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ABSTRACT: Density functional calculations were performed
to investigate the role of Au in graphene growth on the
Ni(111) step. It was shown that armchair (AC) and zigzag
(ZZ) graphene edge growths have nucleation selectivity,
depending on the curvature of the stepped surface. The AC
and ZZ pristine graphene edges are energetically more
favorable than the Ni-terminated one, and the stabilities of
Au-passivated graphene edges strongly depend on the Au
concentration. Au modification on the Ni terrace lowers the
energy barrier of C incorporation onto the AC/ZZ graphene
edge process, in agreement with the experimental observation that graphene can be produced at the low temperature of ~723 K
with Au alloying. The growth rate of the AC graphene edge is always faster than the ZZ, leading to the ZZ edge’s dominating the
circumference of the growing graphene islands. With a decrease in the temperature, the increase in the AC graphene edge growth
ratio greatly exceeds that of Z7Z, driving the edges to incorporate a zigzag geometry. The overwhelming domination of ZZ edge
rationalizes the experimental observation that Au modification can dramatically increase the quality of the graphene films at the
lower temperature. On the basis of these results, we suggest that to obtain a high-quality graphene sheet on a Ni surface, the
presence of a step should be necessary, and a promoter such as Au should be added to the Ni surface after graphene nucleation at
the step edge site. Furthermore, this work not only provides implications on how to synthesize a high-quality graphene by a CVD
approach but also guides inhibition of the undesirable graphene formation in some instances. This work represents the first
attempt to investigate the graphene growth mechanism on a surface alloy by theoretical means, which will stimulate further
experimental efforts to synthesize high-quality graphene by using a surface alloy as the substrate, especially the choice of an
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alloyed metal with low cost.
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B INTRODUCTION

Because of its unique electrical, mechanical, and optical
properties, graphene has attracted extensive research interest.
The versatile properties of graphene endow its numerous
potential applications in transistors, chemical and biosensors,
energy storage devices, electromechanical systems, etc.' On the
other hand, in some cases, the formation of graphene is
undesirable. For example, in the course of hydrocarbon or
alcohol steam reforming, the deposited carbon in the form of
graphene would eventually deactivate the Ni catalysts, leading
to low catalytic efficiency and high cost.”* Thus, understanding
the growth mechanism of graphene is of pivotal importance for
the controllable synthesis of graphene and optimizing reaction
conditions.

To realize the industrial applications, various experimental
techniques have been applied to synthesize high-quality
graphene in a large area, including mechanical peeling,4 high-
temperature sublimation of SiC,’ reduction of graphene oxide,®
and chemical vapor deposition (CVD),”™"* among which CVD
growth catalyzed by transition metal surfaces is the most
promisinﬁ. It has been demonstrated that numerous transition
metals’™"® can be used as the catalysts for graphene CVD
epitaxial growth. Owing to a good match between the
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neighboring Ni—Ni interatomic distance and the lattice
parameter of graphite, the Ni(111) surface is considered one
of the most suitable candidates."' It was proposed that
graphene growth on Ni surfaces is initiated from C atom
segregation or precipitation, followed by graphene nucleation
occurring at defects, such as step edges on the Ni surface.
Finally, the small graphene flakes increase in size with the
addition of C at the flake edges.

Recent theoretical efforts have focused mainly on the
graphene nucleation process.”'*** Since the diffusion barrier
of C atoms is very low,”* graphene growth should be limited by
incorporating carbon atoms onto the edges of graphene islands.
However, few have paid attention to how C atoms incorporate
into the front of graphene and the growth mechanism. Shu et
al.>® reported the edge stability and kinetics of graphene CVD
growth on the Cu(111) surface by density functional theory
(DFT) calculations and concluded that Cu passivation on the
armchair-like sites at the edge significantly lowers the barriers of
incorporating C atoms onto the graphene edge, leading to the
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zigzag edges dominating the edge type of growing graphene
islands. Wang et al.”® investigated the formation and healing of
vacancies in graphene CVD growth on Cu(111), Ni(111), and
Co(0001) surfaces and found that Cu is a better catalyst than
Ni for the synthesis of high-quality graphene in that the defects
in the formed graphene on Cu are lower in concentration and
can be more efficiently healed at the typical experimental
temperature.

