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S
everal recent studies have demon-
strated that single- and multilayer gra-
phene coatings are excellent anti-

corrosion barriers for the thermal,1�8

wet,1,2,9,10 and electrochemical11�13 corro-
sion of metals. Ruoff, Park, and co-workers
first reported that a chemical vapor deposi-
tion (CVD)-grown graphene can effectively
protect Cu and Cu/Ni alloys from thermal
oxidation in air at 200 �C for 4 h and wet
oxidation by 30% H2O2 within 2 min.1 In a
closely related study, Nayak et al. reported a
similar anticorrosion effect of CVD-grown
multilayer graphene for the thermal
(500 �C for 3 h) and wet chemical (31% H2O2,
2 h) oxidation of Ni.9 Bolotin and co-workers
reported a detailed study of the anticorro-
sion property of CVD-grown as well as
transferred graphene for electrochemical
corrosion of Cu and Ni. They observed that
graphene films grown on the metal directly
by CVD give a better anticorrosion perfor-
mance than transferred graphene. Never-
theless, even transferred graphene can
reduce electrochemical corrosion of Ni by
a factor of 4 when compared to the un-
coated Ni substrate.12 A parallel study by

Kirkland et al. investigated the electrochem-
ical response of graphene-coated Ni and
Cu substrates and reached similar conclu-
sions.11 Roy et al. recently explored the use
of transferred multilayer graphene coating
to reduce thermal oxidation of Cu and con-
cluded that the anticorrosion performance
of graphene is ultimately limited by the
presence of grain boundaries in graphene
as well as its thermal stability in air.7 In
addition to these studies on the anticorro-
sion application of graphene, the slower
oxidation of metal underneath graphene
has also been exploited to visualize gra-
phene on copper.2

While these studies have firmly estab-
lished that graphene is a promising anti-
corrosion material, they exclusively focused
on corrosion processes under very harsh
conditions over a relatively short time scale,
typically several minutes to several hours.
Under these conditions, the diffusion of
oxidation agents (e.g., O2 and H2O2), instead
of their reaction with the metal, is expected
to be the rate-limiting step of the overall
corrosion process. Indeed, several studies
have attributed the anticorrosion property
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ABSTRACT This paper reports the enhancement of long-term oxidation of

copper at room temperature by a graphene coating. Previous studies showed that

graphene is an effective anticorrosion barrier against short-term thermal and

electrochemical oxidation of metals. Here, we show that a graphene coating can,

on the contrary, accelerate long-term oxidation of an underlying copper substrate

in ambient atmosphere at room temperature. After 6 months of exposure in air,

both Raman spectroscopy and energy-dispersive X-ray spectroscopy indicated that

graphene-coated copper foil had a higher degree of oxidation than uncoated foil, although X-ray photoelectron spectroscopy showed that the surface

concentration of Cu2þ was higher for the uncoated sample. In addition, we observed that the oxidation of graphene-coated copper foil was not

homogeneous and occurred within micrometer-sized domains. The corrosion enhancement effect of graphene was attributed to its ability to promote

electrochemical corrosion of copper.
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of graphene to its capability to serve as an ultrathin
physical barrier, preventing direct interaction between
underlying metal and ambient oxygen.1�4,7,8,14,15

Many technologically relevant corrosion processes
(e.g., steel corrosion) occur at room temperature but
over a relatively long time scale, frommonths to years.
Under such conditions, the overall corrosion process
could be limited by the reaction between the metal
and the oxidation agent; as a result, the slower diffu-
sion of oxidation agent through an anticorrosion coat-
ing may not help to slow the overall corrosion process.
More importantly, electrochemical oxidation plays a
significant role for the low-temperature corrosion of
metals. It is very well established that the presence of
impurities, including graphitic materials, on a metal
surface could enhance its galvanic corrosion by serving
as an electrode for oxygen reduction.16�18 Given these
considerations, it is not clear if graphene can serve as
an effective anticorrosion coating for the long-term
protection of metals.
In this work, we show that a CVD-grown graphene

coating accelerates the room-temperature, long-term
oxidation of copper. By using a combination of Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS),
and energy-dispersive X-ray spectroscopy (EDX), we
show that copper is oxidized faster in the presence of a
graphene coating than in its absence. Furthermore, the
oxidation is not spatially homogeneous; instead, it
occurs in micrometer-sized domains surrounded by
areas having minimal oxidation. Our observation sug-
gests that graphene promotes electrochemical corro-
sion of copper at room temperature.

