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a b s t r a c t

Graphene has received great attention owing to its superior physical properties, making graphene
suitable for multiple applications. Numerous graphene growth techniques have been developed in the
past decade to provide scalable high quality graphene. Among these techniques, chemical vapor depo-
sition (CVD) on catalytic metal films holds great promises for a large-scale graphene growth. Even
though extensive efforts have been devoted to synthesize high quality graphene, formation of defects. In
particular, grain boundaries (GBs) have a dominant effect on properties, motivating extensive efforts to
tune the CVD growth process to minimize GB. Rapid imaging of GBs will significantly aid in studies of
CVD graphene grain structure. Here we report a straightforward technique to optically observe GBs in
CVD-grown graphene via optical microscopy, allowing rapid assessment of graphene quality as well as
the number of layers. The local oxidation of copper through the damaged GBs induces an optically
discernable color change in the underlying copper due to different extend of oxidation between the two
copper regions under grains and GBs. Our observation technique for GBs of graphene paves a path for
understanding fundamental mechanisms of graphene growth and efficient quality evaluation of large-
scale graphene sheet for mass production.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene, a two dimensional one-atom-thick carbon nano-
material, has received great attention owing to its superior physical
properties, such as high carrier mobility, mechanical strength,
flexibility, and transparency, which make graphene suitable for
multiple applications [1e4]. Numerous graphene growth tech-
niques have been developed in the past decade to provide scalable
high quality graphene. Among these techniques, chemical vapor
deposition (CVD) on catalytic metal films holds great promises for a
large-scale graphene growth [5,6]. Even though extensive efforts
have been devoted to synthesize high quality graphene [7e11],
formation of defects, such as grain boundaries (GBs), impurities,
vacancies, and ripples, is unavoidable during the growth and sub-
sequent transfer processes, leading to the degradation of graphene

[3,11e14]. In particular, GBs have a dominant effect on properties
[3,11e15], motivating extensive efforts to tune the CVD growth
process to minimize GB i.e. to increase the grain size of graphene
[8,9,16,17]. Despite significant improvements, more work is needed
to fully understand and control grain structure in CVD-grown
graphene. Rapid imaging of GBs will significantly aid in studies of
CVD graphene grain structure. Typically, to probe microstructure of
GBs, transmission electron microscopy (TEM) and scanning
tunneling microscopy (STM) have been commonly used [18,19]. As
an alternative, observation techniques, such as liquid crystal
deposition, friction measurement, and UV-oxidation, have been
proposed to examine the sizes and the shapes of graphene grains
(domains) [20e23]. However, the aforementioned techniques suf-
fer from complicated sample preparation processes and restricted
observation areas. Therefore, a novel method for identification and
examination of GBs of a large-scale graphene sheet is highly
desired. Here we report a straightforward technique to optically* Corresponding author.
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observe GBs in CVD-grown graphene via optical microscopy,
allowing rapid assessment of graphene quality as well as the
number of layers. Selective oxidation of underlying copper through
graphene GBs with oxygen plasma followed by heating in air allows
us to observe GBs via an optical microscope. GBs, which are line
defects with structural instability and high energy, are damaged by
oxygen plasma much faster than GB-free regions. The defective
carbon lattices along the GBs accelerate thermal oxidation of un-
derlying copper substrate. Our calculation of thermodynamic en-
ergy for GBs shows that oxygen can preferentially react with carbon
at GBs due to the higher energy state of GBs. The local oxidation of
copper through the damaged GBs induces an optically discernable
color change in the underlying copper due to different extend of
oxidation between the two copper regions under grains and GBs.
Our observation technique for GBs of graphene paves a path for
understanding fundamental mechanisms of graphene growth and
efficient quality evaluation of large-scale graphene sheet for mass
production.

