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ABSTRACT: Chemical vapor deposition (CVD) is one of the most promising
growth techniques to scale up the production of monolayer graphene. At present,
there are intense efforts to control the orientation of graphene grains during CVD,
motivated by the fact that there is a higher probability for oriented grains to achieve
seamless merging, forming a large single crystal. However, it is still challenging to
produce single-crystal graphene with no grain boundaries over macroscopic length
scales, especially when the nucleation density of graphene nuclei is high.
Nonetheless, nanocrystalline graphene with highly oriented grains may exhibit
single-crystal-like properties. Herein, we investigate the spectroscopic signatures of
graphene film containing highly oriented, nanosized grains (20−150 nm) using
angle-resolved photoemission spectroscopy (ARPES) and high-resolution electron
energy loss spectroscopy (HREELS). The robustness of the Dirac cone, as well as
dispersion of its phonons, as a function of graphene’s grain size and before and after
film coalescence, was investigated. In view of the sensitivity of atomically thin graphene to atmospheric adsorbates and
intercalants, ARPES and HREELS were also used to monitor the changes in spectroscopic signatures of the graphene film
following exposure to the ambient atmosphere.
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The two-dimensional monatomic thickness of graphene
means that grain boundaries have a significant impact
on electron transport properties.1 The promise of

chemical vapor deposition (CVD) graphene lies in its
amenability to large-scale production,2 but since it is a
bottom-up growth process involving Ostwald’s ripening of
carbon nuclei, it invariably produces a polycrystalline film.3−5

While there have been efforts to increase the grain size of CVD
graphene, grain boundaries are still unavoidable across
macroscopic length scales.3,6,7 One question is whether the
structure of the grain boundaries in graphene can be engineered
to influence its electronic and mechanical properties.5 Density
Functional Theory (DFT) first-principles quantum transport
calculations showed that the type of grain boundary formed, as
well as the transport property of the graphene film, is
dependent on the relative orientation of the grains adjacent
to each other.8 Symmetric and low-angle grain boundaries
possess sufficient overlap of the Dirac cones of both grains,
becoming essentially transparent to electrons, while grain
boundaries characterized by large angle differences will create a
transport gap due to the mismatch. Hence, control over the

alignment of the grains will allow the grain boundaries and the
electrical transport properties of the film to be manipulated.
Grain orientation of polycrystalline graphene has been

studied using dark field transmission electron microscopy
(TEM) and electron diffraction, which allows direct observa-
tion of the differently oriented grains stitched together into a
quilt-like continuous film.4,9 While TEM enables an intuitive
visualization of the grain orientations, spectroscopic methods
provide insights on other properties, such as the electronic
structure. Surface science techniques that are sensitive to crystal
orientation are potentially useful for this purpose. Micro- and
nano-angle-resolved photoemission spectroscopy (ARPES) has
been applied on polycrystalline graphene to characterize
graphene−substrate electronic interaction10 and the differences
in doping and the Dirac point gap between different grain
orientations.11 A comparison between multigrain micro-ARPES
and single-grain nano-ARPES has also been used to
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demonstrate the single-crystalline quality of a polycrystalline
graphene film with micrometer-sized grains.12

Here, we performed ARPES using a laboratory-based
monochromatic He II source with a spot size of 0.5 mm to
study highly oriented nanocrystalline graphene prepared by
plasma-assisted CVD on a (111)-textured Cu film (alloyed with
10% Ni) epitaxially grown on sapphire substrates. The highly
oriented growth is enabled by the lattice matching between Cu
and c-plane sapphire, which leads to the formation of highly
oriented (111) Cu facets. In addition, angle-resolved high-
resolution electron energy loss spectroscopy (HREELS) was
performed to analyze the phonon dispersion.
Since graphene is an open surface, its electronic properties

are readily modified by adsorbates or intercalants.13−16

Adsorption of water and oxygen from the atmosphere has
been demonstrated to result in p-type doping, masking the n-
doping induced by substrate or grain boundaries. This was
attributed to a competing electrochemical process that removes
electrons from graphene.17,18 To understand the evolution of
the doping process starting from the as-grown film to after
exposure to adsorbates such as oxygen and water, we applied
surface-sensitive techniques such as ARPES and HREELS to
monitor the changes in spectroscopic signatures.