RESULTS

We studied the oxidation of copper in two types of
samples over a time frame of 6 months: a single layer
graphene coated copper foil (graphene/copper sam-
ple or graphene-coated sample) and a H2-annealed
copper foil (annealed copper sample or uncoated
sample). The graphene/copper sample was prepared
by a low-pressure chemical vapor deposition method
first reported by Li et al.19 A Raman spectrum of our
graphene sample is shown in Figure S1. The intensity
ratio of the 2D peak to that of the G peak (I2D/IG) was
4.2, and therewas almost noD peak present, indicating
the formation of high-quality single-layer graphene.
The H2-annealed copper foil was prepared by proces-
sing the copper foil under the same condition as in the
case of CVD graphene synthesis except no CH4 gas was
introduced.

Short-Term Anticorrosion Effect of Graphene. We were
able to confirm the short-term anticorrosion effect of
graphene reported by several recent studies.1�3 In
one experiment, we heated an as-received copper
foil (without H2 annealing) and a graphene/copper
sample in air at 250 �C for 20 min. Figure S2 shows
the photograph of both samples after the thermal

treatment. Annealing the as-received Cu foil led to a
loss of its metallic luster and a drastic color change to
gray and black, which was attributed to the formation
of oxides on its surface.1 In contrast, after the same
treatment, the graphene/copper sample kept its me-
tallic luster and no obvious color changewas observed.
This result demonstrated that a single-layer graphene
coating can indeed effectively prevent atmospheric
oxidation of copper at high temperature over a short
time frame.

Long-Term Corrosion-Promotion Effect of Graphene. To in-
vestigate whether graphene can also serve as an anti-
corrosion coating over a much longer time scale, a
graphene/copper sample and an annealed copper
sample were stored in a plastic Petri dish at room
temperature (ca. 21 �C) for up to 6 months in the dark.

Figure 1 shows the photographs and optical micro-
graphs of a graphene/copper sample and annealed
copper sample taken when they were freshly pre-
pared (<1 day) and after 6 months of air exposure.
When freshly prepared, both samples showed the
characteristic copper luster to the naked eye. When
inspected under an optical microscope, both samples
appeared to be highly reflective, and when recorded
on a digital camera, they appeared to be yellow in color
(Figure 1a,d).

After 6 months of storage, the two samples were
very different in appearance. The graphene/copper
sample developed many millimeter-sized patches in
deep brown, red, or yellow colors (Figure 1b, inset).
Under an optical microscope (Figure 1b), most (∼90%)
of these patches appeared to be redwhen recorded on
a digital camera; a small percentage (∼10%) of the
patches appeared to be yellow (vide infra). Note that
Figure 1b was taken at an area having both red and
yellow patches in order to highlight their color con-
trast; it does not represent their actual surface cover-
age. Additional micrographs of the two samples can be
found in Figure S3. In contrast, the annealed copper foil
showed almost no color change to the naked eye, and
when inspected under an optical microscope, almost
all the surface appeared to be yellow (Figure 1e).
However, we could still locate patches that turned a
red color. These red-colored patches are similar to
those observed in the aged graphene/copper sam-
ple, except in this case they cover only ca. 1% of the
surface. More interestingly, under a higher magnifi-
cation, we found micrometer-sized red dots or do-
mains on both 6-month-aged samples (Figure 1c,f),
suggesting a spatially homogeneous oxidation of
copper (vide infra).

Previous studies suggested that the color change
on the copper surface is related to its degree of oxida-
tion.1,2 Because a much more drastic color change
was observed for the aged graphene/copper sample
than for the aged annealed copper sample, our result
suggests that, qualitatively, copper was oxidized faster
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at room temperature in the presence of graphene than
in its absence.

