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ABSTRACT: Ground-state structures of supported C clusters, Cy (N =
16, .., 26), on four selected transition metal surfaces [Rh(111), Ru(0001),
Ni(111),and Cu(111)] are systematically explored by ab initio calculations. It is
found that the core—shell structured C,;, which is a fraction of Cgy possessing
three isolated pentagons and Cs, symmetry, is a very stable magic cluster on all
these metal surfaces. Comparison with experimental scanning tunneling
microscopy images, dI/dV curves, and cluster heights proves that C,; is the
experimentally observed dominating C precursor in graphene chemical vapor
deposition (CVD) growth. The exceptional stability of the C,; cluster is

attributed to its high symmetry, core—shell geometry, and strong binding
between edge C atoms and the metal surfaces. Besides, the high barrier of two C,; clusters’ dimerization explains its temperature-

dependent behavior in graphene CVD growth.

1. INTRODUCTION

Synthesizing high-quality graphene on a large scale is a great
challenge for realizing graphene’s various potential applications.
Among numerous methods of graphene synthesis, transition metal
(TM) -catalyzed chemical vapor deposition (CVD) draws over-
whelming interest because of the advantages of relatively low experi-
mental temperature, easy transfer to various substrates, many
adjustable experimental parameters, and the potersltial of synthesizing
very high quality graphene with a very large area.” Various transition
e for mpl R R R g o o7
have been used as catalysts in graphene CVD growth. Despite the
numerous experimental® "> and theoretical®**  investigations,
knowledge for guiding experimental design is still very limited because
of the lack of deep insight into the growth mechanism.

Facilitated with high-resolution microscopy technologies,
detailed information on graphene CVD growth can be re-
vealed.””*>~*” One striking experimental finding is that uniform
graphene clusters, whose diameter is ~1 nm, were observed
during the growth of graphene on Ru(0001),>° Rh(111),*® and
Ir(111)"° surfaces. They are the dominating C species in the
initial stage of graphene growth at relatively low temperature, and
then their fusion at high temperature initiates graphene nuclea-
tion. Very recently, similar behavior was observed in %raphene
growth on Ru(0001) surface with Cg as C feedstock.”

In previous reports, these dominant clusters were expected
to be of similar size to C,4, which is composed of seven 6-
membered-rings (7-6MRs).>>*® But simulated scanning tunneling
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microscopy (STM) images of the 7-6MRs C,, are different from
experimental ones.” Are these observed dominant C clusters the
7-6MRs such as C,y, or is there another type of C cluster that fits
the experimental images better? How do these magic clusters
dominate graphene growth at different temperatures? Does the
existence of magic clusters depend on the type of metal catalyst? In
order to answer these questions, we perform a systematic ab initio
exploration on various potential structures of Cyy (N = 16—26)
clusters supported on four well-established catalyst surfaces:
Rh(111),® Ru(0001),%” Ni(111),""'* and Cu(111)."”*° Our
study reveals a surprising finding that a core—shell-structured
C,; cluster consisting of three isolated pentagons with Cs,
symmetry is notably stable on all four explored metal surfaces.
Careful comparison of the ex;)erimental STM images, dI/dV
curves, and cluster heightszsf2 with the simulated ones proves
that C,; is the experimentally observed dominating C precursor.
Further investigation shows that there is a significant barrier
preventing the coalescence of C,; clusters. The magic cluster
formation and the large barrier to their coalescence explain their
temperature-dependent behavior in graphene CVD growth.

2. COMPUTATIONAL DETAILS

In this study, two types of slab models were used to represent
the metal surfaces that interact with carbon clusters (Cy) and
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Figure 1. (a) Formation energies in electronvolts per atom and (b) their second derivatives, which are defined as A,E = 0.S[E(N + 1) +
E(N — 1)] — E(N), of the ground-state structures of supported C clusters on four catalyst surfaces: Ni(111), Cu(111), Ru(0001), and Rh(111). Magic-
sized (c) Cy; and (d) C,4 on Rh(111) surface and their simulated STM images (e—h) at the voltages of +1.0 and —1.0 V, respectively, are shown. (i, j)
Experimental STM images of the dominating C clusters observed in graphene CVD growth on Rh(111) surface are also shown for comparison.>®