All the above studies are about monometallic catalysts and do
not involve alloy systems. In fact, to resist the formation of the
deposited carbon on the Ni surface during hydrocarbon or
alcohol steam reforming, many methods have been used,”” >
and one of them is the addition of precious metal to form the
surface alloy, that is, AuNj, etc.”® The improved thermal
stability of the catalyst has been verified by much research, and
a consensus was reached that the additives always block the
step edge site. On the other hand, from the point of view of
graphene synthesis, the blocking would decrease the quantity of
formed graphene because graphene formation also occurs at the
step edge site, which was supported by the work of Weatherup
et al. concerning a Au-modified Ni surface.>* Different from the
typical CVD temperature of 1200 K, a much lower temperature,
~ 450 °C, was reported able to make a high-quality graphene
synthesis possible.** Actually, because of better performance
than monometallic catalysts (quality not quantity), recently,
experimentalists have been extensively working on alloy
catalysts of metal—nickel, such as Au—Ni,** Cu—Ni,>*>*¢ and
Ni—Mo,” etc.,, for graphene CVD epitaxial growth.

Needless to say, the atomic level mechanism of C atoms
incorporating onto an edge of a graphene sheet, which is
difficult to access by current experimental techniques, would
undoubtedly help us better understand the growth process, and
knowledge about graphene growth on metal surfaces, especially
alloy surfaces/surface alloys, can guide us both to synthesize
high-quality graphene and to inhibit carbon deposits for
extending the lifetime of catalysts. Considering there are few
papers dealing with alloy systems, herein, we give a full account
of our theoretical investigations toward the role of Au in
graphene growth on a Ni surface. Using first-principles
calculations, we examined the role of Au in graphene growth
on a Ni surface. Importantly, our results showed that during a
round of edge formation, Au addition on a Ni terrace lowers
the energy barriers of C incorporation onto the front of
graphene. Since added Au preferentially blocks the step edge
site on the Ni surface and thereby suppresses the formation of
graphene, our results suggest that a high-quality graphene sheet
might be obtained by addition of Au after graphene nucleation.
Moreover, kinetic analysis demonstrates that the zigzag
graphene edge would dominate the circumference of growing
graphene islands, and this dominance will become more
remarkable at lower temperature because the armchair
graphene edge grows faster, driving the edges to be in a zigzag
geometry. Overall, our results not only provide a rational basis
for understanding recent experimental observations®* but also
shed light on synthesizing high-quality graphene by the CVD
approach as well as preventing the formation of graphene in
some instances.

B METHODS AND MODELS

All spin-polarized calculations were preformed by using the
density functional theory (DFT) as implemented by the Vienna
Ab Initio Simulation Package (VASP).>*™* The exchange-
correlation energy was described in the generalized gradient
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approximation (GGA) using the Perdew—Burke—Ernzerhof
(PBE)*' functional. The energy cutoff of the plane-wave
expansion was set to 400 eV using the projector-augmented
wave (PAW)*** potentials to describe the electron—ion
interaction. Conjugated gradient atomic optimization was
performed with a criterion of convergence of 0.02 eV/A. A 1
X 3 X 1 Monkhorst—Pack k-point mesh** was chosen in the
Brillouin zone integration with the Methfessel—Paxton
method,* which can give the results of <5 kJ/mol difference
with that calculated by denser k-point sampling (Table S1 in
the Supporting Information (SI)). The climbing image nudged
elastic band (CI-NEB) method***” was used for the transition
state search. Each transition state was verified by vibrational
mode analysis, confirming a unique normal mode eigenvector
corresponding to negative curvature at saddle point.

It is well-known that graphene growth tends to begin at the
metal step for most metal surfaces. Previous studies used (211)
and (321) surfaces to model the metal step.”* In view of higher
surface energies, here, a three-layer slab of Ni(111) with (2 X
8) surface unit cells was used to represent the metal surfaces,
and then a (2 X 2) Ni stripe was added to mimic the Ni(111)
step (Figure 1). This kind of model was proved to be

Figure 1. The model of the Ni(111) step. Two rows of Ni stripes are
highlighted with blue. a, b denotes two growth directions for graphene.
The initial C atom can be adsorbed on either a position of a
parallelogram or a rectangle site (yellow solid lines). The surface unit
cells are shown with yellow dashed parallelograms.