To quantify the degree of oxidation of the two
6-month-aged samples, we carried out EDX and Raman
analysis on both samples. The result confirms that the
graphene-coated sample indeed underwent more se-
vere oxidation than the noncoated one. In the case of
EDX analysis, we collected an EDX spectrum from the
red-colored regions of a 6-month-aged graphene/
copper and the yellow-colored region of 6-month-
aged annealed Cu sample. A typical set of EDX spectra
are shown in Figure 2a. The average O:Cu atom ratios,
obtained from several of such spectra, were 1:17 and
1:13 for aged annealed Cu and aged graphene/copper
sample, respectively. Note that EDX probes ca. 1 μm
thick of sample within the surface.20 Therefore, it can
probe both copper oxides on the surface and the
underneath Cu unless the thickness of the oxide layer
is significantly larger than 1 μm. The fact that the O:Cu
ratio we observed ismuch lower than that expected for
CuO (1:1) and Cu2O (1:2) indicates that the oxide layer
is indeed much thinner than the probe depth of EDX.
Nevertheless, a higher O:Cu ratio and a higher absolute
intensity of the oxygen EDX peak clearly suggest a
higher degree of oxidation in the graphene-coated
sample.

In addition to the EDX analysis, Raman spectrosco-
py of the samples also indicates that the graphene/
copper sample underwent a higher degree of oxida-
tion than the annealed copper sample. Shown in
Figure 2b are Raman spectra collected from 6-month-
aged graphene/copper and annealed copper samples;
a spectrum taken from an as-received copper foil that
has undergone thermal oxidation at 220 �C for 15 min
in air is also shown for reference. All spectra were
taken under the same conditions. Both 6-month-
aged samples showed Raman peaks that can be
assigned to Cu2O (218 cm�1) and CuO (300 cm�1).21�24

Significantly, the Raman peaks are ca. 30 times stron-
ger for the graphene/copper sample than for the
annealed copper sample. These results again suggest
that more Cu2O was formed on graphene/Cu than on
the annealed Cu sample.

We note that the Raman intensity of the oxide
material may be affected by the presence of a metal
substrate. Specifically, near a flat metal surface, the
Raman intensity of oxide may be decreased due to a
decrease of electric field of incoming laser light.25

Because this decrease of electric field occurs only near
the metal surface, the overall Raman response of a
copper oxide film will depend on its thickness in a
nonlinear fashion. In addition, the Raman intensity of
oxide could also be enhanced near a rough metal
surface through the surface-enhanced Raman scatter-
ing (SERS) mechanism. In our experiment, the two
samples underwent almost identical high-temperature
thermal annealing. The annealing is expected to
smooth the surface, and therefore we believe that

Figure 1. Optical micrographs of (a) an as-prepared graphene/copper sample, (b) a 6-month-aged graphene/copper sample,
(d) an as-prepared annealed Cu foil, and (e) a 6-month-aged annealed Cu foil. (c and f) Magnified optical images of the dashed
area in (b) and (e), respectively. Insets in (a), (b), (d), and (e) show the photograph of the respective samples. Scale bars in the
insets represent 1 cm.

Figure 2. (a) Typical EDX spectra of 6-month-aged gra-
phene/copper (black) and 6-month-aged annealed copper
(red) from 0.3 to 1.1 keV. Note that the spectra from 0.3 to
0.7 keV of both samples have been magnified by 30 times.
(b) Typical Raman spectra of Cu foil annealed at 220 �C for
15 min, 6-month-aged graphene/copper (black), and an-
nealed copper (red) from 200 to 800 cm�1. Note that the
spectrum of annealed copper has been magnified by
30 times. For both (a) and (b), the data were taken from a
red-colored area (90% of the surface) for the graphene/
copper sample and from a yellow-colored area (99% of the
surface) for the annealed copper sample.
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the SERS effect will not significantly affect the relative
peak intensity of the two samples. Even with these
potential complications in mind, it is important to note
that our Raman data are qualitatively consistent with
the EDX results in that a strong Raman peak is corre-
lated with a higher O:Cu ratio.

