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Self-surfactant effect in graphene growth on Pt(111)
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Graphene, a material with exceptional physicochemical properties, has been synthesized on a variety of
substrates. However, prior theoretical studies have suggested that carbon (C) clusters are typically less stable
thermodynamically compared to individual C monomers on most transition metal substrates. Taking the Pt(111)
surface as a case study, we introduce a unified mechanism termed the “self-surfactant effect” that promotes the
efficient growth of graphene on Pt(111). This mechanism incorporates two key processes: edge passivation and
repulsion minimization. The self-surfactant effect serves as an essential bridge between theoretical predictions
and experimental observations, enhancing the growth of graphene in two ways: (1) by strengthening the
interaction between C clusters and the substrate through edge passivation, and (2) by minimizing repulsion
between the inner atoms of C clusters and the substrate. Intriguingly, our results reveal a linear correlation
between the formation energies of C clusters on the Pt(111) surface and the ratio of peripheral atoms to the total
number of atoms within the clusters. These insights not only advance our understanding of graphene growth but
may also have broader implications for other heteroepitaxial systems.
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I. INTRODUCTION

Graphene, a monolayer of sp2-hybridized carbon atoms,
possesses unique properties and extensive potential applica-
tions, attracting significant interest across various research
fields [1–3]. To fully exploit its potential, the development
of reliable methods for synthesizing large-area, high-quality
graphene is crucial. Although the exfoliation of graphene
from bulk graphite has been actively explored [4–6], ob-
taining samples suitable for practical device applications
remains challenging. Epitaxial growth on suitable substrates
has emerged as a promising approach to produce large, uni-
form graphene samples in a cost-effective manner. Various
transition metal substrates, including Cu [7], Ni [8], Ru [9],
Rh [10], Ir [11], and Pt [12–15], have been utilized for
graphene synthesis.

While atomic-scale growth mechanisms on certain sub-
strates have been identified [16,17], these mechanisms do
not universally apply to all metal substrates. Earlier theo-
retical calculations have suggested that graphene nucleation
on Rh(111), Ir(111), Pt(111), and Pd(111) is highly unlikely,
given that C dimers show significantly higher formation en-
ergies than C monomers [18]. Furthermore, C10 clusters on
Ir(111) [19] and C24 clusters on Rh(111) [20] are energetically
less favorable than C monomers. Thus, the experimentally ob-
served formation of graphene cannot be accounted for merely
by the aggregation of C atoms into clusters, considering the
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high stability of C monomers should deter such aggregation.
As the consistent incorporation of C atoms allows C clus-
ters to expand into larger graphene islands, exploring the
interaction and stable configuration of C clusters during nu-
cleation and growth may help resolve this discrepancy. The
Pt(111) substrate is particularly interesting due to its supe-
rior catalytic activity and minimal effect on the properties
of graphene [12,13]. Additionally, various moiré patterns can
emerge during graphene growth on Pt(111) due to the weak
graphene-substrate interaction [12–14]. Previous work [21]
has proposed that this weak interaction induces separated
vacancies on the substrate surface, resulting in a

√
3 × √

3
phase of graphene. Interestingly, surface vacancies induced
by atom deposition may suggest a self-surfactant effect in
epitaxial growth [22,23], as observed in the growth of silicene
and borophene on Ag(111) [24,25]. Therefore, an in-depth
analysis of the interactions between C clusters and the Pt(111)
substrate is essential for elucidating the underlying growth
mechanism of graphene.

In this work, we employ density functional theory (DFT)
to examine the energetics and dynamics of graphene growth
on Pt(111). Contrary to traditional aggregation theories, our
analysis reveals a unique self-surfactant effect that optimizes
interactions by passivating the peripheral atoms of C clusters.
This effect is substantiated by a linear correlation between the
formation energies of C clusters and the ratio of peripheral
to total atoms (NP/NT). Importantly, this self-surfactant effect
offers a compelling explanation for experimental observa-
tions, including morphological changes at step edges and the
preferential formation of larger graphene islands near steps.
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II. COMPUTATIONAL DETAILS