appropriate to represent the graphene growth near a metal
step.””** The bottom layer was fixed throughout the
calculations. Graphene with two kinds of edges, armchair
(AC) and zigzag (ZZ), was anchored on the Ni(111) step to
model the growing graphene. Another edge was used to
represent the growing front of graphene which is active for the
incorporation of C atoms. For the model of a Au-modified
Ni(111) step, we put the Au atoms into the Ni terrace. This is
based on two considerations: First, the role of Au at the step
edge on the graphene growth is extremely clear, namely, it
would resist the formation of graphene because both graphene
nucleation and Au blocking preferably occur at the step edge
site. Second, the migration of Au from step to terrace on the Ni
surface is more favorable than that of Ni (SI Figure S1). At high
temperature under CVD experimental conditions, Au is more
likely to be thermally activated on the Ni surface.

B RESULTS AND DISCUSSION

3.1. Stability of Graphene on the Pure and Au-
Modified Ni(111) Steps. When a (2 X 2) Ni stripe is added
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Figure 2. (a) AC and (b) ZZ graphene edge growth initiate at the step edge on Ni(111) step. E,/E, denotes the formation energy of graphene on

the Ni(111) step. The stepped Ni atoms are highlighted with blue.

on the Ni(111) surface, two kinds of step edges with different
curvature are thereby produced. Obviously, the initial C atom
can be adsorbed on either a position of a parallelogram or a
rectangle site (Figure 1). Accordingly, graphene growth can be
initiated from the direction of either a or b (Figure 1). As
indicated below, graphene with different edge shapes prefers
different growth directions. Calculations show that AC edges
tend to grow from the direction of b, and ZZ ones prefer the
direction of a, which can be rationalized with the deviation of
the C—C—Ni angle from 120°. It can be seen in Figure 2a that
for the AC edge, the C—C—Ni bond angle of the b direction is
closer to the standard sp® bond angle in graphene (120°) than
that of the a direction. Hence, the b direction is more suitable
for AC graphene edge growth. In contrast, the C—C—Ni bond
angle in the b direction for the ZZ edge, 80°, differs significantly
from the standard angle, but along the a direction, the C—C—
Ni, 119°, is very similar to 120°, indicating that the ZZ edge
should preferably grow from the a direction (Figure 2b). Note
that this kind of chirality selectivity was also observed by
Balbuena et al,** who found that the Co(211) surface prefers
Z7Z graphene formation, and Co(321) prefers AC. Importantly,
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our observations can shed light on understanding the
experimental findings that the dominant edge type of the
grown graphene islands on the transition metal surfaces is
always ZZ.*> On one hand, because of the nice match of the
C—C—Ni angle to the standard 120°, favorable growth in the
ZZ mode can be expected. On the other hand, graphene
growth has nucleation selectivity; that is, AC and ZZ edges
separately nucleate from each preferable direction. In the
following paragraph, we will show that the growth rates of the
AC edge always overwhelm that of the ZZ. On the basis of the
crystal growth theory that the faster growing edges would
quickly disappear,®® thus, the final dominating edge is ZZ.
Recent work showed a Cu-terminated AC edge is energeti-
cally more preferable than a pristine one on the Cu(111)
surface.”® To verify whether the pristine graphene edges are
favorably terminated by thermally activated metal atoms, four
types of Ni-terminated graphene edges on Ni(111) were
exploited in the present study (Figure 3b, ¢, g, h). In addition,
another four types of Au-terminated edges were also
investigated to probe the role of Au in graphene growth
(Figure 3d, e, i, j). Reference systems of pristine AC and ZZ
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(f) ZZ-pristine: 0 eV/nm

() ZZ-Ni-1: 0.13 eV/nm

(h) ZZ-Ni-2: 0.22 eV/nm

(i) ZZ-Au-1: 0.02 eV/nm (j) ZZ-Au-2: 0.06 eV/nm

Figure 3. Top and side views of the AC and ZZ graphene edge configurations on Ni(111) steps. The relative formation energies of each structure
relative to the pristine AC/ZZ edge are shown. (a, f) Pristine AC/ZZ graphene edge; (b, g) AC/ZZ graphene edges terminated by an isolated Ni
atom (labeled as AC-Ni-1/ZZ-Ni-1); (c, h) AC/ZZ graphene edges terminated by a linear Ni chain (labeled as AC-Ni-1/ZZ-Ni-2); (d, 1) AC/ZZ
graphene edges terminated by an isolated Au atom (labeled as AC-Au-1/ZZ-Au-1); and (e, j) AC/ZZ graphene edges terminated by a linear Au
chain (labeled as AC-Au-1/ZZ-Au-2). The stepped Ni and terminated Ni/Au are highlighted with blue and green/yellow, respectively.

