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ABSTRACT Graphene is expected to enable superior corrosion
protection due to its impermeability and chemical inertness. Previous
reports, however, demonstrate limited corrosion inhibition and even
corrosion enhancement of graphene on metal surfaces. To enable the
reliable and complete passivation, the origin of the low inhibition
efficiency of graphene was investigated. Combining electrochemical
and morphological characterization techniques, nanometer-sized
structural defects in chemical vapor deposition grown graphene
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Extremely fast mass transport on the order of meters per second both
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across and parallel to graphene layers results in an inhibition efficiency of only ~50% for Cu covered with up to three graphene layers. Through selective

passivation of the defects by atomic layer deposition (ALD) an enhanced corrosion protection of more than 99% was achieved, which compares favorably

with commercial corrosion protection methods.
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raphene, a two-dimensional carbon

allotrope, has been heralded as an

enabling material for a wide array of
research fields ranging from electronics to
biology.'

The use of graphene as a protective barrier
could provide a starting point for the large-
scale commercial application of graphene.
For this goal, graphene is envisioned to act
as a barrier that prevents mass transport
between the environment and a metallic
surface. Graphene-based protective layers
could be used to prevent corrosive degra-
dation of metallic surfaces, a market esti-
mated to be ~$276 billion USD annually?
and furthermore could provide environ-
mental protection of unstable surfaces in
different areas from biology® to spintronics.*
Graphene has several advantages over cur-
rent protection methods, such as inert metals,
self-assembled monolayers,” or polymeric
coatings,® including low cost, thermal and
chemical stability, environmental friendli-
ness, and high thermal and electric con-
ductivity." In addition to these superior
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characteristics, graphene's atomic thickness
makes it transparent to light, electrons, and
electrostatic interactions, which enables in-
novative uses of graphene that cannot be
accomplished with traditional protection
methods, for example, as vacuum-tight en-
closures for biological imaging” and pres-
sure sensing.®

Graphene's initially reported imperme-
ability to gases® and oxidizers'® added to
the appeal of graphene as a perfect protec-
tive coating. Electrochemical corrosion ex-
periments were the first to observe issues
with this picture. Kirkland et al."" found that
single-layer graphene did not protect Cu
under anodic conditions. In later experi-
ments researchers'>"'* observed a de-
crease in the corrosion rate between 85%
and 95% for copper protected by single-
layer graphene (subsequently denoted
Cu/1LG), which remains inferior to organic
and inorganic passivation layers.'> Recent
results indicate that even this limited corro-
sion resistance exists only for short-term
corrosion experiments. Long-term exposure
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Figure 1. (a) Cyclic voltammogram of bare Cu and Cu passivated by 1—3 layers of graphene, (b) comparison of intensity of
main oxidation peak under different passivation conditions, and (c) atomic force microscope image of Cu/graphene after

etching.

studies instead found that graphene enhanced the
corrosion of Cu'®'” due to its cathodic character
toward Cu in the presence of an electrolyte. Conse-
quently, only a complete suppression of ionic conduc-
tion through the graphene can prevent the formation
of a galvanic cell.

In light of these findings, the origin of the incom-
plete passivation has to be found and strategies for
perfect passivation have to be identified. Previously,
electrochemical measurements,''* optical micro-
scopy,'®"” and comparison with multilayer graphene'?
were employed to correlate the inhibition efficiency of
graphene with its structural quality. These studies
suggested the presence of grain boundaries and open-
ings in the graphene cause the observed incomplete
passivation. These defects were attributed to growth
conditions yielding polycrystalline'” or discontinuous
films'? without attempting to further investigate this
assertion.

We here use a combined approach of electrochemi-
cal analysis and morphological characterization to
study the origin of the incomplete passivation effect
of the Cu/graphene system. We demonstrate that
nanometer-sized structural defects in the graphene
are responsible for the limited passivation effect. Un-
precedentedly high mass transport through micro-
scopic graphene openings and along graphene
layers is causing a maximum inhibition efficiency of
50% for the Cu/3LG system. Site-selective passivation
of structural defects through atomic layer deposition
was employed to estimate the dimensions of these
openings and suppress permeation of liquid. Using this
second passivation step, an inhibition efficiency of
more than 99% was demonstrated for the first time,
making the Cu/graphene/ALD system one of the best
corrosion inhibitors reported.

RESULTS

Cyclic voltammetry was used to investigate the
corrosion process, and several peaks can be observed
in a cyclic voltammogram (Figure 1a) that are asso-
ciated with the different oxidation states of copper
during etching in agreement with previous reports.'®

HSIEH ET AL.