Oxidation Kinetics: XPS and Raman Characterization. We
monitored the oxidation kinetics of copper with and
without graphene coating using XPS and Raman spec-
troscopy. Figure 3 shows the XPS spectra of graphene/
copper and annealed copper samples in the binding
energy range of 920�980 eV, where the 2p3/2 and 2p1/2
peaks of copper are located. The XPS peaks of Cu(0)
and Cu(I) (Cu2O) differ by only 0.1 eV and cannot be
resolved by most XPS instruments.26 In contrast, Cu(II)
species have a significant peak shift and two strong
shakeup satellites at ca. ∼9 eV higher binding energy
than the principal Cu 2p3/2 and 2p1/2 peaks.

27 We find
that for both samples, the Cu XPS peak shape and
binding energy remained the samewithin several days
of their exposure in ambient air, suggesting the ab-
sence of CuO on their surfaces under these conditions.
After 6 months of exposure in ambient air, the an-
nealed copper sample exhibited a broader 2p3/2 peak
(932.4 eV) and 2p1/2 peak (952.2 eV) than the gra-
phene/copper sample; in addition, two strong satellite
peaks at 942.6 and 962.7 eV, characteristic of Cu(II),
were also observed (Figure 3c).22,26�30 In contrast,
the 6-month-aged graphene/copper sample showed
almost the same peak width as the freshly prepared
one and very small satellite peaks, both of which
indicate a low concentration of Cu(II) on the surface.

Further analysis by peak deconvolution showed that
the atom % of Cu(II) on the surface was 6% on the
6-month-aged coated copper foil and 37% for the
uncoated one (Figure S4).

Collectively, our XPS results suggest that formation
of Cu(II) occurred more readily in the absence of a
graphene coating than in its presence. However, in the
context of assessing degree of oxidation, this result
should be interpreted with caution. First of all, our XPS
instrument cannot resolve a Cu(I) peak from a Cu(0)
peak and therefore cannot detect oxidation if Cu2O is
the only oxidation product. Second, XPS is a surface-
sensitive technique and probes only less than 10 nm
within the surface.22 The surface composition may or
may not correlate with the bulk oxide composition. In
fact, it was reported that exposure of copper metal to
oxygen at 1000 K resulted in a thin CuO layer on top
and a much thicker layer of Cu2O underneath as the
main oxidative product.31,32

The kinetics of copper oxidation on annealed cop-
per and graphene/copper substrates was also investi-
gated using Raman spectroscopy. Shown in Figure 3d,e
are Raman spectra of the two samples taken right
after their preparation, after 20 days of storage in air,
and after 6 months of storage in air; all spectra were
collected under the same conditions. Copper oxide on
both samples was below the detection limit when
freshly prepared and after 20 days of storage in air.
The oxide-related Raman peaks became obvious only
after 6 months of air exposure. As we mentioned
before, the Raman intensity was typically ca. 30 times
stronger for a 6-month-aged graphene/copper sample

Figure 3. XPS spectra of (a) graphene-coated and (b) uncoated copper foil exposed in air at room temperature for 0 h, 1 h,
3 days, and 6months. (c) Normalized XPS spectra of fresh and 6-month-aged copper foil with and without graphene coating.
Note: the spectra of two fresh samples (red and black curves) overlap. Raman spectra of (d) graphene-coated and (e) uncoated
copper foil exposed in air at room temperature for 0 days, 20 days, and 6months, respectively. Note that the vertical scales of
(d) and (e) differ by a factor of ca. 7. (f) Raman spectra of red and yellow regions on both 6-month-aged annealed samples.
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than for a 6-month-aged annealed copper sample. An-
other interesting observation is that the red regions on
both 6-month-aged samples gave overall more intense
Raman peaks than the yellow regions (Figure 3f; also see
discussion below). These data again support our con-
clusion that graphene enhanced long-term copper
corrosion at room temperature and such oxidation
was spatially inhomogeneous.