We employ DFT as implemented in the Vienna Ab ini-
tio Simulation Package (VASP) for all calculations [26,27].
The generalized gradient approximation with the Perdew-
Burke-Ernzerhof formalism is used to describe the exchange
correlation energy [28]. The van der Waals correction (DFT-
D3) is employed to treat the interlayer interactions between
C clusters and the Pt(111) surface [29]. The energy cutoff
for plane-wave expansion is set at 450 eV, and the force
convergence criterion is 0.02 eV/Å. Our models consist of a
four-layer Pt slab. The lattice constants employed are 2.81 Å
for Pt and 2.46 Å for graphene, which are consistent with
the previous works [30–33]. Gamma-centered k-point sam-
pling is used, with a 3 × 3 × 1 grid for the 4 × 4 supercell
and a 2 × 2 × 1 grid for the 6 × 6, 7 × 7, and 9 × 9 su-
percells. A vacuum layer of 12 Å is introduced to prevent
interactions between adjacent images. During geometric op-
timization, the bottom two layers of the Pt(111) substrate are
kept fixed to mimic the bulk environment. The energy barriers
are determined using the climbing image nudged elastic band
(CI-NEB) method [34].

The formation energy (E f ) of C clusters per C atom on
Pt(111) is defined by the following equation:

E f = Etotal − Esub − NC × μC − NPt × μPt

NC
,

where Etotal and Esub denote the total energy of the system
and the energy of the Pt substrate, respectively. μC and μPt

are chemical potentials of C and Pt in their most stable bulk
phases, namely graphite and face-centered cubic platinum,
respectively. NPt and NC refer to the number of Pt atoms
involved in evaluating the structural stability of C clusters and
the number of C atoms, respectively.

III. RESULTS AND DISCUSSION

A. Growth on the terrace

We begin by examining small C clusters CN (N = 1 ∼ 10)
on the Pt(111) surface. Traditional growth mechanisms sug-
gest that these C clusters rest on the substrate with their
edges bonded to surface metal atoms [35], a process we refer
to as aggregation on the terrace (A-OT). For a C monomer,
we consider five typical adsorption sites on Pt(111): top, fcc
hollow (fcc), hcp hollow (hcp), subsurface tetrahedral (tetr),
and subsurface octahedral (oct) sites, as depicted in Fig. 1(a).
The corresponding E f values are 2.83, 0.50, 0.73, 0.72, and
1.27 eV, respectively, indicating that the preferred site for C
monomer to be fcc [36]. We find that the E f of a C monomer at
the subsurface tetrahedral and octahedral sites are 0.22 eV and
0.77 eV higher, respectively, than that for the fcc hollow site.
This is in agreement with previous findings indicating low
carbon solubility in Pt [37]. We also conduct a comprehensive
analysis of various CN (N = 2, . . . , 10) structures, including
one-dimensional (1D) chains and 2D networks (see Figs. S1
and S2 of the Supplemental Material [38]). Consistent with
other transition metal substrates, 1D chain structures exhibit
greater stability than their 2D counterparts during the initial
stages of graphene growth on Pt(111) [19,35]. The relative
stability of these C clusters is summarized in Fig. 2, with the

FIG. 1. Top views of adsorption sites and Ef of a C monomer
(a) on the terrace and (b) near the step of Pt(111). Light blue, gray
white, and umbra gray spheres represent Pt atoms on the upper
terrace, Pt atoms on the lower terrace, and C atoms, respectively. The
white dashed line indicates the step edge.

dashed line representing the most stable fcc hollow site for
a C monomer. Remarkably, the C monomer is more stable
than all other clusters in the A-OT growth mode, indicat-
ing that C monomers are unlikely to aggregate into larger
clusters on the Pt(111) terrace. However, the E f of graphene
on Pt(111) is approximately −0.103 eV/atom [33,39], sig-
nificantly lower than that of a C monomer on Pt(111), as
confirmed by previous calculations [33,39]. This discrepancy
challenges the A-OT mechanism, suggesting the need for an
alternative mechanism for graphene growth on Pt(111).

