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Abstract: Engineering the surface orientation of face-centered cubic (fcc) metals to the close-packed
{111} plane can significantly enhance their oxidation resistance. However, owing to the synergetic
effect of surface energy density (

.
γ) and strain energy density (ω), such close-packed surface orien-

tation can currently only be achieved by atomic-level thin film epitaxy or monocrystallization of
polycrystalline metals. In this study, we characterized the microstructures of pure copper (Cu) foil and
two types of graphene-coated Cu (Gr/Cu) foils and observed a 12~14 nm thick reconstructed surface
layer with the {111} orientation in the high-temperature deposited Gr/{001} Cu surface. Combining
the statistical results with thermodynamic analysis, we proposed a surface melting-solidification
mechanism for the reconstruction of the Cu surface from {001} orientation to {111} orientation. This
process is dominated by Gr/Cu interfacial energy and is particularly promoted by high-temperature
surface melting. We also validated such a mechanism by examining Cu surfaces coated by h-BN
(hexagonal boron nitride) and amorphous carbon. Our findings suggest a possible strategy to enhance
the surface properties of fcc metals via engineering surface crystallography.

Keywords: surface reconstruction; graphene; copper; microstructure

1. Introduction

Crystal orientation is one of the critical factors that dominates the surface corrosion
and oxidation resistance of metals due to the varying surface energies and atomic structures
associated with different crystal orientations [1–5]. Generally, close-packed crystallographic
planes have been known to exhibit the lowest surface energy and thereby shows high
corrosion and oxidation resistance [6,7]. In contrast, high-indexed crystallographic planes
generally manifest high chemical reactivity due to their large surface energy levels [8,9].
Since metallic materials are generally polycrystalline, improving the surface corrosion
and oxidation resistance is critical for metals that are generally exposed to high tempera-
ture or corrosive environment, such as Cu-based thermal management materials and Cu
interconnections in micro-electromechanical systems (MEMS) [10,11].

Nanoscale non-active surface coatings can be an effective barrier to physically isolate
the metal matrix from its surrounding media, thereby improving the surface properties of
metals [6]. Therefore, extensive research has been focused on developing the surface coating
technologies, including vapor deposition, spray coating, and plasma electrolytic oxidation,
to introduce coating materials on metal surfaces [12–16]. Besides, the effectiveness of
corrosion/oxidation protection of surface coatings is found to be related to their chemical
composition, thickness, and adhesion strength with metal matrix [17–19]. As a result, many
efforts have also been made toward the developing of advanced coating materials. Recently,
Wei et al. reported that the surface orientation of metal matrix may significantly affect the
stability of surface coatings and demonstrated the effectiveness of the close-packed metal
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surface in retarding the degradation of the surface coating layer [20]. Therefore, engineering
surface orientations to close-packed planes can not only enhance the intrinsic corrosion
and oxidation resistance of metal surfaces but may also be important for improving the
anti-corrosion properties of surface coatings. For instance, Kim et al. show that epitaxial
Cu film with the {111} orientation exhibits nearly permanent resistance to oxidation [7]. Liu
et al. found that the magnetron-sputtered {111}-textured Cu/Ni films yield greater surface
hardness than their {001}-textured counterparts [21]. Moreover, Wei et al. also reported
that introducing the {111} surface steps on metal surfaces can significantly enhance the
stability of passive films and consequently enhance the corrosion resistance of stainless
steel [20]. However, fcc metals that are processed by traditional strategies (such as annealing,
deformation-based surface treatment, and surface alloying) mostly exhibit {001} orientation
with huge surface island and step structures, owing to the synergetic effect of strain energy
and surface energy minimization [22–25]. Metal surfaces with close-packed orientation can
currently only be realized by atomic-level thin film epitaxy on single crystal substrates or
{111} monocrystallization of polycrystalline metals [7,26–28], which are rather expensive
and difficult to scale up for industrial applications. Therefore, a novel strategy that enables
us to effectively tune the surface of commercial materials to their close-packed orientation
is desired.

