surface
slab with the unit cell of 17.22 Å � 12.87 Å was used in the
present study. In the model, we consider the graphene edge

with a step at the growth end (see Figure 3 and Figure S6). On
the basis of this model, the incorporation of each of the two
carbon atoms into the graphene edge will induce a new
hexagon. Similarly, a metal slab with the unit cell of 10.02 Å �
16.02 Å was used to investigate the incorporation process of C
atoms at the ZZ edge. To form a new hexagon ring, the
incorporation of three C atoms onto the ZZ edge in sequence
is required (see Figure 4). Owing to the large supercells, the
k-point meshes used in the calculations are 1 � 2 � 1 and
2 � 1 � 1 for the C atom incorporating onto AC and ZZ edges,
respectively.
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