RESULTS AND DISCUSSION
Figure 1a show the atomic force microscopy (AFM) top-
ography images of a typical nanocrystalline graphene sample
after 50 s of growth in an inductively coupled plasma CVD
(ICP-CVD) system, where a dense distribution of nanoscale
graphene islands can be seen; the angular edges and smooth
surface of graphene are seen in the magnified AFM image in
Figure 1b. The exposed Cu substrate was likely to be oxidized
upon exposure to air, resulting in the roughening of the surface
surrounding the graphene grains. Similar observations were
made by scanning tunneling microscopy (STM) (Figure 1c). It
can be noted that at this stage of growth some of the graphene
grains have started to merge into larger domains. The average
grain size can be estimated to be around 100 nm by measuring
the lateral width of the grain just before coalescence using
AFM. By tuning the growth conditions, nanocrystalline
graphene films with grain sizes of 25, 50, and 100 nm,
respectively, can be prepared. The graphene grain grows by
lateral epitaxy, and a continuous film can be formed in 150 s
using the plasma-assisted CVD process here.
The ordered hexagonal lattice of the graphene film was

revealed by atomic resolution STM, demonstrating the high
quality of the film. These atomically resolved STM images also
allow the determination of the lattice orientation of the
graphene grains. Figure 1d shows a typical region where a
graphene film crosses a step on the underlying Cu substrate. By
studying the orientation of the hexagonal lattice, it is clear that
the graphene lattice retains the same orientation across the
step, indicating continuous epitaxial growth that extends over
the Cu substrate surface. High-magnification STM images
sampled at several regions that are millimeters apart on the
continuous graphene film, using the same scanning parameters
and direction, show that the hexagonal lattices are mostly
aligned. This is further corroborated by the fast Fourier
transform of the images (Figure S1, Supporting Information),
which show that different regions across large length scale on
the surface have hexagonal lattices that are aligned in the same
direction. A minority population is rotated ∼30° away from the
majority direction, giving rise to disordered grain boundaries

that can be observed in STM, such as that in Figure 1e, which is
likely to comprise several pentagon−heptagon pairs, as shown
in the schematic in Figure 1f. However, it should be noted that
these misaligned grains occupy less than 5% of the area sampled
in our STM study. The crystal lattice of the graphene
nanograins has also been confirmed using micro-low-energy
electron diffraction, where a 6-fold symmetric diffraction
pattern characteristic of the graphene honeycomb lattice can
be seen. Overlapping the main diffraction pattern is another set
of diffraction spots that is rotated 30 degrees away, which
agrees with the STM analysis of the nanocrystalline graphene
film.
With longer growth time, the nanocrystalline grains merged

into a continuous film. Figure 2 shows the ARPES of a
continuous graphene film with 100 nm grains at different
sections of the Brillouin zone of graphene, as illustrated by the
schematic in Figure 2a. At the Γ point, faint parabolic σ bands
of graphene can be seen, together with the bright d bands from
the copper substrate (Figure S2, Supporting Information). Near
the Fermi energy (Figure 2b), a small parabolic band that
extends to 0.25 eV can be observed, which corresponds to the
Cu surface state. The observed band agrees with that reported

Figure 1. (a) AFM topography images of graphene grains before
complete coalescence. (b) Magnified AFM topography image of the
graphene nanograins in (a). (c) STM image of the graphene
nanograins before coalescing into a film (Vs = −0.6 V, It = 800 pA).
Red dotted line outlines one of the graphene domains. (d)
Magnified STM image of the graphene film across a step. (e)
Magnified STM image of a grain boundary between two graphene
grains that are rotated ∼33.4° with respect to each other. Hexagons
in (d) and (e) demonstrate lattice orientation in the graphene
grains. (f) Schematic of a possible structure of the grain boundary
in (e). Scale bars are (a) 2 μm, (b) 200 nm, (c) 50 nm, and (d, e) 2
nm, respectively.
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for graphene on Cu(111),19 attesting to the high crystalline
order of our Cu substrate.
At the K point (Figure 2c), the π bands of graphene can be

