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ABSTRACT

After Chemical Vapor Deposition (CVD), faceted structures are routinely observed on a variety of metal catalyst surfaces in the graphene-
covered regions. In spite of having its bare surface flattened through high diffusivity and surface pre-melting at high temperatures, the gra-
phene-covered copper surface still presents faceted structures. Using atomistic simulations, we show the role of graphene in the preservation
of the faceted surface morphology at the graphene–copper interface, manifesting as a suppressant against surface melting and surface-
specific diffusion. The results of our molecular dynamics simulations are consistent with our experimental observations and demonstrate
the thermo-mechanical interfacial surface stabilization role of graphene. Our study provides an understanding applicable to most metal–
graphene interfaces and is especially relevant to most metallic catalysts for graphene growth by CVD. Understanding the interaction
between graphene and the catalyst surface structure is critical for producing ultra-flat and defect-free graphene.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0065107

I. INTRODUCTION

Single and multi-layered graphene adsorbed on metal surfaces
was first observed at least 50 years ago in preparation of platinum
and ruthenium single crystal surfaces, during which carbon impuri-
ties were observed to segregate to the surface.1–4 Such carbon on
the surface radically affects properties of metals such as the catalytic
and adsorptive activities, work functions, and the formation of fas-
cinating features like Moiré structures on the metal surface.5–7 In
fact, the synthesis of graphene on metal catalyst substrates by
chemical vapor deposition (CVD) results in the formation of a gra-
phene–metal heterostructure, the properties of which strongly
impact the functional performance of graphene.8–20

At high temperatures, the anisotropy of the surface free energy
reduces and turns isotropic above the roughening transition temper-
ature. This, coupled with the high atomic mobility at high tempera-
tures, leads to the flattening of the surfaces as the metals reduce their
surface area.7,21–23 This explains the nominally flat surfaces seen on
the bare metal at room temperatures after CVD growth.24–27 Yet,
faceted graphene–metal surfaces have been consistently observed on
a wide variety of metal catalysts with different crystal orientations

and CVD growth conditions.28–32 These facets contribute to nano-
scale roughness, with features typically on the order of 20–100 nm
step widths and heights. Faceting has been observed not only with
graphene but also with hexagonal boron nitride systems.33,34 In fact,
faceted structures have been observed even when graphene flakes
have been transferred onto the metal surface and annealed at high
temperatures.35 CVD temperatures for graphene growth on copper
are generally close to the melting point of the metal, where the
surface is reported to be pre-melted.36,37 Despite this, faceted struc-
tures are observed only on the graphene-covered sites of the copper
surface. A striking example is the observation of surface faceting
when graphene is synthesized on molten copper at 1353K.38 This
can be seen in the magnified SEM images of hexagonal graphene
flakes grown on liquid copper spheres shown in Fig. 1(b) of Ref. 38.
This points to the critical role of graphene in locally controlling the
phase of the substrate at its interface. This interfacial thermomechan-
ical stabilization can be widely effective and critical in providing a
complete explanation to experimentally observed surface faceting.
Klaver et al.39 demonstrated graphene-attributed melting suppression
for two orientations of the copper surface, demonstrating increased
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stability of graphene-covered surfaces relative to that of bare surfaces.
The authors nevertheless argue that this melting suppression is not
specific to surface orientation. However, the observation of faceted
structures and their persistence under various synthesis conditions
have motivated us to investigate the stability and orientation depen-
dence of these faceted structures and surfaces in the copper-graphene
system. The implications of this study extend to other metal–2D
material interfaces where surface faceting is also observed.

The work herein is motivated by Wang et al., in which in situ
environmental scanning electron microscope (ESEM) growth was
used and demonstrated surface melting of the copper.40 Our own
experimental observations of copper surface melting during gra-
phene growth are in good agreement. In the present work, we use
molecular dynamics (MD) simulations in LAMMPS to corroborate
graphene stabilization and preservation of surface faceted struc-
tures, which otherwise diffuse out given the high temperature for
CVD synthesis. We relate this stabilization to the surface diffusivity
of the metal catalysts at the interface with graphene. These results
provide an important explanation for the preservation of surface
step structures under graphene regardless of the details of the
driving forces behind their formation.