graphene nanoribbons (GNR), respectively. For carbon clusters
Cyn (N = 16—26) on metal surfaces [Rh(111), Ru(0001), Ni-
(111), and Cu(111)], a three-layer-thick metal slab with the
bottom layer fixed was used to represent the metal surface.
A four-layer slab model with fixed bottom layer was also used
for the testing of a few configurations, and calculation results
demonstrate that the three-layer slab model is accurate enough.
The supercell of the slab model is composed of 6 X 6 repeating
unit cells and the k-point mesh used for the calculation is 2 X 2 X
1. For every Cy;, about 10 different configurations are optimized
and the lowest one is taken as the ground-state structure (see ref 19
for details). Take C,; as an example, as shown in Figure S1 of
Supporting Information: eight isomers are considered. For the
calculation of GNRs (including armchair GNRs/AC-GNRs and
zigzag GNRs/ZZ-GNRs) on metal surfaces, different supercells
were used in order to match the lattice between GNR and metal
surface. Cu(111) and Ni(111) surfaces have similar lattice para-
meters with that of GNR, thus the selected cell size for ZZ-GNR
on Cu(111) and Ni(111) surfaces is 2.53 x 21.85 x 20 A®, and
cell size for AC-GNR is 437 x 12.63 x 20.0 A® and the
corresponding k-point meshes are 5 X 1 X land 3 X 1 X 1
respectively. For ZZ-GNR on Rh(111) and Ru(0001) surfaces,
the selected cell size is 4.80 x 16,00 x 20.00 A®> and the
k-point mesh is 4 x 1 x 1. However, for AC-GNR on Rh(111)
and Ru(0001) surfaces, a larger supercell with size of 14.00 X
16.50 x 20.00 A’ was selected and only I point was used.

All calculations were carried out by a density-functional theory
(DFT) method implemented in the Vienna ab initio simulation
package (VASP).*®** The ion—electron interactions are treated
with the projected augmented wave (PAW) pseudopotentials,*
and the general gradient approximation (GGA) parametrized by
Perdew, Burke, and Ernzerhof (PBE)*' was used as exchange—
correlation functional. All structures were optimized by a con-
jugate gradient method until the force component on every atom
was less than 0.02 eV/A. The kinetic energy cutoff was chosen as
400 eV. A climbing-image nudged elastic band (cNEB) method
was employed to locate the transition states involved in the
dimerization of two C,;s.>> Non-spin-polarized DFT was used
in all calculations except for special explanations in the main

text. STM images were calculated within the Tersoff—Hamman
approximation.33

3. RESULTS AND DISCUSSION

Various potential structures of Cy clusters in the size range
N = 16—26 on four different metal surfaces are systematically
explored with ab initio methods. The ground-state structures are
shown in Figure S2 in the Supporting Information and the
formation energies, which are defined as the energies of sup-
ported clusters relative to the energies of free-standing graphene,
are shown in Figure la. On each of the four metal surfaces, a
prominent valley around N = 21 is seen. The second derivatives
of the formation energies (Figure 1b) clearly point out the magic
size effect, that is, C,; is the maximum of the A,E(N) curves on
all four metal surfaces.>* The ground-state structure of C,; on
Rh(111) surface [named C,;@Rh(111)] is shown in Figure 1c.
It has a core—shell structure with one hexagon in the center and
three pentagons around, isolated by three hexagons. With the
substrate symmetry taken into account, the C,;@Rh(111) has
Cs, symmetry.

Similarly, C,4 also can be identified as a magic cluster in the
AE(N) curves. The 7-6MRs C,,@Rh(111) rotates ~15° from
the high-symmetry orientation during the structure optimization
(Figure 1d) and therefore it has a relatively lower C3 symmetry.
The C,4 and C,; clusters have very similar formation energies.
The formation energies of C,;/C,4 on Rh(111) and Ru(0001)
surfaces are 0.444/0.442 and 0.445/0.446 eV, respectively. So,
which one is the experimentally observed dominating graphene
cluster?

In ref 25, Wang et al. proposed that these dominating carbon
clusters must have lower formation energy than any smaller
clusters or

Ex<E i=123.,N—1 (1)

On Rh(111) surface, isolated C monomer has significantly lower
formation energy and thus should be the main species of
graphene growth.*® Their calculation indicated that C,, is the
smallest hexagonal carbon cluster that meets their criterion (1).
Here, considering that the dominating cluster must stop growing

2971 dx.doi.org/10.1021/ja2050875 |J. Am. Chem. Soc. 2012, 134, 2970-2975



Journal of the American Chemical Society

at a certain size, we propose another criterion that the next one
greater than it must have higher formation energy or

EN < EN+1 (2)

One can see from Figure 1 that both C,; and C,4 on Rh and Ru
surfaces meet criteria 1 and 2. While, on the way the carbon cluster
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Figure 2. (a)Experimental dI/dV curve (extracted from ref24) and local
density of states (LDOS) of (b) C,,; and (c) Cyp4 on Rh(111) surface.

