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n intense effort is underway to find

coatings that inhibit the process of

metal corrosion, a problem costing
US industries more than $200 billion
annually.' Corrosion can be inhibited or
controlled by introducing a stable protec-
tive layer made of inert metals,” conductive
polymers, or even thiol-based monolayers*
between a metal and a corrosive environ-
ment. However, these protective coatings
have their limitations. Thiolated SAMs can
only be assembled onto some metals (e.g.,
gold and copper) and do not withstand
temperatures higher than ~100 °C> Poly-
meric coatings are relatively thick and may
significantly change the physical properties
of the underlying material. Recent advances
in the growth techniques of graphene® are
expected to enable commercial viability of
large-area graphene films.

Graphene, a single atomic monolayer of
graphite, possesses a unique combination
of properties that are ideal for corrosion-
inhibiting coating in applications such as
microelectronic components (e.g., intercon-
nects, aircraft components, and implantable
devices). Graphene is chemically inert,
stable in ambient atmosphere up to 400 °C,°
and can be grown on the meter-scale and
mechanically transferred onto arbitrary
surfaces.” Both single-layer and multilayer
graphene films are exceptionally transpar-
ent (>90% transmittance for 4-layered
graphene®®), so graphene coatings do not
perturb the optical properties of the under-
lying metal. Recently, several pioneering
experiments have demonstrated that gra-
phene can effectively decouple the sur-
face under it from the environment. First,
Bunch et al. have shown that single-atomic
graphene films are impermeable to gas
molecules.'® Second, Chen et al. have de-
monstrated that graphene can inhibit the
oxidation of the underlying copper metal."'

Here, we take the next step and investi-
gate the potential use of graphene as a
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We report the use of atomically thin layers of graphene as a protective coating that inhibits

corrosion of underlying metals. Here, we employ electrochemical methods to study the

corrosion inhibition of copper and nickel by either growing graphene on these metals, or by

mechanically transferring multilayer graphene onto them. Cyclic voltammetry measurements

reveal that the graphene coating effectively suppresses metal oxidation and oxygen reduction.

Electrochemical impedance spectroscopy measurements suggest that while graphene itself is

not damaged, the metal under it is corroded at cracks in the graphene film. Finally, we use

Tafel analysis to quantify the corrosion rates of samples with and without graphene coatings.

These results indicate that copper films coated with graphene grown via chemical vapor

deposition are corroded 7 times slower in an aerated Na,S0, solution as compared to the

corrosion rate of bare copper. Tafel analysis reveals that nickel with a multilayer graphene film

grown on it corrodes 20 times slower while nickel surfaces coated with four layers of

mechanically transferred graphene corrode 4 times slower than bare nickel. These findings

establish graphene as the thinnest known corrosion-protecting coating.
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corrosion protective coating, quantify the
degree of corrosion inhibition, and explore
the ways to enhance this behavior. We
demonstrate that a coating of graphene in-
hibits the rate of corrosion of metals such as
copper, on which graphene is grown by
chemical vapor deposition (CVD) or of other
materials, onto which large-scale graphene
can be mechanically transferred. We ex-
plore the ways to increase the degree of
protection by transferring multiple gra-
phene layers onto target surfaces, thereby
building thicker and more robust films.
Finally, we show that electrochemical
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Figure 1. (a) Gr/Cu sample prepared via chemical vapor deposition, and its Raman spectrum exhibiting characteristic G and
2D peaks. Inset represents schematic of foils mounted onto PTFE 3-electrode cell where copper tape (1) is attached to the
sample and 0.4 cm? of active area (2) is exposed to the NaSO, electrolyte. (b) Gr/Ni sample (patches of multilayer graphene
grown via chemical vapor deposition on Ni) and tr2Gr/Ni and tr4Gr/Ni samples, where graphene was mechanically transferred
onto nickel surface, along with their respective Raman spectra.

techniques such as Tafel analysis can help us measure
the corrosion rates and that electrochemical imped-
ance spectroscopy can be used to elucidate the path-
ways of corrosion reactions and quantify the presence
of defects in graphene coatings. We expect that the
described techniques for creating atomically thin gra-
phene coatings and the approaches for their noninva-
sive characterization may significantly advance the
field of corrosion protection.