For surface grains of metallic materials, the free energy density (G) of the grain plays
an important role in determining the crystal orientation. Generally, G can be approximately
expressed as G = ω +

.
γ, where ω is the strain energy density that is determined by biaxial

modulus and
.
γ is the surface energy density [24,29,30]. As these two parameters are both

anisotropic with crystallographic orientations [31–33], tailoring the surface orientations
may be achieved by tuning ω or

.
γ. For example, the close-packed {111} orientation in

face-centered cubic (fcc) metals exhibits the largest biaxial modulus and thereby yields the
largest ω [34]. As a result, when ω dominating G, fcc metals may form other orientations
to reduce G although the {111} orientation exhibits the lowest

.
γ. Based on this theory, Li

et al. altered Cu surface orientation to high index orientations, such as {510} and {430},
by tailoring thermal stresses during annealing [24]. In such a case, it can be expected
that the {111} orientation will be predominant if

.
γ related energy density dominates G.

However, the
.
γ dominated {111} orientation currently only can be realized in nano sized

or free-standing fcc metals [28,35]. Bulk metal surfaces generally exhibit {001} orientation
and are accompanied by complex low surface energy facets (surface islands or steps) after
heat treatment, due to the synergetic effect of ω and

.
γ (Figure 1a) [12–15]. Since ω is

an intrinsic parameter that is determined by the biaxial modulus, tailoring
.
γ might be a

feasible strategy to achieve closed-packed surface orientation.
Coating two-dimensional materials (such as graphene (Gr) and hexagonal boron

nitride (h-BN)) on metal surfaces may change
.
γ of surface grains [36,37]. Extensive work

has shown the formation of step bunching on graphene (Gr)-covered Cu surfaces after
annealing [38–40]. The corresponding mechanisms were ascribed to the minimization
of surface energy and elastic bending energy of Gr. Especially, minimizing Gr bending
strain energy can promote surface diffusion/dislocation activities during heat treatment
and thereby smooths the metal surface (Figure 1a). However, surface reorientation does
not happen in such cases. One possible reason could be the insufficient driving force
associated with the minimization of interface energy. Previous studies demonstrated that
surface melting is a common phenomenon during the thermal treatment of metal. At a
specific temperature, a surface melting layer with a certain thickness will form on the
metal surface [41,42]. Therefore, we speculated that surface reorientation can be realized by
modifying the surface energy density of the surface melting layer via a two-dimensional
surface coating (Figure 1b).
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Figure 1. Schematics of Cu surface modification. (a) {001} Cu is the preferred orientation after an-
nealing, owing to the lowest strain energy density. Besides, {001}-oriented Cu always exhibits sur-
face islands or steps that are composed of low-energy facets to reduce the free energy. Besides, in-
troducing Gr can modify the surface energy and introduce Gr strain energy, but the surface orien-
tation still maintains {001}. (b) Based on surface melting and Gr deposition, we hypothesize that Gr 
deposition may provide an opportunity to tailor surface orientation from {001} to {111}. 

Gr deposition, which is generally accomplished at 1273 K, may provide the oppor-
tunity to achieve surface melting [38]. Besides, the non-intermixing nature between Gr 
and Cu can also enable us to discuss the influence of γ on surface orientation. Therefore, 
the Gr/Cu system is an ideal model to verify the hypothesis on tailoring surface orienta-
tion by changing the thermodynamic condition of the metal surface. In this work, we fab-
ricated various Cu foils, including pure {001} Cu and Gr-coated {001} Cu that is processed 
by Gr deposition or Gr transferring. By systematically characterizing their surface and 
cross-sectional microstructures with atomic force microscopy (AFM) and transmission 
electron microscopy (TEM), we confirmed the formation of the {111}-reconstructed layer 
on Gr coated {001} Cu surface and found that surface melting and Gr coverage are two 
important factors to determine the formation of such layer. Besides, combining the statis-
tical result on reconstructed layer thickness with thermodynamic analysis, we show that 
there is a correlation between surface melting phenomena and the thickness of the {111} 
reconstructed layer. Correspondingly, a Gr/Cu interface energy dominated melting-solid-
ification mechanism was proposed to realize the surface reconstruction. Our results can 
not only enrich our understanding on tailoring surface crystallography but also may pro-
vide a novel strategy to design Cu-based materials with enhanced surface oxidation and 
corrosion resistance. 