Figure 3. Heights of C,; and C,4 on Rh(111) surface relative to
coronene (C,4H;,) on Rh(111) surface.

grows larger, certainly the smaller one, Cy, has higher priority of
being formed first.

To verify the experimentally observed dominating C clusters,
STM images of C,; and 7-6MRs C,4 on Rh(111) surface at
voltages of +1.0 and —1.0 V are simulated. Both images of Cy;
have Cs, symmetry (Figure le,g) and are in good agreement with
the experimental ones (Figure 1ij).”> On the contrary, the
simulated STM images of C,4, which has rough Cs symmetry
at —1.0 V (Figure 1f) and rough Cg, symmetry at +1.0 V
(Figure 1h), are rather different from the experimental ones.>
The formation energies (Ef) and their second derivatives (A,E)
of Cxy@Ru(0001) show nearly identical behaviors as those of
Cn@Rh(111). The STM images of C,;@Ru(0001) and
Co4@Ru(0001) are shown in Figure S3 of Supporting Informa-
tion. Similarly, we can see that these simulated STM images of
C,;@Ru(0001) are in good agreement with the experimental
ones, which are shown in refs 26 and 27.

Beyond the comparison of STM images, more evidence
that the experimentally observed dominating carbon clusters
are C,; but not C,, can be identified. The calculated local
density of states (LDOS) of C,, is in good agreement with the
experimentally measured dI/dV curve, as shown in Figure 2.>°
As can be seen, three of the four peaks in the dI/dV curve
between highest occupied and lowest unoccupied molecular
orbitals (HOMO and LUMO) (Figure 2a) can be well-fitted
by the LDOS curve of C,; (Figure 2b). The deviation of the
LUMO peak from 0.76 to 0.53 is a consequence of DFT
calculations normally underestimating the band gap. In sharp
contrast, the LDOS of C,, has five peaks between the HOMO
and LUMO and it is very difficult to figure out their corre-
sponding positions in the dI/dV curve.

Moreover, the heights of optimized C,; and C,4 on Rh-
(111) surface relative to that of coronene on Rh(111) surface
have been calculated. The calculated results indicated that the
highly curved C,; is ~1.2 A higher than the coronene, while
the C,4 is only about 0.3 A higher (shown in Figure 3).
Apparently, the relative height of C,, fits the experimental
measurement that the magic cluster is ~1 A higher than
coronene.**

Figure 4. Ground-state structures of C;s—C,6 on Rh(111) surface. They can be classified into three groups: C,s—C g have unclosed core—shell (CS—)
structures; C19—C,; and C,4 are closed core—shell structures (CS); and C,5, Cy3, Cys, and Cyg have a core—shell geometry with one or two additional

rings (CS+).
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Figure 5. (a) Free-standing and (b) Rh(111) surface-supported Cyg, Cyj, and Cyy clusters. (c) Ilustration of their reactive sites. (d) Energetic
preference of upright standing graphene nanoribbon (GNR) on Rh(111) surface. GNRs with both armchair (AC-GNRs) and zigzag (ZZ-GNRs) edges
are calculated; computational details can be found in Supporting Information.

Table 1. Characteristics of C,, C,;, and C,, on Rh(111) Surface”

Cao Cy Cyy
symmetry of free Cy Cs, Cs, Cey
symmetry of Cy@Rh(111) C, Cs, Cs
number of edge atoms 10 9 12
number of reactive sites 10 12 12
tilt angle at the edge, 0 (deg)  4S 48 19
E,q of Cyyon Rh (111) (eV) 125 (12.5) 171 (16.5) 143 (13.9)
formation energy of free 2241 26.40 24.90

Cy clusters (eV)
“ The adsorption energy of Cxy@Rh(111) is defined as E,4 = [E(Cy) +
E(Rh) — E(Cy@Rh)], where E(Cy), E(Rh), and E(Cy@Rh) are the
total energies of free Cy cluster, Rh substrate, and Rh-supported Cy,
respectively. Values of E, 4 shown in parentheses were calculated with the
spin-polarized DFT method.