2. Experimental

2.1. Sample preparation

The graphene was synthesized on a 25-mm-thick copper foil

(Alfa-Aesar, 99.8%) using low pressure chemical vapor deposition
system (SciEnTech, TCVD50). After loading of the copper foil into
the chamber, the temperature was rapidly elevated to 1000 !C for
10min. The copper foil was annealed for 1 h with a gas flow of H2
(10 sccm) and graphene was synthesized by flowing H2 (10 sccm)
and CH4 (25 sccm) for different time of 5e20 min. After completion
of growth, the chamber was cooled down to room temperature,
maintaining the gas flow rate of H2 and CH4.

After synthesis, we transferred graphene on target substrate to
further characterization. As-grown graphene on a copper foil was
spin-coated with poly-methyl methacrylate (PMMA) at 3000 rpm
for 1 min. The graphene grown on the bottom side of copper foil
was removed by oxygen plasma. The copper foil was etched by
ammonium persulfate (20 wt% solution) for 2 h, then PMMA/Gra-
phene film is rinsed with DI water. PMMA/Graphene film was
transferred to the SiO2 substrate. Finally, the PMMA layer was
dissolved in acetone.

2.2. Characterizations

The grain boundary observation through oxygen plasma and
thermal oxidation is performed by conventional plasma generator
and hot plate. The graphene grown on a copper foil was placed in a
plasma chamber (Femto Science, Covance-1MPQ). To selectively

Fig. 1. (a) Schematics of GB observation technique via PATO process. (b) Schematic of CVD growth system incorporated with a plasma generator. (c) Optical images of copper foils:
before graphene growth (bare), after graphene growth (as-grown), and after PATO process (oxidized). Optical micrographs of copper foils (d) after graphene growth (as-grown) and
(e) after PATO process. (f) Optical micrograph of multilayer single crystal graphene on copper foil after PATO process. Number of layers is distinguishable due to distinct color
contrast. (g) AFM image of CVD graphene on copper foil after PATO process. The line profile measured along the dashed line shows volume expansion of copper oxide at GB.
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damage GBs of CVD graphene, oxygen plasma was generated in a
gas flowof O2 (20 sccm)with a power of 50Wand a fixed frequency
of 50 kHz. Those parameters were varied changed (for power,
20e100 W: for time, 5e30 s). The plasma-treated CVD graphene
was heated on a hot plate for thermal oxidation.

Raman measurements were conducted in the Raman spectros-
copy (Renishaw, inVia) by using a diode-pumped solid state laser
with 532 nm-wavelength and a spot size of 1 mm.We used 2 mWof
power and 10 s for single measurement, and 0.5 s for mapping. SEM
(Tescan, VEGA 3) and AFM (Park systems, NX10) were used to
observe surface morphology of graphene grown on a copper
substrate.

2.3. DFT calculation

For the density-functional theory (DFT) calculations, we have
used the Vienna ab initio simulation package (VASP) code with the
projector augmented wave (PAW) method to describe the ion-
electron interactions [24,25]. The Kohn-Sham orbitals are

expanded with a plane-wave basis set and the kinetic cutoff energy
is taken as 500 eV. The approximation to the DFT exchange-
correlation (xc) functional is due to the recent work of Klime!s and
co-workers (optB88-vdW) [26] where a self-consistent non-local
van der Waals correction is applied. The detail of calculations is
represented in the Supporting Information.

3. Results and discussion

The observation process of graphene GBs is schematically
depicted in Fig. 1a. First, graphene was grown on a copper foil by
CVD (See experimental section for CVD process). The grown gra-
phene consists of small grains of a few micrometers, which are
patched together through GBs [3,18]. The graphene grown on
copper is treated with a weak oxygen plasma to selectively damage
GBs, followed by heating the sample on a hot plate. During the
heating, copper is partially oxidized through the damaged GBs.
Thus we term this technique the plasma-assisted thermal oxidation
(PATO) process. The oxidized region of the copper has a