II. EXPERIMENTAL OBSERVATIONS

The CVD growth experiments performed in our study consis-
tently show faceting, which indicates the transition from pre-melted
surface to the solid surface associated with faceting of the gra-
phene–metal interface. The reconstruction of metal surfaces during
CVD at temperatures of 1000–1500 K is expected. For instance,
using in situ environmental scanning electron microscopy (E-SEM),
Wang et al. demonstrate copper surface pre-melting through their
observation of oxide particle motion across the pre-melted copper
surface.40 However, during their in situ E-SEM experiment, the
transition from the pre-melted surface to the solid surface with the
faceted structures underneath graphene was not clearly observed.
Our CVD growth experiments of graphene on copper clearly indi-
cate this transformation in the postgrowth images.

For our experiments, acetone and IPA cleaned 25 μm copper
foils were electropolished for 60 min at 1.9 V in 85% H3PO4 where
another copper foil was used as a cathode. The foils were then
washed with de-ionized (DI) water and IPA followed by annealing
in the CVD furnace at 1000 �C, with a flow of helium and hydro-
gen gas (300 SCCM each) for 0.5 h, to remove other contaminants.
This was followed by graphene growth using methane precursor
gas (3 SCCM) in addition to the 300 SCCM flow of hydrogen and
helium gases for 40 min. The growth was performed at atmospheric
pressure and the sample was cooled to room temperature at 50 �C/
min in helium. The sample was analyzed using a JEOL 7000F
Scanning Electron Microscope (SEM). SEM images showed den-
dritic structures outside the graphene sites and a contrasting
faceted copper structure under graphene as shown in Fig. 1. The
considered graphene flakes all lie within the same copper grain, are
always hexagonal, and are seen, consistently, with a faceted metal
surface structure under the flakes.

Dendrite formation, seen in the regions surrounding the
graphene flakes, has been reported by Langer and is the characteris-
tic of solidification of the undercooled melt.39,41 Our experiments
were performed at temperatures near to, but below the nominal
bulk melting temperature of copper, yet dendritic structures are
nevertheless observed. This clearly indicates the existence of a
pre-melted bare copper surface. In contrast, the surface under gra-
phene is distinctly crystalline and faceted, pointing to an
interfacial-thermomechanical stabilizing effect attributed to the
presence of graphene. The faceted surface structures observed under
the different flakes have similar facet widths, step densities, and sim-
ilarly changing facet forms in different regions of the flake, implying
similar surface orientations of the facets and a strong orientation
dependence of the graphene–metal interface. The varying facet ori-
entations on different grains further confirm the orientation depen-
dence of this interface.25,42 From these experimental observations,
we hypothesize that graphene stabilizes the faceted surface structure
and anisotropically modifies the surface diffusivity of the metal at
high temperatures. In the present work, we use atomistic computa-
tional methods to probe this hypothesis.

FIG. 1. Scanning electron microscope images of graphene flakes on copper. (a) Three hexagonal flakes of graphene on the same grain showing faceted the copper struc-
ture in the graphene-covered regions and dendritic structures outside graphene. (b) Higher magnification image of one of the graphene flakes.
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III. COMPUTATIONAL METHODS

To study the effect of graphene on the faceted copper surface,
we carry out molecular dynamics simulations of graphene flakes on
copper surfaces of a thickness sufficient to approximate bulk-like
behavior. The observed faceted structures themselves are expected
to consist of low index and high symmetry surface orientations
such as 111, 110, and 100. Indeed, these facets are observed com-
monly on surfaces that are not of high symmetry, via the formation
of steps on the surface.35 Surfaces oriented closely to high symme-
try surfaces, or vicinal surfaces, are expected to transform to the
respective high symmetry surfaces during the surface faceting trans-
formation. These vicinal surfaces are made of flat terraces of the
high symmetry orientation separated by atomic scale ledges or
steps.43 We choose for our calculations the (4 3 4) surface, which is
vicinal to the (1 1 1) surface. All figures shown below are side views
of the simulation box, enabling us to effectively observe the step
structure progression with time.