2. Experiments 
2.1. Materials 

The {001}-orientated and annealed Cu foil was obtained by annealing an industrial 
cold-rolled polycrystalline Cu foil (25 µm in thickness) at 1273 K under H2 protection for 
30 min. The industrially cold-rolled Cu foils were acquired from KJMTI Co. Ltd (Hefei, 
China). Gr was synthesized on the annealed Cu foil at 1273 K in a homemade low-pressure 
deposition system with a quartz furnace tube of 1.6 m in length and 100 mm in diameter. 
Gr deposition was done using gas fluxes of CH4 (~6 standard cubic centimeter per minute, 
s.c.c.m.) and H2 (~200 s.c.c.m.) [23] and followed by rapid cooling in the circulating water 

Figure 1. Schematics of Cu surface modification. (a) {001} Cu is the preferred orientation after
annealing, owing to the lowest strain energy density. Besides, {001}-oriented Cu always exhibits
surface islands or steps that are composed of low-energy facets to reduce the free energy. Besides,
introducing Gr can modify the surface energy and introduce Gr strain energy, but the surface
orientation still maintains {001}. (b) Based on surface melting and Gr deposition, we hypothesize that
Gr deposition may provide an opportunity to tailor surface orientation from {001} to {111}.

Gr deposition, which is generally accomplished at 1273 K, may provide the opportu-
nity to achieve surface melting [38]. Besides, the non-intermixing nature between Gr and
Cu can also enable us to discuss the influence of

.
γ on surface orientation. Therefore, the

Gr/Cu system is an ideal model to verify the hypothesis on tailoring surface orientation by
changing the thermodynamic condition of the metal surface. In this work, we fabricated
various Cu foils, including pure {001} Cu and Gr-coated {001} Cu that is processed by Gr
deposition or Gr transferring. By systematically characterizing their surface and cross-
sectional microstructures with atomic force microscopy (AFM) and transmission electron
microscopy (TEM), we confirmed the formation of the {111}-reconstructed layer on Gr
coated {001} Cu surface and found that surface melting and Gr coverage are two important
factors to determine the formation of such layer. Besides, combining the statistical result on
reconstructed layer thickness with thermodynamic analysis, we show that there is a correla-
tion between surface melting phenomena and the thickness of the {111} reconstructed layer.
Correspondingly, a Gr/Cu interface energy dominated melting-solidification mechanism
was proposed to realize the surface reconstruction. Our results can not only enrich our
understanding on tailoring surface crystallography but also may provide a novel strategy
to design Cu-based materials with enhanced surface oxidation and corrosion resistance.

2. Experiments
2.1. Materials

The {001}-orientated and annealed Cu foil was obtained by annealing an industrial
cold-rolled polycrystalline Cu foil (25 µm in thickness) at 1273 K under H2 protection for
30 min. The industrially cold-rolled Cu foils were acquired from KJMTI Co. Ltd. (Hefei,
China). Gr was synthesized on the annealed Cu foil at 1273 K in a homemade low-pressure
deposition system with a quartz furnace tube of 1.6 m in length and 100 mm in diameter.
Gr deposition was done using gas fluxes of CH4 (~6 standard cubic centimeter per minute,
s.c.c.m.) and H2 (~200 s.c.c.m.) [23] and followed by rapid cooling in the circulating water
cooling system, resulting in the deposited Gr/Cu foils. The annealed-transferred Gr/Cu
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foils were fabricated by transferring free-standing Gr onto the annealed {001} Cu foil,
followed by a 1273 K heat treatment. Free-standing Gr was obtained by etching the Cu
substrate of deposited Gr/Cu samples in a ferric chloride (FeCl3) solution. Prior to etching
the Cu substrate, a 0.5 wt.% polymethyl methacrylate (PMMA) anisole solution was spin
coated on the deposited Gr/Cu to protect the Gr. After the Cu substrate was dissolved, the
PPMA/Gr film was cleaned with deionized water and then transferred onto the annealed
{001} Cu substrate. The PPMA was finally removed by acetone. In addition, amorphous
carbon can be obtained by tuning the gas flux ratio of CH4 and H2. The h-BN is deposited
on the same {001}-Cu foil using ammonia borane as a precursor (NH3–BH3, 99.999% purity,
Alfa Aesar Co., Ltd. (Haverhill, MA, USA)) at 1273 K under the gas flux of argon (Ar)
(200 s.c.c.m.) and H2 (50 s.c.c.m.). The deposition process is also accomplished in a
homemade low-pressure deposition system equipped with a quartz furnace tube of 1.6 m
in length and 100 mm in diameter.