Fig. 2. Raman spectra of the CVD graphene samples treated (a) with various plasma generation powers for a fixed time of 10 s and (b) with a fixed plasma generation power of 50 W
for various times. The D/G ratios of the CVD graphene samples treated (c) with various plasma generation power for a fixed time of 10 s and (d) with a fixed plasma generation
power of 50 W for various time. (e) Optical micrographs of the CVD graphene samples on copper foils oxidized at different temperature and for different time. The GBs of graphene
are most obviously observed when the sample was heated at 300 !C for 10 s.
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distinguishable color so that the GBs can be directly observed
through an optical microscope. The PATO process was systemized
in a conventional CVD growth system by incorporating a plasma
generator as shown in Fig.1b. Fig.1c shows optical images of copper
foils: before growth (bare), after growth (as-grown), and after
oxidation (oxidized). The bare copper and as-grown sample
showed no difference in color, while oxidized copper exhibited
orange color due to the formation of copper oxide. Fig. 1d shows an
optical micrograph of the as-grown graphene film on copper, in
which GBs are not visible. After the as-grown graphene was treated
by oxygen plasma for 10 s and then heated at 300 !C for 10s, se-
lective copper oxidation was accelerated through GBs as shown in
the optical micrograph of Fig. 1e. The GBs of the graphene were
clearly visible, enabling us to observe morphologies of grains and
measure the grain size of the graphene. The grain size of the syn-
thesized graphene (5e10 mm) and the stitched shape of grains are
similar to previous reports [3,18]. As indicated by the arrow in

Fig. 1e, brighter bilayer patches of CVD graphene can be distin-
guished from monolayer region thanks to the different oxidation
rates of copper under monolayer and bilayer graphene. Similarly,
the graphene grown by ‘Pita-method’ [7], which has large graphene
single crystals with multilayers, showed well-defined optical
contrast due to the layer-thickness-dependent oxidation rate
(Fig. 1f). It should be noted that the combination of plasma treat-
ment and thermal heating is more effective for observing grain
boundaries and multilayer patches, compared to individual appli-
cation of oxygen plasma treatment and thermal heating (Figs. S1
and S2). After the PATO process, the thickness at GBs was
increased by ~40 nm as shown in the AFM image of Fig. 1g,
consistent with the formation of copper oxide along GBs.

The oxidation process was optimized to generate defects of
adequate density and preferentially damage GBs with high selec-
tivity. For the plasma treatment condition, we chose the plasma
generation power and time as variables because these two

Fig. 3. (a) Raman spectra of bare copper before graphene growth (bare), graphene-grown copper (as-grown), and oxidized copper without graphene growth (oxidized). (b) Raman
spectra of two regions of grain and GB in graphene-grown copper after PATO process. The inset schematics show two regions for Raman measurement. (c) Optical micrograph and
Raman mapping images for (d) D, (e) G, and (f) 2D peaks.
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parameters are mainly responsible for kinetic energy and behavior
of plasma species [27,28]. More detailed sample preparation pro-
cess is described in the experimental section. To further investigate
the defect generation in various plasma treatment conditions, we
measured Raman spectra of the transferred CVD graphene on SiO2
substrate after plasma treatments. The Raman spectra of plasma-
treated graphene are shown in Fig. 2. The as-grown graphene
shows a prominent 2D peak at 2680 cm"1, and no D peak near
1350 cm"1, confirming its high quality. After plasma treatment of
10 s with varying plasma power (Fig. 2a), the D peak, which in-
dicates the formation of defects, increased with the power. At the
same time, 2D peak at 2680 cm"1 becomes weaker and broader,
indicating the loss of crystallinity in graphene. When the plasma
treatment time was changed from 5 to 25 s with a fixed power of
50 W (Fig. 2b), defect density also increased with plasma time. To
analyze the types of defects, we plotted peak intensity ratio of D
and G peaks as shown in Fig. 2c and d. The D/G ratio has been used
to examine the quality of graphene and the types of defects, such as
sp3-type and vacancy-type defects [29,30]. Our Raman measure-
ments show that the plasma treatment at low power or for short
time mostly induces sp3-type defects. Beyond maximum D/G ratio,
vacancy-type defects are generated as previously reported [29].
These are seen to emerge above 80 W plasma power and 15 s
treatment time. Therefore, to selectively damage GBs and avoid
creation of vacancy-type defects within grains, we selected an
optimized plasma condition of 50 W and 10 s, which induces a
moderate D/G ratio of 1.5e2. After the plasma treatment, the
samples were heated on hot plate for oxidation of copper through
the etched GBs. The oxidation process was optimized by varying the
heating temperature (100e400 !C) and time (5e25 s) (Fig. S3).
Fig. 2e shows typical optical micrographs of the oxidized samples
following various heating conditions. As shown in the center image
of the sample heated at 300 !C for 10 s, the locations of GBs can be
obviously observed with orange lines. However, it is difficult to see
the GBs in the samples heated in the other conditions due to the
insufficient oxidation of copper at GBs or uniform oxidation of the
entire copper. The optical images of oxidized copper can be digi-
talized for quantitative analysis, which enables us to quantitatively
identify the GBs (Fig. S4).