RESULTS AND DISCUSSION

Sample Preparation. We investigated the corrosion-
protection properties of graphene coatings on two
prototypical metals, nickel and copper. These metals
were chosen as they are technologically relevant, read-
ily corrode in aqueous environments, and graphene
films can either be grown or mechanical transferred
onto them. We fabricated seven different kinds of
samples to study the effect of graphene coatings on
corrosion. First, to obtain baseline corrosion rates, we
obtained bare copper samples (labeled “Cu”) and bare
nickel samples, (labeled “Ni”). Cu samples are copper
foils (Alfa Aesar item no. 13382) that were annealed at
1000 °C for 1 h in the presence of 2 sccm of H, to re-
move surface contamination. Ni samples were pre-
pared from 100 nm of thermally evaporated nickel
on top of SiO,/Si wafers with 4 nm of chrome adhesion
layer. Second, we obtained samples with graphene
grown on either copper (“Gr/Cu”, produced on-site) or
nickel (“Gr/Ni”, Graphene Supermarket, ltem No. SKU-
CVD-04) via CVD. We grow Gr/Cu using the well-
established recipes that yield high-quality, predomi-
nantly single layer graphene in the case of Gr/Cu,” as
confirmed by Raman spectroscopy (Figure 1a). Cu foils,
25 um thick, are cut into small strips and placed inside a
fused silica tube and heated using a hot wall furnace.
The Cu foil is first heated at 1000 °C under a 2 sccm flow
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of hydrogen while being evacuated and filled by H, (g).
This is done to remove any contaminants and oxides
from the Cu surface. The pressure at the time of
annealing is maintained close to 25 mTorr. Then 35
sccm of CHy (g) is introduced along with the 2 sccm of
H, for 30 min (pressure maintained at ~250 mTorr)
after which the furnace was slowly cooled to room
temperature. Thicker multilayer graphene (1—8 layers)
was grown for the case of Gr/Ni.'? The high flexibility of
graphene makes it conform to the topography of the
substrate and strongly adhere to it.'> However, gra-
phene grown on both Cu and Ni is physisorbed onto
these metals, and therefore physical contact with
the surface of graphene should be avoided to keep
it intact.

Finally, we studied devices where CVD-grown gra-
phene on copper was mechanically transferred onto a
surface of a different metal, initially pristine nickel.
These samples are particularly interesting, since they
represent a strategy we envision for corrosion-protec-
tion: graphene is mechanically transferred onto an
arbitrary surface that needs to be passivated against
corrosion. To vary the thickness of the protective coat-
ing, we investigated the samples where two (tr2Gr/Ni)
or four (tr4Gr/Ni) graphene layers were transferred suc-
cessively onto a nickel surface (Figure 1b). The transfer
process began with growing a single-layer graphene
on copper foils, spin-depositing a layer of PMMA (A7)
resist at 4000 rpm for 45 s, making a PMMA/graphene/
Cu sandwich, dissolving Cu foil in APS-100 copper
etchant. Once the Cu underneath is etched, we fish
out the PMMA/graphene stack into DI water baths and
carefully deposit it onto the target nickel surface. We
let the sample dry at room temperature until the
PMMA/graphene is flat on the metal surface then
finally dissolve the PMMA with acetone. Once a uni-
form layer of graphene is deposited onto the nickel, the
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Figure 2. (a) Cyclic voltammetry measurements (electrolyte is 0.1 M Na,SO,) in the potential window —700 to 200 mV for bare
Cu and Gr/Cu samples. Blue line corresponds to the measurement with nitrogen bubbled through the solution. (b) XPS core
level spectrum of Cu (ambient), Cu (100 mV), and Cu (sputter cleaned) samples. The region (i) contains a shoulder due to CuO,
the region (ii) contains a peak due to Cu,0/Metallic Cu. (c) SEM images of Cu and Gr/Cu sample before and after CV scan.

transfer procedure is repeated several times to obtain
thicker graphene coatings. The integrity of graphenein
all devices was confirmed by Raman spectroscopy.'