Figure 4. Top and side views of the structures (ISs, TSs, and FSs) during a repeatable cycle of incorporating two C atoms onto pristine AC graphene

edges on a Ni(111) step. C—C distances in each TS are labeled in A.

edges are showed in Figure 3a and f, respectively. The
formation energies (E;) of Ni/Au-terminated graphene edges,
are defined as:” E; = (Er — Eq — E; — Nyyjau X &ni/aw)/Ls
where Er, Eg, and Eg are the energies of the graphene on the Ni
surface, graphene is in the gas state, and the Ni substrate,
respectively; €y;/a, is the cohesive energy of the Ni/Au bulk in
eV/atom; Nyy/a, is the number of terminating Ni/Au atoms;
and L is the length of the graphene edge. For pristine graphene
edges, E; is defined as: E; = (Ey — Eg — E,)/L. As shown in
Figure 3, the Ni-terminated graphene edges are less stable than
the pristine ones. Thus, graphene can favorably grow without
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the aid of activated Ni atoms on the Ni(111) step. At variance,
the stabilities of Au-terminated graphene edges strongly depend
on the Au concentrations. For one Au atom passivation, the
formation energies are slightly higher than the pristine one;
however, when Au atoms are lined on the front of graphene
growth edge, the formation energies are somewhat lower than
on the pristine one due to more Au—Au bonding. Obviously,
once the Au line is formed on the Ni surface, it acts as a
“riverbank” to block graphene growth. Thus, there is no doubt
that excessive addition of Au would hamper the formation of
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Table 1. Reaction Heats and Activation Energies (in €V) of AC/ZZ Graphene Edge Growth on Ni(111) Step with and without

the Addition of Au”

AC edge growth E, AH
0.96 (0.99) —0.07 (—0.21)
R(R)): st B IM(A“)
s 1.54 (1.28) —0.33 (—0.87)
Ry(Ryy): IM1+C(AU)'_2" M(zAu)
0.60 (0.91) —0.70 (—0.41)

Ryp(Rpy): TV, 2 87 pstao

77 edge growth E, N

Ry(R)): st T 1M<A“> 0.73 (0.65) —0.14 (-0.26)
Ry (Ry): M, A 3‘: I 1.63 (1.61) ~1.09 (-1.14)
Ry(Ry): M, 22, IM(Au) 105 (0.57) 021 (—0.11)

Ry, (Ry)): IM3+C(Au) IM(A“) 0.85 (0.57) —0.78 (—1.06)

Ryy(Ry): IM4<Au>iIMgAu) 2.12 (224) ~0.10 (0.76)
2.64 (126) -2.37 (=3.74)

/ () T )
Ry(R)): IM, (A 5 pgv

“The values in parentheses are the corresponding ones on Ni(111) step with Au modification.

IS

Figure S. Top and side views of the structures (ISs, TSs, and FSs) during a repeatable cycle of incorporating two C atoms onto Au-terminated AC
graphene edges on Ni(111) step. C—C distances in each TS are labeled in A.

graphene. In the following, we discuss only isolated Au atoms
presented in the graphene growth front.