Ramanmapping was used to verify the location of GBs in the as-
grown graphene films, as shown in Fig. 3. For comparison, we also
prepared a copper foil before graphene growth (bare), graphene-
grown copper (as-grown), and copper without graphene growth
subjected to the same plasma treatment and heating used for GB
visualization (oxidized) (Fig. 3a). All of bare copper, as-grown
copper, and oxidized copper showed strong and broad back-
ground peaks over all the range of Raman spectra due to reflectance
of metallic surface. Typically, background peak of the oxidized
copper is stronger than that of the bare copper, which might be due
to interferential enhancement of reflectance by thin copper oxide
layer. After graphene growth, characteristic peaks of graphene (D, G
and 2D) [31] appeared with a similar background signal of bare
copper. After subsequent oxidation of copper through the GBs, the
Raman spectra were measured from two regions of grain and grain
boundary as depicted in the inset schematics of Fig. 3b. Even
though background signals in both cases became stronger, the
narrow copper area at GBs showed higher intensity due to accel-
erated oxidation of copper through the damaged GBs. The D peak
was also enhanced in both areas due to additional generation of
defects. After PATO process, these distinguishable differences in
Raman spectra of the grain and GB regions enable us to produce
Raman maps for microscale identification of GBs (Fig. 3def). In
Raman mapping images, the intensities of D, G, and 2D peaks are
strongly highlighted at GBs due to strong background signal of
copper oxide under GB regions. When the background signal of

copper oxide was subtracted from the Raman spectra, we observed
redshift and increase of Raman peaks after PATO as previously re-
ported by Duong et al. [22] (Fig. S5) Nevertheless, It should be noted
that our Raman mapping can be realized due to strong background
signal from oxidized copper at GBs. After PATO process of as-grown
graphene on copper, we transferred the treated graphene onto SiO2
substrate. However, Raman maps showed no discernable GB region
due to absence of strong background signal of copper oxide
(Fig. S6). When as-grown graphene was transferred onto SiO2 and
then followed by the same PATO process, the GBs were not
observed before and after PATO process (Figs. S7 and S8). When the
Raman measurement was conducted on the CVD graphene area

Fig. 4. SEM images of CVD graphene grown on a copper foil for (a) 5 min and (b)
20 min. The magnified AFM images of areas indicated by red lines are obtained for (a)
and (b). The height profile of (a) measured along the dashed line shows naturally
oxidized copper. Optical micrographs of the CVD graphene on copper foil grown for (c)
5, (d) 10, (e) 15, and (f) 20 min after PATO process. The inset of (f) shows optical
micrograph of the 20 min-growth sample oxidized in harsher condition.
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containing bilayer patches, the Raman mapping images showed
significant difference between monolayer and bilayer regions,
because copper under bilayer patch was less oxidized than mono-
layer region (Fig. S9). These results indicate that oxidation of copper
through GBs is a key factor in our GB observation technique.