To understand why C clusters are unstable on Pt(111), we
carefully examine the interactions between C clusters and
the substrate. The E f of a C cluster on the Pt(111) surface
consists of two components: the binding energy among C
atoms within the cluster (EC−C) and the adsorption energy

FIG. 2. The relative stability of C clusters as a function of C
atoms based on A-OT and V-OT mechanisms on the terrace. Insets
depict representative structures of CN based on the V-OT mechanism.
The blue sphere represents the expelled Pt atom, while the dotted line
signifies the C monomer at the most favorable fcc site.
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FIG. 3. Reaction pathways and barriers (in units of eV) for form-
ing one Pt vacancy with (a) three and (b) four C atoms on the terrace.

of the cluster on the Pt(111) surface (EC−Pt). Interestingly,
these two components exhibit opposite trends as the size of
the C cluster increases [40]. While EC−C decreases, it fails
to counterbalance the increase in EC−Pt, resulting in higher
E f values for larger C clusters compared to a C monomer.
Therefore, minimizing EC−Pt is essential for enhancing the
stability of C clusters on Pt(111). Upon structural relaxation,
we observe that the edges of C clusters bend toward the
terrace, forming arched chains or 2D structures. This suggests
strong interactions between the cluster edges and the sub-
strate. Additionally, graphene islands exhibit stronger binding
at step edges compared to terraces, attributed to the increased
reactivity of step atoms. Based on these findings, we propose
that C clusters induce Pt vacancies during graphene growth
on Pt(111), allowing their edges to be terminated by more
reactive metal atoms.

We investigate small C clusters formed by inducing a va-
cancy on the terrace (V-OT), with their E f and some typical
structures shown in Fig. 2. In agreement with prior calcula-
tions [18], a stable configuration for two C atoms is achieved
when each C atom occupies a separate fcc site. This results
in an E f that is 0.31 eV/atom lower than a dimer formed
by one C atom on an fcc site and another at an adjacent hcp
site. Figure 2 presents a scenario where a Pt atom is removed
by three C atoms (i.e., C3), creating a Pt vacancy. In the C3

cluster, the two peripheral C atoms occupy fcc hollow sites
terminated by highly active metal atoms, while the inner C
atom bonds with the expelled Pt atom. This offsets the energy
used by the ejected Pt atom, yielding a significantly lower E f

value (by 0.64 eV) compared to an arched C3 chain situated
on the ideal terrace.

To validate the reliability of the V-OT mechanism, we
investigate the formation process of the Pt vacancy, as shown
in Fig. 3(a). The energy barrier for creating a single Pt vacancy
on the terrace is 0.76 eV, which is easily overcome at the high
experimental growth temperatures of around 1000 ◦C [13,41].
As depicted in Fig. 3(b), the addition of a fourth C atom
replaces the previously ejected Pt atom, releasing an energy
of 1.06 eV. This energy release facilitates the diffusion of the
expelled Pt atom, resulting in a Pt vacancy on the terrace. The

FIG. 4. Ef of X-6MR clusters on Pt(111) as a function of NP/NT

(X = 2, 3, 4, 5, 7, and 19). The peripheral C atoms are highlighted in
red.

C4 cluster preferentially occupies this vacancy, forming the
smallest planar C4 structure with peripheral C atoms termi-
nated by reactive metal atoms. The inner and peripheral C
atoms form sp2 and sp2-like bonds (one C-C bond and two
C-Pt bonds), respectively. The C5 and C6 clusters have five-
and six-membered ring configurations at the vacancy site.
As the size of C clusters increases, additional Pt atoms are
removed to optimize edge termination, as shown in Fig. S3
[38]. To summarize briefly, small C clusters formed via the
V-OT mechanism exhibit greater stability compared to those
formed through the A-OT mechanism, suggesting its potential
advantages for graphene growth process on Pt(111). We ex-
tend our investigation to larger C clusters (CN , where N > 10)
on the Pt(111) terrace, focusing exclusively on 2D structures
composed of 6-membered rings (6MRs). This is in line with
previous findings that larger C clusters favor 2D networks
over 1D chains on transition metal surfaces [17]. We evaluate
these structures, denoted as X-6MRs (where X represents the
number of 6MRs), under both the A-OT and V-OT growth
mechanisms. The E f of X-6MRs as a function of the ratio of
NP/NT is presented in Fig. 4. Two dashed lines represent the
limiting cases of a C monomer and graphene. Remarkably,
the V-OT mechanism emerges as energetically favorable for
C cluster growth, with the energy difference between the two
mechanisms decreasing as the proportion of peripheral atoms
diminishes. Interestingly, a linear correlation exists between
E f and NP/NT, which can be fitted by the following equations:

EAOT
f (terrace) = 1.147 × NP

NT
− 0.100 eV, (1)

EVOT
f (terrace) = 0.795 × NP

NT
− 0.103 eV. (2)

Here, the coefficients represent the energy difference between
peripheral and inner C atoms (EP

f − EI
f ), while the constants

correspond to the E f contributed by an inner C atom (EI
f ). A

detailed derivation is available in Sec. A of the Supplemental
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FIG. 5. Top and side views of 7-6MRs based on (a) A-OT and (b) V-OT mechanisms. The Pt atoms directly below the cluster are shown in
light yellow. (c) −COHP analysis for 7-6MRs formed by A-OT (black line) and V-OT (orange line) mechanisms.