3.2. Reaction Mechanisms of C Incorporation onto
the Graphene Edge. 3.2.1. Repeated Cycles of Two C
Atoms onto the Pristine AC Graphene Edge with or without
the Presence of Au. The reaction mechanism of C
incorporation onto the pristine AC graphene edge is first
addressed as a reference. Here, Ni-terminated AC/ZZ growth
was not considered because (i) the termination of Ni notably
decreases the stability of graphene, (ii) the diffusion barrier of a
Ni adatom is higher than that of Au because the Ni—Ni bond
bonding is stronger than Ni—Au (SI Figure S1). In Figure 4,
the detailed processes of incorporating C atoms onto AC edges
on pure Ni surfaces are illustrated, where we consider only a C
monomer incorporating because very recent first-principles
calculations have proposed that incorporation of a C dimer
takes place when the C—metal interaction is weak,'® which is
not the present case.
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Difficult incorporation of C dimers and trimers is also
supported by molecular dynamic simulation, which has shown
that the diffusion barriers of C dimers or trimers are quite large,
resulting in dramatically hampered diffusion and coalescence of
C atoms on the Ni(111) surface.'” Provided a source C atom
located on a hollow site adjacent to the pristine AC edge on
Ni(111) terrace acts as the initial state (IS), the incorporating
reaction begins (Figure 4). Undergoing a transition state (TS;)
with the C—C distance shrunk to 2.12 A, an intermediate (IM)
named IM; with a C—C dangling bond was generated. This
structure was proved to be highly stable when it is formed on a
Ni(111) planar surface.*® In contrast, on a Ni(111) step, the
formation energy of IM, is not the lowest (it is 0.2 eV higher
than that of the pristine graphene), showing that graphene
nucleation on the step greatly stabilizes the AC edge, in
agreement with a wide range of experimental observations.”"®

In addition to the different initial growth site, the different
curvature of the bent graphene between those formed on facets
and the one on steps should also affect the edge formation

dx.doi.org/10.1021/cs401135g | ACS Catal. 2014, 4, 892—902
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Figure 6. Top and side views of the structures (ISs, TSs and FSs) during a repeatable cycle of incorporating four C atoms onto pristine ZZ graphene
edges on the Ni(111) step. C—C distances in each TS are labeled in A.

energy. The first C addition step needs to overcome an energy
barrier of 0.96 eV. This step is essentially thermoneutral (Table
1). To accomplish one cycle of AC edge growth, another C
atom should be added to the edge. Interestingly, the second C
incorporating process needs to experience TS, to obtain an
intermediate of IM,, and then the FS can be ultimately formed.

The threshold step of the second C addition is the
production of the IM, with an energy barrier of 1.54 eV, in
which one Ni atom is drawn out from the Ni(111) surface,
leading to the formation of so-called BM (bridged metal) C—
Ni—C structures. The formation of the BM structure is
exothermic by 0.33 eV, indicating that the structure of IM, is
relatively stable. Wu et al. demonstrated that BM structures can
be spontaneously formed on Cu, Ag, and Ni(111) surfaces.”" It
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is worth noting that our obtained growth mechanism does not
involve a C pentamer, which is different from that on the
Cu(111) surface.”® To confirm the absence of pentamer during
an AC edge growth cycle, the potential formation channel of a
C pentamer from IM; was carefully examined, as shown in SI
Figure S2. Calculations show that the reaction has an energy
barrier of 1.13 eV with a high endothermicity of 1.04 eV. Thus,
the reverse reaction has an energy barrier of only 0.1 eV,
indicating that even if a pentamer is formed, it is very easy to
reconstruct to the structure of IM,.

With the modification of Au, accomplishing one AC edge
growth cycle experiences the same process as on Ni(111) step.
As illustrated in the states of IS**, IM{%- and IM4" (ISs of each
elementary step, Figure S), Au has bonded to the additive C

dx.doi.org/10.1021/cs401135g | ACS Catal. 2014, 4, 892—902
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Figure 7. Top and side views of the structures (ISs, TSs, and FSs) during a repeatable cycle of incorporating four C atoms onto Au-terminated ZZ
graphene edges on the Ni(111) step. C—C distances in each TS are labeled in A.

atom, indicating that Au does participate the reaction; however,
in the remaining states, Au acts more as a “standby” because Au
is always far from the reaction center. The role of Au can be
thereby summarized from two respects. First, it affects the
stability of the graphenic C cluster in IS* and IM{¥. In each
C-introducing process, the source C binds to an Au atom,
resulting in destabilization of the initial states. It was evidenced
by comparing the formation energies of the C cluster between
IS and IS™ as well as M, and IMY,, both increasing by 0.08
eV/A. On the other hand, Au has little effect on the stability of
its corresponding TSs. Accordingly, these two elementary
reactions become more preferable with the Au modification.
Second, the BM structure also appears in IM5" as seen in IM,;
however, the additional interaction between Au and the bridged
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Ni (denoted hereafter as Niy) presented in IM5" enhances its
stability (the formation energy of C clusters decreases by 0.04
eV from IM, to IM2"), leading to the increase in the reaction
barrier from IM,* to FS compared with the one on Au-free
surfaces. To summarize, Au addition decreases the stability of
IS without the BM structure, while it enhances the stability of
IS with the BM structure. Counting the number of chemical
bonds with Au, one can find that there are one Au—C and three
Au—Ni bonds in IM2¥ and four Au—Ni bonds, including one
Au—Niy, present in IM5", Because both Au atoms adsorb at the
3-fold hollow site (Figure S), the binding strength with the
terrace is evaluated to be essentially identical, and thus, the
different role of Au on BM and no-BM structures can be