2.2. Materials Characterization

Raman spectroscopy (Bruker Optics Senterra R200-L, Brucker, Billerica, MA, USA)
equipped with a 532 nm Ar+ laser source was carried out to characterize the Gr, h-BN, and
amorphous carbon. All the Raman spectroscopy experiments are conducted at ambient
temperature. For Gr, there are three characteristic peaks located at 1350 cm−1, 1580 cm−1,
and 2700 cm−1 Raman shift [43]. Generally, the three peaks are known as the D, G, and 2D
peaks. The presence of the D peak suggests the Gr is defective. In contrast, the intensity
of the G peak increases almost linearly with Gr layer numbers, and the 2D peak shifts to
a high Raman shift with increasing Gr layer numbers. Therefore, the relative intensity
of these three peaks is the basis for identifying Gr layer numbers and crystallinity. For
example, IG/I2D can be used to identify the Gr layer number, while ID/IG is used to clarify
the crystallinity of Gr [43]. According to the reference, the high intensity of the D peak
should be the characteristic of amorphous carbon [23]. As for h-BN, only one characteristic
peak will appear at ~1365 cm−1 Raman shift [44]. It is worth noting that all the Raman
spectra are acquired on a Si substrate. The h-BN/Si and amorphous carbon/Si composites
are obtained by transferring free-standing h-BN and amorphous carbon onto Si substrates
using the same transferring method for preparing the transferred Gr/Cu. Besides, the
surface roughness of various Gr/Cu foils is analyzed using an Oxford Instrument MFP-
3D atomic force microscopy (AFM, Oxford Instrument, Abingdon, UK). Prior to cross-
sectional analysis, a Cu cap layer of 100 nm was sputtered on the various Gr/Cu foils
with a deposition power of 50 W in a magnetron sputter from Kurt J. Lesker Company
(Jefferson Hills, PA, USA). The Cu cap layer can minimize the plastic deformation of the
surface and the ion beam radiation effect on the surface morphologies during the focus ion
beam (FIB). Cross-sectional samples were prepared by the FIB lift-out technique inside a
Tescan GAIA 3 dual beam scanning electron microscopy (SEM, Tescan, Brno, The Czech
Republic) with a resolution of ~2.5 nm. The prepared samples exhibit 10 µm in length and
~100 nm in thickness. The cross-sectional samples were then analyzed using JEOL JEM
2100F transmission electron microscopy (TEM, JEOL Ltd., Tokyo, Japan) that operated at
200 kV.