Fig. 4a and b shows surface morphologies of two CVD graphene
samples grown for 5 and 20 min, measured by atomic force mi-
croscope (AFM) and scanning electron microscope (SEM). Although
there is hardly any contrast under an optical microscope, clear lines
are visible in the AFM and SEM images of 5-min growth sample,
even without PATO process. These well-defined lines are in fact
narrow gaps uncovered with graphene in between graphene grains
of a few micrometers, where 3-nm thick oxide layer is naturally
formed as shown in the AFM profile of Fig. 4a. On the contrary, the
GBs were not seen in the 20-min growth sample before PATO
process (Fig. 4b), as the GBs are well stitched without any gaps.
Therefore, our GB observation technique can be utilized for evalu-
ation of the quality of CVD graphene. For quality evaluation of CVD
graphene, we prepared four CVD graphene samples grown for
different time from 5 to 20 min as shown in Fig. 4cef. The shorter
growth time results in the smaller grain size and discontinuous
boundaries (or nanogap) between grains, which degrade electrical
conductivity and mechanical strength of CVD graphene, while the
CVD graphene grown for a longer time has the larger grains and
well-stitched GBs. Although no difference could be observed by
optical microscope in the as-grown samples regardless of growth
time, the GBs in the samples grown with shorter growth time
became noticeable after PATO process with weaker conditions of
oxygen plasma treatment (power ¼ 50W, time ¼ 10 s) as graphene
grains are not stitched, but there are small gaps between grains. On
the contrary, when the same PATO process is performed to the
graphene grown for a longer time, it showed no oxidation at GBs or
any color change, indicating that the graphene grains are well-

stitched together. However, when harsher conditions of oxygen
plasma treatment (power ¼ 70 W, time ¼ 10 s) and thermal
oxidationwas applied to high quality CVD graphene, GBs were able
to be identified as shown in inset of Fig. 4f. Even though selective
oxidation was utilized for visualization of GBs in the previous work
by Duong et al. [22], our technique is more straightforward and fast.
All PATO process can be finished within a minute without
requirement of complicated process. Furthermore, our technique is
useful for quality inspection of CVD-grown graphene, e.g. discon-
tinuity at GBs, and identification of number of layers.

To better understand the atomic processes in graphene GBs and
verify the preferential attack of oxygen plasma to GBs, we calcu-
lated the relative thermodynamic stabilities of various structures in
graphene by using a first-principles density-functional theory
(DFT) [24e26]. We first considered planar pristine graphene
(Fig. 5a) and two large-angle GB structures along the armchair
(Fig. 5b; with a grain angle of 32.2!) and zigzag (Fig. 5c; with a grain
angle of 21.8!) directions e namely, a-32.2 and z-21.8, respectively
[32]. Next, to mimic the possible local surface roughness, we
introduced a small one-dimensional ridge to the planar structures
along the armchair and zigzag directions as described by the sheet
curvature index, k (Supporting Information, Fig. S10). To assess the
relative thermodynamic stability, we calculated the relative for-
mation energy,DE as a function of k (per unit length, with respect to
pristine graphene) as shown in Fig. 5d. With the same value of
curvature, GBs are energetically less stable than their defect-free
counterparts, indicating that GBs are more prone to oxygen
plasma attack than pristine graphene. Moreover, GBs become more
unstable with increasing k than pristine graphene. However, it is
worth noting that pristine graphene with high local roughness
(higher curvature) is more likely to be attacked by oxygen plasma
than flat planar surface, as similarly reported in folds and bubbles
[33e35]. Nevertheless, local oxidation of copper through

Fig. 5. (aec) Top-view models of the atomic structures for pristine graphene (highlighting the armchair and zigzag directions) and the two direction-dependent GBs in graphene
(highlighting the defect features). (d) The relative energy, DE (calculated with respect to the pristine graphene) is plotted as a function of sheet curvature (k) for each graphene-
based system. Folded graphene sheets are shown in the insets. For defect-free graphene, DE for one-dimensional folding in the armchair and the zigzag directions are shown in red
and orange points, respectively. The blue and pale-blue points then represent the DE values for the two commonly observed grain boundaries (GBs) in graphene in the armchair and
the zigzag directions, accordingly. Best-fit lines are shown for both pristine graphene (gradient of "0.98) and GBs (gradient of "1.21).
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roughened pristine graphene, i.e. ripples, was not observed in our
work due to absence of highly unstable ripples with a high
curvature.

