
Unraveling the Influence of Metal Substrates on Graphene
Nucleation from First-Principles Study
Lixiang Zhong,†,‡ Jia Li,*,† Yuanchang Li,*,§ Haizhou Lu,∥ Hongda Du,† Lin Gan,† Chengjun Xu,†

Sum Wai Chiang,† and Feiyu Kang†,‡

†Guangdong Provincial Key Laboratory of Thermal Management Engineering and Materials, Graduate School at Shenzhen, Tsinghua
University, Shenzhen 518055, People’s Republic of China
‡School of Materials Science and Engineering, Tsinghua University, Beijing 100084, People’s Republic of China
§National Center for Nanoscience and Technology, Beijing 100190, People’s Republic of China
∥Department of Physics, South University of Science and Technology of China, Shenzhen 518055, People’s Republic of China

*S Supporting Information

ABSTRACT: Using ab initio calculations, we systematically
investigate graphene nucleation on 10 representative metal
substrates that have been used in graphene growth by chemical
vapor deposition. We find that the metal substrates can be divided
into three categories with respect to the competition between
carbon−carbon (C−C) and carbon−metal (C−M) interactions,
which leads to the distinct critical size (Nc) dependence of the
smallest graphene precursor on the substrates. The C−M
interactions are weak on Ag, Au, Cu, and Co substrates, and the
chemical potential of carbon decreases monotonically to approach
that of graphene as the size of the carbon clusters increases. We
observed an Nc around C13−C14 corresponding to the structural
transition from a linear chain to sp2 configuration on these
substrates. In contrast, the C−M interactions are strong on Ru, Pt, Rh, and Ir substrates, and the extremely stable carbon
monomer thermodynamically determines the larger Nc about C19. The third category is Ni and Pd substrates, for which carbon
atoms tend to penetrate into the first layer of the metal substrates, implying a more complicated graphene nucleation mechanism.
We also discuss the growth kinetics of the small carbon clusters as well as the effect of the practical environment, like surface
defects, on graphene nucleation.

■ INTRODUCTION

To facilitate the application of graphene, its mass production
with high quality and low cost is required. Many methods to
synthesize graphene have been reported, including mechanical
exfoliation of graphite,1 thermal decomposition of silicon
carbide,2 reduction of graphene oxides,3−5 and chemical
vapor deposition (CVD) on metal substrates,6−8 etc. In
particular, CVD method shows great promise to produce
graphene on a large scale, stimulating extensive activity among
physicists, chemists, and material scientists.9−12 In the CVD
process, the nucleation of graphene is important because the
density of nucleation is directly related to the quality of
graphene. For example, a high density usually leads to graphene
with a polycrystalline structure with intrinsic topological
defects,13 which can strongly scatter charge carriers.14,15

These defects also lower the charge carrier mobility of
graphene by about 1 order of magnitude6,7 as compared to
that of graphene obtained by mechanical exfoliation.16

Therefore, a comprehensive understanding of graphene
nucleation on metal substrates, including both energetics and

kinetics, is desired to help control the nucleation density and
allow growth condition optimization.17

To understand graphene nucleation, two issues should be
fully addressed. One is the delicate competition between the
carbon−carbon (C−C) and carbon−metal (C−M) interactions
at the interface between graphene and the metal surface.18 The
other is the property of the smallest stable graphene precursor,
including its critical size (Nc) and characteristic configuration.
The former intrinsically affects C accumulation, while the latter
is closely related to the structure and quality of the ultimate
graphene domain as well as growth kinetics. In recent years,
considerable effort has been devoted to exploring the structure
and energetics of small C clusters on metal surfaces both
theoretically and experimentally.19 Zhang’s group20 first
investigated C nucleation in the early stages of graphene
growth on Ir (111), Ru (0001), and Cu (111) surfaces, and
proposed a novel dimer-based picture instead of the traditional
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monomer-based concept. Very recently, they further showed
that C−C dimers are the dominant feeding species on Cu
substrates using multiscale modeling.21 Meanwhile, Ding and
colleagues22−24 focused on the structural configuration of small
C clusters (CN, where N ≤ 30) on four kinds of metal
substrates (Rh, Ru, Ni, and Cu). On the basis of extensive
calculations of each possible configuration, they originally
claimed C21, a fraction of C60, as the unique magic cluster,23 and
3 years later they found another ultrastable C cluster, C24.