observed very clearly, dispersing linearly near the Fermi energy
and intersecting at the Dirac point at approximately 0.4 eV
below the Fermi level. This is consistent with the n-doping of
graphene on a copper surface.11,20,21 The sharp Dirac point
feature at the K point is observed only at 60° intervals when the
sample is rotated azimuthally. The M point of the Brillouin
zone can be probed along the K−M−K′ axis by rotating the
azimuthal angle by 30° from the K point and reducing the polar
angle to match the lower momentum, revealing a sharp
parabolic π band valley as expected (Figure 2d).
However, by retaining the same polar angle as that at the K

point while using the M point azimuthal angle, the region of the
Brillouin zone being probed will then correspond to the region
slightly off the K−M−K′ axis, as illustrated in the schematic in
Figure 2a, which corresponds to the K point of a 30° rotated
Brillouin zone (labeled as K*). Figure 2e shows the ARPES at
this point, in which the parabolic π bands are more diffused,
and a very faint Dirac cone can be observed in the middle
(indicated with a white arrow). This faint Dirac cone is caused
by a minority population of grains that are oriented
approximately 30° away from the majority.
The analysis spot size under the angle dispersion mode used

for ARPES is around 0.5 mm, which would average the signal
contributions from at least 2.5 × 107 grains. Graphene film with
randomly oriented grains will result in a ring of Dirac cones
around the Γ point, due to the multitude of grain orientations
within the scan spot.11 It is interesting to note that we can
observe rather sharp π bands for such a nanocrystalline sample,
which suggest a high degree of orientation among the grains.

The highly uniform grain orientation was supported by the
STM observations, where the majority of the grains are
observed to be oriented in the same direction, with a small
minority oriented about 30° away.
The growth conditions can be tuned to produce different

nucleation conditions, leading to nanocrystalline graphene films
with different grain sizes. ARPES on these graphene samples
with average grain sizes ranging from 50 to 150 nm
demonstrates the changes in crystallinity caused by the different
grain sizes. Figure 3a shows the K point of these samples, where
it can be easily observed that the sample with smaller average
grain size has much more diffused π bands, whereas the bands
become sharper for larger grain size. Similarly, at the K* region,
30° from the K point (Figure 3b), faint Dirac cones (indicated
with white arrows) can be observed for the 50 and 100 nm
samples, indicating misalignment of grains, but practically no
signal can be observed for the 150 nm sample. Since the grain
sizes of these samples are many orders of magnitude smaller
than the ARPES analysis spot size, the ARPES signals are
averaged over many grains; thus the presence of a sharp Dirac
cone around the K point indicates a high degree of grain
uniformity.
In addition, the position of the Dirac point below the Fermi

level remains relatively constant (white dotted lines in Figure
3a), despite the differences in the sharpness of the π bands.
This indicates that the doping is primarily contributed by
charge transfer interactions with the metallic substrate.
The ARPES of a discontinuous film with discrete grains that

are ∼100 nm in size (30 s of growth time), as shown in Figure
4, also exhibits clear Dirac cones at 60° intervals around the
Brillouin zone and faint ones rotationally offset by 30°, similar
to the continuous film sample. This attests to the highly

Figure 2. (a) Schematic illustrating the positions in the two-dimensional Brillouin zone for each photoelectron map (b−e). Dotted hexagon
represents the Brillouin zone for a 30° rotationally displaced grain. ARPES mapping of continuous graphene sample at the (b) Cu surface
state near the Fermi level at the Γ point, (c) K point, and (d) M point and (e) position off the K−M−K′ plane, denoted here as K*.
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uniform orientation of the individual graphene grains on the
sample even before they coalesce into a continuous film.
The ARPES of the graphene islands sample shows an

interesting phenomenon. Figure 4a shows the ARPES at the K
point of the discontinuous film, and it can be easily observed
that, unlike that of a continuous film, the Dirac point is now at
the Fermi level. The π band is more diffused, indicating an
increase in orientation misalignment. It is evident from the

scans at the K and M points that the entire π band has shifted
upward toward the Fermi energy, while the Cu d bands show
no shift. Hence, it can be deduced that there is little or no
doping of the graphene islands, unlike that in the continuous
film. A possible explanation for this phenomenon is that the
intercalation of oxygen species beneath the individual grains
occurs through the open edges during air exposure, leading to
an irreversible oxidation of the Cu/Ni surface. This could also

Figure 3. ARPES mapping of continuous graphene film with average grain sizes of 50, 100, and 150 nm at the (a) K point and the (b) K*
point, respectively. White lines and arrows are guides for the eye to indicate the faint Dirac cones.