Material [38]. For both mechanisms, the EI
f is approximately

−0.103 eV/atom, attributable to the saturation of inner C
atoms by sp2 C-C bonds, similar to graphene. Transitioning
from A-OT to V-OT results in a significant eduction in EP

f
from 1.047 eV to 0.692 eV, which we attribute to the termina-
tion of C clusters by more reactive metal atoms. To deepen
our understanding of the interactions between peripheral C
atoms and the substrate, we employ the crystal orbital Hamil-
ton population (COHP) method [42]. Figure 5(c) shows the
COHP analysis for the 7-6MR cluster formed via both mech-
anisms. Positive COHP values indicate bonding contributions,
while negative values signify antibonding contributions. A
noticeable difference in bonding strength is observed between
the two mechanisms, particularly around −5 eV. We quantify
the C-Pt bond strength using the integrated COHP (ICOHP)
values, which are 2.65 and 3.03 for the A-OT and V-OT mech-
anisms, respectively. A higher ICOHP value implies stronger
bonding, corroborating the preference for the V-OT mecha-
nism in enhancing C cluster edge bonding with substrates.

Another noteworthy aspect of Pt vacancies is their role in
mitigating the electrostatic repulsion between C clusters and
the substrate. This is evidenced by the noticeable downward
shift of Pt atoms situated directly beneath the C clusters.
For instance, in the A-OT mechanism depicted in Fig. 5(a),
seven surface Pt atoms beneath the 7-6MRs (highlighted in
yellow) undergo a downward shift of approximately 0.35 Å
to attain equilibrium. This configuration represents the most
stable state, as determined through extensive analysis of the
7-6MRs’ rotational and translational movements on the ter-
race (see Sec. C of the Supplemental Material [38]). We also
explore origins of the electrostatic repulsion between the inner
region of the C cluster and the substrate. Figure 5(a) reveals
that the strong interaction between the peripheral C atoms
and the substrate results in an archlike dome of 7-6MRs,
standing at a height of 2.51 Å and an average C-Pt bond
length of 2.06 Å. The distance between the inner C atoms
and the substrate (about 2.86 Å) is less than the equilibrium
separation of 3.44 Å between graphene and the Pt surface
[13,33]. This suggests that the inner C atoms experience elec-

trostatic repulsion with the surface Pt atoms, causing the latter
to shift downward. An equilibrium is eventually reached,
counterbalanced by the repulsion between these descending
atoms and the subsurface atoms. The removal of surface Pt
atoms significantly reduces this repulsion, thereby enhancing
C cluster stability, as illustrated in Fig. 5(b). This is further
supported by a reduced arch height of 1.81 Å and a shorter
average C-Pt bond length of 1.99 Å. In this case, the E f is 0.25
eV/atom, significantly lower than that of 7-6MRs on an ideal
terrace. Furthermore, we examine the influence of subsurface
Pt vacancies, as shown in Fig. S5 [38]. Our findings indicate
that these subsurface vacancies do not offer an energy benefit
compared to surface Pt vacancies. This is primarily due to
the significant increase in substrate energy caused by subsur-
face vacancy defects. The resulting reduction in electrostatic
interaction between the C clusters and the subsurface of the
substrate is insufficient to offset this energy increase. Con-
sequently, we conclude that both peripheral atom passivation
and vacancy formation play significant roles in strengthen-
ing the bonding between peripheral atoms and the substrate,
while simultaneously reducing repulsive interactions with the
inner atoms. This self-surfactant effect ultimately facilitates
the growth of graphene on the Pt(111) terrace.