24 In
experimental studies, uniform C clusters with a diameter of
around 1 nm have been observed by scanning tunneling
microscopy (STM) on Ru (0001),25,26 Rh (111),27 and Ir
(111)28 surfaces, although their detailed structure and
formation process are still unclear. In contrast, the presence
of small C clusters on other metal substrates like Cu has not
been reported, despite the numerous experimental and
theoretical investigations of graphene growth on this metal
substrate.
Here, we systematically investigate graphene nucleation on

almost all metal substrates that are used in CVD growth of
graphene, including Ru, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au.
In terms of C−C and C−M interactions at these graphene−
substrate interfaces, three kinds of nucleation processes are
found. Meanwhile, it is also revealed that the graphene
precursors all contain pentagons, which offer a continuous
driving force for the cluster size to increase. Our findings
provide useful insights into the role of metal substrates in
graphene nucleation to guide future experimental design. In
addition, our study of graphene nucleation on metal substrates
is complementary with the study of metallic nanoclusters
nucleation on graphene performed by Wang et al.18

■ METHODS

Spin-polarized calculations were performed using density
functional theory implemented in the Vienna ab initio
simulation package.29,30 The projected augmented wave
potential31 and generalized gradient approximation with the
Perdew−Burke−Ernzerhof functional32 were used to describe
the electron−ion interactions and exchange-correlation energy,
respectively. The cutoff energy was set to 400 eV. We used a
three-layer slab model to mimic the metal surfaces with the
bottom layer fixed at their respective bulk positions. Test

calculations using a six-layer model yielded the same results as
those using the three-layer model. The separation between two
slabs was larger than 15 Å, and the distance between two
neighboring C clusters was larger than 12 Å to eliminate
spurious interactions. All structures were optimized by the
conjugate gradient method until the residual force on each
atom was less than 0.01 eV/Å. The climbing image nudged
elastic band method33 and Tersoff−Hamann approximation34

were used to calculate the energy barriers and simulate STM
images, respectively. The structure models and STM images
were visualized in the VESTA software.35 To characterize the
stability of C clusters with different numbers of C atoms on
metal substrates, we defined the chemical potential of C (μN

M)
as

μ μ=
−

−
E E

NN
M 0

0

where E and E0 are the total energies of metal substrates with
and without a C cluster, respectively. N is the number of C
atoms, and μ0 is the energy per atom of graphene. The μN

M

defined here has also been used previously to study the growth
of carbon nanotubes or graphene.23,36 The higher was the μN

M,
the less stable was the cluster.

■ RESULTS AND DISCUSSION
We first investigated the interactions of a C monomer and
dimer with 10 kinds of metal surfaces: Ru (0001), Co (0001),
Rh (111), Ir (111), Ni (111), Pd (111), Pt (111), Cu (111), Ag
(111), and Au (111). The chemical potentials (μN

M) of the C
monomer and dimer on different metals are shown in Table S1
and further summarized in Figure 1a. It reveals that the 10
metal substrates can be divided into three categories: (i) Au,
Ag, Cu, and Co substrates, for which the addimer gives the
most favorable energy and the C monomer prefers the
subsurface site, (ii) Ru, Rh, Ir, and Pt substrates, which have
the smallest μ corresponding to C adatom adsorption on the
surface, and (iii) Pd and Ni substrates, for which the C atom
located in the subsurface has the smallest μ. These results
indicate that the distinct C−C and C−M interactions on
different metal substrates affect graphene nucleation. Because a
C adatom penetrating the topmost layer of a metal substrate
gives the most stable state for Pd and Ni substrates, this

Figure 1. (a) Chemical potentials (μN
M) of subsurface C atoms, surface C adatoms, and addimers on different metal substrates. (b) Projected density

of states of a C adatom, which has contributions from 2p-electrons, for metal substrates in categories (i) and (ii), corresponding to the ground state
for the C adatom. The Fermi level was set to zero.
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naturally leads to a bulk-mediated growth mode, and graphene
would be obtained by precipitation from the bulk metal. It
means when the C atom is catalytically decomposed from the
gaseous carbon source, it can be easily dissolved into the bulk
metal due to the high carbon solubility of such metals. When
the amount of the dissolved C reached the limit with the
decreasing temperature, the C precursor will precipitate from
the bulk metal. As the carbon cluster grows larger, it becomes
more favorable as compared to carbon at subsurface sites, and
graphene forms eventually.37,38 The situation is different for
metal substrates in categories (i) and (ii), where a surface-
mediated nucleation process can be expected. In this work, we
focus on graphene nucleation on metal substrates in (i) and
(ii).
Comparing μ of the addimer with that of the adatom on