The passivation effect of graphene is demonstrated by
a decrease of the oxidation peaks since less ion ex-
change occurs. One prominent peak (as indicated in
Figure 1a), representing the corrosion reaction of
copper (Cu® — Cu®" + 2e7), was chosen to quantify
the passivation effect. The peak current is proportional
to the charge exchanged, and we observe a decrease
of only 20% upon passivation with one layer graphene
(Cu/1LG).

Singh Raman et al.'* attributed this limited passiva-
tion efficiency to the incomplete coverage of graphene
with large areas of Cu remaining unprotected. To rule
out this effect, we transferred multiple layers of gra-
phene onto the Cu foil (Cu/2LG and Cu/3LG). This
configuration would ensure that incomplete graphene
layers are covered by subsequent transfers, and a
higher value of total graphene coverage is expected.
Previous reports indeed observed a significant im-
provement of the inhibition efficiency for an increasing
number of transferred layers.'? The inferior perfor-
mance to multilayer graphene directly grown on the
electrode was attributed to remaining openings.'?
From this model, the chance of finding an uncovered
opening would decrease with the number of trans-
ferred layers according to the formula

T=1-6V

where T is the density of uncovered openings,
denotes the defect density per layer, and N is the
number of layers. On the basis of this equation, the
decrease of defects should be dramatic even if only
one additional layer was transferred. Instead, Figure 1b
shows that the decrease of the oxidation peak current
is very limited even if three graphene layers are
employed.

The almost linear decrease of corrosion current with
number of layers suggests that the corrosion current is
not controlled by the transport across the graphene
barrier and instead mass transport between layers has
to be considered.

To elucidate the reason for this low inhibition effi-
ciency, we emulated the process of corrosion by
exposing a Cu/graphene sample to APS copper
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Figure 2. Cu/1LG morphology after (a) 5 s and (b) 35 s etching. (c) Dimensions (depth and diameter) of one etch pit as

indicated in (a) and (b) vs etching time.

etchant since the process of APS etching can be
precisely controlled. A multitude of etch pits can be
seen from the atomic force microscope (AFM) image of
the Cu/1LG sample (Figure 1c). The homogeneous
occurrence of etch pits indicates that there are no
regions that are free of graphene. Instead, the gra-
phene itself seems to be porous and can be penetrated
during the etching process. This observation agrees
with previous studies of structural defects in graphene
using atomic resolution imaging,'® film-induced fru-
strated etching,® and oxidation methods' Those
studies have shown that an improved growth process
can result in a decrease of the defect density, and we
present results on the effect of growth optimization on
inhibition efficiency in the Supporting Information
(Suppl. Figure S1). However, neither previous reports
nor our results have demonstrated a complete elim-
ination of structural defects by growth optimization.
Consequently, a better understanding of the fluid-
dynamic properties of these defects has to be gained
to predict their impact on graphene-based protective
barriers.

Changes in the Cu morphology after exposure to an
etchant were investigated by a series of AFM images
that were taken at the same location after etchingin5s
intervals (Figure 2a,b). The change of etch pit dimen-
sions with time can reveal the rate-limiting step of the
etching process. If the etching is controlled by diffusive
transport through the graphene orifice, a direct pro-
portionality between the etch time t., and the etched
volume is predicted by Kuiken?? for small orifice sizes.
Therefore the etch pit diameter and depth would scale
with (teeen)>. A linear increase of etch pit dimension
with time, on the other hand, would be expected if the
process was etch rate limited.

The observed linear proportionality of etch pit depth
and diameter with time in Figure 2 suggests that the
process is limited by the etch rate of the Cu. The
measured increase in etch pit depth of 9 nm/s is indeed
comparable to the etch rate of bare copper (Suppl.
Figure S3).

The finding that the etching process is not transport
limited even for etch pits of micrometer size is unusual
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but agrees with simulations by Suk et al., who esti-
mated the permeation speed of liquid through a
graphene orifice to be up to 20 m/s."® This extraordi-
narily fast mass transport through graphene orifices
can explain our previous results that the presence of
almost complete graphene sheets is not significantly
limiting the corrosion process. From the observed hole
density of ~1 um 2, we estimate the permeation
speed of reactant to be >1 m/s to result in the observed
corrosion currents. (An alternative measurement pro-
cess that arrives at a similar value is described in
section 2 of the Supporting Information.)