B. Growth near the step

Considering the presence of various surface steps in real
experiments, it is essential to study the growth of graphene
near the steps on the Pt(111) surface. For a C monomer, four
hollow adsorption sites near the step on the Pt(111) surface
are considered: U f , Uh, Lh, and L f . These sites correspond
to the (U) upper surface of a step, (L) lower surface of
a step, (h) hcp site, and ( f ) fcc site, respectively. Among
these sites, the Uh site is the most favorable adsorption site
(E f = 0.52 eV/atom), which is 0.14 eV/atom lower in energy
than that of the Lh site. As a result, in contrast to previous
investigations that solely focus on clusters supported by the
lower surface of a step [17], the upper surface also emerges as
a viable nucleation candidate. On the lower surface, small C
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FIG. 6. Ef of CN based on A-OLS and V-OUS mechanisms near
a step on Pt(111). The structures of C clusters supported on the upper
surface are shown in the insets.

clusters can attach to the step to form chains or ringlike struc-
tures. Ringlike structures are more stable because C chains
parallel to the step are not well accommodated [19] (see
Sec. D of the Supplemental Material [38]). The E f of these
clusters are shown in Fig. 6. For the aggregation growth mech-
anism on the lower surface of a step (A-OLS), the C dimer is
more stable than all other clusters, indicating that C atoms
cannot aggregate into clusters larger than C2 near the step. In
other words, A-OLS also faces the instability problem of C
clusters.

Based on the above discussion, we introduce a unified
growth mechanism on the upper surface of a step (V-OUS)
that addresses the instability issue by terminating the periph-
eral atoms of C clusters with highly reactive metal atoms.
Representative clusters following the V-OUS mechanism are
illustrated in the insets of Fig. 6. For a C dimer, each atom
occupies the energetically favorable Uh site. The ground state
of C3 forms a chain that displaces one Pt atom from the
step, while the most stable C4 configuration is a three-pronged
structure with one inner atom and three peripheral atoms. As
with the terrace case, C5 and C6 adopt five- and six-membered
ring configurations, respectively. Except for C2, where the
dimer on the lower surface is more stable, small clusters on
the upper surface of a step are energetically preferred.

To validate the V-OUS mechanism, we examine the growth
kinetics, as depicted in Fig. 7. The energy barrier for creating
a Pt vacancy at the step, induced by a C3 chain, is 0.65 eV,
which is lower than 0.76 eV barrier on a terrace. This suggests
a faster growth rate near steps, corroborating experimental
observations of larger graphene islands near steps [14]. The
formation of C4 involves the sequential addition of a C atom
and a Pt atom, as shown in Figs. 7(b) and 7(c). The incorpo-
ration of an additional C atom requires overcoming an energy
barrier of 0.71 eV, while reducing the total energy by 0.28 eV.
The subsequent addition of a Pt adatom is highly exothermic,
releasing 2.27 eV of energy with a minimal energy barrier of
0.14 eV.

FIG. 7. (a) The process of a Pt vacancy induced by a C3 chain.
(b) The process of incorporating a C atom onto a C3 chain. (c) The
process of adding a Pt atom to form the most stable C4 structure.
Energy barriers are in units of eV.

Our analysis, summarized in Fig. 8, reveals that C cluster
stability increases with size. The E f of X-6MR clusters also
exhibits a linear correlation with NP/NT, well fitted by the
equation

EV
f (step) = 0.728 × NP

NT
− 0.106 eV, (3)

where the coefficient and constant term represent (EP
f −

EI
f ) and EI

f , respectively. Notably, EI
f is approximately

−0.103 eV, indicating that, similar to the terrace case, only the
peripheral atoms of X-6MRs bond to the substrate. However,
EP

f is 0.07 eV lower than on the terrace, attributable to the
lower coordination number of metal atoms terminating the
edges of CN clusters, as represented by the blue atoms in
Fig. 8. These more reactive atoms enhance the interaction
between C clusters and the substrate, reinforcing the role of
steps in facilitating graphene growth. This aligns well with
experimental observations of significant mass transport on Pt
steps [14].

FIG. 8. Ef of X-6MR clusters near the step as a function of
NP/NT (X = 1, 2, 3, 4, 5, 7, 12, 16, and 19).
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C. Comparison with experimental results