Cydic Voltammetry (CV). Our first goal is to elucidate
the impact of using graphene as a protective layer on
the chemical reactions involved in a corrosion process
via CV. In the case of bare Cu samples, we expect the
corrosion process to comprise anodic oxidation that
creates soluble Cu>" ions and cathodic reduction
reactions that consume the electrons released from
the anodic reaction.'”

Anodic reaction:
Cu— Cu?t +2e~

Cathodic reduction of 02:16
0, +2H,0+4e~ — 40H™

These two reactions complement each other so that
impeding one of them slows the overall corrosion process.

For bare Cu devices, CV measurements provide
signatures compatible with these reactions. First,
Figure 2a shows that in the positive sweep, bare Cu
exhibits a cathodic current that decreases as the potential
is made less negative, followed by an anodic peak at
—150 mV (vs. Ag/AgCl) that we attribute to the forma-
tion of adsorbed species on the copper surface. These
adsorbed species are then subsequently dissolved as
shown by quartz crystal microbalance (QCM) and
rotating ring-disk electrode (RRDE) experiments.'” In
the negative sweep, the CV shows additional electro-
dissolution of copper (200 to —800 mV) that is influenced
by the high concentration of H' ions near the surface
characteristic in Na,5O, media.'® The CV also shows
three cathodic peaks at 0, —250, and —550 mV that we
attributed to the electroreduction of copper ions, the
reduction of Cu?* to Cu'" species, and the reduction
of Cu'" to metallic Cu. To confirm the relation of
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these peaks to the cathodic reduction of oxygen, we
collected the CVs under low oxygen concentration
conditions (which was achieved by bubbling N, gas
through the electrolyte for 10 min) and observed their
significant suppression.

In contrast, the Gr/Cu samples do not feature any
peaks at negative potentials and exhibit dramati-
cally lower current at positive potentials (red curve in
Figure 2a). This provides the first indication that a
graphene monolayer exhibits a much lower affinity
toward oxygen reduction and forms a barrier between
the solution and the copper surface, thereby prevent-
ing corrosion.

Three techniques indicate that there is little or no
oxide layer formation in the bare copper and gra-
phene-protected copper. First, the CVs do not exhibit
anodization maxima associated with the formation of a
stable oxide layer.'® Second, Pourbaix diagrams'® in-
dicate that upon application of positive potentials
to the copper electrode in a NaSO,(aq) electrolyte
(pH ~7), soluble Cu*" ions are produced rather than
a stable CuO layer. Finally, the XPS analysis suggests
only trace amounts of oxide on the copper surface.
Figure 2b shows results from XPS characterization of
(i) a Cu sample that has been kept in the ambient
atmosphere for over a week, (ii) a Cu sample that has
been taken to +100 mV potential in NaySO,, (iii) a
sputter-cleaned Cu surface which is free of all oxides.
The XPS core-level Cu2p spectrum of sputter-cleaned
Cu exhibits a very sharp peak that indicates the lack
of copper oxides. In contrast, the copper peak (932 eV)
is broadened both in the sample that was kept in
the ambient atmosphere and in the samples that
were kept at +100 mV in the electrolyte. This broad-
ening is likely caused by the Cu,O peak (due to
the formation of native copper oxide) that is very
similar in peak position and fwhm to that of clean
Cu metal. However, since the broadening is smaller for

VOL.6 = NO.2 = 1102-1108 = 2012 W&)

WWww.acsnano.org

1104



a) 4 b) 8.0x10"
g 6.0x10"
54 K
CU & 40x10"
—_ 5
AN [
E -6 | 2 20x10™
o | T 38
2 """" 00
= 74 ——N\/ Cu Gr/Cu
(@] N =]
o 8 é Cl 3.0x10™
- % 2.0x10™
-9+ 1000 1400 1600 2600 2800 %
Wavelength cm™) o
T v T T T & 1.0x10™
-0.2 -0.1 0.0 §
Potential (V vs Ag/AgCl) CO N t2GrNi TAGHNTGIN

Figure 3. (a) Tafel plots of Cuand Gr/Cu samples. Best fits are represented by dotted lines. Inset: Raman spectrum of the Gr/Cu
sample after completing Tafel analysis displays small defect-related “D” peaks. (b) Corrosion rates of Cu and Gr/Cu samples
extracted from Tafel plots. (c) Corrosion rates of bare Ni samples and the samples where graphene was transferred onto Ni

substrate.

the electrochemically processed sample compared to
the sample kept at ambient conditions, we once again
conclude that the oxide layer is not formed electro-
chemically (more information about XPS is in the
Supporting Information).