2.3. Molecular Dynamics Simulation

We utilized the interatomic potential of Cu that obtained by empirical embedded-
atom-method to conduct the molecular dynamics (MD) simulations [45], which enables us
to determine the energy and atomic structure of the {111}/{100} Cu interface. Firstly, we
calculated the generalized stacking fault energy (SFE) (γ-surface) of the coherent interface
using the equilibrium lattice parameter (a = 3.615 Å) and constructed a coherent bi-crystal
model with the upper crystal having an orientation of x-[011], y-[111], and z-[211], and the
lower crystal having an orientation of x-[011], y-[100], and z-[011]. Coherency strains εxx are
zero, while εzz = 7.7% and −6.7% are applied in the upper and lower crystals, respectively,
corresponding to the interface crystallography. The bi-crystal model has dimensions of
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2.0 nm× 34.7 nm× 1.9 nm, with periodic boundary conditions along the x- and z-directions
and a fixed boundary condition along the y-direction by semi-fixing the thickness of the
surface atoms with a thickness of approximately 1 nm. We then rigidly shifted the upper
crystal by an in-plane vector µ = (ux, 0, uz) with respect to the lower crystal, and the rigidly
shifted configurations were relaxed by energy minimization, allowing atom relaxation
only along the y-direction at a fixed shift vector µ. By subtracting the cohesive energy and
the strain-induced elastic energy in the strained crystals from the total potential energy
(E[µ]), we obtained the formation energy of the coherent interfaces as a function of the
shift vector (γ[µ]). Secondly, we obtained the structure of the semi-coherent interface.
The semi-coherent bi-crystal model had the same orientations for the two half-crystals
as in the coherent interface model. The upper crystal had 20 and 60 periodicities along
the x- and z-directions, respectively, while the lower crystal had 20 and 104 periodicities
along the x- and z-directions, respectively, resulting in coherency strains of 0% and 0.07%,
which were negligible compared to the coherent interface model. The semi-coherent model
had dimensions of 5.1 nm × 16.9 nm × 26.5 nm, with a total of 184,800 atoms. Periodic
boundary conditions were used along the x- and z-directions, while a fixed boundary
condition was used along the y-direction by semi-fixing the thickness of the surface atoms
to approximately 1 nm. The bi-crystal model was fully relaxed by energy minimization,
allowing atom relaxation in three dimensions. The relaxed interface structure was obtained
by plotting atoms on the nearest {111} and {100} planes in the interface region.

3. Results

Figure 2 compares the morphology differences of the fabricated Cu surfaces. There
are profuse parallel steps on the annealed Cu surface, with the average surface roughness
(Ra) at ~8.0 nm (Figure 2a). Besides, the corresponding line scan profile also indicate the
sharpness of these steps (Figure 2b). In contrast, severe variation in surface roughness
appears in the deposited Gr/Cu. As shown in Figure 2c,d, the Ra is 2.2 nm without obvious
evidence of sharp surface steps, indicating the possibility of forming surface reconstruction.
Moreover, the surface morphology of the deposited Gr/Cu surface manifests some parallel
traces following symmetric crystallographic directions with an angle of 60◦. We anticipate
the formation of a six-fold symmetry {111} Cu surface, where these parallel traces following
the [101], [110], and [011] directions. Similarly, the annealed-transferred Gr/Cu foil in
Figure 2e,f exhibits a comparable decrease in surface roughness with Ra ~1.9 nm. However,
no obvious symmetric surface traces are found, indicated the possibility of the absence of
{111} surface reconstruction. Since it is obvious that the {111} reconstructed features only
appeared on deposited Gr/Cu, these results also suggest that Gr deposition is critical in
triggering the surface reconstruction. However, a more detailed cross-sectional analysis is
still needed to understand the nature of the Cu surface reconstruction.