different substrates clearly reveals that the C−C interaction is
stronger for category (i), while the C−M interaction is stronger
for (ii). To better understand this, we plotted the projected
density of states (PDOS) of a C atom, which has contributions
from 2p-electrons, corresponding to the ground state of the C
adatom, on the different substrates, as shown in Figure 1b. An
interesting finding is the close relation between μ and the
PDOS of a C adatom at the Fermi level; that is, a higher PDOS
(especially for the pz state) generally corresponds to a higher μ,
and vice versa. For example, the PDOS of a C adatom on a
coinage metal (Cu, Ag, and Au) substrate has a peak at the
Fermi level, and μ is >2.5 eV. Conversely, for metal substrates
in category (ii), there are no PDOS peaks around the Fermi
level, and μ is <0.65 eV. These trends are quite understandable.
When the C−M coupling is strong, the originally degenerate 2p
states of the C atom will split into bonding and antibonding
states, and the PDOS peaks around the Fermi level will
disappear. In contrast, when the C−M coupling is weak, the 2p
states of the C atom largely remain atomic-like, and the PDOS
peaks lie around the Fermi level. In addition, it is worth noting
that for category (i) metals, especially for coinage metals, the
PDOS peaks around the Fermi level disappeared after adding a
C atom to form an addimer as shown in Figure S1. It indicates
that two carbon atoms will form a strong covalent bond and
weaken the interaction between C atom and metal substrate
(can also be seen from Table S2) when combined into a dimer
on these substrates.
The competition between C−C and C−M interactions can

also be reflected by the bond length of the C−C addimer. A
shorter bond length indicates a stronger C−C interaction and
in turn a weaker C−M interaction. The calculated bond lengths
of a C−C addimer on the different metal surfaces exhibited the
sequence of Ag (1.284 Å) < Au (1.297 Å) < Cu (1.302 Å) < Co
(1.345 Å) < Ru/Pt (1.373 Å) < Rh (1.387 Å) < Ir (1.400 Å).
For metal substrates in category (i) except for Co, the bond
length is typically between those of a CC triple bond (1.208
Å) and CC (1.333 Å). For substrates in category (ii), the
values are larger than that of a typical CC bond but smaller
than that of a C−C one (1.541 Å). This further confirms that
the metal substrates in category (ii) have stronger C−M
interactions than C−C ones, consistent with the PDOS
analysis.
Because the C monomer and addimer only represent the

initial stage of the graphene nucleation process, it is necessary
to study larger C clusters to reveal Nc and the configuration of
the smallest graphene precursor. Next, we track the energetics
of C clusters (≤24) on typical metal surfaces Cu (111), Co
(0001), Rh (111), and Ir (111). Only these four surfaces were

used because of the huge computational cost of searching for
the minimum energy structure of complex systems. Note that
Cu and Co belong to category (i), while Rh and Ir belong to
category (ii). Such a selection means that we can compare the
nucleation not only between different categories, but also
within the same category to gain insights into the remaining
metal substrates.
The possible structures of CN were carefully explored; Figure

2 shows their respective μN
M corresponding to the ground-state

structure as a function of C number N. It is found that μN
M

decreases monotonically as N increases on Cu (111) and Co
(0001) surfaces, with only the exception of C2 on Cu (111).
This indicates the graphene precursor on these metals would
spontaneously enlarge without any nucleation barrier as long as
the C source is continuously supplied. However, it will be
shown below that the smallest size of graphene precursor is still
present because of both thermodynamic and kinetic effects. For
Rh (111) and Ir (111) surfaces, μ1

M is lower than that of CN
until it reaches a critical size, that is, C19 (Figure 2). In this
regard, all CN between C1 and C19 should be energetically
unstable and not exist in reality, thus leading to a distinct
nucleation process from Cu (111) and Co (0001) surfaces.
The curves depicted in Figure 2 also provide us with other

useful information. For example, C2 is more stable than its
neighboring C1 and C3 on a Cu (111) surface, which agrees
with the recent claim that C2 is the dominant feeding species in
graphene formation.21 For the same size CN (N ≥ 3), μCu is
always ∼0.30 eV larger than μCo, μRh, and μIr, but the latter
three only differ slightly. This originates from the different
coupling strengths between p−s and p−d orbitals. Note that
the other two noble metals Ag and Au also characterized by p−
s coupling give even higher μ than μCu when N ≤ 2 (see Figure
1a). From Co to Rh to Ir, which are located in the same column
in the periodic table, the atomic radius increases gradually and
μN
M changes only a little, suggesting a weak dependence of p−d

hybridization on 3d, 4d, and 5d electrons. Furthermore, it
seems that another universal number (Nt) exists around 13−14.
When N < Nt, μN