The SEM imaging provides additional informa-
tion about the nature of corrosion in Gr/Cu devices
(Figure 2c). While the entire surface of the bare Cu
sample is damaged after exposure to positive poten-
tials (200 mV from the open circuit potential (OCP)) in
the electrolytes, in Gr/Cu samples the surface degrades
at isolated areas, while leaving most of the sample
surface undamaged (Figure 2c). As graphene does not
corrode in the potential window used in our experi-
ment, we expect that these changes occur at regions of
the copper surface that is not covered by graphene,
that is, at cracks in the graphene film.

Interestingly, Raman spectra taken on graphene
samples after electrochemical measurements indicate
near-pristine and only lightly damaged graphene.
For samples taken to positive potentials, we find that
graphene is still intact, while a small defect-related
D-peak at ~1350 cm ™' appears in some of the samples
(Figure 3a, inset).?° This change in the Raman spectra
suggests graphene does not exhibit appreciable corro-
sion at the potentials employed in the experiment.

Tafel Analysis. Having understood the reactions at
play, we now turn to quantitative determination of the
corrosion rates via Tafel analysis. An electrochemical
reaction under kinetic control obeys the Butler—
Volmer equation, which relates the exponential depen-
dence of current to the deviation of voltage from the
open circuit potential value.?’ Therefore, by potentios-
tatically measuring the dependence and plotting the
logarithm of the current density (/) vs. the electrode
potential (V) it is possible to extract the reaction kinetic
parameters, such as the corrosion rate. All measure-
ments were done using a CH Instruments CHI660a
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electrochemical workstation with a Faraday cage. We
first establish the OCP where the rates of the anodic
and cathodic processes are balanced. The OCPs for Cu
samples were found to be around —100 mV while
for Gr/Cu it was ca. —75 mV. The cathodic/anodic
branches were obtained by sweeping the voltage
—150/150 mV from the OCP using scan rates of
0.005 mV/s. It is notable that the curve for the Gr/Cu
sample is shifted to slightly larger potentials and significantly
lower currents compared to Cu samples (Figure 3a). We
then obtain a linear fit to the data by excluding the part
of the curve at large overpotentials (over 200 mV)
and obtain I, from the point of intersection. The
corrosion rate (CR) was calculated using the /.o, values:

leorr X K X EW

CR =
PA

Here, the corrosion rate constant K = 3272 mm/year,??
the equivalent weight EW = 31.7 g for Cu (29 g for Ni),
the material density p = 8.94 g/cm? for Cu (8.90 g/cm?
for Ni), and the sample area A = 0.4 cm?,

For bare metal samples we obtained the rates of
576 x 107" £ 1.9 x 10> m/s for Cu, and 2.99 x
107" 4 4.0 x 107" m/s for Ni. These values were
obtained by averaging over three different samples
and are comparable to the literature values.”® Gra-
phene grown via CVD was found to significantly slow
down corrosion. For Gr/Cu samples the corrosion rate
was 7.85 x 107 4+ 3.5 x 10 "* m/s, a reduction of ~7
times compared to the bare sample, and for Gr/Ni —
171 x 107" m/s, a reduction of ~20 times was
observed (Figure 3b). Remarkably, graphene, which is
only atomically thick, provides the corrosion reduction
that is comparable to conventional organic coatings
that are more than five times thicker.>*