It is worth pointing out that although the surface
concentration of Cu2þmeasured by XPS is higher in the
aged uncoated copper sample, its Raman spectrum
gave a weaker CuO peak at 300 cm�1 when compared
to the aged graphene/copper sample (Figure 2b). This
seemingly contradictory observation can be explained
by the fact that the aged graphene/copper sample
developed a thicker oxide film. Among the two aged
samples, the graphene/copper sample has a higher
amount of CuO in the oxide film, and in addition, some
of its oxide is also further away from the copper surface
and therefore experiences a stronger electric field of
the incoming laser; both factors translate to a stronger
Raman response.

Spatial Inhomogeneity of Cu Oxidation in Graphene/Copper
Sample. Additional analysis showed that the room-
temperature oxidation of a copper/graphene sample
was very heterogeneous at the micrometer length
scale.

High-magnification optical micrographs revealed
that the color change we observed on the 6-month-
aged graphene/copper substrate was due to the

presence of high-density micrometer-sized domains
of red color (Figure 4a; also see Figure 1c,f). The colored
patches we described previously (Figures 1 and S3)
were due to a varying density of these red domains.
If the density of these red domains was low, the
yellow background will dominate the overall color of
the region and the corresponding area will appear
yellow to the naked eye; this is the case for the 99% of
the 6-month-aged uncoated copper foil surface and
only 10% of the 6-month-aged graphene/copper
sample. In contrast, if the density of these red
domains was high, they could form an almost con-
tinuous network and make the surface appear red
(Figures 1 and S3).

Using spatially resolved micro-Raman spectrosco-
py, we find that the red domains corresponded to
highly oxidized copper, while the yellow regions
showed much reduced oxidation. Figure 4a shows an
optical micrograph of a 6-month-aged copper sample
that has both red and yellow regions. Figure 4b shows
Raman spectra we collected in two locations: one
appeared red and the other yellow. These two spots
were 10 μm away, a distance significantly larger than
the spot size of the focused laser beam (<1 μm) of
our Raman instrument. For the Raman spectrum taken
from the red region (red circle in Figure 4a), we
observed peaks that can be assigned to Cu2O and/or
CuO (218, 613 cm�1). In contrast, the Raman spectrum
taken from the yellow region (in black circle) showed
much weaker peaks (by a factor of ca. 30), indicating a

Figure 4. (a) Optical micrograph of a 6-month-aged graphene/copper sample showing red domains in a yellow background.
(b) Micro-Raman spectra taken of the red and yellow areas as indicated in (a). Black and red spectra were taken from the area
inside the red andblack circle, respectively. (c) Opticalmicrographof a 6-month-aged graphene/copper showing the different
colors of the copper domains. The dotted rectangle is the same area as (a). (d) Plot of Cu:O ratio obtained by EDX on different
locations indicated in (c). The inset is the SEM image of the same location as in (c). Note that for this analysis the SEM
acceleration voltage (20 kV) was higher than that used in collecting EDX data of Figure 2 (10 kV); as a result, the electron beam
probed a deeper sample depth and gave an overall higher Cu:O ratio in this case. The scale bar of the inset represents 100 μm.
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much smaller amount of oxidation products in this
area. This correlation between color and degree of
oxidation was highly reproducible (Figure S5).

A large number of Raman peaks were observed
(218, 288, 414, 500, 535, and 613 cm�1) in our samples.
However, a definitive assignment of all these peaks is
difficult because some of the Ramanpeaks of Cu2O and
CuO are known to show large shifts depending on the
sample preparation.33,34 While some of these peaks
could be assigned to Cu2O (613, 414, and 218 cm�1)
and CuO (613 cm�1) with reasonable confidence,34,35

long-term exposure of copper to ambient air could
produce a wide range of corrosion products (e.g.,
Cu2(OH)3NO3, Cu2(OH)3Cl) that could contribute to
some or all of the observed Raman peaks as well.36

To confirm the correlation between color change
and degree of oxidation, we have also carried out
spatially resolved EDX analysis of different colored
regions on the 6-month-aged graphene/copper sam-
ple.We first located an area having both yellow and red
regions under both optical microscope (Figure 4c) and
scanning electronmicroscope (SEM, Figure 4d, inset). A
comparison of the optical and SEM images showed
that the yellow and red regions under optical micro-
scopy appear bright and dark under SEM, respectively
(Figures 4c, d-inset, and S6). We then carried out EDX
analysis of six regions to obtain their Cu:O ratios, and
the result is shown in Figure 4d. A clear correlation can
be observed between the color of the copper surface
and its degree of oxidation: the yellow regions have a
higher Cu:O ratio and correspondingly a lower degree
of oxidation than the red regions.