dx.doi.org/10.1021/cs401135g | ACS Catal. 2014, 4, 892—902
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rationalized by the bonding competition between Au—C and
Au—Ni, interactions.

As shown in Table 1, with or without the presence of Au, the
threshold step of the whole growth cycle is the formation of
IM,/IM5", and the corresponding energy barrier reaches 1.54/
1.28 eV on Au-free/Au-passivated Ni(111) step. Obviously, the
presence of Au facilitates AC graphene edge growth.

3.2.2. Repeated Cycles of Four C Atoms onto the Pristine
ZZ Graphene Edge with or without the Presence of Au. To
finish a round of ZZ edge growth, four C atoms should be
added to the graphene edge. Our calculations show that the
whole growth process not only just simply experiences four
elementary reactions, but also needs to undergo two additional
steps involving the structures, such as BM and pentamer
intermediates. Figures 6 and 7 illustrate the structures of IS,
TSs, IMs, and FS along each reaction channel for one ZZ edge
growth cycle with or without the presence of Au. Both have six
elementary steps in total.

For a pristine ZZ graphene edge, the first C embedding
initiates from the source C atom approaching the edge. When
the C—C bond decreases to 2.13 A, the TS, is formed. This
process needs to surmount an activation energy of 0.73
exhibiting a reaction heat of —0.14 eV. Just like what we have
found for the AC edge growth, the second C addition is a two-
step process: an intermediate of IM, with the BM structure is
produced first, and then it reconstructs to IM; with a C
pentamer ring. From IM, to IM;, the bridged Ni atom in IM,
goes back to its original position in IMj;; meanwhile, another
bridged Ni atom appears, forming a six-membered ring of CsNi
adjacent to the C pentamer. The formation of IM, is
exothermic by 1.09 eV. The formation of IMj; is endothermic
by 0.21 eV, indicating that the structure of IM, is more stable
than IMj;. The threshold step of the second C embedding is the
formation of IM, with a barrier of 1.63 eV (Table 1).
Subsequently, the third C incorporation also experiences a two-
step reaction: namely, the C atom first attaches to the C
pentamer by forming a C—C dangling bond in IM,, and then
the healing of the pentamer can be achieved by rotating the
dangling C—C bond. The final state of this process is IMs,
which also exhibits the BM structure with two sp hybridization
C atoms passivated by the bridged Ni atom. The formation of
IM; is a rate-determined step (RDS) in the third C addition
reaction, and the barrier is substantial, 2.12 eV. The high barrier
of pentamer healing by C—C dangling bond rotating was also
found by Shu et al. on the Cu(111) surface.” Finally, to
accomplish a complete growth round of the ZZ edge, the fourth
C incorporation is needed. As shown in Figure 6, when the C—
C distance shrinks to 2.12 A, the TS is reached, and the
corresponding barrier is as high as 2.64 eV. This step is strongly
exothermic, with the reaction heat of —2.37 eV, reflecting the
strong driving force to ultimately form the domelike graphene.

In analogy with the growth mechanism on pure Ni, a new
round of ZZ graphene growth on a Au/Ni surface also has to
experience six elementary steps. Interestingly, as depicted in
Figure 7, Au addition extinguishes all the BM structures and
thereby alters the whole kinetics of the growth process. The big
difference from the AC edge growth is that the Au atom
participates in bonding with the C in almost all the states. This
phenomenon stems from the more reactive C atom from the
ZZ edge, which has two unpaired electrons,”® whereas the C
atom of the AC ed§e has one dangling ¢ bond due to the self-
passivation effect.”’ The charge density difference analysis
provides more detailed information. As shown in Figure 8a and
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Figure 8. Top and side views of the charge density difference of (a)
the pristine AC edge, (b) the AC edge with one C—C dangling bond
(IM, in Figure 4), (c) the pristine ZZ edge, and (d) the ZZ edge with
one C—C dangling bond (IM, in Figure 6). The red/blue regions
represent charge depletion/accumulation, respectively. The isosurface
value is set to be 0.008 eV/A>.