Figure 2(a) shows the (4 3 4) surface containing steps with
single atomic height (monatomic) having a spacing of 16.5 Å with
terraces of {1 1 1} type. This unit cell is periodic laterally and into
the plane of the diagram. As part of a possible surface reconstruc-
tion, these monatomic steps may combine, or “bunch together,” to
form a faceted step structure like that in Fig. 2(b). In Fig. 2(b), the
structure has facets of height 15 monatomic steps, constructed by
rearranging atoms from the copper surface such that both surfaces
of the faceted structure are of {1 1 1} type. The transformation from
the (4 3 4) surface in Fig. 2(a) to the faceted structure shown in
Fig. 2(b) is topologically feasible in our periodic supercell without
any net addition or removal of atoms. The top-most point of the
larger step structure and the bottom-most point of the structure
shall be referred to as the “convex” and the “concave” edges,
respectively. Figures 2(c) and 2(d) show the (4 3 4) surface and the
larger step covered with graphene. The bends of graphene on the
monatomic steps are referred to here as “monatomic bends” and
the bends on the large step at the apex and at the bottom shall be
called “convex” and “concave” bends, respectively.

We perform MD calculations using the Large scale Atomic/
Molecular Massively Parallel Simulator(LAMMPS).44 We use a
hybrid formulation of the empirical potentials, where the Cu–Cu,

C–C, and Cu–C interactions are modeled using Embedded-Atom
Method (EAM), Adaptive Intermolecular Reactive Bond Order
(AIREBO), and Lennard-Jones(L-J) potentials, respectively.45,46

The Lennard-Jones (L-J) potential was parameterized in accordance
with the simulations of Yi et al.35 We use slab boundary conditions,
with periodicity in all directions of the simulation box for all the
simulations. The domain in the vertical (4 3 4) direction includes
vacuum of 200 Å. The simulation box has a width of 33.5 Å in the
(1 0 �1) direction perpendicular to the plane of the image. The
length in the lateral direction ([�3 8 �3]) of the simulation boxes of
Figs. 3–5 is different and mentioned in the figure captions. The
bottom layer of atoms of the copper slab with a thickness of 5 Å is
frozen to mimic the bulk behavior of the atoms deeper into the sur-
faces. All MD calculations were visualized using the Open
Visualization Tool (OVITO).47 We perform an NVE dynamical
simulation with Langevin thermostatting at a range of temperatures
around the melting point of copper to investigate the effect of gra-
phene on the melting of copper. As shown in Fig. 2, the simulation
box includes a copper surface oriented in the (4 3 4) direction con-
taining two large faceted step structures having surfaces of {1 1 1}
type and a height of 15 monatomic steps. We further analyze the
motion of the atoms on a (4 3 4) surface with two large steps
having a height of 9 monatomic steps at 1250 K. For this calcula-
tion, we choose, for convenience, to track atoms at a depth of less
than 12Å from the (4 3 4) surface level. We have observed that the
depth to which we consider atoms to be associated with the surface
does not affect the trends of our results. We track their mean
squared displacements (MSDs) in order to contrast the behavior
between graphene-covered and bare copper atoms. The diffusivity
of copper atoms can then be derived from the slope of the MSD
with respect to time. The MSD calculations are only attempted for
times greater than 5 ns into the simulation in order to obtain
steady state values.

IV. MOLECULAR DYNAMICS RESULTS

We first present the MD simulation results at a range of tem-
peratures around the bulk melting point to observe the effect of
graphene on the melting of the copper surface. We then look more
closely at the motion of the near-surface copper atoms at a given

FIG. 2. (a) Perfect (4 3 4) surface with equidistant monatomic steps. (b) Step bunched structure with a height of 15 monatomic steps. (c) Perfect (4 3 4) surface covered
with graphene. (d) Step bunched structure with a height of 15 monatomic steps covered with graphene.
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temperature to understand the role of mass transport on the
surface stability.