Figure 4. ARPES mapping of a discontinuous graphene islands sample at the growth time of 30 s, at the (a) K point, (b) M point, and (c) K*
point. Refer to the schematic in Figure 2a for details on the position of each photoelectron map.
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explain the inability to observe a Cu surface state in the sample
(Figure S3, Supporting Information). It has been reported that
graphene grown on oxidized Cu(111) surfaces demonstrates a
weaker doping effect than pure Cu(111),20 and the X-ray
photoelectron spectroscopy (XPS) of the discontinuous film
samples also shows a higher oxygen content and some
oxidation of Ni (Figure S4, Supporting Information). A
continuous graphene film has fewer exposed edges and defects,
making it harder for oxygen species to penetrate and oxidize the
underlying metallic substrate. Hence, continuous films undergo
stronger charge-transfer interaction with the substrate, leading
to n-doping. Further investigation on the interaction of oxygen
species with continuous graphene films will be discussed later.

HREELS probes vibrational and phonon modes of a surface
through the scattering of incident electrons and is useful in
observing phonon dispersion in momentum space due to the
transfer of momentum during impact scattering. Graphene has
two atoms in each unit cell, and multiplying that by the three
axes of movement results in a total of six possible phonon
modes, as illustrated in Figure 5a. These six modes can be
categorized based on their direction as in-plane longitudinal
(LO, LA), in-plane transverse (TO, TA), and out-of-plane
(ZO, ZA) phonons, with each group consisting of both optical
and acoustic variations based on whether the atoms move in or
out of phase. Figure 5b,c show the HREEL spectra obtained at
different scattering angles, along the Γ−M direction of the

Figure 5. (a) Schematic of the six phonon modes of graphene with their classification based on the Γ−M direction. Angle-resolved HREELS of
(b) a continuous graphene film at 150 s of growth and (c) discontinuous graphene islands at 30 s of growth, recorded in the Γ−M direction.
The growth condition is such that the average grain size will be 100 nm when completely covered. Colored dotted lines are guides for the eye
to follow the dispersion of the four main phonon peaks that can be observed, namely ZA (red), ZO (green), LA (orange), and LO (blue). (d)
HREEL spectra of the continuous film and graphene islands at selected momentum for comparison. Arrows indicate points of difference. (e)
Phonon dispersion obtained from the angle-resolved HREELS for the continuous film (solid squares) and the graphene islands (empty
circles). The lines are theoretical phonon dispersion curves from Yanagisawa et al.22

ACS Nano Article

DOI: 10.1021/acsnano.5b07662
ACS Nano 2016, 10, 1681−1689

1685

http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b07662/suppl_file/nn5b07662_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b07662/suppl_file/nn5b07662_si_001.pdf
http://dx.doi.org/10.1021/acsnano.5b07662


graphene samples. As graphene is a semimetallic homonuclear
crystal, it lacks strong dipole fields and has conduction
electrons that can cause shielding.22 Therefore, the specular
spectrum of graphene shows no detectable phonon peaks. In
contrast, the off-specular loss spectra of graphene reveal a
number of phonon peaks.
The angle-resolved HREEL spectra of a completely coalesced