Both theoretical analysis and comparison with experimental
measurements, including STM images, dI/dV curves, and cluster
heights, confirm that C,, is the experimentally observed dom-
inating C cluster in graphene CVD growth on Rh(111) or
Ru(0001) surface. The same magic size effect is also shown in
Cn@Ni(111)" and Cy@Cu(111) curves (Figure lab and
Figures S2 and S3 in Supporting Information). Although we
do not have enough evidence to conclude that the core—shell
structured C,; cluster is a universal magic cluster on all metal
surfaces, the striking result implies the uniqueness of the C,,
cluster on most transition metal surfaces.

To understand the high stability of C,; on transition metal
surfaces, using Rh(111) surface as an example, we applied a
systematic analysis from the aspects of symmetry, geometry, and
electronic structure. Similar analysis can be applied to C clusters
on other metal surfaces as well.

First, as shown in Figure 4, the ground-state structures of
Cn@Rh(111) can be classified into three groups: (i) small clusters
(Cis Cy7 and Cjg) have a unclosed core—shell geometry
(denoted as CS—); (ii) medium-sized clusters (C,s, C,o and
C,;) and C,, have a closed core—shell formation (denoted as
CS); (iii) large clusters (C,z Cas Cas, and Cyg) have a core—
shell structure with one or two additional rings (denoted as CS+).
Very similar classification can be applied to Cy on other three

metal surfaces (see Figure S2 in Supporting Information). It has
been established that clusters with a closed core—shell geometry
are generally more stable than those unclosed or with additional
atoms.>**” Hence, it is not surprising that both magic clusters, C,;
and C,4, have the CS geometry.

Among the four CS clusters, C;9 and Cy,g have a pentagonal
core, while the core of C,; and C,, is a hexagon. Among them,
the C,o has the lowest C, symmetry. In contrast, the free-standing
clusters C,g, C,;, and C,4 have very high Cs,, Cs,, and Cg, sym-
metries, respectively (Figure Sa). Upon binding to the Rh(111)
surface, which has a C;, symmetry, the symmetries of the
supported C,o and C,4 are reduced to C, and C;, respectively,
but C,; is able to maintain its Cs, symmetry. The high symmetry
allows C,; to achieve strong binding between all its edge atoms
and the metal surface and thus enhances its stability.

In order to further understand the uniqueness of the sup-
ported C,; cluster with regard to C,o and C,4, a comparison of
their characteristics is presented in Table 1 and Figure S. These
free-standing clusters show very different characteristics from
their metal—supported counterparts. With three pentagons
incorporated, the C,, is highly curved; C,, is slightly curved
because of the pentagon core. In sharp contrast, the 7-6MRs Cy4
is completely flat.

Anchoring on the metal surface (Figure Sb), all three clusters
tend to form a domelike geometry. That is attributed to the fact
that a graphene edge tends to stand upright on the metal surface.
As shown in Figure 5d, a vertically standing graphene has minimum
edge formation energy. The energy tendency shows that nano-
graphene prefers a domelike shape to minimize its edge forma-
tion energy.9 As shown in Figure Sb, C,; has the greatest tilt angle
of 48° at the edge, and the 7-6MRs C,, has the least tilt angle of
19°. Such a difference results in a notable adsorption energy
difference of ~2.0 eV/nm or ~0.5 eV/edge atom. Moreover, the
peculiar electronic structure of the three pentagons of C,; is also
beneficial for strong binding between the cluster and metal
surface. Although C,; has the smallest number of edge atoms
(i-e., 10,9, and 12 for Cy, Cyy, and C,y, respectively), every edge
atom of a pentagon has two active unpaired electrons to interact
with the metal surface or two reactive sites (Figure Sc). So,in C,;,
the effective number of reactive sites is actually greater than the
number of its edge atoms, and therefore the interaction between
C,; and metal surface is significantly enhanced. As shown in
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Figure 6. (a) Kinetic process of dimerization of two C,, clusters on Rh(111) surfaces. (b) Calculated average lifetime of C,; on Rh(111) surface.

Table 1, the total adsorption energy of C,; on Rh(111) surface is
17.1 eV, which is about 20% greater than that of Cy4, 14.3 €V. So
although the free-standing C,; has higher formation energy than
C,4, the difference has been greatly compensated by the stronger
edge—metal interaction.
From the above analysis, we can conclude that the uniqueness
of the C,; cluster on metal surface is attributed to
(i) its closed core—shell geometry;
(ii) its high symmetry;
(iii) the strong binding between pentagon edges and the
metal surface;
(iv) the tendency of upright standing graphene edge on metal
surface.