¢, the charge of the AC graphene edge is distributed over the
whole C system, while the charge of the ZZ edge is localized
mainly on the edge site. The delocalized charge distribution of
the AC edge is due to the C—Ni bonding, leading to the formed
graphene being closer to the surface compared with the ZZ.
The self-passivation effect of C from the AC edge also
appears during the C incorporation process. Taking IM; as an
example, the sp hybridization C atom from the AC edge is
more likely to be completely passivated by the surface Ni,
resulting in less reactivity. In contrast, the C atom from the ZZ
edge is less passivated by the surface Ni, which is evidenced by
the fact that the C—Ni bond length is shorter than the
corresponding one of the AC edge (Figure 8b and d). The
more reactive C atom makes the edge C be terminated by Au
and the surface Ni atom simultaneously, and thus, the Au atom
is always favorably involved in the ZZ edge growth process.
Because of the interaction of C—Au, the Ni atom does not
need to lift up from the surface to form the BM structure
during the growth process. As discussed in Section 3.2.1, the
formation of the BM structure enhances the stability of the IS,
resulting in an increase in the energy barrier for C
incorporation. Therefore, the absence of a BM structure on
the Au modified Ni(111) step implies that the reaction barrier
would no longer increase with respect to the one on the Au-free
Ni(111) step. Indeed, as shown in Table 1, addition of Au
lowers the energy barriers of almost all the elementary steps
compared with the ones on Au-free surface, with the exception
of R},. To understand the role of Au, all the structures on the
Au-free surface were divided into two categories: one without
the BM structures (IS, TS, IM;, TS;, IM;, TS, and ES), the
other with (the remaining ones). Au modification on those
having no-BM structures does not notably alter their stabilities;
in some cases, it even enhances them (e.g, for TS; and TS, the
formation energy of the C cluster decreases with Au addition).
On the other hand, Au modification on those with the BM
structures reduces the stability of the structure. According to
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Figure 9. (a) Schematic illustration of an arbitrary graphene edge with the title angle 6, 0° < 6 < 30°. (b) Ratio of growth rate (R/R;;) of an

arbitrary graphene edge as a function of 6.

this simple classification, R; belongs to the first type because
both IS and TS have no BM structures; hence, Au modification
produces an energy barrier nearly identical to the one on Au-
free surface. Ry}, R3), and Ry, belong to the second type because
both IS and TS have BM structures; thereby, the energy barrier
fluctuation depends on the relative alternation of the stability
between IS and TS with Au addition: it always changes a little
because the effect on the IS is close to the one on the TS. R,,,
R, can be classified into the third type. In this type, the IS has
BM and the TS has no BM structure (even so, Au can stabilize
the TSs), leading to destabilization of the IS but stabilization of
the TS, which eventually decreases the energy barrier.
Generally, the IS without BM structure is more likely to be
carbonated. This result will stimulate further experimental
efforts to synthesize the high-quality graphene by using an alloy,
especially to determine which kind of the alloyed metal with
low cost can extinguish the BM structure during the process of
graphene growth.

The RDS of the new round of ZZ edge growth is the step of
the fourth C incorporation on the Au-free Ni(111) step while it
turns to the formation of the IM2" on Au modified step. The
threshold barrier decreases by 0.40 eV as a result of the addition
of Au, indicating introduction of Au also favors the formation of
the ZZ graphene edge.