film with an average grain size of 100 nm and a discontinuous
film with nearly coalesced grains of similar size show very
similar phonon dispersion curves. Figure 5d shows a direct
comparison between their loss spectra at a few selected q∥
values and demonstrates that both samples show the same
phonon peaks with similar peak widths, indicating the high
quality of the graphene grains even before they merge to form a
continuous film. However, small differences can still be
observed between the two samples. The graphene islands
sample shows peaks at 84 and 152 meV at low q∥, but both
peaks decrease in intensity with increasing values of q∥ and are
absent in the continuous graphene film sample. The non-
dispersive property of these peaks suggests that it is not related
to the phonons, and possible assignments for these peaks are
γ(C−H), aromatic out-of-plane bending, and δ(C−H), in-plane
bending, respectively.23 Similar bending modes can be observed
on aromatic molecules, such as benzene, deposited on metal
surfaces.23−25 The fact that these peaks are present only in the
islands sample suggests that it could be due to hydrogen-
terminated edges of the graphene grains, since the population
of such edges is much lower in continuous graphene film.
Figure 5e shows the phonon dispersion of the two samples

plotted against the theoretical dispersion reported by
Yanagisawa et al.22 The dispersion plot demonstrates that the
phonon dispersions obtained for both samples are very similar
and match the theoretical dispersion very well, indicating the
good crystallinity of the graphene. It can be noted that the TA
phonon is not observed in our sample, and components that
may correspond to the TO phonon energy are only observed at
a few q∥ values. This is due to the selection rule for HREELS
whereby modes that are of odd parity under a reflection in the
scattering plane are forbidden.26 Under this selection rule, the
TA and TO phonons are forbidden in the Γ−M direction,
while the LO, TA, and ZO phonons are forbidden in the Γ−K
direction. Other directions that do not pass through these high-

symmetry points will exhibit no forbidden modes. As a result,
polycrystalline samples that have randomly oriented grains will
invariably exhibit the TA mode, as all directions will be
contributing to the spectrum.27−29 Hence, the absence of the
TA phonon in the HREEL spectrum is indicative of the highly
ordered orientation of the graphene film. The observation of
weak components assignable to the TO modes at some q∥
values, even though the dispersion was measured in the Γ−M
direction, could be due to the presence of some 30°-misaligned
grains, on which the scattering plane will be along the Γ−K
direction, where the TO phonon is not forbidden. Thus, it can
be concluded here that the angle-resolved HREELS observa-
tions agree with that of the ARPES and STM.
To investigate the effects of ambient exposure, the

continuous graphene films were removed from the ultrahigh-
vacuum chamber and exposed to the atmosphere (Figure 6).
After exposing to the atmosphere for a short period of time (30
min), the ARPES bands at the K point became more diffused,
but the position of the Dirac point remained similar. However,
increased atmospheric exposure time led to a gradual shift of
the Dirac point toward the Fermi level, while the π bands
became further diffused. Eventually, after 24 h of exposure, the
Dirac point shifted to the Fermi level, demonstrating that
exposure to ambient atmosphere resulted in a gradual loss of
the n-doping in the clean sample.
Figure 6b shows the evolution of the O 1s peak in the XPS as

the graphene film is being exposed to the atmosphere. Initially,
after annealing the graphene film, trace amounts of oxygen still
remain in the form of CuO (529.7 eV).30 This is due to the
slight oxidation of the copper surface. In agreement with the
ARPES observations, short-term exposure to the atmosphere
did not result in any significant changes in the O 1s spectrum.
However, increasing the exposure duration led to the
appearance of a new component at 530.7 eV, which became
stronger with longer exposure time. The position of this peak
matches the O 1s peak observed on Cu surfaces after
dissociative adsorption of O2

31 and is also similar to that
observed for oxygen intercalation of graphene on Ru(0001).32

In addition, no significant changes are observed in the C 1s and
Cu 2p spectra (Figure S5, Supporting Information), implying
that the increased oxygen content is not a result of the
oxidation of the graphene or the substrate.

Figure 6. (a) ARPES mapping of the K point of a continuous graphene film before and after different durations of exposure to the atmosphere.
(b) XPS O 1s peak of the graphene film before and after different ambient exposure for different times.
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HREELS was used to further elucidate the effect of
atmospheric exposure on the graphene film. Figure 7a shows
the specular HREEL spectra of the film before and after
exposure to ambient air for different durations. As mentioned
earlier, pristine graphene does not show phonon peaks in the
specular HREELS; only a single peak at 32 meV can be
observed, possibly due to surface phonon of the Cu substrate.33