We then examined the cross-sectional morphology of TEM samples prepared by the
SEM-FIB technique. Figure 3a &b present the cross-sectional TEM images of pure Cu
and transferred Gr/Cu foils. Both the image contrast and select area electron diffraction
(SAED) patterns suggesting the {001} orientation in the surface region. These results con-
firmed the absence of surface reconstruction on these two samples, which is consisted
with Figure 2a,b,e,f. In contrast, a dark surface layer appears on the deposited Gr/Cu
surface (Figure 3c). However, the SAED pattern in the inset shows no additional diffrac-
tion spots due to the finite thickness. By tilting the sample inside the TEM, we further
confirmed the existence of the surface layer from the other two viewing directions ([001]
and [110]), as marked by yellow arrows in Figure 3d,e. High-resolution TEM (HRTEM)
and corresponding fast Fourier transformation (FFT) analysis reveal that the {001} to {111}
crystallographic transition in the surface region and is accompanied by the formation of
(111)||(001) interface (Figure 3f). In addition, the {111} surface layer shares the same
[110] zone axis with the {001} Cu matrix. The atomic structure at the enlarged interface
area not only confirmed the {001} to {111} crystallographic transition but also revealed the
misfit dislocation at the (111)||(001) interface (Figure 3g). Moreover, statistical analysis
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of the {111} layer thickness showed an average thickness of 12–14 nm (Figure 3h). There-
fore, the {111} reconstructed layer with the [110]layer||[110]Cu, [112]layer||[110]Cu, and
(111)layer||(001)Cu crystallographic orientation can be determined (Figure 3i).
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(a) The AFM image shows the average surface roughness of annealed Cu foil is around 8.0 nm.
(b) Line profile along the light green arrow in (a). (c) In comparison, the surface roughness of high-
temperature-treated Gr/Cu foil decreases to 2.2 nm. Besides, three sets of surface traces with an angle
of 60◦ appeared. (d) Line profile along the red arrow. (e,f) Surface roughness also decreases on the
annealed–transferred Gr/Cu foil, but no obvious {111} features are found.
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Figure 3. Cross-sectional analysis of various Cu foils revealed by transmission electron microscopy
(TEM). (a,b) TEM images and selected area electron diffraction (SAED) patterns indicate the {001}
surface orientation of annealed Cu and transferred Gr/Cu foil. (c) A dark surface layer appeared
on high-temperature treated Gr/Cu foil. No additional diffraction spots are observed in SAED.
(d) Additional TEM images were taken from the [100] and (e) [110] zone axes. (f) High-resolution
TEM (HRTEM) image taken from the red rectangular, suggesting the surface orientation is {111} rather
than {001}. (g) HRTEM analysis shows the surface layer exhibits the atomic stacking sequence of fcc
crystal (g1) and is consistent with the theoretical crystal structure (g2). In addition, interface misfit
dislocation with a Burgers vector of 1/2 [110] is identified with the Burgers circuit. (h) Statistical result
of the thickness of the {111} reconstruction layer, showing the average thickness is 12–14 nm. (i) A
three-dimensional schematic is obtained by combining the TEM results with crystallographic analysis.
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4. Discussion

Generally, a surface layer with a determined thickness and crystallography are the
common features of thin film epitaxy [46]. Meanwhile, interface misfit dislocation will
form to relax the elastic strain energy caused by the crystallographic discontinuity between
different layers [47]. For the {111} surface layer with the crystallographic orientation in
Figure 3i, the molecular dynamic (MD) simulations show that a periodic misfit dislocation
pattern with Burgers vector of 1

6 [112] will appear to accommodate the uniaxial lattice
misfit between the [112] and [110] directions (Figure 4). This theoretical result is similar
to the Burgers circuit at the interface area in Figure 3g, demonstrating a closure failure of
1
2 [110]. It is worth noting that the difference in the Burgers vector may be attributed to the
combination of the two 1

6 <112> partial dislocations during sample preparation or strain
relaxation [48]. Therefore, the existence of misfit dislocation confirms the formation of the
{111} reconstructed layer but then raises important questions on why and how this {111}
reconstructed layer forms.
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{111} layer thickness, suggesting the surface melting may correlate to the formation of 
surface reconstruction. In pure Cu, the melted layer will transform back to the same ori-
entation as the un-melted counterpart after cooling down, owing to the synergetic effect 
of both ω and γ (Figure 3a). Once Gr is introduced on top of the Cu surface, the Gr/Cu 
interface forms, and the free energy density changes to the following: 

Figure 4. The atomic structure of the {111} || {001} interface was revealed by molecular dynamic
(MD) simulation. (a) The relaxed incoherent {111}upper/{001}lower bi-crystal model. (b,c) Inter-
face dislocations and orientation analysis from two orthogonal directions. The model exhibits the
[110]upper||[110]lower, [112]upper||[110]lower, and (111)upper||(001)lower orientations. When view-
ing from the [110]upper||[110]lower direction, misfit dislocations with Burgers vector of 1/6 [112] are
observed, owing to the uniaxial lattice misfit between the [112]upper and [110]lower. The inset in (b) is
the gamma surface of the {111}||{001} interface.