Our time-resolved etching study also reveals another
important fluid dynamic property of graphene. From
Figure 2c the etch rate in the lateral direction is found
to be ~3x higher than perpendicular to the graphene
membrane. An occurring higher etch rate along the
graphene plane was previously observed in the fabrica-
tion of graphene devices and efficient water permea-
tion through graphene oxide films was found** and
attributed to capillary action. This observation suggests
that mass transport proceeds extremely fast not only
across graphene membranes but also along the gra-
phene plane, which was suggested previously by inves-
tigation of water permeation in thin films of graphene
flakes.>* This finding can explain our earlier observation
that the passivation effect is not enhanced significantly
when more graphene layers are used (Figure 1b). Due to
the fast transport both along and across graphene layers,
etchant can permeate through holes in the outer layer
and then spread laterally to find a hole in the next layer.

Our demonstration of an extremely efficient mass
transport through openings in the graphene layer
raises questions about the size of these openings.
Attempts to directly measure these dimensions, i.e.,
through transmission electron microscopy (TEM), are
hindered by several issues. First, there is an incongru-
ence between the required resolution and image scale.
Our studies suggest an average defect density of
less than 1 nanosized defect per um®%° Therefore,
dozens of high-resolution images would have to be
taken to reveal one defect. Furthermore, structural
defects are expected to cause dangling bonds that
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Figure 3. (a—c) Representative AFM height image of etched
graphene (a) without, (b) with 5 nm ALD film, and (c) with
16 nm ALD film. (d) Copper hole area after deposition of ALD
films for pristine and UV-ozone-treated graphene films.

lead to the formation of adsorbate clusters upon
transfer,> which hinder high-resolution imaging.

To overcome these challenges, we have developed
an indirect approach to measure the graphene hole
size distribution directly on Cu based on atomic layer
deposition (ALD). It was previously found®® that de-
position of atomic layers of aluminum oxide would
preferentially occur at defects in the graphene lattice.
Thus, aluminum oxide is expected to generate indivi-
dual clusters on graphene rather than continuous films
as on other surfaces. This observation agrees with AFM
measurements that show the formation of ALD clusters
with diameters that are similar to the expected equiva-
lent film thickness (Figure 3b and c). Due to this cluster
formation process, the electrochemical activity of gra-
phene is not deteriorated by ALD passivation, as con-
firmed by its preserved ability to reduce hydrogen
(Suppl. Figure S5). In contrast, ALD films of less than
5 nm thickness render bare Cu surfaces inert and
unusable for electrochemical experiments (Suppl.
Figure S7).

The sensitivity of ALD to dangling bonds results in
the selective deposition of clusters on the edges of the
holes in graphene. Furthermore, the large predicted
interface resistance of graphene pores to gas
transport?” due to the multitude of intermediate steps
will hinder permeation of gaseous precursor and atom-
ic layer formation on the copper substrate. Since the
formed aluminum oxide will etch at a significantly
slower rate than copper,®® the cluster starts presenting
an etching barrier when it reaches the size of the
graphene orifice. Thus, the dimension of the openings
in the graphene can be inferred from the etching
behavior of a sample as the thickness of the deposited
ALD film is increased.

When comparing the defectiveness of identical
graphene samples with and without 50 cycles of ALD
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(corresponding to ~5 nm equivalent film thickness) in
Figure 3a and b, the effectiveness of aluminum oxide in
suppressing the etching is demonstrated.

The comparison of Figure 3a—c shows the decrease
in etch pit density with an increase in ALD film thick-
ness, which allows identification of the occurring hole
dimensions. Assuming that there is a distribution of
orifices with different diameters, an ALD cluster of
diameter d would cover and passivate all holes with a
diameter smaller than a critical threshold dimension D.
If the number of occurring hole sizes follows a Gaussian
distribtion, the number of covered holes at a given ALD
cluster size d are determined by the integral

d 2
- (d —do)”\ d —do
N(d) = /0 no exp( (Cé)Z) = noerf< o )

Here Cis a geometrical factor that relates the graphene
hole dimension D and the ALD cluster size d. Assuming
the cluster grows out symmetrically from dangling
edge defects, a factor C = 2 can be used. The decrease
in the number of uncovered holes will affect the
etchant permeation and the etch rate N(d). The agree-
ment of the fit with the experimental data in Figure 3d
suggests the validity of our simple model. To further
confirm the appropriateness of the measuring method,
a second experiment was performed: Exposure of
graphene to ozone produced by decomposition of
oxygen under ultraviolet light is known to generate
lattice defects.? The higher etch rate N and the steeper
slope of N(d) confirm that UV ozone generates more
defects with a smaller average diameter. From the
fitting of N(d) the hole size distribution in graphene
can be analyzed. Under the presented assumptions
we extract an average hole size of 1.6 nm for pristine
graphene and 0.45 nm for ozone-generated holes.
Despite the large errors associated with this simple
model, these results highlight that nanometer-sized
imperfections in the graphene limit its ability to passi-
vate a surface. Consequently, suppressing permeation
through the graphene openings is expected to signifi-
cantly improve the performance of graphene-based
passivation layers.