3.3. Growth Rate of Graphene Edge at Different
Temperatures. The growth rate of an arbitrary graphene edge
can be expressed as R = Ryccac + Ryyeczy, where Ryo/Ry,
denotes the growth rate of the AC/ZZ edge, and cac/czy
represents the concentrations of AC-/ZZ-like sites. It can also
be defined as R = (4/(3)"2R,c-sin(6) + 2-Ry,-sin (30 — 6)),
where 6 is the tilt angle of the arbitrary graphene edge from the
AC direction (Figure 9a). The detailed formula derivation
processes can be seen in ref 52. The ratio of R/R;;, accordingly,
can be written as (R/Ry;) = ((4/(3)"%)-(Rac/Ryy)-sin(6) + 2-
sin(30 — 0) = (4/(3)1/2)’8XP - ((Ea,AC - Ea,zz)/RT)'Sin(e) +
2-sin(30 — 0)). Here, the relationship of Roo exp(—(E,/RT))
was used. E, sc/E, 77 denotes the threshold barrier of the AC/
Z7 edge growth, R is the gas constant, and T is the temperature
of graphene growth. Figure 9b shows the ratios of R/Ry; as a
function of € with or without the passivation of Au. Two
temperatures were selected: one is the typical temperature of
graphene CVD growth, T = 1200 K; the other is T = 723 K,
which was proved to be sufficient for obtaining high-quality
graphene films by using a Au—Ni alloy catalyst.>> We have
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shown that the threshold barrier of incorporating C atoms onto
a pristine ZZ edge is higher than onto a pristine AC edge,
regardless of whether Au is present; thus, the growth rate
monotonically increases with 6 (Figure 9b). When 6 takes an
arbitrary value within the limits of 0 (corresponding to the AC
edge) < 0 < 30° (the ZZ edge), the value of R/R; is far greater
than 1. As a consequence, slowly growing the ZZ edge should
dominate the edge of the growing graphene islands according
to the classical crystal growth theory.>® As described, a
graphene edge passivated by Au atoms lowers the threshold
barrier of ZZ edge growth; thus, addition of Au would decrease
the CVD temperature, which is in good agreement with the
experimental results.** Another interesting finding is that with a
decrease in the temperature, the slope of the functional
relationship between R/R;; and 6 becomes larger, indicating
that the AC edge growth is faster at 723 than at 1200 K. The
rapid AC edge growth leads to its rapid disappearance; thus, the
slowly grown ZZ edge absolutely dominates the circumference
of a growing graphene island, which may be one of the reason
why Au modification can induce a dramatic increase in the
quality of graphene films.**

The results in this paper can give enlightenment to the
synthesis of high-quality graphene, and also a means to resist
the formation of graphene in some cases. The Ni step not only
is the nucleation center for graphene but also directs the AC/
ZZ graphene edge growth toward different directions. There-
fore, the existence of a step can avoid the disorderly growth of
graphene, which may be the basis for acquiring high-quality
graphene. Au modification at the step site on the Ni surface
hampers the formation of graphene; however, Au on the terrace
lowers the energy barrier for incorporating C onto the
graphene edge and accelerates the growth of the AC/ZZ
graphene edge. On the basis of these findings, we suggest that
to obtain a high-quality graphene sheet on a Ni surface, the
presence of a step should be necessary, and a promoter such as
Au should be added into the Ni surface after graphene
nucleation at the step edge site.

B CONCLUSIONS

In summary, we have performed a detailed theoretical
investigation on the stability and growth kinetics of graphene
edges on the Ni(111) step with and without the passivation of
Au. Our results show that AC and ZZ graphene edge growths
have nucleation selectivity, depending on the curvature of the
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stepped surface. The presence of steps can avoid disorderly
growth of graphene, which may be the basis for acquiring high-
quality graphene. The Ni-terminated graphene edges are always
less stable than pristine ones, and the stability of Au-terminated
graphene edges strongly depends on the Au concentrations. Au
modification on a Ni(111) step lowers the threshold barrier of
AC/ZZ graphene edge growth, which is in fair agreement with
the experimental observations that graphene films can be made
at lower temperature with Au addition. The growth rate of the
AC edge is predicted to be faster than the ZZ, leading to the ZZ
edge’s dominating of the circumference of growing graphene
islands. With the decrease in the temperature, the growth ratio
of R/Ry; increases greatly, driving the AC edge to disappear
quickly and leaving the pure ZZ geometry. This study presents
reasonable grounds to understand relevant experimental
observations. The information embodied in this work will not
only help guide synthesis of the high-quality graphene but also

control undesirable graphene formation in future experiments.

B ASSOCIATED CONTENT
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K-point sampling test, Au/Ni adatom diffusion on the Ni(111)
step, and reaction channel of the C pentamer production
during C incorporation onto the AC graphene edge on the
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