M changes slowly, while when N > Nt, μN
M

decreases rapidly. This sharp change may correspond to a
structural transition.
Figure 3 plots the representative geometries to determine

critical Nc on Co (0001) and Cu (111) surfaces. Moreover, the
optimized structures and chemical potentials of C clusters with
different numbers of C atoms (1 ≤ N ≤ 24) on Co (0001) and

Figure 2. Chemical potentials of the ground-state structures of C
clusters on Cu (111), Co (0001), Rh (111), and Ir (111) surfaces.
Lines are provided as visual guides. The two horizontal dashed lines
represent the chemical potentials of C monomers on Rh (111) and Ir
(111) surfaces.
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Cu (111) surfaces are shown in Figures S2 and S3. For a Co
(0001) surface, a C monomer occupying the subsurface six-
coordinated site is the most stable, at 0.12 eV lower in energy
than adsorption on the surface, while the two C atoms forming
an addimer on the surface decrease μ by about 0.077 eV (see
Table S1). Further increasing N, the geometries become more
complex. By examining the energetics of many possible
configurations, we find that the zigzag-type linear carbon
chain is always the ground state for small N. For example, when
N = 5 and 6, the linear chain configurations are energetically
more favorable by 1.37 and 0.85 eV than that of pentagonal and
hexagonal configurations, respectively.39

However, the zigzag C chains are still far less stable than
graphene, and the final products are graphene composed of sp2-
hybridized C atoms. Therefore, there must be a structural
transition from zigzag C chains to sp2 compact C clusters. This
structural transition means the thermodynamical competition
between C chains and sp2 compact C clusters configurations.
Gao et al.40 proposed that C12 is the critical cluster for the
transition on a Ni (111) surface. Herein, we found it occurs at
N = 14 in our previous work,39 also shown in Figure 3a−d; that
is, the smallest sp2 compact cluster more stable than C chains
on Co (0001) is the C14 composed of two hexagons and two
pentagons (Figure 3d), which has μ 0.023 eV lower than that of
the corresponding C chain (Figure 3c). The energy difference
provides the possibility of the coexistence of the linear and sp2

configurations when the size of the C cluster is around 13−14.
Further increasing N, μ of the sp2 compact structure decreases,
while that of the zigzag chain is largely insensitive to N, as can
be seen for the values corresponding to N = 3−13 in Figure 2.
Such different trends are easily understood because there is an
additional stabilization gain from the formation of conjugated π
bonds in the sp2 compact structure, while each C couples to the
metal almost equally in the zigzag chain structure.
Above, we discussed the energetics of CN on a Co (0001)

surface. Another critical factor in determining whether a certain
CN can be the smallest graphene precursor is its kinetic stability.
Because the temperature used for graphene growth by CVD is
very high, usually around 1000 K, the diffusion should be quite

fast even for small C clusters. The effective precursor must be
kinetically stable; that is, it has to experience a high enough
diffusion barrier so that it can stably locate at the ground-state
position to capture mobile C atoms. According to our
calculations, the diffusion barrier of a C monomer on a Co
(0001) surface is very small (0.27 eV), and those for linear C13
or C14 chains are less than 0.20 eV. In sharp contrast, the
corresponding C13 and C14 sp

2 compact structures exhibit much
higher diffusion barriers of 0.92 and 0.42 eV, respectively. This
indicates that the kinetic stabilities of the C13 and C14 sp2

compact structures are higher than those of the corresponding
chains (see Figure 3e,f). Considering both the thermodynamic
and the kinetic factors, the C14 cluster composed of two
pentagons and two hexagons would serve as the smallest
graphene precursor for CVD growth of graphene on a Co
(0001) surface.
The situation on a Cu (111) surface is very similar to that on

a Co (0001) surface; the C monomer also prefers the
subsurface six-coordinated site, and the addimer has a lower
μ than that of the monomer by about 0.61 eV. A linear
nanoarch configuration is the ground state until N = 13, as
shown in Figure 3g−j, consistent with a previous report.41