Points i—iii are characteristics of the Cs, C; cluster. As shown
in Figure S4 of Supporting Information, point iv, the tendency of
upright standing graphene edge, is valid for all four explored metal
surfaces. As shown in recent research, it is also valid for graphene
on diamond surface.*® Therefore, we anticipate C,; to be an
universal magic cluster on most transition metal surfaces. Due to
the limitation of computational resources, we explored only four
selected metal surfaces and all of them support the prediction.
Certainly more extensive calculations are needed in the future.

The uniqueness of C,; makes it the most stable C cluster on
metal surface. But, as a small graphene island with significant edge
energy penalty, it cannot be more stable than very large ones, and
thus their aggregation or coalescence must happen at a later stage of
graphene growth.” So the dominating C,; as C precursor in the
initial graphene CVD growth must be a kinetic behavior. The kinetic
stability of C,; clusters at elevated temperature requires a large
barrier to prevent their aggregation or maintain them to survive a
macroscopic lifetime (e.g,, in minutes). The barrier of aggregation
from two independent C,, clusters to a C,; dimer is calculated and
shown in Figure 6a. The highest energy barrier, E*, during dimeriza-
tion of two C,; clusters was found to be 3.01 eV. This notable high
energy barrier prevents C,; clusters from forming C,; dimers.

As shown in Figure 6b, the average lifetime of C,; [which is
estimated by v = (h/kgT) exp(E*/ksT), where kg and h are
Boltzmann and Planck constants, respectively] is 100—1000 s in
the temperature range 930—985 K. Experimentally, the aggrega-
tion of dominating C clusters into large graphene islands or the
initiation of graphene growth on Rh(111) occurs at ~870 K.*°
Similarly, the aggregation of uniformed C clusters on Ru(0001)
and Ir(111) surfaces occurs at a similar teméperature range, that is,
1000—1100 and 970 K, respectively.'®* This agreement be-
tween the theoretical prediction and experimental observations
further confirms the validity of our conclusion.

4. CONCLUSIONS

In conclusion, the most stable structures of Cpy (N = 16, ..., 26)
on four selected metal surfaces [Rh(111), Ru(0001), Ni(111),
and Cu(111)] are explored by ab initio methods. The C,, cluster,
with C;, symmetry and three isolated pentagons, possesses
superior stability due to its closed core—shell structure, high
symmetry, and strong binding to the metal substrate. Compar-
isons between the simulated STM images and experimental ones,
experimental dI/dV curves and calculated LDOS, and measured
cluster height and the height of optimized clusters all confirm
that C,, is the observed dominating C precursor in graphene
CVD growth on Rh(111) and Ru(0001) surfaces. Because the
lack of direct experimental measurement of the cluster’s atomic
structure, one might argue that none of these lines of evidence is
100% reliable. But it is hard to believe that all these agreements
and the result of ab initio calculations are coincidences.

One may argue that these S-membered rings may lead to
caplike graphene islands instead of flat ones. But, as C21 is a
quite small island, the flatness of CVD graphene can be
achieved by the addition of 7-membered rings at the later
stage. In this case, the present work is helpful to understand
two puzzling experimental observations: (1) the observation
of grain boundary loops in graphene®”** and (2) the fact that
the domains of epitaxial graphene always contain a disordered
region related to their nucleation point."

The present study shows that it is potentially possible to
synthesize uniform C,; graphene quantum dots on various metal
surfaces at elevated temperatures. On the other hand, the simul-
taneous fusion of less mobile, high-coverage C,; clusters on a
metal surface must result in highly concentrated nuclei or
graphene islands on the metal surface,”> %’ and the coalescence
of these islands will inevitably lead to the formation of graphene
grain boundary and thus the quality of the synthesized graphene
must be low.*""** Thus, experimentally, avoiding the formation of
uniform magic C clusters on metal surface is crucial for achieving

high-quality graphene synthesis.

B ASSOCIATED CONTENT

© Supporting Information. Four figures, showing forma-
tion of various isomers of C,; @Rh(111); ground-state structures
of Cy (N = 16—24) clusters on Rh(111), Ru(0001), Ni(111),
and Cu(111); simulated STM images of C,, and C, clusters on
Ru(0001), Ni(111), and Cu(111) surfaces; and preference of
upright standing graphene formation on selected metal surfaces.
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