Exposure of the film to ambient air immediately leads to carbon
contamination on the surface, manifesting in a number of
energy loss peaks. The peak at 362 meV may be assigned to the
ν(C−H) stretching mode, while the peaks at 156 and 181 meV
are due to the δ(CH2) bending modes, and the peak at 90 meV
is assigned to the ρ(CH3) rocking mode.34

Prolonged exposure to ambient atmosphere (>11 h) led to
the appearance of two strong peaks at 48.5 and 102 meV
(indicated with arrows), which were not reported for the
graphene/Pt(111) system. The appearance of these peaks
coincides with the change in doping and increase in oxygen
content observed in the ARPES and XPS, respectively. These
peaks match the reported vibrational energies of ν(Cu−O) and
ν(O−O) of peroxo species adsorbed on Cu(111), respec-
tively.35 Since the Cu substrate is completely covered by the
graphene film, oxygen molecules have to penetrate through the
grain boundaries of graphene in order to intercalate between
graphene and the substrate. This limits the diffusion rate of the
oxygen and explains why prolonged exposure duration is
required for these changes to be observed.
The intercalation of oxygen explains the loss of n-doping in

the graphene film.19 Oxygen has an electron-withdrawing effect
on the graphene film, leading to a counteracting p-doping effect
on the graphene.17,36 In addition, the intercalation of oxygen
between graphene and the substrate effectively weakens the
interaction between them, causing the graphene to become
quasi-free-standing.32 The overall effect is the gradual reduction
of the n-doping of the graphene until it eventually becomes
neutral.
To investigate the mechanism of the oxygen intercalation, a

continuous graphene film was exposed in a controlled manner
to oxygen and water followed by surface analysis with HREELS.
Figure 7b shows the HREEL spectra obtained after different
types of surface treatments. The peroxo-related peaks at 48.5

and 102 eV, which were observed when the sample was
exposed to the atmosphere (Figure 7b(v)), could not be
reproduced by exposing the sample in a vacuum to 1.5 × 105 L
(Langmuir) of oxygen (Figure 7b(i)) and with the sample
heated to 160 °C. These peaks also did not appear when the
sample was exposed to either atmospheric pressures of O2 or
water alone (Figure 7b(ii),(iii)), which is reflective of the
excellent ability of graphene to passivate the metal substrate
against oxidation. Simultaneous dosing of O2 and water was
needed before the strong HREELS peaks due to the peroxo
species appearing (Figure 7b(iv)). This observation suggests
that the oxygen intercalation of Cu is most effective through an
electrochemical process involving both O2 and H2O.

CONCLUSIONS
The crystalline quality of graphene grown on a (111)-textured
Cu/sapphire substrate, when evolving from isolated grains to
coalesced films, was monitored using surface spectroscopic
techniques. The robustness of the Dirac cones in ARPES as
well as the phonon dispersion profile in HREELS indicates the
signatures of highly oriented grains in the film. Faint Dirac
cones observed off the M point indicate that a small population
of grains is rotated at ∼30° from the majority. These
observations correlate well with the STM and angle-resolved
HREELS observations. ARPES was also used to determine the
robustness of the Dirac electronic spectra as a function of grain
size. At the K point, well-defined conical Dirac dispersion can
be seen for the graphene films with ∼50, ∼100, and ∼150 nm
grain sizes. The bands in the Dirac cone are sharpest for films
with ∼150 nm grains and become diffuse for films with smaller
grain sizes. In addition, exposure to the ambient atmosphere
reverses the n-doping of graphene due to oxygen intercalation
between the film and the substrate. Exposure to both oxygen
and water vapor allows oxygen intercalation to occur rapidly at
the graphene−copper interface.