Interestingly, the compact C13 cluster consists of one hexagon
and three pentagons on Cu (111) (Figure 3j) instead of the
more symmetric configuration that contains only three
hexagons on Co (0001) (Figure 3b). Likewise, the sp2 compact
C13 and C14 also have relatively larger diffusion barriers of 0.75
and 0.78 eV, respectively, as compared to those of the
nanoarches.
From what has been discussed above, we know that a critical

Nc exists corresponding to the structural transition from linear
to sp2 compact configuration on Co (0001) and Cu (111)
surfaces. Importantly, the transition substantially enhances the
kinetic stability of the C cluster. Moreover, the sp2 C clusters,
for example, C14, C19, C21, and C24 (see Figures S2 and S3),
always possess at least one pentagon even if it lowers the
symmetry, implying that pentagons play an important role in
stabilizing C clusters. Such a pentagon-containing preference
can decrease the number of edge atoms, which consequently
lowers the edge formation energy.40 Besides, the barrier of
annealing the edge pentagon into a hexagon on Cu (111) is
1.39 eV, which ensures the continuous growth of graphene at
the typical growth temperature. Given the high consistency
between Co and Cu substrates, we predict that these should be
general phenomena for other metal substrates in category (i)
like Au and Ag.
We now turn to the cases of Rh (111) and Ir (111) surfaces

that represent the metal substrates category (ii). Figure S4
shows the optimized structures and chemical potentials of C
clusters with different numbers of C atoms (1 ≤ N ≤ 24) on Rh
(111) and Ir (111) surfaces. Unlike in category (i), C monomer
adsorption on these metal surfaces is extremely stable because
the μ of addimer increases largely, as shown in Figure 2. In
consideration of the formation of the large C cluster (C19),
despite the high stability of monomer, the increased chemical
potential of C atoms with the increasing concentration of C
provides the driving force for the aggregation of C monomers.
Also, kinetically, the diffusion barriers of C monomer on Rh
(111) and Ir (111) are 0.75 and 0.76 eV, respectively, which
allows the fast diffusion of C monomers on these substrates at
the experimental growth temperature. Akin to the Co and Cu
substrates, a structural transition from chain to sp2 compact is
observed, which occurs around C12−C14 on the Rh and Ir

Figure 3. Transitions from C chains to sp2 compact clusters on (a−d)
Co (0001) and (g−j) Cu (111) surfaces, and diffusion barriers of the
(e) C chain and (f) sp2 compact cluster both composed of 14 C atoms
on a Co (0001) surface.
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substrates. Nevertheless, it is only from C19 that μ becomes
lower than that of the carbon monomer, giving rise to a
thermodynamically determined Nc of the graphene precursor
on the Rh and Ir substrates. We also calculated the diffusion
barriers of C19 on Rh (111) and Ir (111) surfaces. As expected,
the barriers on Rh and Ir surfaces are as high as 1.83 and 2.94
eV, respectively, because of the relatively large size of the C
cluster and strong C−M interaction. Such high diffusion
barriers naturally hamper the movement of C clusters as well as
their agglomeration.
In detail, C19 is composed of a central pentagon surrounded

by another pentagon and four hexagons, as shown in the top
inset of Figure 4a. Surprisingly, C19 has two adjacent pentagons.

Pentagons exist in many C clusters like fullerene, but they must
be isolated42 to lower the system energy because they induce
local curvature. However, here the large curvature can help the
central part of the C cluster to lift off the metal substrate and
ultimately develop as graphene. With two more C atoms, C21,
the cluster behaves as a fraction of fullerene containing three
isolated pentagons connected by four hexagons with C3v
symmetry.23

To fully understand the role of pentagons in graphene
growth, we calculated the PDOS corresponding to the different
C edge atoms on Rh (111), as illustrated in Figure 4a.
Generally, the sp2 carbon is inert, so we focused on the C atoms
with only two neighboring C atoms. The C atoms belonging to
the hexagon have a small PDOS population at the Fermi level
(top of Figure 4a), while that for the pentagon contains a peak
(middle of Figure 4a). This indicates the distinct chemical
activity of the hexagon and pentagon, and that a new C atom
naturally attaches to the edge C atom of a pentagon. After this,
the edge C atom of the pentagon becomes sp2 coordinated, the
peak near the Fermi level disappears, and consequently the
edge C atom becomes chemically inert (bottom of Figure 4a).
It is noted that a similar pentagon-containing phenomenon is
also observed on the metal substrates in category (i).
The simulated STM images of C19 and some other typical C