In Fig. 3, we map out the partially graphene-covered copper
surface profile from 0 to 16 ns at temperatures ranging from 1300
to 1375 K. The large uncovered faceted structure decomposes

progressively at temperatures of 1300 and 1325 K. If we were to
follow the dynamics for a longer time, we would expect the faceted
structure to fully decompose into the flat (4 3 4) surface. This can
also be seen with faceted structures of smaller height; in the
Appendix, we show the results for a nine step facet. Although the

FIG. 3. Copper (4 3 4) surface partially covered with graphene containing two large steps (a) at the start of the simulation, (b) at 1350 K after 16 ns, and (c) in the form of
a graphical map of snapshots on a temperature vs time plot. All images are projections through a three-dimensional structure that is approximately 33.5 Å in thickness so
highly ordered regions show columns of atoms into the thickness, while disordered regions appear to have higher density. The simulation boxes for these calculations
have a length of 659.1 Å in the lateral direction.

FIG. 4. Copper diffusivity on covered and uncovered surfaces having large facets of nine monatomic step height. (a) Supercell of the system with the demarcations sepa-
rating dissimilar regions. Mean Squared Displacement (MSD) plots with respect to time showing 95% confidence intervals for graphene-covered and bare surface regions
with orientations (b) (4 3 4), (c) (1 1 1), and (d) (1�1 1), and (e) table of diffusivities of all the regions. The simulation boxes for these calculations have a length of 560.2 Å
in the lateral direction.
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(1 1 1) surfaces of the larger 15 step faceted structure (shown in
Fig. 3) have lower internal potential energy, the flat (4 3 4) surface
with approximately equally spaced monatomic steps is entropically
favorable. Hence, at temperatures sufficiently higher than the
roughening transition point, the large step structure should trans-
form into the flat (4 3 4) surface.7,21–23,48 At temperatures of 1350
and 1375 K, the uncovered copper surface melts completely within
a few nanoseconds. We observe surface melting on the bare surface
of copper even at 1350 K, which is below the nominal melting tem-
perature of bulk copper for the EAM potential.45 This is in agree-
ment with the literature and the observation of surface pre-melting
by Wang et al.40 Surface pre-melting is expected to be observed
even at temperatures as low as 1100 K. However, this is not the case
in our molecular dynamics calculations because of the limited time
we can observe.36,37

At all temperatures shown in Fig. 3, the large graphene-
covered faceted structures remain solid and mostly stable for the
entire duration of the simulations. The entire structure covered by
graphene remains solid for the duration of the simulation even at
1375 K, which is well above the nominal bulk melting temperature
of the copper with this potential (Tbulk

m ). Of course, melting may
only be delayed, and it may occur only at times that are inaccessible
using the present approach. Nevertheless, this shows that the
graphene-covered copper surface is more stable than the bare surface,
and in a small temperature window above the melting point, gra-
phene stabilizes the solid preferentially over the liquid copper at the
interface. The van der Waals bonding between graphene and the
copper atoms close to the surface increases the cohesive energy of the
graphene-covered copper surface, suppressing the melting of the
surface.49 In Fig. 3(b), the only indications of disorder in the
graphene-covered region are seen at the convex and concave edges of
the faceted structure as well as at the monatomic step. At these edges,
graphene does not bind as strongly as the flat regions of the surface,
as it needs to bend sharply to conform to the structure, suggesting
that the stabilization of the surface depends on the quality of
graphene-surface adherence. This would imply that flatter surfaces,
such as high symmetry surfaces, are more stable under graphene
cover as compared to other surface orientations.

To see the effects of graphene on the solid copper surface, we
analyze the motion of near-surface atoms at temperatures further
below the melting point. This is necessary to give perspective to
the faceted structures observed on other metal substrates during
CVD growth at temperatures below their bulk melting points. The
MSD is a useful statistical tool to track the motion of atoms and
to analyze the diffusivity of the copper atoms at the surface. In
Figs. 4(b)–4(d), we see that the diffusivity of the graphene-covered
copper atoms is significantly smaller than that of the bare surface
copper atoms. This is true for all of the surfaces examined here
and should extend to other surface orientations as well. The diffu-
sivity values of the bare copper and graphene-covered copper cal-
culated from our MD calculations lie between experimental values
reported for surface diffusivity (10�4 � 5� 10�4 cm2=s) and bulk
diffusivity (2� 10�9 � 5� 10�9 cm2=s).50,51 The calculated diffu-
sivity values become closer to the bulk diffusivity values as we take
deeper depths of atoms from the (4 3 4) surface level into account.