Previous theoretical studies have shown that C clusters
exhibit higher formation energies than C monomers when
interacting with various transition metal substrates [18–20].
This observation raises questions about the conventional un-
derstanding of graphene formation through the aggregation
of C atoms into clusters [10–15]. In our study focusing on
the Pt(111) surface, we find that the stability of C clusters
hinges on two key interactions: the attractive forces between
the peripheral atoms of the clusters and the substrate, and the
repulsive forces experienced by the inner atoms of the clusters
with respect to the substrate. A balanced interplay between
these forces is crucial for the stability and subsequent growth
of graphene clusters. Through our detailed calculations, we
identify that the self-surfactant effect can meet both of these
criteria, thereby offering a plausible mechanism for graphene
growth. Specifically, we find that the attractive interactions be-
tween the peripheral atoms of C clusters and the substrate are
significantly enhanced when these peripheral atoms are pas-
sivated by more reactive, step-edge atoms rather than surface
atoms. Simultaneously, the repulsive interactions between the
inner atoms and the substrate are mitigated by increasing
their separation distance. This understanding aligns well with
experimental observations and provides a more comprehen-
sive framework for interpreting the growth of graphene on
transition metal substrates.

Crucially, a range of experimental evidence lends further
support to the role of the self-surfactant effect in facilitat-
ing graphene growth on Pt(111). First, the adsorption energy
of a C monomer at subsurface sites is consistently found
to be higher than at surface fcc hollow sites. This suggests
low carbon solubility in the Pt substrate, reinforcing the
idea that graphene growth on Pt(111) is largely driven by
a surface-mediated process [37]. Second, it has been ob-
served that graphene islands preferentially nucleate at the
upper regions of steps, and these step edges are not perfectly
linear [14,15,43]. These findings are in agreement with our
calculations, which identify the upper surface as the most
energetically favorable site for adsorption. In addition, the
self-surfactant effect is shown to induce significant mass
transfer along the substrate. Third, larger graphene islands
have been observed to form near steps as opposed to terraces
[14,15]. This is consistent with our results, which indicate a
lower energy barrier for Pt vacancy formation when induced
by a C3 chain at the step edge, suggesting a faster growth rate
near steps. Bright lines surrounding graphene islands, as ob-
served experimentally, align well with our hypothesis that the
edges of these clusters are terminated by more reactive metal
atoms. This is a direct manifestation of the self-surfactant
effect [14].

Our decision to exclude the effects of hydrogen from our
calculations is a deliberate and justified simplification, partic-
ularly given the frequent use of hydrocarbons as C sources
in graphene synthesis. During the early stages of graphene
growth, hydrocarbons undergo catalytic decomposition on
metal surfaces, producing reactive C species. For instance,

previous experimental work [44] has shown that temperatures
exceeding 430 K lead to the complete desorption of hydrogen
atoms from ethylene adsorbed on Pt(111), leaving only C
atoms on the surface. Given that the experimental growth of
graphene commonly occurs at significantly higher tempera-
tures, often around 1000 ◦C [13,41], the influence of hydrogen
in this process can be considered negligible. Furthermore,
we note that hydrogen-free graphene growth has been widely
reported on various substrates, such as metals and hexagonal
boron nitride (h-BN), using methods such as molecular beam
epitaxy [45–48]. These findings lend further support to our
approach, further supporting the viewpoint that such an exclu-
sion is a reasonable simplification, allowing us to focus more
closely on specific aspects of the graphene growth process.

IV. CONCLUSIONS

In conclusion, we have investigated the growth mecha-
nisms of graphene on Pt(111). Our findings indicate that
the conventional wisdom of C monomers aggregating into
clusters on a pristine Pt(111) surface is challenged by the
weakening interaction between increasing C cluster sizes and
the substrate. To address this issue, we introduce the con-
cept of a self-surfactant effect, which serves to strengthen
the bonding between the peripheral atoms of C clusters and
highly reactive metal atoms, while simultaneously reducing
the repulsive forces experienced by the inner atoms of the
clusters.

Significantly, we uncovered a robust linear relationship
between E f of C clusters and the ratio of peripheral to total
atoms (NP/NT). This relationship quantitatively emphasizes
the importance of the chemical environment of peripheral
atoms in determining cluster stability. Importantly, our theo-
retical insights align well with experimental data, particularly
the preferential formation of graphene islands at the upper
steps of Pt(111) surfaces. The observed larger sizes of these
islands near steps, as compared to those on terraces, can be
attributed to a reduced energy barrier for Pt vacancy forma-
tion at these locations. Considering that C monomers also
exhibit greater stability on a variety of other ideal transition
metal substrates, we anticipate that the self-surfactant effect in
graphene growth could potentially extend to a broader range
of substrates. Overall, our studies highlight the crucial role
of sample-substrate interactions in understanding the epitaxial
growth of materials, offering valuable insights for the rational
design of promising materials with tailored properties.
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