Quality of Graphene. We observed that the graphene
film developed significant defects after 6 months of
storage in air at room temperature. Shown in Figure S7,
the graphene of a coated copper sample exhibited a
negligible defect peak when freshly prepared. How-
ever, the Raman spectrum of the 6-month-aged sam-
ple showed a strong D peak, with an ID/IG ratio of 1.3.
Surprisingly, spectra collected from both red and
yellow regions showed similar ID/IG ratios. Another
interesting observation was that the absolute Raman
peak intensity of the yellow region is substantially
lower than that of the red region, in some cases by a
factor of almost 20. This difference in Raman intensity
can be explained by the difference in oxide thickness in
the two regions: in the absence of a thick oxide layer,
the graphene film is in close contact with coppermetal;
as a result, the graphene will experience a much
reduced electric field of the incident laser beam and
give a weak Raman response.25

More interestingly, we also found that graphene
developed significant mechanical damage in areas
having severe Cu oxidation. Shown in Figure S8, we
transferred the graphene from a 6-month-aged gra-
phene/copper sample to a silicon wafer using poly-
methyl methacrylate (PMMA (Aldrich, Mw 996 000)) as

the transferring agent. The PMMA was then removed
by a thermal annealing at 410 �C under low pressure
(∼50 mTorr) for 1 h. The optical micrographs showed
that the graphene covering the severely oxidized
copper (red region) broke into micrometer-sized
patches. In contrast, the graphene covering the less
oxidized copper (yellow region) remained as a contin-
uous film.

DISCUSSION

Our experimental results showed that graphene is a
corrosion protector for short-term, high-temperature
oxidation of copper and a corrosion promoter for long-
term, room-temperature oxidation of copper.

Oxidation of Uncoated Copper Foil. The room-tempera-
ture oxidation of pure copper has been extensively
studied in the literature. The native oxide film formed
on copper (48 h of room-temperature oxidation by air)
has been studied by X-ray adsorption fine structure
spectroscopy (XAFS), the result of which suggested
that the oxide film consists of an inner Cu2O layer of
2.0 nm and an outer CuO layer of about 1.3 nm.37 We
believe that the same two-layer oxide was formed on
our aged annealed copper foil as well: our XPS data
indicated that 37% of the surface Cu was Cu(II) on
the 6-month-aged annealed copper substrate, while
Raman spectroscopy suggested both Cu2O and CuO as
the major oxidation products.

Oxidation of Graphene-Coated Copper Foil. An important
difference between the oxidation of graphene-coated
and uncoated copper foil is the much lower sur-
face concentration (6% vs 37%) of Cu(II) species in
the former case, as indicated by XPS. Although the
lower surface concentration of Cu(II) seems to imply a
limited supply of O2 to the graphene-coated surface,
the fact that the graphene-coated copper foil devel-
oped a much thicker oxide film than the uncoated
one clearly suggested otherwise. Therefore we believe
that hindered diffusion of O2 cannot explain the lower
concentration of surface Cu(II) species we observed on
graphene-coated copper foil than on the uncoated
one. In fact, the overall higher degree of copper
oxidation in the presence of graphene suggested
that diffusion of O2 through a graphene coating is
likely not a rate-limiting step for such low-temperature
oxidation.

More interestingly, although the graphene film
developed a significant amount of defects during the
6 months of air exposure, the ID/IG ratio of graphene
was not correlated with the degree of oxidation of the
underlying copper substrate. This fact suggests that
although atomic level defects in graphene could lead
to enhanced oxidation of underlying copper substrate
at high temperature,7 theymay not necessarily do so at
low temperature (vide infra).