METHODS
Preparation of Graphene. Graphene islands or a continuous

graphene film was grown on a Cu (alloyed with 10% Ni)-coated
sapphire substrate in a cluster system equipped with sputtering and
ICP-CVD. To obtain a highly textured (111)-Cu film, c-sapphire

Figure 7. (a) HREEL spectra of a continuous graphene film before and after exposure to the atmosphere for different durations. Arrows
indicate peaks that can be related to peroxo species on the Cu(111) surface. (b) HREEL spectra of a continuous graphene film after exposure
to (i) 1.5 × 105 L O2 with annealing at 160 °C, (ii) 1.5 bar (absolute pressure) O2 for 60 h, (iii) 3 kPa H2O for 20 h, and (iv) 1.5 bar (absolute
pressure) O2 and 3 kPa H2O for 17 h. The HREEL spectrum of the film subjected to 24 h atmospheric exposure (v) is plotted for comparison.
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substrates were sputtered with Cu and Ni in a composition of 10:1 to
form an alloyed film. This was then treated with H2 plasma at a gas
flow rate of 100 sccm and a plasma power of 200 W for 5 min, with the
substrate heated to 750−800 °C at 50 mTorr. To grow graphene, a
mixture of H2 and CH4 (H2:CH4 = 10:1) was introduced into the
chamber and the 200 W power plasma was ignited for more than 1
min, with the total pressure maintained at 50 mTorr. The growth time
can be adjusted between 10 and 300 s to produce islands or a
continuous film.
AFM. AFM measurements were performed with an XE-100 AFM

(Park Systems) under ambient conditions in noncontact mode.
STM. The experiments were performed in an Omicron UHV

system equipped with a low-temperature STM. The graphene samples
were degassed at 120 °C overnight in a preparation chamber. STM
was subsequently performed in the constant-current mode at liquid
nitrogen temperature (77.8 K).
XPS and ARPES. Photoemission studies were performed in a UHV

chamber with a base pressure of 3 × 10−10 mbar, equipped with a
PHOIBOS 150 hemispherical energy analyzer (SPECS, GmbH)
equipped with a 3D delay line detector (3D-DLD, SPECS GmbH),
capable of both two-dimensional mapping and accumulative counting.
The samples were degassed up to 250 °C for 1 h in a preparation
chamber with a base pressure of 3 × 10−10 mbar to remove surface
contaminants and then allowed to cool, before performing the
measurements.
XPS was performed using the Mg Kα emission from the XR-50 X-

ray source (SPECS GmbH), with a pass energy of 30 V on the
analyzer. ARPES was performed using the He II emission from a
differentially pumped UVS300 UV source (SPECS GmbH) that is
monochromatized through a toroidal mirror monochromator (SPECS
GmbH), with the analyzer capturing photoelectrons within a ±15° arc
around the analyzer axis and performing a 2D mapping of the
dispersion using the 3D-DLD.
HREELS. HREELS was performed using a Delta 0.5 spectrometer

(SPECS, GmbH), in a UHV chamber with a base pressure of 2 ×
10−10 Torr. For angle-resolved measurements, an incident electron
energy of 20 eV is used, with an incident angle of 80° to the sample
normal. The loss spectrum of the sample was collected at various
scattered angles by rotating the analyzer and electron multipilier
(Galileo 4830 U channeltron) between 75.3° and 20.9°. The phonon
peaks were fitted using an exponential decay background and Lorentz
peaks to determine their position.
Ambient Exposure. Graphene film samples were first degassed up

to 250 °C for 1 h in a preparation chamber with a base pressure of 3 ×
10−10 mbar to remove atmospheric contaminants and allowed to cool
to room temperature before measurements.
After analyzing the annealed sample, it was removed from the UHV

chamber and covered with a Petri dish to protect it from dust as it is
exposed to the ambient environment. The sample was left in the
ambient environment for 30 min, 11 h, and 24 h of total exposure
time, respectively, before being replaced into the UHV chamber, and
the various measurements were performed without further sample
annealing or degassing.
Oxygen and Water Exposure. Clean graphene film was annealed

as described above before the ambient exposure experiment. Oxygen
dosing in UHV was performed by backfilling the chamber using a leak
valve at a pressure of up to 3 × 10−6 mbar for a total of 19 h while the
sample was heated to 160 °C. For atmospheric level exposures, the
sample is placed in the load lock chamber. For oxygen exposure,
purified oxygen gas was leaked into the load lock chamber through a
ball valve with an absolute pressure of 1.5 bar. For water exposure, a
sealed vial of water was connected to the load lock chamber via
another ball valve and purified by freeze−evacuation cycles to remove
dissolved gases. For simultaneous exposure of oxygen and water, both
ball valves were opened at the same time.
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