We have similarly extracted the corrosion rates for
samples where the graphene films grown on copper
were mechanically transferred onto a target nickel
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Figure 4. (a) Bode magnitude plots of Gr/SiO,, Cu, and Gr/Cu samples (solid symbols). Best fits to the equivalent circuit models
are solid lines. (b) Equivalent circuit model used in modeling Gr/SiO, devices. (c) Equivalent circuit model for Cu and Gr/Cu

devices.

substrate. We have found that a single layer of
graphene transferred onto nickel does not reduce
the corrosion rate of nickel significantly. This is likely
a result of tears and rips in the graphene film that may
result during its transfer onto the Ni substrate. However,
for the case where two or four layers of graphene are
transferred onto nickel sequentially, the corrosion rate
decreased to 1.83 x 107" m/s and to 7.62 x 107> m/s,
respectively (Figure 3c). The latter value represents a
4-fold reduction of the corrosion rate for bare nickel.

Electrochemical Impedance Spectroscopy. Our final goal is
to elucidate the mechanism of corrosion protection by
graphene via electrochemical impedance spectro-
scopy (EIS) measurements.? In EIS, a small sinusoidal
perturbation is applied to the sample under examina-
tion and the impedance modulus |Z| is recorded as a
function of frequency w. The analysis of the frequency
behavior of the impedance |Z| (w) allows determina-
tion of the corrosion mechanism and the robustness of
the coating.?® Figure 4 shows a Bode magnitude plot
(log |Z] vs log w) for Gr/SiO, (blue squares), Gr/Cu (red),
and Cu (black) samples. The observed behaviors can be
understood by fitting the data to simple equivalent
circuit models.

Qualitatively, the behavior of bare Cu and Gr/SiO,
samples is consistent with the behavior of an unpro-
tected metal for the former case, and the behavior of a
perfectly protected surface for the latter. The Gr/Cu
samples exhibit an intermediate behavior consistent
with the behavior of a graphene-protected metal with
minor defects in the protective coating. At low fre-
quencies, Gr/Cu samples exhibit conductivity similar
to that of conductive metal. At intermediate fre-
quencies, the surface favors the collection of charges
in a similar way to the way the graphene surface does
it, since its capacitive behavior resembles that of
Gr/SiO,. Additionally at high frequencies, the sur-
face exhibits a charge transfer behavior indicative of
copper degradation.
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The behavior of the typical bare copper sample
(Figure 4a, black symbols) adheres to a Randles+Warburg
circuit model (shown in Figure 4c) that is typically used
for uncoated metals.?” This network includes the fol-
lowing elements: a resistor Rs & 40 + 6.5 Q cm? that is
due to electrical resistance of the solution, a resistor
RY ~ 295 + 0.5 kQ cm? due to Faradaic charge-
transfer resistance between the metal and the liquid
(metal corrosion), a Warburg element, W ~ 1.03 x
1072 Q7 's""?/em? which accounts for linear semi-
infinite diffusion,® and a constant phase element
(CPE) to model the capacitance of the electrical double
layer (EDL) at the metal/liquid interface. We translated
this CPE information into an equivalent capacitance of
Q. ~ 42 + 2.2 uF/cm? (CPE terms: Y, ~ 7.55 X
107° Q7' s%cm?, o ~ 0.75).>° These values were
averaged over three measured samples.

To elucidate the contribution to EIS that is due to
graphene, before considering Gr/Cu devices, it is in-
structive to examine Gr/SiO, devices, where graphene
is transferred onto an insulating substrate. The imped-
ance data for such devices (blue symbols in Figure 4a)
adhere to a single capacitance model (blue line). This
model includes the solution resistance Rs ~ 440 Q cm?,
that is now significantly higher compared to the bare
Cu samples. We attribute this change in solution
resistance to the electrical surface resistance of gra-
phene (Rgg &~ 1000 Q) in series with a double layer
capacitance Cp__gr ~ 3.78 £ 0.06 uF/cm?. The adher-
ence of the observed behavior to a capacitive behavior
at low frequencies and the absence of charge transfer
resistance due to corrosion indicate the absence of
graphene corrosion at these conditions.