Finally, it is important to note that although the
graphene-coated copper sample undergoes oxidation
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faster than the uncoated one, there are nevertheless
regions (e.g., yellow regions of Figures 1b and S3b) that
did not undergo significant oxidation at all. One ex-

planation of this observation is that the local surface

structure of the copper substrate could affect its chem-

ical reactivity as well as its adhesion to graphene, both

of which could affect the kinetics of oxidation. Another

possibility is that the formation of heavily oxidized

domains was initiated by certain defects in graphene

(vide infra). Knowing the exact mechanism of this

observation will be critical to the long-term use of

graphene as anticorrosion coatings.

Proposed Mechanism of Corrosion-Promotion Effect of Gra-
phene. We attribute the corrosion-promotion effect of
graphene to its high electrical conductivity. To under-

stand this effect, we consider the following three key

steps during the electrochemical corrosion of copper

on a model surface that consists of a metallic copper

substrate and a thin layer of native Cu2O (Figure 5):
(1) Electrochemical oxidation of Cu0 to Cuþ. This

process occurs at the Cu/Cu2O interface. The
oxidation produces a free electron and a Cuþ

ion that diffuses into the Cu2O lattice.
(2) Migration of Cuþ and charge from the Cu/Cu2O

interface to the Cu2O/air interface. The electron
andCuþ generated in step 1 diffuse through the
Cu2O film to the Cu2O/air interface, driven by
the charge and ion gradient within the oxide
film. It was suggested that the charge and ion
migration occurred though hole transfer and
cation vacancy diffusion, respectively.38

(3) Electrochemical reduction of O2. This process
occurs at the Cu2O/air or Cu2O/graphene/air
interface. The reduction of O2 requires a reduc-
ing agent and produces O2� as the product.
The electrochemically generated O2� then in-
corporates into the Cu2O lattice and combines
with the incoming Cuþ ion to form Cu2O. A
reducing agent, either free electron or Cuþ, is
required for the reduction of O2.

In the absence of a graphene coating, the electrons
generated in step 1 need to migrate through the Cu2O
film to the Cu2O/air interface. Cu2O is a semiconductor
with a band gap of ca. 2.0 eV,39 and its resistivity can
be as high as 1013 Ω 3m.40 The fact that there was
significant concentration (37% by atom %) of Cu2þ on
the surface of the 6-month-aged uncoated copper
sample indicates that electrochemical reduction of
O2 was to some degree accompanied by the oxidation
of Cuþ to Cu2þ, implying that the charge migration of
step 2 is slow relative to the electrochemical reduction
of O2.

In the presence of a graphene coating, the electrons
generated in step 1 could be rapidly transported to the
Cu2O/graphene/air interface for O2 reduction. In this
case, O2 likely diffuses through the cracks and defects

in graphene to the Cu2O surface. Because the overall
copper oxidation is spatially inhomogeneous, as long
as there is still some local electrical contact between
graphene and copper, electrons can easily migrate
from copper to graphene, therefore enhancing the
corrosion. Consistent with our proposed mechanism,
we note that the surface concentration (6%) of Cu2þ on
the aged graphene-coated copper is much lower than
that of the aged copper foil. This observation is con-
sistent with the improved availability of free electrons
for O2 reduction in the presence of graphene. As
another support of this mechanism, we also observed
that the oxidation of copper could be significantly
slowed if the graphene/copper sample was stored in
a dry environment. Shown in Figure S9, a graphene/
copper sample stored in a closed vial inside a desicca-
tor for 1 year showed less oxidation than a similar
sample stored in air for 6 months. This observation is
consistent with the well-known notion that reduced
exposure to ambient moisture and salt aerosol slows
the electrochemical corrosion process.41

Mechanical Damage and Defect Generation in Graphene.
The graphene film of a graphene/copper sample de-
veloped significant defects after 6months of storage in
air. Specifically, the ID/IG ratio of the Raman spectrum
increased significantly, regardless of the degree of
oxidation of the underlying copper substrate. Interest-
ingly, when transferred to a silicon wafer, the graphene
covering severely oxidized copper also showed visible
cracks, while no such damage was observed for gra-
phene covering the less oxidized area. One possible
explanation of these observations is that the oxidation
of copper resulted in a change of surface topography.
In areas havingmild oxidation, the topography change
resulted in only microscopic defects, while in areas
having more severe oxidation, the topography change
resulted in micrometer-scale cracks in the graphene.
On the other hand, we also note that water can split
CVD-grown graphene along its grain boundary.42 It is
entirely possible that such chemically produced de-
fects could initiate the oxidation of copper and lead to
the formation of heavily oxidized domains and subse-
quent crack formation in graphene. Work is under way