4. Conclusion

In summary, we report a novel yet straightforward technique for
the direct observation of GBs in CVD graphene, which does not
require complicated processes or expensive equipment. By selec-
tively damaging graphene GBs using oxygen plasma and thermally
oxidizing underlying copper through the defective GBs, the GBs can
be clearly observed using a conventional optical microscope. The
proposed GB observation technique does not only provide an
economical mean to study microstructural characteristics of CVD
graphene such as grain size, grain shape, and GBs, but also presents
a method for highly efficient quality analysis of CVD graphene,
making the large-scale graphene technology bemore commercially
viable.
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Fig. S1. Optical micrographs of graphene-grown copper foils oxidized with different methods. (a) 

Oxygen plasma treatment and (b) thermal oxidation (heating). When graphene-grown copper foil 

was treated by oxygen plasma for a short time, copper was not fully oxidized, while, when it was 

treated for a long time, graphene was etched away so quickly. When the as-grown sample was 

heated at 300 ˚C without pre-treatment of oxygen plasma, local oxidation of copper was seen. 

Therefore, it is difficult to clearly observe GBs by just exposing the sample under oxygen plasma 

or heating the sample.  
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Fig. S2. Optical micrographs of graphene-grown copper foils consisting of large grains of 
multilayers. The sample was oxidized by just heating it at 300 ˚C for (a) 1 min and (b) 5 min. 
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Fig. S3. Optical images of graphene-grown copper foils after PATO process with different 

temperatures and times. 
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Fig. S4. Quantitative analysis of the optical image. (a) RGB values from each pixel (circles) and 

calculation of grayscale value by grayscale = (R+G+B)/3. (b) Conversion of the optical image to 

monochrome image. The line profile of grayscale value shows positions of grain boundaries. 
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To compare Raman spectrum of graphene without copper oxide, the background signal was 

removed from the Raman spectra (Fig. 3), the D peak of GB region is higher compared to as-

grown graphene and grain region (Fig. S4), indicating that defective GBs of graphene are more 

susceptible to the external reaction (i.e. oxygen plasma) compared to grains of perfect 

honeycomb structure. Both G and 2D peaks were red shifted after oxidation. Larger shift of GB 

region can be explained in terms of tensile strain applied to graphene by formation of copper 

oxide layer with larger volume and doping by oxygen species attached to GBs [1-4]. 

 

Fig. S5. Raman spectra of as-grown CVD graphene (as-grown), grain, and GB after PATO 

process. The subtract background signal was subtracted from the Raman spectra. 

To prove the contribution of copper substrate to GB observation, we prepared three different 

graphene samples and performed Raman measurements with PATO process for each sample. Fig. 

S5 shows (a) optical micrograph, (b-d) Raman mapping images, and (e) Raman spectrum of 

CVD graphene transferred on SiO2 substrate after PATO process. As shown in Fig. 3, GB region 

on Cu substrate has enhanced Raman intensity after PATO process. However, after transferred 

on SiO2 substrate, GBs were not observed through optical microscope and Raman mapping 

images. These results indicate that GB observation through PATO process is highly related to the 

oxidation of copper at GBs. As expected, when CVD graphene was transferred and treated by 
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PATO process, CVD graphene showed typical Raman mapping images and spectrum as shown 

in Fig. S6 and S7. However, there was no significant difference in optical micrograph and GBs 

were not observed through Raman mapping images. Although GB of CVD graphene is 

thermodynamically unstable to react with oxygen, the defective carbon through specific reaction 

between GB and oxygen is too small to observe using microscopic measurement system. From 

these results, we confirmed copper substrate is necessary to observe GB through PATO process. 
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Fig. S6. (a) Optical micrograph, Raman mapping images for (b) D, (c) G, and (d) 2D peaks, and 

(e) Raman spectrum of CVD graphene transferred onto SiO2 substrate after PATO process. 
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Fig. S7. (a) Optical micrograph, Raman mapping images for (b) D, (c) G, and (d) 2D peaks, and 