Both previous experimental and theoretical results have demonstrated that metal
surfaces will become slightly melted (quasi-liquid) (Figure 5a) to reduce the surface free
energy, even when the temperatures are below their bulk-melting point (Tm) [49,50]:

γs > γs−l + γl−v, (1)

where γs refers to the initial surface free energy of Cu; γs−l and γl−v are the free energies
after surface melting, including solid-liquid and liquid-vapor interface energies. At a spe-
cific temperature that approaches the melting point, a surface melting layer with a certain
thickness will form on the surface. In the consideration that a melted layer will exhibit
repulsive interaction between two opposite surfaces (two sides of the melt layer in our
study) towards decreasing their surface energy by forming a spherical shape. Meanwhile,
undercooling energies associated with the melting layer also contribute to the free energy.
Therefore, the total free energy of the melted layer can be written as [50]:

Fl = γs−l + γl−v +
W
l2 + L·

(
1− T

Tm

)
·l, (2)
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where W is the Hamaker constant of Cu and L is the latent heat of melted Cu per unit
volume [51,52]. The third term of Equation (2) describes the repulsive interaction that tends
to decrease the Fl, and the fourth term is the undercooling energies; they are both functions
of melting layer thickness. As a result, an equilibrium state can be achieved when Fl is
minimal, i.e., dFl

dl = 0. Correspondingly, the equilibrium thickness of the surface melting
layer can be calculated as:

lequil. =

[
(Tm − T)·L

2·Tm·W

]− 1
3
, (3)
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Figure 5. Formation mechanism of the {111} layer on Gr coated {001} Cu. (a) The Cu surface suffered
a surface melting phenomenon at temperatures below the melting point. (b) A surface melting-
solidifying mechanism was proposed that enables the formation of the {111} layer. (c) In comparison,
the {111} Cu still maintained the initial orientation. (d) The {111} layer thickness as a function of
processing temperature, indicating the layer thickness only depends on processing temperature.

At 1273 K, the tequil. of Cu is calculated as ~32 nm, which is twice of the statistical {111}
layer thickness, suggesting the surface melting may correlate to the formation of surface
reconstruction. In pure Cu, the melted layer will transform back to the same orientation as
the un-melted counterpart after cooling down, owing to the synergetic effect of both ω and
.
γ (Figure 3a). Once Gr is introduced on top of the Cu surface, the Gr/Cu interface forms,
and the free energy density changes to the following:

G = ω +
.
γs +

.
γi, (4)

where
.
γs is the surface energy density of Gr and

.
γi represents the interface energy density

associated with the Gr/Cu interface. Compared with other interface orientations, the
Gr/{111} Cu interface exhibits the lowest interface energy of ~1100 mJ/m2 at high tem-
peratures [24], indicating the formation of Gr/{111} interface can decrease G and hence is
energetically favorable. If the Gr/{111} Cu interface can act as a seed layer for subsequent
solidification, it can be expected that a {111} layer will be formed due to the template effect
of the Gr/{111} Cu interface [46,53]. Therefore, combing the misfit dislocation, thickness,
and crystallographic features of the {111} layer on Gr coated {001} Cu surface, we specu-
lated that the formation of the {111} reconstruction layer is likely related to an epitaxial
growth-like process. In such case, it is reasonable to assume that the melted layer will
solidify from both the upper Gr/{111} Cu interface and bottom solid-liquid phase boundary
simultaneously (Figure 5b), following the atomic stacking sequences of the Gr/{111} Cu
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interface and bottom {001} Cu matrix, respectively. Besides, the continuous nucleation and
growth of Gr grains may also lead to the formation of numerous Gr/{111} Cu seeds on the
surface of the melted layer. Consequently, upper and bottom solidified Cu will meet each
other with the decreasing of temperature. As a result, a {111} layer forms on the {001} Cu
surface (Figure 5b,c). Therefore, a {111}||{001} interface is observed in the {001} oriented
Cu, while continuous {111} orientation is still maintained in the {111} Cu (Figure 6). It is
worth noting that, although the {111} Cu and {001} Cu may have different nucleating rates,
here we may approximately estimate the same value due to the finite thickness and high
surface cooling rate with up to ~400 K/s. Based on this approximation, the thickness of the
{111} layer can be estimated as half of the equilibrium thickness of the melted layer:

t{111} =
1
2
·
[
(Tm − T)·L

2·Tm·W

]− 1
3
, (5)
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Figure 6. Cross-sectional analysis of the high-temperature treated Gr/{111}Cu. (a) Low magni-
fied TEM image; (b) HRTEM image and corresponding FFT analysis taken form red frame in
(a). The results show that the surface still maintained a continuous {111} orientation in spite of a
slight distortion.