CV reveals a clear trend of a decreasing corrosion
current for Cu/1LG/ALD systems with increasing ALD
thickness (Figure 4a). Figure 4b shows the oxidation
peak intensity of the Cu® — Cu®" transition of Cu/
graphene/ALD systems with different ALD thickness. It
is evident that the ALD of 50 cycles (~5 nm equivalent
thickness) renders the surface more inert that the
transfer of three layers of graphene. Finally, the passi-
vation effect achieved by 160 ALD cycles (~16 nm
equivalent film thickness) results in an inhibition effi-
ciency of >99%.

The large enhancement of the inhibition efficiency
was also confirmed by Tafel analysis (Suppl. Figure S6).
The corrosion rate of the Cu/1LG/16 nm ALD sample
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Figure 4. (a) CV spectra of Cu/graphene/ALD samples with different ALD thickness. (b) Peak current of Cu0 peak for Cu/
graphene/ALD samples with different ALD thickness and comparison to peak current for Cu/graphene samples with 1-3

layers of graphene.

was measured to be 1.6 x 107 '> m/s, a 99% decrease
compared to bare Cu and an 87% decrease com-
pared to Cu/1LG. Finally, electrochemical impedance
spectroscopy (EIS) suggests that the pore resistance
associated with the graphene coverage increases
by 65 times upon 16 nm ALD deposition (Suppl.
Figure S7).

These values not only represent the highest re-
ported inhibition efficiency for graphene-based passi-
vation layers but are comparable to the best Cu
corrosion inhibitors reported.’® The importance of this
progress is illustrated when comparing optical mi-
croscope images taken before and after CV experi-
ments. It shows that after several hours of
electrochemical etching conditions untreated Cu/
graphene electrodes are severely damaged, whereas

METHODS

Graphene was synthesized by chemical vapor deposition as
previously reported®® using copper as the catalyst material.
Briefly, under low pressure (400 mTorr) a piece of copper foil
(Alfa 13382) was annealed in a gas flow of 10 standard cubic
centimeters (sccm) hydrogen at 1000 °C for 30 min before a flow
of 20 sccm of methane gas was introduced to initiate the
graphene growth. To control the graphene growth rate, 50
sccm of hydrogen was flowed during this period. After the
synthesis process was completed the material was cooled under
5 sccm hydrogen to prevent oxidation and to minimize hydro-
genation reactions of the graphene. The high quality was
confirmed by electrical and spectroscopic characterization as
detailed in the Supporting Information (Suppl. Figure S2).

Cyclic voltammetry was conducted on samples of 3 x 4 mm
size using a potentiostat (CHI6081D), an Ag/AgCl reference
electrode, and a Pt counter electrode. The electrolyte was
aerated 0.1 M Na,SO,, and a standard scan rate of 10 mV/s
was used in all experiments unless otherwise noted.

Atomic layer deposition was carried out in a homemade
reactor at a base pressure of 1 Torr and a temperature of
100 °C. Trimethylaluminum (Sigma-Aldrich) and water were
sequentially pulsed for 15 ms. N, was purged for 45 s after each
precursor pulse to ensure equilibrium conditions.
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the Cu/graphene/ALD electrode exhibits a smooth
surface (Suppl. Figure S8).

CONCLUSIONS

In conclusion, the incomplete passivation effect of
graphene was found to be caused by structural defects
in CVD-grown graphene. Extremely efficient mass
transport both across and along graphene layers and
through nanometer-sized openings was observed. By
tuning the size of ALD-generated particles, the holes
could be selectively passivated, which allowed infer-
ence to a hole diameter of 1.6 nm. Suppression of liquid
permeation through these structural defects can en-
hance the performance of graphene as a corrosion
inhibitor and enable the application of graphene-
based passivation layers.
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W.C. acknowledge financial support from Bureau of Energy
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Supporting Information Available: Characterization of the
graphene quality, measurements of the etching speed of bare
Cu, characterization of ALD on graphene and Cu, electrochemi-
cal impedance analysis, Tafel analysis, and morphology of
different passivated samples after long-term etching. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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