On comparing the regions covered with graphene, there is an
observably lower diffusivity on the (1 1 1) surface as compared to

the (4 3 4) or the (1 �1 1) surface. This is due to the fact that gra-
phene binds more strongly to the (1 1 1) surface as compared to
other orientations. In the calculations, we have included the edges
of the large faceted structure in the (1 �1 1) region, which explains
the difference in diffusivity compared to the (1 1 1) surface case.
Graphene binds weakly to these edges causing the copper atoms
there to be comparatively less stable and to contribute more to the
diffusivity. Similarly, the (4 3 4) surface contains many monatomic
steps at which graphene does not bind as strongly to the copper.
The copper atoms at these monatomic step edges hence contribute
to the greater diffusivity in these regions. Monatomic step edges
and the large step edges are also sources for defects and act as
mediators for diffusion. Thus, surfaces with fewer steps and edges,
which are generally high symmetry low index surfaces, bind better
to graphene and have more strongly suppressed surface diffusion.
This can be observed through the higher 40-fold suppression of dif-
fusion on the (1 1 1) surface as compared to the threefold suppres-
sion on the (4 3 4) surface. This preferential suppression of
diffusion enables some diffusion on vicinal surfaces as compared to
the stronger suppression on the low index surfaces. This, in turn,
could aid the formation of larger high symmetry facets. In the bare
copper surface regions, such a trend is not observed. The higher
diffusivity observed on the bare (1 �1 1) surface is due to the facet
decomposition at the convex and concave edges of the large step,
which are included in this region of the MSD calculation, as can be
seen from Fig. 3.

V. DISCUSSION AND CONCLUSIONS

To investigate the stabilizing effects of graphene on the copper
surface, we have probed the surface melting and surface diffusion
effects of a graphene monolayer. Surface melting and surface diffu-
sion are controlled by the interfacial bonding between graphene
and copper. Graphene effectively passivates the under-coordinated
copper atoms at the surface, thus increasing the cohesive energy of
the latter. The increased cohesive energy locally raises the melting
point of the copper surface,49 thus stabilizing the surface against
melting and equivalently lowering the mobility of the atoms at the
surface. We have also seen from our calculations that the surface
diffusion suppression is orientation specific. This stems from the
weaker bonding between graphene and low symmetry surfaces con-
taining steps, where graphene is less conformal to the stepped
surface. The weaker bonding directly implies the weaker cohesive
energy of the copper atoms at these step edges, which, in turn, are
more mobile and contribute to the diffusivity.

The physics behind this effect can be generalized to any mate-
rial that does not exhibit a self-passivating surface reconstruction,
as is common in semiconductor surfaces.52,53 This will be the case,
in particular, for metallic surfaces that do not have such an intrinsic
surface passivation mechanism. For these metallic systems, gra-
phene will act as an extrinsic passivation layer leading to the sup-
pression of surface diffusion and surface melting at the metal–
graphene interface. The same mechanism is also expected to be
applicable to metallic nanowires inside carbon nanotubes (CNTs)
or metallic clusters caged in carbon fullerenes. This highlights the
key role of one-atom-thick carbon layers to boost the thermal
stability of different types of materials.
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This stabilization of a solid metal phase at a carbon interface
can explain some of the effects seen in studies of wetting of single
walled carbon nanotubes (SWCNTs) with metals.54 Specifically, the
melting point of metal nanowires encapsulated in CNTs can be sig-
nificantly higher than in the bulk, although bare metal nanowires
have a lower melting point than the bulk. This creates useful
opportunities for the use of such small nanowires encapsulated in
CNTs, where the CNT shells effectively passivate the metal surfa-
ces,55 opening opportunities in devices ranging from batteries to
nanocomposites. Second, the barrier to diffusion can explain the
difficulty in filling small CNTs with molten metals, which has pre-
viously only been attributed to wetting and affinity between the
carbon nanomaterials and the filling medium.56,57 Indeed, recent
work by Fang et al. shows anomalous melting transition behavior
of aluminum nanowires encapsulated in SWCNTs of certain radii.
Atoms from the inner layers of the aluminum nanowire diffuse to
the surface, forming a metal shell of few layers bound to the inner
wall of the SWCNT. This metal shell later melts at a temperature
higher than the bulk melting point.58 Based on the results of our
study, we postulate that this might be a direct result of the sup-
pressed melting at the graphene–metal interface leading to the
prior melting of the bulk inner layers of the aluminum nanowire,
which consequently diffuse to the interface and form the solid
shell. The higher melting point of the metal shell atoms bound to
the inner wall of the SWCNT is due to their increased cohesive
energy caused by the van der Waals bonding. Other theoretical
studies have also shown the melting of inner layers prior to the
outer layers of the nanowire when encapsulated in CNTs.59