Figure 5. Electrochemical oxidation of copper in the (a)
absence and (b) presence of a graphene film.
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in our laboratory to probe the mechanistic details of
the corrosion process.

CONCLUSION

Our study confirmed that graphene is a corrosion
protector for short-termoxidationunder aggressive chem-
ical environments. However, graphene also promotes

the long-term, room-temperature oxidation of copper.
The corrosion enhancement effect of graphene is attrib-
uted to its conductive nature, which enhances the electro-
chemical corrosion process. Our study calls for a clear
understandingof themechanismofmetal corrosion in the
presence of graphene in order to enhance its long-term
performance as an atomically thin anticorrosion coating.

METHODS

Preparation of Copper Substrates. Graphene-Coated Copper Foil.
Typically, copper foil (Alfa Aesar, 99.8%, 25 μm thick) was cut
into small strips (1.5 cm� 3 cm), rinsedwith 1%diluted HCl, and
placed at the center of a 1-in.-diameter fused quartz tube inside
a tube furnace. The quartz tube was evacuated and heated to
1000 �C under a 2.0 standard cubic centimeters per minute
(sccm) H2 gas flow at a pressure of 100�110mTorr for 30 min in
order to remove any contaminants and oxides from the Cu
surface. Then 20 sccm of CH4 gas flow was introduced along
with 2 sccm of H2 gas flow at 500mTorr and 1000 �C for another
30 min, followed by a fast cooling procedure by opening the
tube furnace. The copper foil was cooled to room temperature
under H2 and CH4 gas flow and taken out from the tube furnace.

Annealed Copper Foil (without Graphene Coating). This
sample was prepared by subjecting a copper foil to the same
conditions above except no CH4 gas flow was introduced.

Optical Microscopy. Optical microscopy imaging of the copper
surface was conducted using an Olympus BH2-UMA in reflec-
tance mode with a Moticam 2000 2.0 M pixel camera (Figures 1,
4a, S3, and S5c) or a Nikon Eclipse Ti�U in reflectance mode
with anAmple Scientific 3.0Mpixel camera (Figures 4c, S5a, S6a,
and S6b).

Raman Spectroscopy. Room-temperature micro-Raman spec-
tra were collected using a custom-built micro-Raman setup
using a 532 nm single-longitudinal mode solid-state laser with a
spot size less than 1 μm. A 40� objective (NA: 0.60) was used in
all the experiments. A detailed description of the setup can be
found elsewhere.43,44 To avoid laser-induced thermal damage,
the incident laser power was kept at 0.7 mW on the sample. A
typical integration timewas 1 h. A linear baseline correction was
applied to all Raman spectra.

X-ray Photoelectron Spectroscopy. XPS measurements were car-
ried out using a custom-built multitechnique surface analysis
instrument at a base pressure of∼1� 10�10 Torr. Spectra were
collected using the Al KR X-ray line and a Leybold-Heraeus
EA-10 hemispherical energy analyzer typically operating with a
bandpass of 50 eV for both survey scans (1.0 eV/step) and
detailed scans (0.1 eV/step). Data analysis was carried out using
XPSPEAK software45 for both background subtraction and peak
fitting.

EDX. A Philips XL-30 SEM was used to carry out EDX analysis
of aged graphene/copper and annealed copper samples to
provide an oxygen ratio under the same conditions (Figure 2a).
EDX was performed with an acceleration voltage of 10 kV and a
working distance of 10 mm.

A JEOL JSM6510LV SEM was used for imaging and EDX
analysis shown in Figures 4d, S5b, and S5d. EDX was performed
with an acceleration voltage of 20 kV and a working distance of
10 mm.
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