(e) Raman spectrum of CVD graphene transferred onto SiO2 substrate without any treatment. 
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Fig. S8. (a) Optical micrograph, Raman mapping images for (b) D, (c) G, and (d) 2D peaks, and 

(e) Raman spectrum of CVD graphene transferred onto SiO2 substrate, then treated by PATO 

process.  
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Fig. S9. (a) Optical micrograph and Raman mapping images for (b) D, (c) G, and (d) 2D peaks 

of CVD graphene with bilayer patches after PATO process. Brighter optical image and quenched 

Raman intensity of bilayer region indicates different oxidation rate for monolayer and bilayer. 
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For DFT calculations, a Γ-centered k-point grid of 19 × 19 × 1 is used for the p(1 × 1) unit cell 

of pristine graphene, and the k-point grid is then folded accordingly for the larger supercells used 

in our calculations. To minimize spurious interactions between neighboring cells in the z-

direction, a vacuum region of at least 18 Å is enforced.  

Using the optB88-vdW xc functional, the lattice constants for graphite are calculated to be 2.47 

Å for a axis and 6.68 Å for c-axis. Likewise, the lattice constant and cohesive energy of bulk Cu 

are found to be 3.62 Å and 3.56 eV/atom. Our results agree well with previous theoretical and 

experimental reports [5, 6]. 

To mimic the commensurate physisorbed graphene layer on Cu(111), we have applied a tensile 

strain (~ 3%) on the graphene layer to match the surface lattice constants of Cu(111). Here, we 

find that the adsorption energy of graphene on Cu(111) is indeed very weak (0.67 meV/C atom) 

and with a rather large vertical adsorption distance of 3.27 Å. This is in good agreement with 

previous studies [7] and in this work, as a first step, we neglected the influence of the Cu(111) 

substrate in our calculations. To mimic the grain boundaries (GBs) found in our experiments, we 

refer to Yazyev et al. [8] and consider two large-angle GBs along the armchair (with a grain 

angle of 32.2°) and zigzag (with a grain angle of 21.8°) directions – namely, a-32.2 and z-21.8, 

respectively. To model the local surface roughness observed in experiments, we have created a 

one-dimensional “ridge” to the planar structures (i.e. a fold as described by a sheet curvature 

index, κ; see below) along both the armchair and zigzag while keeping the symmetry of system 

centered about the position of fold. 

During geometry optimization, we fully relax the C atoms near the center of fold (i.e. ranging 

from 4 to 8 Å from the center of the fold) while keeping all other C atoms fixed to their planar 

positions. This results in a lateral distance of more than 10 Å between the folds to minimize their 

lateral interaction. 

In order to compare the relative thermodynamic stability for each graphene-based system [9, 

10], we calculate the relative energy (per unit length), ΔE as follows: 

∆! = !tot − !!Pristine
!  
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where !tot is total energy of graphene-based system, ! is a total number of C atoms in the 

system, and !Pristine is total energy (per C atom) of pristine graphene. The calculated ∆! for 

planar z-21.8 and a-32.2 are found to be 0.33 and 0.20 eV/Å, respectively. 

As shown in Fig. 3, the sheet curvature index, κ is calculated by performing a simple 

differentiation to a 2nd order polynomial fit of the z-coordinates of the C atoms as projected in the 

direction perpendicular to the fold. The following quadratic equation is used: 

ℎ ! = !!! + !" + !, 

! = !!ℎ
!!! = 2! 

where ℎ !  is height of z-coordinates of the C atoms taken as a 2nd order polynomial function 

of x values along b-axis. 
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Fig. S10. Fitted plots of z-coordinates of C atoms near the center of the induced fold parallel to 

the armchair (Arm.D) and zigzag (Zig.D) directions for pristine graphene and GBs at different 

fold heights (and thus, sheet curvature index, κ). Values here are reported in Å. To derive the κ 

values for each case, a 2nd order polynomial fitting is performed for each case and the fitted curve 

is shown accordingly. 
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