Finally, the behavior of all measured Gr/Cu devices
adheres closely to the same model used for bare
Cu (Figure 4a, red symbols). We obtain the average
(over three samples) values of Rs &~ 37.5 + 3.0 Q cm?,
CoL &~ 940 = 5.0 uF/cm? (CPE parameters: Y, ~ 1.85 x
1072 Q "s%em? a~08), W~ 3.1 x 10 ° Q"2 /cm?
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and Rer A~ 10.1 + 1.2 kQ cm? We note that the value of
the Cp, used in this model (that could be interpreted
once again as due to the graphene/liquid EDL
capacitance) is ~10 times smaller than €3, measured
for Cu, which would be surprising if Cp; was originating
solely from the EDL capacitance. We propose that the
difference is a result of the quantum capacitance of
graphene—the capacitance contribution that appears
in series with the capacitance of the EDL, and is due to
the small density of states of graphene. Indeed, the
previously reported values for quantum capacitance
(7—10 uF/cm~2) are close to the observed Cp,.>° The
increased value of Rcr in comparison with the corre-
sponding RY; for Cu samples indicates that only the
fraction of the copper that is not covered by graphene
is able to participate in the process of corrosion.

We can estimate the fractional area of these un-
coated regions via A ~ R&/Rcr2® Surprisingly, we arrive
to a rather large fraction (A &~ 0.29), much larger than
the estimations from optical microscopy images (A <
0.05).” We propose that corrosion is initiated at the

METHODS

All electrochemical measurements were performed in a
polytetrafluoroethylene (PTFE) three-electrode cell. A plati-
num wire was used as a counter-electrode, an Ag/AgCl
(Gamry Instruments part no. 930-29) was used as a reference
electrode, and the sample of interest was used as the work-
ing electrode. The Cu and Gr/Cu foils were laterally mounted
in the cell exposing a sample area of 0.4 cm? (Figure 1a,
inset). The sample foils are typically 1 x 1 cm squares. They
are clasped onto a 0.4 cm? opening on the PTFE cell that
houses the electrolyte. An O-ring is used to make a seal
between the electrolyte and the outside space. Copper tape
is attached to the sample foil to make electrical contact.
Once the sample is mounted onto the electrode cell, it is
filled with 0.1 M NaSO, electrolyte. A Pt counter-electrode
and Ag/AgCl reference electrode are immersed into the
electrolyte.

X-ray photoelectron spectroscopy (XPS) was performed in a
Physical Electronics (PHI) VersaProbe 5000 using a monochro-
matic Al Ko (1486.6 eV) X-ray source. Photoelectrons were
collected into a spherical capacitor analyzer operated in
constant pass-energy mode from a 200 um diameter spot
irradiated at 50 W. Survey and high-resolution spectra were
taken with pass energies of 187.8 and 23.5 eV, respectively.
Charge neutralization was achieved with 1.1 eV electrons
and 10 Ar' ions. Linearity was calibrated to the Ag3d5/2 peak
at 368.28 eV. The work function was adjusted so the Au4f7/2
and Cu2p3/2 peaks were separated by 848.6 eV, at 84.05 and
932.65 eV, respectively. Analysis was done using CasaXPS
analysis software using the PHI factory provided sensitivity
factors.
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defects of the graphene film, followed by electrolyte
permeation under the graphene surface, leading to a
larger apparent corroded area.

CONCLUSION

We have demonstrated that single-layer and multi-
layer graphene films can serve as corrosion-inhibiting
coatings and developed quantitative models that de-
scribe the passivation mechanism. We expect that the
proposed method of corrosion passivation is quite
versatile and is applicable not just to nickel and copper
but to arbitrary metallic surfaces that are either smooth
or rough.31 Furthermore, our data indicate that corro-
sion occurs in the cracks of graphene. The efficiency of
the corrosion inhibition may be greatly enhanced by
developing protocols to grow highly uniform and
large-grain graphene and by performing high fidelity
mechanical transfer of graphene onto various metallic
surfaces. Finally, we demonstrate that a combination of
simple electrochemical techniques can be effectively
used to characterize the graphene protective coatings.

is available free of charge via the Internet at http://pubs.
acs.org.
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