Another useful consequence of this interfacial interaction is that
dewetting of metallic, polymer, and organic semiconductor thin
films is completely eliminated by covering the film surface with gra-
phene or other 2D materials. Cao et al. attribute this to the surface
stabilization effect of the 2D materials involving the suppression of
surface fluctuations.60 Dewetting of metallic thin films occurs
through a surface diffusion mechanism.61 Hence, the graphene-based
suppression of surface diffusion is expected to have a major contri-
bution to the elimination of dewetting. Cao et al. attribute reduced

susceptibility to dewetting to better adherence of the 2D material to
the surface.60 This may also be directly related to our observation of
orientation dependent suppression of diffusivity, where surfaces with
steps having imperfect adherence to graphene exhibit more surface
diffusivity. The understanding of these high temperature effects at
graphene–metal interfaces should be considered in engineering gra-
phene and other 2D materials into new devices.

In summary, we demonstrate the role of graphene on the high
temperature stability of the graphene–metal interface. This stabiliza-
tion has been demonstrated using MD simulations, which are com-
pared to experimental observations. Both show that surface melting
is achieved at lower temperatures—or at shorter exposure to high
temperatures—on bare copper as compared to a faceted graphene-
covered metal surface. At lower temperatures, graphene suppresses
diffusion on the metal surface. The suppression of diffusion is more
effective on flat, high symmetry surfaces where graphene attaches
more conformally to the surface. This preferential suppression of dif-
fusion on low index planes contributes to the stability of faceted
structures observed in heated graphene–metal interfaces.
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APPENDIX: SURFACE MELTING FOR NINE STEP FACET

In Fig. 5, we map out the dynamics of the partially graphene-
covered copper surface with nine step facets from 0 to 8 ns at tem-
peratures ranging from 1300 to 1375 K.

The uncovered copper surface starts melting prior to 2 ns of the
simulation, similar to the 15 step facet case analyzed in the main text.

FIG. 5. Copper (4 3 4) surface partially
covered with graphene containing two
large steps (a) at the start of the simu-
lation, (b) at 1350 K after 8 ns, and (c)
in the form of a graphical map of snap-
shots on a temperature vs time plot. All
images are projections through a three-
dimensional structure that is approxi-
mately 33.5 Å in thickness, so highly
ordered regions show columns of
atoms into the thickness, while disor-
dered regions appear to have higher
density. The simulation boxes for these
calculations have a length of 560.2 Å in
the lateral direction.
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Concurrently, we see a faster destructuring of the uncovered nine step
facet toward the flat {4 4 3} surface at 1325 and 1300 K, respectively.
This further supports the hypothesis that the uncovered faceted
surface tends toward the flat configuration mentioned in the main
text. At 1350 K, the graphene-covered nine step facet starts melting
after 4 ns and is molten at 8 ns whereas at 1375 K melting occurs
earlier than 2 ns. This also suggests that the melting of the graphene-
covered copper surface might just be delayed in the 15 step facet case.
Melting under the graphene nucleates at the concave and convex step
edges of the nine step facet, which are susceptible to high energy sites
and in close proximity to each other.
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