clusters that are more stable than a C adatom on Rh (111) and
Ir (111) surfaces are shown in Figure 4b and c, respectively. It
is noteworthy that C clusters with a diameter of around 1 nm
have been observed experimentally on Ru (0001),25,26 Rh
(111),27 and Ir (111)28 surfaces. The C clusters with high
symmetry of C3v detected on Rh (111)27 and Ru (0001)25

surfaces are believed to be C21 or C24 clusters.
23,24 However,

the STM images reveal that C clusters with a diameter of
around 1 nm without C3v symmetry also exist on Rh (111)27

and Ru (0001)25,26 surfaces, as well as on Ir (111)28 surfaces.
By comparing our simulated STM images with these
experimental results, we believe that these low-symmetry C
clusters with a diameter of around 1 nm are C19 or C20 clusters.
In contrast, there is no experimental evidence for the existence
of a kinetic CN around C13−C14 on any metal substrate. Figure
2 indicated that once these clusters form, μTM decreases rapidly,
implying fast growth. Therefore, their rather small size and
short lifetime make it difficult to observe such kinetically
determined Nc. More simulated STM images of these critical C
clusters are presented in Figure S5.
From our simulations, we can construct a picture of graphene

growth on metal substrates. During the initial stage, the fast-
moving C atoms aggregate together occasionally and form C
clusters of different sizes. Among them, only those beyond Nc
can survive and serve as a graphene nucleus. As a nucleus
grows, the edge C atom with the dangling bond behaves as the
acceptor site for the clusters with an open configuration, while
the pentagon offers the driving force for clusters with a closed
configuration. The curvature induced by the pentagons will lift
the central part of these C clusters off the metal substrate.
Meanwhile, the pentagons continue to move toward the edge
of the cluster to keep capturing more mobile C atoms. As the C
cluster becomes larger, more hexagons become suspended and
ultimately graphene forms.
In reality, metal surfaces possess defects like vacancies and

steps that can strongly affect graphene nucleation. However, the
effect of defects on graphene nucleation should be distinct for
metal substrates in categories (i) and (ii) because of their
remarkable difference of Nc. A point defect helps to immobilize
C atoms, which makes it easier to reach Nc for the structural
transition on metal substrates in category (i). This effect should
be weaker for substrates in category (ii) because of their
notably large Nc and strong initial C−M coupling. In contrast, a
line defect such as a step or dislocation is expected to strongly
affect graphene nucleation on metal substrates in category (ii)
because of its ability to simultaneously trap enough carbon
atoms for nucleation. The tendency of graphene nucleation to
occur at steps has been observed on all of the metal substrates
in category (ii), that is, Ru,43 Rh,27 Ir,28 and Pt44 surfaces. In
addition, as the temperature of CVD-growth graphene can be
as high as ∼1000 K, the effect of vibrational entropy should be
taken into account. The vibrational entropy is mainly related to
the structure of carbon clusters. Generally, the sp2 cluster
usually has a smaller entropy than the carbon chain with the
same cluster size. Taking an example of Cu(111) surface, we
calculate the vibrational entropies of carbon chains and sp2

clusters around C13 at 1000 K. As shown in Table S3, the
vibrational entropy lowers the chemical potentials of carbon
chains by 0.4 eV, while it is only 0.3 eV for sp2 clusters. The
vibrational entropy then has a larger effect on carbon chains
than on sp2 clusters, demanding a larger critical nucleation size
Nc to offset the effect of entropy.

■ CONCLUSIONS
Three kinds of nucleation were found for CVD growth of
graphene on different metal substrates. The coinage metal and
Co substrates have a kinetic smallest graphene precursor
around C13−C14, corresponding to the structural transition
from a linear chain to sp2 compact cluster. In contrast, the Ru,

Figure 4. (a) Projected density of states of different edge C in C19 on
Rh (111) and the stabilized edge C in C20. Simulated scanning
tunneling microscopy images and atomic structures of C clusters more
stable than a C adatom on (b) Rh (111) and (c) Ir (111).
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Rh, Ir, and Pt substrates have an energetically determined
smallest graphene precursor of C19. For Ni and Pd substrates,
the C atoms tend to dissolve in the metals, resulting in a
distinctly different nucleation mechanism. The different
influences of metal substrates on graphene nucleation are
associated with their varying characteristics regarding the
competition between C−M and C−C coupling. The formation
of pentagons is crucial for the decoupling of carbon clusters
from the metal surfaces as well as for the enlargement of the
graphene precursors.
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