At 1273 K, the thickness of {111} layer is calculated as 16 nm, very close to the measured
experimentally, 12–14 nm. Using Equation (5), the {111} layer thickness as a function of
processing temperature is plotted in Figure 5d. It is shown that the thickness of the {111}
layer only depends on the thermodynamic condition, i.e., the temperature. Please note that
the processing temperature should be below the melting point to maintain the structural
stability of the substrate. Therefore, the maximum thickness of the {111} layer on Cu
is ~40 nm (Figure 5d). As a result, it can be concluded that the formation of the {111}
layer is a spontaneous process during Gr deposition. In comparison, the absence of the
{111} reconstruction on the annealed-transferred Gr/{001} Cu may be attributed to the
stabilization effect of Gr on Cu surface melting. For example, Ananthakrishnan et al.
demonstrated that the pre-existence of Gr can significantly delay the Cu surface melting
by MD simulation [54]. Therefore, surface melting also determined the formation of {111}
reconstructed layer.

Considering that Gr is one of the typical model materials used to modify the metal
surface energy, theoretically, we can control the type of surface coating materials to re-
alize the {111} reconstructed layer on other fcc metals. To examine our hypothesis and
validate the melting-solidification mechanism, we substituted Gr with h-BN and amor-
phous carbon and conducted similar deposition experiments at 1273 K. The synthesis of
h-BN and amorphous carbon is first verified by Raman spectra, where an obvious Raman
peak appears at 1367 cm−1 in the prepared h-BN sample while a prominent D peak at
~1350 cm−1 occurs in the deposited amorphous carbon. The cross-sectional TEM analysis
shows that h-BN can induce a comparable {111} reconstructed layer with a thickness of
~15 nm, while surface reconstruction is not observed on amorphous carbon/Cu foil
(Figure 7). This may be attributed to the fact that amorphous carbon has almost no
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influence on Cu surface energy [55]. In contrast, h-BN exhibits a similar crystal structure
with Gr, thereby changing the surface energy and triggering the {111} reconstruction. This
result suggests the importance of the crystallinity of coating materials in triggering sur-
face reconstruction. The proposed melting-solidification mechanism may thus open an
avenue for tailoring the formation of the {111} reconstruction layer in a variety of fcc metals
(such as Cu, Ni, and Pt) via proper high-temperature treatment and selection of surface
coating materials.
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Figure 7. Cross-sectional analysis of h-BN/Cu and amorphous carbon/Cu foils. (a) Raman spec-
tra indicating the fabrication of h-BN (b) TEM images show the formation of the surface layer.
(c) HRTEM and FFT analysis confirmed the transformation of the surface from {001} to {111}. Besides,
the thickness of the {111} layer is ~15 nm, which is consistent with the Gr/Cu sample and our
proposed surface melting–solidification mechanism. (d–f) In comparison, surface reconstruction is
not observed on amorphous carbon/Cu foil.

5. Conclusions

In this work, using AFM, TEM characterizations, MD simulations, and statistical
analysis on various Gr/Cu foils, the following conclusions can be drawn:

(1) The study confirmed the formation of a 12~14 nm thick {111} reconstructed layer on
the high-temperature deposited Gr/{001} Cu surface.

(2) By correlating the surface melting with {111} reconstructed layer, a melting-solidification
mechanism was proposed to understand the formation mechanism of the
surface reconstruction.

(3) The proposed mechanism was then verified by coating h-BN and amorphous carbon
on Cu surfaces.

(4) The melting-solidification mechanism provides two important criteria that ensure the
formation of close-packed {111} surface orientation in fcc metals: (i) an appropriate
processing temperature that provides sufficient surface melting thickness, and (ii) a
crystalline surface coated layer (including Gr and h-BN) that can modify the interfacial
energy density.

Our findings may enrich our understanding of crystallographic engineering for en-
hancing the surface properties of metals and alloys.
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have read and agreed to the published version of the manuscript.
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